
Supplementary Fig. 1 | Benchmarking of snRNA-seq and data analysis by ACTIONet in this study. a-c, 
Quality control metrics of snRNA-seq data, with the number of unique molecular identifiers (UMIs; i.e., unique 
transcripts, a), number of unique genes (b), and percentage of mitochondrial RNA (c) per cell type. d, ACTIO-
Net UMAP plots shown in Fig. 1 colored by individual samples of caudate nucleus and putamen.

Number of UMIs Number of Unique Genes Mitochondrial RNA Percentage

B
L6

 a
nd

 z
Q

17
5

C
B

A 
an

d 
R

6/
2

H
um

an
a b c

d



Supplementary Fig. 2 | Expression of cell-type specific markers. Relative expression of representative matrix, 
striosome, and iSPN outlier marker genes in human and mouse (BL6 and zQ175) snRNA-seq datasets shown in 
Fig. 1.
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Supplementary Fig. 3 | Genes differentiating S/M in both D1/D2 populations are more conserved than those differ-
entiating S/M only in either population. a-d, Venn charts showing the shared and unique striosome markers (i.e., 
expressed higher in striosomes than in matrix), detected in D1 and D2 population (b), only in D1 population (c), only in 
D2 population (d), or listed as either one of the three (a). e-h, Same as a-d, for matrix markers (i.e., genes expressed 
higher in matrix than in striosomes). i-l, Same as a-d, for D1 marker (i.e., genes expressed higher in D1 than in D2 cells). 
m-p, Same as a-d, for D2 marker (i.e., genes expressed higher in D2 than in D1 cells).
Note that universal markers, i.e., S/M markers that are consistently detected in D1 and D2 population (b, f) or D1/D2 
markers that are consistently detected in both compartments (j, n), are more conserved than markers differentiating only in 
a specific SPN population.
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Supplementary Fig. 4 | The majority of S/M and D1/D2 marker genes are conserved across species, but a 
notable number of markers inverted their preference between rodent and human. a, For universal S/M 
marker genes found either in rodents or human, we plot log2(fold change) of their expression in S-D1 as com-
pared to that in M-D1. Data for BL6 (blue) and CBA (green) controls are shown. Percentage in each quadrant 
indicates the proportion of genes falling in that quadrant. b and c, Same as a, but for compartmental markers 
found only in D1 (b) or D2 (c) population of either rodents or human. d, Same as a, but showing log2(fold 
change) of expressions in S-D2 as compared to M-D2. e and f, Same as d, but for compartmental markers found 
only in D1 (e) or D2 (f) population of either rodents or human. g, Same as a, but for universal D1/D2 marker 
genes found either in rodents or human. h and i, Same as g, but for D1/D2 markers found only in striosomes (h) 
or matrix (i) of either rodents or human. j, Same as g, but showing log2(fold change) of expressions between 
M-D1 and M-D2. k and l, Same as j, but for D1/D2 markers found only in striosomes (k) or matrix (l) of either 
rodents or human. We applied the criterion (abs(FC) > 0.1, p < 0.001) to define S/M markers that have a signifi-
cant difference in the expression in striosomes and in matrix. Note that genes are included if they are listed as 
either of rodent (BL6 or CBA) or human markers. Thus, some genes appear in multiple panels; for example, 
KCNH7 is a universal striosome marker in rodents, whereas its differential expression across compartments was 
significant only in D1 population in human, appearing both in panels a and b. Differential gene expression 
analysis across cell-types, to define each marker, was performed using both the Wilcoxon rank-sum test and 
Welch’s t test in order to independently confirm statistical results.
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Supplementary Fig. 5 | In-depth analysis of hyper-conserved striosome markers involved in development. 
a-d, ShinyGO 0.76 (http://bioinformatics.sdstate.edu/go/) plots for hyper conserved striosome (a), matrix (b), 
D1 (c) and D2 (d) markers. e, Differential expression measured between the cell-type pairs indicated below and 
shown as log2(fold change) for human, BL6, and CBA dataset. We only included hyper-conserved striosome 
markers that are mapped onto GO terms related to development (i.e., cell morphogenesis involved in neuron 
differentiation, neuron development, neuron differentiation, generation of neurons, neurogenesis, and neuron 
projection development). f, Expressions in HD models compared to those in controls and shown as log2(fold 
change) using color code (top) and bars (bottom).



lo
g2

(F
ol

d 
ch

an
ge

) i
n 

H
D

 c
om

pa
re

d 
to

 W
T

lo
g2

(F
ol

d 
ch

an
ge

) i
n 

H
D

 c
om

pa
re

d 
to

 W
T

Differentiating D1/D2 only in matrixfDifferentiating D1/D2 only in striosomeeDifferentiating D1/D2 in both compartmentsd

Differentiating compartments both in D1/D2a Differentiating compartments only in D2cDifferentiating compartments only in D1b
Striosome marker Matrix marker Striosome marker Matrix marker Striosome marker Matrix marker

D1 marker D2 marker D1 marker D2 marker D1 marker D2 marker
-0

.2
-0

.1
0

0.
1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 128
R62 n = 128

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 102
R62 n = 102

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 198
R62 n = 198

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 88
R62 n = 88

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 64
R62 n = 64

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2-0
.2

-0
.1

0
0.

1

Q175 n = 304
R62 n = 304

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 108
R62 n = 108

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 83
R62 n = 83

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 43
R62 n = 43

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 115
R62 n = 115

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 85
R62 n = 85

-0
.2

-0
.1

0
0.

1

M-D
1
M-D

2
S-D

1
S-D

2
O-D

2

Q175 n = 159
R62 n = 159

Supplementary Fig. 6 | Same analysis as in Figure 3 but including only strong, highly differentiating 
markers. We applied more strict criteria to define as marker (abs(log2FC) > 0.2) than those used in the analysis 
described in the main text (abs(log2FC) > 0.1). The criteria of FDR adjusted p values were the same, i.e., p < 
0.001. a, Alteration of striosome (left) and matrix (right) marker expression, which is expressed more highly in 
striosomes or matrix both in D1/D2 populations, respectively, is shown for zQ175 (blue) and R6/2 (green) mice. 
N indicates number of markers included in each panel. Error bars indicate 95% confidence intervals of the 
averages. b and c, Same as in a, but for markers differentiating S/M only in dSPNs (b) or in iSPNs (c). d, 
Alteration of dSPN (left) and iSPN (right) marker expression, which is expressed more highly in D1 or D2 in 
both compartments, respectively, is shown for each model. N indicates number of markers included in each 
panel. Error bars indicate 95% confidence intervals of the averages. e and f, Same as in d, but for markers 
differentiating D1/D2 only in striosomes (e) or in matrix (f). Differential gene expression analysis across 
cell-types, to define each marker, was performed by both the Wilcoxon rank-sum test and Welch’s t test in order 
to independently confirm statistical results.
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Supplementary Fig. 7 | GO analysis on dysregulated genes. a-c, FDRs for enriched GO terms are shown for all 
dysregulated genes detected with the criterion of abs(log2FC) > 0.1 and FDR-adjusted p value < 0.001 in at least 
one of four canonical cell types (a), or the subset of them that are unidirectionally dysregulated in all four canonical 
cell types (i.e., upregulation or downregulation in all four cell types, b). In c, we first selected genes with significant 
dysregulation (p < 0.001) in at least one of four canonical cell types, then further restricted to the genes that are 
dysregulated bidirectionally dependent on the cell types (i.e., upregulated in one cell type and downregulated in 
another cell type). d-h, FDRs for enriched GO terms are shown for all dysregulated genes detected in M-D1 (d), 
M-D2 (e), O-D2 (f), S-D1 (g), or S-D2 (h). Significance of dysregulations were statistically tested on a by-cell-type 
basis using both the Wilcoxon rank-sum test and Welch’s t test in order independently to confirm statistical results.
See Supplementary Table 5 for ID and full list of GO terms.
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Supplementary Fig. 8 | Obscured compartmental organization in the two HD mouse models. Low magnifica-
tion FISH images for the two HD models (left) compared to their controls (right), stained for striosome markers, 
i.e., Nnat(green), Lypd1(magenta), and DAPI (blue). Experiments are repeated in biologically independent animals 
(7 BL6 control, 6 zQ175, 8 CBA control and 8 R6/2 mice) to confirm similar results.
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