Cockayne syndrome patient iPSC-derived brain organoids and neurospheres
show early transcriptional dysregulation of biological processes associated

with brain development and metabolism.

Organoids

Leon-Phillip Szepanowski', Wasco Wruck?, Julia Kapr, Andrea Rossi, Ellen Fritsche, Jean Krutmann and

James Adjaye”

lnstitute for Stem Cell Research and Regenerative Medicine, University Hospital Diisseldorf,
Moorenstrasse 5, D-40225 Duesseldorf, Germany
*Correspondence: James.Adjaye@med.uni-duesseldorf.de

Leon-Phillip.Szepanowski@IUF-Duesseldorf.de

(1]



Supplementary

A
I B4 Cs789 IUFi001
Cell Type Fetal Foreskin Fibroblast Dermal Fibroblast Dermal Fibroblast
Provided By ISRM Dusseldorf IUF - Leibniz Research Institute for Environmental Medicine
Donor Age Neonatal 10 months 3 years
Sex g d Q

Reprogramming Viral Episomal Episomal

ERCC6 Mutation None Exon 10/R683X Exon 5/K377X; Exon15/R857X
CS Severity None COFS CS Type |

[ ERCCa Gene ] I Facc ; ]

10 20 30 a0 45
1
Mildtype GGCTCACCGATGCARAATARCCTCCGAGAGCTGTGGTCGCTCTTT
| 5789 GGCTCACCGATGCARAATARCCTCTGAGAGCTGTGGTCGCLTCTTT

1 10 18
| on—
Hildtype AACTCCAGAAGAGGGCTT
IUFi001 AACTCCAGTAGAGGGCTT

1 10 18

| mmm e |
Wildtype AGGGTCAGCGAGTATTGC
TUFi001 AGGGTCAGTGAGTATTGE

Cerebrooculofacioskeletal Cockayne Syndrome Cockayne Syndrome Cockayne Syndrome  UV-sensitive Syndrome
(COFS) syndrome Type Il Type | Type lll

Onset Fetal At birth First 2 years 3-4 years Varying
Diagnosed at Birth Infancy Childhood Early teens Childhood/Adulthood
Life Expectancy Infancy 5-6 Years 16 years 30 years Normal?
Suggestive Athrogryphosis Major Criteria:
Findings Prenatal growth failure Postnatal growth failure; Progressive Microcephaly; Neurologic Dysfunction with developmental delay;
Prenatal Microcephaly White matter dysmyelination; Cerebellar Atrophy; Intracranial calcifications
Congenital Cataracts or Minor Criteria:
Congenital Microphthalmia Cutaneous Photosensitivity; Demyelinating peripheral neuropathy; Pigmentary Retinopathy; Cataracts;
Sensorineural Hearing loss; Enamel Hypoplasia; Tooth Anomalies; Cachectic Dwarfism
Diagnosis Multigene panel or Comprehensive genomic testing

Supplementary Figure S1. Used cell lines and clinical information about Cockayne Syndrome (A) General
information about the cell lines used in this work. (B) Schematic depiction of the ERCC6 mutation found in the
CS789 iPSC line. (C) Schematic depiction of the ERCC6 mutation found in the IUFi001 iPSC line. (D) Table showing
clinical features and diagnostic criteria of different types of Cockayne Syndrome.
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Supplementary Figure S2. Determination of developmental age of day 30 neurospheres and day 60 cortical
organoids (A) Heat map of enrichment scores of transcriptomic data from control and CS iPSCs, neurospheres
and organoids in comparison with the Allen Brain Atlas (ABA) human developmental Brain NGS data
(https://www.brainspan.org/). (B) Region of highest consensus for the day 30 neurospheres extracted from A.
(C) Region of highest consensus for the day 60 organoids extracted from A.
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Supplementary Figure S3. Full Western Blot for CSB, SQLE, p53 and Beta-Actin protein in Day 0 iPSCs, Day 30
NS and Day 60 COs (A) Western Blot analysis for full-length CSB protein in B4, DU187, CS789 and IUFi001 iPSCs
and COs. The cell line DU187 was not included in this article. (B) Western Blot for beta-Actin protein in B4, DU187,
CS789 and IUFi001 iPSCs and COs. The cell line DU187 was not included in this article. (C) Western Blot analysis
for SQLE protein in B4, CS789 and IUFi001 COs. (D) Western Blot analysis for beta-Actin protein in B4, CS789 and
IUFi001 COs. (E) Western Blot analysis for SQLE protein in B4, CS789 and IUFi001 NS. (F) Western Blot analysis
for beta-Actin protein in B4, CS789 and IUFi001 NS. (G) Western Blot analysis for p53 protein in B4, CS789 and
IUFi001 NS and COs. (H) Western Blot analysis for beta-Actin protein in B4, CS789 and IUFi001 NS and COs. (B, D,
F, H) Blot of the housekeeping gene used to quantify the respective blot in A, C, E and G on the left side of the
figure. (Black outlines indicate parts of the image utilized to prepare the main figures. Dotted lines in A and B
indicate where the DU187 line was excised from the image.)
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CTRL: Control (Line B4)

D1: Disease 1 (Line CS789)

D2: Disease 2 (Line IUFi001)
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Supplementary Figure S4. Quality control of next generation sequencing data (A) Dendrogram obtained by
hierarchical cluster analysis of NGS gene expression data for B4, CS789 and IUFi001 iPSCs, neurospheres and
cerebral organoids. (B) Principal component analysis of NGS gene expression data for B4, CS789 and IUFi001
iPSCs, neurospheres and cerebral organoids.

(5]



colidir protein metabot process SRP-dapendontcousrsatins prtein rgeing o meeane °
organic substance biosynthatic procass :
‘protein modification process - Oniabiahmant of prowi Iocakzation o endoplasmic TeSculum
primary metaboc procass - () ranslational miation - F
reguiaion of nucleabase-containng compound melabolc process protein targeting fo membeane -
egulation of biosynthalic process - pepiide metabolic process -
cpameniop et B oo §
macromolecule locakzation - IA catabolic process - [ ]
positive regulation of macromolecule biosynthetic process - mitochondrial translational elongation - 3
positive regulation of RNA metabolic process = mitochondrial transtational termination = [ ]
callular componant morphogenasis - ucloabase-contining compound catabolcprocess Count
posiive legmanun of cellular biosynthetic process - ucleoside tphosphate metabolic process -
lular macromolscule catabeic process - elociron transport chain - ° ®
reguiation of organelle organization - proteinfocazon to mambrana -
positive reguiation of nitrogen compound Mataboic Procass - chondrial gene expression - © @
negatlve regulation of macromolecule biosynthetic process - organonitrogen compound biosynthetic process - ()
‘nucleobase-containing compound biosyHhGNc procass - mitochondrial respiratory chain complex | assembly - L) . 150
cell projection morphogenesis - 'ATP metabolc process - °
regulation of RNA biosynthetic process - ATP synthesis coupled electron transport -
negative reguiation of cellular biosynthatc process - ibonuciéoskie manophiaphatel metubollo prooess B
negative regulation of RNA metaboic process - purine nucleoside monophosphate metabolic procass - °
enzyme linked racaptor protein signaling pattway - topiasmic transiation -
neurogenesis - mitochondrial electron transport, NADH to ubiquinone - © 0e-08
muticallular organism development - POb-ConaNg Soroie: SUBLINR Orgedzaton o
requiation of celular macromolecule biosynihetic process - Gelins miogen compaund metaboll protes 10607
interspecies interaction betwean orga cebular protein complex disassembly - L]
positive regulation of transcription by RNA polymerase Il - cellular respiration - ) 15e-07
) embryo development - intracellular protein transport = 2.0e-07
jative ragulation of callular componant organczation - cellular macromoecule catabollc process
negative regulation of ranscription by RNA polymerase Il - celular component organization of biogenesis 25007
negative regutation of nirogen compound metabolc procass - vansport
lkogen cospotnd ke | purine nucleotide metabolc process - @
regulation of plasma membrane bounded cel projecion organzaon - e ooudecide rwistol procses e
negative reguiation of protein metabokc process - g’ 5
tion of calldifferentiation -
estabishment of prolein locaization - - Slisme Keneoon b
sabider soatobe process 8 5 anargy coupled proton transpot, down electrochemicalgradient - .
ool loobeton 3 ° callular compenent disassembly - @
: T i T e ibosomal small subunit assembly - .
045 0.75 0200 0325 0250 Ay T
GeneRatio GeneRatio
- mitochondrial translational elongation - °
colular macromolecule locazation- (@) mitochondiial ranslational termination - .
response to unfolded protein - . achonatel 5406 saresaion °
proa et nuciearranscibed mRNA catabolc procass, nonsense-mediaied dacay - [
establishment of ocalization in cel- e enseliioh i g i onoid Fo
colluiar rasponsa o topologically incorrect protein - e i bosytinet proces
invacallarproten Umuyml:‘ pide matabofic process - s
protein modification process. u 4
retrograda vasicle-mediated transport, Golgi to ER - . i oA et CompeY ""‘,ij'u“:,: ] L
o Golgi vesicle-mediated ransport- @ 'RNA catabolic process- @ Count
tance transport P mRNA metabolic process = @
celiutar component organization of biogenesis \ranstational iniiation - ® w
allular peotein metabolic process mitochondtion omganization -
vesicis targating, to, from or within Golgi- . Siite ‘oxidative phosphorylation - 0 @
macromolecule catabolic process - macromolecule biosynthetic process -
organonitragen compound catabolic process - 10007 profain-containing complex subunit organization - @
positive regulation of metabolic process purine ribonucieoside tiphosphate metabolic process -
Golgi vesicla budding - . 15007 RNA splicing, via transestarification reactions
reguiation of cholestarol biosynthefic process. . oulls acomatsulo metabollo froous ..
rimary metabolic process. 20007 protain targeting to membrane & @ P
IRE -medisted Unfokded protein response- L regulation of altemative mRNA spicing, via spliceosome - .
neutrophil degranulaton - @ riphosphate metabolic process -
antigan processing and prasantation of exaganous antigen - mitochondrial electron ransport, NADH 10 ubiquinone = . 5.0e-07
cefiutar component biogenesis Count intracellular protein transport -
oxoacid metabolic process - transiation - 1.08.06
utrophil activation - @ @ 0 plring riboniuciecside monophosphate MeLabolic process - 15006
antigen processing and plamnlamn of exngsnnus peptide antigen via MHC class Il - . . 400 celiular component disassembly - "
antigen processing and presentation of p saccharde antigen via MHC class I+ @ ‘celhlar nitrogen compound catabolic process -  65i04:
uclear division- _ @ . 600 protein locakzation to membrane =
regulation of celar locaizaion- anergy coupled proton transport, down eéectrochemical gradient - .
myeloid cell activation nvolved in immune response cytoplasmic transiation -
o g eptde transport -
myeoid leukocyte mediated immunity aromatic compound catabolic process -
organelle localization mitochondrial ATP synthesis coupled proton transport - .
organic substance biosynthetic process - @ rocycle catabolic process - @
call Givision - : cristae formation - .
reguiated exocytosis - utation of RNA spicing-g. @
regulation of steroid biosynthetic process - @ cellular nitragen compaund biosynthetic process
reguiation of mitotic nuclear vision - organonitrogen compound biosynthatic process -
ribose phosphate biosynthelic process - @ 01 02 03 o4
01020304 GeneRatio
G GeneRatio H
s csm e SRP-dopendent cotranslational
oy Coliuler profein metatioha procea e protein targeting to membrane
v oo Nuclear-transcribed mRNA catabolic
o Organic substance blosynthetic process e process, nonsense-mediated decay
s - o Establishment of protein localization
_— Protein modification process | 15 endoplamic reticulm
o oo
Primary metabolic process Translational initiation
o com
Organonitrogen compound metabolic process Protein targeting to membrane
weaor o cen

Enrichment score [-og,,(p-value)] Enrichment score [-og u(p-valuc)]
[ogy(p-valuel]

Supplementary Figure S5. Global transcriptome and associated Gene Ontology analysis of control and CS
neurospheres at day 30 (A) Venn diagram showing genes expressed only in CS789 neurospheres (641), in CTRL
(B4) neurospheres (635) and common to both (14001) (detection p value < 0.05). (B) Venn diagram showing
genes expressed only in IUFi0O01 neurospheres (720), in CTRL (B4) neurospheres (746) and common to both
(13890) (detection p value < 0.05). (C,D) Dot plots showing the Top 30 differentially regulated Gene Ontologies
(c) in the 2302 significantly upregulated DEGs in day 30 CS789 neurospheres in comparison to CTRL (B4) (D) and
in the 430 significantly downregulated DEGs in day 30 CS789 neurospheres in comparison to CTRL (B4). (E,F) Dot
plots showing the Top 30 differentially regulated KEGG pathways (E) in the 1540 significantly upregulated DEGs
in day 30 IUFi0O01 neurospheres in comparison to CTRL (B4) (F) and in the 723 significantly downregulated DEGs
in day 30 IUFi001 neurospheres in comparison to CTRL (B4). (G) Bar chart of the differentially upregulated Gene
Ontologies (Top 5 ranked) common between day 30 C5789 and IUFi001 neurospheres in comparison to CTRL (B4)
neurospheres. (H) Bar chart of the differentially downregulated Gene Ontologies (Top 5 ranked) common
between day 30 CS789 and IUFi001 neurospheres in comparison to CTRL (B4) neurospheres.
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Supplementary Figure S6. Comparative transcriptome and Gene Ontology analysis of downregulated DEGs in
day 30 neurospheres (A) Bar graph of the Top 20 non-redundant enrichment clusters attributable to the 430
DEGs upregulated in day 30 CS789 neurospheres in comparison to CTRL (B4). (B) Bar graph of the Top 20 non-
redundant enrichment clusters attributable to the 723 DEGs downregulated in day 30 IUFi001 neurospheres. (C)
Metascape-generated heatmap comparing downregulated gene-sets employed in A and B revealed i.a. GOs
involved in mitochondrial translation initiation, mitochondrion organization and translation.
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Supplementary Figure S7. Analysis of select Gene Ontologies differentially regulated in day 30 neurospheres
(A) Pearson’s heatmap depicting all identified differentially regulated genes involved in intracellular protein
transport common between day 30 CS789 (D1) and IUFi001 (D2) neurospheres in comparison to B4 (CTRL). (B)
Pearson’s heatmap depicting all identified differentially regulated genes involved in vesicle-mediated transport
common between day 30 CS789 (D1) and IUFi001 (D2) neurospheres in comparison to B4 (CTRL). (C) Pearson’s
heatmap depicting all identified differentially regulated genes involved in head development common between
day 30 CS789 (D1) and IUFi001 (D2) neurospheres in comparison to B4 (CTRL).
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Supplementary Figure S8. Global transcriptome and associated Gene Ontology analysis of control and CS
organoids at day 60 (A) Venn diagram showing genes expressed only in CS789 organoids (443), in CTRL (B4)
organoids (1006) and common to both (14030) (detection p-value < 0.05). (B) Venn diagram showing genes
expressed only in IUFi001 organoids (674), in CTRL (B4) organoids (610) and common to both (14426) (detection
p value < 0.05). (C,D) Dot plots showing the Top 30 differentially regulated Gene Ontologies (C) in the 373
significantly upregulated DEGs in day 60 CS789 organoids in comparison to CTRL (B4) (D) and in the 2163
significantly downregulated DEGs in day 60 CS789 organoids in comparison to CTRL (B4). (E,F) Dot plots showing
the Top 30 differentially regulated Gene Ontologies (E) in the 930 significantly upregulated DEGs in day 60
IUFi001 organoids in comparison to CTRL (B4) (F) and in the 1687 significantly downregulated DEGs in day 60
IUFi001 organoids in comparison to CTRL (B4). (G) Bar chart of the differentially upregulated Gene Ontologies
(Top 5 ranked) common between day 60 CS789 and IUFi001 organoids in comparison to CTRL (B4) organoids. (H)
Bar chart of the differentially downregulated Gene Ontologies (Top 5 ranked) common between day 60 CS789
and IUFi001 organoids in comparison to CTRL (B4) organoids.
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Supplementary Figure S9. Comparative transcriptome and Gene Ontology analysis of upregulated DEGs in day
60 organoids (A) Bar graph of the Top 20 non-redundant enrichment clusters attributable to the 373 DEGs
upregulated in day 60 CS789 organoids in comparison to CTRL (B4). (B) Bar graph of the Top 20 non-redundant
enrichment clusters attributable to the 930 DEGs upregulated in day 60 IUFi001 organoids. (C) Metascape-
generated heatmap comparing upregulated gene-sets employed in A and B revealed i.a. GOs involved in
forebrain development, p53-signalling pathway, cholesterol biosynthesis and VEGFA-VEGFR2 signalling pathway.
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Supplementary Figure S10. Analysis of select Gene Ontologies differentially regulated in day 60 organoids (A)
Pearson’s heatmap depicting all identified differentially regulated genes involved in neuron projection
development common between day 60 CS789 (D1) and IUFi001 (D2) organoids in comparison to B4 (CTRL). (B)
Pearson’s heatmap depicting all identified differentially regulated genes involved in brain development common
between day 60 CS789 (D1) and IUFi001 (D2) organoids in comparison to B4 (CTRL). (C) Pearson’s heatmap
depicting all identified differentially regulated genes involved in synaptic signalling common between day 60
CS789 (D1) and IUFi001 (D2) organoids in comparison to B4 (CTRL).
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Supplementary Figure S11. RT-qPCR for MAGEA4, TMEM132C, ZNF558 and TRIM4 in Day 30 Neurospheres,
two sets of Day 60 Organoids and Day 120 Organoids (A,C,E,G) Relative mRNA expression analysis of MAGEA4
(A), TMEM132C (C), ZNF558 (E), and TRIM4 (G) in CS789 and IUFi001 day 30 neurospheres and day 60 organoids
compared to CTRL (B4). (B,D,F,H) qRT-PCR analysis of MAGEA4 (B), TMEM132C (D), ZNF558 (F), and TRIM4 (H)
MRNA expression in C5789 and IUFi001 day 30 neurospheres and day 60 organoids relative to CTRL (B4). (I-L) RT-
gPCR analysis of MAGEA4 (1), TMEM132C (J), ZNF558 (K) and TRIM4 (L) mRNA expression in a second set of day
60 CS789 and IUFi001 organoids relative to control organoids (B4). (M-P) RT-qPCR analysis of MAGEA4 (M),
TMEM132C (N), ZNF558 (O) and TRIM4 (P) mRNA expression of day 120 CS789 and IUFi001 organoids relative to

control organoids (B4).
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Supplementary Figure S12. Analysis of the Mevalonate pathway of the Terpenoid Backbone Biosynthesis

pathway in day 30 NS and day 60 COs (A,B) Schematic of the pathway Terpenoid Back Biosynthesis with the

Mevalonate pathway indicated in purple. The genes upregulated in CSB-deficient day 30 NS (A) and day 60 COs

(B) are indicated in red.
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