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Extended Data Fig. 1. HAP1 cell line essentiality confirmation and optimization for SGE. A: Cell viability of HAP1 cells with no treatment control, Cas9/gRNA plasmid targeting non-essential gene HPRT, and two candidate Cas9/gRNA plasmids targeting exon 19 of BRCA2. Luminescence measured by the CellTiterGlow assay represented surviving cells upon targeting. Triplicate experiments were performed at each time point for each condition, and the luminescence counts were averaged. B: For maintaining haploidy of HAP1 cells in SGE experiments, cells were stained with Hoechst 34580 and subsequently sorted by a calibrated gate (P4) for selection of 1n HAP1 cells. sg: single guide RNA.
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Extended Data Fig. 2. SNV filtering strategies for accurate functional categorization. The flow chart illustrates the filtering steps in the data processing and shows the number of SNVs excluded at each step.
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Extended Data Fig. 3. Heatmap of MAVE functional categories for all evaluated SNVs. Functional category for each nucleotide substitution in 14 target regions (n=7013) was shown. I/U: intermediate/uncertain. Each row represents one target region. Amino acid position and wild type amnio acid and codon were illustrated at the top of each row panel, 20 amino acids were ordered vertically on both sides of each row panel. Each dot represents one SNV, adjacent 10 nt intronic nucleotide SNV alterations were also indicated. Grey indicates functional intermediate or uncertain, orange indicates functionally abnormal, and blue indicates functionally normal. 




	[bookmark: _Hlk153116188][bookmark: _Hlk153116913]Target regions (include +/-10 intron)
	All possible SNVs
	All possible missense SNVs
	All possible nonsense SNVs
	All possible synonymous SNVs
	All possible canonical splice SNVs
	All possible intronic SNVs
	SNVs with functional score
	Missense SNVs with functional score
	Nonsense SNVs with functional score
	Synonymous SNVs with functional score
	Canonical splice SNVs with functional score
	Intronic SNVs with functional score

	E15
	597
	386
	22
	129
	12
	48
	592
	381
	22
	129
	12
	48

	E16
	621
	419
	33
	109
	12
	48
	613
	412
	33
	109
	12
	47

	E17
	564
	370
	27
	107
	12
	48
	560
	368
	25
	107
	12
	48

	E18N
	555
	395
	18
	112
	6
	24
	420
	296
	12
	92
	6
	14

	E18C
	552
	369
	25
	128
	6
	24
	499
	329
	20
	125
	4
	21

	E19
	519
	329
	20
	110
	12
	48
	515
	327
	19
	109
	12
	48

	E20
	486
	314
	36
	76
	12
	48
	486
	314
	36
	76
	12
	48

	E21
	417
	251
	20
	86
	12
	48
	414
	248
	20
	86
	12
	48

	E22
	648
	440
	43
	105
	12
	48
	648
	440
	43
	105
	12
	48

	E23
	543
	336
	38
	109
	12
	48
	540
	334
	38
	108
	12
	48

	E24
	468
	301
	20
	87
	12
	48
	460
	295
	19
	87
	12
	47

	E25N
	387
	265
	19
	73
	6
	24
	386
	264
	19
	73
	6
	24

	E25C
	390
	267
	17
	76
	6
	24
	389
	266
	17
	76
	6
	24

	E26
	492
	321
	16
	95
	12
	48
	491
	320
	16
	95
	12
	48

	Total
	7239
	4763
	354
	1402
	144
	576
	7013
	4594
	339
	1377
	142
	561

	Percentages (%)
	
	
	
	
	
	
	96.88
	96.45
	95.76
	98.22
	98.61
	97.40


[bookmark: _Hlk153116964][bookmark: _Hlk153116358]Extended Data Table 1. SNV recovery rate in the SGE experiments.
Note: Variants in PAM/ /Protospacer Protection Edit (PPE) sites were excluded since they were not SNVs.
SNV: single nucleotide variant.












	[bookmark: _Hlk152974467]Extended Data Table 2: MAVE functional prediction by variant type in each targeted region.

	
	variant type
	
	Target regions (includes +/-10 intron)
	
	Total

	
	
	E15
	E16
	E17
	E18N
	E18C
	E19
	E20
	E21
	E22
	E23
	E24
	E25N
	E25C
	E26
	

	Functional abnormal
	Canonical splice
	4 (33.3%)
	10 (83.3%)
	8 (66.7%)
	6 (100%)
	3 
(75%)
	12 (100%)
	12 (100%)
	10 (83.3%)
	11 (91.7%)
	9
(75%)
	11 (91.7%)
	6 (100%)
	4 (66.7%)
	3
 (25%)
	109 (76.8%)

	
	Intronic
	1
 (2.1%)
	3 
(6.4%)
	11 (22.9%)
	2 (14.3%)
	3 (14.3%)
	8 (16.7%)
	5 (10.4%)
	5 (10.4%)
	6 (12.5%)
	6
(12.5%)
	1
 (2.1%)
	0 
(0%)
	0 
(0%)
	9 (18.8%)
	60 (10.7%)

	
	Missense
	20 (5.3%)
	71 (17.2%)
	81 (22%)
	43 (14.5%)
	73 (22.2%)
	71 (21.7%)
	7 
(2.2%)
	5 
(2%)
	26 (5.9%)
	25 (7.5%)
	26 (8.8%)
	31 (11.7%)
	20 (7.5%)
	23 (7.2%)
	522 (11.4%)

	
	Nonsense
	12 (54.6%)
	24 (72.7%)
	19 (76%)
	8 (66.7%)
	14 (70%)
	14 (73.7%)
	28 (77.8%)
	13 (65%)
	30 (69.8%)
	19 (50%)
	14 (73.7%)
	14 (73.7%)
	12 (70.6%)
	7 (43.8%)
	228 (67.3%)

	
	Synonymous
	3
 (2.3%)
	5
 (4.6%)
	1 
(0.9%)
	3 
(3.3%)
	2 
(1.6%)
	6
 (5.5%)
	1 
(1.3%)
	3 
(3.5%)
	2
 (1.9%)
	4
 (3.7%)
	2
 (2.3%)
	0
 (0%)
	2
 (2.6%)
	2
 (2.1%)
	36 (2.6%)

	Functional I/U*
	Canonical splice
	5 (41.7%)
	2 (16.7%)
	3
 (25%)
	0
 (0%)
	1 
(25%)
	0
 (0%)
	0 
(0%)
	1  (8.3%)
	0
 (0%)
	3
 (25%)
	1
 (8.3%)
	0
 (0%)
	1 (16.7%)
	5 (41.7%)
	22 (15.5%)

	
	Intronic
	4
 (8.3%)
	1 
(2.1%)
	3 
(6.3%)
	4 (28.6%)
	2
 (9.5%)
	1  (2.1%)
	5 (10.4%)
	6 (12.5%)
	7 (14.6%)
	8 (16.7%)
	3
 (6.4%)
	1  (4.2%)
	0 
(0%)
	10 (20.8%)
	55
 (9.8%)

	
	Missense
	52 (13.7%)
	60 (14.6%)
	44 (12%)
	43 (14.5%)
	44 (13.4%)
	38 (11.6%)
	16 (5.1%)
	19 (7.7%)
	57 (13%)
	43 (12.9%)
	16 (5.4%)
	28 (10.6%)
	20 (7.5%)
	68 (21.3%)
	548 (11.9%)

	
	Nonsense
	6 (27.3%)
	7 (21.2%)
	5
 (20%)
	4 (33.3%)
	4
 (20%)
	5 (26.3%)
	6 (16.7%)
	5
 (25%)
	8 (18.6%)
	15 (39.5%)
	5 (26.3%)
	4 (21.1%)
	4 (23.5%)
	9 (56.3%)
	87 (25.7%)

	
	Synonymous
	10 (7.8%)
	4 
(3.7%)
	2
 (1.9%)
	12 (13%)
	11 (8.8%)
	11 (10.1%)
	1 
(1.3%)
	7
 (8.1%)
	10 (9.5%)
	12 (11.1%)
	2
 (2.3%)
	12 (16.4%)
	6 
(7.9)
	22 (23.2%)
	122 (8.9%)

	Functional normal
	Canonical splice
	3
 (25%)
	0 
(0%)
	1 
(8.3%)
	0
 (0%)
	0
 (0%)
	0
 (0%)
	0
 (0%)
	1
 (8.3%)
	1
 (8.3%)
	0
 (0%)
	0
 (0%)
	0
 (0%)
	1 (16.7%)
	4 (33.3%)
	11
 (7.8%)

	
	Intronic
	43 (89.6%)
	43 (91.5%)
	34 (70.8%)
	8 (57.1%)
	16 (76.2%)
	39 (81.3%)
	38 (79.2%)
	37 (77.1%)
	35 (72.9%)
	34 (70.8%)
	43 (91.5%)
	23 (95.8%)
	24 (100%)
	29 (60.4%)
	446 (79.5%)

	
	Missense
	309 (81.1%)
	281 (68.2%)
	243 (66%)
	210 (71%)
	212 (64.4%)
	218 (66.7%)
	291 (92.7%)
	224 (90.3%)
	357 (81.1%)
	266 (79.6%)
	253 (85.8%)
	205 (77.7%)
	226 (85%)
	229 (71.6%)
	3524 (76.1%)

	
	Nonsense
	4 (18.2%)
	2 
(6.1%)
	1 
(4%)
	0 
(0%)
	2
 (10%)
	0
 (0%)
	2
 (5.6%)
	2
 (10%)
	5 (11.6%)
	4 (10.5%)
	0
 (0%)
	1
 (5.3%)
	1 
(5.9%)
	0
 (0%)
	24
 (7.1%)

	
	Synonymous
	116 (89.9%)
	100 (91.7%)
	104 (97.2%)
	77 (83.7%)
	112 (89.6%)
	92 (84.4%)
	74 (97.4%)
	76 (88.4%)
	93 (88.6%)
	92 (85.2%)
	83 (95.4%)
	61 (83.6%)
	68 (89.5%)
	71 (74.7%)
	1219 (88.5%)

	Total variants 
	Canonical splice
	12
	12
	12
	6
	4
	12
	12
	12
	12
	12
	12
	6
	6
	12
	142

	
	Intronic
	48
	47
	48
	14
	21
	48
	48
	48
	48
	48
	47
	24
	24
	48
	561

	
	Missense
	381
	412
	368
	296
	329
	327
	314
	248
	440
	334
	295
	264
	266
	320
	4594

	
	Nonsense
	22
	33
	25
	12
	20
	19
	36
	20
	43
	38
	19
	19
	17
	16
	339

	
	Synonymous
	129
	109
	107
	92
	125
	109
	76
	86
	105
	108
	87
	73
	76
	95
	1377

	
	All
	592
	613
	560
	420
	499
	515
	486
	414
	648
	540
	460
	386
	389
	491
	7013


I/U: intermediate/uncertain.
Extended Data Table 3. Validation of the BRCA2 MAVE variant categorization thresholds by three independent datasets.
	
	BRCA2 SGE functional categories
	

	
	Abnormal
	Normal
	I/U
	Total

	SGE internal controls
	Nonsense
	182
	19
	59
	260

	
	Synonymous
	22
	1030
	82
	1134

	Standardized HDR assay#
	Abnormal
	87
	6
	13
	106

	
	Normal 
	11
	211
	41
	263

	
	hypomorphic
	3
	1
	5
	9

	ENIGMA/ClinGen VCEP standards
	Pathogenic
	9
	0
	1
	10

	
	Benign
	2
	43
	5
	50


#: a standardized V-C8 BRCA2 (-/-) HDR assay (Hu et al. AJHG 2023)
Note: all variants observed to influence splicing or predicted to influence splicing by SpliceAI were excluded in the validation datasets.
[bookmark: _Hlk153105893]MAVE: multiplex assays of variant effect; SGE: saturation genome editing; I/U: intermediate/uncertain; HDR: homology-directed repair; ENIGMA: Evidence-based Network for the Interpretation of Germline Mutant Alleles; VCEP: variant curation expert panel.






















[bookmark: _Hlk153117166]Extended Data Table 4: BRCA2 DBD subdomain specific multi-species amino acid residue conservation and comparison with MAVE functional results.
	
	
	
	
	Perfectly conserved residues$
	Highly conserved residues!
	Poorly conserved residues#

	BRCA2 subdomain
	Wildtype residues
	Evaluated residues*
	Abnormal SNVs
	Perfectly conserved residues$
	Residues with abnormal SNVs (%)
	Abnormal SNVs (%)
	Highly conserved residues!
	Residues with abnormal SNVs (%)
	Abnormal SNVs (%)
	Poorly conserved residues#
	Residues with abnormal SNVs (%)
	Abnormal SNVs (%)

	Helical
	187
	184
	186
	77
	50 (65%)
	141 (76%)
	52
	17 (33%)
	31 (17%)
	55
	9 (16%)
	14 (7%)

	OB1
	134
	131
	136
	47
	32 (68%)
	78 (57%)
	47
	23 (49%)
	43 (32%)
	37
	12 (32%)
	15 (11%)

	OB2
	111
	110
	85
	37
	21 (57%)
	42 (49%)
	28
	10 (36%)
	17 (20%)
	45
	17 (38%)
	26 (31%)

	Tower
	124
	121
	15
	27
	2 (7%)
	5 (33%)
	49
	4 (8%)
	6 (40%)
	45
	4 (9%)
	4 (27%)

	OB3
	130
	128
	93
	19
	13 (68%)
	31 (33%)
	48
	19 (40%)
	30 (32%)
	61
	19 (31%)
	32 (35%)

	Subdomain linker region
	52
	50
	7
	6
	3 (50%)
	3 (43%)
	6
	0 (0%)
	0 (0%)
	38
	4 (11%)
	4 (57%)

	Total
	738
	724
	522
	213
	121 (57%)
	300 (58%)
	230
	73 (32%)
	127 (24%)
	281
	65 (23%)
	95 (18%)


*: residues containing the PAM/Protospacer Protection Edit (PPE) were excluded.
$: Perfectly conserved residues were defined as 100% residue sequence similarity across 10 species (pufferfish to homo sapiens).
!: Highly conserved residues were defined as 80-90% residue sequence similarity across 10 species (pufferfish to homo sapiens).  
#: Poorly conserved residues were defined as ≤ 70% residue sequence similarity across 10 species (pufferfish to homo sapiens).
SNV: single nucleotide variant.
In this analysis, SNV is defined as changes result in missense alterations.




















	[bookmark: _Hlk152974143]Extended Data Table 5: Association analysis of MAVE functionally assessed variants with breast cancer in Non-Finnish European and African American populations.

	
	Case 
	
	Control
	OR (95% CI)
	P-value

	
	Number of variants
	Number tested
	
	Number of variants
	Number tested
	
	

	NFE breast cancer - clinical testing cohort*

	MAVE missense abnormal$
	137
	123850
	
	18
	81097
	4.99 (3.05-8.29)
	1.25X10-13

	MAVE missense normal
	1542
	56358
	
	2067
	81095
	1.07 (1.00-1.15)
	5.15X10-2

	MAVE nonsense abnormal
	82
	123850
	
	12
	81085
	4.47 (2.44-8.32)
	5.5X10-8

	DBD Pathogenic missense standard^
	61
	123850
	
	7
	81103
	5.71 (2.67-12.63)
	3.96X10-7

	DBD Benign missense standard^
	1965
	56358
	
	2038
	81089
	1.39 (1.31-1.48)
	5.74X10-24

	DBD nonsense
	102
	123850
	
	15
	81085
	4.45 (2.55-8.06)
	1.11X10-9

	AA breast cancer - clinical testing cohort*

	MAVE missense abnormal$
	19
	16722
	
	5
	20537
	4.67 (1.73-13.08)
	2.34X10-3

	MAVE missense normal
	295
	6697
	
	880
	20537
	1.03 (0.9-1.18)
	6.8X10-1

	MAVE nonsense abnormal
	50
	16722
	
	7
	20537
	8.78 (4-19.64)
	6.03X10-11

	DBD Benign missense standard^
	716
	6697
	
	1813
	20537
	1.22 (1.12-1.34)
	1.8X10-5

	DBD nonsense
	51
	16722
	
	7
	20537
	8.96 (4.09-20)
	4.64X10-11

	*: Clinical testing cohort collected cases from breast and ovarian cancer patients subjected to cancer genetic testing by Ambry Genetics, and controls from gnomAD v4 non-cancer females, excluding UK Biobank. 
$: MAVE missense variants excluded potential splicing variant predicted by SpliceAI, variants with conflicting category with ClinVar interpretation, and AF > 0.003 in any population.
^: Missense standards are from ENIGMA reference panel.
NFE: non-Finnish European; AA: African American; OR: odds ratio; CI: confidence interval; MAVE: multiplexed assay of variant effect; DBD: DNA Binding Domain.






















	Extended Data Table 6: Summary of MAVE ACMG/AMP classification.
	
	
	
	

	DBD SNVs
	ClinVar+ ENIGMA currently
	MAVE ACMG/AMP classification
	ClinVar+ ENIGMA variants after applying MAVE ACMG/AMP
	MAVE ACMG/AMP classified not in ClinVar or ENIGMA
	Classified in MAVE data from all sources
	ClinVar+ ENIGMA not in MAVE
	Total classified

	B/LB
	993
	4864
	1887
	3156
	4995
	48
	5043

	P/LP
	417
	700
	497
	278
	748
	27
	775

	VUS
	1387
	1449
	413
	915
	1270
	58
	1328

	Total
	2797
	7013
	2797
	4349
	7013
	133
	7146

	
	
	
	
	
	
	
	

	DBD Missense
	ClinVar+ ENIGMA currently
	MAVE ACMG/AMP classification
	ClinVar+ ENIGMA variants after applying MAVE ACMG/AMP
	MAVE ACMG/AMP classified not in ClinVar or ENIGMA
	Classified in MAVE data from all sources
	ClinVar+ ENIGMA not in MAVE
	Total classified

	B/LB
	316
	3084
	1158
	2053
	3193
	18
	3211

	P/LP
	102
	220
	162
	105
	254
	13
	267

	VUS
	1293
	1290
	391
	814
	1147
	58
	1205

	Total
	1711
	4594
	1711
	2973
	4594
	89
	4683


MAVE: multiplex assays of variant effect; ACMG/AMP: American College of Medical Genetics/ Association for Molecular Pathology; DBD: DNA binding domain; SNVs: single nucleotide variant; ENIGMA: Evidence-based Network for the Interpretation of Germline Mutant Alleles; B: benign; LB: likely benign; P: pathogenic; LP: likely pathogenic; VUS: variant of uncertain significance.
Note: all variants evaluated are restricted to BRCA2 DBD SNVs including adjacent intronic +/-10nt region of each exon.
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Supplementary Methods
sgRNA design and cloning
Benchling CRISPR platform was used to design sgRNAs for targeting. Two to Six sgRNAs were designed for each target region with predicted high on-target and low off-target targeting efficiencies. Complementary sgRNA oligos were synthesized (IDT) with “CACCG” added at the 5’ end of the forward stand, and “AAAC” at the 5’ end and “C” at the 3’ end of the reverse strand for subsequent cloning into the BbsI-digested pSpCas9 (BB)-2A-Puro (PX459) v2.0 (Addgene). Oligos were annealed in a 10 µl reaction with 1 µl of oligo 1 (100 µM), 1 µl of oligo 2 (100 µM), 1 µl of 10x T4 Ligation Buffer (NEB), and 7 µl of water at 95 °C for 5 min and lowered final temperature to 10°C at 5°C/min. Annealed oligos were diluted in water (1:200), and ligated to BbsI-digested PX459 vector in a 10 µl reaction, with 1 µl digested vector (50ng/µl), 1 µl diluted oligos, 1 µl 10x T4 Ligation Buffer, 0.5 µl T4 Ligase (NEB), and 6.5 µl water at 24 °C for 10 min. Then 10 µl MaxEfficient DH5α Competent cells (Thermo Fisher Scientific) were transformed by 1 µl of ligation product, incubated for 30 mins on ice, heat shocked for 45 seconds at 42 °C and incubated again on ice for 2 min. Then 200 µl S.O.C media was added and cells were left for 1 hour at 37 °C in the shaking incubator. Pre-warmed ampicillin plates (100ug/ml) were inoculated with 200 µl of reaction and left at 37 °C overnight. Two colonies were picked and resuspended in 5 mL of LB media with ampicillin at 100ug/ml in two separate tubes and inoculated at 37 °C in shaking incubator for 16-18 hours. Plasmids were extracted from bacterial cultures using the QIAprep Spin Miniprep Kit (Qiagen) and sequence verification was done by Sanger sequencing (GENEWIZ) using U6 primer (gagggcctatttcccatgatt). Upon sequencing confirmation, clones were re-cultured using 40 mL of LB media and 40 µl of ampicillin in conical flasks, inoculated at 37 °C in shaking incubator for 16-18 hours. Then sgRNA plasmids were extracted by ZymoPURE II midiprep kit. All sgRNAs used in the MAVE experiments were detailed in Supplementary Table 2.
Confirmation of BRCA2 essentiality in HAP1
2x105 HAP1 cells were seeded in each of the 6-well plates. The next day, cells were transfected with BRCA2-targeting sgRNA/Cas9 constructs, HPRT sgRNA/Cas9 as positive control, or not treated. Transfections were done by adding 5 µg of sgRNA/Cas9 plasmids into 250 µl Opti-MEM, vortexing, and adding 15 µl TurboFectin 8.0 (OriGene), pipette mixing, incubating at room temperature for 15 min and adding the transfection mix dropwise into the 6-well plates. The next day, transfected cells for each condition were harvested and split into 5 parts, 1 part as Day 1 baseline, and 4 remaining parts corresponded to 4 timepoints evaluated (Day 2, 5, 7, and 9). For each part, cells were re-seeded in 96-well plate in triplicates using 100 µl regular IMDM medium (Day 1 baseline) or puromycin (1ug/ml) added medium. HAP1 cell viability was assessed for baseline and later timepoints by CellTiter-Glo luminescent cell viability assay (Promega). Both CellTiter-Glo buffer and lyophilized CellTiter-Glo substrate were equilibrated to room temperature prior to usage. CellTiter-Glo buffer was then added into the substrate bottle to reconstitute the lyophilized mixture by gently inverting the contents to obtain a homogeneous solution. 96-well plates containing the seeded cells were taken out from the incubator for 30 min to be equilibrated to room temperature. Next, 100 µl mixed CellTiter-Glo reagent was added to pre-equilibrated cells, and put the plates on an orbital shaker for 2 min to induce cell lysis. Then the plate was incubated at room temperature for 10 min, the cell-reagent mixture was transferred into an opaque-walled multi-well plates, and luminescence was recorded on Cytation 3 (BioTek).
Generation of the BRCA2 WT homologous arm targeting vector
Homologous arms (HA) were designed to be 600-1000bp upstream and downstream flanking each target region. HA primers were designed by Primer 3, and melting temperatures (Tm) were calculated by NEB Tm calculator. Then HA for each target region was amplified from the WT HAP1 genomic DNA by PCR (Q5 HighFidelity 2X MasterMix, NEB): 98 °C 30 seconds—(98 °C for 5 seconds, 50-72 °C depending on calculated Tm for 20 seconds, 72°C for 45 seconds) X 35 cycles—72 °C 2 minutes—4 °C on hold. Then, gel electrophoresis confirmed PCR product with expected size was cloned into TOPO vector by ZERO Blunt TOPO PCR cloning kit (Thermo Fisher Scientific) in 6 µl reaction: 4 µl fresh PCR, 1 µl salt solution, and 1 µl pCRII-Blunt-TOPO. Reaction was incubated at room temperature for 5min, diluted to 1:5 using IDTE, and added 1 µl diluted reaction to 50 µl MaxEfficient DH5α Competent cells, incubated for 30 mins on ice, heat shocked for 45 seconds at 42 °C and incubated again on ice for 2 min. Then 200 µl S.O.C media was added, and cells were left for 1 hour at 37 °C in the shaking incubator. Pre-warmed kanamycin plates were inoculated with 150-200 µl of reaction and left at 37°C overnight. Two colonies were picked and resuspended in 5 mL of LB media with kanamycin at 50ug/ml in two separate tubes, and inoculated at 37 °C in shaking incubator for 16-18 hours. Plasmids were extracted from bacterial cultures using the QIAprep Spin Miniprep Kit (Qiagen) and sequence verification was done by Sanger sequencing (GENEWIZ) using universal M13 forward and reverse primers. Sequence confirmed plasmids were then cloned into the pUC19 vector. pUC19 vector was digested by BamHI-HF in 50 µl reaction: 1 µl BamHI-HF, 5 µl 10X Cutsmart buffer (NEB), 2-4 µl of pUC19, add water to 50 µl, incubate for 2-3 hours at 37 °C. Then HA sequence was amplified by PCR using primers with homologous sequence with BamHI digested pUC19 (“CGGTACCCGGGGATC” attached at 5’ end of forward HA primer, and “cgactctagaggatc” attached at 5’ end of reverse HA primer): 98 °C 30 seconds—(98 °C for 5 seconds, 50-72 °C depending on calculated Tm for 20 seconds, 72 °C for 45 seconds) X 25 cycles—72 °C 2 minutes—4 °C on hold. Ligation was then performed by NEBuilder HiFi DNA Assembly Cloning Kit (NEB): 2 µl digested pUC19, 4 µl PCR product, 4 µl water, and 10 µl NEBuilder HiFi DNA Assembly 2X Master Mix, incubate at 50°C for 15 min. Then 2 µl ligation product was used to transform 50 µl of NEB stable competent cells: incubation on ice 30 min, heat shock at 42 °C 30 seconds, chill on ice 5 min, added 950ul NEB stable outgrowth medium, incubated at 37 °C shaking incubator for 1 hour and spread onto pre-warmed ampicillin plates (100ug/ml) were and left at 37 °C overnight. Two colonies were picked and resuspended in 5 mL of LB media with ampicillin at 100ug/ml in two separate tubes and inoculated at 37 °C in shaking incubator for 16-18 hours. Plasmids were extracted from bacterial cultures using the QIAprep Spin Miniprep Kit (Qiagen) and sequence verification was done by Sanger sequencing (GENEWIZ) using forward and reverse HA primers with pUC19 homologous sequences. Sequence confirmed plasmids were subject to site-directed mutagenesis to introduce 1-nucleotide PAM-destroying mutation and 3-nucleotide HDR marker mutation in each target region.
Site-Directed Mutagenesis
Site-directed mutagenesis primers for the 1-nucleotide PAM-destroying mutations and 3-nucleotide HDR marker mutations were designed in PrimerX and synthesized by IDT. Reactions were performed in 25 µl by QuikChange site-directed mutagenesis protocol (Agilent): 16.9 µl water, 2.5 µl AD buffer (10X), 1 µl or 50ng of HA plasmid DNA in pUC19 vector, 1.3 µl (10 µM) primer 1, 1.3 µl (10 µM) primer 2, 1.25 µl 2mM dNTP, and 1 µl pfu Turbo AD. The PCR cycles were programmed as following: 95 °C 30 seconds—(95 °C 30 seconds, 55 °C 1 min, 68 °C 6 min) X12 cycles (1-nt change) or 16 cycles (3-nt changes)—4 °C. Then restriction enzyme digestion by DpnI was done on the PCR product by using 2.8 µl 10X Cutsmart buffer and 1 µl of DpnI, incubating at 37 °C for 90 min followed by 80 °C 20 min. Then 2.5 µl DpnI digested reaction was added to transform 50 µl XL10-gold ultracompetent cells (200314, Stratagene): incubation on ice 30 min, heat shock at 42°C 30 seconds, chill on ice 2 min, added 900ul NZY medium, incubated at 37 °C shaking incubator for 1 hour and spread 150-200 µl onto pre-warmed ampicillin plates (100ug/ml) and left at 37 °C overnight. Two colonies were picked and resuspended in 5 mL of LB media with ampicillin at 100ug/ml in two separate tubes, and inoculated at 37 °C in shaking incubator for 16-18 hours. Plasmids were extracted using the QIAprep Spin Miniprep Kit (Qiagen) and sequence verification was done by Sanger sequencing (GENEWIZ). Sequence confirmed clones were re-cultured using 120 mL of LB media and 120 µl of ampicillin in 500 mL conical flasks, inoculated at 37 °C in shaking incubator for 16-18 hours. Then plasmids were extracted by ZymoPURE II MaxiPrep kit.
Site-saturation mutagenesis library cloning
[bookmark: _Hlk153038198]For each target region, saturation mutagenesis reaction that mutagenized all possible codons (NNN) and 10 bp upstream and downstream of exon was performed by inverse PCR previously described (Jain 2014). Target-specific saturation mutagenesis primer pairs were synthesized by IDT (detailed in Supplementary Table 2), with Tm calculated by NEB Tm calculator.  Each 25 µl reaction used 1 µl of 10 ng/µl HA targeting vector containing both PAM-destroying and HDR marker mutations, 9 µl water, 1.25 µl Forward primer (10uM), 1.25 µl Reverse primer (10uM), and 12.5 µl Q5 High-Fidelity 2X Master Mix (NEB). Reaction cycles were programed as following: 98 °C 30 seconds—(98 °C 5 seconds, 50-72 °C (depend on the lowest annealing Tm among all primer pairs) 10 seconds, 72 °C 2 minutes 30 seconds) X 20 cycles--72 °C 2 minutes—4 °C on hold. Then, 5 µl of each reaction was run on E-gel (ThermoFisher) to confirm mutagenesis product. Concentrations from representative reactions were checked by Qubit Broad Range kit (ThermoFisher). Equal amount of PCR product from each reaction was pooled, and DpnI digestion was performed on pooled PCR products by using 1:10 10X Cutsmart buffer and 1 µl of DpnI, incubating at 37 °C for 90 min followed by 80 °C 20 min. Digested PCR product was then run on 1% agarose-TAE gel, excised, and purified by QIAquick Gel Extraction Kit (Qiagen). Concentration of the eluted pooled PCR product was measured by Qubit Broad Range kit (ThermoFisher). Then, PCR product was phosphorylated in a 10 µl reaction using approximately 200 ng of PCR product, 1 µl 10X T4 DNA ligase buffer (NEB), 0.5 µl T4 PNK (NEB), and adding water to 10 µl, incubating at 37 °C for 1 hour. Phosphorylated DNA was then ligated in a 20 µl reaction by adding 8 µl water, 1 µl 10X T4 DNA ligase buffer (NEB), and 1 µl T4 ligate (NEB) into the phosphorylation reaction, at 16 °C for 16 hours. Then, 100 µl MaxEfficient DH5α Competent cells were transformed by 2.5 µl ligation product, incubated for 30 mins on ice, heat shocked for 45 seconds at 42°C and incubated again on ice for 2 min. Then 900 µl S.O.C media was added, and cells were left for 1 hour at 37 °C in the shaking incubator. 10 µl transformed cells were spread onto pre-warmed ampicillin plates (100ug/ml) and left at 37 °C overnight. The next day, 10 colonies were picked, and plasmids were extracted by QIAprep Spin Miniprep Kit (Qiagen) and sequenced by Sanger sequencing (GENEWIZ) to evaluate library quality and diversity. The remaining 990 µl transformed cells were cultured using 120 mL of LB media and 120 µl of ampicillin in 500 mL conical flasks, inoculated at 37 °C in shaking incubator for 16-18 hours. Then, saturation mutagenesis library plasmids were extracted by ZymoPURE II MaxiPrep kit and concentration was measured by Cytation 3 (BioTek) with 260/280 ratios. 
Maintenance of HAP1 cell haploidy
Approximately 1x107 HAP1 cells were resuspend in 5ug/ml Hoechst 34580 (BD, 565877) in 10ml IMDM medium and incubated at 37 °C for 1 hour. Then the cells were centrifuged 300g for 5 min and resuspended as 1x107/ml in DPBS/10mM HEPES buffer and pass through 30-35 µm mesh blue cap into 5ml FACS tubes (352235, Falcon). Samples were stored on ice and sorted at 4 °C. Cell sorting was performed on Aria 5-Laser with 100um nozzle in a sterile condition. 1N HAP1 were selected by gating the Hoechst-stained cells with the least DNA contents, sorted into 15mL Falcon conical tubes, and collected approximately 1-2x106 at 4 °C. Then the 1N sorted cells were centrifuged 300g for 5 min, resuspended in IMDM medium, and cultured in T150 flask.

Saturation genome editing (SGE) experiments
Approximately 2x106 haploidy-sorted HAP1 cells were thawed and expanded 2-3 days in Iscove's Modified Dulbecco's Medium (IMDM, ThermoFisher), with 10% Fetal Bovine Serum (FBS, ThermoFisher Scientific) and 1% Penicillin-Streptomycin (P/S, ThermoFisher) and cells were incubated at 37°C with 5% CO2. For each editing experiment, two million cells were seeded 1 day prior to transfection in 150mm dish using 30 mL IMDM medium (Day -1), and transfection was performed the next day (D0) using a transfection mix with 2 mL Opti-MEM with 16 µg sgRNA/Cas9 plasmid, 4 µg of library plasmid, with add 60 µl TurboFectin 8.0 (OriGene) added last and incubated at room temperature for 15 minutes. The transfection mix was then added to the cells dropwise. IMDM Medium containing 1 µg/ml puromycin was changed 24 hours after transfection (D1). Then at D4, regular IMDM medium was changed in culture dishes. The next day (D5), half of cells in each experiment were harvested as following: 150mm dish was washed with 20 mL of PBS, and 4 mL of Trypsin-EDTA was added and cells were incubated at room temperature for 1-2 min. Then 16 mL of media was added, and pipetting-mixed cells were transferred to a 50 mL Falcon tube. Subsequently, 10 µl of the cell solution was mixed with 10 µl of Trypan Blue (ThermoFisher) and 10 µl mixture was used to count cells in the Invitrogen Countess 3. Cell pellets were temporarily stored at -80 °C. The remaining half cells were re-seeded and continued culturing in new 150mm dishes. Cells were subsequently passaged at a 3-day interval (D8, D11) following the same procedures at D5. At D14, 5 million of cells from each experiment were harvested and stored.
Sequencing sample preparation
Harvested cell pellets from SGE experiments were thawed and genomic DNA (gDNA) were extracted by Monarch Genomic DNA Purification Kit (NEB). PCR primers that specifically amplified each target region were designed and synthesized (IDT) such that one primer will bind outside of the HA to minimize amplification from plasmid DNA, and the other primer located within the HA contained the HDR marker mutation that recognized the same mutation in edited cells to facilitate reamplification of successfully edited cells from gDNA (Supplementary Table 2). Genomic DNA reamplification PCR was performed in a 50 µl reaction as following: 500 ng of gDNA, 2.5 µl Forward primer (10uM), 2.5 µl Reverse primer (10uM), and 25 µl Q5 High-Fidelity 2X Master Mix (NEB), added water to 50 µl. PCR cycles were set as 98 °C 30 seconds—(98 °C 10 seconds, 50-72 °C (variable) 20 seconds, 72 °C 30 seconds) X 20-22 cycles (minimal cycles to ensure linear amplification)--72 °C 2 minutes—4 °C on hold. Then PCR products were run in 1% agarose-TAE gel to check for a single specific band around 900-1200 bp. All extracted D5 and D14 gDNA were amplified. PCR reactions from respective timepoints were combined and digested by DpnI at 37 °C overnight. Then, PCR reactions were purified by AMPure XP beads (Beckman Coulter), and DNA concentrations were measured by Qubit Broad Range kit (ThermoFisher). Then, adaptor PCR primers were designed and synthesized (IDT) such that they flanked and amplified each target region with HAP1 genomic DNA complementary sequences (< 250 bp), with “CTAAATGGCTGTGAGAGAGCTCAG” added to the 5’ end of forward primer and “ACTTTATCAATCTCGCTCCAAACC” to the 5’ end of reverse primer for complementary binding of the DNA to customized sequencing primer in the sequencer. Then each 50 µl adaptor adding PCR reaction was performed with 250-500 ng of purified DNA from genomic DNA amplification, 2.5 µl Forward primer (10uM), 2.5 µl Reverse primer (10uM), and 25 µl Q5 High-Fidelity 2X Master Mix (NEB), added water to 50 µl. PCR cycles were set as 98 °C 30 seconds—(98 °C 5 seconds, 50-72 °C (variable) 20 seconds, 72 °C 20 seconds) X 7 cycles --72 °C 2 minutes—4 °C on hold. Simultaneously, two 50 µl adaptor adding PCRs were also performed using site saturation mutagenesis library plasmid, 10 ng of plasmid DNA, 2.5 µl Forward primer (10uM), 2.5 µl Reverse primer (10uM), and 25 µl Q5 High-Fidelity 2X Master Mix (NEB), added water to 50 µl. PCR cycles were set as 98 °C 30 seconds—(98 °C 5 seconds, 50-72 °C (variable) 10 seconds, 72 °C 20 seconds) X 20 cycles--72 °C 2 minutes—4 °C on hold. Adaptors were added to all purified DNA from D5 and D14. Then PCR reactions from respective timepoint were combined and subjected to purification by AMPure XP. Subsequently, beads purified DNA was run in a 1% agarose-TAE gel and the target region fragment with adaptors added (about 250 bp) was excised from the gel and purified by QIAquick Gel Extraction Kit (Qiagen). Two adaptor-adding PCR reactions for library plasmid were purified by QIAquick PCR Purification Kit. All eluted DNA concentrations were measured by Qubit Broad Range kit (ThermoFisher). Lastly, sequencing barcodes (Supplementary Table 2) that differentiated samples from different timepoints were added to the adaptor-attached DNA. Each 50 µl PCR reaction was performed with 250-500 ng of purified adaptor-attached DNA, 2.5 µl Forward index (10uM), 2.5 µl Reverse index (10uM), and 25 µl Q5 High-Fidelity 2X Master Mix (NEB), added water to 50 µl. PCR cycles were set as 98 °C 30 seconds—(98 °C 5 seconds, 66 °C 20 seconds, 72 °C 20 seconds) X 7 cycles --72 °C 2 minutes—4 °C on hold. Then the PCR products were confirmed by running in a 3% agarose-TAE gel and comparing the sizes of PCR products with the DNA template where no index was added. All purified DNA from respective samples (D5, D14, and library) were used in adding barcodes. All PCR reactions were combined for respective samples, and DNA was purified by AMPure XP beads (Beckman Coulter) and concentration was determined by Qubit Broad Range kit (ThermoFisher). Then, purified DNA with sequencing adaptor and barcodes attached from D5, D14, and site saturation mutagenesis library were multiplexed in an 1.5 mL Eppendorf tube with approximately 2000 ng of D5 DNA, 1500 ng of D14 DNA, and 1500 ng of library DNA, and adding water to a total 50 µl solution (final DNA concentration: 100ng/µl). Multiplexed amplicon DNA was subjected to massively parallel sequencing for 150 cycles on an Illumina MiSeq or NextSeq platform.
Bioinformatic pipeline and data processing
Sequencing data processing
FASTQ files of sequenced samples from Illumina MiSeq or NextSeq were trimmed for adapter sequences using cutadapt (v3.5). SeqPrep (v1.2) converted the paired-end reads into single reads using settings: ‘-M 0.02 -m 0.02 -q 13 -o 10’. The single reads were then aligned to the human reference genome (GRCh38) utilizing bwa-mem (v0.7.17) with a minimum alignment score threshold of 20. Following alignment, a custom-developed tool `CountReads`, a Python-based tool designed for the analysis of DNA sequencing data, with a particular focus on mutation identification and characterization. Upon initialization, this class takes a sequencing read, alongside indicator and target dictionaries as inputs.  Key functionalities of this class include the preparation of reference amino acid and DNA sequences, validation of sequencing data integrity, and precise trimming of reads to relevant regions. Central to its operation is the identification and analysis of mutations, where it differentiates between various mutation types and confirms the presence of specific mutations. Additionally, `CountReads` aggregates and reports mutation data, updating dictionaries with detailed information about observed genetic changes. It outputs a VCF (Variant Call Format) file which is then annotated with CAVA. The SpliceAI tool (v1.3.1) was utilized to evaluate splicing effects associated for all observed single nucleotide variants (SNVs). 

Using log2 ratio of frequencies between day-14 and day-5 as the effect measurement
First, the following variants were filtered: 1) variants outside the designed target region; 2) variants within the same amino acid position as the PAM site; 3) variants with the library read count or day-5 read count less than 10. Then the frequencies of variants were calculated as the variant read counts over the total read counts in library, day-5 and day-14, respectively. The log2 ratio of the variant frequencies between day-14 and day-5 were used to measure the depletion/enrichment score of each variant. 

Within exon normalization and filtering
First, the median synonymous and median nonsense SNV values were averaged across replicate experiments. Scores from within each replicate were then linearly transformed such that the median synonymous and median nonsense SNVs of each replicate match the across replicate medians of synonymous and nonsense SNVs, respectively. When calculating the median, splicing variants defined by the maximal SpliceAI score > 0.2 were excluded. After within exon normalization, for each variant, we set a score to missing if it was different from other scores by 1 unit. We further filtered out variants not stable enough when filtering out missing scores. Specifically, if the difference between the average score before and after setting missingness was larger than 1, the variant was removed. After filtering, we did another round of within exon normalization. Finally, the average score was calculated based on all non-missing values among different replicates.

Cross exon normalization
The cross exon normalization was similar as within exon normalization. Specifically, we first calculated the global median synonymous score and median nonsense score across all exons. Then we used a linear transformation for each exon so that the median score of synonymous SNVs and the median score of nonsense SNVs was set to the corresponding global values. Similarly, splicing variants were excluded in the calculation.

Functional score thresholds used for classification
Functional scores of variants that have classification from expert panel ENIGMA (Evidence-based Network for the Interpretation of Germline Mutant Alleles) or have consistent classification from at least two ClinGen approved submitters in ClinVar were used to set classification thresholds (Ambry Genetics, ARUP Laboratories, Athena Diagnostics Inc., Center for Genomics, Ann & Robert H. Lurie Children’s Hospital of Chicago, Color Health, Inc., GeneDx, GeneKor MSA, Genetic Services Laboratory, University of Chicago, Illumina Laboratory Services, Invitae, Mayo Clinic Laboratories, Quest Diagnostics Nichols Institute San Juan Capistrano, and Women's Health and Genetics/Laboratory Corporation of America (LabCorp)). Benign and likely benign were treated as the normal group, pathogenic and likely pathogenic were treated as the abnormal group. Then the thresholds of the function scores were set so that 95% precision for the abnormal group and the normal group were achieved. The region in-between was labeled as intermediate/uncertain (I/U). 
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