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Abstract: Variable clinical responses, tumor heterogeneity, and drug resistance reduce long-term survival outcomes
for metastatic melanoma patients. To guide and accelerate drug development, we characterized tumor responses
for five melanoma patient derived xenograft models treated with Vemurafenib. Three BRAF'$°t models showed
acquired drug resistance, one BRAFY®°°t model had a complete and durable response, and a BRAF'°® model was
expectedly unresponsive. In progressing tumors, a variety of resistance mechanisms to BRAF inhibition were un-
covered, including mutant BRAF alternative splicing, NRAS mutation, COT (MAP3K8) overexpression, and increased
mutant BRAF gene amplification and copy number. The resistance mechanisms among the patient derived xeno-
graft models were similar to the resistance pathways identified in clinical specimens from patients progressing on
BRAF inhibitor therapy. In addition, there was both inter- and intra-patient heterogeneity in resistance mechanisms,
accompanied by heterogeneous pERK expression immunostaining profiles. MEK monotherapy of Vemurafenib-
resistant tumors caused toxicity and acquired drug resistance. However, tumors were eradicated when Vemurafenib
was combined the MEK inhibitor. The diversity of drug responses among the xenograft models; the distinct mecha-
nisms of resistance; and the ability to overcome resistance by the addition of a MEK inhibitor provide a scheduling
rationale for clinical trials of next-generation drug combinations.
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Introduction from the same patient [9] and the reported het-
erogeneity within a single tumor [10-13] adds to
the complexity. Thus, two major challenges in
oncology are to understand, and to counter, the
evolution of drug resistance in tumors under

chemotherapeutic selection pressure.

Metastatic melanoma is a highly aggressive
malignancy that remains a problem despite
improved methods for genotyping tumors and
approved targeted therapies [1]. Agents target-
ing BRAFY6°°E such as Vemurafenib and dab-
rafenib, have improved therapeutic options
[2-4]. Unfortunately, initial responses are short-

Patient derived xenograft (PDX) models have
emerged as one of several promising strategies

lived [5], and work remains to combat the clon-
al evolution of resistance [6]. Further compli-
cating personalized medicine for malignant
melanoma is an ever-expanding range of
acquired Vemurafenib resistance mechanisms
[7-10]. The fact that multiple resistance mecha-
nisms may be found within different tumors

to investigate these challenges [14]. A prior
report using metastatic melanoma PDX models
uncovered novel therapeutic opportunities by
using intermittent Vemurafenib dosing to fore-
stall drug resistance [15]. Additional studies
including the refinement and validation of such
PDX model systems are crucial to realize the
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Table 1. Patient characteristics and comparative mutational status between the patient tumor and

first generation PDX model

BRAF NRAS KIT MET PIK3CA

Patient Sex Age Tumor Site
TO FO TO l:0 TO F0 TO FO TO FO
1 Male 53 Lymph node V6OOE VB6O0OE WT WT WT WT WT WT WT WT
2 Male 45 Lymph node V6OOE VE0OE WT WT WT WT WT WT WT WT
3 Male 43 Lymph node V6OOE VB0OE WT WT WT WT WT WT WT WT
4 Male 43 Metastasis, abdominalwall NA  VBOOE WT WT WT WT WT WT WT WT
5 Male 80 Lymph node V60OV VEOOV WT WT WT WT WT WT WT WT

promise of personalized treatment paradigms.
Along these lines, we examined five metastatic
melanoma PDX models in which a single tumor
from each patient was used to generate multi-
ple tumorgrafts. The characterization of each
tumor illuminated the complexities arising from
tumor heterogeneity, such as efficacy of target-
ed therapy, durability of response, and develop-
ment of acquired drug resistance. We believe
the PDX models described here, provide a criti-
cal experimental tool to guide future drug devel-
opment efforts. Importantly, we confirmed that
these melanoma PDX models recapitulate the
spectrum of Vemurafenib responses that have
been previously reported in metastatic mela-
noma patients.

Materials and methods

Tissue processing, tumor engraftment and
treatment of PDX models

All aspects of this study were reviewed and
approved by the IRB at the Van Andel Research
Institute (VARI). Tumor tissue in excess of that
needed for diagnosis was collected after receiv-
ing written informed consent prior to study
enroliment. Characteristics of five different me-
tastatic melanoma patients are summarized in
Table 1. The animal procedures used for PDX
models were approved by the VARI IACUC. Upon
receipt of a portion of a tumor, the tissue was
subdivided by blunt dissection into fragments
used for histological study (after formalin fixa-
tion), for genomic and proteomic analyses (after
snap freezing), for implantation into 6- to 8-
week-old athymic nu/nu (nude mice), and for
cryopreservation for future grafting. All details
regarding the PDX models were previously
described [16]. A staggered enrollment proto-
col was used in which the initiation of treat-
ment for individual mice was based on tumor
size and growth kinetics (log phase).
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In-vivo drug studies

Vemurafenib: Vemurafenib tablets (240 mg)
were manually ground by mortar and pestle
and suspended in carboxymethylcellulose
(CMC) followed by dilution with dimethyl sulfox-
ide (DMSO) to form a final milky white suspen-
sion in 5% DMS0O/1% CMC. Vemurafenib stock
(8.3 mg/ml) was administered twice a day, 5
days per week (Monday through Friday) by oral
gavage for a final dose of 50 mg/kg body
weight.

PD0325901: To prepare the MEK inhibitor PD-
0325901 (Selleck Chemicals, Houston, TX)
stock solution, 100 mg of drug was first diluted
in DMSO at a final concentration of 100 mg/mL
then diluted to a concentration of 6.3 mg/mL
using 1% CMC. The PD0325901 stock solution
was administered once or twice a day, 5 days
per week (Monday through Friday) by oral ga-
vage for a final dose of 25 mg/kg body weight.

Vehicle control: The control solution was 5%
DMSO0/1% CMC. Control mice received 150 pl
of vehicle on same schedule as mice receiving
Vemurafenib treatment or 100 ul of vehicle at
same schedule as mice receiving PD0325901
treatment.

Histopathology and immunohistochemistry

Formalin-fixed, paraffin-embedded tissue sec-
tions were routinely processed using hematoxy-
lin and eosin (H&E) staining. Immunohisto-
chemical (IHC) staining was performed using a
Discovery XT (Ventana Medical System, Tucson,
AZ). Primary antibodies were used to detect
pPERK (Thr202/Tyr204), pAKT (Serd73), and
activated/cleaved caspase 3 (clone 20G11,
736E11, and CS9661, respectively; Cell Sig-
naling Technology, Danvers, MA) and Ki-67
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Figure 1. BRAF'6°E PDX tumor responses to Vemurafenib treatment reveal multiple resistance mechanisms. Mice
were treated with either vehicle control or Vemurafenib (50 mg/kg orally, twice daily, 5 d on, 2 d off) for up to 150
days. The structure of Vemurafenib is displayed inside panel A. All vehicle treated tumors from patients 1-3 (green
lines - > n=4) rapidly increased in size. Chronic exposure to Vemurafenib (red line, except in panel B) produced differ-
ing responses among these PDX models. Y-axis values represent the mean tumor volume + SEM (except for panel B)
for each treatment group. A. Patient 1 tumors showed a significant, uniform response to Vemurafenib (n=11 started
on treatment) with tumor growth inhibited for 50 d, after which acquired resistance emerged in all mice. Sampling
of whole-tumor sections revealed progressively increased pERK expression by IHC staining (lower left panel) during
treatment (day 50) and after resistance (day 70), with inter- and intra-tumor heterogeneity. Alternative splicing of
the BRAFV6°°E gene was found in all four resistant tumors, but not in control vehicle-treated tumors or in A375 cells.
Note that the dominant isoform is the 1.1 kb isoform (upper right, single asterisk), not the the 1.7 kb isoform (two
asterisks). B. Patient 2 tumor growth is plotted for each individual mouse due to at the heterogeneous response to
treatment with Vemurafenib (n=12 started on treatment). Resistant tumors with NRAS® mutations (frequency
33-50%) were present in three of four tumors examined; one resistant tumor lacked this point mutation, but had
an alternatively spliced BRAF'®°%t jsoform of 1.1 kb. C. Patient 3 tumors showed a significant, uniform response to
Vemurafenib (n=13 started on treatment) with tumor growth inhibited for 20 d, after which resistance emerged in
all mice. No alternative BRAF splicing or NRAS mutations were observed. Three of the resistant tumors had elevated
COT expression (lower right panel) relative to vehicle-treated tumors and to tumors isolated from patient 1. D. Pa-
tient 4 tumors displaying a reduction in tumor volume in response to chronic Vemurafenib treatment (n=12 started
on treatment) did not develop resistance over the course of the study (80 days). Y-axis values represent the mean
tumor volume £ SEM for each treatment group. The fidelity of the PDX model system is confirmed by the patient
5 BRAFY6%%Y tumors which did not respond by growth inhibition to either vehicle (n=5) or Vemurafenib (n=8). Y-axis
values represent the mean tumor volume + SEM for each treatment group.

(@b833; Abcam Inc., Cambridge, MA). Ultramap
anti-rabbit or goat alkaline phosphatase sec-
ondary antibodies were added with a Chro-
mogen Red or Brown reaction product following
the manufacturer’s instructions. Slides were
viewed on an Olympus BX51 microscope with
Nikon Image Software. Scanning magnification
images were captured using ScanScope XT,
(Aperio; Vista, CA).

Detection of DNA mutations and copy number

Targeted sequencing of tumors was performed
using the lon AmpliSeq Cancer Hotspot Panel
v2 and an lon Torrent PGM instrument following
the manufacturer’s instructions. Variant calls
were made using the Torrent Variant Caller (ver-
sion 3.6.63335) with the “Somatic - High Stri-
ngency” configuration. Raw variants within the
NRAS gene were then filtered such that cover-
age was > 15 and variant frequencies were >
25%. Copy number variations of the BRAF gene
for tumor samples were performed using the
TagMan Copy Number Assay following the man-
ufacturer’'s instructions. Normal adult skin-
derived human melanocytes were obtained
from Zenbio (Research Triangle Park, NC) and
grown according to the manufacturer’'s recom-
mandation.

Detection and confirmation of alternative
BRAF splicing

Analysis of BRAF splice variants was performed
in vehicle-treated and Vemurafenib-resistant
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tumors as previously described [17]. As a con-
trol, BRAFV89%E A375 melanoma cells were pur-
chased from the American Tissue Culture
Collection, and were examined after being
grown in RPMI supplemented with 10% FBS,
1% penicillin, and 1% streptomycin.

Relative BRAF mRNA levels

BRAF mRNA was measured from the parental
tumor, normal melanocytes, and PDX-derived
tumor samples by quantitative RT-qPCR as pre-
viously described [15].

Results

Vemurafenib responses show distinct resis-
tance mechanisms in three BRAF'6°°F models

In the patient 1-derived BRAFY6°°E model ex-
posed to vehicle alone (Figure 1A; green line)
tumors rapidly increased in size within 14 days
(n=4). Consistent with clinical trial results [18],
the growth of tumors from patient 1 was initially
inhibited by Vemurafenib, but later acquired
resistance and subsequently began growing
(red line, n=11 started on therapy). Upon serial
transplantation of the Vemurafenib-resistant
tumors, there was immediate and rapid growth
in the presence of Vemurafenib (Supplementary
Figure 1A). In a repeated experiment using
patient 1 tissue, xenograft tumors in 11 mice
(vehicle-treated tumors, green line, n=4; Ve-
murafenib-treated tumors, red line, n=7) reca-
pitulated the acquired resistance (Supple-

Am J Cancer Res 2015;5(4):1507-1518
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Figure 2. BRAF gene expression and copy number in BRAFY6°°E PDX models. BRAF gene expression (left axis black columns) and BRAF copy number (right axis, open
columns) for PDX tumors versus parental tumors and normal melanocytes as controls. No consistent trends were identified.
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mentary Figure 1B). Unlike a previous report in
which re-engrafted tumor fragments from PDX
models temporarily regained drug sensitivity
[15], re-engrafted tumor fragments from the
patient 1 PDX model displayed immediate drug
resistance.

Because ERK activity has been linked to
response [19] and resistance [10] to Vem-
urafenib, we profiled pERK activation. Despite
heterogeneous pERK activation profiles within
individual tumors and between tumors, overall
expression patterns for pERK were stronger in
Vemurafenib-treated tumors on day 50 and in
Vemurafenib-resistant tumors on day 70 than
in vehicle-control tumors (Figure 1A; IHC-
stained sections). The presence of enhanced
ERK activation at the advancing margins of
metastatic melanoma lesions was noted by
another group [20]. To compare pERK expres-
sion and cell proliferation status, we used IHC
staining for the cell cycle-related antigen, Ki-67
(Supplementary Figure 1C). Overall, the number
of Ki-67 positive nuclei was consistent with the
proliferative state of the PDX model. Thus, vehi-
cle-treated tumors (day 10) had widespread
Ki-67 expression, as did rapidly growing resis-
tant tumors (day 70), while Vemurafenib-treated
tumors prior to the onset of resistance (day 50)
had less Ki-67 expression.

BRAFY6%%E  mutation analysis derived from
patient 1 samples confirmed that the WT vs.
mutant allelic frequencies were similar (65-
85%; two tumors analyzed/group, data not
shown). Thus, Vemurafenib resistance was not
accompanied by the emergence of metastatic
melanoma clones having a substantially in-
creased frequency of WT (e.g., BRAF'6°%) all-
eles in resistant tumors. Additionally, targeted
BRAF resequencing of DNA isolated from con-
trol and resistant tumors, found that no single
mutation was apparent as being differentially
present between the two groups (data not
shown). Because previous reports have impli-
cated BRAFV®°E glternative splicing as a mech-
anism of Vemurafenib resistance [10, 17], PCR
was used to examine BRAF mRNA size. No evi-
dence of alternative splicing was found in either
vehicle-treated tumors or A375 cells; only the
full length (2.3-kb) BRAF form was detected
(Figure 1A). However, all four acquired-resis-
tance tumors harvested on day 70 revealed
two alternatively spliced variants, a predomi-
nant 1.1-kb isoform and a 1.7-kb isoform. The
1.7-kb variant was shown by Sanger sequenc-
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ing to be missing exons 8-11, 14, and 15; this is
not the same as the 1.7-kb variant described
previously in which exons 3-8 were deleted
[17]. Sanger sequencing of the 1.1-kb variant
identified the previously reported deletion of
exons 2-10 [17], which eliminates the Ras bind-
ing domain while preserving the kinase domain.
This BRAFY6%%E variant has been identified in
Vemurafenib-resistant metastatic melanoma
clinical samples [21] and in a clinical setting in
which a dabrafenib/trametinib combination
therapy was used [22].

The BRAFY6°E PDX model derived from patient
2 revealed a rapid increase in the volume of
vehicle-treated tumors (Figure 1B, green line,
n=5), but a heterogeneous response among
Vemurafenib-treated tumors (n=6 started on
therapy). While all treated tumors initially
decreased in size, four tumors developed drug
resistance and two tumors showed sustained
growth suppression for up to 150 days (Figure
1B). Examination of the resistant tumors from
patient 2 revealed the emergence of an activat-
ing NRAS® mutation in three of the four
tumors, but not in any of the vehicle-treated
tumors (Figure 1B). This resistance mechanism
has been previously observed in both meta-
static melanoma cell lines [23-25] and in
patient tumors [9]. Interestingly, the remaining
resistant tumor lacked the activating NRAS
mutation but expressed the 1.1-kb variant
BRAFY8%%E which lacks exons 2-10. To further
confirm the differences among this group of
resistant tumors, pERK and pAKT were exam-
ined by IHC staining. While pERK profiles were
similar among all four progressing tumors, the
pAKT level was markedly lower in the tumor

without NRAS®® (Supplementary Figure 2D).

The BRAFY6°E PDX model derived from patient
3 responded to both vehicle and Vemurafenib
similar to tumors from patient 1; both vehicle-
and Vemurafenib-treated tumors showed syn-
chronous changes in tumor volume (Figure 1C,
vehicle-treated tumors, green line, n=6; Ve-
murafenib-treated tumors, red line, n=13).
While no alternatively spliced BRAFY%°E iso-
forms or NRAS®*K were detected in either vehi-
cle-treated or resistant tumors, the expression
of MAP3KS, the gene encoding COT, was elevat-
ed in all three of the resistant tumors examined
(Figure 1C). By comparison, Vemurafenib-
treated tumors from patient 1 did not show
increases in COT (Figure 1C).

Am J Cancer Res 2015;5(4):1507-1518
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Vehicle-treated tumors derived from patient 4
also grew rapidly (Figure 1D, green line; n=5)
but a sustained reduction in tumor size was
observed in all Vemurafenib-treated tumors up
to 80 days (red line, n=12 started therapy).
From a clinical perspective, patient 4 would
reflect complete responders, expected to have
a prolonged progression-free survival. The
patient 5-derived BRAFY6°® model confirmed
the expected lack of response to Vemurafenib
for a non-BRAF-mutated metastatic melanoma
(Figure 1D); vehicle-treated (green line, n=5)
and Vemurafenib-treated tumors (red line, n=8)
had similar growth kinetics.

Mutant BRAF amplification has been reported
in patient derived tumors and in-vitro in cell
lines as a mechanism of acquired BRAF inhibi-
tor resistance [21]. More recently, Das Thakur
et al. [15] implicated increased BRAFV60OE
expression and copy number in the Vemurafenib
resistance of a single metastatic melanoma
patient derived PDX model. We found modest
increases in BRAF mRNA among the patients,
predominantly in the various Vemurafenib-
resistant tumors (Figure 2, left axis, solid bars)
relative to parental tumors and to human mela-
nocytes that we used as controls. In contrast,
while changes in BRAF copy number were seen
in individual tumors, there was no clear pattern
among vehicle-treated and Vemurafenib-
resistant tumors (Figure 2, right axis, open
bars). Thus, in our models, BRAF overexpres-
sion in Vemurafenib-resistant metastatic mela-
noma is predominantly driven by increased
transcription or mRNA stability.

Tumors with acquired Vemurafenib resistance
are MEK inhibitor-sensitive

To determine whether the Vemurafenib-resi-
stant tumors had become addicted to MEK-
mediated signaling, we selected the MEK inhib-
itor PD0325901 as a second agent to interrupt
the RAF-MEK-ERK signaling cascade. Frag-
ments of resistant tumors from patient 1 were
transplanted into new recipient mice followed
by treatment with Vemurafenib (Figure 3A).
Three resistant tumors were allowed to reach
approximately 1,000 mm?3 (red line) before
addition of PD0325901 to the treatment regi-
men. The rapid growth of the tumors immedi-
ately ceased and the tumors regressed (Figure
3A). After 14 days of treatment with PD0325901
plus Vemurafenib, the tumors contained con-
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spicuous paucicellular fibrovascular tracks
through the tissue, resulting in islands of small
melanoma cells with high nuclear:cytoplasmic
ratios (Figure 3B, upper panel), accompanied
by low proliferation marker expression, and
apoptotic cells (assessed by IHC for Ki-67 and
activated caspase 3 positivity, respectively;
Figure 3B, lower panels). Because tumors were
not examined before day 14 (start of PD-
0325901 doses), the relative contribution of
apoptosis to the rapid loss of tumor volume is
uncertain. To verify that the addition of PD-
0325901 was inhibiting the MAPK signaling
cascade, the three Vemurafenib-resistant tu-
mors examined after PD0325901 treatment
were found to have decreased pERK expres-
sion and Ki-67 expression relative to the major-
ity of Vemurafenib-resistant tumors (compare
Figure 3C, upper and lower panels versus,
respectively, Figure 1A and Supplementary
Figure 1C). Thus, in this PDX mode, tumors that
acquired Vemurafenib resistance remain drug-
resistant upon re-engraftment, and further,
reactivation of MAPK signaling can be targeted
using PD0325901, which gives rapid size
reduction of these resistant tumors, along with
lower pERK and Ki-67 expression.

Given the complexities of targeting signal trans-
duction pathways, we explored the biological
consequences of the elevated COT (MAP3KS8)
levels observed in Vemurafenib-resistant tu-
mors from patient 3 (Figure 1C). Resistant
tumor fragments were re-engrafted into differ-
ent mice (Figure 3D) and treated with either
Vemurafenib (green line) or Vemurafenib plus
PD0325901 (red line). Both of these groups
grew rapidly. These results are consistent with
an earlier report that COT-expressing cell lines
are refractory to MEK inhibition [26]. Thus, the
different responses of Vemurafenib-resistant
tumors from patient 1 (Figure 3A) and patient 3
(Figure 3D) to Vemurafenib plus PD0325901
likely reflect the higher COT expression in
patient 3 tumors.

Targeting BRAF and MEK sustains tumor sup-
pression in Vemurafenib-resistant tumors

To determine whether the shrinking of resistant
tumors could be sustained using a single daily
dose of PD0325901, 12 different tumors
derived from patient 1 were examined. Being
mindful of previous clinical trials using PD-
0325901 [27, 28], treatment protocols were
modified from a twice-daily dosing to single

Am J Cancer Res 2015;5(4):1507-1518
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Figure 3. MEK inhibition using PD0325901 inhibits Vemurafenib-resistant tumor growth in patient 1 but not patient
3 tumors. A. Vemurafenib-resistant grew to about 2000 mm? during Vemurafenib treatment (red line) at which point
PD0325901 (25 mg/kg orally, twice daily, 5 days on, 2 days off) triggersed a rapid reduction in tumor size over 14
days of co-treatment (purple line, n=3). B. High power magnification of Vemurafenib-resistant tumors exposed to
PD0325901 plus Vemurafenib for 14 d (top image) reveals paucicellular fibrovascular tracks surrounding islands
of viable melanoma cells with condensed nuclear chromatin and no nucleoli (H&E stain). Occasional nuclei are
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IHC-positive for the proliferation-associated marker Ki-67 (bottom left image); scattered apoptotic cells expressing
activated caspase 3 were IHC positive (bottom right image). C. Stained whole mounts using (IHC followed by hema-
toxylin staining) show that both pERK and Ki-67 levels are reduced after Vemurafenib plus PD0325901 treatment.
Scale bars indicate 1 mm. D. Vemurafenib-resistant tumors from patient 3 having elevated COT levels were trans-
ferred into new recipient mice and were exposed either to Vemurafenib alone (green line, n=5), or Vemurafenib plus
PD0325901 (red line, n=6). The asterisk indicates the removal of mice from the study due to large tumor volumes.
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Figure 4. Prolonged tumor size reduction of Vemu-
rafenib-resistant tumors by once-daily dosing of
PD0325901. A. Lowering the twice-daily dose of
PD0325901 to once per day (25 mg/kg orally, Mon-
day -Friday) sufficesd to maintain tumor suppression
in Vemurafenib-resistant tumors; all tumor cells were
eradicated in 3 of 4 tumors which had PD0325901
removed on day 70 and which were examined on day
100. B. When Vemurafenib-resistant tumors (500
mm?) were treated with PD0325901 (25 mg/kg oral-
ly, twice a day) their size decreased, and remained so
until PD0325901 was removed, at which time there
was rapid re-growth of the tumors.

daily dose, and from daily treatment to a 5-day-
on-2 day off schedule to avoid toxicity. We
observed that tumor size reduction was sus-
tained when PD0325901 was delivered once a
day together with Vemurafenib; no resistance
was developed during the extended period of
treatment (Figure 4A). Several animals were
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euthanized after 3 weeks of single daily dosing,
and an additional four mice were observed for
100 days (30 days after discontinuation of
PD0325901). Furthermore, when we discontin-
ued PD0325901 treatment for the four mice at
day 70 and followed them for an additional 30
days, there was no tumor regrowth. The tumors
remained barely palpable or non-palpable, and
when the tumor sites were examined, two sites
showed no evidence of tumor. At the third tumor
site we observed a fibrocalsific, pigmented nod-
ule that was devoid of melanoma cells
(Supplementary Figure 3A). At the fourth site a
collection of viable basaloid-appearing mela-

noma cells remained (Supplementary Figure
3B).

To verify that viable metastatic melanoma cells
remain after a more-abbreviated combination
treatment of Vemurafenib plus PD0325901,
three different tumors were taken off PD-
0325901 but maintained on Vemurafenib; th-
ese tumors displayed rapid regrowth with
slightly different times to the onset of logarith-
mic growth (Figure 4B). Thus, by targeting MEK,
tumors were unable to grow in vivo, and with
prolonged dual treatment, near-complete
tumor eradication of Vemurafenib-resistant
tumors was accomplished.

Discussion

Almost every patient receiving targeted therapy
develops drug resistance. In this study, we ini-
tially characterized the growth responses of
five different metastatic melanoma patient
derived xenograft models to Vemurafenib for
up to 150 days. Our results matched clinical
observations, and provided mechanistic insight
into acquired Vemurafenib resistance on a
patient by-patient and lesion-by lesion basis,
including evidence of NRAS mutation, mutant
BRAF alternative splicing, increased COT ex-
pression, and increased BRAF mRNA levels.
The relative frequency of the various drug resis-
tance mechanisms seen in our PDX tumors
reflected clinical experience using BRAF inhibi-
tors [10]. Thus, our metastatic melanoma PDX
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models are now confirmed as clinically relevant
in vivo systems that can extend knowledge of
potential genetic pathways by which tumors
escape from targeted therapy.

Melanoma has been recognized for decades as
more than just one disease [29]. The basis for
multiple drug resistance mechanisms reflects
this tumor heterogeneity, which in turn likely
reflects the high mutational burden of meta-
static melanoma lesions. Human genomes can
now be characterized in less than a month [30]
portending greater clinical potential for identifi-
cation of druggable driver mutations. However,
enthusiasm for deep genome sequencing must
be tempered by the realization that drug resis-
tance is virtually a universal and lethal event for
single agent targeted therapy [6]. In this study,
we discovered that drug resistant tumors, origi-
nating from a single parental metastatic mela-
noma lesion, could develop distinct resistance
mechanisms. In patient 2 tumors, even though
there was simultaneous emergence of drug
resistance, three tumors contained activated-
NRAS mutant cells, while the fourth tumor
acquired a BRAFY6°°E gplice variant. The identi-
cal BRAF splice variant was not only present in
resistant tumors from patient 1, but also was
identified among metastatic melanoma pati-
ents who were drug resistant in clinical studies
[10, 17]. One resistant tumor from patient 1
also contained increased number of mutant
BRAF copies, although whether an individual
melanoma cell has both BRAFVY6°°E alternative
splicing and increased copy number remains to
be determined. The challenges presented by
intratumoral heterogeneity are not unique to
melanoma. Distinct cellular sub-populations
with differential tumorigenicity have been iso-
lated from 2 breast cancer PDX tumors [31].

Having established the clinical relevancy of our
models regarding Vemurafenib, we next asse-
ssed the impact of inhibiting MEK signaling. As
previously reported [10, 19], we found incre-
ased pERK in patients developing Vemurafenib
resistance. This led us to ask if Vemurafenib-
resistant tumors were addicted to this reacti-
vated MAPK signaling pathway, and hence
would be sensitive to MEK inhibition. Because
broad inhibition of MAPK signaling is required
to trigger the killing of metastatic melanoma
cells [19], we sought to confirm and extend in
vitro studies combining Vemurafenib with PD-
0325901. This strategy was successfully used
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to halt disease progression involving BRAFVY600E
alternative splicing (patient 1), but has not
been verified with resistant tumors having
NRAS mutations. Vemurafenib resistance in
patient 3 samples associated with increased
COT expression, that has been reported to acti-
vate ERK by both MEK-dependent and MEK-
independent mechanisms [26]. Thus, the clini-
cal success of adding a MEK inhibitor to a BRAF
inhibitor-resistant tumor will depend on the
context of the resistance mechanism.

A previous report in which BRAFY6°°t ampilifica-
tion was identified as a resistance mechanism
indicated that a Vemurafenib drug holiday
might be of value [15]; this was subsequently
confirmed in three metastatic melanoma pa-
tients [9, 32]. Such completely opposite ap-
proaches - to withdraw or maintain BRAF inhibi-
tion upon progression - likely reflects the under-
lying resistance mechanisms. Based on our
results, we propose the metastatic melanoma
PDX models will be a useful tool to optimize the
schedule of multi-drug combinations that will
counter evolution on a patient by-patient and
lesion-by-lesion approach.

Combining our results with those of others
highlights the complexities of drug resistance
and clonal evolution in metastatic melanoma
patients receiving BRAF inhibitor therapy, and
also demonstrates the utility of PDX models for
identifying solutions for these challenges.
Taken together, these studies indicate the
translational value and relevance of PDX mod-
els for these two agents in the clinic and future
studies that target BRAF and/or MEK. Further
studies are indicated to define the phenotype
and signaling pathways operative in residual
tumor cells and guide future drug development
and therapeutic strategies. These PDX models
will be useful for testing triple therapeutic com-
binations, which would be challenging in the
clinic, but likely essential to combat the evolu-
tionary dynamics of cancer drug resistance.
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Supplementary Figure 1. Transplantation of Vemurafenib-resistant and Ki-67 IHC-based staining profiles. A. Patient
1 Vemurafenib-resistant tumors harvested on day 70 were re-engrafted in new recipient mice and maintained rapid
growth phase in presence of Vemurafenib (50 mg/kg orally, twice a day, 5 d on, 2 d off). B. Patient 1 PDX model
tumor responses to Vemurafenib (50 mg/kg orally, twice a day, 5 d on, 2 d off) are reproducible; compare this
graph to Figure 1A. C. Staining for the proliferation-associated marker Ki-67 in whole mounts of tumors from mice
exposed to vehicle alone for 10 d or Vemurafenib (50 mg/kg orally, twice a day, 5 d on, 2 d off) for 50 d; resistant
tumors after 70 d of Vemurafenib exposure are also shown. Ki-67 levels were higher in vehicle-treated tumors and
in Vemurafenib-resistant tumors. Scale bars indicate 1 mm.
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Supplementary Figure 2. Patient 2 Vemurafenib-resistant xenograft samples show similar IHC staining for pERK
despite differences in resistance mechanisms linked to either NRAS or BRAF alternate splicing. Panels are labeled
A through D to indicate the tumorgrafts from which they were derived in the top panel. pAKT staining is markedly
reduced in the tumor (D) lacking the activating NRAS mutation. Scale bar indicates 100 pm.

Supplementary Figure 3. Histological appearance of two different tumor sites from day-100 mice chronically ex-
posed to Vemurafenib and PD0325901 (see Figure 4A). In panel A, no viable metastatic melanoma cells could be
identified among the fibrocalcific nodules. In panel B, only a small cluster of viable residual metastatic melanoma
cells was apparent; they had a high nuclear: cytoplasmic ratio and a relatively undifferentiated appearance. Note
scale bar indicates 1 mm.



