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SUMMARY

Diverse pathways drive resistance to BRAF/MEK inhibitors in BRA~mutant melanoma,
suggesting that durable control of resistance will be a challenge. By combining statistical
modeling of genomic data from matched pre-treatment and post-relapse patient tumors with
functional interrogation of over 20 /n vitroand /n vivo resistance models, we discovered that major
pathways of resistance converge to activate the transcription factor, c-MYC (MYC). MYC
expression and pathway gene signatures were suppressed following drug treatment, then
rebounded during progression. Critically, MYC activation was necessary and sufficient for
resistance, and suppression of MYC activity using genetic approaches or BET bromodomain
inhibition was sufficient to resensitize cells and delay BRAFi resistance. Finally, MY C-driven,
BRAFi-resistant cells are hypersensitive to the inhibition of MYC synthetic lethal partners,
including SRC family and c-KIT tyrosine kinases as well as glucose, glutamine, and serine
metabolic pathways. These insights enable the design of combination therapies that select against
resistance evolution.

eTOC Blurb

Diverse pathways drive resistance to BRAF/MEK inhibitors in BRAF~mutant melanoma, but by
combining statistical modeling of tumor data with functional interrogation of resistance models,
Singleton et al. show that these pathways converge to activate MYC. BRAFi-resistant cells are
hypersensitive to the inhibition of MY C synthetic lethal partners, informing therapies that select
against resistance.
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INTRODUCTION

Recently, the treatment of metastatic BRAF mutant melanoma has been revolutionized by
two major new therapeutic modalities: targeted therapies (e.g., BRAF and MEK inhibitors,
BRAFI/MEKIi) and immune checkpoint blockade (e.g., PD-1/PD-L1 and CTLA-4 inhibitors)
(Wargo et al., 2014). Therapy with BRAFi/MEKIi yields high objective response rates, but
diverse mechanisms of acquired resistance limit therapeutic duration (Alcala and Flaherty,
2012; Robert et al., 2015; Solit and Rosen, 2014; Wargo et al., 2014). In contrast, checkpoint
inhibitors yield lower response rates, but are often durable (Larkin et al., 2015; Wargo et al.,
2014). Ongoing clinical trials are investigating combinations of BRAFi/MEKi with
checkpoint inhibitors, hoping to improve their durations and rates of response, respectively.
However, emerging evidence suggests that mechanisms driving resistance to BRAFi/MEKi
may also drive cross-resistance to checkpoint blockade through the suppression of tumor
immune surveillance, underscored by observations that patients who fail first-line treatment
with BRAFi/MEKIi appear to respond poorly to subsequent checkpoint blockade (Ackerman
et al., 2014; Frederick et al., 2013; Hugo et al., 2015; Peng et al., 2015; Wargo et al., 2014)
(Puzanov et al., 2015, Pigment Cell Melanoma Res., abstract; Ramanujam et al., 2015,
Pigment Cell Melanoma Res., abstract; Simeone et al., 2015, Pigment Cell Melanoma Res.,
abstract). These findings suggest that innovative and robust strategies for preventing
resistance to BRAFi/MEKi may not only increase the durability of responses to first-line
therapy but also improve the activity of emerging checkpoint blockade and combination
strategies.

Extensive studies have identified diverse mechanisms of resistance to BRAFi/MEK:i in
BRAFmutant melanomas, including those that function by modulating the initial adaptive
tumor response (intrinsic resistance) and those selected for over time (acquired resistance).
Many resistance mechanisms, including activating mutations in NRAS, MEK, and ERK,
NF1 loss, and amplification or alternative splicing of mutant BRAF, result in reactivation of
the ERK pathway in the presence of BRAFI/MEKi (Alcala and Flaherty, 2012; Corcoran et
al., 2010; Hugo et al., 2015; Maertens et al., 2013; Nazarian et al., 2010; Poulikakos et al.,
2011; Rizos et al., 2014; Shi et al., 2014b; Shi et al., 2012; Solit and Rosen, 2014; Van Allen
et al., 2014; Whittaker et al., 2013). Additionally, bypass mechanisms, including activation
of the phosphoinositide-3-kinase (P13K) pathway through mutations or altered expression of
IGF-1R, PIK3CA, PTEN, and AKT, as well as through microenvironmental changes, can
drive resistance (Alcala and Flaherty, 2012; Fedorenko and Smalley, 2015; Hugo et al.,
2015; Paraiso et al., 2011; Rizos et al., 2014; Shi et al., 2014a; Shi et al., 2014b; Solit and
Rosen, 2014; Villanueva et al., 2010). Similarly, bypass signaling through the Notchl
pathway via altered expression of Notchl and other pathway members drives resistance in a
third, distinct subset of patients (Martz et al., 2014). Importantly, these three pathways—
ERK, PI3K and Notchl—have been shown to drive resistance to both single agent and
combined BRAFI/MEKI, and together they appear to account for ~75% of acquired
resistance cases while also playing important roles in intrinsic resistance (Hugo et al., 2015;
Martz et al., 2014; Moriceau et al., 2015; Wagle et al., 2014). Finally, a “long tail” of
alternative, rare resistance mutations and non-genomic (transcriptional) alterations,
including those affecting the WNT/LEF1 and Hippo/YAP pathways, are likely to play roles
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in resistance, although the fractions of tumors affected have yet to be defined (Hugo et al.,
2015; Lin et al., 2015; Van Allen et al., 2014). In sum, the presence of multiple distinct
pathways of resistance, sometimes within the same patient or even the same tumor (Shi et
al., 2014b), suggests that the therapeutic inhibition of individual resistance pathways is
likely to have only limited clinical value, and that robust therapies may require simultaneous
inhibition of multiple resistance pathways (Robert et al., 2015; Solit and Rosen, 2014).
Unfortunately, such higher order combination therapies are expected to frequently produce
unacceptable toxicities in patients, necessitating the development of conceptually new
approaches to circumvent resistance.

One such approach is based on the hypothesis that the seemingly distinct pathways driving
resistance to BRAFi/MEKIi may actually converge on one or more “common effectors”:
downstream signaling targets that are required for the development and maintenance of
resistance. This hypothesis is consistent with the notion of oncogene addiction (Settleman,
2012), which asserts that cancers develop dependencies on signaling downstream of driver
oncogenes, implying that resistance may require the reactivation of these key downstream
target(s). In melanoma, the ‘common effector’ hypothesis is also consistent with the
observation that BRAFiI/MEKi-resistant tumors driven by diverse upstream signaling
alterations exhibit highly recurrent transcriptional programs (Hugo et al., 2015). Finally, this
hypothesis is supported by recent data from our group and others demonstrating that distinct
mechanisms of resistance to receptor tyrosine kinase inhibitors in lung and colorectal
cancers converge on a single downstream signaling axis, the targeting of which can forestall
resistance (Hrustanovic et al., 2015; Misale et al., 2015; Tricker et al., 2015).

In this study, we integrate genomic and biochemical data from two cohorts of BRAF mutant
melanoma patients with acquired resistance to BRAF/MEK pathway blockade, alongside
diverse cellular and animal models of BRAFi resistance, to identify the transcription factor
MYC as a convergent downstream effector of multiple major resistance pathways that is
both necessary and sufficient for resistance. By leveraging this insight alongside the concept
of synthetic lethality, we define combination therapies that, by selectively targeting the

MY C-activated, BRAFiI/MEK:i-resistant state, have the unique property of selecting against
resistance evolution and thereby represent promising strategies to durably control resistance.

MYC is Commonly Reactivated in Patients with Acquired Resistance to BRAF inhibitors

To search a potential convergent effector of resistance, we began by reasoning that such an
effector should follow two rules: (1) it should be regulated downstream of the driver
oncogene and (2) it should rebound to at least pre-treatment expression or activation states at
resistance. To identify genes that obey (1), we used a nonlinear classification model that
allows for the inference of differential gene expression by estimating effect sizes (Crawford
et al., 2016) to identify a set of genes, termed the BRAF response signature, that are most
transcriptionally altered by BRAFI/MEK:i treatment in cell lines and human tumors from
recent published studies (local false sign rate (LFSR) < 0.01; see Sl Text for details)
(Nazarian et al., 2010; Pratilas et al., 2009; Rizos et al., 2014; Stephens, 2016). Gene Set
Enrichment Analysis (GSEA) of these 68 genes revealed numerous enriched signatures
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associated with the canonical RAS-RAF-MEK-ERK cascade (Table S1, Tabs 1-2). Next, we
winnowed the signature to genes that return to their pre-treatment states during relapse in a
panel of 29 human melanoma tumors sampled before and after the development of
resistance (Rizos et al., 2014). We used Bayes Factors (BF; see SI Text for details) as a
metric describing a gene’s return toward its pre-treatment state. The BF is a Bayesian
alternative to classical likelihood ratio testing. Here, a large BF indicates signature genes
useful for classifying a relapsed sample, whereas a log,oBF less than or equal to zero
indicates a gene that does not discriminate between treated and resistant tumors. We
considered all signature genes with log,oBF greater than zero to be potential convergent
effectors of resistance. Thirty-three genes were associated with positive logqoBF values
(Figure 1A and Table S1, Tab 3). We observed that MY C returned the highest log,oBF
value. Correspondingly, GSEA of the 33-gene panel revealed numerous MYC-related,
enriched gene sets (Table S1, Tab 4). By comparing the change in MYC mRNA levels in
matched pre-treatment and post-relapse tumors with the expected change in the same
following BRAFi treatment, we calculated the probability of MYC rebound in each resistant
tumor (see Sl Text for details). Strikingly, this analysis revealed =90% probability of MYC
rebound in 23 of 29 resistant tumors, and =50% probability of MY Crebound in all 29
tumors despite the fact that resistance in these tumors was putatively driven by a range of
mechanisms including activation of the ERK, PI3K, and Notchl pathways (Figure 1B and
Table S2) (Martz et al., 2014; Rizos et al., 2014). At the protein level, immunohistochemical
analysis of formalin-fixed tumor samples from an independent cohort of BRAF mutant
melanoma patients showed a similar pattern of MY C suppression on treatment followed by
reactivation upon progression (Figure 1C-D).

To assess the functional role of MYC activation in BRAFi-resistance, we used step-wise
selection in several BRAF mutant melanoma cell lines to establish a panel of clonal
derivatives with acquired resistance to BRAF pathway blockade. Functionally, these lines
exhibited an array of resistance mechanisms including ERK re-activation and bypass of
ERK signaling through PI3K or Notchl pathway activation. Additionally, the resistance
mechanism of one resistant cell line could not be determined (Figure S1A) (Martz et al.,
2014). Like their human tumor counterparts, MYC mRNA and protein levels in these
models were decreased following initial BRAFi treatment, then rebounded to pre-treatment
or greater levels on resistance despite the continued presence of BRAFi (Figures 1E-F and
S1B-C). Together, these data suggest that MYC may play an important role in the
development of resistance.

MYC Expression is Necessary and Sufficient for Resistance in Diverse Models

To determine whether MY C activation is functionally driving resistance or simply a marker
of the proliferative state, we first ectopically expressed a degradation-resistant A7YC7%8A
mutant in sensitive (treatment naive) cells, revealing that MY C expression alone is sufficient
to confer resistance to BRAFi, MEKIi, ERKi, and BRAFi+MEK:i (Figure 2A and S2A).
Next, to determine whether MY C activation is necessary for resistance, we partially
suppressed MY C expression with two independent shRNAs in a panel of resistant cell lines
(Figure S2B). In each case, MYC knockdown sensitized cells to BRAFi at growth
inhibition-50% (Glsgp) values near or below those of parental, sensitive cells (Figure 2B). By
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comparison, MY C knockdown had modest effects on BRAFi sensitivity in parental cells
(Figure S2C). Also, MYC levels in parental and resistant lines were uncoupled from
doubling time (Figure S2D), consistent with the observation that resistant cells, which have
higher MYC levels that their parental counterparts, also tend to grow more slowly. To
explore whether resistant cells could be sensitized to BRAFI/MEK:i using pharmacological
methods, we used JQ1, a small molecule BET bromodomain inhibitor that suppresses MYC
expression alongside other targets (Figure S2E) (Delmore et al., 2011). JQ1 treatment
phenocopied genetic MY C suppression (Figure 2C and S2E-G). As JQ1 blocks the
endogenous transcription of multiple genes, we tested its MY C-specific effects using a
virally-expressed MY C construct lacking its native promoter (Zuber et al., Nature, 2011).
We found that while JQ1 could sensitize control, luciferase expressing cells to BRAFi, it lost
this ability upon ectopic expression of MYC, indicating that JQ1’s effects are largely due to
on-target inhibition of MYC expression (Figure 2D). Additionally, JQ1 could re-sensitize
cell lines with evolved resistance to the ERKi VX-11E (Figure 2E). Finally, consistent with
a shift away from BRAF-dependence and toward MY C-dependence, we found that evolved
resistant lines were always more sensitive to JQ1 monotherapy than their parental
counterparts, and that the sensitivity of parental cell lines to JQ1 was inversely related to
their basal sensitivity to BRAFi (Figure 2F). Together, these data demonstrate that MYC
activation is both necessary and sufficient for resistance to ERK pathway inhibition in
diverse models and suggest that BRAF mutant melanoma cell lines exist along a continuum
between BRAF- and MY C-driven states.

MYC Functions Downstream of Common Resistance Pathways

Although the finding that MY C knockdown could reverse resistance in evolved cell lines
exhibiting diverse resistance mechanisms suggests that MY C functions as a convergent
downstream effector of resistance, we sought to further investigate this in a controlled
genetic system. We stably expressed lentiviral cDNAs constitutively activating the ERK,
PI3K, and Notchl resistance pathways in a treatment-naive, BRAFi-sensitive cell line,
UACC-62. Activation of the ERK pathway (through expression of activated KRASG12V
activated HRASCG12V  or activated MEK1(5218D/5222D) (MEK1 DD)), the PI3K pathway
(through expression of activated, myristoylated AKT1), and the Notchl pathway (through
expression of the Notchl intracellular domain (ICD)) each increased MYC protein levels
relative to cells expressing a negative control construct (luciferase) or activators of pathways
that fail to confer resistance (the Janus kinase-Signal Transducer and Activator of
Transcription (JAK-STAT) pathway (JAK2V617F) and Hedgehog pathway (truncated Gli2))
(Figures 3A and S3A-B). We next investigated the mechanisms by which each resistance
pathway was causing increased MY C expression. It has previously been demonstrated that
the ERK and PI3K pathways can increase MYC levels by enhancing protein stability
through phosphorylation (Wang et al., 2011). Consistent with these findings, expression of
MEK1 DD and myrAKT1 increased MYC protein levels, but not MYC mRNA levels,
relative to luciferase expressing cells (Fig. 3A-C and S3B). Further, MEK1 DD and
myrAKT1 expression increased MY C stability in a cycloheximide chase assay (Fig. 3C and
S3C). Separately, Notchl is known to activate MYC through transcriptional upregulation
(Palomero et al., 2006), consistent with our findings that cells expressing the Notchl
intracellular domain exhibit increased MYC mRNA levels without evidence of increased
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MY C protein stability (Fig. 3A—C and S3B-C). Resistance caused by ERK pathway
reactivation can be reversed with MEKIi and/or ERKi treatment. Consistent with this, we
found that both ERK pathway activating constructs and evolved cell line models with ERK
pathway reactivation lost MY C expression upon treatment with MEKi+ERKI, while AKT-
driven resistance models retained partial MY C expression (Figure S3D). Resistance driven
by each of these upstream pathways was MY C-dependent, as both sShRNA-mediated MYC
knockdown and treatment with JQ1 were sufficient to fully reverse resistance (Figures 3D-E
and S3E). Finally, cells with forced activation of resistance pathways displayed increased
sensitivity to JQ1 relative to controls (Figure 3F). Collectively, these findings demonstrate
that major pathways of resistance function through convergent, downstream MY C activation
and suggest that resistant cells, which have shifted their dependencies from BRAF to MYC,
may be selectively sensitive to therapeutic strategies that disrupt MY C function.

BRAF Mutant Cell Lines with Intrinsic Resistance to BRAFi Rapidly Upregulate MYC Upon

Treatment

Previously, we and others have described BRAF mutant melanoma cell lines that, like a
minority of patients, exhibit intrinsic resistance to BRAFi/MEKIi (Konieczkowski et al.,
2014; Martz et al., 2014; Wood et al., 2012). Given our finding that evolved resistant cell
lines have increased MY C expression relative to their parental counterparts, we expected
that intrinsically resistant lines would have similarly elevated MYC levels. Surprisingly,
however, we found no clear correlation between MYC expression level and intrinsic
resistance status (Figure 4A-C and S4A-B). However, in contrast to sensitive cells, which
tend to lose MY C expression following short-term treatment with PLX4720 (24h),
intrinsically resistant cell lines increase MY C expression following the same treatment
(Figure 4A-C). Accordingly, sensitivity to JQ1 could be potentiated in intrinsically resistant
cell lines, but not in sensitive cell lines, following a brief, 4-day pre-treatment with
PLX4720 (Figure 4D). To further investigate MYC dynamics, we chronically cultured both a
sensitive cell line, A375, and an intrinsically resistant line, WM793, in 1 uM PLX4720,
measuring JQ1 and PLX4720 Glsg values over time. A375 gradually developed resistance
over the course of 60 days while concurrently developing increased sensitivity to JQ1
(Figure 4E), changes that correlated with MY C expression over time and are consistent with
the hypothesis of selection for MY C-driven clones (Figures 4F and S4C). In contrast, the
intrinsically resistant cell line exhibited rapid decreases in JQ1 Glsg values that were already
apparent at the first measurable time point (3d) and remained stable thereafter, while
modestly increasing in PLX4720 resistance (Figure 4G). Changes in drug sensitivity were
mirrored by a rapid up-regulation of MYC expression over 24 hours of PLX4720 exposure,
which then remained constant for the remaining duration of the experiment (Figures 4H and
S4D). Additionally, MY C expression remained stably elevated following removal of
PLX4720 (Figure SAE). MYC knockdown could reverse resistance to BRAFi in the
intrinsically resistant cell lines (Figure 41), a result that could be phenocopied with JQ1
(Figure S4F). Finally, we recently reported that these intrinsically resistant cell lines could
be re-sensitized to ERKIi using combinations of inhibitors directed against the upstream
PI3K and Notchl pathways, with minor contributions from the estrogen receptor alpha
(ERa) pathway (Figure 4J) (Martz et al., 2014). Consistent with the hypothesis that MYC is
a convergent downstream effector of these resistance pathways, MY C overexpression fully
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rescued the sensitizing effects caused by upstream inhibition of these pathways (Figure 4K).
Together, these findings demonstrate that intrinsic resistance, like evolved resistance, is
driven by MYC activation, that a key distinguishing feature of intrinsically resistant lines is
their ability to rapidly upregulate MY C expression in response to BRAFi, and that dynamic
MY C upregulation in these cells results in corresponding changes in sensitivity to
pharmacological MYC suppression with JQ1.

Combined BRAFi and MYC Suppression Delays the Emergence of Resistance in vitro and

in vivo

The finding that multiple pathways converge to drive resistance through MY C suggests that
pairing BRAFI/MEKIi with MY C suppression may delay the emergence of resistance. To test
this hypothesis, we stably expressed shRNAs against either MY C or a negative control
(GFP) in A375 cells, then cultured the cells in 3uM PLX4720 with weekly counting until
acquired resistance was observed, as indicated by the recovery of exponential growth. As in
Figure 4E-F, cells expressing shGFP began proliferating in PLX4720 after three weeks, at
which time they also began expressing MY C (Figures 5A and S5A). In contrast, the growth
of cells expressing shMY C in PLX4720 was delayed until week 6 of culture, despite the fact
that these cells proliferated normally in the absence of drug (Figures 5A and S5A). Given
the possibility that clones with incomplete MYC knockdown could have been selected to
drive resistance, we measured MY C expression over the experimental time course. Indeed,
cells expressing shMYC began to exhibit high MYC expression around week 6, in
concordance with their acquisition of exponential grow in PLX4720 (Figures 5A). To
determine if these results could be extended to pharmacologic inhibition of MYC
expression, we serially passaged A375 cells in PLX4720, JQ1, or the combination. Cells
treated with JQ1 alone quickly regained nearly normal proliferation rates, while cells treated
with the combination began proliferating at 7-9 weeks, not recovering a population size
equal to that of initial seeding until 12 weeks (Figures 5B and S5B). Further, as in the case
of shRNA-mediated MY C suppression, cells that emerged with resistance to BRAFi + JQ1
escaped JQ1-mediated MY C suppression (Figure 5C and S5C).

To investigate cells in the PLX4720+JQ1 dual resistant state (‘dual cells’), we treated the
dual cells with DMSO, PLX4720 or the combination of PLX4720 and JQ1, while measuring
the cells” GI50 values to PLX4720 and JQ1 (Figures 5D-E). Once both drugs were
removed, the population gradually shifted back to a BRAFi-sensitive, JQ1-resistant state
(Figures 5E). By contrast, if JQ1 was reintroduced after a two-week holiday, cells could be
resensitized to the combination, with no outgrowth of resistant clones over 12 weeks (Figure
5D). MYC protein expression was observed in the PLX4720-resistant populations and in the
dual resistant cells, suggesting that the dual resistance arises through failure of JQ1 to
durably inhibit MYC expression (Figure 5C and S5C). PLX4720-resistant cells acquired
resistance to the addition of a MEK inhibitor very quickly, although these cells’ increased
dependency on MYC led to eradication of cells when JQ1 was included in the combination
(Figure 5F). Further, unlike parental cells, PLX4720-resistant cells were highly sensitive to
JQ1 alone (Figure 5F). Both BRAFi- and BRAFi+MEKi-resistant cells exhibited high-level
MY C expression, while those treated only with JQ1 lost both their BRAFi resistance and
MY C expression (Figure 5C). These results demonstrate that MY C suppression is a viable
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strategy to delay resistance to BRAFi, and further, are consistent with the hypothesis that
resistance evolution requires MYC activation. Although we were able to generate cells
resistant to dual BRAF+MY C inhibition, this state was 1) highly unstable, 2) caused by
failure of JQ1 to inhibit MY C expression, and 3) reversible with a short JQ1 drug holiday.

In order to investigate the relationship between MY C and resistance /n vivo, we established
xenografts from A375 cells in immunocompromised mice. After formation of a palpable
tumor, mice were treated with either diluent control, the BRAFI/MEKIi combination
dabrafenib (BRAFi, 30 mg/kg/d) and trametinib (MEKi, 0.6 mg/kg/d), JQ1 (45 mg/kg/d), or
the combination of dabrafenib, trametinib and JQ1. While tumors were able to grow
similarly to control in the presence of JQ1, their growth was inhibited by the combination of
dabrafenib and trametinib, and substantial tumor regressions were observed when JQ1 was
added to this combination (Figure 5G—H). Furthermore, while tumors treated with the
dabrafenib/trametinib combination began increasing in size after approximately 20 days of
treatment, the addition of JQ1 led to sustained tumor regression throughout the experimental
time course (Figure 5G). To assess the ability of JQ1 to sensitize a BRAFi-resistant model to
BRAFi+MEK:i, we established xenografts using a cell line with intrinsic resistance to
BRAFi, Hs695T. We observed substantial decreases in tumor size when JQ1 was added to
the combination of dabrafenib and trametinib (Figures S5D).

MYC Activation Creates Targetable Vulnerabilities in Resistant Cells

The fact that BRAFi resistant cells exhibit increased MY C dependency suggests that
synthetic lethal drugging strategies that target the MY C activated state may be selectively
toxic to resistant cells. Numerous potential MYC synthetic lethal partners have been
identified, but their applicability to melanomas is unclear given the tissue-specific nature of
MY C-driven expression programs (Cermelli et al., 2014; Dang, 2012). Therefore, to target
MY C-driven resistance, we leveraged both unbiased and candidate-based methods. First, we
screened a library of ~1700 bioactive compounds, including diverse targeted inhibitors,
natural products, and chemotherapeutics, to identify those differentially lethal to PLX4720-
resistant A375 cells relative to parental cells (Table S3). As expected, compounds targeting
the ERK pathway were highly selective for sensitive cells (Figure 6A, p < 10712 by one-
sided Kolmogorov-Smirnov (K-S) test). Conversely, resistant cells exhibited increased
sensitivity to many compounds, including annotated inhibitors of SRC family kinases (p = 2
x 1073), ¢-KIT (p = 3 x 1074), the Hedgehog pathway (p = 0.03), and Aurora kinases (p = 9
x 1075), the latter of which have been previously implicated as MYC synthetic lethal
partners (Dang, 2012; den Hollander et al., 2010; Yang et al., 2010) (Figure 6A and S6A-D).
Another interesting compound identified in the screen was Tigecycline, whose selectivity
could be extended to several BRAFi-resistant models (Figure S6E). In parallel, we examined
candidate MY C synthetic lethal partners previously identified in other cancer types using a
panel of matched parental and BRAFi-resistant cells (Chipumuro et al., 2014; Goga et al.,
2007; Martins et al., 2015; Toledo et al., 2011; Truman et al., 2012; Yang et al., 2010). Of
these candidates, the multi-targeted tyrosine kinase inhibitor, dasatinib, was selectively lethal
in 6 out of 6 MY C-dependent, PLX4720-resistant clones relative to matched parental cells
(Figures 6B and S6F). Given that dasatinib inhibits SRC family and other kinases with
nanomolar efficiency (Steinberg, 2007), we examined this compound in greater detail. The
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combination of dasatinib and PLX4720 yielded an increase in apoptosis and synergistic
growth inhibition in PLX4720-resistant cells (Figures 6C and S6G). Further, by
simultaneously targeting both sensitive and resistant cells using PLX4720 and dasatinib,
respectively, it was possible to block the emergence of resistance in long-term culture
(Figures 6D and S6H). Dasatinib is estimated to have over 50 targets with an ICgg of 1 M
or less. In order to begin to elucidate the contributions of these targets to MYC synthetic
lethality, we examined gene expression data for dasatinib targets (“das-genes”) in A375
parental cells, PLX4720-resistant A375 cells, and resistant A375 cells expressing a MY C-
targeted sShRNA. Twenty-eight of 71 das-genes were upregulated in resistant cells ina MYC-
dependent fashion (Table S4 and Figure 6E). Among the agents in the screen of 1,700 small
molecules, those targeting das-genes upregulated in MY C-active cells were enriched for
selectivity against resistant cells (p = 2 x 107%), while compounds that inhibit non-
upregulated das-genes showed no selectivity (p = 1.0) (Figure 6F). Together, these results:
(1) identify families of compounds that selectively target MY C-activated, BRAFi-resistant
melanoma cells, (2) identify dasatinib as a high priority polypharmacology-based strategy to
target resistant cells, and (3) suggest that the protein products of das-genes with increased
expression in MY C-activated cells, including LYN, ERBB2, and PDGFRB, warrant
individual examination as potentially specific targets. Finally, to nominate additional
candidate targets, we defined expression changes in genes that have been identified as
canonical, direct MYC targets by combined ChlIP-seq and gene expression analysis (Zeller
et al., 2003). We examined the set of genes whose promotor is bound by MY C and whose
expression is changed following MY C activation to identify those with changed expression
in sensitive versus resistant cell lines. Parental and resistant-shMY C samples clustered
together (Figure 6G), and the genes with increased or decreased expression in resistant cells
relative to parental and resistant-shMY C cells are listed in Figure S61. Expression changes
for all MYC target genes are listed in Table S5, including those like the dasatinib target
ERBB?2 that are upregulated in a MY C-dependent fashion in resistant cells and may
represent high-priority candidate therapeutic targets.

MYC Activation in Resistant Cells Creates Targetable Metabolic Dependencies

A wide body of work has linked MY C activation, oncogenic progression, and cellular
metabolic re-wiring (Stine et al., 2015). Further, our statistical analysis outlined in Figure 1
implicated several metabolic pathways as altered on progression (Table S1). To examine if
MY C activation drives metabolic changes as cells develop BRAFi resistance, we performed
integrated gene expression profiling, alongside metabolomics, in PLX4720-sensitive A375
cells expressing GFP-targeted ShRNA (“parental cells”), parental A375 cells expressing
MYCT58A (‘MYCTS8A cells’), PLX4720-resistant A375-shGFP (‘resistant cells’) and
PLX4720-resistant A375-shMYC (‘shMYC cells’) (see Materials and Methods). Consistent
with the concept that MY C drives global gene expression changes, unbiased hierarchical
clustering of expression data showed that shMYC cells clustered more closely with parental
cells than resistant, MYC activated cells (Figure S7A). Analysis of steady state metabolite
levels using pathway enrichment revealed a diverse set of metabolic pathways altered in a
MY C-dependent fashion in resistant cells relative to parental cells, as evidenced by the fact
that reciprocal changes between the resistant and shMYC cells were observed (Figure 7A).
Of note were alterations in glycolysis, serine, and glutamine metabolism, each of which has
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been implicated in MY C-driven oncogenesis (Jin et al., 2015; Pavlova and Thompson, 2016;
Stine et al., 2015). Glycolysis-related gene sets were enriched in BRAFiI/MEKIi-resistant cell
lines and human patient tumors (Figure 7B), and we observed modest MY C-dependent (as
well as MY C-independent) changes in the expression of key early glycolytic enzymes (e.g.,
hexokinase 2 (HK2)) and in the steady-state levels of glycolytic intermediates, in particular,
lactate (Figures 7B and S7B-D). Consistent with increases in lactate production, observed in
a wide panel of parental and resistant derivative cell lines (Figure 7B, right panel), there was
little change in the incorporation of 13C from glucose into citrate and other TCA cycle
intermediates, indicating that the resistant cells are increasing aerobic glycolysis, similar to
the switch away from anaerobic glycolysis observed during oncogenesis (Figure S7D). For
serine synthesis, which occurs through oxidation of the glycolytic intermediate 3-phospho-
D-glycerate (3PG), we observed enrichment of serine-synthesis related gene sets in resistant
cell lines and human tumors, increased MY C-dependent expression of enzymes involved in
the metabolism of serine into glycine to fuel one carbon metabolism in resistant cells, and
corresponding MY C-dependent increases in 13C incorporation from glucose into serine,
glycine and the purine precursor, IMP, in resistant cells (Figure 7C) (Locasale, 2013). Lastly,
glutaminolysis has been shown to be provide important biosynthetic precursors in cancer
cells that are primarily performing aerobic glycolysis (Filipp et al., 2012). We observed
increases in glutamine pathway gene sets in resistant cell lines and tumors, increased MY C-
dependent expression of key enzymes in glutaminolysis and the TCA cycle, and increased
MY C-dependent incorporation of 13C into glutamate, aspartate, duhydroorotate, UTP and
TCA cycle intermediates in cells grown in 33C-glutamine (}3C-gln) media (but not in 13C-
glucose media), indicative of preferential use of glutamine to supply biosynthetic building
blocks, particularly those for fatty acid synthesis and pyrimidine synthesis (Figures 7D and
S7D). Importantly, the increased activities of the glycolysis, serine, and glutamine pathways
created new, MY C-dependent vulnerabilities, as diverse models of resistance were
hypersensitive to the glycolysis inhibitor 2-deoxy-D-glucose (2-DG), the thymidylate
synthase (TS) inhibitor fluorouracil (5-FU), the serine hydroxymethyltransferase (SHMT)
inhibitor methotrexate, and the glutaminase inhibitor BPTES relative to sensitive cell lines
(Figures 7E-G and S7E). We hypothesized that inhibition of these pathways may select
against the development of resistance to BRAFi. For these experiments, we utilized BPTES
and 2-DG, the latter of which was chosen for its potential to suppress both the glycolysis and
serine pathways. While alone, 2-DG and BPTES treatment could delay resistance to
PLX4720 by 1-2 weeks, their combination completely forestalled resistance (Figures 7H
and S7F). This finding, which could be phenocopied using media containing glucose and/or
glutamine at 10% of their standard concentrations (Figure 71 and S7G). At these
concentrations, 2-DG, BPTES, and low glucose/glutamine media only modestly affected cell
growth (Figure S7F-H). (Similarly delayed resistance was observed in cells treated with
PLX4720 and low dose methotrexate (10nM) (Figure S71).) Finally, the combination of 2DG
and PLX4720 or BPTES and PLX4720 led to synergistic growth inhibition and apoptosis in
PLX4720-resistant cells (Figures 7J and S7J). MY C-dependent metabolic changes described
here, and their associated targetable vulnerabilities, are summarized in Figure 7K.
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DISCUSSION

The importance of MYC in tumorigenesis has long been appreciated, dating to its initial
discovery through the investigation of oncogenic retroviruses (Sheiness et al., 1978). One of
the most commonly deregulated oncogenes, MYC’s activity is tightly linked to major
oncogenic signaling pathways. For example, the ERK and PI3K pathways are believed to
regulate MYC protein levels through direct modulation of protein stability, while MYC
activation downstream of Notch1 occurs via transcriptional activation (Dang, 2012;
Palomero et al., 2006; Sears, 2004). MY C activation is linked to therapeutic resistance, for
example in breast cancer cells treated with PI3K pathway inhibitors and in c-Met-addicted
cancers treated with c-Met inhibitors (llic et al., 2011; Muellner et al., 2011; Shen et al.,
2015). In melanoma, our finding that MY C is a nexus of convergent resistance is consistent
with a recent report that used network modeling to nominate MYC as a synergistic target
with BRAF, then verified this finding by demonstrating synergy between JQ1 and
vemurafenib treatment in a cell line (Korkut et al., 2015). Our findings are also interesting in
light of a report suggesting that the eukaryotic initiation factor 4F (elF4F) complex may act
as a point of convergence between the ERK and PI3K resistance pathways in melanoma, as
MY C and elF4F interact in a well-characterized synthetic lethal feedforward loop to support
tumorigenesis (Boussemart et al., 2014; Lin et al., 2008; Lin et al., 2012). The molecular
mechanisms by which MYC is regulated by the major pathways of resistance in melanoma
are therefore important areas for future study.

The finding that MYC is a convergent downstream effector of resistance in melanoma
reconciles disparate observations from the literature. First, it provides a mechanistic
explanation for the observation that diverse resistance pathways can lead to a phenotypically
convergent state and clarifies why certain oncogenic pathways can drive resistance while
others seemingly cannot (Hugo et al., 2015; Martz et al., 2014; Rizos et al., 2014). Second,
the fact that MY C is regulated both transcriptionally and post-translationally, and its
activation downstream of major resistance pathways does not require alteration of its
genomic locus, provides an explanation for why it was not uncovered in previous, in-depth
genomic investigations of therapeutic resistance (Hugo et al., 2015; Moriceau et al., 2015;
Rizos et al., 2014; Shi et al., 2014b; Van Allen et al., 2014; Wagle et al., 2014). Third, the
concept of MY C-driven convergent resistance provides a rationale for the recent
observations that cells with NRAS-driven resistance exhibit increased glutamine dependence
and synergy between BRAF and glycolysis inhibition (Baenke et al., 2016; Hernandez-
Davies et al., 2015; Parmenter et al., 2014). Finally, this work demonstrates that cells with
intrinsic versus acquired resistance — which are driven by similar pathways (Martz et al.,
2014) — are distinguished by their differential abilities to mobilize MYC following BRAF
inhibition.

The data here reveal that as melanomas become resistant to BRAFi/MEK:i, they become
more dependent on MYC, suggesting that combination therapies that simultaneously target
both states may have the unique property of selecting against resistance. The observation
that combined BRAF/MEK/BET bromodomain inhibition exerts a more potent and durable
effect in tumor models /n vivo further supports this idea. Although BRD4/BET
bromodomain targeting is one promising approach to block MY C activity, we also
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demonstrated that the MY C-dependent state in resistant melanomas can be targeted by
exploiting other co-dependencies. However, it is clear that additional MY C synthetic lethal
partners are likely to exist and may include regulators of transcription, nucleotide
biosynthesis, the SUMOylation machinery, and the spliceosome, among other targets
(Cunningham et al., 2014; Hsu et al., 2015; Kessler et al., 2012; Wang et al., 2015).
Systematic studies to define and credential these MY C-dependent synthetic lethal partners in
the specific context of BRAFi/MEKi-resistant melanoma are therefore warranted. Finally, it
is tempting to speculate that other oncogene-driven cancers, including BRAF-driven non-
melanoma tumors, may also exhibit convergent resistance to targeted therapy, and as such,
this concept may provide a generalizable framework for designing robust therapies that
select against resistance evolution.

EXPERIMENTAL PROCEDURES

Statistical modeling of genomic data

Cell lines

Chemicals

See Extended Experimental Methods for details.

Malme-3M, WM793, WM1745, SK-MEL-28, Lox IMVI, Hs294T, A2058 and RPMI-7951
cell lines were obtained from L. Garraway (Harvard University, Dana-Farber Cancer
Institute). All other cell lines were purchased from the American Type Culture Collection.
All lines were submitted to STR profiling by the Duke University DNA Analysis Facility to
confirm their authenticity. See Extended Experimental Methods for culture conditions.

2-Deoxy-D-glucose (2-DG) and BPTES were purchased from Sigma-Aldrich. JQ1 and
dasatinib were purchased from Apexbio Technology (Houston, TX). BS-181 was purchased
from MedChem Express (Monmouth Junction, NJ). All other inhibitors were purchased
from Selleck Chemicals (Houston, TX). For stock preparations, see Extended Experimental
Methods.

Glsg and sensitization assays

In order to measure the Glsg values of specific inhibitors and quantify the effect of resistance
pathway inhibition on the sensitivity of cell lines to ERK pathway inhibition, small molecule
sensitization assays were performed as previously described (Martz et al., 2014). For details,
see Extended Experimental Methods.

Combinatorial index value calculation

In order to assess synergy, the Glgg value of each inhibitor in the indicated cell lines was
determined. 5,000 cells were plated per well in 96-well cell culture plates. Twenty-four
hours later, the cells were treated with a 2-fold dilution series ranging from 4(Glsgp) to %4
(Glsgp) singly and in combination at a fixed ration of Glsg of inhibitory: Glgg of inhibitors.
After 36 hours of treatment, cell viability relative to control was assessed and CI values were
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calculated according to the Chou and Talalay method (Chou and Talalay, 1984), using
CompuSyn software (ComboSyn, Inc., Paramus, NJ).

Immunoblotting

To measure protein levels, aliquots of cell extracts prepared in lysis buffer (see Extended
Experimental Methods) were submitted to SDS-PAGE. After electrophoretic transfer to
PDMF, filters were blocked in 5% BSA and probed overnight at 4°C with primary
antibodies (see Extended Experimental Methods). After washing in TBS-T, filters were
incubated for 1 hour at room temperature with alkaline phosphatase-coupled goat anti-rabbit
antibodies (Santa Cruz) and developed with Western Lightning Plus (Perkin Elmer, Inc.,
Waltham, MA).

Immunohistochemistry Staining

Melanoma patient samples (paraffin embedded slices) were obtained from Harvard (Dennie
Frederick) and were then sent to the Duke Pathology Research Immunohistology Lab for c-
MYC (Abcam 32072) staining. Samples were then sent to a pathologist (Shannon McCall)
to be scored for nuclear c-MYC. Scoring was performed blinded to the staging of the
samples.

Lentivirus preparation and DNA constructs

All expression clones were prepared in lentiviral form as previously described (Martz et al.,
2014). See Extended Experimental Methods.

In vitro adaption of inhibitor resistant cells

PLX4720 or VX-11E-resistant cell lines were produced by 1 of 2 methods as previously
described (Martz et al., 2014). See Extended Experimental Methods.

Clonogenic growth assay

To measure the ability of cell lines to form colonies from a single cell, clonogenic growth
assays were performed as previously described (Singleton et al., 2015). Briefly, 100 cells
were seeded per well in 12-well plates. After 24 hours, the indicated treatments were added
and the assay was incubated for 14 days with the addition of fresh media and inhibitors after
7 days. Cells were fixed and stained with 0.5% (w/V) crystal violet in 6.0% (v/v)
glutaraldehyde (Thermo Fisher Scientific, Waltham, MA).

Time to progression assay

To evaluate the relative ability of treatments to delay the reemergence of logarithmic cell
growth /n vitro (i.e. resistance), cells were plated in triplicate in 15 cm plates at 3,000,000
cells per plate in normal growth media. After 24 hours, the growth media was replaced with
the indicated treatment. Seven days later, the cells were lifted with 0.25% trypsin (Life
Technologies) and counted using a Z2 Coulter Particle Count and Size Analyzer (Beckman
Coulter, Pasadena, CA). All cells up to 3,000,000 were centrifuged at 1200 RPM for 5
minutes and resuspended in 1 mL of media and then plated in a 15 cm plate with fresh
treatment. This procedure was repeated weekly for 8-20 weeks, depending on the kinetics of
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resistance. Weekly growth rates (i) were calculated from the number of cells plated the
previous week (Ng) and the number counted the current week (N) according to the formula:

InN=InNo+pu. t

where t = elapsed time or 168 hours. These growth rates were then used to project total cell
number as if no cells had been discarded.

Annexin V apoptosis assay

The induction of apoptosis was quantified as described previously (Martz et al., 2014). See
Extended Experimental Methods.

Xenograft model

Animal procedures were approved by the Center for Animal and Comparative Medicine in
Harvard Medical School in accordance with the NIH Guild for Care and Use of Laboratory
Animals and the Animal Welfare Act. Nude mice were inoculated subcutaneously with 3 x
108 human melanoma A375 or Hs695T cells in 200 uL PBS. Tumor volumes were measure
twice a week and calculated with the formula [(length) x (width)Z x 0.52]. Once tumor
volume reached ~300 mm3, mice were randomly divided into treatment groups and treated
daily with BET inhibitor, JQ1 [45 mg/kg/day, intraperitoneal (i.p.) injection]; MEK
inhibitor, GSK1120212 [0.6 mg/kg/day, oral gavage (0.9.)] and BRAF inhibitor,
GSK2118436 (30mg/kg/day, 0.g.); or a combination of JQ1, GSK1120212, and
GSK?2118436. Mice were treated daily for up to 45 days.

RNA extraction and quantitative real-time PCR

The total RNA of cells was isolated with QlAshredder Homogenizers and the RNEasy Mini
kit (Qiagen) according to the manufacture’s instruction after a 72-hr treatment with DMSO
or 1uM PLX4720. cDNA was then synthesized from 1ug RNA using iScript cDNA
Synthesis kit (BioRad). Quantitative real-time PCR was conducted with iQ SYBR Green
Supermix and a CFX384 Touch Real-Time PCR Detection System (BioRad). For PCR
primers and conditions, see Extended Experimental Methods.

Gene expression analysis

RNA was isolated from whole cells with QlAshredder Homogenizers and the RNEasy Mini
kit (Qiagen). RNA integrity was confirmed with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA). RNA [20ng/uL] was submitted to the Duke University
Sequencing and Genomic Technologies Core Facility. For sequencing conditions and data
processing details, see Extended Experimental Methods.

Patient tumor samples

Serial tumor and blood samples were collected from male and female adult patients with
Stage IV BRAF mutant melanoma under an IRB approved protocol at the Massachusetts
General Hospital (DFHCC 11-181; PI: Boland). Patients were treated with combined BRAF
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+ MEK inhibition. All patients provided written consent for both tissue acquisition and
analysis, including all analyses performed in this study.

Metabolomics analysis

Cells were seeded in 6-well plates at an initial seeding density such that 1x10° cells would
be harvested after 48 hours in culture. After 24-hrs growth, cells were rinsed with PBS and
RPMI-1640 (Life Technologies), RPMI-1640 with 1g/L D-glucose 13Cg (Cambridge Isotope
Laboratories, Inc., Tewksbury, MA) or RPMI-1640 with 300mg/L L-glutamine 13Cg (Sigma-
Aldridge) was added in triplicate. After 24 hours, cells were harvested in 80% methanol.
Cell extracts were pelleted and dried by speed vacuum. Metabolomics study was performed
on liquid chromatography-high resolution mass spectrometer (LC-HRMS) Q Exactive plus
(Liu et al., 2014). The peak area was used to present relative abundance and to calculate the
isotopologue distribution. The natural abundance correction was done based on previously
published method (Yuan et al., 2008).

Chemical Screen

Statistics

A375 cells or a PLX4720-resistant A375 derivative were plated into a 384 well-plate
(Corning 3707) at 200 cells/well using an automated liquid dispenser (BioTek EL406). The
next day, 50 nL of bioactive compounds in DMSO were added to the assay plate via pin
transfer to give a final compound concentration of 10 and 2 UM, respectively. Three days
after compound treatment, cell viability was measured with CellTiter-Glo (Promega).
Luminescence values were obtained using a multimode plate reader, and percent viability
was calculated by comparison to DMSO-treated cells.

All results are shown as means+SD. Unless noted otherwise, P values were determined
using unpaired, two-tailed Student’s ¢tests. Unless otherwise noted, n=3 independent,
biological replicates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Major pathways of resistance in BRAF~mutant melanoma converge to activate
MYC.

MY C gene signatures are suppressed on therapy and rebound on progression.
MY C activation is necessary and sufficient for resistance to BRAFi in vitro.

The MY C-activated, BRAFi-resistant state is associated with targetable
vulnerabilities.
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Figure 1. MYC is a potential convergent effector of diverse resistance pathways in BRAF mutant
melanoma tumors that have progressed on treatment with BRAF/MEK inhibitors

A) Bayes Factor (BF) values for BRAF response signature genes. B) Probability of MYC
rebound to pretreatment or greater expression levels in each of 29 patient tumors with
acquired resistance to vemurafenib. C) Matched patient samples pre-treatment (PRE), on
treatment (ON) with RAF and/or MEK inhibitor, or after progression on treatment (POST).
Nuclear MY C staining scored 0: none to 3: maximum (left panel) and percent nuclei
staining positive for MYC (right panel). D) Representative images from the data shown in
C) at 40X magnification. E) MYC mRNA transcript levels in cell lines with evolved
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resistance. Data are means of 3 experiments in clonal cell lines normalized to p-actin
transcript levels and parental MY C levels. Parental cells were treated with 1uM PLX4720 or
DMSO for 72 hrs. F) MYC protein levels shown by immunoblotting. Parental lines (P) were
treated with DMSO or 1 uM PLX4720 for 24 hrs and resistant lines (annotated as R(A),
PI3K-AKT-mTOR-driven resistance; R(N), Notchl-driven resistance; R(M), ERK
reactivation-driven resistance; R(O), other/unknown resistance mechanism; R(Mi), evolved
resistance to MEK inhibitor, AZD6244; R(Ei), evolved resistance to ERK inhibitor,
VX-11E) were treated with 3 uM PLX4720. Quantification of MYC protein normalized to
total protein is shown in the bottom panel and total protein staining is shown in Figure S1C.
*P<0.05. See also Figure S1 and Table S1, Tabs 1-4.
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Figure 2. MYC activation is necessary and sufficient for resistance to BRAF/MEK pathway
inhibitors in diverse BRAF-mutant melanoma cell lines

A) Fold change in Glsg values for cells expressing MYCT28A and treated with either
PLX4720, AZD6244, VX-11E, or the combination of PLX4720 and AZD6244 at a 1:1 dose
ratio as compared to cells expressing an empty vector control (0BABE-puro). B) Fold
change in Gl values for PLX4720 between cell lines expressing shGFP compared to each
of two independent shRNAs targeting MYC. Pvalues denote significance between the
response of shGFP and each shMY C expressing cell line. Parental lines are shaded blue,
resistant lines, red/yellow. C) Clonogenic growth assay of A375 line derivatives treated with
DMSO, 100 nM, 300 nM or 1 uM PLX4720 +/- 300 nM JQ1. D) WM793 cells expressing
ectopic MYC or luciferase control were treated with DMSO or 100nM JQ1 and their
PLX4720 Glsq value was determined. JQ1+PLX4720 treated cells are normalized to the
viability of cells treated with JQ1 alone to account for nonspecific toxicity. P values denote
significance between DMSO and JQ1 treatment in each cell line. E) Clonogenic growth of
SK-MEL-5 cells with resistance to VX-11E (VX) in DMSO or 100 nM JQ1. JQ1+VX-11E
treated cells are normalized to the viability of cells treated with JQ1 alone to account for
nonspecific toxicity. £values denote significance between DMSO and JQ1 treatment. F)
JQ1 Glgg values for the indicated PLX-resistant lines compared to matched parental
controls. Significance is between the parental cell line and each matched resistant derivative.
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Data are means (SD) from 3 experiments. *P < 0.05; **P< 0.01; ***P< 0.005; ****p<
0.001. See also Figure S2.

Cell Rep. Author manuscript; available in PMC 2017 December 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Singleton et al.

Page 26

A) Controls Resistance pathway activators D)
LUC JAK2 Gli2 KRAS HRAS MEK AKT NOTCH o
&2 ShGFP
° ShMYC 1
MYC -— N ShMYG 2
X
vinculin [ *e— ':
k]
[e]
w
B)
4+
c
.0
&) 0 3]
> 8 E)
=5
ek E
3 < O
I Z 14 o
[h'4 N
= S
0- >
o \ o
> @oo 8{5 Q\’\\OQ o
W & <L <
® 3
[e]
L
C)
Time post cycloheximide: 0 15m 30m 1h 6h 24h
LUC | mvc |

MEK DD | Myc | i s s

myrAKT | MYC | - .

|
|
|
|

F)
NOTCH1 |MYC |- -
ICD 0.4
203
—  1.5x107 = Control-luciferase 5% 0.2
cc = ERK pathway-MEK DD -
AT Y e vt
aa otch- 0.0
O @5 6 (IR N0 A&
>_§50><10 2 ’\Qé\\o(\,\fﬁ,\fﬁ 08\1.\\0
= o & o %\ w“("{* S&E
O (& & N\ & @o\‘ 4_<2~ %Q" ©
NS N O g

Time post cycloheximide

Figure 3. MYC activation drives resistance to BRAF pathway inhibition downstream of common
resistance pathways

A) Immunoblot of MYC levels in UACC-62 cells expressing luciferase (luc) or the indicated
pathway activating constructs. Vinculin levels are shown as a loading control. Quantification
shown in Figure S3B. B) MYC mRNA transcript levels in UACC-62 cells expressing the
indicated constructs. Data are means of 3 experiments normalized to TUBB3 transcript
levels and UACC-62-luc MYC levels. C) Immunoblot of MYC levels in UACC-62 cells
expressing luc or the indicated pathway activating constructs at the indicated times post
treatment with 20 pg/mL cycloheximide. Quantification of MYC protein normalized to total
protein is shown in the bottom panel and total protein staining is shown in Figure S3C. D)
Change in sensitivity to PLX4720 for lines in A) by expression of two independent sShRNAS
targeting MYC. Pvalues are the comparison of shGFP to each shMY C-expressing cell line.
E) Sensitization to PLX4720 for lines in A) by the addition of 100 nM JQ1. JQ1+PLX4720
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treated cells are normalized to the viability of cells treated with JQ1 alone to account for
nonspecific toxicity. £values indicate difference between DMSO and JQL1 treatment. F) JQ1
Glgg values of lines in A) that do not (blue shades) or do (red shades) provide resistance to
PLX4720. Pvalues indicate significance relative to luc-expressing cells. All data are means
(SD) from 3 experiments. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. See also
Figure S3.
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Figure 4. Melanoma cell lines with intrinsic resistance to BRAFi derive resistance by rapidly

upregulating MYC following drug treatment

A) The indicated cell lines were incubated with DMSO or 1 uM PLX4720 for 24 hrs, then
immunoblotted for MYC. Total protein staining is shown in Figure S4A. B) As in A). Total
protein staining is shown in Figure S4B. C) Quantification of immunoblots shown in A) and
B) showing MY C protein levels normalized to total protein. D) JQ1 Glgq values for the
indicated lines following pre-incubation with either DMSO or 1 pM PLX4720 for four days.
Pvalues indicate significance between DMSO and PLX4720 pre-treatment. E) Glgg values
in A375 cells for either PLX4720 (solid line) or JQ1 (dashed line), measured at intervals
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during continuous culture in 1 uM PLX4720. F) MYC levels in A375 at several time points
while in culture with 1 pM PLX4720. Quantification shown in Figure S4C. G) As in E), for
the intrinsically resistant line, WM793. H) As in F) for WM793. Quantification shown in
Figure S4D. 1) Sensitization of the indicated lines to PLX4720 by expression of two
shRNAs targeting MYC. Differences between shGFP and shMYC are denoted by Pvalues.
J) Signaling pathways controlling intrinsic resistance to BRAFI/MEKi in intrinsically
resistant cell lines and their convergence on downstream MY C activation. As indicated,
previous findings demonstrate that inhibition of the PI3K-AKT-mTOR and NOTCH1
pathways can sensitize these lines to ERK pathway inhibition. K) Sensitivity of indicated
lines to the ERKi VX-11E following expression of luc or MY C and treatment DMSO or a
combination of inhibitors (200 nM BEZ235 (PI3K/mTOR inhibitor) for the PI3K-AKT-
mTOR pathway and shNotchl for the Notchl pathway for Hs 294T cells; 200 nM BEZ235,
shNotchl, and 1 pM fulvestrant for Lox IMVI, A2058 and WM793 cells). Viabilities of cells
treated with pathway inhibitors plus VX-11E are normalized to the viability of the same
cells treated with pathway inhibitors alone to account for nonspecific toxicity. All data are
means (SD) from 3 experiments. *£ < 0.05; **P < 0.01; ***P < 0.005; ****P< 0.001; #, the
upper bound of the assay was reached. See also Figure S4.
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Figure 5. MYC suppression delays the emergence of resistance to BRAF inhibition in vitroand in
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A) Lines indicate cell numbers calculated from weekly measured growth of A375 cells
expressing shGFP or shMYC and cultured in 3uM PLX4720 (left axis). Bars indicate
quantification of MYC levels in extracts made at the indicated times normalized to B-actin

levels (right axis). B) Cell numbers calculated from growth rates of A375 cells cultured in 3

UM PLX4720, 100 nM JQL1, or the combination. C) Immunoblot of MYC in cell lines
generated in B), D) and F). D) Cell numbers calculated from growth rates of A375-PLX

+JQ1 dual resistant cells cultured in 3 pM PLX4720 or 100 nM JQ1 and 3 pM PLX4720. E)

G150 values of cell lines generated in B) and D) treated with PLX4720 or JQ1.
Quantification of MYC protein normalized to total protein and total protein staining is

shown in Figure S5C. F) Cell numbers calculated from growth rates of A375-PLX resistant

cells cultured in 3 uM PLX4720 and 1 uM AZD6244 (MEKIi), 100 nM JQ1, or the
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combination. G) Growth of A375 xenograft tumors treated with vehicle, JQ1 (45 mg/kg/d),
dabrafenib (Dab, 30 mg/kg/d) plus trametinib (Tram, 0.6 mg/kg/d), or the combination over
time. Data shown are mean tumor volume +/- SEM, with n=6-8 mice per group. P values
were calculated using the one-sided Mann-Whitney test, *p<0.05. H) Waterfall plot showing
tumor sizes in the indicated groups from panel G) on day 45 of treatment. For B) and F),
dashed line indicates initial seeding number. All data are means (SD) from 3 experiments.
*P<0.05; **P<0.01; ***P< 0.005; ****P< 0.001. See also Figure S5.
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Figure 6. The BRAF/MEK inhibitor-resistant, MY C-activated state is associated with targetable
vulnerabilities

A) Average differential viability between parental A375 and PLX4720-resistant A375 cells
treated at 2 uM and 10 UM with each of a 1753-member compound library. Compounds
targeting SRC family members, c-KIT, and ERK pathway members are indicated. B) Fold
change in dasatinib Glgg values in the indicated PLX-resistant lines relative to matched
parental lines. Pvalues indicate significance between parental and resistant derivatives. C)
Fold change compared to DMSO treatment in the annexin V+ cell population fraction in
parental or resistant A375 cells treated with 1 uM PLX4720, 100 nM dasatinib or the
combination for 3 days. Pvalues indicate significance between each treatment and PLX4720
treatment alone. D) Numbers of A375 cells over time during continuous culture in 3 uM
PLX4720, 1 uM dasatinib, or the combination. Dashed line indicates initial seeding number.
E) Change in expression of dasatinib targets as measured by RNA-seq in A375 parental
cells, PLX4720-resistant A375 cells, and resistant cells expressing shMYC. The
approximate ICsq of dasatinib for each target is shown. F) Average differential viability
between parental A375 and PLX4720-resistant A375 cells treated at 2 pM and 10 pM with
each of a 1753-member compound library. Compounds targeting dasatinib-target genes with
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differential expression in MY C-active vs. non-MY C-active cells are indicated. G) Change in
expression of canonical MY C targets as measured by RNA-seq in A375 parental cells,
PLX4720-resistant A375 cells, and resistant cells expressing shMYC. All data are means
(SD) from 3 experiments. *P < 0.05; **P< 0.01; ***P< 0.005; ****P < 0.001. See also
Figure S6 and Tables S3-5.
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Figure 7. MYC activation in BRAFi resistant cells induces changes in the activities and
dependencies associated with targetable metabolic pathways

A) Top scoring metabolic pathways (Metaboanalyst) enriched in either resistant A375-
shGFP (R) relative to parental A375-shGFP (P) cells or enriched in R relative to resistant
A375-shMYC (shM) cells. Pathways are ranked by impact score in the former comparison.
B) GSEA analysis (left) of differential gene expression in patient tumors and cell lines, in
each case comparing resistant samples to their sensitive counterparts. Fold change (middle)
in lactate levels in resistant and shMYC cells relative to parental. Fold change (right) in
extracellular lactate in a panel of PLX-sensitive (blue) and PLX-resistant (red) cell lines
normalized to cell number. C) GSEA analysis as in B) (left). Fold change in mMRNA
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transcript levels for the indicated serine metabolism genes in P, R and shM cells

(middle). 13C-glucose incorporation in the indicated metabolites in P, R and shM cells
cultured after 24 hours in 13C-glucose (:3C-Glc) (right). D) GSEA as in B) (upper left). Fold
change in mRNA transcript levels for the indicated glutaminolysis pathways in P, R and shM
cells (upper right). Relative abundance of 13C-glutamine (13C-GIn) for glutamate, aspartate
and all TCA cycle intermediates (except citrate/isocitrate and dihydroorotate, m+4, and UTP,
m+3) in P, R and shM cells cultured for 24 hours in 13C-GIn (lower left and right,
respectively). E) Glsg values in multiple cell line models treated with the glycolysis
inhibitor, 2-deoxy-D-glucose. F) Glgq values of lines treated with 5-FU. G) Glgq values of
lines treated BPTES. Data in E), F) and G) are means of 3 experiments. P values denote
significance between parental and each of the resistant groups measured by ordinary one-
way ANOVA. PLX4720-sensitive cell lines are in blue and resistant cell lines are in red. H)
Projected numbers of A375 cells over time during continuous culture in 3 uM PLX4720, 5
mM 2-DG, 10 uM BPTES, the double combinations, or the triple combination. 1) A375 cell
numbers during continuous culture in 3 UM PLX4720 in either normal DMEM containing
4.5 g/L glucose and 2mM glutamine, DMEM containing 0.45 g/L glucose and 2 mM
glutamine, DMEM containing 4.5 g/L glucose and 200 pM glutamine, or DMEM containing
0.45 g/L glucose and 200 uM glutamine. In H) and 1), a dashed line indicates initial seeding
number. J) Fold change compared to DMSO in the annexin V+ cell population fraction in
parental (P) or resistant (R(A)) A375 cells treated with 1 pM PLX4720, 1 mM 2-DG, 10 pM
BPTES or the combinations for 3 days. P values are shown comparing each treatment to
PLX4720 treatment. K) Summary of metabolic changes found between P, R and shM cell
lines. Red arrows indicate metabolic flux increased in resistant cells and returned to parental
levels upon MYC knock down. NADPH: Nicotinamide adenine dinucleotide phosphate
GSH: glutathione ATP: Adenosine triphosphate NADH: Nicotinamide adenine dinucleotide
G6P: glucose-6-phosphate 3PG: 3-phospho-glycerate 3P pyruvate: 3-phospho-pyruvate 3P
ser: 3-phospho-serine Ser: serine Gly: glycine GIn: glutamine Glu: glutamate a-KG: a-
ketoglutarate. Relationships are derived from a combination of gene expression, metabolite
levels and glucose and glutamine 13C isotope tracing data. All data except E), F) and G) are
means (SD) from 3 experiments. *£ < 0.05; **P < 0.01; ***P < 0.005; ****P< 0.001. See
also Figure S7.
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