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Plasmid Description and Cloning Strategy 
Reference 
/Source 

pSBbi-GH Empty Sleeping Beauty transposon with constitutive bi-directional promoter, one side: 
SfiI cloning site for GOI (driven by EF1α promoter), other side: EGFP and hygromycin 
resistance gene (driven by RPBSA promoter) 

Kowarz et 

al, addgene 
#605141 

pSBbi-RB Empty Sleeping Beauty transposon with constitutive bi-directional promoter, one side: 
SfiI cloning site for GOI (driven by EF1α promoter), other side: dTomato and 
blasticidin resistance gene (driven by RPBSA promoter) 

Kowarz et 

al, addgene 
#605221 

pSBbi-Hyg Empty Sleeping Beauty transposon with constitutive bi-directional promoter, one side: 
SfiI cloning site for GOI (driven by EF1α promoter), other side: hygromycin resistance 
gene (driven by RPBSA promoter) 

Kowarz et 

al, addgene 
#605241 

pCRISPRia-

v2 
CRISPRi/a V2 library parental plasmid which expresses gRNA from U6 promoter and 
tagBFP and puromycin resistance from EF1α promoter.            
                                          

Horlbeck et 

al, addgene 
#848322 

pKK47 Constitutive expression of CD63-MS2. CD63-MS2 was PCR-amplified from 
pSA_Exo010 (unpublished, encoding MS2 reported by Wroblewska et al3) from using 
oKK29 and oKK103, digested with SfiI and cloned into the corresponding sites (SfiI) 
of pSBbi-GH (addgene #605141).  This work 

pKK49 Constitutive expression of mock MS2-gRNA for lentiviral transduction. gRNA 
scaffold bearing MS2 coat protein-binding motif was PCR-amplified from 
sgRNA(MS2) cloning backbone (addgene #614244) using oKK109 and oKK105, 
digested with BlpI/XhoI and cloned into the corresponding sites (BlpI/XhoI) of 
pCRISPRia-v2 (addgene #848322). This work 

pKK59 Constitutive expression of CD63 with EFGGGGSGTIS linker at the C-terminal. CD63 
was PCR-amplified from pDB305 using oKK127 and oKK128, digested with SfiI and 
cloned into the corresponding sites (SfiI) of pSBbi-GH (addgene #605141). The GTIS 
sequence in the linker can be digested by KpnI-HF/NheI-HF to allow insertion of the 
gene to be fused to CD63 This work 

pKK60 Constitutive expression of CD63-dCas9. dCas9 was PCR-amplified from lenti-EF1α-
dCas9-KRAB-Puro (addgene #993726) using oKK129 and oKK130 (excluding N-
terminal nuclear localization signal (NLS), KRPAATKKAGQAKKKK), digested with 
KpnI-HF/NheI-HF and cloned into the corresponding sites (KpnI-HF/NheI-HF) of 
pKK59. This work 

pRK300 Constitutive expression of Cas9. Cas9 was PCR-amplified from lentiCas9-Blast 
(addgene #529627) using oRyo004 and oRyo005, digested with SfiI and cloned into 
the corresponding sites (SfiI) of pSBbi-RB (addgene #605221). This work 

pKK89 Constitutive expression of non-targeting gRNA (spacer sequence; 
GAAAGAGGGTCCCCCTGTAG). The non-targeting spacer was inserted by 
annealing oKK206 and oKK207 and cloned into pCRISPRia-v2 (addgene #848322) 
which was digested with BlpI/BstXI to remove dummy spacer. The spacer sequence 
was selected from the Bassik human deletion library8. This work 

pKK90 Constitutive expression of non-targeting gRNA (gRNA #1) (spacer sequence; 
GAACAAGTTCCAATTTGTAT).oKK208 and oKK209 were inserted to 
pCRISPRia-v2 (addgene #848322) in the same way as pKK89. The spacer 
sequence was selected from the Bassik human deletion library8. This work 

pKK209 Constitutive expression of BFP-targeting gRNA (gRNA #2) (spacer sequence; 
GCACATGAAGCTGTACATGG). oKK531 and oKK532 were inserted to 
pCRISPRia-v2 (addgene #848322) in the same way as pKK89. The spacer 
sequence was designed using CHOPCHOP9. This work 

pKK210 Constitutive expression of BFP-targeting gRNA (spacer sequence; 
GGCGAAGGCAAGCCCTACGA). oKK533 and oKK534 were inserted to 
pCRISPRia-v2 (addgene #848322) in the same way as pKK89. The spacer 
sequence was designed using CHOPCHOP9. This work 

pKK104 Constitutive expression of CD9 with EFGGGGSGTIS linker at the C-terminal. 
CD9 was PCR-amplified from pDB965 (PhCMV-CD9-nluc-pAbGH) using oKK620 
and oKK621, digested with SfiI and cloned into the corresponding sites (SfiI) of 
pSBbi-GH (addgene #605142). The GTIS sequence in the linker can be digested 
by KpnI-HF/NheI-HF to allow insertion of the gene to be fused to CD9. This work 
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pKK106 Constitutive expression of CD9-dCas9. dCas9-encoding DNA fragment was 
collected from pKK60 digested with KpnI-HF/NheI-HF followed by agarose gel 
purification and inserted into the corresponding sites (KpnI-HF/NheI-HF) of 
pKK104. This work 

pKK108 Constitutive expression of CD63-nluc. nluc was PCR-amplified from pDB305 
(PhCMV-CD63-nluc-pAbGH) using oKK236 and oKK237, digested with KpnI-
HF/NheI-HF and cloned into the corresponding sites (KpnI-HF/NheI-HF) of 
pKK59. This work 

pKK147 Constitutive expression of CD9-nluc. nluc-encoding DNA fragment was collected 
from pKK108 digested with KpnI-HF/NheI-HF and inserted into the 
corresponding sites (KpnI-HF/NheI-HF) of pKK104. This work 

pKK148 Constitutive expression of CD63 with EFGGGGSGTIS linker at C-terminal. 
CD63-linker-encoding DNA fragment was collected from pKK59 digested with 
SfiI followed by agarose gel purification and inserted into the corresponding sites 
(SfiI) of pSBbi-Hyg (addgene #605242). This work 

pKK149 Constitutive expression of CD9 with EFGGGGSGTIS linker at the C-terminal. 
CD9-linker-encoding DNA fragment was collected from pKK104 digested with 
SfiI followed by agarose gel purification and inserted into the corresponding sites 
(SfiI) of pSBbi-Hyg (addgene #605242). This work 

pKK150 Constitutive expression of CD63-sfGFP. sfGFP was PCR-amplified from 
pHRdSV40-scFv-GCN4-sfGFP-VP64-GB1-NLS (addgene #6090410) using 
oKK334 and oKK335, digested with KpnI-HF/NheI-HF and cloned into the 
corresponding sites (KpnI-HF/NheI-HF) of pKK148. This work 

pRK397 Constitutive expression of CD63-mScarlet. mScarlet was PCR-amplified from 
pmScarlet_C1 (addgene #8504211) using oRK164 and oRK165, digested with 
KpnI-HF/NheI-HF and cloned into the corresponding sites (KpnI-HF/NheI-HF) of 
pKK148. This work 

pKK151 Constitutive expression of CD9-sfGFP. sfGFP was PCR-amplified from 
pHRdSV40-scFv-GCN4-sfGFP-VP64-GB1-NLS (addgene #6090410) using 
oKK334 and oKK335, digested with KpnI-HF/NheI-HF and cloned into the 
corresponding sites (KpnI-HF/NheI-HF) of pKK149. This work 

pKK180 Constitutive expression of CD63-dCas9 (co-expressing dTomato, not EGFP unlike 
pKK60). CD63-dCas9-encoding DNA fragment was collected from pKK60 
digested with SfiI followed by agarose gel purification and inserted into the 
corresponding sites (SfiI) of pSBbi-RB (addgene #605221) This work 

pKK272 Constitutive expression of TSG101-dCas9. This plasmid was constructed by a 
stepwise cloning by normal restriction cloning using pKK60 (CD63-dCas9) as a 
backbone. The CD63-encoding region was replaced by TSG101-encoding 
fragment derived from pLNCX2-mEGFP-TSG101  (addgene #116925).  This work 

pKK273 Constitutive expression of ALIX-dCas9. This plasmid was constructed by a 
stepwise cloning by normal restriction cloning using pKK60 (CD63-dCas9) as a 
backbone. The CD63-encoding region was replaced by ALIX-encoding fragment 
derived from pCINeoFlag ALIX (addgene #89859).  This work 

pKK274 Constitutive expression of PTGFRNΔ68712-dCas9. This plasmid was constructed 
by a stepwise cloning by normal restriction cloning using pKK60 (CD63-dCas9) 
as a backbone. The CD63-encoding region was replaced by PTGFRNΔ687-
encoding fragment derived from synthesized DNA.  This work 

pKK275 Constitutive expression of RAB27A-targeting gRNA (spacer sequence; 
GTGGGCCGGATGGAGCCAC). oKK666 and oKK667 were inserted to 
pCRISPRia-v2 (addgene #848322) in the same way as pKK89.  This work 

pKK278 Constitutive expression of PDCD6IP-targeting gRNA (spacer sequence; 
GGTCGGCTCTCGACTTA). oKK672 and oKK673 were inserted to pCRISPRia-
v2 (addgene #848322) in the same way as pKK89. This work 

Supplementary Table 1. Plasmids used in this study. 
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Name Usage Sequence (5' -> 3') 

Oligo #1 gRNA detection by qPCR 
Fw 

AGCTAAGCTGGAAACAGCA 

Oligo #2 gRNA detection by qPCR 
Rev 

CGACTCGGTGCCACTTT 

Oligo #3 gRNA detection probe 5'-FAM-AAGGCTAGT/ZEN/CCGTTATCAACTTGAA-3'-
IABKFQ 

oKK145 RT primer for gRNA TTTTTCAAGTTGATAACGGACTAGCC 

oKK147 PCR Rev for gRNA CCTCTCTATGGGCAGTCGGTGATGACTAGCCTTATTTA
AACTTGCTATG 

Oligo #4 RT primer for MS2-gRNA AAAGCACCGACTCGGTGCCAC 

Oligo #5 PCR Rev for MS2-gRNA CCTCTCTATGGGCAGTCGGTGATGCCAAGTTGATAACG
GACTAGCCTT 

LNA-TSO template switching oligo AAGCAGTGGTATCAACGCAGAGTACrGrG+G 

oKK120 qPCR Fw for NGS sample CCATCTCATCCCTGCGTGTCTCC 

oKK121 qPCR Rev for NGS sample CCTCTCTATGGGCAGTCGGTGAT 

oKK29 subcloning pKK47 Fw ATTAGGCCTCTGAGGCCACCATGGCGGTGGAAGGAGG
AATGAAATGTGTGAAG 

oKK103 subcloning pKK47 Rev ATTAGGCCTGACAGGCCTTACGCGTAGATGCCGGAGTT
TGCTGCG 

oKK109 subcloning pKK49 Fw GTCTTCGAGAAGACCTGTTTAAGAGCTAAGCCAAC 

oKK105 subcloning pKK49 Rev ATTACTCGAGAAAAAAAGCACCGACTCGGTGCCACTT
GG 

oKK127 subcloning pKK59 Fw ATTAGGCCTCTGAGGCCAGCTTGCCACCATGGCGGTG 

oKK128 subcloning pKK59 Rev ATTAGGCCTGACAGGCCGCTAGCTAATGGTACCGGAC
CCGCCTCCGCCGAATTC 

oKK129 subcloning pKK60 Fw ATTAGGTACCGACAAGAAGTACAGCATCGGCCTG 

oKK130 subcloning pKK60 Rev ATTAGCTAGCCTAGTCGCCTCCCAGCTGAGACAG 

oRyo004 subcloning pRK300 Fw ATTAGGCCTCTGAGGCCACCATGGACAAGAAGTACAG
CATCGG 

oRyo005 subcloning pRK300 Rev TAATGGCCTGACAGGCCTACTTATCGTCATCGTCTTTG
TAATCTTTCTTCTTCTTAGCCTGTCCAG 

oKK206 subcloning pKK89 Fw TTGGAAAGAGGGTCCCCCTGTAGGTTTAAGAGC 

oKK207 subcloning pKK89 Rev TTAGCTCTTAAACCTACAGGGGGACCCTCTTTCCAACA
AG 

oKK208 subcloning pKK90 Fw TTGGAACAAGTTCCAATTTGTATGTTTAAGAGC 

oKK209 subcloning pKK90 Rev TTAGCTCTTAAACATACAAATTGGAACTTGTTCCAACA
AG 

oKK531 subcloning pKK209 Fw TTGGCACATGAAGCTGTACATGGGTTTAAGAGC 

oKK532 subcloning pKK209 Rev TTAGCTCTTAAACCCATGTACAGCTTCATGTGCCAACA
AG 

oKK533 subcloning pKK210 Fw TTGGGCGAAGGCAAGCCCTACGAGTTTAAGAGC 

oKK534 subcloning pKK210 Rev TTAGCTCTTAAACTCGTAGGGCTTGCCTTCGCCCAACA
AG 

oKK600 subcloning pKK104 Fw ATTAGGCCTCTGAGGCCACCATGCCGGTCAAAGGAGG
CACCAAG 

oKK621 subcloning pKK104 Rev ATTAGGCCTGACAGGCCGCTAGCTAATGGTACCGGAC
CCGCCTCCGCCGAATTCCAAGACCATCTCGCGGTTCCT
GCG 

oKK236 subcloning pKK108 Fw ATTAGGTACCATGGTCTTCACACTCGAAGATTTCG 

oKK237 subcloning pKK108 Rev ATTAGCTAGCTTACGCCAGAATGCGTTCGC 

oRK164 subcloning pRK397 Fw ATTAGGTACCGTGAGCAAGGGCGAGGCAGT 

oRK165 subcloning pRK397 Rev ATTAGCTAGCCTACTTGTACAGCTCGTCCATGCCG 
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oKK334 subcloning pKK151 Fw ATTAGGTACCAGCAAAGGAGAAGAACTTTTCAC 

oKK335 subcloning pKK151 Rev ATTAGCTAGCCTATTTGTAGAGCTCATCCATGCC 

oKK666 subcloning pKK275 Fw TTGGTGGGCCGGATGGAGCCACGTTTAAGAGC 

oKK667 subcloning pKK275 Rev TTAGCTCTTAAACGTGGCTCCATCCGGCCCACCAA
CAAG 

oKK672 subcloning pKK278 Fw TTGGGTCGGCTCTCGACTTAGTTTAAGAGC 

oKK673 subcloning pKK278 Rev TTAGCTCTTAAACTAAGTCGAGAGCCGACCCAACA
AG 

oKK370 qPCR OSBP Fw GATCCATCAGGAAAAGTCCAC 

oKK371 qPCR OSBP Rev CAGTGCCACTTTCCCAAGCA 

oKK362 qPCR FASN Fw CGCGTGGCCGGCTACTCCTAC 

oKK363 qPCR FASN Rev CGGCTGCCACACGCTCCTCT 

oKK382 qPCR TMED10 Fw GAGATGCGTGATACCAACGA 

oKK383 qPCR TMED10 Rev TTCTTGGCCTTGAAGAAGCG 

oKK368 qPCR GOLGA2 Fw ACGGATCAGTTGGAAGAAGAAA 

oKK369 qPCR GOLGA2 Rev GGATCCCTATGGTCTGAATGTG 

oKK585 qPCR NDUFS1 Fw GGAAGAACCCTCCCAAGGTG 

oKK586 qPCR NDUFS1 Rev TGCTGAGCTCTACCCTCAGT 

oKK388 qPCR PTPN23 Fw GCCAGCTGTGAAGAAGTTTGT 

oKK389 qPCR PTPN23 Rev ACAGCCCTCAAAGTC TCGTG 

oKK583 qPCR KIAA1109 Fw GGTTTCCTGCTGTTCAGCTTGC 

oKK584 qPCR KIAA1109 Rev TCTGCTCTGAGGCAGTCCAAAG 

oKK402 qPCR CAB39 Fw CACGTTTTTAAGGTGTTTGTAGCC 

oKK403 qPCR CAB39 Rev ATCCTCCGTCCTGTCGTTCTG 

oKK392 qPCR VPS28 Fw TTGTTCCCAGGGGCTCCTAT 

oKK393 qPCR VPS28 Rev ATCTTCCCGACCGCGAG 

oKK376 qPCR PI4KA Fw GCCTGGAGCATCTCTCCCTA 

oKK377 qPCR PI4KA Rev AGGCACATCACTAACGGCTC 

oKK563 qPCR COG3 Fw CACTGTTGCAGAGTTAACCAGCC 

oKK564 qPCR COG3 Rev GGTGTTCATCCTGGCAGACATG 

oKK567 qPCR COPG1 Fw GCAACACGCCGTCCTTATG 

oKK568 qPCR COPG1 Rev CACTGTGAACTCGCAGTCCT 

oKK573 qPCR YKT6 Fw CTGTTAGAGCGAGGTGAGAAGC 

oKK574 qPCR YKT6 Rev GATGGTGCCATTCCAGCATTGG 

oKK414 qPCR VPS25 Fw ACAACGTCAAGCTACAGCGA 

oKK415 qPCR VPS25 Rev AGAAGAACTTGACGCCTCGG 

GAPDH 2F qPCR GAPDH Fw TCCCTGAGCTGAACGGGAAG 

GAPDH 2R qPCR GAPDH Rev GGAGGAGTGGGTGTCGCTGT 

Oligo #6-

#17* 
PCR Fw for gRNA CCATCTCATCCCTGCGTGTCTCCGACTCAG(BCD)AAGC

AGTGGTATCAACGCAGAGT 
Oligo #18 PCR Fw for MS2-gRNA 

library 
CCATCTCATCCCTGCGTGTCTCCGACTCAGTACCAAGA
TCGATGCACAAAAGGAAACTCACCCT 

Supplementary Table 2. Oligonucleotides used in this study. The barcode sequences (BCD) of Oligo #6-#17 

are listed in Supplementary Table 3. rG, Riboguanosine. +G, Locked guanosine. 
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Barcode sequences 
Name BCD (5' -> 3') Name BCD (5' -> 3') 

Oligo #6 CTGCAAGTTCGAT Oligo #12 TAGGTGGTTCGAT 

Oligo #7 TTCGTGATTCGAT Oligo #13 TCTAACGGACGAT 

Oligo #8 TTCCGATAACGAT Oligo #14 TGCCACGAACGAT 

Oligo #9 TGAGCGGAACGAT Oligo #15 AACCTCATTCGAT 

Oligo #10 CTGACCGAACGAT Oligo #16 CCTGAGATACGAT 

Oligo #11 TCCTCGAATCGAT Oligo #17 TTACAACCTCGAT 

 

Correspondence table of NGS samples and oligos used for tagging PCR 

Sample CD63_CIBER CD9_CIBER 

ACOC_cell_rep. 1_Cas9+ Oligo #14 Oligo #14 

ACOC_cell_rep. 1_Cas9- Oligo #15 Oligo #15 

ACOC_cell_rep. 2_Cas9+ Oligo #16 Oligo #16 

ACOC_cell_rep. 2_Cas9- Oligo #17 Oligo #17 

ACOC_sEVs_rep. 1_Cas9+ Oligo #14 Oligo #14 

ACOC_sEVs_rep. 1_Cas9- Oligo #15 Oligo #15 

ACOC_sEVs_rep. 2_Cas9+ Oligo #16 Oligo #16 

ACOC_sEVs_rep. 2_Cas9- Oligo #17 Oligo #17 

DTKP_cell_rep. 1_Cas9+ Oligo #6 Oligo #14 

DTKP_cell_rep. 1_Cas9- Oligo #7 Oligo #15 

DTKP_cell_rep. 2_Cas9+ Oligo #8 Oligo #16 

DTKP_cell_rep. 2_Cas9- Oligo #9 Oligo #17 

DTKP_sEVs_rep. 1_Cas9+ Oligo #10 Oligo #14 

DTKP_sEVs_rep. 1_Cas9- Oligo #11 Oligo #15 

DTKP_sEVs_rep. 2_Cas9+ Oligo #12 Oligo #16 

DTKP_sEVs_rep. 2_Cas9- Oligo #13 Oligo #17 

PROT_cell_rep. 1_Cas9+ Oligo #14 Oligo #14 

PROT_cell_rep. 1_Cas9- Oligo #15 Oligo #15 

PROT_cell_rep. 2_Cas9+ Oligo #16 Oligo #16 

PROT_cell_rep. 2_Cas9- Oligo #17 Oligo #17 

PROT_sEVs_rep. 1_Cas9+ Oligo #14 Oligo #14 

PROT_sEVs_rep. 1_Cas9- Oligo #15 Oligo #15 

PROT_sEVs_rep. 2_Cas9+ Oligo #16 Oligo #16 

PROT_sEVs_rep. 2_Cas9- Oligo #17 Oligo #17 

TMMO_cell_rep. 1_Cas9+ Oligo #14 Oligo #14 

TMMO_cell_rep. 1_Cas9- Oligo #15 Oligo #15 

TMMO_cell_rep. 2_Cas9+ Oligo #16 Oligo #16 

TMMO_cell_rep. 2_Cas9- Oligo #17 Oligo #17 

TMMO_sEVs_rep. 1_Cas9+ Oligo #14 Oligo #14 

TMMO_sEVs_rep. 1_Cas9- Oligo #15 Oligo #15 

TMMO_sEVs_rep. 2_Cas9+ Oligo #16 Oligo #16 

TMMO_sEVs_rep. 2_Cas9- Oligo #17 Oligo #17 

Supplementary Table 3. Barcode information of NGS primers. 
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Name Source Product name 

siOSBP#1 iDT DsiRNA, 2 nmol (hs.Ri.OSBP.13.1) 

siOSBP#2 iDT DsiRNA, 2 nmol (hs.Ri.OSBP.13.2) 

siOSBP#3 iDT DsiRNA, 2 nmol (hs.Ri.OSBP.13.3) 

siTMED10#1 iDT DsiRNA, 2 nmol (hs.Ri.TMED10.13.1) 

siTMED10#2 iDT DsiRNA, 2 nmol (hs.Ri.TMED10.13.2) 

siTMED10#3 iDT DsiRNA, 2 nmol (hs.Ri.TMED10.13.3) 

siGOLGA2#1 iDT DsiRNA, 2 nmol (hs.Ri.GOLGA2.13.1) 

siGOLGA2#2 iDT DsiRNA, 2 nmol (hs.Ri.GOLGA2.13.2) 

siGOLGA2#3 iDT DsiRNA, 2 nmol (hs.Ri.GOLGA2.13.3) 

siCtrl for iDT 

siRNA 
iDT Negative Control DsiRNA, 1 nmol 

siFASN#1 BIONEER  FASN, GENE_ID 2194, AccuTarget Genome-wide Predesigned siRNA #1  

siFASN#2 BIONEER  FASN, GENE_ID 2194, AccuTarget Genome-wide Predesigned siRNA #2  

siFASN#3 BIONEER  FASN, GENE_ID 2194, AccuTarget Genome-wide Predesigned siRNA #3  

siPTPN23#1 BIONEER  PTPN23, GENE_ID 25930, AccuTarget Genome-wide Predesigned siRNA #1  

siPTPN23#2 BIONEER  PTPN23, GENE_ID 25930, AccuTarget Genome-wide Predesigned siRNA #2  

siPTPN23#3 BIONEER  PTPN23, GENE_ID 25930, AccuTarget Genome-wide Predesigned siRNA #3  

siCAB39#1 BIONEER  CAB39, GENE_ID 51719, AccuTarget Genome-wide Predesigned siRNA #1  

siCAB39#2 BIONEER  CAB39, GENE_ID 51719, AccuTarget Genome-wide Predesigned siRNA #2  

siCAB39#3 BIONEER  CAB39, GENE_ID 51719, AccuTarget Genome-wide Predesigned siRNA #3  

siVPS28#1 BIONEER  VPS28, GENE_ID 51160, AccuTarget Genome-wide Predesigned siRNA #1  

siVPS28#2 BIONEER  VPS28, GENE_ID 51160, AccuTarget Genome-wide Predesigned siRNA #2  

siVPS28#3 BIONEER  VPS28, GENE_ID 51160, AccuTarget Genome-wide Predesigned siRNA #3  

siPI4KA#1 BIONEER  PI4KA, GENE_ID 5297, AccuTarget Genome-wide Predesigned siRNA #1  

siPI4KA#2 BIONEER  PI4KA, GENE_ID 5297, AccuTarget Genome-wide Predesigned siRNA #2  

siPI4KA#3 BIONEER  PI4KA, GENE_ID 5297, AccuTarget Genome-wide Predesigned siRNA #3  

siCtrl for 

BIONEER 

siRNA 

BIONEER AccuTarget Negative Control siRNA 

siNDUFS1 siTOOLs 
Biotech 

siPOOL targeting human gene NDUFS1 

siCtrl for 

siNDFS1 

siTOOLs 
Biotech 

Negative control siPOOL 

Supplementary Table 4. Sources of siRNA used in this study. 
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Supplementary Figure 1 | Comparison of conventional pooled CRISPR screening and CIBER screening. In 

CIBER screening, transcribed gRNA is used as a barcode while the gRNA expression cassette in the genome is 

used as a barcode in normal CRISPR screening. 
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Supplementary Figure 2 | Characterization of sEVs. (a) Western blot analysis with whole cell lysate (WCL) 

and corresponding sEVs pellet obtained from WT HEK293T or HEK293T stably expressing CD63-dCas9 or 

CD9-dCas9. SDS-PAGE was conducted with 10 µg of WCL or 0.5 µg of sEV (2-3 x 109 particles), and the 

separated proteins in the gel were transferred to PVDF membrane. Two sEV marker proteins (CD63 and CD9), 

dCas9 fused to CD63 or CD9 and negative control (calnexin) were detected by chemiluminescence using an 

iBright FL5000 Imaging System. (b) Transmission electron microscopy images of sEVs negatively stained with 

uranium acetate. Four different fields of view (FOV) with 3 increasing magnifications for each sample were 

visualized using JEM-1400. Scale bar: 500, 200, 100 nm for x 10k, x 20k, and x50 k, respectively. 

 



12 
 

 

Supplementary Figure 3 | Description and performance of MS2-based gRNA loading system. (a) Strategy to 

barcode sEVs using CD63-MS2 coat protein (MCP) and gRNAs bearing MCP-binding motif (MS2-gRNA). 

Transcribed MS2-gRNA binds to CD63-fused MCP and is actively loaded into sEVs. (b) Coverage of MS2-

gRNA. NGS samples were prepared from a plasmid library consisting of 13,145 MS2-gRNAs (see Methods for 

construction) or RNAs extracted from sEVs released from cells expressing CD63-MCP and transduced with the 

library. Read counts for every single gRNA were divided by the total count of the sample, then multiplied by 

the number of gRNAs in the library (13,145) to calculate normalized read count so that the mean value is 1. The 

barcoding efficacy was not as high as with the CD63-dCas9-based system. 

 

 

 

 

Supplementary Figure 4 | Results of nanoparticle tracking analysis (NTA) for sEVs isolated from culture 

media (CM) of HEK293T cells expressing each component. The concentration and size distribution of sEVs 

were measured with a NanoSight LM10. The lines show averaged concentration from 3 sequential 

measurements of each sample. 
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Supplementary Figure 5 | Confirmation that co-expression of Cas9 has little effect on coverage of gRNAs in 

sEVs. Cells expressing Cas9 and CD63-dCas9 were transduced with a library of 24,569 gRNAs. RNAs 

extracted from cells and sEVs released from them were processed for NGS read-out. 

 

 

Supplementary Figure 6 | Confirmation that CD63-dCas9 expression has little effect on Cas9-induced gene 

KO. Flow cytometry analyses of HEK293T cells transduced with BFP and either control gRNA (gCtrl, pKK90) 

or BFP-targeting gRNA (gBFP, pKK209) are shown. BFP-derived fluorescence disappeared in cells expressing 

Cas9 and gBFP regardless of the expression of CD63-dCas9. The values in the plots show the proportion of 

BFP+ cells. 
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Supplementary Figure 7 | gRNA libraries used in this study and their barcoding performance in sEVs. (a) The 

four listed sub-pool libraries of Bassik deletion libraries8 covering about half the genome in total were used. 

The spacer sequences are available in Supplementary data 7. (b) Data showing the high sEV barcoding efficacy 

using each gRNA library with HEK293T cells expressing CD63-dCas9 and Cas9 (the blue line obtained with 

the DTKP library is the same as the orange line in Supplementary Fig. 5).  

 

cat. # symbol Description Genes targeted gRNAs
101926 ACOC Apoptosis and cancer 3,015 31,324
101927 DTKP Drug targets, kinases, phosphatases 2,333 24,569
101930 PROT Proteostasis 2,927 30,403
101931 TMMO Trafficking, mitochondrial, motility 2,252 23,615

(a) 

(b) 
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Supplementary Figure 8 | Evaluation of the effect of cellular gRNA level on gRNA amount in sEVs. The 

median value of z-normalized log2 (fold-change) of barcode gRNAs grouped by target gene in cells (FCcells) and 

sEVs (FCsEVs) are shown. gRNAs targeting POLR3 subunits (regulating gRNA transcription) as well as gRNAs 

targeting genes showing FCcells less than -3 are highlighted. The results indicate that the sEV gRNA level is 

highly dependent on the cellular gRNA level, showing the necessity of taking this into consideration for 

extracting true sEV release regulators.  

 

 

 

 

   

Supplementary Figure 9 | Raw measurement of LI and protein amount used to generate Fig. 3b and c. 

Measured LI (reflecting the sEV amount in the supernatant) and protein amount in the cellular fraction 

(measured by BCA assay, reflecting the cellular viability) are shown as relative values to the Vehicle condition. 

LIs are divided by the corresponding normalized protein amount to calculate the Normalized LI shown in Fig. 

3b and c. Error bars represent ± SEM of biological replicates (n = 3). 
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Supplementary Figure 10 | Concentration of sEVs released from HEK293T cells treated with C75 (FASN 

inhibitor) GSK-A1 (PI4KA inhibitor). NTA histograms in Fig. 3d and e were converted to bar graphs showing 

the particle numbers. Error bars represent ± SEM of biological replicates (n = 3). p: two-tailed Welch’s t-test 

with Holm correction. **p < 0.005, ***p < 0.0005 

 

 

 

 

 

 

 

Supplementary Figure 11 | Confirmation of gene knockdown by siRNA used for validation in Fig. 3f. Cells were 

transfected with siRNA targeting one of the hit genes and incubated for 24 hours before lysis for qPCR 

quantification. Relative mRNA level was calculated using the 2-∆∆Ct method with GAPDH as an internal 

control13. Error bars represent ± SEM of biological replicates (n = 3). 
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Supplementary Figure 12 | CD63-nluc reporter assay for YKT6 (z-RE = -3.40) by siRNAs. Protocol of the 

assay was the same as Fig. 3f. p = 0.011 by two-tailed Welch’s t-test with Holm correction (with 14 samples).  

 

Note regarding Supplementary Figure 12 and main Figure 3 

  For the orthogonal validation assay, we arbitrary selected genes to test taking the following points into 

consideration; 1. z-REs in gene level have large absolute values 2. REs in gRNA level consistently showed a 

similar tendency. Overall, 10 genes out of 14 genes were judged as true hits, which we believe sufficiently 

supports the usefulness of CIBER screening. Genes not validated were YKT6 (z-RE = -3.40), COG3 (z-RE = -

3.20), COPG1 (z-RE = -5.00), and VPS25 (z-RE = 4.28). Knockdown of COG3, COPG1, and VPS25 showed a 

change of the nluc signal as predicted by the CIBER screening in one experiment, but this was not reproducible, 

so further validation will be needed. Therefore, we did not count these genes as validated hits. As for YKT6, 

while this gene was detected as a lower hit in the CIBER screening, knockdown of this gene consistently 

upregulated the release of CD63+ sEVs. It should be noted that Lu et al obtained completely opposite results 

regarding YKT6 in their screening (bEXOMiR-based screening)14; in their screening, KO of YKT6 was predicted 

to enhance sEV release, but their validation result suggested that the KO of YKT6 suppressed the sEV release 

(their validation matches the result of CIBER screening, though their screening predicted the opposite effect). 

Additionally, there are two other controversial reports about whether YKT6 enhances or suppresses sEV 

biogenesis15,16. These conflicting observations suggest that the function of YKT6 may be sensitive to the 

experimental setting, as discussed in the case of the ESCRT proteins. Thus, it might be worth checking the 

function of the genes if a gene has z-RE of high absolute values, regardless of plus or minus). 
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 Supplementary Figure 13 | Matching of the hit genes of CD63-CIBER and top 1,000 sEVs-associated proteins 

compiled from the VesiclePedia database17,18 (related to Fig. 3g). The lower/upper hits in CD63-CIBER screen 

are colored blue/orange, respectively. 
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Supplementary Figure 14 | Connection of the hit genes in CD63-CIBER with known sEV release regulators 

(ARF6, HGS, PDCD6IP, RAB5A, RAB9A, SEC22A, SMPD3, SNAP29, STX2, STX7, STX16, STX18, USE1 and 

VAMP7) analyzed by STRING. For each known regulator, the interaction network with functionally connected 

proteins is displayed under the gene names. Each node represents a gene product, and the node color corresponds 

to the z-RE. Hit genes have a rigid line edge. 
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Supplementary Figure 15 | Results of small-scale CD63-CIBER screening (using the DTKP library) with SH-

SY5Y cells and comparison with the results for HEK293T cells. (a) The pair-wise plot of z-REs obtained from 

CD63-CIBER screening in HEK293T and SH-SY5Y performed with the DTKP library targeting 2,333 genes 

(Supplementary Fig. 7a). Dashed line shows z-RE of +/- 1.65. (b) Validation of the effects of PI4KA by CD63- 

nluc reporter assay. SH-SY5Y cells stably expressing CD63-nluc were treated with various concentrations of 

GSK-A1 and the amount of sEVs released from the cells was estimated by luminescence signal as was done in 

Fig. 3c. (c) Validation of the effect of PKM and PGK1 by siRNA with CD63-nluc reporter assay. Error bars 

represent ± SEM of biological replicates (n = 3). p: two-tailed Welch’s t-test with Holm correction. *p < 0.05, 

**p < 0.005, ***p < 0.0005. 

 

Note regarding Supplementary Figure 15 

 We conducted a small-scale CD63-CIBER screening with the DTKP library (2,333 genes with 24,569 gRNAs, 

drug targets, kinases, and phosphatases) in SH-SY5Y cells (neuroblastoma derived). This screening was 

successful, supporting the portability of CIBER screening to other cell lines. PI4KA was again detected as one 

of the top upper hits and validated to be a true hit, suggesting that this gene works as a potent sEV release 

regulator in various cell lines (note that many hit genes in HEK293T cells such as CD63 and FASN are not 

included in the DTKP library). We also tried to find cancer-specific lower hits. We focused on PKM and PGK1 

as candidate SH-SY5Y-specific lower hits. The knockdown of these genes indeed decreased the CD63+ sEV 

release more significantly in SH-SY5Y cells than in HEK293T cells, showing the potential of CIBER screening 

to find cell-type-specific sEV release regulators. It should be noted that the cell-type specificity was not perfect, 

because moderate suppression of CD63+ sEV release was also observed in HEK293T cells. Genome-wide 

screening with a greater number of cell lines with robust bioinformatic analysis might be beneficial to find genes 

whose KD/KO ratios show large differences among different cell types. 
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Supplementary Figure 16 | Results of CD9-CIBER screening. (a) STRING analysis with lower hits and upper 

hits of CD9-CIBER screening. Each node represents a gene product, and the node color corresponds to the z-

RE. Only nodes connected to at least one other node are shown. The nodes of proteins found in the sEVs 

proteome (Supplementary Fig. 13) are shown as diamond shapes while others are shown as circles. (b) The 

results of GOBP enrichment analysis. The x-axis represents the gene ratio, which refers to the ratio of lower- or 

upper-hit genes to all gene numbers annotated to the term. The circle size indicates the total number of genes 

annotated to the term. The circle color indicates the -log10(p-value) by two-tailed Fisher’s exact test with Holm 
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correction. Only terms with adjusted p-value lower than 0.05 are displayed. Terms are grouped based on their 

kappa score level (0.4) calculated using ClueGO app and represented by the most significant term in each group. 

(c, d) Validation of the effect of PI4KA and FASN with the CD9-nanoluc (nluc) reporter assay. HEK293T cells 

stably expressing CD9-nluc were treated as described in Fig. 3b and c. Error bars represent ± SEM of biological 

replicates (n = 3). p: two-tailed Welch’s t-test with Holm correction. *p < 0.05, **p < 0.005, ***p < 0.0005, 

NS, not significant. 

 

 

 

 

 

 

 

Supplementary Figure 17 | z-REs of ESCRT genes obtained from CD63- and CD9-CIBER screening. R = 0.63. 
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Supplementary Figure 18 | Detailed analysis of OxPhos terms and their annotated genes. (a) The number of 

genes in each region of Fig. 4a separated by -1.65 and 1.65 of z-REs for both x- and y-axis. Percentages are 

shown in parentheses underneath each gene number. (b) Pair-wise plot of z-REs obtained from CD63/CD9-

CIBER screening for 722 genes annotated to OxPhos terms. Dashed lines show +/-1.65. (c) The number of 
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genes in each region of Supplementary Fig. 18b. OxPhos genes are concentrated to CD63-CIBER-specific lower 

hits (middle left region; region 2) compared to all the screened genes (p = 0.00012: Fisher’s exact test). (d) 

Table of OxPhos terms significant for lower hits of CD63-CIBER. “Term size” shows the number of genes 

annotated to a term in each row. “#Associated genes” shows the number of genes annotated to the term and 

detected as hits in each screening. adjp; p values by Fisher’s exact test adjusted by Bonferroni step down. (e) 

STRING analysis of OxPhos genes on Fig. 4b (z-RE lower than -1.65 in either screen). Node color corresponds 

to mitochondrial associations according to Cytoscape. The density of the edge is proportional to the strength of 

PPI. 

 

 

 

 

 

 

Supplementary Figure 19 | Highlighted scatter plot of genes annotated to either of the GO terms in Fig. 4c, 

overlaid on the comparative scatter plot of Fig. 4a with a dashed diagonal line. Along with the GSEAPreranked 

results, in CD63-CIBER compared to CD9-CIBER, more than half of genes (32/49) annotated to 

WP_MITOCHONDRIAL_COMPLEX_I_ASSEMBLY_MODEL_OXPHOS_SYSTEM have lower z-REs, 

and 19 out of 25 genes annotated to GOCC_PROTON_TRANSPORTING_V_TYPE_ATPASE_COMPLEX 

have higher z-REs. 
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Supplementary Figure 20 | Orthogonal validation of the effect of rotenone and concanamycin A. (a) Wild-

type HEK293T cells were treated with rotenone at 10 nM or concanamycin A at 1 nM for 24 hours. The amounts 

of CD63+ and CD9+ sEVs in culture supernatant were separately measured by sandwich ELISA. (b) HEK293T 

cells stably expressing CD63-nluc or CD9-nluc were treated with rotenone at 3 nM or concanamycin A at 0.3 

nM. The amounts of CD63+ and CD9+ sEVs in culture supernatant were measured in terms of nluc intensity. 

Error bars represent ± SEM of biological replicates (n = 3). p: two-tailed Welch’s t-test with Holm correction 

for (a). *p < 0.05, **p < 0.005.  

 

 

 

 

 

 

Supplementary Figure 21 | CD63-nluc and CD9-nluc reporter assays for NDUFS1 (z-RE = -2.71 in CD63-

CIBER, -1.29 in CD9-CIBER) using siRNAs. Assay protocol was the same as in Fig. 3f. The data of CD63-

nluc cells are derived from Fig. 3f. p: two-tailed Welch’s t-test with Holm correction. *p < 0.05, **p < 0.005.  
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Note related to Supplementary Figure 20, 21 and main Figure 4d 

 We conducted validation regarding the stronger effect of mitochondrial function on the release of CD63+ sEVs 

compared to CD9+ sEVs with three different methods:  PS-capture ELISA (Fig. 4d), EV-marker-sandwich 

ELISA (CD63-CD63 or CD9-CD9, Supplementary Fig. 20a) and nluc-reporter assay (Supplementary Fig. 20b). 

All the results are consistent and confirmed that the release of CD63+ sEVs was reduced more significantly than 

that of CD9+ sEVs, though the release of CD9+ sEVs was also reduced to some extent. This is in line with our 

GSEAPreranked result showing that the gene set WP_MITOCHONDRIAL_COMPLEX_I_ 

ASSEMBLY_MODEL_OXPHOS_SYSTEM has a significant negative enrichment score and that knockdown 

of NDUFS1, one of the major mitochondrial complex I subunits, reduced the release of not only CD63+ sEVs, 

but also CD9+ sEVs to some extent (Supplementary Fig. 21), as predicted by the result of CIBER screening (z-

RE = -2.71 in CD63-CIBER, -1.29 in CD9-CIBER). Note that blocking mitochondrial function affects various 

biological pathways including the cell cycle (e.g., rotenone is also known to be a cell cycle inhibitor19), and we 

have shown that halting the cell cycle reduces the release of CD9+ sEVs (Fig. 5b). So, it is natural that the 

release of CD9+ sEVs is also affected by rotenone from this viewpoint. Still, we would like to emphasize that 

what we wanted to show was that we could identify pathways that act significantly differently on the release of 

different subpopulations of sEVs, and this purpose was achieved. 

 

 

 

 

 

Supplementary Figure 22 | Subcellular localization study of CD63 and CD9. HEK293T cells seeded on an 8-

well chamber were transiently co-transfected with CD9-sfGFP and CD63-mScarlet expression vectors. After a 

day of incubation, cells were visualized with a Leica SP8. Fluorescence images were captured with excitation 

and emission wavelengths of 488/510-555 nm for sfGFP and 569/579-665 nm for mScarlet. Scale bar, 10 µm. 
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Supplementary Figure 23 | Confirmation of lysosomal activity upon treatment with inhibitors. HEK293T cells 

seeded on an 8-well chamber were treated with rotenone at 10 nM or concanamycin A at 1 nM for 24 hours. 

After the treatment, cells were stained with Hoechst33342 and then LysoTracker™ Red DND-99. Cells were 

visualized with a Leica SP8. Fluorescence images were captured with excitation and emission wavelengths of 

577/584-718 nm for LysoTracker™ Red DND-99 and 405/440-510 nm for Hoechst33342. Scale bar, 10 µm. 

The boxplot at the upper left shows the mean LysoTracker™ signal per cell in the displayed image for each 

condition. Error bars represent ± SEM of fluorescence signal from 15~16 different cells in a single experiment. 

p: two-tailed Welch’s t-test with Holm correction. ***p < 0.0005.  

 

. 
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Supplementary Figure 24 | Term frequency - inverse document frequency (TF-IDF) analysis of hit terms. 

Words to be analyzed were collected from terms with adjusted p-value lower than 0.25 in the results of 

GSEAPreranked of CD63-CIBER and CD9-CIBER screening. The figure shows the log2 ratio of TF-IDF scores 

(CD9 vs CD63) from 1,266 words detected. Annotations were expressed as ‘word’ (count in CD63-CIBER, 

count in CD9-CIBER). This analysis suggests that the mitotic events are more relevant to CD9+ sEVs (‘sister’ 

is used as SISTER_CHROMATID or SISTER_CHROMATIDS in terms, and 8 out of 10 ‘cycle’ were used as 

CELL_CYCLE in terms). Note that the CD63+ EV-specific involvement in lysosomal activity is again detected 

in this analysis. See Supplementary Data 8 for individual TF-IDF scores. 
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Supplementary Figure 25 | Flow cytometry analysis of cell cycle arrest by dinaciclib. HEK293T cells were 

treated with dinaciclib at 10 nM for 24 hours, stained with a DNA dye and analyzed by FCM. Curves for each 

condition shows kernel density estimation calculated from the FCM histogram. This data shows that the cells 

were successfully arrested at G2/M phase upon treatment with dinaciclib. p < 10-16 by Kolmogorov Smirnov 

test. 
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Supplementary Figure 26 | Comparison of sequencing results of CIBER screening and a previous study14. The 

upper panel shows the depth of barcode coverage from sEVs released by Cas9-expressing cells (the data of 

CIBER barcode ACOC/DTKP/PROT/TMMO is the same as shown in Supplementary Fig. 7b). In the CIBER-

screening barcodes were uniformly detected, whereas most reads covered a limited population of barcodes in 

the previous report. The lower panel shows the histogram with the distribution of barcodes by read count. 

Barcodes are symmetrically distributed in CIBER screening while they are right-skewed in the previous report. 

These data support the superior reliability of sEV barcoding in the CIBER screening platform.  
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Supplementary Figure 27 | Volcano plot of enrichment score calculated via GSEAPreranked with z-FCsEVs as 

the query array. The dashed line shows adjusted p-value of 0.25 calculated by two-sided Kolmogorov Smirnov 

test with Benjamini Hochberg correction.. Because FCsEVs are highly correlated to FCcells (Fig. 2b), genes 

affecting cellular activity (e.g. viability) are often detected as false-positive lower hits in the screening when 

only FCsEVs are used to find hit genes. It is also impossible to see the different effect of the cell cycle on the 

release of CD63+ sEVs and CD9+ sEVs when z-FCsEVs are used as a pre-ranked query array. 
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Supplementary Figure 28 | Time-dependent change of RNA expression profile after RAB27A and PDCD6IP 

KO in HEK293T cells. (a) Cas9-expressing HEK293T cells were transduced with lentivirus encoding sgRNA, 

BFP and puromycin resistance (pKK90 for sgCtrl, pKK275 for sgRAB27A, pKK278 for sgPDCD6IP) at Day 

1. Transduced cells were selected with puromycin. At Day 3, 5 and 7, indicated number of BFP+ cells were 

collected by FACS and used for western blotting and RNA-sequencing. (b) Transcripts per million (TPM) of 

RAB27A and PDCD6IP of cells transduced with each sgRNA. (c) Western blot against RAB27A, ALIX (gene 
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product of PDCD6IP) and β-actin (control). (d) Correlation matrix representing Pearson’s correlation 

coefficients of standardized TPM between all samples. TPM values for each transcript were scaled using z-

standardization (mean of 0 and standard deviation of 1) across all samples to enable comparison. (e) Venn 

diagram showing the overlapped hit term. Fold-changes of TPM (sgRAB27A or sgPDCD6IP vs sgCtrl) for all 

the transcripts were calculated and queried for GSEAPreranked. The numbers of hit terms under the criterion 

of adjusted p-value < 0.25 in each region were displayed. (f) The UpSet plot visualizes the intersections of hit 

terms by GSEAPreranked in CD63-CIBER and each group in Fig. 28e, where each vertical bar represents the 

size of the intersection between specific groups. The horizontal bars indicate the total size of each individual 

group. The dots below the intersection bars represent the groups involved in each intersection, with connected 

dots indicating the specific combination of groups contributing to the intersection. The size of each intersection 

is shown on top of the bars. This plot highlights that for both RAB27A and PDCD6IP KO, hit terms in CD63-

CIBER seem to be concentrated in gene sets that are consistently perturbed upon the KO of RAB27A/PDCD6IP, 

compared to the average of other irrelevant gene sets, suggesting that there may be some compensation related 

to sEV release process. (g) Fold-changes of TPM for experimentally validated hits of CD63-CIBER. p: two-

tailed Welch’s t-test with Holm correction within each transcript. *p < 0.05, **p < 0.005, ***p < 0.0005. NS, 

not significant.  

 

Discussion regarding Supplementary Figure 28 

We conducted experiments to examine the effect of the timeline of the experiments in order to address the 

issue of why some known sEV release regulators (e.g. RAB27A, PDCD6IP) were not detected in CIBER 

screening. For this purpose, we knocked out RAB27A and PDCD6IP with the gRNAs existing in the library 

used in our CIBER screening, and conducted RNA-seq at different time points after the transfection of gRNAs 

in HEK293T cells expressing Cas9 (Days 3, 5 and 7. Supplementary Fig. 28a, Supplementary Data 9). The 

reduction of the transcripts targeted by each gRNA through nonsense-mediated mRNA decay (NMD) was 

clearly observed in RNAseq results in all the samples, supporting the adequacy of genetic perturbation 

(Supplementary Fig. 28b). Western blotting shows complete removal of Rab27a at all time points, while 

expression of ALIX (gene product of PDCD6IP) was gradually reduced but still remained to some extent even 

at Day 7 (Supplementary Fig. 28c) (the half-life of ALIX in the cells is reported to be relatively long (37 hours)20, 

so it is reasonable that some protein remained even at Day 7). This observation suggests that Day 7 (when we 

replaced culture media for sEVs collection) might be too early for analyzing the function of proteins with a long 

half-life, though analyzing at Day 7 is generally recommended for CRISPR KO screening21. The correlation 

coefficients of transcripts per million (TPM) were different when compared by time point (even without KO) 

(Supplementary Fig. 28d). This indicates that the results of assays are inherently affected by the difference of 

time points, making it difficult to directly compare the results with those of other studies. By GSEAPreranked 

analysis, we observed time-dependent changes in the expression of various gene sets upon KO of RAB27A and 

PDCD6IP (Supplementary Fig. 28e, Supplementary Data 6). Notably, hit gene sets of CIBER screening were 

actually more concentrated as gene sets whose expression was significantly and time-dependently changed, as 
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compared with non-CIBER-hit gene sets (Supplementary Fig. 28f). This suggests that the KO of the said genes 

affects the expression levels of other genes regulating sEV release, which may imply that some compensation 

related to sEV release occurred. Also, focusing on the individual CIBER-hit genes, the expression of multiple 

genes validated to affect sEV release, such as PI4KA, FASN, YKT6, KIA1109, and PTPN23, seemed to change 

depending on the assay time point, which further suggests that the assay timeline influences the results 

(Supplementary Fig. 28g). 

 

 

 

Supplementary Figure 29 | Subcellular localization study of CD63-dCas9 and CD9-dCas9 in HEK293T cells 

(compared with CD63/CD9-sfGFP). (a) Fluorescence images of live cells stably expressing CD63-sfGFP 
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(pKK150) or CD9-sfGFP (pKK151) (as references for immunofluorescence staining). Both components 

localize to their native destination: endosomes and plasma membrane, respectively. (b-d) Immunofluorescence 

images of wild-type (WT) cells and cells stably expressing exogenous components as displayed at the top of 

each image. (b) Immunofluorescence images of the cells stained with an anti-CD63 antibody or anti-CD9 

antibody with permeabilization. Overexpressed CD63 and CD9 are so abundant that the laser power for 

excitation was 5 times less than that for visualizing native proteins. Localization of CD63-sfGFP and CD9-

sfGFP is similar to the localization of those in live cell imaging (Supplementary Fig. 29a), suggesting that the 

localization of the protein can be properly monitored with immunofluorescence with our setting. With this 

setting, CD63-dCas9 and CD9-dCas9 showed ER-like inner-membrane-localized patterns, suggesting slow 

intracellular trafficking of the proteins. (c) Images of cells stained with an anti-CD9 antibody without 

permeabilization where only the extracellular epitopes were stained. The result supports the idea that CD9-

dCas9 reaches the plasma membrane despite the ER-like staining pattern with permeabilization. (d) Images of 

CD63-sfGFP and CD63-dCas9-expressing cells stained with anti-GFP antibody and anti-dCas9-antibody. The 

white arrowheads in the merged image indicate the co-localization of CD63-dCas9 and CD63-sfGFP, which 

supports the view that CD63-dCas9 reaches the same destination as CD63-sfGFP that accumulates in the 

endosomal compartment, as is the case for native CD63 (see also supplementary Fig. 2 showing that CD63-

dCas9 and CD9-dCas9 are indeed loaded in sEVs) (Note that pKK180 was used for the expression of CD63-

dCas9, because pKK60 (used for the expression of CD63-dCas9 in other figures) co-expresses EGFP. See 

supplementary Table 1). Throughout the figure, the immunofluorescence signal shown in green is from an Alexa 

Fluor 488-conjugated secondary antibody, and the immunofluorescence signal shown in red is from an Alexa 

Fluor 594-conjugated secondary antibody. Images were captured with excitation and emission wavelengths of 

405/440-480 nm for DAPI, 488/490-540 for Alexa Fluor 488-conjugated secondary antibody and sfGFP, and 

559/565-620 nm for Alexa Fluor 594-conjugated secondary antibody. Scale bar, 10 µm. 
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Supplementary Figure 30 | z-RE scores of genes essential for cell survival (Essential genes) and genes not 

essential for cell survival (Nonessential genes) (see Source Data for the list of genes in each group) in CD63-

CIBER and CD9-CIBER in HEK293T cells. Box plots show the distribution of FCcells in CD63-CIBER (a) and 

z-REs across CD63-CIBER and CD9-CIBER (b). The central line within each box represents the median, the 

edges of the box indicate the interquartile range (IQR, 25th to 75th percentile), and the whiskers extend to the 

smallest and largest values within 1.5 times the IQR from the quartiles. Outliers are shown as individual open 

circle beyond the whiskers. The result shows that KO of essential genes dominantly suppresses the release of 

CD9+ sEVs, which might indicate that cell division itself (rather than key regulator genes) influences the release 

of CD9+ sEVs. p: two-tailed Welch’s t-test. 
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Supplementary Figure 31 | gRNA abundance in sEVs isolated from culture media of HEK293T or HEK293T 

cells expressing dCas9-fused EV marker (TSG101, PTGFRNΔ68712 and ALIX) stably transduced with gRNA 

using lentivirus. The copy numbers of gRNAs were determined by qPCR (using gRNA-encoding plasmid as a 

standard) and divided by the particle number measured by Nanosight to calculate copies/particle. The Ct values 

of qPCR for gRNA#1 and #2 under gRNA only conditions were not significantly different from the no-gRNA 

control, so the copy numbers are shown as ND (not determined). p: one sample t-test under the null hypothesis 

where copies/particle equals 0 with Holm correction. Error bars represent ± SEM of biological replicates (n = 

3).  
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Supplementary Figure 32 | Data showing the applicability of the sEV-barcoding system for cell-free CRISPR 

screening. The pair-wise plot of z-normalized log2 fold-change of the MAGeCK scores22 of 9,936 genes (z-LFC, 

Cas9+ vs Cas9-) are shown. The scores are calculated from gRNA abundance in sEVs and cells with the data 

of CD63-CIBER screening (excluding the hit genes of the CD63-CIBER screening; i.e. CIBER screening was 

used as the counter assay). The numbers in each region divided by dashed lines show the number of genes in it. 

z-LFCcells is almost equivalent to the output of normal CRISPR screening, reflecting the changes of the cell 

population resulting from gene KO. Three hundred and sixteen genes were detected as lower hits under a 

threshold of +/- 1.96, an empirical threshold for selecting the top/bottom 5% of the population. z-LFCcells and 

z-LFCsEVs were highly correlated (R = 0.87) and the cell-free output obtained by sequencing barcodes in sEVs 

(z-LFCsEVs) successfully detected 231 genes out of 316 hit genes calculated from the cellular barcodes. Dashed 

lines show +/-1.96.   
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Uncropped Scans 

 
 

Uncropped scans for Supplementary Fig. 2a (a) and 28c (b). Membranes are prepared for each antibody for (a). 

A single membrane was used for 3 rounds of probing for (b).  

 


