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Supplementary Figl. Overview of HNSCC samples, related to Figure 1. (a) Representative
H&E staining of tissue samples biopsied for scRNA-seq in different stages during HNSCC initiation
and progression. Scale bar = 100um. (b) Line charts show the dynamic proportion change of main
cell clusters in different tumor stages. Cell numbers are shown below. Endothelial: NT: 3377, Pre:
3281, E: 2435, A: 472, LN-in: 69, LN-out: 62, LN-normal: 10, R: 299; Fibroblast: NT: 5150, Pre:
3974, E: 2117, A: 2510, LN-in: 65, LN-out: 89, LN-normal: 13, R: 1373; Schwann: NT: 215, Pre:
83, E: 47, A: 9, LN-in: 0, LN-out: 0, LN-normal: 0, R: 32; Pericyte/SMC: NT: 2140, Pre: 1226, E:
1018, A: 533, LN-in: 55, LN-out: 32, LN-normal: 5, R: 301; B: NT: 3, Pre: 603, E: 153, A: 1140,
LN-in: 3469, LN-out: 1742, LN-normal: 2718, R: 349; Plasma: NT: 924, Pre: 627, E: 472, A: 2465,
LN-in: 153, LN-out: 194, LN-normal: 108, R: 203; Myeloid: NT: 1215, Pre: 1572, E: 2294, A: 7381,
LN-in: 782, LN-out: 2786, LN-normal: 390, R: 3886; T: NT: 1202, Pre: 5009, E: 4783, A: 10428,
LN-in: 5899, LN-out: 5914, LN-normal: 5105, R: 4269; Epithelial: NT: 3301, Pre: 351, E: 1118, A:
4248, LN-in: 428, LN-out: 1005, LN-normal: 215, R: 1056. Source data are provided as a Source
Data Fig. S1b.
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Supplementary Fig2. Epithelial cells during HNSCC progression, related to Figure 2. (a-b) Bar
chart shows percentage of aneuploid and diploid epithelial cells in different samples (a) and cycling
and non-cycling cells in each group (b). (c) Violin plots show CNV scores of aneuploid epithelial
cells of P13. (d-e) Bubble plots of GO (d) and KEGG (e) pathways for differentially expressed genes
(DEGs) in aneuploid compared to diploid epithelial cells from NT samples of P13. (f) Dot plot
shows average expression of cytokines in epithelial cells. (g) Bar chart shows percentage of cells
from different groups in each cluster. (h) The Kaplan-Meier curves of samples with signatures of
different clusters in TCGA-HNSCC cohort (n = 494), 247 samples in high- and 247 samples in low-
groups for cluster 0/2/3 and 77 samples in the high- and 417 samples in the low-group for cluster 4.
(i-j) Multivariate Cox regression model analysis (i) and hazard ratios for overall survival (OS)
analysis (j) in TCGA-HNSCC cohort. (k) Violin plots show the scores of cell cycle signature from
Puram et.al. [1] (I-m) Dot plots of GO (1) and KEGG (m) analysis of DEGs between C1 and C2. (n)
Bar chart shows percentage of cells in each cell state. (0) RNA velocity analysis of 7054 epithelial
cells from 26 samples. (p-r) Potential trajectory of epithelial cells from P2 (p, 1407 cells), P10 (q,
395 cells), and P13 (r, 1499 cells) inferred by Monocle2. (s) The dynamic changes of TFs. (t)
Multivariate Cox regression model analysis in TCGA-HNSCC cohort. (u) The Kaplan-Meier curves
of samples with high (n = 26) and low (n = 26) TFDPI expression level in validation cohort (n =
52). HPV status signatures in i, j, and t were from Cao et al. [2] and Elbasir et al. [3] Data are
presented as Mean = SD. P values were calculated by Fisher’s test and were adjusted by FDR in d,
e, 1, and m, by one-way ANOVA test in ¢ and k, and by two-sided log-rank test in h, 1, j, t, and u.
Source data are provided as a Source Data Fig. S2a-n, p-u.
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Supplementary Fig3. Characterization of other cell components during HNSCC progression,
related to Figure 3. (a) UMAP plots and infiltration proportion of subclusters of fibroblasts (NT:
5150, Pre: 3974, E: 2117, A: 2510, LN-in: 65, LN-out: 89, LN-normal: 13, R: 1373). (b) UMAP
plots and infiltration proportion of subcluster of myeloid cells (NT: 1215, Pre: 1572, E: 2294, A:
7381, LN-in: 782, LN-out: 2786, LN-normal: 390, R: 3886). (c-d) Multivariate Cox regression
model analysis including the top 50 signature score of POSTN' fibroblasts (¢) and SPPI*
macrophages (d) in TCGA-HNSCC cohort. (e-g) Violin plots show the scores of myCAF signature
from Elyada et.al [4] (e), Puram_CAF1 signature from Puram et.a/ [1] (f), and pan_dCAF signature
from Galbo et.al [5] (g) of our fibroblast subpopulations. (h) Violin plots show the scores of M2
signature from Cheng et.al [6] of our macrophage subpopulations. (i) UMAP plots, marker genes
dot plot, and infiltration proportion of subclusters 0of 21016 CD4" T cells from 26 samples (NT: 506,
Pre: 2014, E: 41661, A: 4522, LN-in: 3820, LN-out: 3036, LN-normal: 3726, R: 1731). (j) UMAP
plots, marker genes dot plot, and infiltration proportion of subclusters of 21539 CD8" T cells from
26 samples (NT: 696, Pre: 2995, E: 3122, A: 5906, LN-in: 2079, LN-out: 2878, LN-normal: 1379,
R:2538). (k) UMAP plots, marker genes dot plot, and infiltration proportion of subclusters of 10177
B cells from 26 samples (NT: 3, Pre: 603, E: 153, A: 1140, LN-in: 3469, LN-out: 1742, LN-normal:
2718, R: 349). (I) UMAP plots, marker genes dot plot, and infiltration proportion of subclusters of
10005 endothelial cells from 26 samples (NT: 3377, Pre: 3281, E: 2435, A: 472, LN-in: 69, LN-out:
62, LN-normal: 10, R: 299). 3 NT samples, 3 Pre samples, 3 E samples, 6 A samples, 3 LN-in
samples, 2 LN-out samples, 2 LN-normal samples, and 4 R samples for related plots. HPV status
signatures in ¢ and d were from Cao et al. [2] and Elbasir ef al. [3] Data are presented as Mean +
SD. P values were calculated by one-way ANOVA test in e-h and by two-sided log-rank test in c-d.
Source data are provided as a Source Data Fig. S3a-1.
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Supplementary Figd. Interaction among POSTN" fibroblasts, SPPI" macrophages, and tumor
cells during HNSCC progression, related to Figure 4. (a) Lollipop plots show cell-cell interaction
strengths of P2/10/13. (b) Lollipop plots show cell-cell interaction strengths of A-OSCC1/3/5/6
samples. (c) Lollipop plots show cell-cell interaction strengths of GSE188737 [7], GSE182227 [8],
and GSE234933 [9]. (d) Multivariate Cox regression model analysis in TCGA-HNSCC cohort. HPV
status signatures were from Cao et al. [2] and Elbasir et al. [3] (e-f) Heatmap of Nichenet analysis
shows regulatory patterns of POSTN" fibroblasts to SPPI" macrophages. (g) Representative GO
(left) and KEGG pathways (right) enrichment of the predicted target genes expressed in SPPI*
macrophages. (h) Venn plots show overlapping genes and enrichment pathways among GSE188737
[7], GSE182227 [8], GSE234933 [9], and in-house data inferred by NicheNet algorithm. (i-k)
Overlapping ligands (i), target genes (i), receptors (j), target genes GO enrichment pathways (k,
upper), and KEGG enrichment pathways (k, lower) between GSE182227 [8] and in-house data. (1)
Box plot shows infiltrated CD8" T cells in POSTN"gh (n = 247) and POSTN°Y (n = 248) group in
TCGA-HNSCC cohort (n = 495). The boxes show the median + 1 quartile, with the whiskers
extending from the hinge to the smallest or largest value within 1.5% the IQR from the box
boundaries. (m) Representative images of mIHC staining of POSTN' fibroblasts, SPPI*
macrophages, and CD8" T cells in HNSCC samples. Scale bar = 50 um. The Pearson correlation
quantitative result is shown on the right. n = 40. (n-o, q-r) Heatmap of Nichenet analysis shows
regulatory patterns of POSTN™ fibroblasts (n-o0) and SPP1* macrophages (g-r) to tumor cells. (p, s)
Representative GO (p and s, upper) and KEGG pathways (p and s, lower) enrichment of predicted
target genes expressed in tumor cells. (t) Scatter plot shows Spearman correlation between
percentage of cluster]l malignant cells (n = 1546) and POSTN expression level in POSTN*
fibroblasts (n = 3990). Data represent mean + SD. P values were calculated by Fisher’s test and
were adjusted by FDR in g, k, p, and s, by two-sided Wilcoxon signed-rank test in 1, and by two-
sided log-rank test in d. Source data are provided as a Source Data Fig. S4a-t.
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Supplementary Fig5. Interaction between T cells and tumor cells during extranodal extension,
related to Figure 5. (a-b) UMAP plot (a) and bar chart (b) show the proportion differences of CD4*
T cell subclusters between LN-out and LN-in samples (3820 cells from 3 LN-in samples and 3036
cells from 2 LN-out samples). (¢) Representative IHC staining of Foxp3 in lymph nodes. Scale bar,
200 um and 50 um. Proportion of Foxp3* cell is compared between ENE- and ENE* samples and is
shown in the right (n=8 and 7 for each group). (d-e) Circle plots show cell-cell interaction strength
differences of tumor cells to CD4* T cell subclusters (d) and CD4" T cell subclusters to tumor cells
(e) in LN-in and LN-out samples. (f) Bubble plots show representative GO (left) and KEGG
pathways (right) enrichment of CD8 Tex cell DEGs between LN-out and LN-in samples. (g) Circle
plot and violin plots show representative ligand-receptor pairs between CD8 Tex cells and tumor
cells in LN-out samples using iTALK algorithm. Malignant epithelial: 263 cells from LN-in and
360 cells from LN-out samples. (h) Circle plot shows representative ligand-receptor pairs between
CDS8 Tex cells and tumor cells in LN-out samples. (i) Representative GO (left) and KEGG pathways
(right) enrichment of the predicted target genes in CD8 Tex cells. (j) Representative mIHC staining
of lymph node samples. Dapi (blue), CK5 (green), and pERK (red). Scale bar = 50 pm. Proportion
of pERK™ Epi in LN-in and LN-out samples is shown in the right, upper panel (n =8 and 9). Pearson
correlation of CXCL13" Tex ratio with pERK™ epi ratio is shown in the right, lower panel (n = 17).
(k) Feature plots show CXCL13 expression level in CD8+T cells in LN-in and LN-out samples (2079
cells from 3 LN-in samples and 2878 cells from 2 LN-out samples). Data represent mean + SD. P
values were calculated by two-side Student’s #-test in ¢ and j, by Fisher’s test and were adjusted by
FDR in f and i, and by two-sided Wilcoxon signed-rank test in g. Source data are provided as a
Source Data Fig. S5a-k.
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Supplementary Fig6. Characteristics of malignant epithelial cells in recurrent tumors, related
to Figure 6. (a) Inferred large-scale CNVs between cells in A and R stages. Rows correspond to
individual cells between stage R and A samples (color bars on the left) and columns correspond to
genes ordered by chromosomal location. (b) Venn plots show the 348 overlapping genes between
inferred copy number gain genes and up-regulated genes from scRNA DEGs (the left panel), the
230 overlapping genes between inferred copy number loss genes and down-regulated genes from
scRNA DEGs (the right panel). (c) Bar chart shows the enrichment of specific metabolic pathways
(upper panel: carbonate metabolism, middle panel: lipid metabolism, lower panel: amino acid
metabolism), based on the KEGG gene set of upregulated genes, in A or R stage malignant cells. (d)
Violin plots show the cell proliferation scores from Sun et.al and oxidative phosphorylation scores
of malignant cells in P (n = 1650) and R (n = 789) stage. (¢) GSEA of oxidative phosphorylation
pathway between P and R stages. (f) Bubble plots show the interaction between malignant cells and
myeloid cells, CD4*, and CD8" T cells, based on selected ligand and receptor pairs. These scores
are normalized expression level, and the sizes of the bubbles indicate the significance of the
interactions, calculated by CellPhoneDB. (g) Violin plots show the expression of selected genes in
malignant cells in P and R stage. Data from GSE234933 [9] is analyzed for (d, f, and g) and data
from GSE173855 [10] is analyzed for (e). Data represent mean = SD. P values were calculated by
Fisher's test in b, by two-sided Wilcoxon signed-rank test in d-g, and was calculated based on the
interaction and the normalized cell matrix achieved by Seurat Normalization in f. Source data are
provided as a Source Data Fig. S6b-g.
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