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Figure 3. Mutational and Copy Number Profile of PDXs, PDX CLs, and Tumors from Patients that Received Targeted Therapy with BRAFi,
MEKIi, or a Combination

(A) A single sample from each of 49 unique patients is included.

(B) Five subtypes of potential resistance mechanisms in samples that progressed post-treatment.
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Additional genetic and genomic changes were observed that
also may contribute to therapeutic resistance (Figure 3B). Homo-
zygous loss of PTEN and high-level amplification of MET were
seen in 20% and 50% of patients with high-level amplification
of BRAF, respectively. High-level amplification of BRAF was
observed in 67% of samples also having secondary NRAS
Q61/G12 mutations, along with additional CNAs in non-MAPK
pathway genes. The mechanisms of resistance found in the sam-
ples did not differ between patients treated with BRAFi alone and
with BRAFiI/MEKi.

Genetic Landscape of Melanoma Cell Lines, PDXs, PDX
CLs, and Patient Tumors from Patients Treated with
Immunotherapy

Overall, 71 unique patients (two acral) were previously exposed
to immunotherapy with anti-CTLA4 (33, 46%), anti-PD-1 (19,
27%), or anti-CTLA4/anti-PD1 (19, 27%). Twenty patients
(28%) received both immunotherapy and targeted therapy. Of
the 71 patients, eight (11%) patients were responders (one
acral), 33 (47%) had progressive disease, seven (10%) had sta-
ble disease, and one patient (1%) had a mixed response (Fig-
ure 4). Disease outcome was unknown for 22 (31%) patients
(one acral). The genetic and genomic landscape was similar
to the naive sample set, with an enrichment for non-BRAF-
mutated tumors. However, mutational burden (nonsynonymous
variants/mb) in patients that received immunotherapy was signif-
icantly higher than the naive cohort (p = 0.03).

Evaluation of Multiple Samples from the Same Patient
Multiple samples from 40 patients were sequenced, including
cell lines, PDXs, PDX CLs, and biopsies (Figure S7; Table S7).
Full mutational concordance was observed across 65 samples
from 28 (70%) patients; 35 samples from 12 patients were
discordant. In six instances, discordance could be attributed to
within-patient tumor heterogeneity, three instances to within-tu-
mor heterogeneity, one instance to the development of acquired
resistance mutations, two to acquired resistance mutations in
cell lines adapting to targeted therapy, and in two instances no
potential etiology could be identified. Discordant deleterious mu-
tations in KRAS (p.A146T and p.K117N), PTEN, and TACC1 were
found in two biopsies taken on the same day but from different
locations in a patient progressing on pembrolizumab/dabrafenib
(WM4420). One patient had a total of five biopsies at three
different time points; discordant mutations were observed in
three genes, varying over time (before and after treatment with
ipilimumab) and location (WM4295). We also observed discor-
dant mutations in five genes in biopsies taken from left and right
axillary lymph node metastases (WM4413). Further, an early-in-
transit metastasis was found to have a deleterious TP53 muta-
tion, with two subsequent biopsies from different locations, while
the patient was on BRAFi therapy for 12 months, both TP53 WT
(WM4011). Interestingly, the thick primary melanoma differed
remarkably from a residual lung metastasis after anti-CTLA4
therapy (WM4210). We also observed two instances in which
tumor grafts from the same PDX expanded in different mice
did not have the same mutational changes.

These data suggest that intra-tumoral heterogeneity can lead
to the outgrowth of several sub-clones during the propagation of

PDX, and they may explain some of the heterogeneity seen in
PDX efficacy studies (Krepler et al., 2016). Therapeutic pressures
also can lead to new mutations conferring selective growth
advantages. In the BRAF V600E mutant model WM4351, two
PDXs derived from therapy-naive biopsies were both NRAS
WT, whereas a biopsy taken after progression on BRAFi/MEKi
had an NRAS Q61K mutation. In two cases, PDXs derived
from targeted therapy-progressed patients did not demonstrate
any acquired mutations, but they were resistant to the same ther-
apy the patient had received when dosed in vivo. When we es-
tablished cell line cultures, they initially did not grow, but they
became resistant after several passages. Each cell line had
a resistance mutation, one in NRAS (Q61K allele frequency
0.44) and the other in MAP2K1 (C121S allele frequency 0.43)
(Table S7).

Chromatin-Remodeling Gene Mutations in Melanoma
Cell Lines, PDXs, PDX CLs, and Patient Tumors
Mutations in the genes that encode the SWI/SNF chromatin-
remodeling enzymes ARID1A (BAF250A/SMARCF1), ARID1B
(BAF250B), ARID2 (BAF200), and SMARCA4 (BRG1) have
been implicated in melanoma, as have those that encode other
chromatin organization/histone modification proteins (EZH1,
EZH2, SETD2, and TRRAP) (Hodis et al., 2012; Cancer Genome
Atlas Network, 2015). Overall, 65 of 371 (17.5%) samples from
unique patients harbored a likely deleterious/deleterious muta-
tion in at least one of the genes associated with chromatin
remodeling or chromatin organization/histone modification (Fig-
ure 5). The most frequently mutated were ARID2 (23), followed by
ARID1A (13), ARID1B (7), and SMARCA4 (4). Deleterious muta-
tions in ARID2, ARID1A, and SMARC4 were mutually exclusive
(p = 2.2 x 107'%), apart from a co-occurrence of ARID2 and
SMARCA4 in one sample. However, deleterious mutations in
ARID1B were found concurrently with mutations in ARID2 (1)
and ARID1A (2). Restricting to naive samples to reduce bias,
BRAF V600E mutations were the least likely to be associated
with chromatin-remodeling gene mutations (7 of 105, 7%). Chro-
matin-remodeling gene mutations were observed comparatively
frequently with BRAF V600K (3 of 15, 20%), RAS (12 of 50, 24%),
and NF1 (1 of 11, 9%) mutations (p = 0.013). One deleterious
truncating mutation was detected in EZH7; deleterious/likely
deleterious missense mutations were found in 12 EZH1/2-
mutated samples from unique patients. Rare mutually exclusive
mutations were found in SETD2 (4), TRRAP (4), IDH1 (1), and
BAP1 (1).

Comparison of Genotypes in Clinical Samples and PDXs

Clinical tumor sequencing data from 79 melanoma patients
treated at Penn Medicine or MDACC were compared to our
data (Table 2). At the Center for Personalized Diagnostics at
Penn Medicine, the TruSeq Amplicon Cancer Panel (lllumina)
was used for clinical sequencing (Hiemenz et al., 2016). At
MDACC, CMS50 (Life Technologies) was used for clinical
sequencing (Kim et al., 2017). For each patient, mutational pro-
files of PDX or tumor biopsy were compared to the clinical
mutational profile. It is important to note that, in virtually all
cases, a different sample was used for clinical sequencing
than to establish the PDX or sent as a research tumor biopsy.
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Figure 4. Mutational and Copy Number Profile of PDXs, PDX CLs, and Tumors from Patients that Received Immunotherapy with Anti-

CTLA-4, Anti PD-1, or a Combination

A single sample from each of 49 unique patients is included. NMVD, no missense variants in targeted genes detected.

Additionally, we could only compare samples for which positive
results were found on either clinical or study sequencing in re-
gions covered by both. All deleterious mutations were deter-
mined to be such by both the site and study. However, for
six likely deleterious mutations and VUSs, the pathogenicity
calls varied.

Overall, there were 101 potentially overlapping mutations, of
which 91 (91%) were found by both the site and study. We iden-
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tified eight of 63 (12.6%) samples with discordant results.
Of those, four (WM3407, WM4428, WM4462, and WM4464)
research biopsies were likely normal tissue rather than mela-
noma, as they had one to three VUSs at allelic frequencies
of 50%. For two samples (WM4433 and WM4323), although
clinical sequencing was done on a pre-treatment sample, we
sequenced a post-treatment sample and identified presumably
de novo resistance mutations. In one sample (WM4279), we
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Figure 5. Mutational and Copy Number Profile in Unique Patient C
Chromatin-Remodeling Genes, which Reveals Mutual Exclusivity of

identified a KIT p.L576P mutation not found in the clinical sam-
ples. Of the 16 UPENN samples with sequencing of a clinical
sample and PDX, we only found one (6%) with discrepant re-
sults; interestingly, we each found different truncating mutations
in PTEN. We observed that mutations tended to have higher

ell Lines and PDXs with a Likely Deleterious/Deleterious Mutation in
Mutations

allele frequencies in the PDX, as compared to clinical
sequencing, which could be due to either admixture in the orig-
inal tumor or loss of the wild-type allele during establishment of
the PDX, which we have observed for ovarian cancer PDX
(George et al., 2017).
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Table 2. Results from Clinical and Study Sequencing of Samples from the Same Patient

Clinical Site Variant Study Percentage Tumor PDX Percentage

Sample ID  Sample Type  Site Gene NT Change Call Variant Call Tumor AF (%) AF (%) Increase Concordance
WM4428 patient biopsy MDACC BRAF ¢.T1799A:p.V600E deleterious - - discordant
WM4433 patient biopsy MDACC BRAF c.T1799A:p.V600E deleterious deleterious 22.6 concordant
WM4433 patient biopsy MDACC NRAS c.A182G:p.Q61R - deleterious 32.5 discordant
WM4435 patient biopsy MDACC BRAF c.T1799A:p.V600E deleterious deleterious 28.4 concordant
WM4437 patient biopsy MDACC BRAF c.GT1798_1799AA:p.V600K deleterious deleterious 33.7 concordant
WM4444 patient biopsy MDACC BRAF c.GT1798_1799AA:p.V600K deleterious deleterious 90 concordant
WM4449 patient biopsy MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 56.9 concordant
WM4462 patient biopsy MDACC BRAF c.T1799A:p.V600E deleterious - - discordant
WM4464 patient biopsy MDACC BRAF ¢.T1790G:p.L597R deleterious - - discordant
WM4472 patient biopsy MDACC BRAF c.T1799A:p.V600E deleterious deleterious 44.3 concordant
WM4478 patient biopsy MDACC BRAF c.A1801G:p.K601E deleterious deleterious 42.4 concordant
WM4487 patient biopsy MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 52.1 concordant
WM4494 patient biopsy MDACC BRAF c.GT1798_1799AA:p.V600K deleterious deleterious 29.2 concordant
WM4500 patient biopsy MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 53.8 concordant
WM4508 patient biopsy MDACC BRAF c.1799_1801del:p.600_601del deleterious deleterious 36.4 concordant
WM4515 patient biopsy MDACC NRAS c.A182G:p.Q61R deleterious deleterious 50.8 concordant
WM4528 patient biopsy MDACC NRAS c.C181A:p.Q61K deleterious deleterious 41.8 concordant
WM4530 patient biopsy MDACC NRAS c.A182G:p.Q61R deleterious deleterious 48 concordant
WM4532 patient biopsy MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 47.5 concordant
WM4542 patient biopsy MDACC NRAS c.A182G:p.Q61R deleterious deleterious 46.2 concordant
WM4545 patient biopsy MDACC BRAF c.T1799A:p.V600E deleterious deleterious 44.6 concordant
WM4553 patient biopsy MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 49.4 concordant
WM4558 patient biopsy MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 47.7 concordant
WMB3407 PDX MDACC BRAF c.G1397A:G466E deleterious ND - discordant
WM3407 PDX MDACC ATM c.T728C:p.L243S VUSH VUS 48.1 concordant
WM4218 PDX MDACC KIT c.T1669C:p.W557R deleterious deleterious 471 concordant
WM4249 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 61.7 concordant
WM4257 PDX MDACC NRAS c.C181A:p.Q61K deleterious deleterious 75 concordant
WM4257 PDX MDACC TP53 c.G629A:p.R210K deleterious deleterious 100 concordant
WM4258 PDX MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 48.1 concordant
WM4260 PDX MDACC KIT c.A1924G:p.K642E deleterious deleterious 78.3 concordant
WM4260 PDX MDACC CTNNB1 c.C134T:p.S45F deleterious deleterious 49.9 concordant
WM4262 PDX MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 99.8 concordant
WM4264 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 64.7 concordant
WM4265-1 PDX MDACC NRAS c.C181A:p.Q61K deleterious deleterious 96.8 concordant
WM4265-1 PDX MDACC TP53 c.C380T:p.S127F deleterious deleterious 98 concordant

(Continued on next page)
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Table 2. Continued

Clinical Site Variant Study Percentage Tumor PDX Percentage

Sample ID  Sample Type  Site Gene NT Change Call Variant Call Tumor AF (%) AF (%) Increase Concordance
WM4267 PDX MDACC BRAF c.T1799A:p.V600E deleterious ND - discordant
WM4267 PDX MDACC CDKN2A c¢.G159C:p.M53I VUS VUS 55.1 concordant
WM4276 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 0.61 concordant
WM4279 PDX MDACC KIT c.T1727C:p.L576P ND deleterious 86.6 discordant
WM4280 PDX MDACC BRAF c.GT1798_1799AA:p.V600K deleterious deleterious 47.6 concordant
WM4285 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 42.2 concordant
WM4286-1 PDX MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 0.59 concordant
WM4292 PDX MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 48.6 concordant
WM4295 PDX MDACC NRAS c.A182T:p.Q61L deleterious deleterious 96.3 concordant
WM4299-1 PDX MDACC NRAS c.A182T:p.Q61L deleterious deleterious 0.93 concordant
WM4306 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 25.2 concordant
WM4323 PDX MDACC BRAF c.T1799A:p.V600E deleterious - - discordant
WM4323 PDX MDACC MAP2K1 ¢.1029dupA:p.1343fs NCt deleterious 46.2 discordant
WM4335 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 28.7 concordant
WM4345 PDX MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 61 concordant
WM4345 PDX MDACC CDKN2A c¢.C238T:p.R80X deleterious deleterious 84 concordant
WM4351 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 75.5 concordant
WM4353 PDX MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 57 concordant
WM4367 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 51.2 concordant
WM4369 PDX MDACC NRAS c.G38A:p.G13D deleterious deleterious 65.6 concordant
WM4370 PDX MDACC BRAF ¢.GT1798_1799AA:p.V600K deleterious deleterious 92.7 concordant
WM4380 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 30.7 concordant
WM4382 PDX MDACC BRAF ¢.T1799A:p.V600E deleterious deleterious 48.6 concordant
WM4388 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 47 concordant
WM4388 PDX MDACC TP53 ¢.C520T:p.R174X deleterious deleterious 91.3 concordant
WM4389 PDX MDACC NRAS ¢.G37C:p.G13R deleterious deleterious 73.1 concordant
WM4404 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 67.7 concordant
WM4408 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 741 concordant
WM4420 PDX MDACC BRAF c.GT1798_1799AA:p.V600K deleterious deleterious 87.7 concordant
WM4420 PDX MDACC CTNNB1 ¢.C134T:p.S45F deleterious deleterious 65 concordant
WM4420 PDX MDACC FBXW7  ¢.C1321T:p.R441W deleterious deleterious 52.6 concordant
WM4426 PDX MDACC NRAS c.A182G:p.Q61R deleterious deleterious 84.5 concordant
WM4430 PDX MDACC NRAS c.A182G:p.Q61R deleterious deleterious 100 concordant
WM4442 PDX MDACC NRAS c.C181A:p.Q61K deleterious deleterious 95.7 concordant
WM4445 PDX MDACC BRAF c.T1799A:p.V600E deleterious deleterious 56.7 concordant
WM4451 PDX MDACC NRAS c.G35A:p.G12D deleterious deleterious 87.4 concordant

(Continued on next page)

(@)
o
Ky
®
®
®

SS3OOV

N3dO




