APPENDIX

Table of Contents

APPENAIX FIGUIE ST .ottt ettt st ettt 2
APPENAIX FIGUIE S2 ..ot sttt ettt ettt et 4
APPENAIX FIGUIE S3 ..ttt ettt et sttt et st e b eaees 5
APPENAIX FIGUIE S4 ..ottt ettt et st ettt 7
APPENAIX FIGUIE S5 .ottt ettt et st be et e b 9
APPENAIX FIGUIE SO ..ottt sttt st et st b e et 11
APPENAIX FIGUIE ST ..ottt sttt sttt st b e et esae e 13
APPENAIX FIGUIE S8 ...ttt ettt et sttt e e et sae e 14
APPENAIX FIGUIE SO ..ottt sttt sttt b e et sae e 15
APPENAIX FIGUIE STO ..ottt sttt ettt b e et sae e 17

APPENAIX METROAS ..ottt sttt s 18



A B Site count of each sample

cov>15x, detected in at least 68 samples

— EEEECCECEEEET)
T
32e405 4,343,110 CpG sites 1,530,593 sites. .-- .--..-- P10 800108
& 1 N ——

IEEEREEE EEm-s
NEEE NN
IIIIE!I!!!.IPN
N
015 20 25 B 3B 4 45 D 55 9 ¥ <\° &S e <\° D0 \'\\\0«\‘\\0&0
ared sample count (total = 84) Q'b Q'b Qb Q'» Qo Qw Q% Q'b Qo Q% Q% P

Appendix Figure S1. RRBS quality control and count of CpG sites in each sample.

(A) Frequency distribution of all detected CpG sites (n = 4,343,110) is presented. The threshold
was determined at 68 based on the Gaussian mixture model analysis, which revealed three
distributions at their intersection points. Consequently, 1,530,593 sites were retained for further

analysis. (B) The number of detected CpG sites in each sample among the retained 1,530,593 CpG

sites is illustrated.
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Appendix Figure S2. Robustness of the association between Moran’s I and spatial ordering

of sites across different binning strategies.

To evaluate the robustness of the observed correlation between Moran’s / and spatial ordering of
CpG sites, six binning strategies were applied: (A) fixed-width bins at 0.0125 intervals (21 bins),
(B) fixed-width bins at 0.05 intervals (6 bins), (C) equal-sized quantile bins (10 bins), (D) quantile-
based bins with finer resolution (20 bins), (E) bins generated by Gaussian mixture model (GMM)
using the expectation-maximization (EM) algorithm (12 bins), and (F) bins defined by Fisher-
Jenks natural breaks optimization (11 bins). For each strategy, we calculated the proportion of sites
with at least one differentially methylated neighbor within +30 nucleotides (middle panels) and
the cosine similarity between each site and its neighbors (right panels). Across all binning methods,
both metrics consistently increased with Moran’s I, supporting the robustness of the observed
ordering pattern. Detailed computational procedures and representative examples are provided in

Fig. EV2.
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Appendix Figure S3. Genomic context distribution of CpG sites with steep and shallow

methylation changes.

(A) Comparison of CpG sites with steep (n = 17,794, orange) and shallow (n = 17,498, green)

methylation changes against all other detected CpG sites (n = 1,495,301, grey) across five genomic



features: gene bodies, promoters (2 kb upstream of TSS), CpG islands, transcription factor (TF)
binding regions, and CTCF binding regions. (B) Feature distribution of steep rise and steep decline
sites. (C) Feature distribution of shallow rise and shallow decline sites. Site counts and their

corresponding proportions are labeled on each bar.



cell adhesion
nervous system development
signal transduction
homophilic cell adhesion via plasma membrane adhesion molecules
protein phosphorylation
negative regulition of coll profaration
intracellular signal transduction
cellular response to DNA damage stimulus
Teguiation of cell cycle
gulation of catalytic a
gositive ebiation of GTPhae activity
regulation of small GTPase mediated signal transduction
negative regulation of cell growth

autophosphorylation

positive regulatxon ERI andt ER anscade
cell receptor signaling pat

reguiation of GTPase ac(lvlty

poptidy L tyrogine phosphoriation

from RNA !l promoter

RNA promoter

negallve mgulanon of n-anscnpnon 'rom RNA polymerase i Promotar
DN,

cell differentiation
cell adhesion

positive

nervous syswem development
of

negative
homophilic cell adhesion via plasma membrane adhesion molecules

_Shauow rise ositive regulation of cell proliferation

in genebody negative regulation of cell proliferation
chemical synaj i

positive regulation of gene expression

pro osphorylation

neumn dl rentiation

anatomical structure morphogenesis
regulation of catalytic activity
angiogenesis

response to xenobiotic stimulus
 central nervous system development

cell migration

cell adhesion

regulation of small GTPase mediated signal transduction
positive regulation of GTPase activity

lipid metabolic process

terior/posterior pattern specification
transcription from RNA polymorase Il prom
nse to drug

regulation of small GTPase mediated signal transdu
‘negative regulation of gene expreasion

cell-cell signaling

rain development

multicellular organism development

positive regulation of protein phosr n

positive regulation of cell migration

n guidance

skeletal system dovelopment

potassium ion transmembrane transport

shallow rise
in promoter

199 extracellular matrix organizatiol

of ipti from RNA 1l promoter

157 animal organ morphogenesis

positive i i 1l promoter
negative regulation of transcription fmm RNA polymerase 1l promoter

aging
transcription, DNA-templated

positive on of

cell dif i
negative regulanon of transcription, DNA~templated
ositive regulation of cell proliferation

133 regulation of ion transmembrane transport
] protein localization to plasma membrane
26 neuron migration
122 in utero embryonic development
18 eart developmem

1 cell-cell ad

nervous system

cell adhesion

actin cytoskeleton organi
negative regulation of neuron apoy

osterior pattern

roces
16 eynapse aspsembly

fror Il promotes
negative regulation of cell proliferation
itive i i

o
response to iotic stimulus

of gene
positive regulation of apoptotlc process

c ifer:
regulation of cell proliferation

chemical synapi
rain

positive regulation of MAPK cascade

angiogenesis
response to drug
neuron differentiation

lung development
zation

protgin homooligom:

Notch signaling pam y

negative regulanon of neuron differentiation
us development

anism
rvous system

evelopment

central
embryonic skelatal system

srobel
] cellular response to leukemia inhibitory factor
10 cell fate specification

canonical Wit signaling pathway

animal organ

onogenesis

structure

y ivati protein coupled mceptorsugnzlmg pathway

axon guidance

] ial behavmr

8 pmzssuum lon transport

skeletal system
imal/distal pattern

male gonad development

locomotory behavior

positive ion of an
negative regulati Ot neuron diffo

anatomical structure Gevelopment

ive regulahon of cell

sculogenesis

ont !
negative regulation ol canonlcal n b naling pa(hway
im

proximal/distal pattern formation

onic development

development

post-embry
neuropeptid signaling pathway

cell fate specification

ular organism growth

regulation of small GTPase mediated signal tr: i lnner ‘ear morphogenesis
Thas fonof i shal_low decline n'é%'%":?; s
pos! xi
of synapic in promoter embryonic limb morphegenese
‘male gonad thymus development

smoo!hene 'signaling pathway

reoption of pain

anatomical structure development

regulation of postsynaptic membrane potential

6 regulation of neuron migration

positive o nourcblast proliforation
netropeptide signaling pamway

proliferation

negative regulation of epithelial cell proliferation

looping

cellular response o loukemia ahibrtory factor
branching involved in ureteric bud

potassium ion import across plasma membrane
pattern specification process

ow tract morphogenesis

odonwgenws of dentin-containing tooth
‘nuroblast prolitor

negative regulation of epithelial cell prolifera
mhryomc lore b morphogenesis
development

collular respones i xonepiode somuns

Appendix Figure S4. GO analysis
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Appendix Figure S5. Methylation-changing CpG sites and transcriptional features of five

target genes.

Genomic distributions of methylation-changing CpG sites are shown first. Gene expression levels
of the five genes in primary LUAD and normal tissues based on TCGA data. Kaplan—-Meier
survival curves of TCGA-LUAD patients stratified by expression levels of each gene. Cosine
similarity of CpG sites on each gene. Median methylation levels across seven spatially resolved
tissue locations (TC, TE, P5, P10, P15, P20, PN) for each gene, were calculated from CpG sites

located in genebody and promoter regions.
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Appendix Figure S6. Kaplan-Meier survival analysis for
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Appendix Figure S7. Hierarchical clustering based on different sets of CpG sites.

(A) Clustering of samples using all ~1.53 million CpG sites did not reveal distinct tumor-normal

separation. (B) Clustering based on ~610,000 filtered CpGs (with =2 significant differences)

showed clearer tumor grouping, though two TE samples clustered with adjacent tissues. (C)
Clustering using the combined set of steep and shallow changing CpG sites (n = 35,292). (D)
Cluster stability was assessed using pvclust with multiscale bootstrap resampling; high AU values

support the clustering of some adjacent samples (P5/P10) with tumor samples.
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Appendix Figure S8. Single-cell RNA analysis of 80576 cells from 10 LUAD patients.

(A) UMAP plot of cells colored by major cell types. (B) UMAP plot of cells colored by cell
subtypes. (C) Expression levels of CDKN24, NOTCHI, PDGFRA, and WNT7B across different
cell types in tumor samples (upper four panels) and normal samples (lower four panels). FZD10

was excluded from the analysis due to low expression.
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Appendix Figure S9. Impact of cell type exclusion of each patient on target gene log2FC.

Log: fold change of aggregated expression differences for target genes between tumor and normal
tissues across patients after excluding specific cell types. Pseudo-bulk expression profiles were
generated by aggregating single-cell RNA-seq data from different cell types within each patient
sample. For each patient, log: fold changes between tumor and normal tissues were calculated
based on the full dataset (“None”) and after systematically removing one cell type at a time: B
lymphocytes, endothelial cells, epithelial cells, fibroblasts, myeloid cells, and T lymphocytes. Each
line represents the resulting fold-change profile after the exclusion of a specific cell type.
Variability across cell-type exclusions reflects the contribution of individual cell populations to

observed expression differences of the target genes.
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Appendix Figure S10. Clustering of gene expression profiles in different cell types.

The gene expression patterns of various cell types in tumor and normal samples from different
patients are clustered. Each group is a cell type. The upper panel is the situation of all expressed
genes, and the lower panel is the expression spectrum clustering of genes with shallow or mixed

changing regions.



Appendix Methods

Pipeline of DNA methylation changing trend statistics

Here we explain in more detail the screening process and various standards for the changing trend

sites in our study, combined with more examples, in the hope that readers can better understand

and reproduce the results, and recognize the rigor of the presented data.

total CpG sites

v

1.differentially CpG sites
pairwise paired Wilcoxon test among TC-PN (P<0.05)

2.steep-changing CpG sites

Significant differences exist only for the same trend (a);

No significant differences exist among P5-PN (b);

>6 significant differences exist between TC/TE and P5-PN (c);

Figure 1

3.shallow-changing CpG sites

Kendall rank correlation test (P<0.01);

Significant differences exist only for the same trend (a);

>0 significant differences exist among P5-PN (b);

>0 significant differences exist between TC/TE and PN (d);

As shown above, our overall screening process can be divided into three steps, including

extracting sites with methylation differences from the total CpG sites and performing some feature

statistics for these sites in the main text. Then, the steep- and shallow-changing sites were screened

among the remaining sites according to different inter-position differences.

Compare between positions and create significant matrices

First, we need to figure out the differences between different sampling positions of each site. We

grouped each CpG site by sample location and compared methylation between groups pairwise.

TC<PN TE<PN
TC<P20 TE<P20
TC<P15 TE<P15
TC<P10 TE<P10
TC<P5 TE<P5
TC<TE /

/ TE<TC

P5<PN P10<PN P15<PN P20<PN /
P5<P20 |[P10<P20 P15<P20 / PN<P20
P5<P15 P10<P15 / P20<P15 PN<P15
P5<P10 / P15<P10 P20<P10 PN<P10
1 P10<P5 | P15<P5 P20<P5 PN<P5
P5<TE P10<TE P15<TE P20<TE PN<TE
P5<TC P10<TC P15<TC | P20<TC PN<TC

Figure 2

PN
P20 B
P15
7x7 matrix
_—
e P10
_
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TE
TC

TC TE P5 P10 P15 P20 PN



The paired one-tailed Wilcoxon test was used to count the significance with a P<0.05
threshold, and 42 comparations were done for each CpG site (as Fig.2 shows). From the results of
the comparison between groups, a 7x7 logical matrix can be formed as the significant matrix, on

which each position corresponds to whether the difference between the two groups is significant.

Example Site 1 Example Site 2
1 Wilcoxon test 1 Wilcoxon test
J Y J X
100 BN 60 PN
- P20 2 P20
2 P15 £ 40 P15
[ [
& 50 P10 5 P10
g P5 g P!
£ Z2 5
2 TE 2 ‘ TE
0 TC o ‘ TC
TC TE P5 P10 P15 P20 PN TC TE P5 P10 P15 P20 PN TC TE P5 P10 P15 P20 PN TC TE P5 P10 P15 P20 PN
Figure 3

For example, in Fig.3, methylation of Example 1 on TC and TE were significantly less than
on P5 to PN, while methylation of Example 2 on TC and TE were significantly higher than on P5
to PN, respectively.

From total CpG sites to differentially-methylated sites

For all CpG sites, many did not have any significant difference in methylation across different
locations, and the observation of different characteristics will be affected when these sites are
retained. To better extract the location characteristics of the differences, we only retained the CpG
sites with at least two significant differences for subsequent analysis, and finally, a total of 613,724
CpG sites were obtained with significance between at least two comparisons.

Examples:

£ Example Site 3
Kendall, p = 0.08758, tau = 0.077
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m Example Site 4
Kendall, p = 0.623, tau = -0.022
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Example Site 5 .y, ;- 0.4464, tau = 0.035
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TC TE P5 P10 P15 P20 PN TC TE P5 P10 P15 P20 PN

Methylation ratio (%)

For example, in Fig.4, there was only 0 and 1 significant difference between the positions of
Example 3 and Example 4, respectively, while Example 5 had significance on P10<TE and
P20<TE. In these three sites, we would keep Example Site 5 for the next part.

From differentially-methylated sites to steep-changing sites

When the screen for steep-changing sites, we first required the differences must occur on the same
side, to exclude some sites with fluctuating methylation changes by position order (area A marked
in Fig.4A). The steep-changing sites should mainly reflect the difference between tumor tissue and
non-tumor tissue, so we required there should be no difference among P5-PN (area B marked in
Fig.4B). At the same time, we require sites have no less than 6 significant differences between
TC/TE and P5-PN to conform to the trend of steep changes (area C marked in Fig.4C). In the end,

we got sites with the steep-changing trend.
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Examples:
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In Example 6, methylations on P5-PN were significantly less than on TC and TE, respectively,
counting for 10 significant differences in area C. Besides, all significant differences occurred on
the same side and no significance occurred in area B. So, we take this site as a steep-changing CpG

site.

m Example Site 7 Kendall, p = 2.544e-05, tau = 0.19
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In Example 7, there were significances on both sides, which didn’t meet the requirement.

Although there are enough differences in area C, indicating methylation on TC and TE were



significantly different from P5 to PN, it is not difficult to see fluctuations in methylation levels

between PN and P20 and between PN and PS5, inconsistent with the overall trend.

m Example Site 8 Kendall, p =3.735e-11, tau = -0.3
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In Example 8, there were significances in area B, which didn’t meet the requirement. Due to
the differences between non-tumor samples, it is not difficult to see that the methylation level in
the adjacent samples is lower than that of the tumor but higher than that of distant normal tissues.
We think this methylation change trend is more similar to shallow-changing, which describes

gradual changes.

£ Example Site 9
Kendall, p = 0.4434, tau = -0.062
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In Example 9, there were not enough significances in area C.
From differentially-methylated sites to shallow-changing sites
When it comes to shallow-changing sites, in the order of TC, TE, P5, P10, P15, P20, and PN, we
performed perform ranking-based non-parametric tests, calculated Kendall's rank correlation
coefficient of methylation at each significant difference site, and screened with P<0.01. Same as
steep-changing sites, we screened sites with all significant differences on the same side (area A

marked in Fig.5A). For shallow-changing sites, significant changes should be seen between non-



tumor tissues, so we required at least one difference happened among P5-PN (area B marked in
Fig.5B). Considering that the shallow-changing sites gradually changed with the distance, we did
not require that there were huge differences between TC/TE and P5-PN but only need to ensure
that there was difference between TC/TE and the farthest PN (area D marked in Fig.5C). In the

end, we got sites with the steep-changing trend.
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Examples:
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Example 10 is a shallow-changing site. It had a P-value<0.01 in Kendall's correlation test.
Methylation on TC was significantly less than on P15 to PN, TE and P5 less than P20 and PN, and
P10 less than PN. The difference pattern of the site met the requirement above. So, we take this

site as a shallow-changing CpG site.
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In Example 11, the P-value of the site in Kendall's correlation test is higher than 0.01.

Although the rest of the features meet our requirements, it was excluded.
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In Example 12, there were differences on both sides, which might reflect potential

fluctuations in methylation, and it was excluded.

B Example Site 13
Kendall, p = 0.00598, tau = -0.22
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In Example 13, there were no significant changes between non-tumor tissues, so this site was

excluded.



£ Example Site 14
Kendall, p = 00009756, tau = ~0.26
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In Example 14, methylation significantly decreased with distance, and there was a significant
difference between P5 and P20. However, such points were excluded due to the absence of

significant differences between tumor (TC, TE) and distant normal tissue (PN).



