
Supplementary Table 1: List of mutations identified exclusively in the post-

relapse sample, but not the pre-treatment sample, from a melanoma patient 

who was treated with vemurafinib and relapsed with a time to disease 

progression of 5 months. 



Supplementary Table 2: List of STAG3 mutations found in a study of 45 

patients with BRAF Val600-mutant metastatic melanoma who received 

vemurafenib or dabrafenib monotherapy by Van Allen et al.4 



Supplementary Table 3: List of antibodies used in this study. 



Supplementary Figure 1 



Supplementary Figure 1: Identification and characterization of STAG2 and STAG3 

mutations in melanoma. (a) HEK293 cells were transfected with FLAG-tagged wild-type 

STAG2 (WT) or Asp193Asn (DN) mutant. Cell lysates were immunoprecipiated with anti-

FLAG antibodies, followed by western blotting. Experiment was performed 3 times. (b) 

A375, WM902 or M14 Cells were incubated in the presence of 0.3 µM vemurafenib. Cell 

lysates were collected at indicated times and analyzed by western blotting. Experiment was 

performed 3 times. (c) Detection of a STAG2 mutation in WM902-BR cells by Sanger 

sequencing. (d) HEK293 cells were transfected with FLAG-tagged wild-type STAG3 (WT), 

Pro272Ser (PS) or Arg508Gln (RQ) mutants. Cell lysates were immunoprecipiated with anti-

FLAG antibodies, followed by western blotting. Experiment was performed 3 times. (e) 

Percentages of post-relapse samples from a total of nine patients treated with BRAFi 

monotherapy or BRAFi and MEKi combination therapy that showed changes of STAG2 or 

STAG3 expression, compared to their paired pre-treatment samples, in IHC analyses.  
  



Supplementary Figure 2 



Supplementary Figure 2 

Supplementary Figure 2: Knockdown of STAG2 or STAG3 decreases BRAFi 

sensitivities in BRAF mutant melanoma cells. (a,b) Viability of SKMEL28 (a) or M14 (b) 

cells after treatment with varying concentrations of dabrafenib for 3 d. Experiment was 

performed 3 times. Data are mean ± s.e.m. (c,d) SKMEL28 (c) or M14 (d) cells expressing 

STAG2 inducible shRNA pTRIPZ-shSTAG2#60 were treated with dabrafenib for 2 h. Cell 

lysates were used for western blotting with indicated antibodies. Experiment was performed 

3 times. (e,f) Viability of A375 cells after treatment with varying concentrations of  

vemurafenib (e) or dabrafenib (f) for 3 d. Experiment was performed 3 times. Data are mean 

± s.e.m.  (g,h) A375 cells cells expressing STAG2 inducible shRNA pTRIPZ-shSTAG2#60 

were treated with vemurafenib (g) or or dabrafenib (h) for 2 h. Cell lysates were used for 

western blotting with indicated antibodies. Experiment was performed 3 times. (i) Viability of 

A375 cells after treatment with varying concentrations of  trametinib for 3 d. Experiment was 

performed 3 times. Data are mean ± s.e.m.  (j) A375 cells expressing STAG2 inducible 

shRNA pTRIPZ-shSTAG2#60 were treated with trametinib for 2 h. Cell lysates were used for 

western blotting with indicated antibodies. Experiment was performed 3 times. (k) Viability of 

A375 cells after treatment of varying concentrations of dabrafenib and trametinib together at 

a ratio of 10:1 for 3 d. Experiment was performed 3 times. Data are mean ± s.e.m. (l) A375 

cells expressing STAG2 inducible shRNA pTRIPZ-shSTAG2#60 were treated with 

dabrafenib and trametinib as indicated for 2 h. Cell lysates were used for western blotting 
with indicated antibodies. Experiment was performed 3 times. 



Supplementary Figure 3 



Supplementary Figure 3: Knockdown of STAG2 decreases MEKi sensitivities in NRAS 

mutant melanoma cells. (a) SKMEL103 cells expressing STAG2 shRNA#23 or scrambled 

control were treated with trametinib for 2 h. Cell lysates were used for western blotting with 

indicated antibodies. Experiment was performed 3 times. (b) Viability of SKMEL103 cells 

after treatment of varying  concentrations of trametinib for 3 d. Experiment was performed 3 

times. Data are mean ± s.e.m. (c) 501MEL cells expressing STAG2 shRNA#23 or 

scrambled control were treated with trametinib for 2 h. Cell lysates were used for western 

blotting with indicated antibodies. Experiment was performed 3 times. (d) Viability of 

501MEL cells after treatment of varying concentrations of trametinib for 3 d. Experiment was 

performed 3 times. Data are mean ± s.e.m. (e) Viability of 501MEL cells expressing STAG2 

shRNA#23 or scrambled control were seeded at  3x104 per well in 6-well plates and treated 

with trametinib as indicated in clonogenic growth assays. Experiment was performed 3 

times. Scale bar: 5 mm. (f) Conformation of NRAS mutation in 501MEL cells by Sanger 

sequencing.  
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Supplementary Figure 4: Knockdown of STAG3 decreases BRAFi sensitivities in 

BRAF mutant melanoma cells. (a) Viability of M14 cells after treatment of varying  

concentrations of vemurafenib for 3 d. Experiment was performed 3 times. Data are mean ± 

s.e.m.  (b) M14 cells expressing STAG3 shRNA#71 or scrambled control were treated with 

vemurafenib for 2 h. Cell lysates were used for western blotting with indicated antibodies. 

Experiment was performed 3 times. (c,d) A375 (c) or SKMEL28 (d) cells expressing STAG3 

shRNA#69 or scrambled control were treated with vemurafenib for 2 h. Cell lysates were 

used for western blotting with indicated antibodies. Experiment was performed 3 times.  (e) 

A375 cells expressing STAG3 inducible shRNA pTRIPZ-shSTAG3#55 were infected with 

STAG2 shRNA#23 or scrambled control. Cells were cultured in the presence or absence of 

doxycycline for 5 d. and treated with various concentrations of vemurafenib for 2 h before 

lysates were used for western blotting with indicated antibodies. Experiment was performed 

3 times.  



Supplementary Figure 5 

Supplementary Figure 5: Loss of STAG3 impaires the changes in cell cycle 

progression and reduced the percentages of annexin V-positive apoptotic cells in 

response to vemurafenib treatment. (a,b) A375 cells expressing STAG2 inducible shRNA 

pTRIPZ-shSTAG2#60 were cultured in the presence or absence of doxycycline for 5 d. Cells 

were treated with or without 1 µM vemurafenib for 72 h before cell cycle (a) and apoptosis 

(b) analyses were performed. Experiment was performed 3 times. Data are mean ± s.e.m. 

The P values were determined using two tailed Student’s t-test,   * P < 0.05; ** P < 0.01; **** 

P < 0.0001. The data variance is similar between groups. (c,d) A375 cells expressing 

STAG3 inducible shRNA pTRIPZ-shSTAG3#55 were cultured in the presence or absence of 

doxycycline for 5 d. Cells were treated with or without 1 µM vemurafenib for 72 h before cell 

cycle (c) and apoptosis (d) analyses were performed. Experiment was performed 3 times. 

Data are mean ± s.e.m.  The P values were determined using two-tailed Student’s t-test,   * 

P < 0.05; ** P < 0.01. The data variance is similar between groups. 
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Supplementary Figure 6: Ectopic expression of STAG2 or STAG3 incrases 

sensitivities to BRAFi in melanoma cells. (a) WM902-BR cells stably expressing FLAG-

tagged wild-type STAG3 or control vector were treated with 3 µM vemurafenib for 2 h. Cell 

lysates were used for western blotting with indicated antibodies. Experiment was performed 

3 times. (b) WM902-BR stable expressing of FLAG-tagged wild-type STAG3 or control 

vector were used in soft agar assays in the presence or absence of 3 µM vemurafenib. 

Experiment was performed 3 times. Scale bar: 5 mm (c) WM983-BR cells stably expressing 

FLAG-tagged wild-type STAG2, STAG3 or vector control were treated with 1 µM 

vemurafenib for 2 h. Cell lysates were used for western blotting with indicated antibodies. 

Experiment was performed 3 times. (d) LOX-IVMI cells stably expressing FLAG-tagged wild-

type STAG2 (WT), Lys1083* (K*) or Asp193Asn (DN) mutants were treated with 3 µM 

vemurafenib for 2 h. Cell lysates were used for western blotting with indicated antibodies. 

Experiment was performed 3 times. (e) HEK293 cells were transfected with MYC-tagged 

BRAF Val600Glu together with FLAG-tagged wild-type STAG2 (WT), Lys1083* (K*) or 

Asp193Asn (DN) mutants. Cells were treated with 10 µM vemurafenib for 2 h. Cell lysates 

were used for western blotting with indicated antibodies. Experiment was performed 3 times. 

(f) HEK293 cells were transfected with MYC-tagged BRAF Val600Glu together with FLAG-

tagged wild-type STAG3 (WT), Pro272Ser (PS) or Arg508Gln (RQ) mutants. Cells were 

treated with 10 µM vemurafenib for 2 h. Cell lysates were used for western blotting with 

indicated antibodies. Experiment was performed 3 times. (g) M14 cells stably expressing 

FLAG-tagged wild-type STAG2, STAG3 or control vector were treated with 30 nM 

vemurafenib for 2 h. Cell lysates were used for western blotting with indicated antibodies. 

Experiment was performed 3 times.  



Supplementary Figure 7 

Supplementary Figure 7: Loss of STAG2 does not affect Ras activity or expression of 

EGFR, MITF or COT in melanoma cells.  (a) A375 and SKMEL28 cells were stably 

infected with lentivirus expressing STAG2 shRNA#23 or scrambled control. RAS activation 

was assessed by pull-down assays with GST-RAF1-RAS binding domain (RBD), followed by 

western blotting with indicated antibodies. Experiment was performed 3 times. (b) A375 or 

SKMEL28 cells expressing inducible STAG2 shRNA pTRIPZ-shSTAG2#60 were cultured in 

the presence or absence of doxycycline for 5 d before lysates were used for western blotting 

with indicated antibodies. Experiment was performed 3 times. (c) A375 cells expressing 

STAG3 shRNA#96 or scrambled control were used for western blotting with indicated 

antibodies. Experiment was performed 3 times.  



Supplementary Figure 8 

Supplementary Figure 8: STAG2 regulates expression of DUSP6 in melanoma cells. 

(a,b) Total RNA from A375 (a) and M14 (b) cells expressing STAG2 inducible shRNA 

pTRIPZ-shSTAG2#60 were isolated, reverse transcribed, and expression levels of DUSP4 

and DUSP6 were analyzed by qPCR.  Levels of mRNA were calculated relative to the 
absence of doxycycline control, and housekeeping GAPDH gene was used as the 

reference. n = 3 biological replicates. Data are  mean ± s.e.m.  The P values were 

determined using two-tailed Student’s t-test,  ** P < 0.01,;**** P < 0.0001. The data variance 

is similar between groups. (c) Lysates from SKMEL103 or 501MEL cells expressing STAG2 

shRNA#23 or scrambled control were used for western blotting with indicated antibodies. 

Experiment was performed 3 times. (d) Expression of DUSP6 protein in BRAFi-resistant cell 

lines (BR) and their parental BRAFi-sensitive counterparts (P). Lysates were used for 

western blotting with indicated antibodies. Experiment was performed 3 times. 



Supplementary Figure 9 

Supplementary Figure 9: STAG2 regulates the binding of CTCF to the DUSP6 locus. 

(a) M14 cells expressing inducible STAG2 shRNA pTRIPZ-shSTAG2#60 were cultured in the 

presence or absence of doxycycline for 5 d before ChIP-qPCR assays were performed. 

Chromatins were immuoprecipitated using CTCF antibody or rabbit IgG. (b) Chromatins of 

WM902 and WM902-BR were immuoprecipitated using CTCF antibody or rabbit IgG. IP-ed 

chromatins were examined using qPCR with primers for R1 and R2 regions of DUSP6 and 

H19. Results are expressed as fold enrichment relative to the non-specific region (R2). n = 3 

biological replicates. Data are mean ± s.e.m. The P values were determined using two-tailed 

Student’s t-test. * P < 0.05; ** P < 0.01. The data variance is similar between groups.  
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Supplementary Figure 10 

Supplementary Figure 10: STAG2 regulates ERK activity through controlling 

expression of DUSP6. (a) M14 cells expressing STAG2 inducible shRNA pTRIPZ-

shSTAG2#60 were infected with lentivirus expressing MYC-DUSP6 or control vector. Cells 

were cultured in the presence or absence of doxycycline for 5 d and treated with 0.3 µM 

vemurafenib for 2 h before lysates were used for western blotting with indicated antibodies. 

Experiment was performed 3 times. (b,c) WM902-BR cells (b) and WM983-BR (c) 

expressing MYC-tagged DUSP6 or vector control were treated with 10 µM vemurafenib for 2 

h. Cell lysates were used for western blotting with indicated antibodies. Experiment was 

performed 3 times. (d) WM902-BR cells expressing MYC-tagged DUSP6 or vector control 

were seeded at 3x104 per well in 6-well plates and treated with in the presence or absence 

of 1 µM vemurafinib as indicated in clonogenic growth assays. Experiment was performed 3 

times. Scale bar: 5 mm (e) A375 cells expressing STAG2 shRNA#23 or scrambled control 

were infected with lentivirus expressing Flag-DUSP4 or control vector. Cells were treated 

with vemurafenib for 2 h before lysates were used for western blotting with indicated 

antibodies. Experiment was performed 3 times.. 
  



Supplementary Figure 11 

Supplementary Figure 11: Schematic model for regulation of BRAF-MEK-ERK signaling 

pathway by STAG2. 

  


