Supplementary Figures

Input information Output
—_—— e ==, === === S~ Stepd @ @0, == === = -
II Cell  Spatial | = Cell-level Niche-levell  NT construction I, 1
type location | : NT score NT score | <€ Niche cluster |
! —> ! | 10 L ——
! “ AR . .
_ I : o) .S 1 08 | O 1
'3 P Z I 2 I
10 I 0.6 1S :
I ' : 0.4 1 €7
| I N 0.0 Niche cluster 1
! | I 0.2 ¢ 1 adjacency matrix |
| 1 | I
N e o o o o= o / N o e e e e - - / 1
I
Step 1 Loss function ! I
niche network 1 Niche cluster I
construction @total =An L + - Lyt A - LD : —_— |
T ST L C |-
| | |
I |
;- | Step2 | | Step3 e :
: | GCN | IGraph pooling| § :
| - —> |— > I
I I I I : I
I
| Niche network & ! | Niche embeddings : I Niche cluster !
I Cell type composition /' \ 9 /I { assignment matrixlI
D S U —~—_—— = = —

Fig. S1. A detailed schematic illustration of the ONTraC workflow. ONTraC takes
cell-type annotation and spatial location information as input. The first step is to construct
a niche network by using k-nearest neighbors in the physical space. Then, a two-layer
graph convolution network (GCN) model is trained to encode data in a low-dimensional
feature space. Next, a modified graph pooling approach is used to identify niche clusters
and create a niche cluster network. Model training is done to minimize the loss function
that considers three terms corresponding to modularity, purity, and regularization,
respectively. The final step of niche trajectory construction is to order niche clusters so
that total edge connectivity is optimized. Niche-level and cell-level NT scores are derived
by projecting onto the resulting niche trajectory.
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Fig. S2. Spatial patterns of pseudotime inferred from different methods for the
simulated dataset. SpatialPCA and SpaceFlow were applied only to the whole dataset,
whereas the other methods were applied to the whole dataset, lineage 1, and lineage 2,
respectively. All pseudotime values were normalized to 0-1. Grey dots indicate the cells
that received n.a. after pseudotime analysis.
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Simulated datasets. b, MERFISH datasets (the three representative samples shown in

Fig. S3. Robustness analysis of ONTraC using different parameter settings. a,
Fig. 1 were analyzed). Red bars indicate the default parameter values.
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Fig. S4. Benchmark analysis using simulated datasets 2-4. a, PCA of the simulated
gene expression pattern. b, Spatial distribution of cell types. ¢, Spatial distribution of
ground truth. d, Spatial distribution of ONTraC predicted cell-level NT scores. e,
Performance of different methods evaluated by the Spearman correlation between the
ground truth and the ordering scores predicted by different methods. ONTraC,
SpatialPCA and SpaceFlow were applied only to the whole dataset, whereas the other
methods were applied both to the whole dataset and to each cell lineage separately.
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Fig. S5. ONTraC identifies niche trajectory on the mouse cortex MERFISH dataset.
a, Cell type density along the reconstructed niche trajectory. b, Correlation between
cell-level NT score and cortical depth for each tissue slice. Insets show scatterplot for
the representative slices shown in Fig. 1f-g. ¢, Scatterplot showing the relationship
between cell-level NT scores and normalized pseudotime on IT neurons.
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Fig. S6. Benchmark analysis using MERFISH dataset. Performance is evaluated by
using the Spearman correlation between the cortical depth and the ordering scores
predicted by different methods. SpaceFlow and SpatialPCA were run on each slice
individually as they do not support multiple samples.
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Fig. S7. Cell type annotation for in the mouse embryo dorsal midbrain stereo-seq
dataset. a, Dimensionality reduction of gene expression data by UMAP along with
annotated cell types. b, Cell-type specific marker gene expression patterns.
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Fig. S8. Spatial distribution of cell-level NT scores in E12.5 and E16.5 dorsal
midbrain.
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Fig. S9. Spatial distribution of different cell types in E12.5, E14.5, and E16.5 dorsal
midbrain.
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Fig. $10. Violin plots showing the overall distribution of cell-level NT scores in
E12.5, E14.5, and E16.5 dorsal midbrain.



Ppia Cdkn1c
o .
08 {2% PCC =-0.48 104 Poc =063 M Golgi to lysosome transport ° % Genes in set
:' ¢ ; ° Glycoside catabolic process . ® 40
Glycoside metabolic process ..

0.4 Digestive system development

Autophagy of nucleus [ ] . 60
ic nephron de
0.0 Positive regulation of protein localization to centrosome
orsal spinal cord development -log,, P-value
Calcium dependent cell cell adhesion via plasma membrane cell adhesion molecules 1

04 Regulation of neuron projection arborization 20

Spinal cord association neuron differentiation

Non canonical WNT signaling pathway via MAPK cascade
Feeding behavior

00 01 02 03 0.0 o1 0.2 03 Negative regulation of collateral sprouting
Planar cell polarity pathway involved in neural tube closure
Negative regulation of lipid catabolic process

[ 1 1) 00‘....
®

[}
>
o Ccnd2 Phf21b Positive r ion of hair follicle
c Olfactory lobe development
o ° PCC =-048 0.8 | PCC=054 ° Regulation of fatty acid beta oxidation
B 104, Anterior posterior axon guidance 10
8 S 06 .« °
2o M . . . 18 19 20
g k. os NES
[} °o ]
T 00485 o ¢ 02 o i
] [ ] Positive regulation of pattern recognition receptor signaling pathway . % Genes in set
N 00 Protein localization to nuclear body ®
= - e o ecee " " < : " ® 40
© .05 Negative regulation of mRNA splicing via spliceosome L g
E 02 Regulation of DNA directed DNA polymerase activity o . 60
= 0.0 0.1 0.2 03 0.0 0.1 02 03 Aerobic respiration o
o Cenp a containing chromatin organization . 80
P4 Dermatan sulfate proteoglycan metabolic process
Efnab Snoma localization _log.. P-value
20 - Atrial cardiac muscle cell to av node cell signaling 910
° PCC=-043 Histone exchange ° 22
1540 20 DNA geometric change 14
S8 e DNA replication @
» ° 15 Chromatin remodeling at centromere [ 4
10 e Negative regulation of RNA splicing J
10 Double strand break repair via break induced replication . 10
05 DNA dependent DNA replication (J
DNA unwinding involved in DNA replication [ )
05 Tricarboxylic acid cycle *
00 DNA replication initiation o
0.0 - - Cytoplasmic translation o 18
0.0 0.1 02 0.3 0.0 0.1 02 03 24 -22 -20
NT score NES

Fig. S11. Metacell-based correlation analysis between NT score and gene
expression. a, Scatter plots show the represented genes relationship between gene
expression and NT score. b, Top 20 positive/negative-associated gene ontology terms
along niche trajectory. Neurogenesis-related terms are highlighted in blue (cell
differentiation), red (nervous system development), and purple (WNT signaling pathway);
DNA replication-related terms are highlighted in green.
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Fig. S12. Identifying cell-type specific regulators by ranking the regulon specificity
scores (RSS). For each cell type, the top 5 regulons are highlighted.
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Fig. S13. Cell type proximity enrichment analysis for NT-Low and NT-High cells.
Enriched or depleted interactions are depicted in red and green, respectively. Width of

the edges indicates the strength of enrichment or depletion.



* B_Cells
a) Cell types - &irew b) Cell-level NT score C) o —
« COB+_T_Cells
oCIs_1 NT-score
R 10 Prolif_Invasive_Tumor @—
« Endotnela
. "
08 g Macrophages | | m— I ————
£
. £
' 06 8 Stromal
w 04 CD8+_T_Cells
) 02
. CD4+_T_Cells —%
Stromal_8._T_Gell_Hybrid
o T_Cell_& Tumor_Hybrid 00 Yy Y = " " o
© Uniaveled Celllevel NT score

Fig. S14. ONTraC analysis of the Xenium breast cancer dataset. a, Spatial distribution
of different cell types. b, Spatial distribution of the cell-level NT-scores. ¢, Cell type density
along the reconstructed niche trajectory.
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Fig. S15. Spatial domain analysis using GraphPCA. a, MERFISH mouse motor cortex
data (mouse1 slice301 is shown as a representative example). b, Stereo-seq mouse
embryo dorsal midbrain data. ¢, Xenium human breast cancer data.
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Fig. S16. ONTraC analysis reveals intra-layer heterogeneity of marker gene
expression (using Rspo1 and Fezf2 as representative examples) in IT neurons. a,
Marker gene expression level in IT neuron subtypes as annotated by the original paper
(Zhang et al. 2021). b, Marker gene expression level in IT neuron subsets defined by
binning NT-scores (corresponding cortical layers are marked below). A smooth change
of gene expression can be observed along the change of NT scores. IT neurons in Bin 9
are a mixture of L2/3 and L4/5 IT neurons. IT neurons in Bin 17 are a mixture of L5 and
L6 IT neurons. ¢, Marker gene expression level in IT neurons associated with GraphPCA
predicted spatial domains. The three representative samples shown in Fig. 1f-g were
used in this analysis.
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Fig. S17. Comparative analysis of NT-High vs NT-Low cells using different
threshold values. a, Box plots showing the cell-type composition of putative offspring
cells of E14.5 NT-Low and NT-High RGCs. NT-High RGCs show lower self-renewal and
higher differentiation potential compared to NT-Low RGCs under all thresholds. b, Cell
type proximity enrichment analysis. NT-High RGCs show higher proximity to NeuB and
GlioB under all thresholds. Enriched or depleted interactions are depicted in red and
green, respectively. Width of the edges indicates the strength of enrichment or
depletion.



