
Supplementary Figures with Legends 

 

 

Supplementary Figure S1-1. Clinical dataset, correlation analysis, and representative imaging of 

CTC-like cell subtypes. 

A) Clinical characteristics and corresponding CTC-like cell counts, including CD45⁺ and CD45⁻ subsets, 

in individual metastatic prostate cancer patients. 

B) Pearson correlation coefficients among clinical parameters (Age, PSA, and TNM stage) and the 

counts of CD45⁺ and CD45⁻ cytokeratin-positive CTC-like cells. The upper triangle shows correlation 



coefficients, with color shading indicating the direction and strength of correlation: red for positive and 

blue for negative correlations. The lower triangle displays the corresponding p-values, with statistically 

significant correlations (p < 0.05) highlighted in green. 

C) Representative immunofluorescence images of CTC-like cells isolated from patient blood samples, 

stained with PanCK (green), PSA (orange), CD45 (red), and DAPI (blue). The displayed images 

illustrate hybrid-like CTCs (PanCK⁺CD45⁺). Although epithelial-like CTCs (PanCK⁺CD45⁻) may also 

be present within patient samples, they were not observed in the representative fields shown here. 

Notably, PSA⁺ cells often appeared to co-express CD45, a phenomenon most likely arising from 

technical issues associated with the simultaneous four-color staining procedure rather than indicating a 

direct biological relationship between the two markers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-2-1. SingleR-Based Cell Type Annotation and Distribution Analysis of 

PBMCs. 

PBMCs from a patient with metastatic prostate cancer, profiled using single cell RNA sequencing, were 

clustered using the Seurat algorithm and annotated using SingleR, which assigns cell types by 

comparing transcriptomic profiles to a reference dataset. 

Top: t-SNE plot showing clusters labeled with SingleR-predicted cell types. 

Bottom: The table summarizes the number and percentage of each cell type in KP_Pos and Others 

groups. Highlighted cells indicate the counts and percentages for cell types present in the KP_Pos group. 



 

 

Supplementary Figure S1-2-2. Unsupervised Cluster-to-Cell Type Mapping and KP_Pos 



Distribution in PBMCs. 

Based on the same PBMC dataset described in S1-2-1, cells were clustered using the Seurat algorithm. 

Cell type identities were assigned to each cluster based on transcriptomic similarity to reference profiles 

using an unsupervised cluster-to-cell type mapping approach. 

Top: t-SNE plot showing Seurat clusters labeled with matched cell types. 

Bottom: The table summarizes the number and percentage of each mapped cluster within the KP_Pos 

and Others groups. 

Highlighted cells indicate the counts and percentages for clusters containing KP_Pos cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-2-3. Celltypist-based annotation and cell type distribution of PBMCs. 

Based on the same PBMC dataset described in S1-2-1, cell type annotation was performed using 

Celltypist, an automated reference-based classification tool. 

Left: t-SNE plot labeled with Celltypist-derived cell types. 

Right: The table shows the number and percentage of each annotated cell type within the KP_Pos and 

Others groups. 

Highlighted cells indicate the values corresponding to cell types present in the KP_Pos group. 

 

 

 

 

 

 



 

 

Supplementary Figure S1-2-4. Marker-based annotation and cell type distribution of PBMCs. 

Using the same PBMC dataset as in S1-2-1, cell types were annotated based on the expression of 

canonical cell type–specific marker genes. 

Top: t-SNE plot labeled with marker-inferred cell types. 

Bottom: The table summarizes the number and percentage of each marker-defined cell type in the 

KP_Pos and Others groups. 

Highlighted cells represent cell types detected in the KP_Pos group. 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-2-5. Subtype-specific marker-based annotation and cell subtype 

distribution of PBMCs. 

Based on the PBMC dataset described in S1-2-1, cell subtypes were annotated using curated marker 

gene sets specific to functional subpopulations. 

Top: t-SNE plot showing annotated immune and epithelial subtypes. 

Bottom: The table presents the number and percentage of each cell subtype in the KP_Pos and Others 

groups. 

Highlighted cells indicate subtypes found in the KP_Pos group. 



 

 

Supplementary Figure S1-3-1. Counts and percentages of KP_Pos and Other cells in PBMCs from 

seven M1-stage prostate cancer patients analyzed by single-cell RNA sequencing. 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-3-2-1. t-SNE-based clustering and majority voting-based annotation of 

PBMCs from M1-stage patient #1. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-3-2-2. t-SNE-based clustering and majority voting-based annotation of 

PBMCs from M1-stage patient #2. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-3-2-3. t-SNE-based clustering and majority voting-based annotation of 

PBMCs from M1-stage patient #3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-3-2-4. t-SNE-based clustering and majority voting-based annotation of 

PBMCs from M1-stage patient #4. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-3-2-5. t-SNE-based clustering and majority voting-based annotation of 

PBMCs from M1-stage patient #5. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-3-2-6. t-SNE-based clustering and majority voting-based annotation of 

PBMCs from M1-stage patient #6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-3-2-7. t-SNE-based clustering and majority voting-based annotation of 

PBMCs from M1-stage patient #7. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S1-4. Differential gene expression analyses of KP_Pos versus Other cells 

within specific immune lineages from PBMCs of M1-stage prostate cancer patients. 

(A) B cells, (B) Monocytes, and (C) Platelets were analyzed separately using the same statistical 

thresholds as applied to the integrated PBMC dataset (log₂ fold change > 0.25, adjusted p < 0.05). 



Significantly upregulated genes in KP_Pos cells are shown in red, and only the Top 10 upregulated 

genes are labeled in each panel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S2-1-1-1. Full distribution of total cell area of CK⁺CD45⁺ cells across 

patient groups. 

(A) Histogram showing the absolute counts of CK⁺CD45⁺ cells according to total cell area (µm²) in 

Group 1 (red), Group 2 (blue), and Group 3 (green). 

(B) Line plot with overlaid points showing the relative frequency (%) of CK⁺CD45⁺ cells across the 

same cell area bins. 

For clarity, the main Figure 2B-a displays data truncated at 250 µm², whereas this supplementary figure 

presents the complete distribution across the full measurement range. These supplementary plots are 

provided to facilitate interpretation of the dual bar–line plots in the main figure by separately visualizing 

absolute and relative distributions. 



 

 

Supplementary Figure S2-1-1-2. Focused distribution of total cell area (≤ 250 µm²) of CK⁺CD45⁺ 

cells, shown separately as absolute counts and relative frequencies. 

(A) Histogram showing the absolute counts of CK⁺CD45⁺ cells within the restricted total-area range, 

comparing Group 1 (red), Group 2 (blue), and Group 3 (green). 

(B) Line plots showing the relative frequency (%) of CK⁺CD45⁺ cells across the same range, 

highlighting finer group-wise differences in smaller-size categories. 

This supplementary figure corresponds to Figure 2B-a and presents the same dataset in a separated form, 

facilitating clearer interpretation of absolute versus relative size distributions within the restricted range. 



 

 

Supplementary Figure S2-1-2. Distribution of cytoplasmic area of CK⁺CD45⁺ cells shown 

separately as absolute counts and relative frequencies. 

(A) Histogram of absolute counts of CK⁺CD45⁺ cells according to cytoplasmic area (µm²) in Group 1 

(red), Group 2 (blue), and Group 3 (green). 

(B) Line plot with points showing the relative frequency (%) of CK⁺CD45⁺ cells across cytoplasmic 

area bins. The majority of CK⁺CD45⁺ cells exhibited cytoplasmic areas <30 µm², with notable 

distributional differences between groups. 

As with total cell area, this supplementary figure separates absolute and relative plots to aid in 

interpreting the dual presentation shown in the main Figure 2B-b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S2-2-1-1. Outgoing cell–cell communication profiles of major immune and 



epithelial cell types. 

CellChat analysis showing outgoing signaling interactions from (A) T cells, (B) B cells, (C) Monocytes, 

(D) Macrophages, (E) NK cells, (F) CMPs, and (G) Epithelial cells in metastatic prostate cancer. Line 

thickness represents the relative strength of inferred communication between the sender (center) and 

target populations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S2-2-1-2. Simplified outgoing signaling networks among major immune 

subsets. 

Circle plots showing outgoing intercellular communication from six major immune populations—(A) 

T cells, (B) B cells, (C) Monocytes, (D) Macrophages, (E) NK cells, and (F) CMPs—to other immune 

and epithelial populations in metastatic prostate cancer. This figure corresponds to Supplementary 

Figure S2-2-1-1 but is simplified and restricted to the major immune subsets for clearer visualization 



of dominant signaling connections. Line thickness represents the relative strength of inferred outgoing 

signaling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

Supplementary Figure S2-2-2-1. Incoming cell–cell communication networks of major immune 

and epithelial cell types. 

CellChat analysis showing incoming signaling interactions received by (A) T cells, (B) B cells, (C) 

Monocytes, (D) Macrophages, (E) NK cells, (F) CMPs, and (G) Epithelial cells in metastatic prostate 

cancer. Line thickness represents the relative strength of inferred communication from other cell 

populations to the indicated receiver cell type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S2-2-2-2. Simplified incoming signaling networks among major immune 

subsets. 

Circle plots showing incoming intercellular communication received by six major immune 

populations—(A) T cells, (B) B cells, (C) Monocytes, (D) Macrophages, (E) NK cells, and (F) CMPs—

from other immune and epithelial populations in metastatic prostate cancer. This figure corresponds to 

Supplementary Figure S2-2-2-1 but is simplified and restricted to the major immune subsets for clearer 

visualization of dominant signaling inputs. Line thickness represents the relative strength of inferred 



incoming communication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S2-3. Scatter plot analysis of CK and CD45 expression in IMC patient 

cases. 

Scatter plots showing the relationship between cytokeratin (CK, x-axis) and CD45 (y-axis) expression 

intensities in single cells from patient tissue samples analyzed by Imaging Mass Cytometry (IMC). Data 

are presented for three major groups categorized by pan-CK expression levels (Group 1: CK-high, 

Group 2: CK-medium, Group 3: CK-low). Within each group, three representative patient cases are 

displayed (e.g., Group 1–1, 1–2, 1–3). Each point corresponds to an individual cell. These plots provide 

a direct visualization of CK and CD45 co-expression patterns across different patient samples, 

supporting the identification of hybrid-like CK⁺CD45⁺ cells within tumor tissues. 

 



 

 

Supplementary Figure S3-1. KP_Pos and Other Cell Distribution Based on Reference-Based Cell-

Level Annotation (related to Figure 3A-b). 

KP_Pos (KRT18⁺PTPRC⁺) and Other cells were annotated at the single-cell level using a reference-

based method (SingleR) as shown in Figure 3A-a. This table summarizes the distribution of KP_Pos 



and Other cells across annotated cell types. Immune populations enriched for KP_Pos cells, including 

B cells, CMP, macrophages, monocytes, NK cells, and T cells, are highlighted in orange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S3-2. KP_Pos and Other Cell Distribution Based on Cluster-Level 

Annotation by Majority Voting (related to Figure 3A-c). 

Cell types were assigned to Seurat clusters by majority voting based on reference annotations as shown 

in Figure 3A-c. This table summarizes the distribution of KP_Pos and Other cells across cluster-

assigned cell types. Immune subtypes with high KP_Pos representation are highlighted in orange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S3-3. Cluster-to-Cell Type Mapping and KP_Pos Distribution. 

Seurat clusters were mapped to reference-based cell types. 

Top: t-SNE plot showing Seurat clusters labeled with mapped cell type identities. 

Bottom: Summary table presenting the number and percentage of KP_Pos (KRT18⁺PTPRC⁺) and Other 

cells across mapped cluster identities. 

KP_Pos cells were mainly enriched in B cells, CMP, macrophages, monocytes, NK cells, and T cells, 



which are highlighted in orange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S3-4. Cell Subtype Annotation Using CellTypist and KP_Pos Distribution. 

Cells were annotated into detailed epithelial, immune, and stromal subtypes using CellTypist. 

Left: t-SNE plot showing annotated cell subtypes. 

Right: Summary table presenting the number and percentage of KP_Pos (KRT18⁺PTPRC⁺) and Other 

cells across CellTypist-defined subtypes. 



KP_Pos cells were broadly distributed across immune-related subtypes, with enriched populations 

highlighted in orange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S3-5. Marker-Based Annotation and Immune Cell Subtype Distribution 

of KP_Pos Cells. 

KP_Pos (KRT18⁺PTPRC⁺) and Other cells were annotated using a curated marker-based reference for 

immune cell subtypes. 

Top: t-SNE plot showing cells labeled with marker-defined immune subtypes. 



Bottom: Summary table presenting the number and percentage of KP_Pos and Other cells across these 

subtypes. 

KP_Pos cells were enriched in selected immune subtypes, including B cells, CMP, macrophages, 

monocytes, NK cells, and T cells, which are highlighted in orange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S3-6. Subtype-Specific Marker-Based Annotation and Extended Immune 

Cell Subtype Distribution of KP_Pos Cells. 

Cells were annotated into detailed immune subtypes based on subtype-specific marker profiles. 

Top: t-SNE plot showing cells labeled with immune subtypes. 

Bottom: Summary table presenting the number and percentage of KP_Pos (KRT18⁺PTPRC⁺) and Other 



cells across annotated immune subtypes. 

KP_Pos cells were distributed across multiple immune subtypes, with enriched populations highlighted 

in orange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S4-1. Epithelial Cell Subtype Distribution and KP_Pos Cell Composition 

Across Benign, Primary, and Metastatic Prostate Cancer. 

A) Spatial distribution of epithelial cell subtypes in benign (top), primary (middle), and metastatic 

(bottom) prostate cancer samples. Epithelial cells are categorized into five functional subtypes: 

CTC_Epithelial, CTC_StemLike, Epithelial_AR_active, Epithelial_EMT, and Epithelial_Proliferating. 



B) Spatial distribution of KP_Pos (KRT18⁺PTPRC⁺) cells versus Others within the epithelial cell 

compartment across benign, primary, and metastatic conditions. KP_Pos cells are shown in black; 

Others in gray. 

C) Composition of KP_Pos cells within each epithelial subtype across disease states, summarized as 

counts (left) and percentages (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S4-2. T Cell Subtype Distribution and KP_Pos Cell Composition Across 

Benign, Primary, and Metastatic Prostate Cancer. 

A) Spatial distribution of T cell subtypes in benign (top), primary (middle), and metastatic (bottom) 

prostate cancer samples. T cells are classified into five functional subtypes: T_Cytotoxic, T_Exhausted, 

T_Helper, T_Memory, and T_Regulatory. Each subtype is color-coded and visualized on t-SNE plots. 

B) Spatial distribution of KP_Pos (KRT18⁺PTPRC⁺) cells versus Others within the T cell compartment 

across benign, primary, and metastatic conditions. KP_Pos cells are shown in black, while Others are 



shown in gray. 

C) Summary table showing the composition of KP_Pos cells across T cell subtypes and disease states. 

Left: KP_Pos cell counts within each T cell subtype. Right: KP_Pos cell percentages relative to each T 

cell subtype. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S4-3. Monocyte Subtype Distribution and KP_Pos Cell Composition 

Across Benign, Primary, and Metastatic Prostate Cancer. 

A) Spatial distribution of monocyte subtypes in benign (top), primary (middle), and metastatic (bottom) 

prostate cancer samples. Monocytes are classified into two subtypes: Mono_Classical and 

Mono_NonClassical. 

B) Spatial distribution of KP_Pos (KRT18⁺PTPRC⁺) cells versus Others within the monocyte 

compartment across benign, primary, and metastatic conditions. KP_Pos cells are shown in black; 



Others in gray. 

C) Composition of KP_Pos cells within each monocyte subtype across the three disease states, 

summarized as counts (left) and percentages (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S5. Evaluation of Performance Metrics by Overfitting Level and Signature 

Ranking in RF and XGB Models. 

A) Performance Metrics of Random Forest (RF) Models Stratified by Overfitting Level. 

(a) Boxplots showing classification performance across four overfitting categories (None, Mild, 

Moderate, Severe) based on RF analysis. Metrics include AUC, Accuracy, Sensitivity, Specificity, 

Precision, and F1 score. 

(b) Signature-level performance ranking in RF models. 



Left: Heatmap representing normalized performance scores across six metrics (AUC, Accuracy, 

Sensitivity, Specificity, Precision, F1 score) for individual signatures in RF models. 

Right: Top 20 ranked signatures based on average performance across metrics in RF models. 

 

B) Performance Metrics of XGBoost (XGB) Models Stratified by Overfitting Level. 

(a) Boxplots of performance metrics for XGB models across the same four overfitting levels as in (A), 

including AUC, Accuracy, Sensitivity, Specificity, Precision, and F1 score. 

(b) Signature-level performance ranking in XGB models. 

Left: Heatmap of normalized performance scores across metrics for individual signatures in XGB 

models. 

Right: Top 20 ranked signatures based on average performance in XGB models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

Supplementary Figure S6-1. Prediction Patterns of M0 and M1 Using Lineage-Specific Gene 

Signatures. 

Heatmaps displaying the M-stage prediction outcomes (M0: blue, M1: red) for bulk RNA-seq samples 

across representative lineage-specific gene signature subsets. Panels correspond to signatures grouped 

by cell-of-origin or marker inclusion (KRT18⁺/PTPRC⁺ “Include” vs “Exclude”) and major immune 

lineages (B cells, CMPs, macrophages, monocytes, NK cells, and T cells). 

Samples are consistently aligned across all panels, allowing visualization of prediction consistency and 

heterogeneity within and between signature groups. 
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Cell type Subtype

3 6 3 0 2 0 6 15 91 0 2 0

Memory 0 0 0 10 0 0 0 0 0 4 0 0

Naïve 0 0 0 19 0 0 0 0 0 0 0 0

Plasma 0 0 0 293 0 438 0 0 0 287 0 374

Pre B / CD34- 0 0 0 0 6 0 0 0 0 0 0 0

CMP 113 95 113 0 12 0 84 86 106 0 0 0

Alveolar 0 0 0 0 0 0 0 0 0 60 0 0

Intestinal 0 0 0 10 0 0 0 0 0 12 0 0

M1-like 0 0 0 0 0 92 0 0 0 0 0 51

M2-like 0 0 0 0 0 0 0 0 0 0 0 108

46 44 113 16 35 0 26 35 21 1 18 0

Intermediate 0 0 0 11 0 0 0 0 0 0 0 0

Classical 0 0 0 208 0 0 0 0 0 0 0 0

16 9 16 0 24 0 12 91 19 0 20 0

CD16 0 0 0 0 0 0 0 0 0 4 0 0

CD16- 0 0 0 21 0 0 0 0 0 22 0 0

CD16+ 0 0 0 3 0 0 0 0 0 4 0 0

CD56bright 0 0 0 0 0 2 0 0 0 0 0 2

CD56dim 0 0 0 0 0 19 0 0 0 0 0 28

7 2 7 19 1 0 6 18 4 51 1 0

8 43 49 0 2 0 47 40 24 0 53 0

Cytotoxic 0 0 0 0 0 7 0 0 0 0 0 6

Exhausted 0 0 0 0 0 52 0 0 0 0 0 50

Memory 0 0 0 0 0 11 0 0 0 0 0 11

Regulatory 0 0 0 10 0 6 0 0 0 35 0 86

Naïve helper, Central memory helper 0 0 0 0 0 0 0 0 0 138 0 0

Effector memory 0 0 0 0 0 0 0 0 0 1 0 0

Effector memory, Effector memory RA, Cytotoxic 0 0 0 0 0 0 0 0 0 2 0 0

Effector memory, Tissue-resident memory, Cytotoxic 0 0 0 0 0 0 0 0 0 3 0 0

Type 1 helper 0 0 0 0 0 0 0 0 0 8 0 0

CTC 0 0 0 0 0 0 0 0 0 0 0 96

AR active 0 0 0 0 0 136 0 0 0 390 0 156

137 53 1061 185 219 0 52 166 343 0 241 0

EMT 0 0 0 0 0 91 0 0 0 171 0 93

Metastatic compared to Benign and Primary

Clustering method

T cell

Number of Upregulated gene Number of Upregulated gene

Epithelial cell

Macrophage

Monocyte

NK cell

Metastatic only

B cell

 

 

Supplementary Figure S6-2. Comparative analysis of upregulated genes across cell subtypes using 

multiple annotation strategies. 

Table summarizing the number of upregulated genes identified in metastatic prostate cancer cells, either 

within metastatic cases alone (blue-shaded section on the left) or in metastatic samples compared with 

benign and primary prostate tissues (orange-shaded section on the right). Results are organized by cell 

type and subtype (rows), including B cells, CMP, macrophages, monocytes, NK cells, T cells, and 

epithelial subsets (CTCs, AR-active, EMT). Each column corresponds to a distinct clustering or 

annotation method: cell-level analysis, SingleR majority voting, cluster-to-cell type mapping, 

CellTypist annotation, canonical marker-defined assignment, and subtype-specific marker mapping. 

Numbers indicate the total count of upregulated genes per cell subtype under each method. This 

comparison highlights both overlapping and method-specific transcriptional programs associated with 

metastatic progression. 

 

 

 

 

 



 

 

Supplementary Figure S6-3-1. GO and KEGG enrichment analysis of epithelial cells (clustering: 

canonical marker-defined). 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S6-3-2. GO and KEGG enrichment analysis of epithelial cells (clustering: 

cell-level). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S6-3-3. GO and KEGG enrichment analysis of epithelial cells (clustering: 

CellTypist). 

 

 

 

 

 

 



 

 

Supplementary Figure S6-3-4. GO and KEGG enrichment analysis of epithelial cells (clustering: 

cell-to-cell type mapping). 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S6-3-5. GO and KEGG enrichment analysis of epithelial cells (clustering: 

SingleR majority voting). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S6-3-6. GO and KEGG enrichment analysis of epithelial cells (clustering: 

subtype-specific marker, AR-active subtype). 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S6-3-7. GO and KEGG enrichment analysis of epithelial cells (clustering: 

subtype-specific marker, CTC subtype). 

 

 

 

 

 

 



 

 

Supplementary Figure S6-3-8. GO and KEGG enrichment analysis of epithelial cells (clustering: 

subtype-specific marker, EMT subtype). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure S6-3-9. GO and KEGG enrichment analysis of T cells (clustering: cell-to-

cell type mapping). 

 

Common description for Supplementary Figures S6-3-1 to S6-3-9: 

Dot plots show enriched Gene Ontology biological process (GO_BP, left) terms and KEGG pathways 

(right) identified from upregulated genes in the indicated cell types under each clustering strategy. The 

x-axis represents the gene ratio, and the y-axis represents –log₁₀(FDR). Dot size is proportional to the 

number of genes in each category, and dot color distinguishes immune-related categories (red for GO 

terms, blue for KEGG pathways) from other functional pathways (gray). Tables below each plot list the 

corresponding GO terms or KEGG pathways with their identifiers. 

 

 

 

 

 

 



Legends of Supplementary Tables 

 

Supplementary Table S1-1. Differentially expressed genes (DEGs) between KP_Pos and Other 

cells within each immune cell type based on SingleR majority-voting annotation (related to Figure 

1D and Supplementary Figure S1-4). 

 

Supplementary Table S1-2. Differentially expressed genes (DEGs) between KP_Pos and Other 

cells within each immune cell type based on cell-level annotation (related to Supplementary 

Figure S1-2-1). 

 

Supplementary Table S1-3. Differentially expressed genes (DEGs) between KP_Pos and Other 

cells within each immune cell type based on cluster-to-cell-type mapping (related to 

Supplementary Figure S1-2-2). 

 

Supplementary Table S1-4. Differentially expressed genes (DEGs) between KP_Pos and Other 

cells within each immune cell type based on CellTypist annotation (related to Supplementary 

Figure S1-2-3). 

 

Supplementary Table S1-5. Differentially expressed genes (DEGs) between KP_Pos and Other 

cells within each immune cell type based on canonical marker–defined cell types (related to 

Supplementary Figure S1-2-4). 

 

Supplementary Table S1-6. Differentially expressed genes (DEGs) between KP_Pos and Other 

cells within each immune cell type based on subtype-specific marker annotation (related to 

Supplementary Figure S1-2-5). 

 

Supplementary Table S2-1. Summary of Cell Area Distribution (cumulative proportion values for 

each group). 

 

Supplementary Table S2-2. Summary of Cytoplasm Area Distribution (cumulative proportion 

values for each group). 

 

Supplementary Table S2-3. Global Statistics for Cell Area (overall mean and median values). 

 

Supplementary Table S2-4. Global Statistics for Cytoplasm Area (overall mean and median 



values). 

 

Supplementary Table S3-1. Cluster-specific marker genes based on cell-level annotation (related 

to Supplementary Figure S3-1). 

 

Supplementary Table S3-2. Cluster-specific marker genes based on SingleR majority voting 

annotation (related to Figure 3A-a and Supplementary Figure S3-2). 

 

Supplementary Table S3-3. Cluster-specific marker genes based on cluster-to-cell type mapping 

(related to Supplementary Figure S3-3). 

 

Supplementary Table S3-4. Cluster-specific marker genes based on CellTypist annotation (related 

to Supplementary Figure S3-4). 

 

Supplementary Table S3-5. Cluster-specific marker genes based on canonical marker-defined cell 

types (related to Supplementary Figure S3-5). 

 

Supplementary Table S3-6. Cluster-specific marker genes based on subtype-specific marker 

annotation (related to Supplementary Figure S3-6). 

 

Supplementary Table S4-1-1. Distribution of KP_Pos and Other Cells Based on Cell-Level 

Annotation (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-1-2. Distribution of KP_Pos and Other Cells Based on Majority Voting 

Annotation (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-1-3. Distribution of KP_Pos and Other Cells Based on Cluster-to-Cell 

Type Mapping (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-1-4. Distribution of KP_Pos and Other Cells Based on CellTypist 

Annotation (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-1-5. Distribution of KP_Pos and Other Cells Based on Canonical Cell 

Type–Specific Marker Annotation (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-1-6. Distribution of KP_Pos and Other Cells Based on Subtype-Specific 



Marker Annotation (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-2-1. Metastasis-Specific Marker Genes Based on Cell-Level Annotation 

(Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-2-2. Metastasis-Specific Marker Genes Based on Majority Voting 

Annotation (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-2-3. Metastasis-Specific Marker Genes Based on Cluster-to-Cell Type 

Mapping (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-2-4. Metastasis-Specific Marker Genes Based on CellTypist Annotation 

(Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-2-5. Metastasis-Specific Marker Genes Based on Canonical Cell Type–

Specific Marker Annotation (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S4-2-6. Metastasis-Specific Marker Genes Based on Subtype-Specific 

Marker Annotation (Integration Across Benign, Primary, and Metastatic Samples). 

 

Supplementary Table S5-1. List of Predictive Gene Signatures with Gene Composition and Three-

Way Partitioning Results. 

This table summarizes all constructed gene signatures used for M0/M1 classification. It includes 

signature ID, gene composition, and performance results from three-way data partitioning (training, 

validation, and test AUC scores) evaluated across five random seeds. 

 

Supplementary Table S5-2. Classification Performance Metrics for Each Signature Using RF and 

XGB Models. 

Evaluation scores (AUC, Accuracy, Sensitivity, Specificity, Precision, and F1 score) for each gene 

signature based on Random Forest (RF) and Extreme Gradient Boosting (XGB) models are summarized 

in this table. 

 

Supplementary Table S5-3. Overfitting Level Classification for Each Gene Signature. 

Overfitting level assigned to each gene signature based on the difference in PR_AUC between 

validation and test datasets across five random seeds. Signatures are categorized as None, Mild, 

Moderate, or Severe overfitting. 



 

Supplementary Table S6-1-1. Composite scores of 119 individual signatures used for M-stage 

prediction (signatures categorized as 'None' in overfitting level assessment). 

 

Supplementary Table S6-1-2. Prediction accuracy for M-stage classification using the top 55 high-

performing signatures based on composite score. 

 

Supplementary Table S6-2-1. Performance metrics of five signature combinations evaluated using 

Random Forest (RF) analysis. 

This table summarizes the classification performance of five signature combinations generated from the 

19 composite score–positive signatures identified in Figure 6B. The corresponding scatter plot is shown 

in Figure E-a, where the five evaluated combinations are highlighted in orange, illustrating the 

relationship between mean accuracy and mean ROC AUC using the RF model. 

 

Supplementary Table S6-2-2. Performance metrics of 23 signature combinations evaluated using 

XGBoost (XGB) analysis. 

This table summarizes the classification performance of 23 signature combinations generated from the 

same 19 composite score–positive signatures shown in Figure 6B. The corresponding scatter plot is 

presented in Figure E-b, where the 23 evaluated combinations are highlighted in orange, illustrating the 

relationship between mean accuracy and mean ROC AUC using the XGB model. 

 

Supplementary Table S7-1. Cell type markers. 

This table lists the marker genes used to define major cell types for annotation in this study. 

Note: Although referenced earlier in the Materials and Methods section, the numbering is retained for 

consistency with the overall Supplementary numbering scheme. 

 

Supplementary Table S7-2. Cell subtype markers. 

This table lists the marker genes used to define functional cell subtypes within major cell types for 

annotation in this study. 

Note: This table appears in the Materials and Methods section prior to other Supplementary materials; 

numbering has been preserved for consistency. 

 


