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Supplementary figure 1. (a) Boxplots summarize the mF1 scores for each method, which are 
defined by minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th 
percentile + 1.5 × IQR, interquartile range (hinges) and 1.5 times the interquartile range 
(whiskers), center = median and bounds of box = 25th and 75th percentile. This analysis 
includes n=14 biologically independent paired intra-datasets. (b) Boxplots summarize the 
macro F1 scores for each method, which are defined by minima = 25th percentile – 1.5 × 
interquartile range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile range (hinges), 
and 1.5 times the interquartile range (whiskers), center = median and bounds of box = 25th and 
75th percentile. This analysis includes n=14 biologically independent paired intra-datasets. (c) 
Boxplots summarize the Cohen's kappa scores for each method, which are defined by 
minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × 
IQR, interquartile range (hinges), and 1.5 times the interquartile range (whiskers), 
center = median and bounds of box = 25th and 75th percentile. This analysis includes n=14 
biologically independent paired intra-datasets. For all subfigures, the x-axis represents the 
various methods, while the y-axis denotes the measured values. The hollow red dot within the 
boxplot represents the average values, while black dots denote outliers. 
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Supplementary figure 2. (a) Boxplots summarize the mF1 scores for each method, which are 
defined by minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th 
percentile + 1.5 × IQR, interquartile range (hinges) and 1.5 times the interquartile range 
(whiskers), center = median and bounds of box = 25th and 75th percentile. This analysis 
includes n=19 biologically independent paired cross-platform datasets. (b) Boxplots summarize 
the macro F1 scores for each method, which are defined by minima = 25th percentile – 1.5 × 
interquartile range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile range (hinges), 
and 1.5 times the interquartile range (whiskers), center = median and bounds of box = 25th and 
75th percentile. This analysis includes n=19 biologically independent paired cross-platform 
datasets. (c) Boxplots summarize the Cohen's kappa scores for each method, which are defined 
by minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × 
IQR, interquartile range (hinges), and 1.5 times the interquartile range (whiskers), 
center = median and bounds of box = 25th and 75th percentile. This analysis includes n=19 
biologically independent paired cross-platform datasets. For all subfigures, the x-axis 
represents the various methods, while the y-axis denotes the measured values. The hollow red 
dot within the boxplot represents the average values, while black dots denote outliers. 
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Supplementary figure 3. (a) Boxplots summarize the mF1 scores for each method, which are 
defined by minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th 
percentile + 1.5 × IQR, interquartile range (hinges) and 1.5 times the interquartile range 



(whiskers), center = median and bounds of box = 25th and 75th percentile. This analysis 
includes n=22 biologically independent paired cross-tissue datasets. (b) Boxplots summarize 
the macro F1 scores for each method, which are defined by minima = 25th percentile – 1.5 × 
interquartile range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile range (hinges), 
and 1.5 times the interquartile range (whiskers), center = median and bounds of box = 25th and 
75th percentile. This analysis includes n=22 biologically independent paired cross-tissue 
datasets. (c) Boxplots summarize the Cohen's kappa scores for each method, which are defined 
by minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × 
IQR, interquartile range (hinges), and 1.5 times the interquartile range (whiskers), 
center = median and bounds of box = 25th and 75th percentile. This analysis includes n=22 
biologically independent paired cross-tissue datasets. For all subfigures, the x-axis represents 
the various methods, while the y-axis denotes the measured values. The hollow red dot within 
the boxplot represents the average values, while black dots denote outliers. 
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Supplementary figure 4. Quantitative evaluation of all methods with batch-effect correction is 
conducted using three assessment metrics: ARI, NMI, and ASW. (a) Boxplots summarize the 
ARI scores for each method, which are defined by minima = 25th percentile – 1.5 × interquartile 
range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile range (hinges), and 1.5 times 
the interquartile range (whiskers), center = median and bounds of box = 25th and 75th 
percentile. This analysis includes n=19 biologically independent paired cross-platform datasets. 
(b) Boxplots summarize the ARI scores for each method, which are defined by minima = 25th 
percentile – 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile 
range (hinges), and 1.5 times the interquartile range (whiskers), center = median and bounds of 
box = 25th and 75th percentile. This analysis includes n=22 biologically independent paired 
cross-tissue datasets. (c) Boxplots summarize the NMI scores for each method, which are 
defined by minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th 
percentile + 1.5 × IQR, interquartile range (hinges), and 1.5 times the interquartile range 
(whiskers), center = median and bounds of box = 25th and 75th percentile. This analysis 
includes n=19 biologically independent paired cross-platform datasets. (d) Boxplots summarize 
the NMI scores for each method, which are defined by minima = 25th percentile – 1.5 × 
interquartile range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile range (hinges), 
and 1.5 times the interquartile range (whiskers), center = median and bounds of box = 25th and 
75th percentile. This analysis includes n=22 biologically independent paired cross-tissue 
datasets. (e) Boxplots summarize the ASW scores for each method, which are defined by 
minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × 
IQR, interquartile range (hinges), and 1.5 times the interquartile range (whiskers), 
center = median and bounds of box = 25th and 75th percentile. This analysis includes n=19 
biologically independent paired cross-platform datasets. (f) Boxplots summarize the ASW 
scores for each method, which are defined by minima = 25th percentile – 1.5 × interquartile 
range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile range (hinges), and 1.5 times 
the interquartile range (whiskers), center = median and bounds of box = 25th and 75th 
percentile. This analysis includes n=22 biologically independent paired cross-tissue datasets. 
For all subfigures, the x-axis represents the various methods, while the y-axis denotes the 
measured values. The hollow red dot within the boxplot represents the average values, while 
black dots denote outliers. 
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Supplementary figure 5. Quantitative evaluation of each method with batch effect method 
Harmony. (a) Boxplots summarize the ACC scores for each method with Harmony, which are 
defined by minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th 
percentile + 1.5 × IQR, interquartile range (hinges) and 1.5 times the interquartile range 
(whiskers), center = median and bounds of box = 25th and 75th percentile. This analysis 
includes n=19 biologically independent paired cross-platform datasets. (b) Boxplots summarize 
the ACC scores for each method with Harmony, which are defined by minima = 25th 
percentile – 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile 
range (hinges) and 1.5 times the interquartile range (whiskers), center = median and bounds of 
box = 25th and 75th percentile. This analysis includes n=22 biologically independent paired 
cross-tissue datasets. For all subfigures, the x-axis represents the various methods, while the y-
axis denotes the measured values. The hollow red dot within the boxplot represents the average 
values, while black dots denote outliers. Visualization on batch effect removal showing one of 
the paired datasets MosA1_MouseBrain(10x). (c) shows the visualization before batch effect 
removal along with visualizations after batch effect removal conducted with (d) Harmony. 
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Supplementary figure 6. Quantitative evaluation of each method with batch effect method 
LIGER. (a) Boxplots summarize the ACC scores for each method with LIGER, which are 
defined by minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th 
percentile + 1.5 × IQR, interquartile range (hinges) and 1.5 times the interquartile range 
(whiskers), center = median and bounds of box = 25th and 75th percentile. This analysis 
includes n=19 biologically independent paired cross-platform datasets. (b) Boxplots summarize 
the ACC scores for each method with LIGER, which are defined by minima = 25th percentile –
 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile range 
(hinges) and 1.5 times the interquartile range (whiskers), center = median and bounds of 
box = 25th and 75th percentile. This analysis includes n=22 biologically independent paired 
cross-tissue datasets. For all subfigures, the x-axis represents the various methods, while the y-
axis denotes the measured values. The hollow red dot within the boxplot represents the average 
values, while black dots denote outliers. Visualization on batch effect removal showing one of 
the paired datasets MosA1_MouseBrain(10x). (c) shows the visualization before batch effect 
removal along with visualizations after batch effect removal conducted with (d) LIGER. 
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Supplementary figure 7 illustrates the robust evaluation of SANGO. (a) shows how the 
accuracy of SANGO changes when adjusting the hyperparameters of CACNN. (b) displays the 
accuracy variations of SANGO when modifying the hyperparameters of the graph transformer. 
Hollow circles represent the default parameter values used in SANGO. 
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Supplementary figure 8. The performance comparison between SANGO (CACNN + 
GraphTransofomer) and (AE + GraphTransofomer) on the (a)intra-datasets, (b)cross-platform 
datasets, and (c)cross-tissue datasets.  
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Supplementary figure 9. Performance on the single query data when using the multi-source data 
as the reference. The evaluation of each method on the two tissues including the mouse brain 
(consisting of four datasets) and Intestine (consisting of three datasets) by mF1, macro F1, and 
Cohen's kappa metrics, respectively. For each tissue, we iteratively left one as the query data 
and the rest as the multi-source reference data, resulting in 7 paired datasets. Each dataset in 
the legend represents the query data. (a) Boxplots summarize the mF1 scores for each method, 
which are defined by minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th 
percentile + 1.5 × IQR, interquartile range (hinges) and 1.5 times the interquartile range 
(whiskers), center = median and bounds of box = 25th and 75th percentile. This analysis 
includes n=7 biologically independent paired datasets. (b) Boxplots summarize the macro F1 
scores for each method, which are defined by minima = 25th percentile – 1.5 × interquartile 
range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile range (hinges), and 1.5 times 
the interquartile range (whiskers), center = median and bounds of box = 25th and 75th 
percentile. This analysis includes n=7 biologically independent paired datasets. (c) Boxplots 
summarize the Cohen's kappa scores for each method, which are defined by minima = 25th 
percentile – 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile 
range (hinges), and 1.5 times the interquartile range (whiskers), center = median and bounds of 
box = 25th and 75th percentile. This analysis includes n=7 biologically independent paired 
datasets. For all subfigures, the x-axis represents the various methods, while the y-axis denotes 
the measured values. The hollow red dot within the boxplot represents the average values, while 
black dots denote outliers. 
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Supplementary figure 10. Performance on the combined query data when using the single 
reference data. The evaluation of each method on the two tissues including the mouse brain 
(consisting of four datasets) and Intestine (consisting of three datasets) by mF1, macro F1, and 
Cohen's kappa metrics, respectively. For each tissue, we iteratively left one as the reference 
data and the rest as the combined query data, resulting in 7 paired datasets. (a) Boxplots 
summarize the mF1 scores for each method, which are defined by minima = 25th percentile –
 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × IQR, interquartile range 
(hinges) and 1.5 times the interquartile range (whiskers), center = median and bounds of 
box = 25th and 75th percentile. This analysis includes n=7 biologically independent paired 
datasets. (b) Boxplots summarize the macro F1 scores for each method, which are defined by 
minima = 25th percentile – 1.5 × interquartile range (IQR), maxima = 75th percentile + 1.5 × 
IQR, interquartile range (hinges), and 1.5 times the interquartile range (whiskers), 
center = median and bounds of box = 25th and 75th percentile. This analysis includes n=7 
biologically independent paired datasets. (c) Boxplots summarize the Cohen's kappa scores for 



each method, which are defined by minima = 25th percentile – 1.5 × interquartile range (IQR), 
maxima = 75th percentile + 1.5 × IQR, interquartile range (hinges), and 1.5 times the 
interquartile range (whiskers), center = median and bounds of box = 25th and 75th percentile. 
This analysis includes n=7 biologically independent paired datasets. For all subfigures, the x-
axis represents the various methods, while the y-axis denotes the measured values. The hollow 
red dot within the boxplot represents the average values, while black dots denote outliers. 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 

  
 
 
 
Supplementary figure 11. The performance of each method when using reference atlas data 
consisting of multiple anatomical entities. We selected the WholeBrain tissue as the query data 
and other tissues as the reference. The WholeBrain tissue has 9 cell types overlapped with the 
Cerebellum tissue. (a) In the first scenario, we kept 9 cell types only in the Cerebellum, and 
removed the cell types from other tissues. (b) In the 2nd scenario, we removed cell types so that 
five cell types appeared only in the Cerebellum, and the other four cell types appeared only in 
other tissues. 
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Supplementary figure 12. Evaluation of time consumption (a) and memory usage (b) for each 
approach across datasets with diverse cell counts. 
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Supplementary figure 13. Coverage plots of chromatin accessibility in normal cortex data from 
the mouse brain over signature genes across predicted all cells: (a) Ndrg2 for Astrocytes, (b) 
Itm2a for Endothelial II cells, (c) Gad2 for Inhibitory neurons, (d) Sst for SOM+ interneurons. 
The term “Region” in each subgraph represents a genomic region of the chromosome.  
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Supplementary figure 14. The motifs associated with each cell type as determined by our 
predictive method. (a) The UpSet diagram displays cell-specific motifs and the common motifs 
shared among different cell types. The horizontal bars represent the top 50 significant motifs 
for each cell type, while the vertical bars indicate cell type-specific and shared motifs. (b) The 
heatmap plot showcases the top 10 significant motifs for each cell type. 
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Supplementary figure 15. Overrepresented DNA motifs are identified through cell type-specific 
accessibility peaks in (a) Astrocytes, (b) Endothelial II cells, (c) Inhibitory neurons, (d) SOM+ 
interneurons. 
 
 

 
Supplementary figure 16. Cis-regulatory chromatin interactions predicted by Cicero with 
scATAC-seq data from Astrocytes. The cell type-specific peaks identified by SANGO are 
marked in cyan. 



 
Supplementary figure 17. Cis-regulatory chromatin interactions predicted by Cicero with 
scATAC-seq data from Endothelial II cells. The cell type-specific peaks identified by SANGO 
are marked in cyan. 
 
 

 
Supplementary figure 18. Cis-regulatory chromatin interactions predicted by Cicero with 
scATAC-seq data from Excitatory neurons. The cell type-specific peaks identified by SANGO 
are marked in cyan. 



 
Supplementary figure 19. Cis-regulatory chromatin interactions predicted by Cicero with 
scATAC-seq data from Inhibitory neurons. The cell type-specific peaks identified by SANGO 
are marked in cyan. 
 
 

 
Supplementary figure 20. Cis-regulatory chromatin interactions predicted by Cicero with 
scATAC-seq data from Microglia. The cell type-specific peaks identified by SANGO are 
marked in cyan. 



 
Supplementary figure 21. Cis-regulatory chromatin interactions predicted by Cicero with 
scATAC-seq data from Oligodendrocytes. The cell type-specific peaks identified by SANGO 
are marked in cyan. 
 
 

 
 
Supplementary figure 22. Cis-regulatory chromatin interactions predicted by Cicero with 
scATAC-seq data from SOM+ interneurons. The cell type-specific peaks identified by SANGO 
are marked in cyan. 
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Supplementary figure 23. Visualization of the results of identifying multi-level cell types in 
basal cell carcinoma data through re-clustering labels. (a) The cells within query data are 
colored by re-clustering labels, and the cells with higher probability scores are recognized as 
unknown cell types. (b) River plot mapping the re-clustering coarse-grained cell types (left) to 
actual cell types (right). (c) The cells within query data are colored by re-clustering fine-grained 
immune cells. (d) River plot mapping the re-clustering immune cells (left) to actual cell labels 
(right). 
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Supplementary figure 24. The performance of SANGO on the query data consisting of one pre-
treatment SU008_Immune_Pre and one post-treatment sampleSU006_Total_Post in the BCC 
atlas. UMAP visualized cells of the query data colored by (a) truth cell types and (b) predicted 
cell types. (c) River plot mapping cell types annotated by SANGO (left) to actual cell labels 
(right). (d) River plot mapping re-clustering cell types (left) to actual cell labels (right). 
 



 
Supplementary figure 25. The data distribution in the tissue dataset BoneMarrow. The x-axis 
represents the number of peaks, while the y-axis denotes the number of cells having peak 
number at a range. 
 
 
 
 
Supplementary Note 1 
 
For instance, excitatory neurons cells (Ex.neurons) were found to be enriched with the binding 
motifs of TBX20, NEUROG2, and NEUROD1[1-3]. The forced expression of NEUROG2 and 
NEUROG1 in human embryonic stem cells leads to the formation of a complex network 
comprising excitatory neurons [1]. Microglia were found to be enriched with the binding motifs 
of ETV6, ELF3, and SPIB [4-6]. Primary microglia overexpressing ELF3, tagged with GFP, 
ingest fluorescently labeled synaptosomes. Oligodendrocytes were found to be enriched with 
the binding motifs of Sox6, Sox3, and SOX13 [7-9]. SOX13 plays a functional role in 
complementing Sox5 and Sox6, serving as crucial developmental modulators in mouse spinal 
cord oligodendrocytes. We also found that astrocytes were enriched with the binding motifs of 
Zfx [10], NFIB[11], and GSX1 [12]. Endothelial II cells were enriched with the binding motifs 
of KLF4, KLF5, and MAZ [13-15]. Inhibitory neurons were enriched with the binding motifs 
of MEIS1, MEIS2, and MEIS3 [16-18]. SOM+ Interneurons were enriched with the binding 
motifs of BHLHE22, ASCL1, and MEF2C [19-21]. 
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