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ABSTRACT
The discovery of activating BRAF mutations in approximately 50% of melanomas 

has led to the development of MAPK pathway inhibitors, which have transformed 
melanoma therapy. However, not all BRAF-V600E melanomas respond to MAPK 
inhibition. Therefore, it is important to understand why tumors with the same 
oncogenic driver have variable responses to MAPK inhibitors. Here, we show that 
concurrent loss of PTEN and activation of the Notch pathway is associated with poor 
response to the ERK inhibitor SCH772984, and that co-inhibition of Notch and ERK 
decreased viability in BRAF-V600E melanomas. Additionally, patients with low PTEN 
and Notch activation had significantly shorter progression free survival when treated 
with BRAF inhibitors. Our studies provide a rationale to further develop combination 
strategies with Notch antagonists to maximize the efficacy of MAPK inhibition in 
melanoma. Our findings should prompt the evaluation of combinations co-targeting 
MAPK/ERK and Notch as a strategy to improve current therapies and warrant further 
evaluation of co-occurrence of aberrant PTEN and Notch activation as predictive 
markers of response to therapy.

INTRODUCTION

Melanoma is the most lethal form of skin cancer. 
More than 76,000 new cases of melanoma are expected 
to be diagnosed in the United States this year, with an 
estimated 9,710 deaths [1]. Even though significant 
progress has been made treating metastatic melanoma, 
the 5-year survival rate for patients with distant metastatic 
disease is ~15%. Therefore, effective and durable therapies 
for melanoma are urgently needed. 

Important progress has been made in recent years 
identifying the genetic alterations and signaling pathways 
deregulated in melanoma [2]. Almost 50% of melanomas 
harbor activating mutations in the BRAF oncogene, 
predominantly V600E, leading to constitutive activation of 
the mitogen activated protein kinase (MAPK) pathway [3]. 

Other frequent genomic alterations in melanoma include 
deletion or inactivating mutations of PTEN and CDKN2A, 
amplifications or activating mutations of NRAS, AKT, 
CCND1, MITF, KIT, and TERT, among others [2]. PTEN 
deletions co-exist with BRAF mutations in approximately 
30% of melanomas [4], leading to the concurrent 
activation of the MAPK and PI3K/AKT pathways. 
These observations have prompted the development of 
relatively specific and potent inhibitors against a number 
of molecules within these two pathways [5]. 

Although the availability of three FDA-approved 
MAPK pathway (BRAF and MEK) inhibitors has 
benefited many patients with BRAF-V600E metastatic 
melanoma, nearly 30% of BRAF-V600E melanomas 
do not respond to inhibitors of the MAPK pathway 
[5]. Furthermore, tumors invariably develop drug 
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resistance and patients ultimately relapse. Even though 
the mechanisms of resistance are diverse, the MAPK 
pathway is frequently reactivated in melanomas resistant 
to these drugs, underscoring the addiction of BRAF 
mutant melanomas to this pathway [6]. Therefore, it is 
critical to identify more effective strategies to achieve 
complete and prolonged inhibition of MAPK signaling 
in melanoma. ERK inhibition constitutes a promising 
strategy to offset drug resistance, as blocking ERK would 
prevent MAPK reactivation driven by bypass mechanisms 
including RAS, RTKs, BRAF splice variants, and MEK1/2 
mutations [7-9]. SCH772984 (SCH984) has been shown 
to be active in models of acquired resistance to BRAF 
and MEK inhibitors [8]. Its clinical analogue, MK-8353 
(formerly SCH900353), has been evaluated for safety, 
tolerability, and efficacy in a multi-center clinical trial 
(ClinicalTrials.gov Identifier: NCT01358331) and other 
ERK inhibitors such as BVD523 and GDC-0994 are in 
clinical development [10].

While ERK constitutes a promising target for 
melanoma therapy, it is unlikely that blocking a single 
molecule or a single pathway will lead to long-term 
responses, as tumors can rapidly adapt to pharmacological 
inhibitors by activating compensatory pathways. 
Combination therapies will be needed to kill the vast 
majority of tumor cells in therapy-naïve patients or prevent 
surviving cells from re-growing. Furthermore, based on 
previous experience with BRAF and MEK inhibitors, 
it is plausible that not all BRAF-V600E melanomas 
are uniformly sensitive to ERK inhibition; hence, it 
is important to identify molecular markers associated 
with response and resistance. Preclinical studies have 
suggested that loss of BIM [11] or Rb [12] is associated 
with an attenuated response to BRAF inhibitors. Other 
studies have shown that BRAF inhibition induces 
PI3K/AKT activation and that PI3K/mTOR inhibitors 
enhances the anti-melanoma activity of BRAF and MEK 
inhibitors in vivo [13, 14]. Notably, PTEN loss was found 
to be modestly associated with lower response rates to 
vemurafenib [6] and patients with PTEN loss had shorter 
progression free survival (PFS) than patients with normal 
PTEN in studies with dabrafenib [15]. 

While combining MAPK and PI3K inhibitors is 
an attractive strategy for melanoma therapy, the efficacy 
of this combination is frequently limited by toxicity. We 
posit that identifying molecular determinants of response 
to ERK inhibition will be useful to select patients who are 
most likely to benefit from these drugs. This knowledge 
will be important in guiding the development of effective 
strategies to maximize the effects of MAPK inhibitors 
in melanoma. Here, we have used the ERK inhibitor 
SCH772984 as a tool to investigate the molecular 
determinants of resistance to ERK inhibition in BRAF-
V600E melanomas and assessed the potential therapeutic 
value of co-targeting ERK and the Notch pathway. 

RESULTS

BRAF-V600E melanoma cells respond 
heterogeneous to ERK inhibition

To determine relative sensitivity to ERK inhibition, 
a panel of BRAF-V600E cells (Supplemental Table S1) 
was treated for 72 hours with increasing doses of SCH984; 
IC50 values and maximum inhibitory activity (Amax) 
were calculated as described in Materials and Methods. 
While IC50 ranks the cell lines based on potency, Amax 
ranks the cell lines by efficacy. The combination of these 
two parameters gives a rigorous measure of the effect 
that SCH984 has on each cell line (Figure 1A). Based 
on these parameters, we clustered the melanoma cells 
into three subgroups: i) Non-responders (Amax < 50%) 
ii) Responders (Amax > 50% and IC50 < 500 nM) and 
iii) Intermediate (Amax > 50% but IC50 > 500 nM). 
Responses to BRAF or MEK inhibitors were similar 
(Suppl. Figure S1A-B), indicating that this was a general 
response to MAPK inhibition. Furthermore, whereas 
SCH984 induced apoptosis in the cells classified as 
responders, non-responder cells were significantly less 
affected (Figure 1B-1C).

As PTEN has been previously implicated in 
resistance to BRAF inhibitors [11-13, 15], we first 
examined the mutation status and expression of this 
tumor suppressor (Figure 1D, Table S1). Interestingly, all 
four non-responder cell lines had aberrant PTEN, which 
resulted in activation of AKT signaling. Conversely, 
we did not observe a clear correlation between PTEN 
wild type status and sensitivity to SCH984. Two of the 
responder cell lines had genetic alterations in PTEN 
(WM1552C and WM278) with modest AKT activation. 
Additionally, two of the four intermediate cell lines 
(1205Lu and WM793) had hemizygous PTEN deletion 
and did not express PTEN, whereas the other two 
intermediate cell lines (WM46 and WM1232) harbored 
a hemizygous PTEN deletion but still expressed PTEN 
protein. These observations suggest that even though 
PTEN may contribute to poor response to SCH984, it may 
not be sufficient to confer resistance to ERK inhibition. 
Indeed, shRNA mediated silencing of PTEN in sensitive 
cells did not affect sensitivity to SCH984 (Supplementary 
Figure S2A-F). Consistent with this, murine cells derived 
from a genetically engineered mouse model of melanoma 
driven by mutant BRAF-V600E and PTEN deletion [17] 
were sensitive to SCH984 (IC50 0.15 μM; Amax: -73.6%) 
(Figure S3A-B). 

We next selected two responder cell lines, with 
particularly high Amax and low IC50 and two non-
responder cell lines with low Amax and high IC50 to 
assess the effects of SCH984 on key effectors of the 
BRAF/MEK/ERK pathway in a time and concentration 
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dependent manner (Figure 1E). SCH984 inhibited the 
phosphorylation of the ERK effector p90 ribosomal S6 
kinase (pRSK) in both responder and non-responder 
cells; although pRSK baseline levels were lower in the 
non-responder group. Further, SCH984 inhibited the 
phosphorylation of the ribosomal protein S6 in the two 
responder cell lines and one of the non-responder cell lines 
(WM9), whereas S6 remained phosphorylated in the other 
non-responder cell line (WM1799). ERK inhibition led 
to up-regulation of the CDK inhibitor p27KIP1 in both 
subgroups. Additionally, AKT was phosphorylated in 
the non-responder subgroup, whereas pAKT levels were 
relatively low in the responder cells. The pro-apoptotic 

factor BIM was induced in both subgroups, albeit at lower 
levels in the non-responder cells. Finally, we detected 
PARP cleavage and increased apoptosis in responder 
cells but not in the non-responder cell lines after 72h of 
treatment with 1 μM of SCH984.

PI3K and NOTCH signaling are enhanced in non-
responder cells

To determine which regulatory pathways were 
differentially activated in responder vs. non-responder 
cells, we performed reverse phase protein arrays (RPPA) 
to analyze the differential expression of 167 proteins 

Figure 1: Differential sensitivity of BRAF-V600E melanomas to ERK inhibition. A. IC50 and maximum inhibitory activity 
(Amax) in BRAF-V600E melanoma cell lines treated with SCH984 (5x10-6 - 10 μM) for 72h. Responders are shown in blue, non-responders 
in red, and intermediate cell lines in gray. The data represents the mean of three independent experiments; data was normalized to positive 
(doxorubicin, 10 μM) and negative (DMSO, 0.1 μM) controls. B. Two representative responder and all non-responder cell lines were 
treated with SCH984 for 72h, stained with propidium iodide, and analyzed by flow cytometry. Percent of cells with a sub G1 DNA content 
indicative of apoptosis are shown; data show mean of three independent experiments +/- SEM. C. Annexin V staining to determine 
apoptosis was performed on cells treated as in B?; mean of three experiments +/- SEM. D. Immunoblot analysis of all cell lines grouped 
based on response to ERK inhibition. Membranes were probed with the indicated antibodies; vinculin was used as loading control. E. Two 
responder and 2 non-responder cell lines were treated with SCH984 at the indicated doses for 24 or 72 h. Total protein lysates were analyzed 
by immunoblotting; vinculin was used as loading control.
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involved in signal transduction and melanomagenesis 
[16]. We assessed the relative expression of total and 
phospho-proteins in two responder (451Lu and WM989) 
and two non-responder (WM1799 and WM9) cells after 
treatment with 1 μM SCH984 for 72h (Figure 2A and 
Suppl. Figure S4). Most of the top differentially expressed 
proteins were effectors of the PI3K pathway (Suppl. 
Figure S5); however, we also noted higher levels of the 
transmembrane receptor Notch1 in the non-responder 
cells. These results raised the possibility that enhanced 
PI3K and/or Notch signaling could be attenuating the 
response to ERK inhibition. We therefore focused on 
the transmembrane receptor Notch1, which has not been 
previously implicated in resistance to MAPK inhibition. 
Notch1 levels were higher and not substantially affected 
by SCH984 in non-responder cells compared to responder 
cells. We also noted that the levels of other Notch family 
members, including Notch 3 and 4 were inhibited by 
SCH984 in responder cells, but minimally affected in 
non-responder cells (Figure 2B). Levels of Notch 2 were 
relatively low in all cells evaluated except in WM9. 
We also assess the effect of ERK inhibition on Notch 
transcripts. We found that treatment of melanoma cells 
with SCH984 led to decreased Notch2 and Notch3 mRNA 
levels in responder cells, whereas Notch3 mRNA levels 
were not affected in the non-responder cells. Transcript 
levels for Notch 1 and 4 were not affected by SCH984 
treatment in the responder cell lines, but Notch4 mRNA 
increased in the non-responder cell lines (Figure 2C). 
Additionally, the Notch target genes Hes1 and Hey were 
downregulated by SCH984 preferentially in the responder 
cells (Figure 2B, 2D and data not shown). 

We next asked if silencing Notch1 would sensitize 
non-responder cells to SCH984. Indeed, shRNA-mediated 
Notch1 silencing increased apoptosis of cells treated with 
SCH984 as evidenced by an increase in cleaved caspase-3 
and Annexin V staining (Figure 3A and 3B). Concurrent 
expression of a constitutively activated mutant form of 
Notch1 (NIC) with PTEN shRNA protected responder 
cells from SCH984-induced apoptosis (Figure 3C). 
Likewise, ectopic expression of NIC along with loss 
of PTEN conferred resistance to the BRAF inhibitor 
vemurafenib (Suppl. Figure S6). These results indicate 
that Notch activation could diminish MAPKi-mediated 
apoptosis in BRAF-V600E mutant cells with aberrant 
PTEN and raised the possibility that targeting Notch may 
restore sensitivity to ERK inhibition.

Gamma secretase inhibitors cooperate with 
SCH984

To evaluate the value of co-targeting Notch 
and ERK, non-responder cells grown as 3D-collagen 
embedded spheroids were treated with SCH984 and the 
gamma secretase inhibitor RO4929097 (GSI, RO) [17]. 

Gamma secretase inhibitors block the release of Notch 
from the membrane thereby inhibiting activation of the 
Notch pathway [18, 19]. Two non-responder (Figure 3D, 
3E) and two intermediate (Figure 3F, 3G) cell lines were 
selected based on their ability to form spheroids. Whereas 
treatment with SCH984 or RO as single agents did not 
substantially affect viability (green stain) of the non-
responder cells, SCH984 partially decreased the size and 
viability of the intermediate 1205Lu spheroids, without 
substantially inducing cell death (red stain). Conversely, 
the combination of SCH984 and RO decreased viability 
and increased apoptosis. Of note, WM9 spheroids were 
largely hollow and although apoptotic cells were not 
detected, there were very few viable cells remaining 
in the combination treatment. Furthermore, in a 
xenotransplantation model derived from the non-responder 
cell line WM1799, RO potentiated the effect of SCH984 
when the two drugs were used in combination, whereas 
RO alone had no effect (Figure 4A). SCH984 monotherapy 
decreased tumor growth 1.6 fold, while the combination of 
SCH984 and RO at relatively low doses led to a 2.5 fold 
decrease in tumor volume. The rate of tumor growth was 
significantly slower in the combination treatment group 
than in the SCH984 monotherapy group (p = 0.001). We 
used a previously reported dose of RO [18] and did not 
observe any overt toxicities with either compound alone 
or in combination. While Notch inhibition induced some 
apoptosis, the combination of RO plus SCH984 further 
increased apoptosis in the tumor grafts (Figure 4B). 
These results indicate that targeting Notch could sensitize 
melanoma cells to MAPK inhibition. Altogether, our 
results suggest that concurrent loss of PTEN and enhanced 
NOTCH activity modulate the response of BRAF-V600E 
to ERK inhibition. 

PTEN and increased Notch signaling is associated 
with poor response to MAPK inhibition in 
BRAF-V600 melanoma patients

 Analysis of 104 BRAF mutant tumors in the 
melanoma TCGA data set showed that PTEN and Notch1 
protein levels were inversely correlated (Spearman’s r = 
-0.2871, p = 0.0031), whereas there was no significant 
correlation in NRAS mutant melanomas (n = 56, 
Spearman’s r = -0.0832, p = 0.54), or tumors lacking 
BRAF or NRAS mutations (n = 48, Spearman’s r = 
-0.1527; p = 0.3) (Figure 4C and Suppl. Figure S7). 

We then analyzed progression free survival (PFS) 
on BRAF inhibitor in a set of 21 BRAF-V600E melanoma 
patients [20] to determine the relationship of aberrant 
PTEN and Notch activation with clinical response. 
Samples from BRAF inhibitor treated patients were used 
as surrogate of MAPK inhibition as ERK inhibitors are 
in early clinical trials and such data is not available yet. 
Low PTEN in conjunction with high Notch target gene 
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Figure 2: PI3K and Notch signaling are enhanced in SCH984 non-responders. A. Two responder (451Lu, WM989) and 2 non-
responder (WM9, WM1799) melanoma cell lines were treated with 1μM SCH984 for 72h. Total protein lysates were analyzed by reverse 
phase protein array (RPPA). Proteins with the highest deviation from the global median are shown; mean of three biological replicates. B. 
Two responder and 2 non-responder cell lines were treated with DMSO control or SCH984 1uM for 72h. Immunoblot analysis for Notch1, 
2, 3, 4, and Hes1; B-actin was used as loading control. Band intensity was quantified relative to area and B-actin; quantification is shown 
in table. C. mRNA expression levels of Notch1, 2, 3, and 4 normalized to GAPDH. Relative change between untreated and treated with 
SCH984 1uM. D. HES1 and HEY1 mRNA levels were assessed by QRT-PCR in 2 responder and 2 non-responder cell lines.
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Figure 3: Notch inhibition enhances the effect of SCH984. A. The SCH984 non-responder cell line WM9 was transduced with 
lentiviruses encoding control or two different Notch1 short hairpins; immunoblot of Notch1 confirmed knock down. Cells were treated with 
SCH984 1uM for 24 and 72h. Protein lysates were probed for pRSK and pAKT as surrogates for MAPK and PI3K pathway activity, cleaved 
caspase 3 was used to assess apoptosis, B-actin was included to ensure equal loading. B. Annexin V staining of control and shNotch1 knock 
down cells; data show mean of 3 experiments +/- SEM. C. The SCH984 responder cell line 451Lu was transfected with vector control, 
shPTEN, NIC or shPTEN + NIC. Transduced cells were treated with SCH984 1μM for 24 or 48 hours. Protein lysates were analyzed by 
immunoblotting with the indicated antibodies. Cleaved caspase-3 levels, indicative of apoptosis, were quantified relative to B-actin. D.-
G. Collagen-embedded melanoma spheroids were treated as indicated, stained with Calcein-AM (live cells, green) and EtBr (dead cells, 
red) and imaged using an inverted microscope. Merged and pseudo-colored images for each condition as well as individual Ca-AM (live; 
green frames) and EtBr (dead; red frames) are shown. For combination treatment, cells were pre-treated with RO for 24h, followed by RO+ 
SCH984 for an additional 72h. Cell death was quantified as the average EtBr signal intensity across each spheroid core after removal of 
background signal; data show average of three independent experiments +/- SEM.
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expression (Hes1 or Hey1) compared to the median was 
significantly associated with shorter PFS in this cohort 
(Figure 4D-4E). The median PFS in the Hey1 high/PTEN 
low group was 12.6 weeks (SEM 2.3 weeks). In contrast 
the median PFS in the Hes1 high/PTEN low group was 
17.2 weeks (SEM 6.5 weeks), far lower than the median 
PFS of the “other” group at 29.9 weeks (SEM 6.6 weeks, p 
< 0.0001 and p = 0.0352 respectively). These data suggest, 
that aberrant PTEN and Notch activation may attenuate 
the response to MAPK inhibition in a subset of BRAF-
V600E melanoma patients. 

DISCUSSION

Despite recent advances in melanoma treatment, 
several challenges remain. For example, whereas 70% 
of BRAF mutant melanomas respond to MAPK pathway 
inhibitors, a substantial subset is intrinsically resistant. 
Hence, it is critical to identify molecular determinants of 
response to inhibitors of the MAPK pathway to optimize 
the therapeutic benefits of these pharmacological agents. 
This knowledge will be valuable in selecting the right 
patient population and devise effective combination 
therapies that can overcome resistance and enable durable 
responses.

ERK has emerged as a promising target for 
melanoma, particularly for melanomas refractory to BRAF 
and MEK inhibitors using novel ERK inhibitors such as 
SCH772984 [8], or its clinical analog MK-8353. BVD-
523 and GDC-0994, elicit cytotoxic effects in BRAF-
V600E melanomas [10]. However, not all BRAF-V600E 
melanomas respond to these drugs equally; we found that 
the PI3K and Notch pathways were differentially activated 
in responder vs. non-responder melanomas. While the 
activation of the PI3K pathway and loss of PTEN have 
been previously linked to resistance to BRAF or MEK 
inhibitors [11-13, 15], we found that neither were sufficient 
to render BRAF-V600E melanoma cells resistant to 
SCH984. Consistent with our findings, Xing et al. reported 
that concurrent inactivation of the tumor suppressors 
PTEN and Rb were required to diminish the dependency 
of melanoma cells on MAPK activity [12]. However, our 
non-responder cells expressed functional Rb, suggesting 
that Rb loss is not required to confer resistance to ERK 
inhibition. Likewise, Held and colleagues [21] reported 
that ~25% of BRAF-V600E melanomas are intrinsically 
resistant to vemurafenib in the context of normal PTEN 
and Rb expression, supporting the notion that loss of these 
tumor suppressors is not indispensable for intrinsic drug 
resistance. Finally, in a recent report examining samples 
from patients enrolled in the phase I study of the BRAF 
inhibitor dabrafenib, it was found that copy number 
changes in CDKN2A, CCND1, and PTEN correlated with 
PFS [15]. However, this correlation was not statistically 
significant. Altogether, these findings suggest that other 

factors besides PTEN loss could be diminishing the 
response to ERK inhibitors. 

We noted that Notch1 levels were high and 
minimally affected by ERK inhibition in non-responder 
cells; baseline Notch1 levels were lower in responder cells. 
Responder and non-responder cells both expressed Notch3 
and Notch4; SCH984 decreased Notch3 and 4 expression 
in the responder cells, while it had marginal effects on 
Notch3 and 4 levels in the non-responder cells. These 
results raised the possibility that Notch signaling could be 
attenuating the cytotoxic effects of SCH984 in the context 
of aberrant PTEN and PI3K activation. Considering these 
findings and the fact that PI3K inhibitors tend to have dose 
limiting toxicities, we explored Notch inhibition as an 
alternative combination strategy to sensitize melanomas to 
SCH984. We found that blocking Notch signaling with a 
gamma secretase inhibitor, potentiated SCH984-mediated 
tumor cell killing in 3D spheroid assays and in a xenograft 
model of melanoma. Importantly, the Notch signaling 
pathway is frequently deregulated in many cancers, 
including melanoma [22-24]. Notch signaling increases 
tumor cell proliferation and promotes tumor survival 
leading to poor patients’ outcomes in solid tumors [25-
29]. At the molecular level, ligand binding activates Notch 
signaling by releasing the Notch intracellular domain, 
which then translocates into the nucleus and activates gene 
transcription. Wajapeyee and colleagues further linked 
Notch with melanoma development and progression 
through a downstream effector of MAPK, miR-146a [30]. 
Additionally, recent studies have demonstrated that Notch 
signaling promotes chemo-resistance [31]. Therefore, 
these and other studies [18, 19] imply that blocking the 
Notch pathway, likely in combination regimens, could 
offer a promising therapeutic approach for melanoma. 

It has been shown that PI3K/AKT upregulates 
Notch1 in an NFkβ-dependent manner [22]. 
Overexpression of Notch can also activate the PI3K/AKT 
and MAPK pathways [23]; hence, these pathways likely 
interact via a feedback regulatory loop yet to be fully 
characterized in melanoma. Although the mechanisms 
by which Notch decreases dependency on the MAPK 
pathway need to be explored, some possibilities may be 
directly related to the ability of Notch to upregulate a 
number of cytokines, growth factors, and growth factor 
receptors, including IL-7, NGR1, and IGF-1R, which have 
been implicated in resistance to BRAF and MEK inhibitors 
[13, 32-34]. Notch, cytokines, and RTKs can stimulate 
MAPK, PI3K, mTOR, and NFkβ signaling [35], thereby 
attenuating the response to SCH984. Crosstalk among 
these pathways has been reported in preclinical models and 
may very well operate in a number of human tumors [36]. 
Additionally, it has been proposed that Notch can induce 
RAS signaling [37], thus promoting tumorigenesis and 
potentially resistance to ERK inhibition. Moreover, Notch 
can activate a transcription program that can conceivably 
lead to drug resistance [38]. Considering the critical role 
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Figure 4: PTEN low and Notch high melanoma patients respond poorer to MAPK inhibitors. A. The SCH984 non-
responder cell line WM1799 was established as xenografts in vivo. Mice were randomized into four groups and treated as indicated. The 
difference in growth rate between SCH984 monotherapy and the combination of SCH984 with RO was statistically significant (p = 0.001). 
B. TUNEL staining of representative tumors from vehicle, SCH984, RO, and combination-treated groups harvested 4 hours post last 
dosing. Images were pseudo-colored to indicate apoptotic cells; original images are shown in the inserts. C. RPPA analysis of the TCGA 
melanoma data for PTEN and Notch1 levels in the BRAF-V600E mutant cohort (n = 104). Deviation from the global median is shown. 
PTEN and Notch1 levels were inversely correlated (Spearman’s r = -0.2871, p = 0.0031). D.-E. Progression free survival in a set of 21 
BRAF-V600E mutant melanoma patients treated with BRAF inhibitors determined by RECIST criteria [43] for patients in clinical trials 
or by objective response as determined by the treating physician for patients not in clinical trials. Patients with low PTEN/ high Hes1 (p = 
0.0352) or low PTEN/high Hey1 (p < 0.0001) have significant shorter progression-free survival than other patients.
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of this receptor in regulating proliferation and survival 
in melanoma, further studies evaluating combination 
therapies targeting Notch are warranted. In our studies, 
the combination of SCH984 and GSI cooperated to inhibit 
tumor growth; however, these two compounds at the 
doses used did not cause tumor regression. This could 
be in part related to the potency of the available GSI. 
This class of compounds is associated with GI toxicities, 
making effective dosing regimens challenging. Hence, it 
is possible that with the advent of better drugs targeting 
Notch, anti-tumor effects could be improved [31]. Also, 
considering the narrow therapeutic index of both ERK and 
GSI, studies evaluating intermittent or sequential dosing 
schedules would be needed to diminish potential toxicities. 
Further, as Notch signaling is context dependent [39], the 
use of GSI, like other kinase inhibitors, could have some 
shortcomings, which will need to be closely monitored. 
The utility of Notch as a potential marker of response 
to MAPK inhibition deserves broader evaluation in 
melanoma. Future studies validating the role of Notch as 
a marker of clinical response could help selecting patients 
who should be considered for first line combinatorial 
approaches targeting these pathways. 

MATERIALS AND METHODS

Cell lines, viability assays, and small molecule 
inhibitors

Human patient-derived melanoma cell lines were 
cultured in DMEM medium supplemented with 5% 
fetal bovine serum and grown at 37°C in 5% CO2. All 
cell lines were periodically authenticated by DNA finger 
printing using Life Technologies AmpFISTR Identifier 
microsatellite kit and tested for mycoplasma by Lonza 
Mycoalert Assay. Genomic DNA was analyzed for 
mutations in BRAF, PTEN, NRAS, KIT, CDKN2A, RB, 
TP53 by the nucleotide extension assay using the iPlex 
platform (Sequenom, Inc, San Diego, CA) as previously 
described [40]. RO4929097, PLX4032, PD0325901, 
AZD8055, GDC0941, BEZ235 were obtained from 
SelleckChem (Houston, TX). Cell Viability was 
determined using MTS assays as previously described 
[32]. IC50 values and maximum inhibitory activity 
(Amax) were calculated using GraphPad Prism 5 
(GraphPad Software Inc.). Amax is defined as the maximal 
activity of the compound and measures its efficacy in 
reducing viability. 

NOTCH-1 knockdown using lentiviral-mediated 
NOTCH-1 shRNA

Knock down of Notch 1 in WM1799 and WM9 
was performed using lentiviral particles expressing 

Notch1-shRNA or control PLKO.1 (Open Biosystems). 
Lentivirus were produced in 293T cells transfected with 
lipofectamine 2000 (Invitrogen) in OPTIMEM medium 
(Gibco, Life Technology) as previously described 
[41]. Viral supernatants were harvested at 48 and 72 h 
post transfection. Target cells were transduced with 
lentiviruses carrying Notch1 shRNA (TRCN0000003359 
& TRCN0000003360)) or non-targeting shRNA in 
the presence of 8 μg/ml polybrene (Sigma) for 24 hrs. 
Transduced cells were selected with 0.2 μg/ml Puromycin 
(Gemini Bio-products; cat# 400-128P). Three days post 
transduction cells were lysed using NP-40 lysis buffer 
with 100mM Na Vanadate and 1X protease inhibitors 
(Roche Diagnostics). 30ug of total protein lysate for 
PLKO.1 shRNA infected and NOTCH 1 shRNA infected 
cells were loaded on 10% SDS-PAGE. Notch1 expression 
levels were determined by immunoblotting using Notch 1 
antibodies (Cell Signaling; cat # 4380S; 1: 1000 dilution).

Reverse phase protein analysis (RPPA)

RPPA was performed on cells treated with 1 μM 
SCH984 for 72h. Cells were lysed with 200ul ice-cold 
lysis buffer (1% Triton X-100, 50mM HEPES, pH 7.4, 
150mM NaCl, 1.5mM MgCl2, 1mM EGTA, 100mM 
NaF, 10mM Na pyrophosphate, 1mM Na3VO4, 10% 
glycerol, freshly added protease and phosphatase cocktail 
tablets (Roche Applied Science Cat. # 05056489001 and 
# 04906837001). After two flash freeze cycles, samples 
were centrifuged at 13000rpm for 15 minutes at 4°C and 
supernatants were collected. Protein concentration was 
determined by Bro-Rad protein assay (Cat # 500-0006). 
About 40µl cell lysate (protein adjusted to 1-1.5µg/µl) 
were mixed with 4X SDS sample buffer (40% Glycerol, 
8% SDS, 0.25M Tris-HCL, pH 6.8; beta-mercaptoethanol 
at 1/10 of volume without bromophenol added before use). 
The samples were then heated for 10 minutes at 100°C in 
a heat block and submitted for RPPA processing. RPPA 
was performed by the MDAnderson Center RPPA core 
facility as previously described [16] and data reported as 
Normalized Log2.

Immunoblotting

Immunoblot analyses were performed as previously 
described (29). Xenograft tumors were snap frozen in 
liquid nitrogen immediately after harvesting. Tumor 
chunks were ground on liquid N2 using a MM2 mixer 
mill (Retsch, Newtown, PA). Cells and tissue were lysed 
and equal amounts of protein (10-40µg) were subjected 
to SDS-PAGE and proteins transferred onto PVDF 
membranes (Immobilon). Membranes were probed with 
primary antibodies (Cell Signaling: Erk (#9102, 1:2000), 
pErk (#4370, 1:1000), pAkt (S473) (#4060, 1:1000) pAkt 
(T308)(#4056, 1:1000) AKT (#4685, 1:1000) Pten (#9188, 
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1:1000) pRSK (#9344, 1:1000) Rsk (#8408, 1:1000) pS6 
(#2215, 1:1000) S6 (#2217, 1:1000) P27 (#3686, 1:1000) 
Bim (#2819, 1:1000) Parp (#9542, 1:1000) Notch1 (#4380, 
1:1000) Caspase 3 (#9662, 1:1000) cleaved Caspase 
3 (#9664, 1:1000) 4EBP1 (#9644, 1:2000) pP70S6K_
T389 (#9234, 1:1000) Rb (#9309, 1:1000) Sigma: Actin 
(#A5441, 1:5000) Vinculin (#SAB4200080, 1:2000) 
Abcam: Notch2 (#ab8927, 1:1000) Notch3 (#ab23426, 
1:1000) Santa Cruz Biotechnology: Notch4 (#SC-5594, 
1:1000) Millipore: Hes1 (#AB5702, 1:1000).) overnight 
at 4°C in TBS-T, then incubated with Alexa Fluor-labeled 
secondary antibodies (IRDye 680LT goat-anti mouse, 
IRDye 800CW goat-anti rabbit, donkey-anti mouse, 
donkey-anti rabbit, or donkey-anti goat IRDye 800CW or 
680LT (LI-COR, Lincoln, NE) for 1h and scanned using 
the Odyssey system (LI-COR, Lincoln, NE).

Flow cytometry

Melanoma cells were fixed in 70% ethanol and 
stained with propidium iodide as previously described 
[32]. For apoptosis quantification, samples were stained 
with an annexin V allophycocyanin conjugate (Invitrogen, 
Carlsbad, CA) as previously detailed in [32]. Samples 
were subsequently analyzed with an EPICS XL (Beckman-
Coulter) apparatus.

Collagen-embedded melanoma spheroids

Melanoma spheroids were generated as previously 
described [42]. Briefly, 5000 cells/well in 96-well plates 
were allowed to coalesce for 72h on a non-adherent agar 
layer before incorporation in a collagen type I matrix. 
Spheroids were stained with the Live/Dead cell assay 
(Invitrogen) then imaged using a Nikon Inverted TE2000 
microscope (Melville, NY). Images were analyzed using 
the ImagePro software (Media Cybernetics, Rockville, 
MD). Unmodified greyscale images were analyzed using 
the same parameters across all samples. Signal values 
were obtained using the formula: (Fluorescence value-area 
count)/Background.

In vivo studies

All animal experiments were performed in 
accordance with institutional guidelines. NSG mice were 
inoculated s.c. with 1x106 human melanoma cells in a 
1:1 suspension of matrigel (BD Matrigel™) / complete 
media. When tumors reached a mean volume of 200mm3, 
mice were randomized into 4 treatment groups (10 mice/ 
group). Groups were treated twice daily with vehicle 
control, SCH772984 25 mg/kg, RO4929097 10mg/kg 
or the combination of both drugs for 14 days. Tumor 
size was assessed twice weekly by caliper measurement 

(length x width2 / 2). After 14 days, mice were sacrificed 
and tumors were harvested four hours after the last dose. 
Tumor samples were snap frozen in liquid nitrogen for 
subsequent analysis.

TUNEL (TdT-mediated dUTPnick end labeling) 
immunohistochemistry was performed on FFPE samples 
according to the manufacturer’s protocol (Roche 
Diagnostics). Briefly, sections were incubated with the 
TUNEL reaction mixture for 1h in a humidified chamber 
at 37° degrees, counterstained with DAPI nuclear stain 
and imaged by fluorescence microscopy. Only comparable 
sections of the outer layers of the tumor without signs of 
necrosis or physically damaged cell morphology in H&E 
staining were analyzed.

Statistical analyses

Statistical significance was determined using 
two-sided Student’s t-test. P < 0.05 was considered to 
be significant. For in vivo experiments, the trends of 
mean tumor volume over time were compared between 
xenograft treatment groups using linear mixed models. A 
likelihood ratio testing nested model was used to examine 
if trends were overall significantly different among groups. 
Log-rank test was used to analyze survival data. P < 
0.05 was considered as significant difference in survival 
between two groups.
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Editorial note 

This paper has been accepted based in part on peer-
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REFERENCES

1. Siegel R, Ma J, Zou Z and Jemal A. Cancer statistics, 2014. 
CA Cancer J Clin. 2014; 64(1):9-29.

2. Hodis E, Watson IR, Kryukov GV, Arold ST, Imielinski M, 
Theurillat JP, Nickerson E, Auclair D, Li L, Place C, Dicara 
D, Ramos AH, Lawrence MS, et al. A landscape of driver 
mutations in melanoma. Cell. 2012; 150(2):251-263.

3. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg 
S, Teague J, Woffendin H, Garnett MJ, Bottomley W, Davis 
N, Dicks E, Ewing R, et al. Mutations of the BRAF gene in 
human cancer. Nature. 2002; 417(6892):949-954.

4. Krauthammer M, Kong Y, Ha BH, Evans P, Bacchiocchi A, 
McCusker JP, Cheng E, Davis MJ, Goh G, Choi M, Ariyan 
S, Narayan D, Dutton-Regester K, et al. Exome sequencing 
identifies recurrent somatic RAC1 mutations in melanoma. 
Nat Genet. 2012; 44(9):1006-1014.

5. Sullivan RJ and Flaherty KT. Major therapeutic 
developments and current challenges in advanced 
melanoma. British Journal of Dermatology. 2014; 
170(1):36-44.

6. Trunzer K, Pavlick A, Schuchter L, Gonzalez R, McArthur 
G, Hutson T, Moschos S, Flaherty K, Kim K, Weber J, 
Hersey P, Long G, Lawrence D, et al. Pharmacodynamic 
effects and mechanisms of resistance to vemurafenib in 
patients with metastatic melanoma. Journal of clinical 
oncology. 2013; 31(14):1767-1774.

7. Hatzivassiliou G, Liu B, O’Brien C, Spoerke JM, Hoeflich 
KP, Haverty PM, Soriano R, Forrest WF, Heldens S, Chen 
H, Toy K, Ha C, Zhou W, et al. ERK inhibition overcomes 
acquired resistance to MEK inhibitors. Mol Cancer Ther. 
2012; 11(5):1143-1154.

8. Morris EJ, Jha S, Restaino CR, Dayananth P, Zhu H, 
Cooper A, Carr D, Deng Y, Jin W, Black S, Long B, Liu J, 
Dinunzio E, et al. Discovery of a novel ERK inhibitor with 
activity in models of acquired resistance to BRAF and MEK 
inhibitors. Cancer Discovery. 2013.

9. Carlino MS, Todd JR, Gowrishankar K, Mijatov B, Pupo 
GM, Fung C, Snoyman S, Hersey P, Long GV, Kefford 
RF and Rizos H. Differential activity of MEK and ERK 
inhibitors in BRAF inhibitor resistant melanoma. Molecular 
Oncology. 2014; 8(3):544-554.

10. Samatar AA and Poulikakos PI. Targeting RAS-ERK 
signalling in cancer: promises and challenges. Nature 
reviews Drug discovery. 2014; 13(12):928-942.

11. Paraiso KH, Xiang Y, Rebecca VW, Abel EV, Chen YA, 
Munko AC, Wood E, Fedorenko IV, Sondak VK, Anderson 

AR, Ribas A, Palma MD, Nathanson KL, et al. PTEN 
loss confers BRAF inhibitor resistance to melanoma cells 
through the suppression of BIM expression. Cancer Res. 
2011; 71(7):2750-2760.

12. Xing F, Persaud Y, Pratilas CA, Taylor BS, Janakiraman 
M, She QB, Gallardo H, Liu C, Merghoub T, Hefter B, 
Dolgalev I, Viale A, Heguy A, et al. Concurrent loss of 
the PTEN and RB1 tumor suppressors attenuates RAF 
dependence in melanomas harboring (V600E)BRAF. 
Oncogene. 2012; 31(4):446-457.

13. Deng W, Vashisht Gopal YN, Scott A, Chen G, Woodman 
SE and Davies MA. Role and therapeutic potential of PI3K-
mTOR signaling in de novo resistance to BRAF inhibition. 
Pigment Cell & Melanoma Research. 2012; 25(2):248-258.

14. Atefi M, von Euw E, Attar N, Ng C, Chu C, Guo D, 
Nazarian R, Chmielowski B, Glaspy JA, Comin-Anduix 
B, Mischel PS, Lo RS and Ribas A. Reversing melanoma 
cross-resistance to BRAF and MEK inhibitors by co-
targeting the AKT/mTOR pathway. PLoS ONE. 2011; 
6(12):e28973.

15. Nathanson K, Martin A-M, Wubbenhorst B, Greshock 
J, Letrero R, D’Andrea K, O’Day S, Infante J, Falchook 
G, Arkenau H-T, Millward M, Brown M, Pavlick A, et 
al. Tumor Genetic Analyses of Patients with Metastatic 
Melanoma Treated with the BRAF Inhibitor Dabrafenib 
(GSK2118436). Clinical cancer research. 2013; 
19(17):4868-4878.

16. Tibes R, Qiu Y, Lu Y, Hennessy B, Andreeff M, Mills GB 
and Kornblau SM. Reverse phase protein array: validation 
of a novel proteomic technology and utility for analysis of 
primary leukemia specimens and hematopoietic stem cells. 
Molecular Cancer Therapeutics. 2006; 5(10):2512-2521.

17. Tolcher A, Messersmith W, Mikulski S, Papadopoulos 
K, Kwak E, Gibbon D, Patnaik A, Falchook G, Dasari 
A, Shapiro G, Boylan J, Xu Z-X, Wang K, et al. Phase I 
study of RO4929097, a gamma secretase inhibitor of Notch 
signaling, in patients with refractory metastatic or locally 
advanced solid tumors. Journal of clinical oncology. 2012; 
30(19):2348-2353.

18. Huynh C, Poliseno L, Segura MF, Medicherla R, Haimovic 
A, Menendez S, Shang S, Pavlick A, Shao Y, Darvishian 
F, Boylan JF, Osman I and Hernando E. The novel gamma 
secretase inhibitor RO4929097 reduces the tumor initiating 
potential of melanoma. PLoS One. 2011; 6(9):e25264.

19. Nair JS, Sheikh T, Ho AL and Schwartz GK. PTEN 
regulates sensitivity of melanoma cells to RO4929097, 
the gamma-secretase inhibitor. Anticancer Res. 2013; 
33(4):1307-1316.

20. Rizos H, Menzies AM, Pupo GM, Carlino MS, Fung C, 
Hyman J, Haydu LE, Mijatov B, Becker TM, Boyd SC, 
Howle J, Saw R, Thompson JF, et al. BRAF inhibitor 
resistance mechanisms in metastatic melanoma: spectrum 
and clinical impact. Clin Cancer Res. 2014; 20(7):1965-
1977.

21. Held MA, Langdon CG, Platt JT, Graham-Steed T, 



Oncotarget71222www.impactjournals.com/oncotarget

Liu Z, Chakraborty A, Bacchiocchi A, Koo A, Haskins 
JW, Bosenberg MW and Stern DF. Genotype-Selective 
Combination Therapies for Melanoma Identified by High-
Throughput Drug Screening. Cancer Discovery. 2013; 
3(1):52-67.

22. Bedogni B, Warneke JA, Nickoloff BJ, Giaccia AJ and 
Powell MB. Notch1 is an effector of Akt and hypoxia 
in melanoma development. The Journal of clinical 
investigation. 2008; 118(11):3660-3670.

23. Liu Z-J, Xiao M, Balint K, Smalley K, Brafford P, Qiu R, 
Pinnix C, Li X and Herlyn M. Notch1 signaling promotes 
primary melanoma progression by activating mitogen-
activated protein kinase/phosphatidylinositol 3-kinase-Akt 
pathways and up-regulating N-cadherin expression. Cancer 
Research. 2006; 66(8):4182-4190.

24. Pinnix CC, Lee JT, Liu ZJ, McDaid R, Balint K, Beverly 
LJ, Brafford PA, Xiao M, Himes B, Zabierowski SE, 
Yashiro-Ohtani Y, Nathanson KL, Bengston A, et al. Active 
Notch1 confers a transformed phenotype to primary human 
melanocytes. Cancer Res. 2009; 69(13):5312-5320.

25. Reedijk M. Notch signaling and breast cancer. Advances in 
experimental medicine and biology. 2012; 727:241-257.

26. Ahn S, Hyeon J and Park CK. Notch1 and Notch4 are 
markers for poor prognosis of hepatocellular carcinoma. 
Hepatobiliary & pancreatic diseases international. 2013; 
12(3):286-294.

27. Hassan KA, Wang L, Korkaya H, Chen G, Maillard I, 
Beer DG, Kalemkerian GP and Wicha MS. Notch pathway 
activity identifies cells with cancer stem cell-like properties 
and correlates with worse survival in lung adenocarcinoma. 
Clin Cancer Res. 2013; 19(8):1972-1980.

28. Theys J, Yahyanejad S, Habets R, Span P, Dubois L, 
Paesmans K, Kattenbeld B, Cleutjens J, Groot AJ, 
Schuurbiers OC, Lambin P, Bussink J and Vooijs M. 
High NOTCH activity induces radiation resistance in non 
small cell lung cancer. Radiotherapy and oncology. 2013; 
108(3):440-445.

29. Hu W, Liu T, Ivan C, Sun Y, Huang J, Mangala LS, Miyake 
T, Dalton HJ, Pradeep S, Rupaimoole R, Previs RA, Han 
HD, Bottsford-Miller J, et al. Notch3 Pathway Alterations 
in Ovarian Cancer. Cancer Res. 2014.

30. Forloni M, Dogra SK, Dong Y, Conte D, Ou J, Zhu LJ, 
Deng A, Mahalingam M, Green MR and Wajapeyee N. 
miR-146a promotes the initiation and progression of 
melanoma by activating Notch signaling. eLife. 2013; 3.

31. Capaccione KM and Pine SR. The Notch signaling pathway 
as a mediator of tumor survival. Carcinogenesis. 2013; 
34(7):1420-1430.

32. Villanueva J, Vultur A, Lee JT, Somasundaram R, 
Fukunaga-Kalabis M, Cipolla AK, Wubbenhorst B, Xu 
X, Gimotty PA, Kee D, Santiago-Walker AE, Letrero R, 
D’Andrea K, et al. Acquired resistance to BRAF inhibitors 
mediated by a RAF kinase switch in melanoma can be 
overcome by cotargeting MEK and IGF-1R/PI3K. Cancer 

cell. 18(6):683-695.
33. Wilson TR, Fridlyand J, Yan Y, Penuel E, Burton L, Chan 

E, Peng J, Lin E, Wang Y, Sosman J, Ribas A, Li J, Moffat 
J, et al. Widespread potential for growth-factor-driven 
resistance to anticancer kinase inhibitors. Nature. 2012; 
487(7408):505-509.

34. Straussman R, Morikawa T, Shee K, Barzily-Rokni M, Qian 
ZR, Du J, Davis A, Mongare MM, Gould J, Frederick DT, 
Cooper ZA, Chapman PB, Solit DB, et al. Tumour micro-
environment elicits innate resistance to RAF inhibitors 
through HGF secretion. Nature. 2012; 487(7408):500-504.

35. Andersson ER, Sandberg R and Lendahl U. Notch signaling: 
simplicity in design, versatility in function. Development 
(Cambridge, England). 2011; 138(17):3593-3612.

36. Wang Z, Li Y, Ahmad A, Azmi AS, Banerjee S, Kong 
D and Sarkar FH. Targeting Notch signaling pathway to 
overcome drug resistance for cancer therapy. Biochimica et 
biophysica acta. 2010; 1806(2):258-267.

37. Weijzen S, Rizzo P, Braid M, Vaishnav R, Jonkheer SM, 
Zlobin A, Osborne BA, Gottipati S, Aster JC, Hahn WC, 
Rudolf M, Siziopikou K, Kast WM, et al. Activation of 
Notch-1 signaling maintains the neoplastic phenotype in 
human Ras-transformed cells. Nat Med. 2002; 8(9):979-
986.

38. Johannessen CM, Johnson LA, Piccioni F, Townes A, 
Frederick DT, Donahue MK, Narayan R, Flaherty KT, 
Wargo JA, Root DE and Garraway LA. A melanocyte 
lineage program confers resistance to MAP kinase pathway 
inhibition. Nature. 2013; 504(7478):138-142.

39. D’Souza B, Miyamoto A and Weinmaster G. The many 
facets of Notch ligands. Oncogene. 2008; 27(38):5148-
5167.

40. Thomas RK, Baker AC, DeBiasi RM, Winckler W, 
LaFramboise T, Lin WM, Wang M, Feng W, Zander T, 
MacConaill LE, Lee JC, Nicoletti R, Hatton C, et al. High-
throughput oncogene mutation profiling in human cancer. 
Nat Genet. 2007; 39(3):347-351.

41. Smalley KS, Brafford P, Haass NK, Brandner JM, Brown E 
and Herlyn M. Up-regulated expression of zonula occludens 
protein-1 in human melanoma associates with N-cadherin 
and contributes to invasion and adhesion. Am J Pathol. 
2005; 166(5):1541-1554.

42. Vultur A, Villanueva J, Krepler C, Rajan G, Chen Q, 
Xiao M, Li L, Gimotty PA, Wilson M, Hayden J, Keeney 
F, Nathanson KL and Herlyn M. MEK inhibition affects 
STAT3 signaling and invasion in human melanoma cell 
lines. Oncogene. 2014; 33(14):1850-1861.

43. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, 
Sargent D, Ford R, Dancey J, Arbuck S, Gwyther S, 
Mooney M, Rubinstein L, Shankar L, Dodd L, et al. New 
response evaluation criteria in solid tumours: revised 
RECIST guideline (version 1.1). European journal of cancer 
(Oxford, England : 1990). 2008; 45(2):228-247.


