




Nature Biotechnology

Article https://doi.org/10.1038/s41587-026-03077-5

�

� � � � � � � � � � � �

�
�
�
�
�
�
�
�
�
��

� � � � � � � �

����
� �� �� �� �� ���

���

�
�
��


	�


��
�
	�
��
�����
���•��
•�••

••	
•� 
­•�€‚�­ƒ�ƒ
­�„
…€­	��	��
�•���	•�€ 	


	�
��	��
�•������
��

�
†‡ˆ��� ‰�†���
€•���
Š…

� ­€��

�•��	�ˆ�

���‹­…	�
�
ŒŠ
�…­�•

��

	�


� ��
��

�

��

��

��

Ž•���	…•€


�

��

��

��

��

��

‘•
‹	­


’
•
…


�€
�•


�	
“

€	
€�

‹�
­�

�Š
�
�

…

‹

‹�

�

�ƒ�

�ƒ�

�ƒ�

�ƒ�

�”�� ‰�­��Š�
�…
‹‹�
�•

’
•
…


�€
�•


�	
“�

€	
€�

‹�
…


‹
‹�

�•

�

� 	�
	�
���
�
�	•����

�	�€­�	Š�
�
��	•����

”�•��

���–����…
‹‹�
	��
�…���­



�	‹‹
…€�€Š�	•�
	��
�•���

�	‹‹
…€�…
‹‹�
	��
�•���

�	���•­�	��	“�
�•�����•Š�
��…
�

—­��


���
ŒŠ
�…­�•

�
†‡ˆ��� ‰�†���…
‹‹� �

˜‘�†�˜†�˜†”†”†”†”†”†”
�����

™�

�

�

������

��­�	��…­
�•
�­
Š
�•�–������‚

’••��ˆ���

™�

�

�

š��—­€•	

š��—­—	
��� ���

� ��� ��� ���� ����

��­�	��…­
�•
�­
Š
�•�–������‚

š��—­€•	

š��—­—	

� ��� ���� ���� ����

†�›�������š”ˆ”††

�•­
��ˆ��� ��� ���

���
���

���

���� ����
���

���

���

���
���
���

��­�	��…­
�•
�­
Š
�•�–������‚

�����

™�
�
�

™�
�
�

™�
�
�

™�
�
�

š��—­€•	

š��—­—	

� ��� ���� ���� ����

‡����ˆ��� ���

����
����

��������

‘

��œ› žšŸ †”
˜���š��

’˜” œ›œ›

��­�	��…­
�•
�­
Š
�•�–������‚

� ��� ���� ����

�����

™�
�
�

š��—­€•	

š��—­—	

�

™�

™�
�
�
�

™�

™�
�
�
�

™�

™�
�
�
�

™�

��š” •’�ˆ�¡�”†” œ›

�•­
�ˆ��� ���

���

��­�	��…­
�•
�­
Š
�•�–������‚

�����
’¢† ˜�š’ˆ¢†� ‡��‹­•��
†�…�€

†�…�€

š��—­€•	

š��—­—	

� ��� ������ �������

��“��ˆ���

��� ���

��­�	��…­
�•
�­
Š
�•������‚

� ��� ��� ���

�����

™�
�
�

š��—­€•	

š��—­—	
•€Š•�ˆ��� ���

���
™�
�
�

�’� �˜š’��’� ¢•	£

�

��­�	��…­
�•
�­
Š
�•������‚

� ������ ���

�����
�

™�

�

�
š��—­€•	

š��—­—	

™�

�

�

™�
�
�

™�
�
�

™�

�

�

™�

�

�
™�

�

�

™�

�

�
™�

�

�

™�

�

�

™�

�

�

™�

�

�

š•‹ �‘š•‹ š•‹ š•‹ š•‹

���

ž­••
‹�ˆ��� ���

�������

����

����

����
���

������

���
�������

����

™�

�

�

™�

�

�

™�
�
�

™�
�
�

�	��
��

���‹­…­�•

��­�	��…­
�•
�­
Š
�•������‚

���

š��—­€•	

š��—­—	

� ������ ���������

™�
�
�

™�
�
�

™�

�

�

™�

�

�

�“�ˆ���
��� ���

��


†�� ›‡�‘ ‡�‘��
‹­…�‹ ‡�‘
�

�

�

™�

�

™�

�
���

�–�
��

�–�
��

���•

‡�•­…�

�¤

”
�‹
€

�

�

��

��

��

��

���

�•��	�ˆ�

���
�



­€
­�

•�
•�

‚

�
� ��
	�
���� ��
	�
�����

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

�

”­
¥


•

�€

­�
‹�

Ž
›�

�¦�
���

�™
��


��
Ž�•‡��‹­••�••

�•�­��€����…��…
•
­��Š�
�•
�
�

��Š�	•��Š��•
��	•

	���

™�
�
�

š��—­€•	

š��—­—	

�

™�

™�
�
�
�

™�

��­�	��…­
�•
�­
Š
�•�–������‚

� ��� ������ �������

™�
�
�
�

™�

™�
�
�
�

™�

§�•�ˆ��� ��� ��� ���
���

���

›‡�‘ •˜� ’�ž�� ’�ž…��

¢•­ŒŠ­€­���


š›���­•��‹­�•

‡�­•
�
€­…�

š��—­€•	¨�
­¥
•
�€­�‹�Ž›��•����™��
�‚
™� ™� ™� � � �

š�
�—

­—
	¨

�
­
¥


•

�€

­�
‹�

Ž
›�

�•
���

�™
��


�‚

�

�

™�

™�

™�

�

���

��� ����

����

����
���

��

�•

�•
�•

�•

�•

�•

�• �• �•

�•

���������
�����������
������••���•�

������••���•�
�����•�•�
�� ���••�����

��� �­�����
�����•�•��
�
������••���
�������••������

’	��…	�€•	‹

š��—­—	��­€�
�
•�…	�€•	‹

�

����������
���€�•����

����������
���•��������
��‚••����


��ƒ�������������������
�����•�•����

���•�������� ��� �­�����

�•��	��‰��
�

�•��	��‰�€ 	�
	�
�����

�”� ‰

��…
‹‹�
�”� ‰

��…
‹‹�
�”� ‰�
��…
‹‹�

� •
• �ž�…
‹‹� ‘	�	 ‘�… ‘� ‘� …”� ���

”	 �¨���

¢�¨���

�	��
��

���‹­…­�•

�	��
��

���‹­…­�•

�	��
��

���‹­…­�•

�	��
��

���‹­…­�•

�	��
��

���‹­…­�•

�	��
��

���‹­…­�•

�	��
��

���‹­…­�•

�	��
��

���‹­…­�•

”­
¥


•

�€

­�
‹�

Ž
›�

�•
���

�™
��


�‚

��� � �����

��� ��•���

š›���­•��‹­�•
¢•­ŒŠ­€­��€­	�
‡�­•
�
€­…�
��€­•
���•	…
��­�•
�›ˆ©†���€� �•

�
‹‹��
�
�­	�
�Š�	•��Š��•
��	•�



Nature Biotechnology

Article https://doi.org/10.1038/s41587-026-03077-5

maximize base editing. Cells were collected at day 3 after transduction 
as baseline, at day 15 after sorting for in vitro analysis and at day 15 after 
transplantation for in vivo analysis. sgRNA LFC values were calculated 
relative to the baseline, and differential LFC values were derived by 
comparing Rap- and vehicle-treated groups (Fig. 4c).

Analysis of positive-control sgRNAs confirmed minimal back-
ground editing without Rap and robust Rap-dependent editing in vitro 
and in vivo (Supplementary Fig. 22a,b). Across the 35 targeted genes, 
most missense sgRNAs displayed no significant changes in vitro; 
meanwhile, a fraction exhibited positive or negative selection spe-
cifically in vivo (Fig. 4d), aligning with the reported in vivo selective 
roles for the targets in antitumor immunity. Using P < 0.01 and an 
absolute differential LFC of >1, we identified 89 of 1,417 missense 
sgRNAs as high-confidence in vivo hits (Fig. 4d). Mapping to the cor-
responding protein domains revealed preferential in vivo selection 
of sgRNAs within annotated functional regions (Fig. 4e and Supple-
mentary Fig. 23).

We examined patterns in genes by functional category. Among 
tumor suppressors, missense sgRNAs targeting the immunoglobulin- 
like domain of KIRREL and the FERM domain of NF2 were strongly 
enriched in vivo, similar to nonsense sgRNAs (Fig. 4e). However, 
a minority of missense sgRNAs dropped out, suggesting highly 
residue-specific functional switches in these canonical tumor sup-
pressors. For genes whose deletion enhances antitumor immune sen-
sitivity, including antigen processing regulators (Tap1, Tap2 and Calr1), 
ubiquitin ligases (Rnf31 and Stub1), NF-κB pathway components (Tab2 
and Rela) and IFN/TNF signaling regulators (Jak1, Stat1, Ifngr1, Ifngr2, 
Ripk1 and Ptpn2), the screen identified critical residues underlying 
known functions and nominated residues associated with potential 
resistance. Consistent with prior findings on context-dependent IFN 
and TNF signaling effects69,72, residues within these regulators could dis-
play divergent immune functions (Fig. 4e and Supplementary Fig. 23). 
Among the epigenetic regulators Arid1a, Arid2, Ep300 and Pbrm1 (refs. 
9,70,73), seBE screening identified discrete and essential residues 
within BDs of PBRM1, DBDs of PBRM1 and ARID1A, the HAT domain of 
EP300 and several candidate sites within unannotated or unstructured 
regions (Fig. 4e). Collectively, these findings demonstrate that seBE 
screening not only pinpoints critical residues within genes govern-
ing antitumor immunity, thereby nominating potential therapeutic 
intervention sites, but also uncovers context-dependent residues with 

opposing functional outputs, providing insights to prompt added 
mechanistic investigation.

seBE tiling mutagenesis screening reveals critical residues of 
ADAR1
To more thoroughly illustrate how coupled in vitro and in vivo screening 
can offer rich mechanistic insights into immunotherapeutic targets, 
we selected Adar1 for higher-resolution tiled screening in B16 tumors. 
ADAR1, an adenosine deaminase, transforms adenosine into inosine in 
double-stranded RNA (dsRNA), modulating immune responses by limit-
ing dsRNA sensing and reducing inflammation and IFN responses74–77. 
Mutations disrupting ADAR1 are also linked to autoimmune diseases 
such as Aicardi–Goutières syndrome and dyschromatosis symmet-
rica hereditaria78–82. Although Adar1 had been recently identified as 
an in vivo-specific immunotherapeutic target in the B16 model6, the 
critical domains and residues mediating tumor immune phenotypes 
remain unstudied. We thus constructed an sgRNA library tiling across 
Adar1, encompassing 1,689 all possible NGG sgRNAs covering its two 
Z-DBDs, three dsRNA binding domains (dsRBDs) and the adenosine 
deaminase catalytic domain.

Parallel in vitro and in vivo screens were performed with and 
without Rap. Comparative analysis revealed that a fraction of non-
sense, splicing changes and missense sgRNAs were depleted in vivo 
but unchanged in vitro, aligning with previous findings that Adar1 
knockout specifically drives tumor immunity in vivo without affecting 
in vitro growth6 (Fig. 5a,b and Supplementary Fig. 24a,b). Retrospec-
tively applying LASER to the in vivo seBE-A3A ADAR1 screening showed 
positive correlation between LASER scores and experimental LFC 
values, further validating LASER’s ability to predict loss-of-function 
missense sgRNAs (Supplementary Fig. 25a,b).

Mapping depleted missense sgRNAs revealed hot spots in dsRBD1, 
dsRBD3 and the deaminase domain (Fig. 5b). To integrate structural 
context with our seBE screening data, we used AlphaFold3 to model 
ADAR1 with a dsRNA substrate (Supplementary Fig. 26a). We anno-
tated ADAR1 amino acids with sgRNA LFC scores and superimposed 
these scores on the predicted structure (Fig. 5c), highlighting the 
strong depletion clustered in dsRBD1 and dsRBD3 specifically at dsRNA 
interaction interfaces and within the catalytic domain, including near 
the inositol hexakisphosphate and zinc-binding sites83 (Fig. 5b,c and 
Supplementary Fig. 26b,c). sgAdar1-983 and sgAdar1-950, among the 

Fig. 5 | In vivo seBE tiling mutagenesis screening reveals critical residues of 
ADAR1. a, Scatter plot of in vitro and in vivo seBE Adar1 tiling screen results 
showing differential LFC (Rap versus vehicle). Negative controls are shown 
in white, and positive controls targeting pan-essential genes are shown in 
gray. In vivo-biased hits were identified using MAGeCK with negative-control 
normalization (one-sided tests for enrichment or depletion with raw P < 0.01, 
Benjamini–Hochberg FDR < 0.1 and | differential LFC | > 1). Enriched sgRNAs 
(n = 25) are highlighted in blue, and depleted sgRNAs (n = 50) are highlighted in 
red. Top hits are labeled (n = 2 biological replicates). b, Scatter plots of missense 
sgRNAs from in vitro and in vivo tiling screens. Differential LFCs (Rap versus 
vehicle) are plotted against amino acid position. Missense sgRNAs identified 
as hits from a are highlighted in red or blue. c, Structure view of the AlphaFold-
predicted mouse ADAR1 catalytic domain bound to dsRNA. Residues are 
colored by average LFC values from the in vivo screen. A zinc ion and inositol 
hexakisphosphate (IP6), buried within the enzyme core, are shown based on crystal 
structure of the human ADAR2 catalytic domain (PDB 1ZY7 and 5HP2). A second 
zinc-binding site is located on the protein surface. d, Proliferation competition 
assays in seBE+ B16 cells transduced with the indicated Adar1 sgRNAs (n = 3 
biological replicates; two-sided Student’s t-test; **P < 0.01, ***P < 0.001; significant 
P values from the left to the right are 4.8 × 10−6, 0.0003, 0.0008, 2.3 × 10−6, 0.0002, 
1.5 × 10−5, 1.8 × 10−5, 0.0009, 0.0002, 1.0 × 10−7, 5.5 × 10−5, 0.0001, 3.0 × 10−5, 
0.0034 and 0.0008); NT, nontreated vehicle control. e, Validation of on-target 
editing profiles for individual Adar1 sgRNAs. Cells were treated with vehicle or 
Rap for 24 h, followed by deep sequencing. Heat maps show editing outcomes, 
with dashed boxes indicating predicted amino acid substitutions. The asterisk 

indicates a stop codon. f, Tumor growth in immunocompetent mice transplanted 
with B16 tumors transduced with the indicated sgRNAs. Mice were treated with 
vehicle or a dose of Rap (4 mg per kg (body weight)) at day 3 after implantation 
(for sgAdar1-925, n = 5 mice per group; for sgSTOP and sgAdar1-950, n = 5 vehicle-
treated and n = 10 Rap-treated mice; two-sided mixed-effects model; ***P = 0.0006 
and ****P < 0.0001; data are presented as mean ± s.e.m.). g, Survival of mice from 
f (log-rank test; ***P = 0.0004 and ****P < 0.0001). h, Percentage of seBE+ cells 
within B16 tumors after a single Rap dose, as in f. Each dot represents an individual 
mouse (for sgAdar1-925 and sgSTOP, n = 5 mice; for sgAdar1-950, n = 4 mice; two-
sided Mann–Whitney test; *P = 0.0159 and **P = 0.0079). i, Tumor growth in mice 
transplanted with B16 tumors derived from pooled single-cell clones from the 
indicated Adar1 sgRNAs. Eight independently validated clones per sgRNA were 
pooled (for sgAno9 and sgAdar1-950, n = 10 mice; for sgAdar1-925 and sgSTOP, 
n = 15 mice; two-sided mixed-effects model; ****P < 0.0001; data are presented 
as mean ± s.e.m.); s.c., subcutaneous. j, Survival of mice from i (log-rank test; 
****P < 0.0001). k, Analysis of tumor-infiltrating immune cell populations in B16 
tumors. seBE+ B16 cells transduced with sgAno9 (n = 6 mice) or sgAdar1-950 (n = 8 
mice) were implanted into mice, followed by a single Rap dose. Flow cytometry 
was performed on tumor samples collected at day 15 after implantation. Each dot 
represents an individual mouse (two-sided Mann–Whitney test; ***P = 0.0007).  
l, RNA editing levels at the 3′ UTR of the DCAF16 locus in cells expressing wild-type 
or mutant ADAR1. RNA was isolated and subjected to nanopore sequencing to 
quantify editing levels (n = 2 biological replicates). Error bars smaller than the 
symbol width are not shown. Unless otherwise specified, data are presented as 
mean ± s.d.

http://www.nature.com/naturebiotechnology
https://doi.org/10.2210/pdb1ZY7/pdb
https://doi.org/10.2210/pdb5HP2/pdb
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most depleted sgRNAs, were predicted to introduce mutations near 
the catalytic site (Fig. 5c and Supplementary Fig. 24c), and on-target 
sequencing confirmed the expected mutations (Fig. 5e and Supplemen-
tary Fig. 24d). Notably, these mutations lie near pathogenic variants 
identified in individuals with dyschromatosis symmetrica hereditaria 
(M1034I) and Aicardi–Goutières syndrome (K999H)78,84, linking our 
screening hits to clinically relevant variants.

Validation and characterization of critical ADAR1 residues
We next sought to validate and characterize top ADAR hits. Because 
ADAR1 prevents aberrant IFN activation by editing endogenous dsR-
NAs, IFN-mediated killing provides a functional readout for ADAR1 
mutants. We selected four strongly depleted missense sgRNAs (sgA-
dar1-500, sgAdar1-736, sgAdar1-950 and sgAdar1-983), one nonsense 
sgRNA (sgSTOP) and a minimally depleted missense control sgRNA 
(sgAdar1-925) for in vitro testing. Cells edited with loss-of-function 
sgRNAs exhibited pronounced growth inhibition following IFNβ, IFNγ 
or their combination treatment (Fig. 5d). Focusing on sgAdar1-950, 
sgAdar1-925 and sgSTOP for further characterization, immunoblot-
ting showed that sgSTOP substantially reduced ADAR1 levels, whereas 
sgAdar1-925 had minimal effect, and sgAdar1-950 decreased protein 
levels by about 40%, suggesting partial destabilization (Supplemen-
tary Fig. 24e).

Tumor cells transduced with individual sgRNAs were transplanted 
into mice and treated with vehicle or a single Rap dose. sgAdar1-
925-transduced tumors displayed similar growth and survival under 
both conditions (Fig. 5f,g), confirming minimal impact of Rap alone 
on tumor growth and immunity in vivo. By contrast, both sgAdar1-950 
and sgSTOP similarly slowed tumor growth and extended survival, sug-
gesting that sgAdar1-950 perturbed residues critical for ADAR1, akin to 
a functional-null allele (Fig. 5f,g). Flow cytometry analysis showed an 
~20-fold depletion of sgAdar1-950- or sgSTOP-edited cells compared 
to sgAdar1-925 in Rap-treated tumors, consistent with strong negative 
selection (Fig. 5h).

To validate independently of Rap and to ensure complete base 
editing, we also generated clonal lines for sgAdar1-925, sgAdar1-950 
or sgSTOP, verifying ~100% on-target editing before xenografting 
(Supplementary Fig. 27a). In vitro, quantitative real-time PCR analysis 
showed robust induction of IFN-stimulated genes following IFNβ treat-
ment in sgAdar1-950-edited cells, (Supplementary Fig. 27b), whereas 
in vivo sgAdar1-950-edited tumors exhibited profoundly impaired 
growth with 100% survival, both phenocopying the sgSTOP-mediated 
complete Adar1 knockout (Fig. 5i,j). Immune profiling comparing 
sgAdar1-950-edited tumors to controls revealed significantly increased 
CD45⁺ immune infiltration, including elevated frequencies of CD3⁺, 
CD4⁺, CD8⁺ and regulatory T cells and reduced tumor-associated 
neutrophils (Fig. 5k), resembling those reported in Adar1-null tumors6. 
By contrast, sgAdar1-925-edited tumors displayed immune profiles 
similar to unedited controls (Supplementary Fig. 28a,b). Together, 
these results confirmed that a single dose of Rap had minimal impact 
on tumor growth and immunity in vivo and that sgAdar1-950 induces a 
potent loss-of-function phenotype that alters tumor–immune interac-
tions and drives enhanced antitumor immunity.

We next aimed to dissect residue-specific contributions associ-
ated with sgAdar1-950. sgAdar1-950 reduced ADAR1 protein by 40% yet 
phenocopied complete Adar1 knockout, suggesting that the induced 
mutation cluster (L949F/R950C/T951I) confers a loss-of-function 
effect. We therefore introduced the individual corresponding human 
variants (L1000F, R1001C and T1002I) into ADAR1-null HEK293T cells 
alongside wild-type and deaminase-dead E912A controls. Immunob-
lotting showed that R1001C and T1002I were expressed comparably 
to wild-type, whereas L1000F reduced protein stability, consistent 
with decreased ADAR1 abundance observed with sgAdar1-950 (Sup-
plementary Fig. 29a). Using PKR T446 phosphorylation as a readout, 
we found that R1001C, but not L1000F, T1002I or wild-type, failed to 

suppress PKR activation following IFNβ stimulation (Supplementary 
Fig. 29a). Nanopore long-read sequencing of ADAR1-dependent dsRNA 
editing sites (3′ UTRs of DCAF16 and VPS41) showed reduced editing by 
all mutants, with R1001C nearly abolishing activity and phenocopying 
the deaminase-dead mutant and ADAR1-null cells, consistent with 
structural analysis showing direct dsRNA contact with R1001 (Fig. 5l 
and Supplementary Fig. 29b,c). Together, these findings indicate that 
the L949F/R950C/T951I mutations collectively disrupt both ADAR1 
stability and activity, with R950C (human R1001C) acting as the major 
driver by impairing both PKR suppression and dsRNA editing.

The in vivo screen also identified enriched missense sgRNAs, with 
the top candidate being sgAdar1-1000, which introduced an A1000T 
substitution, suggesting a potential gain-of-function effect (Fig. 5a,b). 
Using a GluA2–GFP reporter line in which ADAR editing restores GFP 
expression85, A1000T (human A1051T) increased editing efficiency by 
~10% relative to wild-type (Supplementary Fig. 30a). To evaluate in an 
endogenous context, we generated B16 clones carrying the A1000T 
edit. Sequencing confirmed ~50% allelic editing, immunoblotting 
revealed a modest (~10%) increase in ADAR1 protein abundance, 
and IFNβ-mediated killing assays showed ~10% greater resistance in 
A1000T-edited clones (Supplementary Fig. 30b–d). AlphaFold3 struc-
tural modeling placed A1000 adjacent to an inositol hexakisphosphate 
binding pocket, implicated in stabilizing ADAR folding, suggesting that 
A1000T may enhance protein stability and catalytic activity86,87 (Sup-
plementary Fig. 31). Collectively, these results demonstrate the power 
of the seBE system for in vivo functional genomics and its utility in iden-
tifying and dissecting critical residues of cancer therapeutic targets.

Discussion
Functional genomics enables the discovery of critical cancer depend-
encies and offers mechanistic insights to inform therapeutic develop-
ment. Although in vitro functional genetic screens have identified 
many cell-autonomous dependencies88, they are limited in revealing 
non-cell-autonomous dependencies, which involve the interactions 
between tumors and their physical environment. Traditional BEs with 
an intact deaminase suffer from nonspecific toxicity, low gene edit-
ing efficiency and lack of inducibility, restricting their application 
for in vivo functional genomics. To bridge this gap, we developed a 
small-molecule-controlled seBE system enabling rapid and tunable 
post-translational activation with reduced nonspecific toxicity45. 
Although prior doxycycline-based BEs have shown inducible editing to 
probe cancer-associated mutants in tumor initiation and progression44, 
we demonstrated the utility of seBEs for in vivo functional genetic inter-
rogation of cancer therapeutic vulnerabilities. A single Rap dose could 
produce highly efficient editing with enhanced phenotypic dynamic 
range, achieving up to 50% editing efficiency within 1 h of treatment 
and allowing dose-dependent control (Supplementary Figs. 5 and 6). 
With this added dimension of temporal control, seBEs are positioned 
as a powerful system for mapping critical residues across tumor initia-
tion, maintenance, progression and metastasis.

To streamline in vivo screening, we also developed the LASER 
pipeline for compact sgRNA library design, enriching for highly effec-
tive missense sgRNAs. Guided by LASER, we performed in vivo seBE 
screening across 35 cancer immunity genes and identified clusters of 
enriched and depleted residues in both positive and negative regula-
tors, reflecting context-dependent functional diversity (Fig. 4c–e). 
We anticipate that such library compaction should allow larger-scale 
in vivo genetic screens with reduced animal use or facilitate functional 
genetic screening using sources with limited primary materials, such 
as samples from healthy donors or patients.

Through in vitro and in vivo seBE tiling screens, we identified 
known and uncharacterized critical residues in key cancer dependen-
cies. Epigenetic regulators, including Arid1a, Arid2, Ep300 and Pbrm1, 
have been implicated in cancer immunity9,70,73, yet their large coding 
sequences limit traditional cDNA-based domain dissection. Of note, 
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our in vivo seBE screen revealed unexpected context-specific func-
tional phenotypes of individual residues that are missed by total gene 
knockout (Fig. 4e). For example, despite the high structural similarity 
of PBRM1’s six BDs89, sgRNAs targeting BD2 and BD5 produced opposite 
in vivo phenotypes. High-resolution seBE tiling of Adar1 identified a 
potent loss-of-function allele R950C and a gain-of-function variant 
A1000T. The screen also showed that, although all three dsRBDs bind 
dsRNA, dsRBD1 and dsRBD3 play dominant roles in modulating tumor 
immune signaling with specific residues now nominated as potential 
therapeutic targets. Collectively, our findings demonstrate the ver-
satility and modularity of the seBE system, which offers controllable 
and robust genome editing capabilities as a means to systematically 
identify critical residues for cancer functional genomics.
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Methods
Cell lines and culture
The mouse RN2 acute myeloid leukemia cell line was grown in RPMI-
1640 (Gibco) with 10% fetal bovine serum (FBS). The human K562 
chronic myeloid leukemia cell line was grown in RPMI-1640 with 10% 
bovine calf serum. The mouse B16-F10 melanoma cell line was grown 
in DMEM (Corning) with 10% FBS. The HEK293T cell line was cultured 
in DMEM with 10% bovine calf serum. All cell culture media were sup-
plemented with 1% penicillin/streptomycin. Cells were cultured at 
37 °C with 5% CO2 and periodically tested to be mycoplasma negative.

Vector construction and sgRNA cloning
PCR fragments were amplified with Phusion High-Fidelity DNA Poly-
merase (Thermo Scientific). Vectors were generated using the In-Fusion 
HD Cloning system (Takara Bio). The intact BE was cloned from 
Lenti-evoA1-BE4max (Addgene, 174700). The SpCas9 expression vector 
is Addgene 108100. For seBE-evoA1, the C-terminal (seBEC) construct 
corresponds to Addgene 174702, and the N-terminal (seBEN) construct 
corresponds to Addgene 174701, with mCherry–P2A-Neo replaced with 
a GFP mark. seBE-A3A was cloned from Addgene 174698, and split-AID* 
was cloned from Addgene 174697. The SpG nickase was generated 
from Addgene 139998 and subcloned into the seBEC vector. For sgRNA 
cloning, cDNA oligonucleotides were annealed and phosphorylated 
with T4 polynucleotide kinase (New England Biolabs) and ligated into 
BsmBI-digested seBEN vector or LRG2.1T (Addgene, 108098). ABI-PYL1 
heterodimerization domains were cloned from Addgene 38247 into 
seBE vectors. Lenti-A3Ac-puro and Lenti-A3An-LRG2.1T used for in vivo 
base editing have been deposited at Addgene (253342 and 253343).

Lentiviral production and transduction
For cancer cell experiments, HEK293T cells were seeded at ~50% conflu-
ency in 10-cm plates 1 day ahead and transfected at ~90% confluency. 
For each viral production, 10 μg of the plasmid of interest, 5 μg of 
vesicular stomatitis virus glycoprotein and 7.5 μg of psPAX2 (Addgene, 
12260) were transfected using 80 μl of polyethylenimine (Polysciences, 
PEI 25000) in 500 μl of OPTI-MEM (Gibco). Media were replaced with 
~6 ml of fresh DMEM 6–8 h after transfection. Lentivirus was collected 
several times within 48 h after transfection and filtered with a 0.45-μm 
PVDF filter (Millipore).

For primary T cells, HEK293T cells were seeded on 15-cm 
poly-d-lysine-coated plates (Corning) and maintained overnight in 
20 ml of complete OPTI-MEM (Gibco), consisting of GlutaMAX (Gibco) 
supplemented with 5% FBS, 1 mM sodium pyruvate (Fisher Scientific) 
and 1× MEM nonessential amino acids (Fisher Scientific). Transfec-
tion was performed by mixing a 1.5-ml solution of OPTI-MEM with 
110 μl of Lipofectamine 3000 reagent (Fisher Scientific, L3000075) 
with a second 1.5-ml solution of OPTI-MEM with 27 µg of the plasmid 
of interest, 19 µg of psPAX2, 8.4 µg of pMD2.G and 100 μl of P3000 
reagent. After a 20-min incubation at room temperature, transfection 
complexes were added dropwise. Twenty milliliters of fresh complete 
OPTI-MEM supplemented with 1× ViralBoost (Alstem, VB100) was 
added to the plate 6 h after transfection. Lentivirus was collected and 
concentrated 100-fold with LentiX Concentrator (Takara, 631231) 18 h 
after transfection.

Cells were transduced with lentivirus using 8 μg ml−1 Polybrene 
(Sigma, H9268), centrifuged at 650g for 25 min at room temperature, 
incubated at 37 °C overnight and replaced with fresh medium ~15 h after 
transduction. Antibiotics were added 1 day after infection at appropri-
ate concentrations (10 μg ml−1 blasticidin, 2 μg ml−1 puromycin).

Competition-based cellular proliferation assay
Cells stably expressing either the intact BE or the seBE were lenti-
virally transduced with the indicated sgRNAs coexpressed with a 
GFP reporter. Transductions were performed at a low MOI (<0.5) to 
ensure single-copy integration. The percentage of GFP+sgRNA+ cells 

was measured on day 3 after infection using either a Guava Easycyte 
HT instrument (Millipore) or a CytoFLEX Flow Cytometer (Beckman). 
For seBE experiments, Rap (LC Laboratories, R-5000), rapalog (A/C 
Heterodimerizer, Takara, 635057), abscisic acid (Millipore, 5.30339) 
or vehicle was added at day 3 after infection and replenished at each 
cell passage. The LFC in the GFP+ population relative to baseline was 
used for analysis.

GFP disruption assay
Stable K562 and HEK293T cell lines expressing a d2GFP reporter were 
established47. For K562 d2GFP experiments, cells were transduced with 
wild-type or FRB-mutated seBE constructs. sgRNAs targeting GFP to 
introduce a premature stop codon were coexpressed with mCherry. 
Rap or the rapalog was added starting on day 0. The fold change of GFP+ 
cells in the mCherry+ population was analyzed on day 8. For HEK293T 
d2GFP experiments, cells were transfected with ABI-PYL1-based or 
Rap-inducible seBE vectors together with GFP-targeting sgRNA. Trans-
fections were performed using 50 μl of jetPRIME buffer, 2.4 μl of jet-
PRIME reagent (Polyplus) and 0.6 μg of plasmid DNA. Media were 
replaced after 4 h, and abscisic acid or Rap was added accordingly. The 
fold change of GFP+ cells in the mCherry+ population was analyzed on 
day 3 after transfection.

Immunoblotting
Cells were lysed using a 25-mm syringe in Laemmli sample buffer 
(Bio-Rad) containing 5% β-mercaptoethanol. Protein extracts were 
denatured at 95 °C for 7 min and loaded onto SDS polyacrylamide 
gels. Proteins were transferred to 0.45-μm nitrocellulose membranes, 
blocked with 5% milk in TBST buffer (Tris-buffered saline with Tween 
20) at room temperature for 30 min and incubated overnight at 4 °C 
with primary antibodies in 5% milk/TBST with shaking. After three 
5-min washes in PBST buffer (phosphate-buffered saline with Tween 
20), membranes were incubated with secondary antibodies in 1× 
blocking buffer (LI-COR) at room temperature for 45 min. Membranes 
were washed again three times as described earlier, and imaging was 
performed using an Odyssey CLx (LI-COR) imager. Quantification 
was conducted using ImageStudio Lite or ImageJ (version 1.54g). The 
antibodies used are listed in Supplementary Table 8.

RNA-seq and data analysis
RN2 cells transduced with nCas9, intact BE-evoA1, intact BE with cata-
lytic mutation of the DNA deaminase (evoA1) or seBE-evoA1 constructs 
were sorted on day 5 after transduction. RN2 intact BE and seBE cells 
were treated with 1 nM Rap or vehicle 24 h before sorting. Samples were 
prepared with three independent biological replicates. Total RNA was 
extracted from about 1 million cells using a Direct-zol RNA Miniprep 
Plus kit (Zymo) with DNase I treatment. RNA-seq libraries were prepared 
and sequenced by Novogene using 2 × 150 bp paired-end reads with 
6 GB raw data per sample.

For RNA-seq analysis, raw FASTQ files were filtered and adapter 
trimmed with fastp (v1.0.1)90 using the following parameters: --trim_tail1 
5 --trim_tail2 5 --detect_adapter_for_pe --length_required 100. Trimmed 
reads were aligned to the mouse reference genome (GRCm39) using 
STAR (v2.7.1a) in two-pass mode91 (--twopassMode Basic). Alignments 
used --outFilterMismatchNmax 5 and --outFilterMultimapNmax 10 and 
were written as coordinate-sorted BAM with tags (NH HI AS nM MD NM 
XS) and MAPQ 60 for unique alignments (--outSAMmapqUnique 60). 
STAR was run with --quantMode GeneCounts TranscriptomeSAM to 
generate per-gene counts and transcriptome-mapped reads. BAM files 
were indexed with samtools (v1.9)92. Primary gene-level quantification 
was performed with featureCounts93 (Subread v2.0.3) using -t exon -g 
gene_id -p --countReadPairs -B -Q 20 -s 2 (reverse stranded) against the 
matched composite GTF. Count matrices were imported to R, and dif-
ferential expression was performed with DESeq2 (ref. 94). Genes with 
an | LFC | of greater than 0.5 and an adjusted P value of less than 0.05 
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were considered significantly up- or downregulated. Variant calling 
was performed according to the iBE pipeline44.

On-target sequencing
Genomic DNA was isolated using a Quick-DNA Miniprep kit (Zymo 
Research). A total of 150 ng of genomic DNA was used as input to 
amplify the locus of interest and attach common sequencing over-
hangs. Purified PCR products were sent for Amplicon sequencing 
(Azenta) or sequenced in-house on an Illumina MiSeq platform. Data 
were processed using EditR95 or CRISPResso2 (ref. 96). Primers are 
provided in Supplementary Table 9.

BE tiling library design and cloning
The sgRNA libraries include all possible sgRNAs with NGG or 
NG PAM sequences targeting the UTRs, exons and flanking 
intronic regions of Myb (ENSMUST00000020158), Brd4 (ENS-
MUST00000121285), Smarca4 (ENSMUST00000174008) and Adar1 
(ENSMUSG00000027951), excluding sgRNAs with multiple genome 
mappings, BsmBI sites or TTTT sequences. Negative controls (which 
target nonessential genes and were specifically chosen to contain at 
least one editable cytosine within the optimal editing window) and posi-
tive controls (essential genes or established leukemia dependencies) 
were included. Pooled sgRNAs were synthesized (Twist Bioscience) and 
cloned into BsmBI-digested LRG2.1T or LRG2.1T-seBEN vectors using 
the Gibson assembly method (New England Biolabs).

All possible sgRNAs of Myb, Brd4 and Smarca4 were annotated 
based on the targeted cytosine in positions 1–9 for seBE-evoA1 and 
positions 1–15 for seBE-A3A and comparisons of other BE systems. 
sgRNAs with no cytosine in the editing window were classified as ‘no 
edit’. The remaining sgRNAs were categorized based on their potential 
target region and editing outcomes, including ‘UTR’, ‘intron’, ‘silent’, 
‘missense’, ‘nonsense’ and ‘splicing site’. ‘Nonsense’ and ‘splicing site’ 
sgRNAs were considered more severe than ‘missense’ sgRNAs, which 
were considered more severe than the other categories. sgRNAs that 
resulted in multiple mutation types were classified according to the 
most severe mutation.

Pooled screenings in vitro
Cells were transduced in two biological replicates with the lentiviral 
library. Viral titration achieved an MOI of ~0.3–0.5 to ensure single-copy 
integration. On day 3 after infection, cells were collected at 1,000× 
sgRNA coverage of the pooled library. Rap (1 nM) or vehicle was then 
added. On day 12 after treatment, cells were collected again at 1,000× 
sgRNA coverage. Collected cells were washed with PBS, pelleted and 
stored at −80 °C until genomic DNA extraction. Genomic DNA was 
isolated, and sgRNA cassette quantification was performed via deep 
sequencing47.

BE screening analysis
Each sgRNA was sequenced to a depth of approximately 1,000× cover-
age. Sequencing data were demultiplexed into fastq files and analyzed 
using MAGeCK97. sgRNAs with less than 100× coverage of the initial 
time point were excluded from further analysis. A MAGeCK test was 
performed to calculate LFC values and the P values of sgRNAs across 
two independent biological replicates, comparing different time points 
relative to the null distribution of negative controls. The initial time 
point was used as MAGeCK control input, and the final time point was 
used as the treatment input. The fold change of an sgRNA was capped 
at a maximum of 100.

Recombinant protein expression and purification
Wild-type and mutant versions of MYB DBD (UniProt ID: P10242-1, resi-
dues 35–193) were cloned into the pET28a backbone with a 6×His–ECFP 
tag at the N terminus. BL21-CodonPlus (DE3)-RIPL (Agilent) competent 
bacteria were transformed with the expression plasmids. Large-scale 

liquid cultures were induced at 30 °C with 0.5 mM IPTG for 3 h. Bacte-
ria were collected by centrifugation, and recombinant proteins were 
extracted using lysis buffer (50 mM Tris-phosphate pH 7.5, 500 mM 
NaCl, 10% glycerol, 20 mM imidazole, 0.2 mM phenylmethanesulfonyl 
fluoride, 1:100 protease inhibitor cocktail and 1 mM DTT). The lysates 
were incubated with 0.5 mg ml−1 lysozyme on ice and sonicated. The 
crude lysate was clarified by centrifugation using a Fiberlite F21-8 × 50y 
Fixed-Angle Rotor (Thermo) at 38,000g at 4 °C for 1 h. The recombinant 
proteins were affinity purified using Ni-NTA slurry (Qiagen) and washed 
extensively with lysis buffer and then wash buffer (50 mM Tris pH 7.5, 
150 mM NaCl and 10% glycerol). Finally, bound proteins were eluted 
in elution buffer (50 mM Tris pH 7.5, 150 mM NaCl and 250 mM mida-
zole), and 2 mM EDTA and 1 mM DTT were added immediately to the 
eluted proteins. The proteins were further purified through Superdex 
75 increase columns (Cytiva) using 50 mM sodium phosphate pH 7.5, 
100 mM NaCl and 1 mM EDTA as running buffer. The fractions were run 
on an SDS–PAGE gel to check the purity and pooled. Protein concentra-
tion was determined using a Nanodrop.

Electrophoretic mobility shift assay
Top and bottom oligonucleotides for the 2× MRE probe98 were synthe-
sized by Sigma. Single-stranded DNA oligonucleotides were mixed in an 
equimolar ratio in oligonucleotide annealing buffer (10 mM Tris pH 8.0 
and 50 mM NaCl), boiled for 5 min at 95 °C and allowed to cool down to 
room temperature. Duplex DNA (20 nM) was then incubated with vary-
ing concentrations (0–200 nM) of the MYB DNA-binding domain (MYB 
DBD wild-type, E99K and D100N) in 20 µl of binding buffer (20 mM Tris 
pH 8.0, 0.1 mM EDTA, 10% glycerol, 80 mM NaCl, 0.1 mM DTT and 0.01% 
Brij-35). The DNA–protein mixture was incubated at room temperature 
for 30 min. After incubation, 6× DNA loading dye (15% Ficoll and 0.9% 
Orange G) was added to the binding reactions. Half of the mixtures were 
loaded onto a 6% DNA retardation gel and electrophoresed for 1 h at 
100 V and 4 °C using 0.5× TBE running buffer. Gels were stained in 1× 
SYBR Gold in 0.5× TBE for 20 min at room temperature and visualized 
using a UV transilluminator.

Flow cytometry
RN2 cells transduced with intact BE or seBE constructs were analyzed 
on day 5 after transduction using a BD Pharmingen BrdU Flow kit 
(BD, 552598), with DAPI used for DNA content staining. RN2 intact 
BE+ and seBE+ cells were treated with 1 nM Rap or vehicle control for 
24 h before staining. For in vitro Cd44 editing, seBE+ sorted B16-F10 
cells were treated with or without Rap and stained with anti-CD44 
for 30 min at 4 °C. For quantification of tumor immune infiltration, 
whole tumors were collected, fully dissociated and stained for flow 
cytometric analysis. Live/dead cell discrimination was performed using 
a Live/Dead Fixable Aqua Dead Cell Stain kit (Invitrogen, L34966). Total 
immune cells were identified as CD45+, natural killer cells as NK1.1+CD3−, 
total T cells as NK1.1−CD3+, regulatory T cells as CD4+FOXP3+, den-
dritic cells as CD11b+CD11c+MHC class II+, tumor-associated neutro-
phils as CD11b+Ly6G+Ly6C+, macrophages as F4/80+CD11b+, M1 as 
F4/80+CD11b+MHC class II+, M2 as F4/80+CD11b+MHC class II− and 
monocytes as CD11b⁺Ly6C⁺. All flow cytometric analyses were per-
formed using an LSR II (BD) and analyzed with FlowJo software (Tree-
Star). The antibodies used are listed in Supplementary Table 8.

Pooled screenings in vivo
All animal experiments were conducted in accordance with a protocol 
(803042) approved by the Institutional Animal Care and Use Com-
mittee of the University of Pennsylvania. Five- to 7-week-old female 
C57BL/6 mice were obtained from Charles River Laboratory, main-
tained under specific pathogen-free conditions and randomly assigned 
to experimental groups. On day 0, 5 × 105 B16-F10 seBE+ sorted cells 
were mixed with an equal volume of basement membrane extract 
(Bio-Techne) and subcutaneously injected into each flank of the mice. 
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For the Adar1 seBE tiling screen, two independent biological replicates 
were performed, with six mice used per treatment group, whereas for 
the LASER-designed seBE screen, five to ten mice were used per treat-
ment group. Rap was prepared in 5% PEG400 and 5% Tween 80 solution 
and administered intraperitoneally at a dose of 4 mg per kg (body 
weight). For the Adar1 seBE tiling screen, a single Rap dose was admin-
istered on day 3 after implantation, whereas for the LASER-designed 
seBE screen, Rap was administered on days 3 and 6 after implantation. 
Control groups received an equivalent volume of vehicle. Tumors 
were collected on day 15 after implantation. Single-cell suspensions 
were prepared, red blood cells were lysed using ACK Lysis Buffer (Life 
Technologies), and dead cells were removed using a Dead Cell Removal 
kit (Miltenyi Biotec). B16-F10 seBE+ cells were collected to ensure at 
least 1,000× sgRNA coverage, based on percent GFP detection. The 
collected cells were used for library preparation following the protocol 
described for in vitro experiments.

In vitro cytokine stimulation and cell growth competition assay
For in vitro validation of Adar1 sgRNA hits, seBEC⁺ B16 cells were trans-
duced with the indicated sgRNAs coexpressed with GFP. Cells were first 
treated with 1 nM Rap or vehicle for 72 h to induce editing, plated into 
24-well plates at ~30,000 cells per well and cultured for an additional 
72 h with IFNβ (1,000 U ml−1, PBL), IFNγ (100 ng ml−1, Cell Signaling 
Technologies) or both. The percentage of GFP⁺ cells was measured 
using a CytoFLEX flow cytometer, and growth inhibition was calcu-
lated and normalized to vehicle-treated negative-control conditions 
for each sgRNA.

ADAR1 editing reporter assay
An ADAR1-preferential dsRNA sequence derived from GluA2, contain-
ing the canonical R/G editing site, was modified to introduce a prema-
ture stop codon (TAG) within the editable region85. This GluA2 reporter 
was cloned in-frame with a d2GFP reporter. Following ADAR1-mediated 
editing, the stop codon is recoded to tryptophan (TGG), restoring 
d2GFP expression. HEK293T cells were first lentivirally transduced 
with the GluA2–d2GFP reporter and transiently transfected with the 
indicated ADAR1 vectors coexpressing an mCherry to track expression. 
The proportions of mCherry⁺ and GFP⁺ cells were quantified using a 
CytoFLEX flow cytometer. ADAR1 RNA editing efficiency was calculated 
as the percentage of GFP⁺ cells within the mCherry⁺ population.

Quantitative PCR
RNA was extracted using a NucleoSpin RNA Plus kit (MACHEREY–
NAGELTM), and cDNA synthesis was performed using qScript XLT cDNA 
SuperMix (Quantabio) with 1 μg of RNA. Real-time PCR was performed 
using Power SYBR Green PCR Master Mix (Applied Biosystems) on a 
QuantStudio 6 Pro real-time PCR system (Applied Biosystems). Cycling 
threshold (Ct) values were determined using the QuantStudio desktop 
analysis software.

ADAR1 variant validation
The plasmid expressing wild-type ADAR1, pDY1173_ADAR1p150, 
was purchased from Addgene (plasmid 193192), and the plasmids 
carrying mutant ADAR1 were generated using a QuickChange II XL 
Site-Directed Mutagenesis kit (Agilent Technologies). ADAR1-knockout 
HEK293T cells were a gift from B. Li (Stanford University)99. The cells 
were maintained in DMEM (Gibco) supplemented with 10% FBS and pen-
icillin/streptomycin. Transfection was performed with Avalanche-Omni 
Transfection Reagent (EZ Biosystems), with 80–90% transfection effi-
ciency in general in the presence or absence of IFNβ (239 U ml−1, 11415-1).

For RNA editing analysis, RNA was extracted from 500,000 cells 
using an RNeasy Mini kit (74104, Qiagen). In total, 0.5–1 μg of RNA was 
reverse transcribed using Induro Reverse Transcriptase (M0681S, New 
England Biolabs). PCR was performed using the PrimeSTAR GXL Premix 
system (R051A, Takara). PCR products were purified using a QIAquick 

PCR Purification kit (28106, Qiagen). Editing efficiency was assessed 
using Nanopore sequencing (Azenta).

A human reference editome comprising >2.8 million publicly 
available RNA editing sites was compiled77. FASTQ files were quality 
controlled using fastp (v1.0.1) with the -t 1 -5 -3 flags. Clean reads were 
aligned to the human reference genome (GRCh38) using minimap2 
(v2.30). Samples were required to have >90% of reads aligned to the 
target PCR regions and a minimum coverage of >50×. RNA editing 
sites within the target regions were extracted, and editing levels were 
quantified using a custom script (https://hub.docker.com/r/vanessa/
mpileup/). RNA editing level was defined as G / (A + G), representing the 
fraction of edited G reads among all A and G reads at each site.

Language models for sgRNA library design
To select sgRNAs that cause missense mutations, each sgRNA was first 
annotated based on predicted bystander sequences and their associ-
ated scores. Using the corresponding BE-Hive model61, sgRNA geno-
types for bystander sequences and their probabilities were predicted; 
the BE mode was set to evoAPOBEC, eA3A or AID, and the cell type was 
set to mouse embryonic stem cells. Bystander sequences were anno-
tated to indicate whether they contained nonsense, splicing-altering, 
missense or nonsignificant mutations, with prioritization in that order 
(for example, a genotype with both nonsense and missense mutations 
was annotated as nonsense). A state-of-the-art splicing-effect predic-
tion model, Pangolin100, was used to assess splicing alterations, addi-
tionally annotating those bystander sequences with scores higher than 
0.5 as splicing-altering. For each sgRNA, the cumulative probability 
of each type of annotation was calculated, and the most predominant 
annotation was assigned at the sgRNA level. If a nonsignificant muta-
tion was the most predominant, any annotation with a cumulative 
probability greater than 25% was assigned if present. The remaining 
sgRNAs with missense annotations were then analyzed for subsequent 
computational library design.

Three variant effect prediction models, ESM-2 (ref. 66), GEMME63 
and TranceptEVE65, and an evolutionary conservation estimation 
server, ConSurf62, were used to score each missense mutation. The 
ESM-2 model with 36 layers (esm2_t36_3B_UR50D) was used with the 
‘masked-marginals’ strategy with adjustments to incorporate multi-
ple mutations. GEMME was accessed via its webserver (http://www.
lcqb.upmc.fr/GEMME) in single-sequence mode. For TranceptEVE, 
a single EVE model101 was trained using the multiple sequence align-
ment downloaded from the GEMME server without position-specific 
filtering, and the pretrained Tranception Large model102 was used. The 
single-amino-acid substitution scores were summed to produce a score 
for multiple substitutions, following the scoring strategy of GEMME. 
A missense score for each sgRNA was then calculated as the weighted 
sum of predicted variant effect scores, using bystander probabilities 
from BE-Hive as the weight coefficients. This missense score was used to 
rank sgRNAs within each model. A combined rank score (LASER score) 
that incorporated all four models was generated by standardizing and 
averaging the missense scores across the models.

To assess sgRNA library size versus hit coverage, sgRNAs were 
selected sequentially from highest to lowest rank, and the proportion of 
hits covered by the selected sgRNAs was calculated. Hits were defined 
as those sgRNAs whose z scores were below −1.96, where z scores were 
calculated from the mean and standard deviation of LFC across all 
sgRNAs in each screening.

For sgRNA library design, the principal isoform of each target 
gene was selected based on the APPRIS database103. Candidate sgRNAs 
were then evaluated using LASER, and missense sgRNAs within the top 
~20% of LASER scores were selected. We additionally incorporated 
sgRNAs predicted to target splice sites or introduce premature stop 
codons for each gene. All sgRNAs were further filtered using BLAT to 
ensure a single perfect genomic match, thereby minimizing potential 
off-target activity.

http://www.nature.com/naturebiotechnology
https://hub.docker.com/r/vanessa/mpileup/
https://hub.docker.com/r/vanessa/mpileup/
http://www.lcqb.upmc.fr/GEMME
http://www.lcqb.upmc.fr/GEMME


Nature Biotechnology

Article https://doi.org/10.1038/s41587-026-03077-5

AlphaFold prediction and protein structure visualization
Structural predictions for mouse BRD4–H3K14ac interactions and 
mouse SMARCA4 structure were performed using the AlphaFold server 
powered by AlphaFold 3 (ref. 104) with default settings. For mouse 
ADAR1, the dsRNA binding structure was predicted using the preferred 
human ADAR1 dsRNA sequence from previous studies105. The zinc 
ion binding sites and inositol hexakisphosphate in the core catalytic 
domain were aligned based on the human ADAR2 catalytic domain 
crystal structure (PDB 1ZY7 and 5HP2)86,106. The cryo-electron micros-
copy structure of human ADAR1 in complex with dsRNA derived from 
the human GLI1 gene was used as a reference (PDB 9B83)87. PyMOL was 
used to visualize and annotate the structures, with residues colored 
according to LFC values from screening data.

Primary human T cell activation and culture
Primary human T cells from healthy donors were thawed on day 0 and 
activated using a 2:1 CD3/CD28 Dynabead (Gibco, 11141D):T cell ratio. 
Cells were expanded in advanced RPMI-1640 (Gibco, 12633012) sup-
plemented with 10% FBS, 1× penicillin/streptomycin, 10 mM HEPES 
and 100 IU ml−1 recombinant human interleukin-2 (Peprotech, 200-
02-50UG). On day 1, T cells were transduced with lentivirus107. In short, 
concentrated lentivirus was loaded onto retronectin-coated plates by 
centrifugation at 32 °C for 2 h at 2,500g. After loading, supernatants were 
removed, and T cells were added at a density of 1 × 106 cells per ml. On day 
4, activation beads were removed from culture using a Dynamag separa-
tion magnet (Invitrogen, 12301D). Cells were passaged every 2–3 days in 
culture to maintain a density of ~1 × 106 cells per ml. For split BE induction 
experiments, a single dose of 1 nM Rap was added to the culture, followed 
by flow cytometric analysis of HLA expression after 4 days. The antibody 
used is BV421 HLA-ABC clone G46-2.6 (BD Biosciences, 565332).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
High-throughput RNA-seq data are deposited at the Gene Expression 
Omnibus database (accession number GSE316050)108. Source data are 
provided with this paper.

Code availability
The computational pipeline for LASER is available at https://github.
com/kkyamada/laser.
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