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Supplementary Figure 1 Cluster markers and known marker genes of iCoMoNSCs. a, Heatmap 
showing top cluster markers of iCoMoNSCs clusters. b, Heatmap showing gene expression of a set of 
known markers amongst the iCoMoNSCs clusters. c, UMAP of iCoMoNSCs integrated with cells 
from three human NSC lines showing individual samples in different colors. 



b

% of cells

0

20

40

60

0
1

14

2
3

13

15

5
6
7

4

8

16

9
10
11
12

17
18

cl
us

te
r I

D

sample ID (replicates)
1 2

iCoMoNSCs Young Middle Old

1 2 1 2 1 2

c Marker genes

cl
us

te
r I

D

SAMD11, GNG5, IGFBP5, GNG11, PEG10, PTN, NEFL, STMN2, VIM, METRN, 
PCSK1N, RPS4X, MT-RNR2, MT-CO2, MT-CYB 0

1 SAMD11, STMN1, PTN, CRH, GFAP, PCSK1N, MT-CO2, MT-CO3

2 VGF, NEFM, NEFL, STMN2, RTN1, HOXB8, HOXB9, MT-CO2, MT-CO3

3 SAMD11, STMN2, PCDH9, RTN1, ZFHX3, PCP4, MT-CO2

4 SPARCL1, STMN2, VIM, RTN1, GFAP, MT-ND1, MT-ATP6

5 S100A10, IGFBP5, VGF, STMN2, VAMP2, MT-RNR2

6 PKIB, FABP7, STMN2, PCP4, MT-RNR2

7 VGF, CRH, STMN2, CRABP1

8 SPARCL1, VGF, PTPRZ1, NTRK2, PTGDS, MT-ND1, MT-ATP6

9 C1orf61, IGFBP2, VIM, CRYAB, DLK1, GFAP, MT-ND1

10 C1orf61, SQSTM1, VIM, CYP26A1, ATP1B2, HOXB9, PPP1R15A, FTL

11 S100A10, IGFBP5, IGFBP7, CCN2, CLU, VIM, TAGLN, METRN, MT-CYB

12 C1orf61, PTPRZ1, CLU, LY6H, NTRK2, VIM, METRN, C1QL1, TTYH1, S100B, MT-ND4

13 S100A10, TAC1, VGF, STMN2, DLK1, MT-CO2

14 S100A11

15 GADD45A, VGF, STMN2, CRYAB, DDIT3

16 C1orf61, VGF, PTGDS, VIM, IFITM3, CRYAB, TAGLN, GAPDH, CKB, METRN, C1QL1

17 COL3A1, MGP, COL1A1

18 H2AFZ, HMGB2, PTTG1, VIM, CKB, METRN

h

Supplementary Fig. 2

142 3 13 155 6 74 8 169 10 11 12 17 18

PTN

VIM

CRH

VGF

PKIB

FTL

CLU

CKB

MGP

0 1

cluster ID

SAMD11
GNG5

IGFBP5
GNG11
PEG10

NEFL
STMN2

METRN
PCSK1N

RPS4X

MT-CO2

STMN1

MT-RNR2

MT-CYB

GFAP
MT-CO3

NEFM
RTN1

HOXB8
HOXB9
PCDH9
ZFHX3
PCP4

SPARCL1
MT-ND1

MT-ATP6
S100A10

VAMP2

FABP7
CRABP1
PTPRZ1
NTRK2
PTGDS
C1orf61
IGFBP2
CRYAB

DLK1
SQSTM1

CYP26A1
ATP1B2

PPP1R15A

IGFBP7
CCN2

TAGLN
LY6H

C1QL1
TTYH1
S100B

MT-ND4
TAC1

S100A11
GADD45A

DDIT3
IFITM3

GAPDH

COL3A1

COL1A1
H2AFZ

HMGB2
PTTG1

Scaled mean 
expression

0.5

1

0

a Experimental stage (replicates)

iCoMoNSCs r1 (n = 8,331 cells)
iCoMoNSCs r2 (n = 8,408 cells) 
Young r1 (n = 8,687 cells) 
Young r2 (n = 7,438 cells) 
Middle r1 (n = 3,538 cells) 
Middle r2 (n = 4,595 cells) 
Old r1 (n = 5,350 cells) 
Old r2 (n = 7,363 cells) 

0

-10

U
M

A
P 

2
10

UMAP 1
0 10-10 5-5

d NSC marker genes

3
2
1
0

4

SOX2

10

0

-10

0
UMAP 1

U
M

A
P 

2

10-10 -5 5 15

NQO1

10

0

-10

0
UMAP 1

U
M

A
P 

2

10-10 -5 5 15

e Glial marker genes

GFAP PTPRZ1

10

0

-10

0
UMAP 1

U
M

A
P 

2

10-10 -5 5 15

10

0

-10

0
UMAP 1

U
M

A
P 

2

10-10 -5 5 15

DCN

10

0

-10

0
UMAP 1

U
M

A
P 

2

10-10 -5 5 15

3
2
1
0

4
5

10 15

g
SYP

10

0

-10

0

U
M

A
P 

2

-10 -5 5

SLC32A1 SLC17A6

Neuronal marker genes

UMAP 1
10 15

10

0

-10

0
UMAP 1

U
M

A
P 

2

10-10 -5 5 15

10

0

-10

0
UMAP 1

U
M

A
P 

2

-10 -5 5

3

2

1

0

Pericyte marker genef



Supplementary Figure 2 Neuronal and glial maturation of iNets a, UMAP of iCoMoNSCs and 
young, middle and old iNets (in replicates) showing cells from individual samples (different wells from 
the same differentiation) in different colors. b, Heatmap of cell distribution from all experimental stages 
amongst all clusters. c, Top marker genes for each cluster. d, UMAP with normalized expression of 
selected NSC, (e) glial, (f) pericyte and (g) neuronal marker genes across all samples. h, Heatmap with 
the expression of the top cluster markers from (c) from our aging experiment. 
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Supplementary Figure 3 Heatmap with the gene expression of known marker genes amongst all 
clusters from our aging experiment. 
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Supplementary Figure 4 Uncropped western blots. Compilation of raw data obtained by 
electrophoretic separation. 
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Supplementary Figure 5 Uncropped western blots. Compilation of raw data obtained by 
electrophoretic separation. 



Supplementary Table 9 Demographics of cases used in the present study 
 

 

AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, C9orf72 Chromosome 9 open reading 
frame 72, F female, FTLD-FUS frontotemporal lobar degeneration with FUS proteinopathy, FTLD-
Tau frontotemporal lobar degeneration with tauopathy, FTLD-TDP frontotemporal lobar 
degeneration with TDP-43 proteinopathy, h:min hours:minutes, M male, MAPT microtubule 
associated protein tau, n.a. not available, * TDP-43 co-pathology 

Cases Neuropathological  
diagnosis Mutation Gender 

Age at 
disease 
onset  

Age at  
death 

Disease 
duration 
(years) 

Post-
mortem 
delay 

(h:min) 

1 FTLD-TDP, Type A  F 57 63 6 85:20 

2 FTLD-TDP, Type A C9orf72 M 51 61 10 35:15 

3 FTLD-TDP, Type A C9orf72 F 56 67 11 85:35 

4 FTLD-TDP, Type A  M 59 70 11 44:05 

5 FTLD-TDP, Type C  M 64 74 10 19:00 

6 FTLD-TDP, Type C  M 71 76 5 39:30 

7 FTLD-TDP, Type C  F 58 73 15 37:55 

8 ALS  F 62 62 0.58 46:00 

9 FTLD-FUS  M 44 46 2 96:00 

10 FTLD-FUS  M 49 59 10 81:35 

11 FTLD-FUS  M n.a. 67 n.a. 33:05 

12 FTLD-Tau MAPT 10+16 M 59 66 7 58:10 

13 FTLD-Tau MAPT 10+16 M 45 51 6 52:35 

14 FTLD-Tau MAPT L284R M 41 45 4 27:55 

15 FTLD-Tau MAPT Q351R F 36 69 33 82:55 

16 AD  F 46 61 15 47:25 

17 AD  M 54 65 11 34:25 

18 AD  M 48 63 15 31:42 

19 AD *  M 76 82 6 24:00 

20 AD *  F 59 79 20 30:25 



Supplementary Table 10 Antibody list 

Primary antibodies 

Name Species, Source WB 
dilution 

Cell IF 
dilution 

Brain IF 
dilution 

AQP4 Rb, Novus Biologicals #NBP1-87679 - 1:200 - 

DCX Gt, Santa Cruz Biotechnology #sc-
8066 DCX 

- 1:2000 - 

FUS Ms, ProteinTech #60160-1-Ig - - 1:50 

GFAP Gt, Abcam #ab53554 - 1:500 - 

HA Rb, Cell Signaling Technology #3724 1:2500 1:500 - 

HA Ms, Biolegend #901516 - 1:1000 - 

HA Ms, ThermoFisher #26183 - 1:500 - 

KI67 Rb, Abcam #ab16667 - 1:250 - 

MAP2 Ms, Sigma #M1406 - 1:250 - 

MAP2 Ch, Abcam #ab5392 - 1:1000 1:1000 

MEF2A Rb, Santa Cruz Biotechnology #sc-
17785 

- 1:1000 - 

NEFL Ms, Thermo Scientific #13-0700 - 1:2000 - 

Nestin Ch, Online antibodies #ABIN187958 - 1:100 - 

NEUN Ch, Millipore #ABN91 - 1:1000 - 

NPTX2 Rb, Proteintech #10889-1-AP - 1:200 1:100 

NUMA Rb, Bethyl #A301-510A - 1:200 - 

PLZF Rb, Santa Cruz Biotechnology 
#sc22839 

- 1:200 - 

PSD-95 Ms, Abcam #ab2723-100 1:2000 - - 

SNAP-25 Ms, #SMI81 1:1000 1:500 - 

SOD1 Rb, Enzo #ADI-SOD-100 1:15000 - - 

SOX2 Gt, Santa Cruz Biotechnology 
#sc17320 

- 1:250 - 

STMN2 Ms, Proteintech #67204-1-Ig - 1:100 - 

STMN2 Rb, Proteintech #10586-1-AP - 1:200 -



SYP Rb, Santa Cruz Biotechnology #sc-
9116 

1:500 1:200 - 

Tau p202/205 Ms, ThermoFisher #MN1020 - - 1:600 

TDP-43p403/404  Ms/Hu, custom-made - 1:500 1:500 

TDP-43p403/404 Hu, custom-made - - 1:500 

VIM Ch, Millipore #AB5733 - 1:2000 - 

ZO1 Rb, Millipore #AB2272 - 1:500 - 

β-ACTIN Ms, Sigma #A5441 1:5000 - - 

TDP-43 FL 
 

Rb, Proteintech #18280-1-AP 
 

1:1000 
 

- 
 

  - 
 

TDP-43 3H8 Ms, Novus #NBP1-92695 1:1000 -   - 

 

Secondary antibodies 

Name Source WB 
dilution 

Cell IF 
dilution 

Brain IF 
dilution 

Donkey anti-Ch 
488 

Jackson Immuno Research 
#JAC703-546-155 

- 1:500 - 

Donkey anti-Ch 
568 

Jackson Immuno Research 
#JAC703-586-155 

- 1:500 - 

Donkey anti-Ch 
647 

Jackson Immuno Research 
#JAC703-606-155 

- 1:500 - 

Donkey anti-Gt 
488 

ThermoFisher #A11055 - 1:500 - 

Donkey anti-Gt 
594 

ThermoFisher #A11058 - 1:500 - 

Donkey anti-Gt 
647 

ThermoFisher #A21447 - 1:500 - 

Donkey anti-Ms 
488 

ThermoFisher #A21202 - 1:500 - 

Goat anti-Ms 555 
PLUS 

ThermoFisher #A48287 - - 1:400 

Donkey anti-Ms 
568 

ThermoFisher #A10037 - 1:500 1:400 

Donkey anti-Ms 
647 

ThermoFisher #A31571 - 1:500 - 

Donkey anti-Rb 
488 

ThermoFisher #A21206 - 1:500 1:400 

Donkey anti-Rb 
488 PLUS 

ThermoFisher #A32790 - - 1:400 

Donkey anti-Rb 
568 

ThermoFisher #A10042 - 1:500 - 

Donkey anti-Rb 
647 

ThermoFisher #A31573 - 1:500 - 

Goat anti-Ch  ThermoFisher #A21449 - 1:500 1:400 



647 
Goat anti-Ch 
647 PLUS 

ThermoFisher #A32933 - - 1:400 

Goat anti-Ms-
HRP 

Jackson Immuno Research 
#115-035-146 

1:5000 - - 

Goat anti-Rb-
HRP 

Jackson Immuno Research 
#115-035-144 

1:10000 - - 

Ch chicken, Gt goat, HRP horseradish peroxidase, IF immunofluorescence, Ms mouse, Rb rabbit, 
WB Western blot 



Supplementary Table 11 Primer and shRNA hairpin sequences 
 

shNPTX2a_F primer 

5′-TGCTTAAAGGCGCTATTGCCTCTTTTTTTAATTAACATGGTCCCAGC-3′. 

shNPTX2a_R primer 

5′-AGCACAGCTTAAAGGCGCTATTGCCTCAAGCTTTCGTCCTTTCCAC-3′. 

shNPTX2a hairpin 

5′-GAGGCAATAGCGCCTTTAAGCTGTGCTTGCTTAAAGGCGCTATTGCCTCTT-3′. 

 
 

shNPTX2b_F primer 

5′-TGCTGGCCTCGCGCTGCGCGCCTTTTTTTAATTAACATGGTCCCAGC-3. 

shNPTX2b_R primer 

5′-AGCACAGCTGGCCTCGCGCTGCGCGCCAAGCTTTCGTCCTTTCCAC-3′. 

shNPTX2b hairpin 

5′-GGCGCGCAGCGCGAGGCCAGCTGTGCTTGCTGGCCTCGCGCTGCGCGCCTT-3′. 

 
 
 
 
 
 
 
 



shNPTX2c_F primer 

5′-TGCTAAATTACTACTCCCGTCCTTTTTTTAATTAACATGGTCCCAGC-3′. 

shNPTX2c_R primer 

5′-AGCACAGCTAAATTACTACTCCCGTCCAAGCTTTCGTCCTTTCCAC-3′. 

shNPTX2c hairpin 

5′-GGACGGGAGTAGTAATTTAGCTGTGCTTGCTAAATTACTACTCCCGTCCTT-3′. 

 
 

shNPTX2d_F primer 

5′-TGCTAATGCCATAGCTAGTGATTTTTTTTAATTAACATGGTCCCAGC-3′. 

shNPTX2d_R primer 

5′-AGCACAGCTAATGCCATAGCTAGTGATAAGCTTTCGTCCTTTCCAC-3′. 

shNPTX2d hairpin 

5′-ATCACTAGCTATGGCATTAGCTGTGCTTGCTAATGCCATAGCTAGTGATTT-3′. 

 
 
 
 
 
 
 
 
 
 
 



shTDP-43b_F primer 

5′-TTGCTTAGAATTAGGAAGTTTGCTTTTTTTAATTAACATGGTCCCAG-3′. 

shTDP-43b_R primer 

5′-GCACAGCTTAGAATTAGGAAGTTTGCAAGCTTTCGTCCTTTCCAC-3′. 

shTDP-43b hairpin 

5′-GCAAACTTCCTAATTCTAAGCTGTGCTTGCTTAGAATTAGGAAGTTTGCTT-3′. 

 
 

shTDP-43c_F primer 

5′-TTGCTAATGATCAAGTCCTCTCCTTTTTTTAATTAACATGGTCCCAG-3′. 

shTDP-43c_R primer 

5′-GCACAGCTAATGATCAAGTCCTCTCCAAGCTTTCGTCCTTTCCAC-3′. 

shTDP-43c hairpin 

5′-GGAGAGGACTTGATCATTAGCTGTGCTTGCTAATGATCAAGTCCTCTCCTT-3′. 

 
 
 
 
 
 
 
 
 
 
 



shHaloTag_F primer 

5′-TGCTAAATGCAATACCTTTGACTTTTTTTAATTAACATGGTCCCAGC-3′. 

shHaloTag_R primer 

5′-AGCACAGCTAAATGCAATACCTTTGACAAGCTTTCGTCCTTTCCAC-3′. 

shHaloTag hairpin 

5′-GTCAAAGGTATTGCATTTAGCTGTGCTTGCTAAATGCAATACCTTTGACTT-3′. 

shEGFP1_F primer 

5′-GCTAGACGTTGTGGCTGTTGTTTTTTTTAATTAACATGGTCCCAGC-3′. 

shEGFP1_R primer 

5′-AAGCACAGCTAGACGTTGTGGCTGTTGTAAGCTTTCGTCCTTTCCAC-3′. 

shEGFP1 hairpin 

5′-ACAACAGCCACAACGTCTAGCTGTGCTTGCTAGACGTTGTGGCTGTTGTTT-3′. 

shEGFP2_F primer 



5′-GCTGATATAGACGTTGTGGCTTTTTTTTAATTAACATGGTCCCAGC-3′. 

shEGFP2_R primer 

5′-AAGCACAGCTGATATAGACGTTGTGGCTAAGCTTTCGTCCTTTCCAC-3′. 

shEGFP2 hairpin 

5′-AGCCACAACGTCTATATCAGCTGTGCTTGCTGATATAGACGTTGTGGCTTT-3′. 

shHNRNPK_F primer 

5′-TGCTTAAGCATTCCACAGCATCTTTTTTTAATTAACATGGTCCCAGC-3′. 

shHNRNPK_R primer 

5′-AGCACAGCTTAAGCATTCCACAGCATCAAGCTTTCGTCCTTTCCAC-3′. 

shHNRNPK hairpin 

5′-GATGCTGTGGAATGCTTAAGCTGTGCTTGCTTAAGCATTCCACAGCATCTT-3′. 

PCR primers for Q5 polymerase site-directed mutagenesis cloning of shRNAs into MHP_shRNA 
cassette and resulting shRNA hairpin sequences 
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