A genetic-epigenetic interplay at 1g21.1 locus underlies CHD1L-
mediated vulnerability to Primary Progressive Multiple Sclerosis
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Supplementary Fig. 1. Chromatin chromosome interaction (Hi-C) annotation of the locus
from Roadmap. The Hi-C annotation showing chromatin folding data from in-situ experiments on
several cell lines?! displayed by UCSC genome browser. The data indicate how many interactions
were detected between regions of the genome. Two cell lines were chosen as examples: the color
shade in the triangle mode shows the proximity score for two genomic regions, intersection was
further depicted using arcs drawn between the centers of interacting regions. A high score between
two regions suggests that they are probably in close proximity in 3D space within the nucleus of a
cell.
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Supplementary Fig. 2. Methylation levels across brain cells and transcription factor binding
sites in the 1g21.1 region. a. Methylation levels across CpGs in 1g21.1 region measured by
lllumina arrays in la. Sorted NeuN+ (neuronal, n = 34) and NeuN- (non-neuronal/glial, n = 56) nuclei
from postmortem brain tissue (data from Kular et al.23) and b. Sorted and/or enriched brain cell
types. Neurons (n = 3) comprise ex vivo sorted nuclei, oligodendrocytes (OL, n = 7) and microglia
(n=5) contain both in vitro expanded and ex vivo sorted samples, while oligodendrocyte progenitor
cells (OPC, n = 4) and astrocytes (n = 4) are exclusively derived from in vitro primary cultures
(genomic DNA purchased from Celprogen). c. JASPAR sequence analysis revealed binding sites
for several transcription factors (TF) important for neuronal (blue), oligodendrocytic (red) and
astrocytic (black) specification. The green colored CpGs indicate the hypermethylated CpGs found

in PPMS, relative to RRMS and SPMS patients.
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Supplementary Fig. 3. Validation of the editing efficiency of dCas9-TET1 constructs by
targeting 5 CpGs in the MGAT3 gene promoter. The methylation decreased 10-50% in different
CpGs, resulting in no significant changes in MGAT3 gene expression (Kruskal-Wallis test, P > 0.05
+SD), as previously described*.
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Supplementary Fig. 4. Enrichment dot plot showing Gene Ontology (GO): Biological
processes for a. CHD1L module from our study. b. Validated module from snRNA-seq data
(PRJINA544731) c. gene set for CUX2+ neuronal gene signature. The size of the dot corresponds
to the gene ratio overlapping with the pathway and the color of the dot represents significance of
the FDR p-value of the enrichment.
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Supplementary Fig. 5. Effect of chdll loss on peripheral axonal abnormalities in 3 dpf
zebrafish larvae. a. Schematic of the experimental design. b. Lateral view of control chd1l+/+ and
chdll+/- larvae stained with acetylated tubulin at 3 dpf. Scale bar: 100 um. c. Examples of axonal
projections: normal branching (top), ectopic branching (middle) and reduced/absent branching
(bottom) used for qualitative quantification of peripheral axons. d. Stacked barplot of the percentage
of larvae with axonal projection defects in peripheral neurons. Number of abnormal projections
were counted across eight metamers in control and chdll+/- larvae. Data are expressed as
percentage of larvae for N = 3 replicates for each genotype. Fischer's exact test is performed for
p-value. A, antero; P, posterior, dpf: days post-fertilization. Source data are provided as a Source
Data file.



>1g21.1 DMR_1st (CpG 1&2 in 450K) [285 bps]
GGGATGTTAAGGTTTGAGTTTTTTATGATATTCGGGGTGTTTCGATTTTATTTTGGGAGTTTTT
TCGTTTTTGTTTGTTTTTGGTTATTTAGTGCGCGGTTTTGGTTCGGTGATTCGTTATTGTTTTT
TTATGCGTTGTCGTTTTATAAAGGCGTATTTTTAGGTCGGTGGTTAGGTTTTGTTCGGACGTT
GTAATTGGTTTCGGGATTTGTGTTTTTGGTGAGTTTAGCGGAGTGTTGGGTGCGTCGTTTGC
GTGTTTTTTTTTTGGAGAAAGGAGGGAGGGAA

>1¢21.1 DMR_2st (CpG 3 in 450K) [265 bps]
GTTGTAATTGGTTTCGGGATTTGTGTTTTTGGTGAGTTTAGCGGAGTGTTGGGTGCGTCGTT
TGCGTGTTTTTTTTTTGGAGAAAGGAGGGAGGGAACGGTTTTGTGAGACGATTTTAGGAGCG

ATTAGCGATTTTTATAAGTTTTAAGTTTTTTTAGCGTATAGGGAAATTGTTATTTATAGGGAAA
TTGTCGTTTTAGTGGTAAGAAGGTTGAAAAAGTTTTTTTTGTGTTTTTTTGGTGGTTTGGTGGT
TAGAATTTAGCGT

>1¢21.1 DMR_3st (CpG 4 in 450K) [131 bps]
GGTAATTTTTGGTGGGTTATTTTTTATGATATAGCGTTTTTATTTATTTTCGTGTTTGTTATTCG
TATAAGCGGTTTTAGAGAGCGATTGAGCGTTTCGTTTAGGTGTATATCGTTGTGTAGAGATGT
TAG

>MGAT3 [118 bps]
GTTTTTGAGTTTTGAGAGGAATGGTTTAGAGTAAGGTTACGAGGAGTTAGGGTACGATACGG
TGGGTTTTCGGAGAATCGTTGGTGGGTAAGTGGTAGGAGAGTAGGTTTAAGAGGGT

Supplementary Fig. 6. Bisulfite amplicons for the pyrosequencing assays. CpG sites are
highlighted in yellow. Sequencing primers are underlined.
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Supplementary Fig. 7. Methylation of 1921.1 DMR vector used for in-vitro DNA methylation
assay. Representative gel of completely methylated (57 CpGs) by M.Sssl or partially methylated
(7 CpGs residing in the GCGC sequence) by Hhal methyltransferases 1g21.1 DMR containing
vector and empty constructs, treated with the methyl-insensitive Mspl or the methyl-sensitive Hpall.
The mock control was treated equally but in absence of any methyltransferases and correspond to
unmethylated inserts.
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atattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttacc
gtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgggtcttcgagaagacctgttitagagctagaaa
tagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgcttttitgttitagagctagaaatagcaagttaa
aataaggctagtccgtttttagcgcgtgcgcecaattctgcagacaaatggcetctagaggtacccgttacataacttacggtaaatggcccg
cctggcetgaccgeccaacgacccccgeccattgacgtcaatagtaacgccaatagggactttccattgacgtcaatgggtggagtattta
cggtaaactgcccacttggcagtacatcaagtgtatcatatgccaagtacgccccctattgacgtcaatgacggtaaatggeccgectgg
cattgtgcccagtacatgaccttatgggactttcctacttggcagtacatctacgtattagtcatcgctattaccatggtcgaggtgageccca
cgttctgcttcactctccccatctccceececctccccacceecaatttgtatttatttatttittaattattttgtgcagegatgggggcggggggg
g9999g9gggcgcgegccaggeggggeggggeggggegaggggeggggcggggcgaggeggagaggtgcggeggeageca
atcagagcggcgcgctccgaaagtttecttttatggcgaggcggeggeggeggeggcecctataaaaagcgaagegegeggegggcg
ggagtcgctgcgcegctgecttcgeceegtgecccgetccgecgecgectcgegecgeccgecceggcetetgactgacegegttactcee
acaggtgagcgggcgggacggcccttctcctccgggctgtaattagctgagcaagaggtaagggtttaagggatggttggttggtgggg
tattaatgtttaattacctggagcacctgcctgaaatcactttttttcaggttggaccggtgccaccatggactataaggaccacgacggag
actacaaggatcatgatattgattacaaagacgatgacgataagatggccccaaagaagaagcggaaggtcggtatccacggagte
ccagcagccgacaagaagtacagcatcggcctggecatcggeaccaactctgtgggetgggecgtgatcaccgacgagtacaaggt
gcccagcaagaaattcaaggtgctgggcaacaccgaccggcacagcatcaagaagaacctgatcggagecctgctgttcgacage
ggcgaaacagccgaggccacccggctgaagagaaccgccagaagaagatacaccagacggaagaaccggatctgcetatctgea
agagatcttcagcaacgagatggccaaggtggacgacagcttcttccacagactggaagagtccttcctggtggaagaggataagaa
gcacgagcggcaccccatcttcggcaacatcgtggacgaggtggectaccacgagaagtaccccaccatctaccacctgagaaaga
aactggtggacagcaccgacaaggccgacctgcggctgatctatctggecctggeccacatgatcaagttccggggecacttcctgate
gagggcgacctgaaccccgacaacagcgacgtggacaagctgttcatccagctggtgcagacctacaaccagetgttcgaggaaaa
ccccatcaacgccagcggcegtggacgccaaggcecatcctgtctgccagactgagcaagagcagacggcetggaaaatctgatcgecc
agctgcccggcgagaagaagaatggcectgttcggcaacctgattgccctgagectgggectgaccecccaacttcaagagceaacttcga
cctggeccgaggatgccaaactgcagctgagcaaggacacctacgacgacgacctggacaacctgctggeccagatcggegaccag
tacgccgacctgtttctggccgcecaagaacctgtccgacgecatcetgetgagegacatcctgagagtgaacaccgagatcaccaagg
cccecctgagegectctatgatcaagagatacgacgagcaccaccaggacctgaccctgctgaaagcetetcgtgcggeageagetge
ctgagaagtacaaagagattttcttcgaccagagcaagaacggctacgccggctacattgacggcggagccagccaggaagagttct
acaagttcatcaagcccatcctggaaaagatggacggcaccgaggaactgctcgtgaagctgaacagagaggacctgctgcggaa
gcagcggaccttcgacaacggcagcatcccccaccagatccacctgggagagctgcacgccattctgecggeggeaggaagattttta
cccattcctgaaggacaaccgggaaaagatcgagaagatcctgaccttccgeatcccctactacgtgggecctctggecaggggaaa
cagcagattcgcctggatgaccagaaagagcgaggaaaccatcaccccctggaacttcgaggaagtggtggacaagggcgcttceg



cccagagcttcatcgagcggatgaccaacttcgataagaacctgcccaacgagaaggtgctgcccaagcacagcectgctgtacgagt
acttcaccgtgtataacgagctgaccaaagtgaaatacgtgaccgagggaatgagaaagcccgcecttcctgagcggcgagcagaaa
aaggccatcgtggacctgctgttcaagaccaaccggaaagtgaccgtgaagcagctgaaagaggactacttcaagaaaatcgagtg
cttcgactccgtggaaatctccggegtggaagatcggttcaacgcctcectgggcacataccacgatctgctgaaaattatcaaggaca
aggacttcctggacaatgaggaaaacgaggacattctggaagatatcgtgctgaccctgacactgttitgaggacagagagatgatcga
ggaacggctgaaaacctatgcccacctgttcgacgacaaagtgatgaagcagctgaagcggeggagatacaccggetggggeagg
ctgagccggaagctgatcaacggcatccgggacaagcagtccggcaagacaatcctggatttcctgaagtccgacggettcgecaac
agaaacttcatgcagctgatccacgacgacagcctgacctttaaagaggacatccagaaagcccaggtgtccggccagggcegatag
cctgcacgagcacattgccaatctggccggeagccccgecattaagaagggcatcctgcagacagtgaaggtggtggacgagcetegt
gaaagtgatgggccggcacaagcccgagaacatcgtgatcgaaatggccagagagaaccagaccacccagaagggacagaag
aacagccgcgagagaatgaagcggatcgaagagggcatcaaagagcetgggcagcecagatcctgaaagaacaccccgtggaaaa
cacccagctgcagaacgagaagctgtacctgtactacctgcagaatgggcgggatatgtacgtggaccaggaactggacatcaaccg
gctgtccgactacgatgtggacgctatcgtgectcagagctttctgaaggacgactccatcgacaacaaggtgctgaccagaagcgac
aagaaccggggcaagagcgacaacgtgccctccgaagaggtcgtgaagaagatgaagaactactggcggcagetgetgaacgec
aagctgattacccagagaaagttcgacaatctgaccaaggccgagagaggcggcctgagcgaactggataaggcecggcttcatcaa
gagacagctggtggaaacccggcagatcacaaagcacgtggcacagatcctggactcccggatgaacactaagtacgacgagaat
gacaagctgatccgggaagtgaaagtgatcaccctgaagtccaagcetggtgtccgatttccggaaggatttccagttttacaaagtgege
gagatcaacaactaccaccacgcccacgacgcctacctgaacgecgtcgtgggaaccgccctgatcaaaaagtaccctaagetgga
aagcgagttcgtgtacggcgactacaaggtgtacgacgtgcggaagatgatcgccaagagcgagcaggaaatcggcaaggetacc
gccaagtacttcttctacagcaacatcatgaactttttcaagaccgagattaccctggccaacggcgagatccggaageggcectctgate
gagacaaacggcgaaaccggggagatcgtgtgggataagggccgggattttgccaccgtgcggaaagtgetgagcatgccccaagt
gaatatcgtgaaaaagaccgaggtgcagacaggcggcttcagcaaagagtctatcctgcccaagaggaacagcgataagctgatcg
ccagaaagaaggactgggaccctaagaagtacggceggcttcgacagccccaccgtggcctattctgtgetggtggtggecaaagtgg
aaaagggcaagtccaagaaactgaagagtgtgaaagagcetgctggggatcaccatcatggaaagaagcagcttcgagaagaatcc
catcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatcaagctgectaagtactcectgttcgagctggaa
aacggccggaagagaatgctggectctgccggegaactgcagaagggaaacgaactggecctgecctccaaatatgtgaactteetg
tacctggccagccactatgagaagctgaagggcetcccccgaggataatgagcagaaacagctgtttgtggaacagcacaageactac
ctggacgagatcatcgagcagatcagcgagttctccaagagagtgatcctggecgacgctaatctggacaaagtgcetgtcecgectaca
acaagcaccgggataagcccatcagagagcaggccgagaatatcatccacctgtttaccctgaccaatctgggageccctgecgectt
caagtactttgacaccaccatcgaccggaagaggtacaccagcaccaaagaggtgctggacgccaccctgatccaccagagceatca
ccggcectgtacgagacacggatcgacctgtctcagcetgggaggcgacaaaaggecggceggccacgaaaaaggecggacaggec
aaaaagaaaaagctcgagggcggaggcgggagceggatccetgeccacctgcagcetgtcttgatcgagttatacaaaaagacaaag
gcccatattatacacaccttggggcaggaccaagtgttgctgctgtcagggaaatcatggagaataggtatggtcaaaaaggaaacgc
aataaggatagaaatagtagtgtacaccggtaaagaagggaaaagctctcatgggtgtccaattgctaagtgggttttaagaagaagce
agtgatgaagaaaaagttctttgtttggtccggcagcgtacaggccaccactgtccaactgetgtgatggtggtgctcatcatggtgtggga
tggcatccctcttccaatggccgaccggctatacacagagcetcacagagaatctaaagtcatacaatgggcaccctaccgacagaag
atgcaccctcaatgaaaatcgtacctgtacatgtcaaggaattgatccagagacttgtggagcttcattctcttttggctgttcatggagtatgt
actttaatggctgtaagtttggtagaagcccaagccccagaagatttagaattgatccaagctctcecttacatgaaaaaaaccttgaaga
taacttacagagtttggctacacgattagctccaatttataagcagtatgctccagtagcttaccaaaatcaggtggaatatgaaaatgttg
cccgagaatgtcggcettggcagcaaggaaggtcgacccttctctggggteactgettgectggacttetgtgctcatccccacagggacat
tcacaacatgaataatggaagcactgtggtttgtaccttaactcgagaagataaccgctctttgggtgttattcctcaagatgagcagctcc
atgtgctacctctttataagctttcagacacagatgagtttggctccaaggaaggaatggaagccaagatcaaatctggggecatcgagg
tcctggcaccccgecgcaaaaaaagaacgtgtttcactcagectgttccccgttctggaaagaagagggctgcgatgatgacagaggtt
cttgcacataagataagggcagtggaaaagaaacctattccccgaatcaagcggaagaataactcaacaacaacaaacaacagta
agccttcgtcactgccaaccttagggagtaacactgagaccgtgcaacctgaagtaaaaagtgaaaccgaaccccattttatcttaaaa
agttcagacaacactaaaacttattcgctgatgccatccgetcctcacccagtgaaagaggceatctccaggcttctectggtcccccaag
actgcttcagccacaccagctccactgaagaatgacgcaacagcctcatgcgggttttcagaaagaagcagcactccccactgtacga
tgccttcgggtagactcagtggtgccaatgctgcagcetgcetgatggecctggceatttcacagcettggcgaagtggctectctecccaccectg
tctgctectgtgatggagcecccteattaattctgagecttccactggtgtgactgagecgctaacgcectcatcagccaaaccaccageccte
cttcctcacctctectcaagaccttgectcttctccaatggaagaagatgagcagcattctgaagcagatgagcectccatcagacgaace
cctatctgatgaccccctgtcacctgctgaggagaaattgccccacattgatgagtattggtcagacagtgagceacatctttttggatgcaa
atattggtggggtggccatcgcacctgctcacggceteggttttgattgagtgtgcccggecgagagcetgcacgctaccactectgttgagea
ccccaaccgtaatcatccaacccgectcteccttgtcettttaccagcacaaaaacctaaataagccccaacatggttttgaactaaacaa
gattaagtttgaggctaaagaagctaagaataagaaaatgaaggcctcagagcaaaaagaccaggcagctaatgaaggtccagaa
cagtcctctgaagtaaatgaattgaaccaaattccttctcataaagcattaacattaacccatgacaatgttgtcaccgtgtccccttatgete
tcacacacgttgcggggccctataaccattgggtctgagaattcaattctaactagagctcgcetgatcagectcgactgtgecttctagttge
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cagccatctgttgtttgcccctcececcgtgecttccttgaccctggaaggtgccactcccactgtectttcctaataaaatgaggaaattgcat
cgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattgggaagagaatagcagge
atgctggggagceggecgecgcegttaagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaatgctttatttgtga
aatttgtgatgctattgctttatttgtaaccattataagctgcaataaacaagttaacaacaacaattgcattcattttatgtttcaggttcagggg
gaggtgtgggaggtittitaaagcaagtaaaacctctacaaatgtggtatggctgattatgatcagttatctagatccggtggatcccggge
ccgcggtaccgtcgactgcagaattcgaagctttcaggcaccgggcttgcgggtcatgcaccaggtgegeggtecttcgggeacctega
cgtcggcggtgacggtgaagcecgagecgcetegtagaaggggaggttgtggggcgeggaggtctccaggaaggegggeaccecgg
cgcgctcggecgcectecactccggggageacgacggcegcetgeccagaccettgeectggtggtcgggegagacgecgacggtggee
aggaaccacgcgggctccttgggceggtgcggegecaggaggccttccatctgttgctgcgecggecagecgggaaccgctcaactcg
gccatgcgegggcecgatctcggcgaacaccgeccccgcttcgacgcetetccggegtggtccagaccgecaccgeggegecgtegtee
gcgacccacaccttgccgatgtcgagcccgacgegegtgaggaagagttcttgcagctcggtgaccegctcgatgtggeggteecggat
cgacggtgtggegegtggeggggtagtcggegaacgcggeggegagggtgcgtacggecctggggacgtegtcgegggtggegag
gcgcaccgtgggcttgtactcggtcattgggccaggattctcctcgacgtcaccgceatgttagcagacttcctctgccctcagaagcettgag
ctcgagatctgagtccggacttgtacagetcgtccatgccgagagtgatcccggeggeggtcacgaactccagcaggaccatgtgate
gcgcttctegttggggtetttgctcagggeggactgggtgctcaggtagtggttgtcgggecageageacggggecgtegecgatgggggt
gttctgctggtagtggtcggegagetgcacgcetgecgtectegatgttgtggeggatcttgaagttcaccttgatgecgttettetgettgtcgg
ccatgatatagacgttgtggctgttgtagttgtactccagcttgtgccccaggatgttgcegtectecttgaagtcgatgeccttcagetcgatg
cggttcaccagggtgtcgecctcgaacttcacctcggegegggtettgtagttgecgtegtecttgaagaagatggtgegcetectggacgt
agccttcgggcatggcggacttgaagaagtcgtgetgcttcatgtggtcggggtageggcetgaageactgcacgecgtaggtcagggtg
gtcacgagggtgggccagggcacgggceagcettgccggtggtgcagatgaacttcagggtcagcettgccgtaggtggeatcgecctege
cctcgecggacacgctgaacttgtggecgtttacgtcgecgtccagetcgaccaggatgggecaccacceccggtgaacagcetectcgec
cttgctcaccatggtggcgaccggtagcgcetagcggatctgacggttcactaaaccagctctgcttatatagacctcccaccgtacacgce
ctaccgcccatttgcgtcaatggggcggagttgttacgacattttggaaagtcccgttgattttggtgccaaaacaaactcccattgacgtca
atggggtggagacttggaaatccccgtgagtcaaaccgctatccacgcccattgatgtactgccaaaaccgcatcaccatggtaatage
gatgactaatacgtagatgtactgccaagtaggaaagtcccataaggtcatgtactgggcacaatgccaggcgggccatttaccgtcatt
gacgtcaatagggggcgtacttggcatatgatacacttgatgtactgccaagtgggceagtttaccgtaaatactccacccattgacgtcaa
tggaaagtccctattggcgttactatgggaacatacgtcattattgacgtcaatgggcgggggtcgttgggeggtcagecaggegggeca
tttaccgtaagttatgtaacgcggaacgcggccgcaggaacccctagtgatggagttggecactccctetctgegegetegctegeteact
gaggccgggcegaccaaaggtcgeccgacgeccgggctitgcccgggeggectcagtgagecgagegagegegeagetgectgeag
gggcgcctgatgeggtattttctecttacgeatctgtgeggtatttcacaccgcatacgtcaaagcaaccatagtacgegecctgtagegge
gcattaagcgcggegggtgtggtggttacgcgcagegtgaccgetacacttgccagegecttagegeccgcetectttegctttetteecttee
tttctcgccacgttcgecggctttccccgtcaagetctaaatcgggggctecctttagggttccgatttagtgctttacggcacctcgacccca
aaaaacttgatttgggtgatggttcacgtagtgggccatcgcecctgatagacggtttttcgccctttgacgttggagtccacgttctttaatagt
ggactcttgttccaaactggaacaacactcaactctatctcgggctattcttttgatttataagggattttgccgatttcggtctattggttaaaaa
atgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaattttatggtgcactctcagtacaatctgctctgatgec
gcatagttaagccagccccgacacccgcecaacacccgctgacgcgecctgacgggcttgtctgctcecggeatecgettacagacaa
gctgtgaccgtctccgggagetgceatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgagacgaaagggcctcgtgatacgect
atttttataggttaatgtcatgataataatggtttcttagacgtcaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttcta
aatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacatt
tccgtgtecgeccttatteecttttttgcggcattttgecttectgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcagtt
gggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgag
cacttttaaagttctgctatgtggcgceggtattatccegtattgacgccgggcaagagcaactcggtcgecgcatacactattctcagaatg
acttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctgccataaccatgagtg
ataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaactc
gccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagegtgacaccacgatgectgtagcaatggcaacaacgt
tgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttgcaggacca
cttctgcgceteggeccttceggcetggcetggtttattgctgataaatctggagecggtgagegtggaagecgeggtatcattgcageactggg
gccagatggtaagccctceccgtatcgtagttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgcetgag
ataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaagga
tctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagcegtcagaccccgtagaaaagatca
aaggatcttcttgagatcctttttttctgcgegtaatctgctgcttgcaaacaaaaaaaccaccgcetaccageggtggtttgtitgccggatca
agagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgttcttctagtgtagccgtagttaggccacce
acttcaagaactctgtagcaccgcctacatacctcgetctgctaatcctgttaccagtggcetgctgccagtggegataagtcgtgtcttaceg
gottggactcaagacgatagttaccggataaggcgcageggtcgggetgaacggggggttcgtgcacacageccagettggagega
acgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggeggacaggtatc
cggtaagcggcagggtcggaacaggagagcgcacgagggagcticcagggggaaacgcctggtatctttatagtcctgtcgggtttcg
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ccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcectatggaaaaacgccagcaacgceggcctttttacggttc
ctggccttttgctggccttttgctcacatgt
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P3-Lenti-dCas9-Tet1-GFP (Addgene #190729)

lac promoter
lac operator| CAP binding site|
(Mi3rev|
(16,137) BstZ171

(15,777) Fsel
(15,664) Csil - SexAl*
(15,615) SgrAl
(15,537) MauBI

(15,194) Nsil
(14,396) Pmel
5' LTR (truncated)

S Pvul (1523)

=] ]
R SV40 poly(a
E:;) promoter ) Signa

=50

0
L4 AmpR promoter

[KS primer Ndel (2560)

SnaBI (2666)

NotI (3598)

P3-Lenti-dCas9-Tet1-GFP (Addgene #190729)

16,256 bp gp41 peptide

Pacl (4643)

Xbal
Hpal (5916)
AbsI - PspXI (5920)
Ascl (5927)

(5901)
(10,288) Agel

SV40 NLS|
SV40 NLS
(SV40 NLS)
BIpI (6614)
BsaBI* (6752)

PAIFT - Tth111I (7789)

tggggtgcctaatgagtgagcetaactcacattaattgegttgegctcactgeccgcetttccagtcgggaaacctgtegtgeccagetgeatta
atgaatcggccaacgcgcggggagaggcggtttgegtattgggegetcttcegettectegetcactgactcgetgegeteggtegttcgg
ctgcggcgagceggtatcagcetcactcaaaggceggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgage
aaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctggcegtttttccataggctccgeccecctgacgagceatcaca
aaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagataccaggcgtttcccectggaagctcectegtgegcet
ctcctgttccgaccctgecgcttaccggatacctgtecgcectttcteecttcgggaagegtggegctttctcatagetcacgetgtaggtatete
agttcggtgtaggtcgttcgctccaagetgggctgtgtgcacgaaccccccgttcageccgaccgetgegecttatccggtaactategtet
tgagtccaacccggtaagacacgacttatcgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggeggtge
tacagagttcttgaagtggtggcctaactacggctacactagaagaacagtatttggtatctgcgctctgctgaagcecagttaccttcggaa
aaagagttggtagctcttgatccggcaaacaaaccaccgctggtageggtggtitttttgtitgcaagcagcagattacgcgcagaaaaa
aaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattat
caaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttacca
atgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgectgactccecgtegtgtagataactacgatacgg
gagggcttaccatctggccccagtgctgcaatgataccgecgagacccacgctcaccggctccagatttatcagcaataaaccagecag
ccggaagggccgagcegcagaagtggtectgcaactttatccgectccatccagtctattaattgttgccgggaagcetagagtaagtagtte
gccagttaatagtttgcgcaacgttgttgccattgctacaggceatcgtggtgtcacgctegtegtttggtatggcttcattcagctcecggtteee
aacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagceggttagctccttcggtcectecgategttgtcagaagtaagttgge
cgcagtgttatcactcatggttatggcagcactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaac
caagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccggegtcaatacgggataataccgcgecacatagcagaacttt
aaaagtgctcatcattggaaaacgttcttcggggcgaaaactctcaaggatcttaccgetgttgagatccagttcgatgtaacccactcgt
gcacccaactgatcttcagcatcttttactttcaccagcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaat
aagggcgacacggaaatgttgaatactcatactcttcctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatt
tgaatgtatttagaaaaataaacaaataggggttccgcgceacatttccccgaaaagtgccacctgacgtcgacggatcgggagatctce
cgatcccctatggtgcactctcagtacaatctgctctgatgecgceatagttaagccagtatctgeteectgettgtgtgttggaggtegetgag
tagtgcgcgagcaaaatttaagctacaacaaggcaaggcttgaccgacaattgcatgaagaatctgcettagggttaggegttttgegetg
cttcgcgatgtacgggcecagatatacgegttgacattgattattgactagttattaatagtaatcaattacggggtcattagttcatagcccat
atatggagttccgcgttacataacttacggtaaatggcccgectggetgaccgeccaacgacceeccgeccattgacgtcaataatgacgt
atgttcccatagtaacgccaatagggactttccattgacgtcaatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtg
tatcatatgccaagtacgccccctattgacgtcaatgacggtaaatggceccgectggceattatgcccagtacatgaccttatgggactttce
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tacttggcagtacatctacgtattagtcatcgctattaccatggtgatgcggttttggcagtacatcaatgggcgtggatageggtttgactca
cggggatttccaagtctccaccccattgacgtcaatgggagtttgttttggcaccaaaatcaacgggactttccaaaatgtcgtaacaactc
cgccccattgacgcaaatgggceggtaggegtgtacggtgggaggtctatataagcagegcegttttgectgtactgggtetctetggttaga
ccagatctgagcctgggagctctctggetaactagggaacccactgcttaagectcaataaagcttgecttgagtgcttcaagtagtgtgtg
cccgtetgttgtgtgactctggtaactagagatccctcagacccttttagtcagtgtggaaaatctctagcagtggcgcccgaacagggact
tgaaagcgaaagggaaaccagaggagctctctcgacgcaggactcggcttgctgaagegegcacggcaagaggegaggggcgg
cgactggtgagtacgccaaaaattttgactagcggaggctagaaggagagagatgggtgcgagagcegtcagtattaagcgggggag
aattagatcgcgatgggaaaaaattcggttaaggccagggggaaagaaaaaatataaattaaaacatatagtatgggcaagcaggg
agctagaacgattcgcagttaatcctggcectgttagaaacatcagaaggctgtagacaaatactgggacagctacaaccatcccttcag
acaggatcagaagaacttagatcattatataatacagtagcaaccctctattgtgtgcatcaaaggatagagataaaagacaccaagg
aagctttagacaagatagaggaagagcaaaacaaaagtaagaccaccgcacagcaagcggecgctgatcttcagacctggagga
ggagatatgagggacaattggagaagtgaattatataaatataaagtagtaaaaattgaaccattaggagtagcacccaccaaggca
aagagaagagtggtgcagagagaaaaaagagcagtgggaataggagctttgttccttgggttcttgggagcagcaggaagceactatg
ggcgcagcgtcaatgacgctgacggtacaggccagacaattattgtctggtatagtgcagcagcagaacaatttgctgagggctattga
ggcgcaacagcatctgttgcaactcacagtctggggcatcaagcagctccaggcaagaatcctggetgtggaaagatacctaaagga
tcaacagctcctggggatttggggttgctctggaaaactcatttgcaccactgctgtgecttggaatgctagttggagtaataaatctctgga
acagatttggaatcacacgacctggatggagtgggacagagaaattaacaattacacaagcttaatacactccttaattgaagaatcge
aaaaccagcaagaaaagaatgaacaagaattattggaattagataaatgggcaagtttgtggaattggtttaacataacaaattggctg
tggtatataaaattattcataatgatagtaggaggcttggtaggtttaagaatagtttttgctgtactttctatagtgaatagagttaggcaggg
atcccaaccccgaggggacccgacaggcccgaaggaatagaagaagaaggtggagagagagacagagacagatccattcgatt
agtgaacggatcggcactgcgtgcgccaattctgcagacaaatggcagtattcatccacaattttaaaagaaaaggggggattggggg
gtacagtgcaggggaaagaatagtagacataatagcaacagacatacaaactaaagaattacaaaaacaaattacaaaaattcaa
aattttcgggtttattacagggacagcagagatccagtttggttaattaacccgtgtcggctccagatctggectccgegecgggttttggeg
cctececgegggegceccccctectcacggegagegctgccacgtcagacgaagggegeagcegagcegteetgatecttccgeeccggac
gctcaggacagcggcccgctgctcataagactcggecttagaaccccagtatcagcagaaggacattttaggacgggacttgggtgac
tctagggcactggttttctttccagagagcggaacaggcgaggaaaagtagtcecttctcggegattctgcggagggatcteegtgggge
ggtgaacgccgatgattatataaggacgcgccgggtgtggcacagctagttccgtcgcagecgggatttgggtegeggttettgtttgtgg
atcgctgtgatcgtcacttggtgagtagcgggctgctgggetggecggggctttcgtggecgecgggecgetcggtgggacggaagegt
gtggagagaccgccaagggctgtagtctgggtccgegagcaaggttgecctgaactgggggttggggggagegcagcaaaatgge
ggctgttcccgagtcttgaatggaagacgcttgtgaggcgggcetgtgaggtegttgaaacaaggtggggggcatggtgggeggcaaga
acccaaggtcttgaggccttcgctaatgcgggaaagctcttattcgggtgagatgggcetggggcaccatctggggaccctgacgtgaag
tttgtcactgactggagaactcggtttgtcgtctgttgcgggggcggceagttatggcggtgccgttgggeagtgcaccegtacctttgggag
cgcgcegcecctegtegtgtecgtgacgtcacccegttetgttggettataatgcagggtggggecacctgccggtaggtgtgeggtaggcttttct
ccgtcgcaggacgcagggttcgggectagggtaggcetctectgaatcgacaggcegecggacctctggtgaggggagggataagtga
ggcgtcagtttctttggtcggttttatgtacctatcttcttaagtagctgaagctceggttttgaactatgcgetcggggttggegagtgtgttttgt
gaagttttttaggcaccttttgaaatgtaatcatttgggtcaatatgtaattttcagtgttagactagtaaattgtccgctaaattctggecgttttg
gcttttttgttagacgaagcttgggctgcaggtcgactctagaggatccagttaacctcgagggegcgceccatggacaagaagtattctat
cggactggccatcgggactaatagcegtcgggtgggecgtgatcactgacgagtacaaggtgecctctaagaagttcaaggtgetcggg
aacaccgaccggcattccatcaagaaaaatctgatcggagctctcctctttgattcaggggagaccgctgaagcaacccgectcaage
ggactgctagacggcggtacaccaggaggaagaaccggatttgttaccttcaagagatattctccaacgaaatggcaaaggtcgacg
acagcttcttccataggctggaagaatcattcctcgtggaagaggataagaagcatgaacggceatcccatcttcggtaatatcgtcgacg
aggtggcctatcacgagaaatacccaaccatctaccatcttcgcaaaaagctggtggactcaaccgacaaggcagacctccggcttat
ctacctggccctggeccacatgatcaagttcagaggcecacttcctgatcgagggcegacctcaatcctgacaatagegatgtggataaac
tgttcatccagctggtgcagacttacaaccagctctttgaagagaaccccatcaatgcaagcggagtcgatgccaaggccattctgtcag
cccggctgtcaaagagcecgcagacttgagaatcttatcgctcagetgccgggtgaaaagaaaaatggactgttcgggaacctgattget
ctttcacttgggctgactcccaatttcaagtctaatttcgacctggcagaggatgccaagctgcaactgtccaaggacacctatgatgacg
atctcgacaacctcctggcccagatcggtgaccaatacgecgaccttttccttgctgctaagaatctttctgacgcecatcectgcetgtctgaca
ttctccgcgtgaacactgaaatcaccaaggcccctctttcagcttcaatgattaagcggtatgatgagcaccaccaggacctgaccctget
taaggcactcgtccggcageagcticcggagaagtacaaggaaatcttctttgaccagtcaaagaatggatacgcecggctacatcgac
ggaggtgcctcccaagaggaattttataagtttatcaaacctatccttgagaagatggacggcaccgaagagctcctcgtgaaactgaat
cgggaggatctgctgcggaagcagcgcactttcgacaatgggagcattccccaccagatccatcttggggagcttcacgecatcectteg
gcgccaagaggacttctaccectitcttaaggacaacagggagaagattgagaaaattctcactttccgcatcccctactacgtgggacc
cctcgeccagaggaaatagccggtttgcttggatgaccagaaagtcagaagaaactatcactccctggaacttcgaagaggtggtggac
aagggagccagcgctcagtcattcatcgaacggatgactaacttcgataagaacctccccaatgagaaggtcctgccgaaacattcce
tgctctacgagtactttaccgtgtacaacgagctgaccaaggtgaaatatgtcaccgaagggatgaggaagceccgcattcctgtcagge
gaacaaaagaaggcaattgtggaccttctgttcaagaccaatagaaaggtgaccgtgaagcagctgaaggaggactatttcaagaaa
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attgaatgcttcgactctgtggagattagcggggtcgaagatcggttcaacgcaagcctgggtacctaccatgatctgcttaagatcatca
aggacaaggattttctggacaatgaggagaacgaggacatccttgaggacattgtcctgactctcactctgticgaggaccgggaaatg
atcgaggagaggcttaagacctacgcccatctgttcgacgataaagtgatgaagcaacttaaacggagaagatataccggatgggga
cgccttagccgcaaactcatcaacggaatccgggacaaacagagcggaaagaccattettgatttccttaaaagcgacggattcgeta
atcgcaacttcatgcaacttatccatgatgattccctgacctttaaggaggacatccagaaggcccaagtgtctggacaaggtgactcact
gcacgagcatatcgcaaatctggctggttcacccgctattaagaagggtattctccagaccgtgaaagtcgtggacgagctggtcaagg
tgatgggtcgccataaaccagagaacattgtcatcgagatggccagggaaaaccagactacccagaagggacagaagaacagcea
gggagcggatgaaaagaattgaggaagggattaaggagctcgggtcacagatccttaaagagcacccggtggaaaacacccagct
tcagaatgagaagctctatctgtactaccttcaaaatggacgcgatatgtatgtggaccaagagcttgatatcaacaggctctcagactac
gacgtggacgccatcgtccctcagagcttcctcaaagacgactcaattgacaataaggtgctgactcgctcagacaagaaccgggga
aagtcagataacgtgccctcagaggaagtcgtgaaaaagatgaagaactattggcgcecagcttctgaacgcaaagctgatcactcag
cggaagttcgacaatctcactaaggctgagaggggcggactgagcgaactggacaaagcaggattcattaaacggcaacttgtgga
gactcggcagattactaaacatgtcgcccaaatccttgactcacgcatgaataccaagtacgacgaaaacgacaaacttatccgcgag
gtgaaggtgattaccctgaagtccaagctggtcagcgatttcagaaaggactttcaattctacaaagtgcgggagatcaataactatcatc
atgctcatgacgcatatctgaatgccgtggtgggaaccgecctgatcaagaagtacccaaagctggaaagegagttcgtgtacggaga
ctacaaggtctacgacgtgcgcaagatgattgccaaatctgagcaggagatcggaaaggecaccgcaaagtacttcttctacagcaac
atcatgaatttcttcaagaccgaaatcacccttgcaaacggtgagatccggaagaggccgctcatcgagactaatggggagactggeg
aaatcgtgtgggacaagggcagagatttcgctaccgtgcgcaaagtgctttctatgcctcaagtgaacatcgtgaagaaaaccgaggty
caaaccggaggcttttctaaggaatcaatcctccccaagcgcaactccgacaagctcattgcaaggaagaaggattgggaccctaag
aagtacggcggattcgattcaccaactgtggcttattctgtcctggtcgtggctaaggtggaaaaaggaaagtctaagaagcetcaagag
cgtgaaggaactgctgggtatcaccattatggagcgcagctccticgagaagaacccaattgactttctcgaagccaaaggttacaagg
aagtcaagaaggaccttatcatcaagctcccaaagtatagectgttcgaactggagaatgggecggaageggatgetecgecteegetgg
cgaacttcagaagggtaatgagctggctctcccctccaagtacgtgaatttcetctaccttgcaagccattacgagaagcetgaaggggag
ccccgaggacaacgagcaaaagcaactgtttgtggagcagceataageattatctggacgagatcattgagcagatttccgagttttctaa
acgcgtcattctcgctgatgccaacctcgataaagtccttagcgcatacaataagcacagagacaaaccaattcgggagcaggetgag
aatatcatccacctgttcaccctcaccaatcttggtgcccctgecgcattcaagtacttcgacaccaccatcgaccggaaacgctatacct
ccaccaaagaagtgctggacgcecaccctcatccaccagagceatcaccggactttacgaaactcggattgacctctcacagctcggag
gggatggtggcggaggctcgccaaaaaagaagagaaaggtagacccaaagaaaaaacgaaaagtagatccgaaaaagaaga
ggaaggtgggatccctgcccacctgcagetgtcttgatcgagttatacaaaaagacaaaggceccatattatacacaccttggggeagg
accaagtgttgctgctgtcagggaaatcatggagaataggtatggtcaaaaaggaaacgcaataaggatagaaatagtagtgtacac
cggtaaagaagggaaaagctctcatgggtgtccaattgctaagtgggttttaagaagaagcagtgatgaagaaaaagttctttgtttggtc
cggcagcgtacaggccaccactgtccaactgetgtgatggtggtgctcatcatggtgtgggatggeatccctcttccaatggecgaccgg
ctatacacagagctcacagagaatctaaagtcatacaatgggcaccctaccgacagaagatgcaccctcaatgaaaatcgtacctgta
catgtcaaggaattgatccagagacttgtggagcttcattctcttitggctgttcatggagtatgtactttaatggctgtaagtttggtagaagcec
caagccccagaagatttagaattgatccaagctctcecttacatgaaaaaaaccttgaagataacttacagagtttggctacacgattag
ctccaatttataagcagtatgctccagtagcttaccaaaatcaggtggaatatgaaaatgttgcccgagaatgtcggcettggcagcaagg
aaggtcgacccttctctggggtcactgcttgcctggacttctgtgctcatccccacagggacattcacaacatgaataatggaagceactgt
gotttgtaccttaactcgagaagataaccgctctttgggtgttattcctcaagatgagcagctccatgtgctacctctttataagctttcagaca
cagatgagtttggctccaaggaaggaatggaagccaagatcaaatctggggecatcgaggtectggcaccccgecgcaaaaaaag
aacgtgtttcactcagcctgttccecgttctggaaagaagagggctgcgatgatgacagaggttcttgcacataagataagggcagtgga
aaagaaacctattccccgaatcaagcggaagaataactcaacaacaacaaacaacagtaagccttcgtcactgccaaccttaggga
gtaacactgagaccgtgcaacctgaagtaaaaagtgaaaccgaaccccattttatcttaaaaagttcagacaacactaaaacttattcg
ctgatgccatccgetcctcacccagtgaaagaggceatctccaggcttctectggtccccgaagactgcettcagccacaccagctccactg
aagaatgacgcaacagcctcatgcgggttttcagaaagaagcagcactccccactgtacgatgccttcgggaagactcagtggtgcca
atgctgcagctgctgatggccctggeatttcacagettggcgaagtggetectctccccacccetgtctgetectgtgatggagecccteatta
attctgagccttccactggtgtgactgagccgctaacgcctcatcagccaaaccaccagecctecttcetcacctetcctcaagaccttgec
tcttctccaatggaagaagatgagcagcattctgaagcagatgagcectccatcagacgaacccctatctgatgaccccctgtcacctgct
gaggagaaattgccccacattgatgagtattggtcagacagtgagcacatctttttggatgcaaatattggtggggtggecatcgeacctg
ctcacggctcggttitgattgagtgtgcccggegagagcetgcacgctaccactcctgttgagcaccccaaccgtaatcatccaacccgect
ctcccttgtcttitaccagcacaaaaacctaaataagccccaacatggttttgaactaaacaagattaagtttgaggctaaagaagctaag
aataagaaaatgaaggcctcagagcaaaaagaccaggcagctaatgaaggtccagaacagtcctctgaagtaaatgaattgaacc
aaattccttctcataaagcattaacattaacccatgacaatgttgtcaccgtgtccccttatgctctcacacacgttgcggggecctataace
attgggtcgagggcagaggaagtctgctaacatgcggtgacgtcgaggagaatcctggeccagtgagcaagggcgaggagctgtte
accggggtggtgcccatcctggtcgagetggacggegacgtaaacggecacaagttcagegtgtccggecgagggegagggegatge
cacctacggcaagctgaccctgaagttcatctgcaccaccggcaagctgeccgtgecctggeccaccctegtgaccaccctgacctac
ggcgtgcagtgcttcagccgcetaccccgaccacatgaagcagcacgacttcttcaagtccgecatgcccgaaggctacgtccaggag
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cgcaccatcttcttcaaggacgacggcaactacaagacccgcgecgaggtgaagttcgagggcgacaccctggtgaaccgeatcga
gctgaagggcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagcecacaacgtctatatcat
ggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcegtgcagetcgecgacca
ctaccagcagaacacccccatcggegacggeccegtgetgctgcccgacaaccactacctgagcacccagtccgecctgagcaaag
accccaacgagaagcgcgatcacatggtcctgctggagttcgtgaccgecgecgggatcactctcggeatggacgagetgtacaagg
aattcaattctaactaggaattcgatatcaagcttatcgataatcaacctctggattacaaaatttgtgaaagattgactggtattcttaactat
gttgctecttttacgctatgtggatacgctgctttaatgectttgtatcatgcetattgcttcecegtatggctttcattttctcctecttgtataaatcctgg
ttgctgtctctitatgaggagttgtggeccgttgtcaggcaacgtggegtggtgtgcactgtgtttgctgacgcaacceccactggttgggge
attgccaccacctgtcagctcctttccgggactttcgetttcccectecctattgccacggeggaactcatcgecgcectgecttgeecegetget
ggacaggggctcggctgttgggcactgacaattccgtggtgttgtcggggaaatcatcgtcctttccttggctgetegectgtgttgccacct
ggattctgcgcgggacgtecttctgctacgteccttcggecctcaatccageggaccttecttcccgeggectgctgeecggcetetgeggect
cttccgcgtcttcgecttcgecctcagacgagtcggatctecctttgggecgecteccecgeatcgataccgtcgacctcgagacctagaaa
aacatggagcaatcacaagtagcaatacagcagctaccaatgctgattgtgcctggctagaagcacaagaggaggaggaggtgggt
tttccagtcacacctcaggtacctttaagaccaatgacttacaaggcagctgtagatcttagccactttttaaaagaaaaggggggactgg
aagggctaattcactcccaacgaagacaagatatccttgatctgtggatctaccacacacaaggctacttccctgattggcagaactaca
caccagggccagggatcagatatccactgacctttggatggtgctacaagctagtaccagttgagcaagagaaggtagaagaagcca
atgaaggagagaacacccgcttgttacaccctgtgagcctgcatgggatggatgacccggagagagaagtattagagtggaggtttga
cagccgcctagcatttcatcacatggcccgagagcetgcatccggactgtactgggtctetctggttagaccagatctgagectgggagcete
tctggctaactagggaacccactgcttaagcectcaataaagcttgecttgagtgcttcaagtagtgtgtgeccgtetgttgtgtgactctggta
actagagatccctcagacccttttagtcagtgtggaaaatctctagcagggcccgtttaaacccgcetgatcagectcgactgtgecttctag
ttgccagccatctgttgtttgcccctecccegtgecttecttgaccctggaaggtgecactcecactgtectttcctaataaaatgaggaaatt
gcatcgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagea
ggcatgctggggatgcggtgggctctatggcttictgaggcggaaagaaccagetggggctctagggggtatccccacgegcecctgtag
cggcgcattaagcgcggegggtgtggtggttacgcgcagegtgaccgctacacttgccagegecctagegeccgctectttegctttette
ccttectttctcgecacgttcgecggctttceccgtcaagcetctaaatcgggggctecctttagggttccgatttagtgctttacggcacctcga
ccccaaaaaacttgattagggtgatggttcacgtagtgggecatcgecctgatagacggtttttcgecctttgacgttggagtccacgttettt
aatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgccgatttcggectattggt
taaaaaatgagctgatttaacaaaaatttaacgcgaattaattctgtggaatgtgtgtcagttagggtgtggaaagtccccaggctcccca
gcaggcagaagtatgcaaagcatgcatctcaattagtcagcaaccatagtcccgeccctaactccgeccatcecgeccctaacteege
ccagttccgeccattctccgecccatggcetgactaattttttttatttatgcagaggccgaggcecgcctetgectetgagctattccagaagta
gtgaggaggcttttttggaggcctaggcttitgcaaaaagctcccgggagcttgtatatccattttcggatctgatcagcacgtgttgacaatt
aatcatcggcatagtatatcggcatagtataatacgacaaggtgaggaactaaaccatggccaagttgaccagtgccgttccggtgcete
accgcgcgcgacgtcgecggageggtcgagttctggaccgaccggctcgggttctcccgggacttcgtggaggacgacttcgecggtg
tggtccgggacgacgtgaccctgttcatcagcgeggtccaggaccaggtggtgccggacaacaccctggectgggtgtgggtgegeg
gcctggacgagcetgtacgccgagtggtcggaggtegtgtccacgaacttccgggacgectccgggecggecatgaccgagatcggeg
agcagccgtgggggegggagttcgecctgcgegacccggecggeaactgegtgcacttcgtggeccgaggageaggactgacacgt
gctacgagatttcgattccaccgccgccttctatgaaaggttgggettcggaategttttccgggacgecggcetggatgatectccagege
ggggatctcatgctggagttcttcgecccaccccaacttgtttattgcagcttataatggttacaaataaagcaatagcatcacaaatttcaca
aataaagcatttttttcactgcattctagttgtggtttgtccaaactcatcaatgtatcttatcatgtctgtataccgtcgacctctagctagagctt
ggcgtaatcatggtcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaagtgtaaa
gce
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ctaaattgtaagcgttaatattttgttaaaattcgcgttaaatttttgttaaatcagctcattttttaaccaataggccgaaatcggcaaaatccct
tataaatcaaaagaatagaccgagatagggttgagtgttgttccagtttggaacaagagtccactattaaagaacgtggactccaacgtc
aaagggcgaaaaaccgtctatcagggcgatggcccactacgtgaaccatcaccctaatcaagttttttggggtcgaggtgecgtaaag
cactaaatcggaaccctaaagggagcccccgatttagagcttgacggggaaagccggcgaacgtggcgagaaaggaagggaag
aaagcgaaaggagcgggcgcetagggegetggcaagtgtageggtcacgcetgegegtaaccaccacacccgecgegcttaatgege
cgctacagggcgcegtcccattcgecattcaggctgcgceaactgttgggaagggcegatcggtgegggectcttcgetattacgecagetgg
cgaaagggggatgtgctgcaaggcgattaagttgggtaacgccagggttttcccagtcacgacgttgtaaaacgacggecagtgageg
cgcgtaatacgactcactatagggcgaattgactagttattaatagtaatcaattacggggtcattagttcatagcccatatatggagttccg
cgttacataacttacggtaaatggcccgectggctgaccgceccaacgacccccgeccattigacgtcaataatgacgtatgttcccatagt
aacgccaatagggactttccattgacgtcaatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatgcca
agtacgccccctattgacgtcaatgacggtaaatggcccgectggceattatgcccagtacatgaccttatgggactttcctacttggcagta
catctacgtattagtcatcgctattaccatggtgatgcggttttggcagtacatcaatgggcgtggatageggtttgactcacggggatttcca
agtctccaccccattgacgtcaatgggagtttgttttggcaccaaaatcaacgggactttccaaaatgtcgtaacaactccgecccattga
cgcaaatgggcggtaggcgtgtacggtgggaggtctatataagcagcegcgttttgcctgtactgggtctctctggttagaccagatctgag
cctgggagctctctggctaactagggaacccactgcttaagectcaataaagcttgecttgagtgcttcaagtagtgtgtgeecgtetgttgt
gtgactctggtaactagagatccctcagacccttttagtcagtgtggaaaatctctagcagtggcgeccgaacagggacttgaaagega
aagggaaaccagaggagctctctcgacgcaggactcggcttgctgaagegegcacggcaagaggegaggggeggegactggtga
gtacgccaaaaattttgactagcggaggctagaaggagagagatgggtgcgagagcegtcagtattaagcgggggagaattagatcg
cgatgggaaaaaattcggttaaggccagggggaaagaaaaaatataaattaaaacatatagtatgggcaagcagggagctagaac
gattcgcagttaatcctggectgttagaaacatcagaaggctgtagacaaatactgggacagctacaaccatcccttcagacaggatca
gaagaacttagatcattatataatacagtagcaaccctctattgtgtgcatcaaaggatagagataaaagacaccaaggaagctttaga
caagatagaggaagagcaaaacaaaagtaagaccaccgcacagcaagcggccggecgegcetgatcttcagacctggaggagga
gatatgagggacaattggagaagtgaattatataaatataaagtagtaaaaattgaaccattaggagtagcacccaccaaggcaaag
agaagagtggtgcagagagaaaaaagagcagtgggaataggagctttgttccttgggttcttgggagcagcaggaagceactatggge
gcagcgtcaatgacgctgacggtacaggccagacaattattgtctggtatagtgcagcagcagaacaatttgctgagggctattgaggce
gcaacagcatctgttgcaactcacagtctggggcatcaagcagcetccaggcaagaatcetggetgtggaaagatacctaaaggatca
acagctcctggggatttggggttgctctggaaaactcatttgcaccactgctgtgecttggaatgctagttggagtaataaatctctggaaca
gatttggaatcacacgacctggatggagtgggacagagaaattaacaattacacaagcttaatacactccttaattgaagaatcgcaaa
accagcaagaaaagaatgaacaagaattattggaattagataaatgggcaagtttgtggaattggtttaacataacaaattggctgtggt
atataaaattattcataatgatagtaggaggcttggtaggtttaagaatagtttttgctgtactttctatagtgaatagagttaggcagggatatt
caccattatcgtttcagacccacctcccaaccccgaggggacccgacaggceccgaaggaatagaagaagaaggtggagagagag
acagagacagatccattcgattagtgaacggatcggcactgcgtgcgecaattctgcagacaaatggcagtattcatccacaattttaaa
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agaaaaggggggattggggggtacagtgcaggggaaagaatagtagacataatagcaacagacatacaaactaaagaattacaa
aaacaaattacaaaaattcaaaattttcgggtttattacagggacagcagagatccagtttggttagtaccgggcecctacgegtccaaggt
cgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattagaattaatttgactgt
aaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactat
catatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgggtcttcgagaagacacgtttt
agagctagaaatagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttggatccaattctac
cgggtaggggaggcgcttttcccaaggcagtctggageatgegctttagcagecccgetgggeacttggegctacacaagtggcectctg
gcctcgeacacattccacatccaccggtaggegcecaaccggctecgttetttggtggecccttcgegecaccttctactectceectagtca
ggaagttcccccccgecccgeagcetegegtegtgcaggacgtgacaaatggaagtageacgtctcactagtctcgtgcagatggacag
caccgctgagcaatggaagcgggtaggcectttggggcageggecaatageagctttgctecttcgetttctgggctcagaggcetgggaa
ggggtgggtccgggggegggctcaggggegggetcaggggeggggegggegeccgaaggtectecggaggeccggeattctgca
cgcttcaaaagcgceacgtctgeccgegcetgttctectctteetcatctccgggectttcgacctgeatecatctagatctcgagcagetgaage
ttaccatgaccgagtacaagcccacggtgcgcectcgecacccgegacgacgtccccagggecgtacgcaccctcgeecgecgegtteg
ccgactaccccgecacgcgccacaccgtcgatccggaccgecacatcgagcgggtcaccgagctgcaagaactettcctcacgege
gtcgggctcgacatcggcaaggtgtgggtcgcggacgacggegecgeggtggeggtetggaccacgecggagagegtcgaagegg
gggcggtgttcgccgagatcggeccgegeatggecgagttgageggttccecggetggecgegecagcaacagatggaaggcectecty
gcgccgcaccggeccaaggageccgegtggttcctggecaccgteggegtetcgeccgaccaccagggcaagggtetgggeageg
ccgtegtgetecceggagtggaggeggecgagegegecggggtgeccgecttcctggagacctecgegeccegeaacctececttcta
cgagcggctcggcttcaccgtcaccgecgacgtcgaggtgecccgaaggaccgegeacctggtgcatgacccgcaageccggtgecy
gcggcgggtccggaggagagggcagaggaagtctcctaacatgcggtgacgtggaggagaatcctggeccaatggtgagcaagg
gcgaggaggataactccgcecatcatcaaggagttcctgcgcttcaaggtgcacatggagggctcegtgaacggecacgagttcgagat
cgagggcgagggcgagggccgcccctacgagggcacccagaccgccaagctgaaggtgaccaagggtggecccctgeccttege
ctgggacatcctgtcccctcagttcatgtacggctccaaggectacgtgaagcaccccgecgacatccccgactacttgaagcetgtectte
cccgagggcttcaagtgggagcegegtgatgaacttcgaggacggeggegtggtgaccgtgacccaggactcctctctgcaggacgge
gagttcatctacaaggtgaagctgcgcggeaccaacttccecctccgacggecccgtaatgcagaagaaaaccatgggetgggagge
ctcctccgageggatgtaccccgaggacggcegecctgaagggcgagatcaagcagaggcetgaagetgaaggacggeggecacta
cgacgctgaggtcaagaccacctacaaggccaagaagceccgtgcagetgccecggegectacaacgtcaacatcaagttggacatca
cctcccacaacgaggactacaccatcgtggaacagtacgaacgcgcecgagggcecgecactccaccggeggeatggacgagcetgta
caagtgagcggccgctaggtacctttaagaccaatgacttacaaggcagctgtagatcttagccactttttaaaagaaaaggggggact
ggaagggctaattcactcccaaagaagtcaagatctgcttttgcctgtactgggtctetctggttagaccagagtctctctggttagaccag
atctgagcctgggagctctctggctaactagggaacccactgcttaagectcaataaagcettgecttgagtgcttcaagtagtgtgtgeccg
tctgttgtgtgactctggtaactagagatccctcagacccttitagtcagtgtggaaaatctctagcagtttaaacccgcetgatcagectcgac
tgtgccttctagttgccagcecatctgttgtttgccectcceccgtgecttecttgaccctggaaggtgecacteccactgtectttcctaataaaa
tgaggaaattgcatcgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattgggaag
tcaatagcaggcatgctggggatgcggtgggctctatgggeggecgttaattaagcettttgttcectttagtgagggttaattgcgegcettgge
gtaatcatggtcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaagtgtaaagect
ggggtgcctaatgagtgagcetaactcacattaattgegttgcgctcactgecccgcetttccagtcgggaaacctgtcgtgeccagetgcattaa
tgaatcggccaacgcgcggggagaggeggtttgegtattgggegctettcecgettectegetcactgactegetgegeteggtegttegget
gcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagca
aaaggccagcaaaaggccaggaaccgtaaaaaggccgcegttgctggegtttttccataggetcecgeccecctgacgageatcacaa
aaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagataccaggcegtttccccctggaagetccctegtgegcetct
cctgttccgaccctgecgettaccggatacctgtcecgectttctecectitcgggaagegtggegctttctcatagctcacgcetgtaggtatctca
gttcggtgtaggtcgttcgctccaagctgggetgtgtgcacgaaccccccgticageccgaccgetgegecttatccggtaactategtett
gagtccaacccggtaagacacgacttatcgccactggcagcagcecactggtaacaggattagcagagcgaggtatgtaggeggtgcet
acagagttcttgaagtggtggcctaactacggctacactagaaggacagtatttggtatctgcgcetctgctgaagccagttaccttcggaa
aaagagttggtagctcttgatccggcaaacaaaccaccgctggtageggtggtitttttgtitgcaagcagcagattacgcgcagaaaaa
aaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattat
caaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttacca
atgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgectgactccecgtegtgtagataactacgatacgg
gagggcttaccatctggccccagtgctgcaatgataccgegagacccacgetcaccggctccagatttatcagcaataaaccagecag
ccggaagggccgagcegcagaagtggtectgcaactttatccgectccatccagtctattaattgttgccgggaagcetagagtaagtagttc
gccagttaatagtttgcgcaacgttgttgccattgctacaggceatcgtggtgtcacgcetegtegtttggtatggcttcattcagcetcecggtteee
aacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagceggttagctccttcggtcetccgategttgtcagaagtaagttgge
cgcagtgttatcactcatggttatggcagceactgcataattctcttactgtcatgccatcecgtaagatgcttttctgtgactggtgagtactcaac
caagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccggegtcaatacgggataataccgcgecacatagcagaacttt
aaaagtgctcatcattggaaaacgttcttcggggcgaaaactctcaaggatcttaccgetgttgagatccagttcgatgtaacccactcgt
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gcacccaactgatcttcagcatcttttactttcaccagcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaat
aagggcgacacggaaatgttgaatactcatactcttcctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatt
tgaatgtatttagaaaaataaacaaataggggttccgcgcacatttccccgaaaagtgcecac

Supplementary Fig. 8. Sequence and map of the plasmids used for DNA methylation editing.

More information and the plasmids will be available upon request. Plasmids constructed for this
study can be obtained via Addgene.
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Supplementary Fig. 9. Map of the gRNAs designed to target the 1q21.1 DMR.
All the gRNAs were designed by CRISPOR Version 4.98. The gRNAs in the rectangle were used
for the gRNA screening on HEK293T cells (the sequences are listed in the Supplementary Table

10).
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Supplementary Methods
Ethics approval and consent to participate

All experiments on human subjects were approved by the Regional Ethical Review Board in
Stockholm and carried out in accordance with institutional guidelines. Written informed consent
was obtained from all study participants. iPSC experiments are in accordance with an IRB approval
from the Ethical Review Boards in Stockholm, Sweden. Zebrafish experiments were carried out
according to the guidelines of the Ethics Committee of IGBMC and ethical approval was obtained
from the French Ministry of Higher Education and Research under the number APAFIS#15025-
2018041616344504.

Cohorts

Details of the cohorts are described in the Supplementary Table 1. Briefly, for genome-wide DNA
methylation and methylation quantitative trait locus (meQTL) analysis used in cohort 1, peripheral
blood samples were collected form 140 MS, patients including 120 RRMS, 4 PPMS and 16 SPMS
patients, and 139 healthy individuals (HC), as previously described 5. An independent cohort,
cohort 2, consisting of 48 RRMS and 36 PPMS patients (matched for age, sex, disease duration
and Swedish descent) was used for pyrosequencing validation and locus-specific meQTL analysis
6. Cohort 3 and the additional Italian cohort used for genetic association study comprises 1,104
PPMS and 11,335 BOMS, as described in the corresponding sections below. Gene expression
data (RNA-sequencing) from bulk brain tissue samples of progressive MS patients (5 PPMS and 7
SPMS) and non-neurological controls (n = 10), previously described 7, were used for correlation
network analysis and validation was performed in neuronal snRNA-seq data 8. Additionally, we
utilized publicly available databases from xQTL serve ° (n = 543 bulk prefrontal cortex samples,
http://mostafavilab.stat.ubc.ca/xQTLServe/) and GTEx (selecting all available nervous tissues,
https://gtexportal.org/) platforms to address meQTL and eQTL effects in the CNS. No sample size
calculation was performed for the cohorts involved in this study.

Genome-wide DNA methylation and meQTL analyses (cohort 1)

DNA methylation analysis. The methylation data from Infinium HumanMethylation450 (450K)
arrays was preprocessed as previously described 5 using the lllumina default procedure
implemented in the Bioconductor minfi package 1°. Briefly, all samples were normalized together
using the minfi preprocessQuantile function. The probe level raw data for each sample were
normalized using lllumina’s control probe scaling procedure and converted to methylation 3 values
on the 0-1 scale (M/(M + U + 100), where M and U represent the methylated and unmethylated
signal intensities, respectively). Cell counts for the six major cell types in blood (granulocytes, B
cells, CD4* T cells, CD8* T cells, monocytes, and NK cells) for each individual were estimated
using the estimateCellCounts function in minfi package 1°, which obtain sample-specific estimates
of cell proportions based on reference information on cell-specific methylation signatures 1. Results
from the estimation can be found in 5. To identify differentially methylated regions (DMRS)
associated with the PPMS phenotype, we used the bumphunter function in minfi package 1° with
adjustment for confounders: age, sex, self-reported smoking status (ever smokers vs. never
smokers), hybridization date, and the first two principle components of estimated differential cell
counts. Region that has a family wise error rate (FWER) less than 0.05 with 1000 resamples and
contains at least 2 probes was identified as a trait-associated DMR.

Methylation QTL analysis. To identify potential genetic dependency, the PPMS-associated DMR
was tested for association with genotype (594,262 SNPs) using an additive minor-allele dosage
model. Genotype-DMR associations were corrected for multiple testing using a stringent
Bonferroni-adjusted threshold of 0.05.

Locus-specific DNA methylation and meQTL analyses (cohort 2)
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DNA methylation analysis. For validation of the identified PPMS-associated DMR, pyrosequencing
analysis was performed using 500 ng of genomic DNA samples previously converted to bisulfite
DNA (BS-DNA, EZ DNA methylation kit, ZYMO research) with PyroMark Q96 system (Qiagen).
Primers and probes for three sequencing assays covering 7 CpG sites in the locus were designed
by PyroMark Design software (Qiagen) (Supplementary Table 12, Supplementary Fig. 5). Around
10 ng of BS-DNA was amplified using PyroMark PCR kit (Qiagen) and the forward and 5'-
biotinylated reverse primers. The entire PCR product, 4 pmol of the sequencing probe and
streptavidin sepharose high-performance beads (GR Healthcare) were used for pyrosequencing
on a PyroMark Q96 ID pyrosequencing instrument (Qiagen) using the PyroMark Gold 96 Reagent
kit (Qiagen). Methylation levels were determined by the ratio of C and T by the PyroMark CpG
software 1.0.11 (Qiagen) and expressed as percentage methylation at each CpG site. To verify the
efficiency and sensitivity of the PCR-pyrosequencing, we used standard curves with unmethylated
and methylated human BS-DNA samples (Qiagen). To test the differences in DNA methylation
between PPMS and RRMS patients for each CpG site, non-parametric Mann-Whitney U test was
applied with GraphPad Prism software (PRISM 7.0; GraphPAD Software Inc., San Diego, CA,
USA). We have done extensive SNP and sequence analyses to assure that the methylation
measurements of the majority of the DMR CpGs are not a result of the technical measurement
artefacts driven by a potential effect of SNPs on the CpGs 1213, pyrosequencing or 450K assays.

Methylation QTL analysis. Methylation data was RANK transformed in R using R Core team
(Vienna, Austria, https://www.R-project.org/). Genotyping was carried out at deCODE (deCODE
genetics/Amgen, Reykjavik, Iceland) using Illumina OmniExpress chip with 716,503 SNPs mapped
to the Human Assembly Feb.2009 (GRCh37/hgl19). Of 84 individuals, 83 where genotyped in
deCODE and 82 of them passed QC. We performed meQTL analysis of chromosome 1 from bp
146500000 to bp 147000000, in PLINK * excluding SNPs with less than 98% genotyping rate and
SNPs that were not in Hardy-Weinberg equilibrium (p < 0.05) and corrected for 5 population based
(ancestral informative markers) principal component analysis covariates. After quality control, 123
SNPs remained in the region. Genotype-CpG associations were corrected for multiple testing using
stringent Bonferroni-adjusted threshold of 0.05.

Genetic association study in the Swedish (SWE) cohort

Patients from the Swedish (SWE) cohort were genotyped in two different batches at deCODE
Genetics using lllumina Human OmniExpress 24 v1 (OE) and Global Screening Array MD 24 v2
(GSA) arrays, following manufacturer’s instructions. The cohort was aligned to the forward strand
of the hgl19 reference genome based on strand information from the lllumina array manifest files.
Samples with less than 95% genotyping yield were excluded. Samples with a mismatch between
reported and genetic sex were also excluded using a linkage disequilibrium (LD) pruned set of high-
quality chromosome X variants. Genetic variants were filtered based on several criteria, including
genotype missingness, Hardy-Weinberg Equilibrium (HWE), minor allele frequency (MAF), and
differential missingness between cases and controls. Palindromic variants were also filtered based
on alternate allele frequency. Individuals with an absolute inbreeding coefficient greater than 0.05
or relatedness at the third degree or closer were excluded. To control for population stratification
prior to imputation, Principal Components (PC) were calculated, and outliers were excluded. The
Haplotype Reference Consortium (HRC; version 1.1) imputation reference panel 8 was used for
phasing and imputation of genotyping data 1°. A total of 7,682,164 autosomal variants passed
quality controls.

Starting from these, for the genetic association analysis we extracted all the imputed SNPs (n =
3,057) in the extended chrl locus (from bp 146500000 to bp 147000000). A Principal Component
Analysis (PCA) was performed using whole-genome autosomal markers after LD pruning (100 bp
window size, 2 bp step, pairwise r2 threshold of 0.1). The first 8 PC and biological sex were included
as covariates in the generalized linear model analysis of SNP-to-phenotype association (PPMS =
603 versus BOMS = 9,247, to account for residual population stratification. The PCA and the
association analyses were run separately for individuals genotyped on OE chip and those
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genotyped on GSA arrays, to minimize the batch effect exerted by array architecture and potential
differences in recruitment of individuals between the two datasets. Subsequently, the results from
the two independent association studies were meta-analyzed using fixed-effect and random-effect
models as implemented in PLINK. To gain an insight on the underlying genetic structure, we
estimated the haplotype blocks in the extended chrl locus using the largest cohort (OE cohort) as
reference on SNPs with MAF => 0.05 adopting the standard method integrated in PLINK 16, Sixty-
nine LD blocks were identified and used in a Bonferroni correction to account for multiple testing.

Genetic association study in the Italian (ITA) cohort

For the Italian cohort, patients were recruited at the Laboratory of Human Genetics of Neurological
Disorders at the San Raffaele Scientific Institute in Milan, Italy and genotyped on lllumina platforms.
Prior to imputation, we excluded subjects for which sex mismatch, those with call-rate < 90% and
outliers exceeding the mean level of heterozygosity by > 3 standard deviations. At variant level, we
discarded rare SNPs with MAF < 1%, SNPs with a call-rate < 90% and those departing from HWE
at p < 10 x 10%. Imputation was carried out to HRC reference genome 15. A logistic regression
model, as described for the SWE cohort, was used to study the association between the SNPs in
the extended chrl locus and the course of MS in a total of 2,589 patients (PP = 501; BOMS =
2,088). Sex and PC 1 to 8 were used as covariates in the model.

SWE and ITA meta-analysis

A fixed-effect model meta-analysis of the standard errors of the odds ratio, as implemented in Plink
17 was applied on the three cohorts. The number of common variants in all the cohorts was 2,676.
Multiple testing issue was addressed as described for the SWE cohort.

In-vitro methylation assay

To address the regulatory features of the identified DMR, we used in-vitro DNA methylation reporter
assay. A 927 bp fragment encompassing the identified DMR was amplified using primers containing
overhanging Spel and Nsil restriction sites (Supplementary Table 12). We used blood genomic
DNA from PPMS patients presenting with low (rs1969869: CC) and high (rs1969869: AA)
methylation levels at the identified DMR. The amplified products in direct and reverse orientation
were inserted into pCpG-free promoter vector (Invivogen) containing a Lucia luciferase reporter
and into a pCpG-free basic vector (Invivogen) containing a murine secreted embryonic alkaline
phosphatase (MSEAP) reporter gene for assessment of enhancer and promoter activity,
respectively. As the body of these vectors is devoid of any CpGs, any impact of DNA methylation
on reporter gene expression is restricted to the inserted fragment only. All the constructs were
either completely methylated (57 CpGs) using M.Sssl or partially methylated (7 CpGs residing in
the GCGC sequence) by Hhal methyltransferases (New England BioLabs) using 1 ug of the vectors
and 1 unit of the enzymes. The mock methylated control was treated equally but in absence of any
methyltransferases and corresponds to unmethylated inserts. After the purification of the
methylated, partially- and mock-methylated constructs (QlAquick PCR purification Kit, Qiagen), the
efficiency of methylation was assessed using an EpiJET DNA Methylation analysis Kit (Mspl/Hpall)
(ThermoFisher Scientific), followed by gel electrophoresis (Supplementary Fig. 6). Original vectors
treated by M.Sssl and Hhal or mock-treated were used as controls. Human embryonic kidney
HEK293T cells were cultured in Dulbecco’s Modified Eagle’s medium in 96 well plates and co-
transfected with 90 ng of the Lucia or SEAP constructs and 5 ng of the control vector pGL4-TK-hH
Luc constitutively expressing Renilla luciferase, using Lipofectamine 3000 Transfection Reagent
(Qiagen). Approximately, 48 hours post transfection, Lucia, SEAP and Renilla activities were
measured using QUANTI-Luc (Invivogen), the Phospha-Light System (Applied Biosystems) and
the Dual-Glo Luciferase Assay System (Promega), respectively, according to manufacturer’s
instructions, on the GloMax 96 Microplate Luminometer (Promega). Both direct and reverse
orientations of the sequence were tested. Lucia or SEAP signals were normalized against Renilla
(triplicate) and experiments were replicated at least two times.

CRISPR/dCas9-TET1 epigenome editing
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dCas9-TET1 and gRNA generation. Details and maps of the final constructs used in this study are
presented in Supplementary Figure 7. Briefly, we engineered a P3-dCas9-Tetl-GFP-Puro
(Addgene #190728) construct as follows. First, to be able to express the gRNAs from the same
vector, we mutated the Bbsl sites in the TET1 sequence (without changing the protein sequence)
synthesized by Eurofins (Eurofins MWG Operon Ebersberg, Germany). We then utilized the
backbone of a pdCas9-DNMT3A-EGFP plasmid (Addgene #71666) 18 and replaced DNMT3A with
TET1 sequence. This cassette was previously engineered to express the original EGFP sequence
in a double reporter cassette containing EGFP-T2A-Puromycin under the control of an independent
CMV promoter to allow sufficient expression of GFP signal for post-transfection cell sorting. We
proceeded similarly with the TET1-IM construct which expresses a deactivated TET1 catalytic unit.
The final plasmid expressed dCas9-TET1 (or dCas9-TET1-IM) and CMV-EGFP-T2A-Puromycin
double marker unit. All gRNAs were designed by CRISPOR Version 4.98 19 both on the sense and
antisense strands, with sequence and mapping presented in the Supplementary Table 12 and
Supplementary Fig. 8.

To address dCas9-TET1-mediated epigenome editing in SH-SY5Y cell line, we utilized the
lentivirus version of the cassettes. We used Fuw-dCas9-TetlCD (Addgene #84475) and Fuw-
dCas9-TetlCD_IM (Addgene #84479) plasmids and added the EGFP marker to facilitate sorting
of positively transduced cells (new plasmids named as P3-Lenti-dCas9-Tetl-GFP (Addgene
#190729) and P3-Lenti-dCas9-TetlIM-GFP. We used pKLV2-U6gRNA3(BbsI)-PGKpuro2ABFP
(Addgene #67990) to express the gRNA and replaced the BFP with mCherry (named as P3-pKLV2-
U6gRNA(BbsI)-PGKpuro2A-mCherry). All constructs were confirmed by Sanger sequencing
(KiGene) and chromatograms were analyzed using SnapGene software 5.2.3 (GSLBiotech).
Plasmids constructed for this study can be obtained from Addgene.

dCas9-TET1 delivery to HEK293T and SH-SY5Y cells. To test the efficiency of epigenome editing,
we exploited HEK293T ease of transfection and performed gRNAs screen. Different gRNAs were
transfected either individually or in combination based on the target site, using Lipofectamine 3000
(Invitrogen). For all experiments both on HEK293T and SH-SY5Y cells, DNA was extracted after
72 hours and bisulfite conversion was performed using 200 ng of the extracted DNA (BS-DNA, EZ
DNA methylation kit, ZYMO research). DNA methylation was assessed using pyrosequencing, as
described above. For all experiments conducted on SH-SY5Y cells, we delivered a mix of the two
gRNAs that showed the highest efficiency in reducing methylation in HEK293T cells (gRNA #2 and
#3).

For the generation of lentiviruses and subsequent transduction of SH-SY5Y cells, HEK293T cells
were seeded (~40-50 % confluent) in 2 ml DMEM with 10% serum and 2 mM glutamine per well in
6-well plates. The next day, cells had reached 60-70 % confluency and were co-transfected with
transfer plasmids as P3-Lenti-dCas9-Tetl-GFP (Addgene #190729) or P3-Lenti-dCas9-TetlIM-
GFP, as well as P3-pKLV2-U6gRNA(BbsI)-PGKpuro2A-mCherry, psPAX2 (Addgene #12260) and
pMD2.G (Addgene #12259) using Lipofectamine 3000 (Invitrogen) transfection reagent as per
manufacturer instructions. After overnight incubation, medium was removed, and fresh medium
added containing 5% serum and 1X Pen-strep. Cells were further incubated for 48h and 72h post-
transfection and the virus containing supernatant collected and centrifuged for 10 mins at 5009 to
remove any cell debris. The supernatant was concentrated using Lentivirus Precipitation Solution
(cat. #/C100; AlStem) according to the manufacturer’s instructions and used to transduce SH-
SY5Y cells. SH-SY5Y cell line was transduced with virus in complete medium (DMEM with 10%
serum and 1X Pen-Strep) containing 8 pg/ml Polybrene (Sigma) with spin infection. Medium was
changed 3-4 times to remove any virus residues and cells were used for further assays.

gPCR analysis
Total RNA and DNA were extracted using AllPrep DNA/RNA Kits (Qiagen) according to the
manufacture instruction. RNA and DNA concentrations and quality were verified by QIAxpert

(Qiagen). Reverse transcription of RNA was performed using the manufacturer's instructions of

24



iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Inc., CA) with OligodT and Random Hexamer
primers, generating cDNA for subsequent gene expression analysis. Real-time PCR was
performed on a BioRad CFX384 Touch Real-Time PCR Detection System using iQ™ SYBR®
Green Supermix (Bio-Rad Laboratories, Inc., CA) in a three step PCR: 95 °C:3 min, followed by 40
cycles of 95°C:10s, 60°C:30s and 72 °C:30s. The relative expressions of the selected genes
were normalized to the reference gene GAPDH. The specificity of real time PCR reaction was
verified by the melt curve analysis. The expression level of selected genes were analyzed using
AACT method 20 and compared via independent t-test. All statistical analyses were performed in
GraphPad Prism 6 and 7 (GraphPad Software).

Correlation network analysis in MS brain

Raw data analysis. The fastq files corresponding to bulk gene expression (RNA-sequencing) data
from brain tissue samples of progressive MS patients (nepms = 5, hspus = 7) and non-neurological
controls (n = 10) 72 were extracted from the RAW RNA sequence files and checked for quality
control using multigc software to make them ready for alignment 21. After trimming using the
trimgalore program 22, fastqc files were aligned and annotated using STAR aligner and Stringtie
software 23 by applying human hg38 refseq information from UCSC. The analysis was performed
on the extracted count matrix using bash and Python.

Network analysis. In order to utilize a brain-specific network module, we applied a previously
established bioinformatic pipeline utilizing co-expression network analysis 24, as briefly described
below. The count matrix was loaded into R(3.6.1) environment and quantile normalized using the
glimma package 2. Spearman correlation is applied on every gene pair and permuted for 10000
times to determine which interactions are significant (FDR < 0.05), which avoids biased filtering of
the network based on correlation R value. The function also integrates hub connectivity significance
for including only the interactions that have significant connectivity in the network. The produced
network consisted of 5 million interactions among 27,059 genes, which limits the inherent resolution
for defining modules which overlooks the multiscale organization of the network where compact
clusters co-exist. In order to overcome this limitation, the correlation network was embedded on a
spherical surface, thereby creating a planar maximally filtered network devoid of cross links. The
final network consisted of 0.5 million interactions among 27,059 expressed genes from the RNAseq
data. The planar maximally filtered graph is then clustered by implementing multiscale clustering
algorithm (MCA) from the MEGENA package in R. MCA incorporates three distinct criteria to
identify locally coherent clusters while maintaining a globally optimal partition. First, shortest path
distances are utilized to optimize within-cluster compactness. Second, local path index is used to
optimize local clustering structure. Third, overall modularity is employed to identify optimal partition.
The final network clustered into 757 non-overlapping modules.

For the validation data, we applied the same pipeline as described above on several datasets
(Supplementary Table 11). In the CUX2* neuronal snRNA-seq count data 8, planar maximal
filtration of the Spearmen correlated network of 10780 genes was multiscale clustered using the
MEGENA package in R. This resulted in 91 modules out of which 1 module with CHD1L was
significant and was further analyzed with Fisher enrichment test and pathway analysis using
clusterProfiler.

Cluster Trait association analysis. Principal component analysis (PCA) is first performed for each
cluster. Next, correlation between the first principal component and each trait was computed as
cluster relevance to the trait. The 757 clusters identified from the correlation network were
evaluated for the relevance to PPMS, SPMS and control phenotypes. Three clustered passed FDR
P-value < 0.05.

Zebrafish chd1l knock-out experiments
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Zebrafish husbandry. Zebrafish (Danio rerio) were raised and maintained as described in2%. Adult
zebrafish were raised in 15 L tanks containing a maximum of 24 individuals, and under a 14 h- 10
h light-dark cycle. The water had a temperature of 28.5 °C and a conductivity of 200 uS and was
continuously renewed. The fish were fed three times a day, with dry food and Artemia salina larvae.
Embryos were raised in E3 medium, at 28.5 °C, under constant darkness. The wild type AB strain,
the chd1lsa14929 (TL) mutant line (#15474), carrying the mutation C>T at the genomic location
Chr6:36844273 (GRCz11), the Tg(olig2:EGFP)vul2 (AB) (#15211) line were obtained from the
European Zebrafish Resource Center. All fish lines reproduce normally, no skewed sex ratio was
observed and chd1l homozygote mutants were recovered in expected Mendelian ratio. All animal
experiments were carried out according to the guidelines of the Ethics Committee of IGBMC and
ethical approval was obtained from the French Ministry of Higher Education and Research under
the number APAFIS#15025-2018041616344504.

Genotyping of the chd11s21492% mutant line. Adult fish were anesthetized in 80 pug/mL tricaine. Fin
clips were digested in 50 pL of 50mM NaOH for 15 minutes at 95 °C, and the reaction was
neutralized by adding 5 puL of 1M Tris-HCI pH7. The genomic region encompassing the sal19827
mutation was amplified by PCR reaction, wusing the following primers: 5'-
CAGCGTCAGTTTTGCTACCC-3' and 5'-CACCTGGATTGTTCTTGAGC-3'. The PCR product was
digested by the Taq a | enzyme, a restriction enzyme whose restriction site is disrupted by the
sal4029 mutation. We ran the digestion product on a 2.5% agarose gel for 30 minutes at 135 V.
For control chd1l+/+, 2 bands are detected (500 base pairs and 150 base pairs); for heterozygous
chd1lsal4029/+. 3 hands are detected (650 base pairs, 500 base pairs and 150 base pairs); and for
homozygous chd1lsal4029/sa14029 5 single 650 base pair-band is detected. In figures and main

manuscript, chdll+/- refers to heterozygous chd1lsal4029+ and chdil-/- refers to homozygous
Chd1|sa14029/sa14029.

Wholemount immunostaining. Larvae were fixed in Dent's fixative (80% methanol, 20%
dimethylsulphoxide [DMSOQOY]) overnight at 4°C. The embryos were permeabilized with proteinase
K, then postfixed with 4% PFA and washed in PBSTX (PBS.0.5%, Triton X-100). After rehydration
in PBS, PFA-fixed embryos were washed in IF buffer (0.1% Tween-20, 1% BSA in PBS 1X) for 10
min at room temperature. The embryos were incubated in the blocking buffer (10% FBS, 1% BSA
in PBS 13) for 1 hr at room temperature. After two washes in IF Buffer for 10 min each, embryos
were incubated in the first antibody solution, 1:1,000 anti-acetylated tubulin (T7451, Sigma-Aldrich),
in blocking solution, overnight at 4_C. After two washes in IF Buffer for 10 min each, embryos were
incubated in the secondary antibody solution, 1:1,000 Alexa Fluor goat anti-mouse IgG (A21207,
A11001, Invitrogen), in blocking solution, for 1 hr at room temperature. Images were acquired using
MacroFluo ORCA Flash (Leica) system. Maximum projection of Z-stacks was used for further
analysis using Fiji.

Imaging of the oligodendrocyte lineage. Transgenic Tg(olig2:EGFP); chd1l+/+ and Tg(olig2:EGFP);
chdll+/- larvae were raised up to 3 days at 28.5°C and then fixed for 5 hours using
paraformaldehyde 4%. Larvae were bleached for pigment removal for 10 minutes in
depigmentation solution (3% H202/0.5% KOH) and washed 3 times using PBS-Tween 0.1% before
imaging. Fish were imaged dorsally for the head and laterally for the spinal cord. Images of the
spinal cord were inverted for easier analysis.

Statistical analysis. At least N=3 replicates (one batch of eggs corresponds to one replicate) for
each genotype were analyzed. Number of fish per condition is indicated (n). Routh tests were
performed using GraphPad Prism v8.0.2.263 for outliers exclusion. When normality and equal
variance were validated using Shapiro Test and Bartlett’s test, a Student T-test was performed for
p-value. If variance were not equal, a Student's T-test with Welch’s correction was applied. If
normality was not observed, a Wilcoxon T-test was used. GraphPad Prism v8.0.2.263 (GraphPad
Software) was used to visualize data as mean + SEM for at least N=3 replicates per genotype and
analysis.
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iPSC reprogramming and neural differentiation

Skin biopsies were collected under standardized conditions according to the Regional Ethical
Review Boards in Stockholm, Sweden and fibroblast cultures were established, tested negative for
mycoplasma and reprogrammed into iPSCs using mRNA reprogramming, as described earlier 27.
iPSC lines were expanded in mTeSR1 media (STEMCELL Technologies) on Matrigel (Corning)-
coated plates and purified via magnetic cell sorting (MACS) using Anti-TRA-1-60 MicroBeads
(Miltenyi Biotec) according to manufacturer’s instructions. Informed consent was obtained from the
study participants.

Neural progenitor cells (NPCs) were generated through dual-SMAD pathway inhibition as
described earlier. Briefly, 10,000 iPSCs were seeded in V-bottom ultra-low-attachment 96-well
plate and cultured for 1 week in embryoid body medium containing Advanced DMEM/F12
(ThermoFisher Scientific) supplemented with dorsomorphin (1 uM, Sigma), N-2 (1X, ThermoFisher
Scientific), B27 -RA (1X, ThermoFisher Scientific), and SB431542 (5 uM, Tocris Bioscience). EBs
were then transferred to growth factor reduced Matrigel-coated 6-well plates and cultured for 1
week in media containing DMEM/F12 supplemented with N-2 (1X) and Laminin 521 (1 pyg/ml,
Biolamina) to induce neural rosettes. After 7 days, the rosettes were manually isolated and
expanded on growth factor reduced Matrigel-coated 6-well plates in NPC media composed of
Neurobasal (ThermoFisher Scientific) and Advanced DMEM/F12 (1:1), supplemented with N-2
(1X), B27 -RA (1X), FGF2 (20 ng/ml, Peprotech), hLIF (10 ng/ml, Peprotech), CHIR99021 (3 uM,
R&D Systems), SB431541 (2 uM) and Y-27632 rock inhibitor (10 uM, STEMCELL Technologies).
Resulting NPCs were purified with CD271 (Miltenyi Biotec) negative selection followed by CD133
(Miltenyi Biotec) positive selection via MACS.

For neuronal differentiation, NPCs were seeded in either 96- or 24-well plates coated with poly-L-
ornithine (10 pyg/ml) and laminin (5 pg/ml) and cultured with NPC media for a day. On the following
day, media was replaced with weekl differentiation media consisting of Neurobasal and
DMEM/F12 (1:1) supplemented with N-2 (1X), B27 (1X), MEM non-essential amino acids (1X,
Thermofisher), Glutamax (1X, ThermoFisher Scientific), Penicillin-Streptomycin (1X, ThermoFisher
Scientific), BDNF (20 ng/ml, Peprotech), GDNF (10ng/ml, Peprotech), ascorbic acid (200uM,
STEMCELL Technologies) and cAMP (1 uM, Sigma). Week 2 onwards, differentiation media was
supplemented with 50% BrainPhys (STEMCELL Technologies) and laminin (1 pg/ml) and half-
media changes were performed until the end of differentiation (5 weeks).

Human iPSC CHD1L knock-down experiments

The Accell human CHDI1L siRNA SMARTpool and Non-targeting control pool purchased from
Dharmacon were freshly supplemented into NPC media or differentiation media at a final
concentration of 1 yM and maintained throughout the process of neuronal differentiation.

Immunocytochemistry

For immunofluorescence staining of NPCs and forebrain neurons, cells were fixed with 4%
paraformaldehyde (Thermo Fisher Scientific) in Phosphate Buffered Saline (PBS) for 15 min at
room temperature. Following washing with PBS, the samples were blocked for 1 h at room
temperature in blocking solution, consisting of 3% v/v bovine serum albumin (R&D Systems) in
0.3% Triton X-100 in PBS. The samples were then incubated overnight at 4 °C in primary antibody
solution (3% BSA in 0.1% Triton X 100) supplemented with antibodies from the following list: anti-
SOX1 (1:200 dilution; 4194, Cell Signaling), anti-SOX2 (1:300 dilution; 14-9811-82, ThermoFisher
Scientific), anti-PAX6 (1:100 dilution; AB528427, DHSB), anti-MAP2 (1:500 dilution; ab5392,
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Abcam) and anti-SYN1 (1:200 dilution; 106 002, Synaptic Systems). After washing thrice with PBS,
the cells were incubated for 2 h at room temperature with appropriate secondary antibodies from
this list; Goat anti-chicken Alexa Fluor 647 (1:500 dilution; A21449, ThermoFisher Scientific), Goat
anti-mouse Alexa Fluor 488 (1:500 dilution; A28175, ThermoFisher Scientific), Goat anti-rabbit
Alexa Fluor 555 (1:500 dilution; A21428, ThermoFisher Scientific). The nuclei were counterstained
with DAPI (1:1000 dilution; 62248, ThermoFisher Scientific) and the 27 stained samples were
mounted using fluorescence mounting medium (S302380-2, Dako). Images of the stained samples
were acquired using an LSM-800 confocal laser scanning microscope with a 20x objective
equipped with Zeiss Zen (Blue edition) (v2.3) and fluorescence images were processed and
analyzed using ImageJ software (v2.0.0).

Branching analysis was performed using the NeuronJ plugin 28,
http://www.imagescience.org/meijering/software/neuronj/) in ImageJ to trace primary neurites,
defined as MAP2+ branches originating directly from the soma, following the developers'
instructions. After tracing was completed, a text file containing neurite count and length
measurement data was generated for each neuron traced and a snapshot of the tracings overlaid
on the neuron was saved as a TIFF file. For the analysis, 60 neurons were traced for each line.

Calcium imaging

Neuronal cultures (5 weeks) were incubated with the fluorogenic calcium-sensitive dye Cal-520®
AM (10 pM, AAT Bioquest) in neural differentiation medium supplemented with 0.04% Pluronic
(P3000MP, ThermoFisher Scientific) at 37 °C for 1 h. At the end of the incubation period, the
cultures were rinsed thrice with PBS. Spontaneous calcium activity was acquired at a rate of 50
frames/s with exposure time at 20ms for 3 min using a Nikon CrEST X-Light V3 Spinning Disk
microscope with a 25x air objective and NIS Elements software. For analysis, files were sub-
stacked using ImageJ software to visualize 1 frame every 2s. 10 ROIs per FOV were defined (90-
100 cells per condition in each line) and the mean fluroscence intensity for each ROI across time
was exported into an excel sheet. The fluorescence change over time was defined as AF/FO=(F-
FO)/FO, where F is the fluorescence of a ROI at a specific time point and FO is the corresponding
fluorescence of a background area.
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