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Figures 

 
 
Fig. S1. BAP1 and ASXL1 sequence alignment. (A) Protein alignment using MUSCLE to align 
BAP1, Calypso and UCH-L5 from different organisms. Secondary structure elements modeled in 
our structure are above sequence alignment. Residues of BAP1 forming the interfaces with Ub, 
acidic patch, DNA dyad, DNA exit, and the catalytic residue are boxed and labeled.  (B) Protein 
alignment using MUSCLE to align ASXL1 homologs across species (human, mouse, Drosophila) 
and within human cells (ASXL1, ASXL2. ASXL3, RPN13 (ADRM1)). Secondary structure 
elements in our cryo-EM structure are above sequence alignment. Residues of ASXL1 forming the 
interfaces with Ub, acidic patch, and DNA exit are boxed and labeled. 



 

Fig. S2. BAP1/ASXL1-H2AK119Ub nucleosome sample preparation for structural analysis. 
(A) Representative BAP1/ASXL1 complex analyzed by SDS-PAGE (Left). Graphical depiction of 
BAP1/ASXL1-H2AK119Ub nucleosome assembly (Right).  (B) Native PAGE analysis of GraFix 
fractions from BAP1/ASXL1-H2AK119Ub nucleosome assembly. Gradient fractions pooled and 
used in Cryo-EM are indicated. 



 

Fig. S3. Cryo-EM analysis of the BAP1/ASXL1-H2AK119Ub nucleosome complex. (A) Raw 
cryo-EM images of BAP1/ASXL1-H2AK119Ub complex were collected as described in Materials 
and Methods. Representative micrographs from the collection with selected particles of the 
complex are shown in green circles.  (B) Slices at different levels along the Z-axis through the final 
cryo-EM map.  (C) Representative 2D class averages selected from the dataset.  (D) Two 
representative views of the 3D reconstruction of BAP1/ASXL1–H2AK119Ub nucleosome 
complex.  (E) FSC plot of the 3.6 Å BAP1/ASXL1–H2AK119Ub complex between two 
independently refined half maps (measured at FSC=0.143).  (F) Euler angle distribution of 
assignment of particles used to generate the final 3D reconstruction of the 3.6 Å complex. The 



length of every cylinder is proportional to the number of particles assigned to the specific 
orientation.  (G) Cross-validation of the model built against the cryo-EM reconstruction (see 
Materials and Methods): FSC curves for the model and cryo-EM map calculated from the final 
model and half map 1 (‘work’, red), half map 2 (‘free’, green) and summed map (blue).  



 

Fig. S4. 3D classification scheme of BAP1/ASXL1–H2AK119Ub nucleosome samples. 
Processing scheme for classification of BAP1/ASXL1-H2AK119Ub nucleosome complex dataset 
collected on Titan Krios operated at 300 kV. Images represent the path that led to the final subset, 
with particles and map selected for each step shown in green. A mask applied to BAP1/ASXL1 in 
3D focused classification and variability analysis is blue circled. In the variability analysis step, the 
most stable conformation (classes 5 and 8) is marked (*), with the remaining 3D classes in a more 
flexible second conformation. Superposition of classes 6 and 8 of the variability analysis step is 
shown in Fig. S12 
  



 
Fig. S5. Different regions of the cryo-EM map of BAP1/ASXL1-H2A119KUb nucleosome 
complex. Selected views of the model fit to the cryo-EM map for the BAP1/ASXL1-H2AK119Ub 
nucleosome structure are shown.  (A) Overview of the complete cryo-EM map/model.  (B-I) 
Selected regions of the model fit to cryo-EM map.  A close-up of the model/cryo-EM map fitting 
in the regions of interaction with the acidic patch and DNA clamp is in Fig. S8. Maps were 
visualized with Chimera.   



 

Fig. S6. Structural alignment and activity assays showing incompatibility of BAP1/ASXL1 
with nucleosomal H2BK120Ub and H2AK15Ub.  (A) Our cryo-EM structure was aligned to 
structures of chromatin modifiers in complex with H2BK120Ub (PDB ID 6o96) (32) and 
H2AK15Ub (PDB 5kgf) (66) nucleosomes. The positions of Ub in both complexes are shown in 
superposition to our BAP1/ASXL1-H2AK119Ub nucleosome complex. H2BK120Ub, 
H2AK15Ub, and H2AK119Ub are shown and labeled.  (B) WT BAP1/ASXL1 dNuc substrate 
specificity was assessed in vitro, comparing H2AK119ub1, H2BK120ub1, H2AK15ub1, 
unmodified rNuc, unmodified wt nucleosome and crosslinked, nonhydrolyzable nucleosome. 
BAP1/ASXL1 activity was monitored using the tUI free Ub sensor over 8 minutes at ambient 
temperature in duplicate (2.5 nM DUB, 10 nM dNuc, 10 nM tUI free Ub sensor) and initial, linear 
reaction rates are presented as a percentage of H2AK119ub1 (canonical substrate). Free ubiquitin 
released by BAP1/ASXL1 binds the tUI free Ub sensor, leading to an increase in fluorescence. WT 
BAP1/ASXL1 is only able to use H2AK119ub1 dNuc as a substrate. C) BAP1/ASXL1 WT and 
nucleosome interface mutant deubiquitination activity on nucleosomes and peptides are presented 
as a percentage of wt PR-DUB.  Activity was monitored over 11 minutes using the tUI free Ub 
sensor at ambient temperature in duplicate (5nM DUB, 10 nM dNuc, 10 nM free tUI) or triplicate 
(16 pM DUB, 10 nM peptide, 10 nM tUI free Ub sensor).  



 
Fig. S7. The interfaces of BAP1/ASXL1 and UCH-L5/RPN13 with Ub are conserved.  (A) 
Superposition between BAP1/ASXL1 -H2AK119Ub nucleosome complex determined in this work 
and UCH-L5/RPN13 (PDB ID 4uel) (22).  (B) Close up of A showing the Ub interaction of each 
complex. Side-by-side comparison showing Ub interaction with C) BAP1/ASXL1 and D) UCH-
L5/RPN13. Side-by-side comparison of the electrostatic interactions with Ub in the interface of E) 
ASXL1-BAP1 and F) RPN13-(UCH-L5). Side-by-side comparison of the hydrophobic interactions 
with Ub in the interface of G) BAP1 and H) UCH-L5. Proteins are color coded as Fig. 2.  



 
 
Fig. S8. Different regions of the cryo-EM map of BAP1/ASXL1-H2A119KUb nucleosome 
complex. Selected views of the model fit to the cryo-EM maps for the structure are shown.  (A) 
DNA Clamp model.  (B) Map for the region in A (map 3).  (C) Acidic patch interface.  (D) Map 
for the region in C (map 2). Maps were visualized with Coot.   



 

Fig. S9. BAP1/ASXL1 complex assembly for biochemical characterization. 
(A) BAP1/ASXL1 complex analyzed by SDS-PAGE after size exclusion chromatography.  (B) 
Further information regarding BAP1/ASXL1 mutations in panel A. 
  



 

Fig. S10. Raw data for EMSA of BAP1/ASXL1 mutants.  
(A) Information about BAP1/ASXL1 mutations (top left). Native PAGE of BAP1/ASXL1 bound 
to H2AK119Ub nucleosomes. BAP1/ASXL1 mutation status and concentration, are marked on 
gels.    



 
Fig. S11. Biochemical characterization by EMSA and catalytic activity assay. (A) Summary of 
information of BAP1/ASXL1 mutations is shown.  (B-C) Nucleosome binding curves (by EMSA) 
for the DNA clamp mutants (B) and BAP1 acidic patch interaction mutant C). Each data point and 
error bar indicate the mean ± SD from three independent experiments. The standard errors of 
dissociation constants (Kd) are indicated.   



 
Fig. S12. Conformations of BAP1/ASXL1 on the nucleosome.  (A) Two different cryo-EM maps 
from variability analysis (shown in Fig. S4) depicting an alternative, more flexible conformation in 
class 6 (left) compared with the more stable conformation of BAP1/ASXL1-H2AK119Ub 
nucleosome in class 8 (right).  (B) Superposition of both classes. (C) Model from superposition in 
(B). The more stable conformation is characterized by the binding of the BAP1/ASXL1 clamp near 
the DNA dyad. BAP1/ASXL1 clamp might bind to the DNA exit rather than the DNA dyad in the 
more flexible conformation. Maps filtered with Gaussian filter at 2.5 SD.  (D) BAP1 CTE region 
observed in our structure shown in the model (left) and the fitting to an unsharpened (map 1).  (E) 
Superposition of H1 in the structure of BAP1/ASXL1-H2AK119Ub nucleosome determined in this 
study, with the structure of the chromatosome (PDB ID 7pfv) (44), showing the (left) 
incompatibility between linker histone H1.4 (when it is bound to DNA at the side of BAP1/ASXL1) 
and BAP1/ASXL1 clamp at the dyad axis, also near the usual conformation of the H2A docking 
domain; and (middle) the compatibility of BAP1/ASXL1 when H1.4 is bound on the other side of 
the DNA linker.  (F) BAP1/ASXL1 deubiquitination activity on H2AK119Ub-187bp nucleosome 
and H2AK119Ub-187bp chromatosome (right).  



 
 
Fig. S13. Local resolution heat map for the reconstruction for BAP1/ASXL1-H2AK119Ub 
nucleosome complex. (A) Local resolution heat map (of map 1), calculated using cryoSPARC’s 
built-in local resolution algorithms. Front view of the Coulomb potential maps visualized in 
Chimera. (B) Close-up of the R-finger region of BAP1 interacting with the acidic patch. The model 
fit to the cryo-EM map in this region is shown in Fig S8.  



 
 
Fig. S14. BAP1 mutations found in cancer. cBioPortal database was searched for a curated set of 
non-redundant cancer studies on BAP1 (67, 68).  (A-B) Driver and VUS mutations mapped across 
the amino acid sequence of BAP1 with mutational frequency represented by height.  (C) BAP1 
cancer associated mutations compared with alteration frequency and associated disease.  (D) Pie 
chart representation of the total number of VUS mutations and the number of VUS mutations at 
BAP1-Nucleosome interfaces.   



 
Fig. S15. ASXL1 mutations found in cancer. cBioPortal database was searched for a curated set 
of non-redundant cancer studies on ASXL1 (67, 68).  (A-B) Driver and VUS mutations mapped 
across the amino acid sequence of ASXL1 with mutational frequency represented by height.  (C) 
ASXL1 cancer associated mutations compared with alteration frequency and associated disease.  
(D) Pie chart representation of the total number of VUS mutations and the number of VUS 
mutations at BAP1-Nucleosome interfaces.   



Table S1. Summary for cryo-EM data collection, refinement and deposition 
Dataset  BAP1/ASXL1-H2AK119Ub   

 
 
 
 
 
 
 
 
 
 
 
 
 

    
Microscope  Titan Krios  
Voltage (kV)  300 

Camera  K3 Summit (Gatan)  
Magnification  105,000 
Pixel size (Å)  0.825 (0.4125) 

Defocus range (μm)  -0.9 : -1.9 (-1.44) 
Number of images  12,210 

Total electron dose (e-/Å2)  57.12 
Number of frames  50 

Initial number of particles  11,876,334 
Particles selected after 2D cleanup  5,510,142 

Particles in final reconstruction Map 1 17,986 
Particles in final reconstruction Map 2 20,559 
Particles in final reconstruction Map 3 39,056  

 
   

PDB  
    -BAP1/ASXL1-H2A119Ub nuc 

  

 
PDB 8SVF 

 Resolution  
Map 1: Used to build the overall structure 

EMDB 3.6 Å BAP1/ASXL1- H2AK119Ub nuc  
3.6 Å EMD-40791 

 
Map 2: Used for acidic patch interactions  

EMDB 3.2 Å BAP1/ASXL1- H2AK119Ub nuc 
3.2 Å EMD-40790 

 
Map 3: Used for DNA clamp interactions  

EMDB 3.2 Å BAP1/ASXL1- H2AK119Ub nuc 
3.2 Å EMD-40789 

  



Table S2. Summary for Cryo-EM data collection, refinement and validation statistics 
 BAP1/ASXL1-

H2A119Ub 
nucleosome 
(EMD-40789) 
(PDB 8SVF) 

Data collection and processing  
Magnification    105,000x 
Voltage (kV) 300 
Electron exposure (e–/Å2) 57.12 
Defocus range (μm) -0.9 to -1.9 (-1.44) 
Pixel size (Å) 0.825 (0.4125) 
Symmetry imposed C1 
Initial particle images (no.) 11,876,334 
Final particle images (no.) 39,056 
Map resolution (Å) 
    0. 143 FSC threshold 

3.2 

Map resolution range (Å) 3.2-149.6 
  
Refinement  
Initial model used (PDB code) 3tu4, 6hgc, 4uel, 

7k5y 
AlphaFold Multimer 

Model resolution (Å) 
    FSC threshold (0.143) 

3.2 

Model resolution range (Å) 3.2-149.6 
Map sharpening B factor (Å2) -5 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Nucleotides 

 
15,301 
1,195 
295 

B factors (Å2) 
    Protein 
    Nucleotides  

 
181.09 
168.01 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.008 
0.870 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.77 
8.52 
2.45 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
97.94 
2.06 
0.0 

  



Supplementary Table S3. Catalytic Activity Model Fit and Results.  
Average of three independent catalytic experiments for PR-DUB WT and nucleosome interface mutants and P value 
for fit model selection. For each mutant the Michaelis-Menten and allosteric sigmoidal models were compared using 
an F-test. The allosteric sigmoidal model was the best model (P value <0.5) for all mutants except the DNA dyad 
mutant, BAP1 R699A/R700A/R701A.  For this mutant, results for both fits are shown.  

Mutation Interaction 
Site 

kcat/K0.5 ± 
SD 

(s
-1

*M-
1
) 

K0.5 ± 
SD 

(nM) 

kcat ± 
SD 

(sec-
1) 

h ± 
SD 

(Hill 
Coef.) 

Fit 
Model 
P Value 

Wild-type  1.9E+06 
± 4.1E-01 

166 ± 
29 

0.31 
± 

0.04 

1.7 ± 
0.2 

<0.0001 

BAP1 R699A/R700A/R701A 

DNA Dyad 

<9.3E+05 >300 0.28 
± 

0.87 

0.9 ± 
0.1 

0.4864 
<7.0E+05 >300* 0.21 

± 
0.04* 

NA** 

ASXL1 K243/R244/R246A DNA Dyad 5.1E+05 
± 1.3E-01 

167 ± 
35 

0.085 
± 

0.012 

1.6 ± 
0.2 

0.0015 

BAP1 R56A/R57A/R59A/R60A Acid Patch 1.1E+05 
± 2.8E-02 

156 ± 
35 

0.017 
± 

0.002 

1.4 ± 
0.2 

0.0113 

ASXL1 
R336A/R338A/K343A/K345A/K346A 

DNA Exit 7.1E+05 
± 1.6E-01 

124 ± 
24 

0.088 
± 

0.010 

1.4 ± 
0.2 

0.0076 

 
  *Km (nM) derived from Michaelis-Menten Fit  **Not applicable 

 



Supplementary Table S4. Tabulated cBioPortal mutations to ASXL1.  
Table showing mutations from cBioPoral (67, 68) to ASXL1 that interface with DNA dyad, DNA exit, and ubiquitin 
patch. Columns show study of origin, cancer type, and protein change.  

Study of Origin Cancer Type Detailed Protein Change 
Upper Tract Urothelial Carcinoma (MSK, Nat Commun 

2020)(69) Upper Tract Urothelial Carcinoma R244C 

Upper Tract Urothelial Cancer (MSK, Eur Urol 
2015)(70) Upper Tract Urothelial Carcinoma R244C 

Glioma (MSK, Nature 2019)(69) Glioblastoma Multiforme R244H 
Uterine Corpus Endometrial Carcinoma (TCGA, 

PanCancer Atlas)(71) Uterine Endometrioid Carcinoma R244H 

Uterine Corpus Endometrial Carcinoma (TCGA, 
PanCancer Atlas)(71) Uterine Endometrioid Carcinoma R244H 

Myelodysplastic Syndromes (MDS IWG, IPSSM, NEJM 
Evidence 2022)(72) Myelodysplastic Syndromes R244H 

Uterine Corpus Endometrial Carcinoma (TCGA, 
PanCancer Atlas)(71) Uterine Endometrioid Carcinoma R246I 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, 
Nat Med 2017)(73) High-Grade Serous Ovarian Cancer R265C 

Endometrial Carcinoma MSI (MSK, Clin Cancer Res 
2022)(74) Endometrial Carcinoma R265C 

Colorectal Adenocarcinoma (TCGA, PanCancer 
Atlas)(71) Colon Adenocarcinoma R265H 

China Pan-cancer (OrigiMed, Nature 2022)(75) Uterine Endometrioid Carcinoma R265S 
Uterine Corpus Endometrial Carcinoma (TCGA, 

PanCancer Atlas)(71) Uterine Endometrioid Carcinoma R265S 

China Pan-cancer (OrigiMed, Nature 2022)(75) Lung Adenocarcinoma N309S 

Diffuse Glioma (GLASS Consortium, Nature 2019)(76) Glioblastoma T314I 
Uterine Corpus Endometrial Carcinoma (TCGA, 

PanCancer Atlas)(71) Uterine Endometrioid Carcinoma T314Yfs*13 

Lung Squamous Cell Carcinoma (TCGA, PanCancer 
Atlas)(71) Lung Squamous Cell Carcinoma H315N 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, 
Nat Med 2017)(73) Colon Adenocarcinoma H315R 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, 
Nat Med 2017)(73) Cutaneous Melanoma H315Y 

Cholangiocarcinoma (ICGC, Cancer Discov 2017)(77) Cholangiocarcinoma R338Q 

China Pan-cancer (OrigiMed, Nature 2022)(75) Colorectal Adenocarcinoma R338Q 

China Pan-cancer (OrigiMed, Nature 2022)(75) Colorectal Adenocarcinoma K345N 
  



Supplementary Table S5. Tabulated cBioPortal mutations to BAP1.   
Table showing mutations from cBioPoral (67, 68) to BAP1 that interface with acidic patch, DNA dyad, DNA exit, and 
ubiquitin patch. Columns show study of origin, cancer type, and protein change. 

Study of Origin Cancer Type Detailed Protein 
Change 

Adenoid Cystic Carcinoma Project (J Clin Invest 2019)(78) Adenoid Cystic Carcinoma D11Afs*58 

China Pan-cancer (OrigiMed, Nature 2022)(75) Intrahepatic Cholangiocarcinoma D11N 

China Pan-cancer (OrigiMed, Nature 2022)(75) Gastric Adenocarcinoma D11N 

Cholangiocarcinoma (ICGC, Cancer Discov 2017)(77) Cholangiocarcinoma E31del 
Ovarian Serous Cystadenocarcinoma (TCGA, PanCancer 

Atlas)(71) Serous Ovarian Cancer E31del 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Cutaneous Melanoma E31del 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Unclassified Renal Cell Carcinoma E31del 

China Pan-cancer (OrigiMed, Nature 2022)(75) Liver Hepatocellular Carcinoma E31del 

Adenoid Cystic Carcinoma Project (J Clin Invest 2019)(78) Adenoid Cystic Carcinoma E31* 
Kidney Renal Clear Cell Carcinoma (TCGA, PanCancer 

Atlas)(71) Renal Clear Cell Carcinoma E31A 

Uterine Corpus Endometrial Carcinoma (TCGA, PanCancer 
Atlas)(71) Uterine Endometrioid Carcinoma E31D 

Hepatocellular Carcinomas (INSERM, Nat Genet 2015)(79) Hepatocellular Carcinoma E31Gfs*41 
Kidney Renal Papillary Cell Carcinoma (TCGA, PanCancer 

Atlas)(71) Papillary Renal Cell Carcinoma E31G 

China Pan-cancer (OrigiMed, Nature 2022)(75) Renal Clear Cell Carcinoma E31G 

Bladder Cancer (MSKCC, Eur Urol 2014)(80) Bladder Urothelial Carcinoma E31K 

China Pan-cancer (OrigiMed, Nature 2022)(75) Perihilar Cholangiocarcinoma E31K 

Urothelial Carcinoma (BCAN/HCRN 2022)(81) Bladder Urothelial Carcinoma E31Q 

Renal Clear Cell Carcinoma (UTokyo, Nat Genet 2013)(82) Renal Clear Cell Carcinoma with 
Sarcomatoid Features E31V 

China Pan-cancer (OrigiMed, Nature 2022)(75) Renal Clear Cell Carcinoma E31V 
MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 

2017)(73) Oligodendroglioma Y33del 

Uveal Melanoma (TCGA, PanCancer Atlas)(71) Uveal Melanoma Y33* 
Combined Hepatocellular and Intrahepatic Cholangiocarcinoma 

(Peking University, Cancer Cell 2019)(83) 
Hepatocellular Carcinoma plus 

Intrahepatic Cholangiocarcinoma Y33* 

Combined Hepatocellular and Intrahepatic Cholangiocarcinoma 
(Peking University, Cancer Cell 2019)(83) 

Hepatocellular Carcinoma plus 
Intrahepatic Cholangiocarcinoma Y33* 

Breast Cancer (METABRIC, Nature 2012 & Nat Commun 
2016)(84, 85) Breast Invasive Ductal Carcinoma Y33* 

Stomach Adenocarcinoma (TCGA, PanCancer Atlas)(71) Diffuse Type Stomach Adenocarcinoma Y33* 
Kidney Renal Papillary Cell Carcinoma (TCGA, PanCancer 

Atlas)(71) Papillary Renal Cell Carcinoma Y33C 

China Pan-cancer (OrigiMed, Nature 2022)(75) Intrahepatic Cholangiocarcinoma Y33Rfs*36 
Cutaneous Squamous Cell Carcinoma (DFCI, Clin Cancer Res 

2015)(86) Cutaneous Squamous Cell Carcinoma L35F 

Skin Cutaneous Melanoma (TCGA, PanCancer Atlas)(71) Cutaneous Melanoma L35R 

Stomach Adenocarcinoma (U Tokyo, Nat Genet 2014)(87) Stomach Adenocarcinoma R56C 
MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 

2017)(73) Bladder Urothelial Carcinoma R56C 

Breast Cancer (METABRIC, Nature 2012 & Nat Commun 
2016)(84, 85) Breast Invasive Ductal Carcinoma R56C 

Breast Cancer (METABRIC, Nature 2012 & Nat Commun 
2016)(84, 85) Breast Invasive Ductal Carcinoma R56C 

Uterine Corpus Endometrial Carcinoma (TCGA, PanCancer 
Atlas)(71) Uterine Endometrioid Carcinoma R56C 

China Pan-cancer (OrigiMed, Nature 2022)(75) Esophageal Squamous Cell Carcinoma R56H 



Upper Tract Urothelial Carcinoma (MSK, Nat Commun 
2020)(69) Upper Tract Urothelial Carcinoma R57Q 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Upper Tract Urothelial Carcinoma R57Q 

Pediatric Brain Cancer (CPTAC/CHOP, Cell 2020)(88) Medulloblastoma R57W 

Pediatric Brain Cancer (CPTAC/CHOP, Cell 2020)(88) Medulloblastoma R57W 

Skin Cutaneous Melanoma (Yale, Nat Genet 2012)(89) Cutaneous Melanoma R57_R60del 
MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 

2017)(73) Upper Tract Urothelial Carcinoma R59Q 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Colorectal Adenocarcinoma R59Q 

China Pan-cancer (OrigiMed, Nature 2022)(75) Gastric Adenocarcinoma R59Q 

Prostate Adenocarcinoma (SMMU, Eur Urol 2017)(90) Prostate Adenocarcinoma R59Q 

Skin Cutaneous Melanoma (TCGA, PanCancer Atlas)(71) Cutaneous Melanoma R59W 

Cholangiocarcinoma (ICGC, Cancer Discov 2017)(77) Cholangiocarcinoma R59W 
MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 

2017)(73) Uveal Melanoma R60* 

China Pan-cancer (OrigiMed, Nature 2022)(75) Pancreatic Adenocarcinoma R60* 

Endometrial Carcinoma MSI (MSK, Clin Cancer Res 2022)(74) Endometrial Carcinoma R60Q 
MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 

2017)(73) Intrahepatic Cholangiocarcinoma C91F 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Renal Clear Cell Carcinoma C91F 

China Pan-cancer (OrigiMed, Nature 2022)(75) Renal Clear Cell Carcinoma C91F 

Mesothelioma (TCGA, PanCancer Atlas)(71) Pleural Mesothelioma, Epithelioid Type C91G 

Renal Clear Cell Carcinoma (UTokyo, Nat Genet 2013)(82) Renal Clear Cell Carcinoma with 
Sarcomatoid Features C91G 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Bladder Urothelial Carcinoma C91R 

China Pan-cancer (OrigiMed, Nature 2022)(75) Intrahepatic Cholangiocarcinoma C91R 

Urothelial Carcinoma (BCAN/HCRN 2022)(81) Bladder Urothelial Carcinoma C91R 
Pan-cancer Analysis of Advanced and Metastatic Tumors 

(BCGSC, Nature Cancer 2020)(91) Basal Cell Carcinoma C91S 

China Pan-cancer (OrigiMed, Nature 2022)(75) Perihilar Cholangiocarcinoma C91W 

Pleural Mesothelioma (NYU, Cancer Res 2015)(92) Pleural Mesothelioma C91Y 

Urothelial Carcinoma (BCAN/HCRN 2022)(81) Bladder Urothelial Carcinoma C91Y 
MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 

2017)(73) Cholangiocarcinoma R146K 

SUMMIT - Neratinib Basket Study (Multi-Institute, Nature 
2018)(93) Cholangiocarcinoma R146K 

Metastatic Biliary Tract Cancers (SUMMIT - Neratinib Basket 
Trial, 2022) Cholangiocarcinoma R146K 

China Pan-cancer (OrigiMed, Nature 2022)(75) Intrahepatic Cholangiocarcinoma R146M 

Diffuse Glioma (GLASS Consortium, Nature 2019)(76) Glioblastoma X146_splice 

Cholangiocarcinoma (ICGC, Cancer Discov 2017)(77) Cholangiocarcinoma X146_splice 

Cholangiocarcinoma (ICGC, Cancer Discov 2017)(77) Cholangiocarcinoma X146_splice 
Pan-cancer Analysis of Advanced and Metastatic Tumors 

(BCGSC, Nature Cancer 2020)(91) Pancreatic Adenocarcinoma X146_splice 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Intrahepatic Cholangiocarcinoma X146_splice 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Pleural Mesothelioma X146_splice 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Uveal Melanoma X146_splice 

Pan-cancer analysis of whole genomes (ICGC/TCGA, Nature 
2020)(94) Hepatocellular Carcinoma X146_splice 



China Pan-cancer (OrigiMed, Nature 2022)(75) Colorectal Adenocarcinoma X146_splice 

China Pan-cancer (OrigiMed, Nature 2022)(75) Gastric Adenocarcinoma X146_splice 

China Pan-cancer (OrigiMed, Nature 2022)(75) Colorectal Adenocarcinoma X146_splice 

Liver Hepatocellular Carcinoma (TCGA, PanCancer Atlas)(71) Hepatocellular Carcinoma X146_splice 

Clear Cell Renal Cell Carcinoma (DFCI, Science 2019)(95) Renal Clear Cell Carcinoma R227Afs*4 
MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 

2017)(73) Prostate Adenocarcinoma R227C 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Prostate Adenocarcinoma R227C 

Adenoid Cystic Carcinoma Project (J Clin Invest 2019)(78) Adenoid Cystic Carcinoma R227Hfs*18 

China Pan-cancer (OrigiMed, Nature 2022)(75) Gastric Adenocarcinoma R227Hfs*17 
Pan-cancer analysis of whole genomes (ICGC/TCGA, Nature 

2020)(94) Lung Squamous Cell Carcinoma R227H 

China Pan-cancer (OrigiMed, Nature 2022)(75) Perihilar Cholangiocarcinoma R227H 
Upper Tract Urothelial Carcinoma (MSK, Nat Commun 

2020)(69) Upper Tract Urothelial Carcinoma R227L 

Upper Tract Urothelial Cancer (MSK, Eur Urol 2015)(70) Upper Tract Urothelial Carcinoma R227L 
Upper Tract Urothelial Carcinoma (MSK, Nat Commun 

2020)(69) Upper Tract Urothelial Carcinoma R227P 

Upper Tract Urothelial Cancer (MSK, Eur Urol 2015)(70) Upper Tract Urothelial Carcinoma R227P 

Adenoid Cystic Carcinoma Project (J Clin Invest 2019)(78) Adenoid Cystic Carcinoma R227P 

Adenoid Cystic Carcinoma Project (J Clin Invest 2019)(78) Adenoid Cystic Carcinoma R227P 
MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 

2017)(73) Upper Tract Urothelial Carcinoma R227P 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Bladder Urothelial Carcinoma R227P 

China Pan-cancer (OrigiMed, Nature 2022)(75) Thymic Carcinoma R227P 

China Pan-cancer (OrigiMed, Nature 2022)(75) Pancreatic Adenocarcinoma R227P 

Urothelial Carcinoma (BCAN/HCRN 2022)(81) Bladder Urothelial Carcinoma R227P 

China Pan-cancer (OrigiMed, Nature 2022)(75) Head and Neck Squamous Cell 
Carcinoma L230P 

Renal Clear Cell Carcinoma (UTokyo, Nat Genet 2013)(82) Renal Clear Cell Carcinoma with 
Sarcomatoid Features L230Q 

Uterine Corpus Endometrial Carcinoma (TCGA, PanCancer 
Atlas)(71) Uterine Endometrioid Carcinoma D672N 

Breast Cancer (METABRIC, Nature 2012 & Nat Commun 
2016)(84, 85) Breast Invasive Ductal Carcinoma R699P 

Uveal Melanoma (QIMR, Oncotarget 2016)(96) Uveal Melanoma R699Qfs*6 

China Pan-cancer (OrigiMed, Nature 2022)(75) Pancreatic Neuroendocrine Tumor R699Q 
MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 

2017)(73) Colorectal Adenocarcinoma R699W 

Breast Cancer (METABRIC, Nature 2012 & Nat Commun 
2016)(84, 85) Breast Invasive Ductal Carcinoma R699W 

China Pan-cancer (OrigiMed, Nature 2022)(75) Lung Squamous Cell Carcinoma R700L 
Pan-cancer analysis of whole genomes (ICGC/TCGA, Nature 

2020)(94) 
Head and Neck Squamous Cell 

Carcinoma R700Q 

China Pan-cancer (OrigiMed, Nature 2022)(75) Small Bowel Adenocarcinoma R700Q 
Uterine Corpus Endometrial Carcinoma (TCGA, PanCancer 

Atlas)(71) Uterine Endometrioid Carcinoma R700Q 

Stomach Adenocarcinoma (TCGA, PanCancer Atlas)(71) Stomach Adenocarcinoma R700Q 

Colon Cancer (CPTAC-2 Prospective, Cell 2019)(97) Colon Adenocarcinoma R700W 

China Pan-cancer (OrigiMed, Nature 2022)(75) Colorectal Adenocarcinoma R700W 
Uterine Corpus Endometrial Carcinoma (TCGA, PanCancer 

Atlas)(71) Uterine Endometrioid Carcinoma R700W 



Uterine Corpus Endometrial Carcinoma (TCGA, PanCancer 
Atlas)(71) Uterine Endometrioid Carcinoma R700W 

Non-Small Cell Lung Cancer (TRACERx, NEJM & Nature 
2017)(98) Non-Small Cell Lung Cancer R701C 

Non-Small Cell Lung Cancer (TRACERx, NEJM & Nature 
2017)(98) Non-Small Cell Lung Cancer R701C 

Non-Small Cell Lung Cancer (TRACERx, NEJM & Nature 
2017)(98) Non-Small Cell Lung Cancer R701C 

MSK-IMPACT Clinical Sequencing Cohort (MSKCC, Nat Med 
2017)(73) Adrenocortical Carcinoma R701C 
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