
ARTICLE OPEN

A transcriptional MAPK Pathway Activity Score (MPAS) is a

clinically relevant biomarker in multiple cancer types
Marie-Claire Wagle1, Daniel Kirouac2, Christiaan Klijn3, Bonnie Liu1, Shilpi Mahajan1, Melissa Junttila4, John Moffat5, Mark Merchant4,

Ling Huw1, Matthew Wongchenko 1, Kwame Okrah6, Shrividhya Srinivasan1, Zineb Mounir1, Teiko Sumiyoshi1, Peter M. Haverty3,

Robert L. Yauch4, Yibing Yan1, Omar Kabbarah1, Garret Hampton1, Lukas Amler1, Saroja Ramanujan2, Mark R. Lackner1 and

Shih-Min A. Huang1,7

KRAS- and BRAF-mutant tumors are often dependent on MAPK signaling for proliferation and survival and thus sensitive to MAPK

pathway inhibitors. However, clinical studies have shown that MEK inhibitors are not uniformly effective in these cancers indicating

that mutational status of these oncogenes does not accurately capture MAPK pathway activity. A number of transcripts are

regulated by this pathway and are recurrently identified in genome-based MAPK transcriptional signatures. To test whether the

transcriptional output of only 10 of these targets could quantify MAPK pathway activity with potential predictive or prognostic

clinical utility, we created a MAPK Pathway Activity Score (MPAS) derived from aggregated gene expression. In vitro, MPAS

predicted sensitivity to MAPK inhibitors in multiple cell lines, comparable to or better than larger genome-based statistical models.

Bridging in vitro studies and clinical samples, median MPAS from a given tumor type correlated with cobimetinib (MEK inhibitor)

sensitivity of cancer cell lines originating from the same tissue type. Retrospective analyses of clinical datasets showed that MPAS

was associated with the sensitivity of melanomas to vemurafenib (HR: 0.596) and negatively prognostic of overall or progression-

free survival in both adjuvant and metastatic CRC (HR: 1.5 and 1.4), adrenal cancer (HR: 1.7), and HER2+ breast cancer (HR: 1.6).

MPAS thus demonstrates potential clinical utility that warrants further exploration.
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INTRODUCTION

The mitogen-activated protein kinase (MAPK) pathway is a
conserved developmental pathway that regulates organ develop-
ment and tissue homeostasis by transmitting signals through a
series of phosphorylation events emanating from receptor
tyrosine kinases (RTKs), RAS family members, RAF family members,
mitogen-activated extracellular signal-regulated kinase 1/2 (MEK1/
2) (MAP2K1/2), and extracellular signal-regulated kinase 1/2 (ERK1/
2) (MAPK3/1). Nuclear translocation of activated ERK1/2 then
triggers the transcriptional activation of multiple target genes
involved in modulating the cellular processes of differentiation,
proliferation, survival, migration, and angiogenesis.1 Enhanced
MAPK pathway activity can be driven by genetic alterations
(including amplification and genetic mutations) in RTKs and RAS/
RAF family members, as well as aberrant growth factor
signaling.1,2 The high prevalence of aberrant MAPK signaling in
cancer has motivated the clinical development of inhibitors
targeting critical pathway nodes, including BRAFV600-mutant
selective inhibitors, pan-RAF inhibitors, MEK1/2 inhibitors, and
ERK1/2 inhibitors.3–6 Currently, there are at least 20 different MEK,
RAF, and ERK inhibitors being tested alone or in combination with
other drugs in active clinical trials according to www.clinicaltrials.
gov. While single genetic events may not always correspond to

pathway hyperactivation in tumors,7 in some instances, these
drugs have demonstrated therapeutic benefit alone or in
combination in pre-selected patient populations defined by
genetic mutations. For example, treatment of BRAFV600E or
BRAFV600K mutant melanoma patients with BRAF inhibitors
(vemurafenib or dabrafenib) increases overall survival,4,8 and the
combination with MEK1/2 inhibitors (cobimetinib or trametinib)
achieves deeper MAPK pathway inhibition, resulting in improved
clinical efficacy.9–11 However, clinical responses to MAPK pathway
inhibition in mutant BRAF populations outside of melanoma are
more variable,12,13 and the therapeutic benefit of MEK1/2
inhibitors trametinib, selumetinib, and refametinib does not
appear to be associated with KRAS mutation status in lung cancer
or pancreatic cancer.14–16 ERK phosphorylation also varies
extensively across cell lines and does not predict MEK inhibitor
sensitivity.17 Together, these observations suggest that neither
BRAF/ KRAS mutation status nor ERK phosphorylation status alone
are sufficiently reliable biomarkers of MAPK pathway activity in
multiple cancer indications and that additional, clinically transla-
table biomarkers are needed.
Developmental pathways such as MAPK often regulate the

activity of a conserved set of transcriptional targets across multiple
tissues.18 For example, WNT pathway activity is reflected in the
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levels of downstream transcriptional targets such as AXIN2, NKD1,
RNF43, ZNRF3, etc.19,20 Likewise, transcript levels of GLI1 and GLI2
are also representative of Sonic Hedgehog (SHH) pathway activity
and GLI1 transcript levels have been measured in SHH inhibitor
clinical trials as a pharmacodynamic biomarker to assess on-target
activity.21 For the MAPK pathway, while multiple predictive
transcriptional gene signatures have been identified from
in vitro data, clinically translating these large gene sets to
multivariate biomarkers is challenging due to many technical
and practical issues. However, genes that are common between
these signatures include direct targets of the MAPK pathway.17,22–24

We hypothesized that a simple aggregated gene signature
consisting of direct, biologically conserved transcriptional targets
of MAPK/ERK signaling may sufficiently capture the activation
status of the pathway across different tumor types.
Here we show that a MAPK Pathway Activity Score (MPAS),

derived from the transcript levels of 10 MAPK target genes,
correlates exclusively with MAPK inhibitor sensitivity in multiple
cell lines and primary tumor samples. Retrospective analysis of
CoBRIM clinical trial data shows that high MPAS correlates with
improved progression-free survival (PFS) of vemurafenib-treated
patients in BRAFV600E melanoma.9 Furthermore, we demonstrate
that MPAS is associated with poor prognosis in adjuvant and
metastatic colorectal cancer (CRC), adrenal cancers, and HER2-
positive breast cancer. These findings illustrate that MPAS could
potentially serve as a predictive and/or prognostic biomarker, thus
paving the way for further exploration of the clinical utility of
MPAS in the near future.

RESULTS

MPAS correlates with and predicts the sensitivity of cell lines to
MEK1/2 inhibitors

To assess whether a small, hypothesis-driven gene set could
represent MAPK pathway activity, we identified 10 genes (SPRY2,
SPRY4, ETV4, ETV5, DUSP4, DUSP6, CCND1, EPHA2, and EPHA4)
that have been reported in multiple gene signatures predictive of
sensitivity to MAPK inhibition.17,22–24 Drugs used in these studies
include the MEK inhibitors selumetinib, PD0325901, CI-1040, and
RDEA-119 and the BRAF inhibitors, vemurafenib, dabrafenib, and
AZ628. These genes also correlate with the extent of tumor
response to cobimetinib and the ERK inhibitor, GDC-0994,
observed in both pancreatic ductal adenocarcinoma and non-
small cell lung cancer (NSCLC) genetically engineered mouse
models.25 Furthermore, these genes were the most consistently
and dose-dependently inhibited by cobimetinib in three
cobimetinib-sensitive cell lines: MEL-JUSO (melanoma), NCI-
H2347 (NSCLC), and HUP-T4 (pancreatic cancer), compared to
other MAPK pathway targets (INPP5F, MAP2K3, TRIB2, and ETV1)
that have also been identified as responsive genes in the literature
(Supplementary Table 1).17,22–24 To determine how expression
patterns of these genes vary across different tissue types, we
measured the expression of each gene in tumor specimens from
CRC, NSCLC, and melanoma patients (Supplementary Figure 1a).
All 10 MAPK genes were robustly expressed across these tissue
types, and the expression of each gene correlated well with the
majority of other MPAS genes in at least one of the indications
tested (Supplementary Figure 1b).
To determine whether a score derived from the expression of

these 10 genes could track MAPK-inhibitor-mediated growth
suppression (% cell viability), MPAS was calculated at each dose of
cobimetinib in the three aforementioned cell lines treated with
increasing doses of cobimetinib. As shown in Fig. 1a, cobimetinib
treatment resulted in dose-dependent inhibition of MPAS in all
three cell lines. The IC50 values of cell growth inhibition and MPAS
inhibition of three cell lines were similar (Fig. 1a, see table). Note
that while the absolute magnitude and range of MPAS values

varied between the three cell lines, the relative changes mediated
by cobimetinib treatment correlated well with the growth
suppression (Fig. 1a).
Given the difference in baseline MPAS values between these

three cell lines, we next queried whether such differences in
baseline values are predictive of MAPK inhibitor sensitivity. To do
so, we examined sensitivity to various signaling pathway inhibitors
as measured by mean viability (MV) across a large cancer cell line
collection (Fig. 1b; Supplementary Table 2).26 Across all cell lines
combined (Pan-cancer, n= 506), as well as in breast, lung,
colorectal, and melanoma subgroups, cell line sensitivity corre-
lated with MPAS for both MEK and BRAF inhibitors but not
inhibitors targeting phosphoinositide-3 kinase (PI3K) (GDC-0941),
AKT (GDC-0068), or other pathways (data not shown). Interest-
ingly, there was a modest positive correlation between resistance
to AKT inhibition (GDC-0068) and MPAS in breast cancer,
supporting reports that, in certain subsets of this disease, the
MAPK signaling pathway may mediate resistance to AKT inhibi-
tion.27 Of note, hierarchical clustering separated the cancer
indications into two classes: those in which MPAS predicted
MEK1/2 inhibitor sensitivity (breast, lung, and colorectal), and
those in which it did not (pancreatic and melanoma).
As the pancreatic and melanoma cell lines were broadly

sensitive to MAPK pathway inhibition they showed minimal
variance in both MPAS and in sensitivity to MEK pathway
inhibitors (i.e., MV), leading to the absence of significant
correlations (Supplementary Table 3). Conversely, due to the
selectivity of vemurafenib for only BRAFV600-positive melanoma,
there was greater variance in sensitivity to this drug across the
melanoma cell lines leading to a significant correlation of
sensitivity with MPAS.

Performance of MPAS is comparable to other genome-based
predictive models of MEK1/2 inhibitor sensitivity

As MPAS is derived from the expression of 10 pre-specified genes,
we wanted to compare our methodology to that of comprehen-
sive multi-gene predictors. While there is no established gold-
standard method for predicting drug sensitivity from genomic
data,28 elastic-net regression has been widely applied to such
problems and generally performs well in comparison to other
statistical methods.26,29 These models identify the most predictive
features from the data and combine these features into multi-
variate linear models to predict drug sensitivity measurements in
cell lines or patient samples. We therefore trained an elastic-net
regression (hereafter referred to as E-Net) model to predict the
sensitivity of a large panel of cell lines to the clinically approved
MEK1/2 inhibitors cobimetinib and trametinib.26 Cross-validation
of the E-Net model for cobimetinib and trametinib gave R values
of 0.65 and 0.7, respectively (Supplementary Figure 2), comparable
to results of other such models.29 Predictive features that were
identified by the model included a cluster represented by high
PHLDA1 (Supplementary Table 4), along with SPRY2 and 4, DUSP6,
CCND1, and EPHA2, which are included in MPAS (Supplementary
Table 5).
To validate model predictions and compare accuracy of the E-

Net model to MPAS, 40 NSCLC cell lines that had not been used
for model training were tested for cobimetinib sensitivity
(Supplementary Table 6). We computed rank correlations between
the measured sensitivities (MV) vs. predictions for the E-Net model
and MPAS, as shown in Fig. 1c. Predicted values from the E-Net
model correlated with the actual sensitivity (Spearman’s correla-
tion coefficient, ρ= 0.55, P= 4.5 × 10−4). However, the correlation
between MPAS and measured MV was more significant (ρ= 0.65,
P= 1.6 × 10−5).
To further assess the accuracy of the different approaches in

classifying MEK1/2 inhibitor sensitive vs. resistant cell lines, we
categorized cell lines with IC50 values <1 μM as “sensitive” and >1
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μM as “resistant” based on the clinical serum concentration of
cobimetinib (0.1–1 µM).30 Predicted sensitivities using either MPAS

or E-Net gene predictors were likewise categorized as “sensitive”
or “resistant” using a median cut-off. True positive and false
positive rates were then calculated for MPAS, the E-Net model,
and KRAS mutation status. A negative control score (CTRL score)

derived from four housekeeping genes (MLH1, SMARCA4, U2AF,
CLTC) was established as a reference (Fig. 1d). The accuracy of

using KRAS mutation status (55%) was only slightly better than
using a CTRL score, which was equivalent to random chance
(50%). In the 40 cell lines that were tested, all the KRAS-mutant cell
lines were sensitive to cobimetinib (i.e., the false positive rate, FPR
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= 0). However, there was a high false negative rate given that
many KRAS wild-type cell lines were equally sensitive to

cobimetinib (see Materials and methods for calculations). MPAS
and the E-Net model had identical accuracies (72%), therefore
predictions derived from either applying advanced statistical

models to whole transcriptome expression data (E-Net model) or
from compiling known biological knowledge into a simple score
(MPAS) converge on a surprisingly similar outcome.
To further benchmark the predictive accuracy of MPAS against

other gene expression-based predictors of drug sensitivity, we
used data generated in the DREAM Drug Sensitivity Prediction

Challenge, which engaged 45 bioinformatics teams using gene
expression data from 32 breast cancer cell lines to predict
sensitivity of 18 blinded cell lines to drugs (including the MEK1/2
inhibitor PD184352).28 While the set of cell lines and MEK1/2

inhibitor used were different, the results from DREAM still serve as
a reasonable benchmark to compare MPAS against a variety of
world-class methodologies. The cumulative distribution of Spear-

man correlation coefficients for all 45 teams’ predictions of MEK1/
2 sensitivity are shown as a solid line in Fig. 1e. Onto this, we
overlaid results from our predictions, with the E-Net model (ρ=
0.55) mapping to the 36th percentile and MPAS (ρ= 0.65) to the

28th percentile. Accordingly, MPAS appeared to perform better
than two-thirds of the predictions submitted to this competition.
Overall, these results show that MPAS, despite being derived from
the expression of only 10 genes, and without the use of regression

coefficients or more advanced statistical techniques, predicted
sensitivity to MEK inhibition with better or comparable accuracy to
using KRAS mutational status or to other genome-based, multi-

variate predictive models, respectively.

MPAS is heightened in melanoma compared to other tumor types
and does not correlate with RAS/RAF mutation status

To assess the relevance of MPAS in patient tumor specimens, we
computed MPAS utilizing gene expression data from a panel of

7366 primary tumors representing 19 different tumor types in The
Cancer Genome Atlas (TCGA; Fig. 2a; Materials and methods). Skin
cancer (melanoma) and thyroid cancers exhibited the two highest
levels and widest distributions of MPAS (medians 3.27 and 1.13,

respectively), whereas head and neck, colon, brain, pancreatic, and
lung cancers represented the next tier of MPAS (medians of 0.12,
0.07, −0.03, −0.07, and −0.27, respectively). There were no clear
associations between MPAS and BRAF (blue) or RAS (KRAS, NRAS,

and HRAS) (red) mutation status for any indication analyzed (Fig.
2a). This highlights the disconnection between mutational status
and MAPK pathway activity and is similar to other published

observations that ERK activation (phospho-ERK) does not correlate
with either RAS or BRAF mutational status in CRC or melanoma
tumor tissues.31–34

Primary tumor MPAS correlates with corresponding cell line
sensitivity to MAPK inhibition

To investigate how MPAS derived from clinical tumor specimens
related to MEK1/2 inhibitor sensitivity across tissue types, we
examined the correlation between the median MPAS of tumor
specimens from each indication (Fig. 2a) with the median
cobimetinib sensitivity (i.e., MV) of cancer cell lines derived from
corresponding tissue types (Fig. 2b, Materials and methods, y axis
denotes 1-MV). Median MPAS of each tissue type was indeed
strongly correlated with the median cobimetinib sensitivity of cell
lines from the same tissue type (Fig. 2b, Spearman ρ= 0.77,
Pearson R2= 0.80). Skin cancer (melanoma) had the highest
median MPAS of all the clinical samples, and this was associated
with the greatest sensitivity to cobimetinib in cell line studies (Fig.
2b), supporting the clinical observation that melanoma is the
cancer type most uniformly susceptible to single-agent MAPK
pathway inhibition.35,36

When each indication was classified further according to BRAF,
RAS mutation status, or wild-type (no RAF or RAS mutations), the
strength of the correlations appeared to diminish, though still
significant, with skin cancer remaining the most sensitive
indication to cobimetinib treatment (Fig. 2b).

MPAS correlates with PFS of BRAFV600-positive melanoma patients
treated with vemurafenib

Approximately 50% of BRAF-mutant melanomas initially respond
to vemurafenib alone as first-line therapy.4 MPAS in skin cancer
(melanoma) tissues that were analyzed from TCGA varied widely
(−1.5 to 2) and independently of mutational status (Fig. 2a),
suggesting that dependence on MAPK signaling in these tumors is
highly variable even within the BRAF-mutant population. Tumors
from melanoma patients in the vemurafenib monotherapy arm of
the coBRIM clinical trial have been shown to separate into two
clusters based on gene expression profiles. Patients who had
tumors with a “cell cycle” gene signature, indicative of high
proliferation, did significantly worse (median PFS: 3.48 (95%
confidence interval: 2.83–3.94)) than those patients with tumors
who had an “immune” signature, characterized by high expression
of immune-regulatory genes and CD8+ T-cell infiltration (median
PFS: 9.05 (6.21–15.01)).37

In order to explore whether applying MPAS could further
improve the prediction of survival outcome of BRAF-mutant
patients, we used the gene expression data to develop a
multivariate Cox proportional hazard model with MPAS and the
published cell cycle vs. immune categorization as two features and
PFS as the measure of outcome. The “cell cycle” vs. “immune”
tumor subtype was indeed a significant determinant of respon-
siveness to vemurafenib as published (hazard ratio (HR)= 2.15; P
= 0.0085; Fig. 3a).37 However, BRAF-mutant tumors with higher
MPAS (and therefore higher MAPK pathway signaling) did
significantly better than those with low MPAS across all patients

Fig. 1 Aggregated gene expression data from a set of 10 MAPK-specific genes predicts MEK inhibitor sensitivity. a MPAS and corresponding
cell viability data (relative to vehicle (DMSO) control on day of treatment) in response to 0–10 μM cobimetinib treatment for 72 h in melanoma
(MEL-JUSO), NSCLC (NCI-H2347), and pancreatic (HUP-T4) cell lines. Error bars represent standard deviation across triplicate samples.
Correlations of MPAS vs. relative cell growth for each cell line are also shown. b Rank correlation coefficients (filtered for P < 0.05) between
MPAS and sensitivity (mean viabilities) to MAPK and PI3K signaling pathway inhibitors across cell lines from breast (BRCA) (n= 36), lung (n=
95), CRC (colorectal) (n= 50), melanoma (n= 40), pancreatic (n= 36), and all indications (pan-cancer) (n= 506). c E-Net model-based
prediction of cobimetinib sensitivity (1-MV Predicted) for 40 independent NSCLC cell lines vs. the actual mean viabilities (1-MV Data) for the
same cell lines treated with 0–10 μM cobimetinib for 72 h. MPAS vs. actual cobimetinib sensitivity (1-MV Data) for the same cell lines treated
with 0–10 μM cobimetinib for 72 h. d 40 NSCLC cell lines were categorized as either “sensitive” IC50 < 1 μM or “resistant” IC50 > 1 μM to
cobimetinib. True positive (TPR, TPR= TP/(TP+ FN)), false positive rate (FPR= FP/(FP+ TN)), and accuracy (ACC= (TP+ TN)/N) were
computed using median-based classification of the E-Net predictions and MPAS and compared to CTRL score (house-keeping gene
expression), KRAS mutation status, and mean viability. e The cumulative distribution of Spearman correlation coefficients for 45 team’s
predictions of MEK1/2 inhibitor (PD184352) sensitivity from the DREAM consortium Drug Sensitivity Challenge, compared to the performance
of the elastic net model, (ρ= 0.55) mapping to the 36th percentile, and the MAPK score (ρ= 0.65), to the 28th percentile
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on vemurafenib (HR= 0.596; P= 0.018; Fig. 3a, b). Furthermore,
we separated the patient subgroups by “cell cycle” vs. “immune”
classification and performed a Kaplan–Meier scan to assess the
relationship between MPAS and PFS. That is, using a window
covering 15% of the population, we scanned across the range of
MPAS values and computed the HRs between successive sub-
population and remainder. A similarly negative relationship was
observed in both subgroups, which illustrates the correlation
between MPAS and vemurafenib clinical efficacy, regardless of the
tumor microenvironment (Fig. 3b). However, further validation of
MPAS as a clinically predictive biomarker was hampered by the
lack of a control arm in this trial or other randomized, controlled
clinical datasets from trials assessing MAPK pathway inhibitors.
Additional clinical studies designed to prospectively validate the
utility of MPAS as a predictive biomarker in the future will thus be
needed. As such, we subsequently explored the potential of MPAS
as a prognostic biomarker across multiple available clinical
datasets.

MPAS is prognostic of poor survival in both resectable and
metastatic CRCs

MAPK signaling is known to play an important role in the
development of CRC and in responsiveness to EGFR inhibitor
treatments.38 Furthermore, CRC patients with BRAF and/or RAS
family mutations may have an increased risk of disease recurrence
and overall poorer survival outcomes.39 To evaluate the associa-
tion between MPAS and survival outcomes in CRC, we analyzed
tumor samples from patients with metastatic CRC (mCRC) and
resected tumor specimens from CRC patients enrolled in the
AVANT phase III adjuvant trial (bevacizumab as a single agent or in
combination with either FOLFOX4 or XELOX standard adjuvant
therapies40). Of note, the AVANT trial demonstrated no significant
difference in overall survival between bevacizumab as a single
agent or in combination with adjuvant therapies. As such, data
were combined for subsequent analysis. For both mCRC and
AVANT datasets and across all patients, high MPAS was associated
with significantly worse overall survival, whereas KRAS/BRAF
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mutational status, microsatellite instability status, and treatment
regimens were not (Fig. 4a). Focusing specifically on BRAF-mutant
patients, who are known to show some responsiveness to MAPK
inhibitor therapy,10 patients with high MPAS trended toward
poorer survival, albeit not reaching statistical significance due to
the low frequency of BRAF mutations (mCRC: HR= 8.63, P= 0.059,
n= 8; AVANT: HR= 1.56, P= 0.08, n= 68, Fig. 4b, c). MPAS-high
patients within this genetic sub-population were also significantly
more likely to die in comparison to the MPAS-low patients
(binomial test, P= 2.6 × 10−4); however, this prognostic effect was
not significant in the KRAS-mutant or KRAS/BRAF-wild-type
patients (Supplementary Figure 3b, c). Notably, HRs based on
individual MAPK genes rather than the composite MPAS were
lower, supporting the use of the aggregate signature as a more

robust clinical biomarker (Supplementary Figure 3d) than any

single constituent gene.
To assess the relationship between biomarker threshold and

survival hazard in mCRC and adjuvant CRC (AVANT) patient
populations, we performed a Kaplan–Meier scan by computing
HRs for MPAS-high vs. -low patients and using a threshold

varying from the 10 to 90 percentile. In mCRC patients, the
relationship evidently increased monotonically, whereby patients
with increasingly higher MPAS did progressively worse (i.e., HR=
2.4, P= 0.003 at an 85th-percentile cutoff) (Fig. 4b). Such a

relationship was modest in the AVANT patient population, in that
MPAS-high patients fared worse regardless of the cut-off chosen
(Fig. 4c).

Fig. 4 MPAS is a negative prognostic for survival in colorectal cancer. a Multivariate Cox proportional hazard regression models for both
metastatic CRC samples (mCRC) and for samples from AVANT adjuvant phIII trial parameterized using MPAS, KRAS, and BRAF mutation status
(mCRC) in addition to MSI status and treatment condition; FOLFOX vs. XELOX (Tx FOL vs. XEL) and Avastin for the AVANT samples. Hazard
ratios, 95% confidence intervals, and associated P-values associated with each feature are shown. Kaplan–Meier curves of overall survival (OS)
were plotted using the median value of MPAS to classify b mCRC patients or c AVANT patients as either MAPK-high vs. -low for all patients or
for patients with BRAF mutations. Cox proportional hazard regression models were used to fit each treatment arm separately, using MPAS as a
univariate predictor of overall survival. Hazard ratios, 95% confidence intervals, and associated P-values for MPAS as a univariate predictor are
shown within each graph. Kaplan–Meier scans showing hazard ratios of overall survival (OS) over a range of thresholds for classifying MAPK-
high vs. -low patients from b mCRC patients or c AVANT patients are also shown. Blue line represents the hazard computed at each threshold,
and black lines show 95% confidence intervals
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MPAS is also prognostic of poor survival in adrenal cancer and
HER2+ breast cancer

Although adrenal cancers have a low prevalence of RAS/RAF
family mutations,41 poor overall survival in adrenocortical
carcinoma patients has been correlated with MAPK pathway
activity based on a recently developed 100-gene MAPK transcrip-
tional signature.24 Likewise, despite the low prevalence of RAS/
RAF family mutations in breast cancer, MAPK signaling is thought
to be active in some breast cancer subtypes, e.g., triple-negative
breast cancer (TNBC), due to KRAS or BRAF amplification.42 In
addition, a recent study showed that a significant fraction of HER2
+ cell lines are dependent on MAPK signaling for proliferation and
survival.43 We therefore assessed whether MPAS is prognostic in
these indications in which the activation state of the MAPK
pathway seems to be independent of RAS/RAF mutational status.
To this end, adrenal tumors from TCGA were classified by MPAS,

and in agreement with the published data, those patients with
high MPAS had significantly poorer prognosis than those with low
MPAS (HR= 1.69, P= 0.02) (Fig. 5a). Next, we analyzed survival
and expression data from the METABRIC study that contains
sequencing data for >2000 primary breast tumors coupled with
patient outcome data and classification into ER+, HER2+ or triple-
negative (TNBC) subtypes.44 In agreement with previous reports,
HER2+ status conferred poorer survival outcomes whereas ER+
status conferred a better prognosis (Fig. 5b).45 While among all
patients, ER+ patients and TNBC patients, we observed that MPAS
had no significant prognostic value, in HER2+ breast cancer
patients, high MPAS conferred significantly worse overall survival
(HR= 1.6 (1.1–2.3); P= 0.008), suggesting that variable MAPK
signaling dependence in this subgroup has an impact on
prognosis (Fig. 5c).
A previous report demonstrated that cellular dependency on

PI3K or MAPK signaling in HER2+ breast cancer could be
predicted by RNA and protein expression levels of EGFR, ERBB3/
HER3, and CDKN1B/p27.43 We therefore assessed associations
between MPAS and EGFR, ERBB3, or CDKN1B transcript levels
(Supplementary Figure 4). High EGFR expression in the HER2+
breast cancers was significantly associated with high MPAS (ρ=
0.42, P= 7 × 10−14), while HER3 and p27 expression were
negatively associated with MPAS (ρ=−0.21, P= 6 × 10−4 and ρ

=−0.11, P= 0.076, respectively) in this subgroup, implying that
higher relative expression of EGFR to ERBB3 may be responsible
for the higher MAPK signaling and poorer survival outcomes.

DISCUSSION

The MAPK pathway may be activated by mutations in RTK and
RAS/RAF oncogene family across many human cancer types. While
these mutations are often used as predictive biomarkers for MAPK
targeted therapies, other genetic alterations (e.g., SHP2 mutations)
and epigenetic mechanisms may also contribute to hyperactiva-
tion of this oncogenic pathway.46 In addition, the functional
activity of RAS/RAF mutations can be modified by the cellular
context, including compensatory feedback through the PI3K
pathway, which could alter cellular dependence on MAPK
signaling. Therefore, a downstream readout of pathway signal
flux based on direct transcriptional targets might better represent
the extent of pathway activity. As such, we assessed whether the
expression of a core set of MAPK genes would be sufficient to
capture the extent of MAPK pathway activation and therefore be
of use in the clinic. The 10 genes that constituted MPAS have
already been identified in other published gene expression
signatures that correlate with MAPK inhibitor sensitivity.17,22–24

Some were also identified by the E-Net prediction model of
cobimetinib sensitivity described in this report.
Our analysis showed that MPAS varied across tumor tissue types

independently of RAS or BRAF mutational status, supporting the

idea of a potential disconnection between mutation status and
the activity of the MAPK pathway (Fig. 2a) and highlighting the
inadequacy of using solely RAS/RAF mutational status as
predictive biomarkers in clinical trials of MEK1/2 inhibitors.
In support of our hypothesis, MPASs derived from cell lines

correlated with sensitivity to MAPK pathway inhibitors across
multiple indications and those derived from patient specimens
were highest in tumor types that are known to be sensitive to
MAPK pathway inhibition in the clinic (Figs. 1b and 2a).
Furthermore, the predictive accuracy of MPAS was similar to, or
better than, that of more complex comprehensive models and
algorithms that would be significantly more difficult to translate
clinically (Fig. 1c–e).
Melanoma had the highest levels of MAPK activity relative to

other tissue types (measured by median MPAS) in our study,
consistent with the robust clinical activity of BRAF and MEK1/2
inhibitors observed in this indication (Fig. 2a). However, even
within the BRAF-mutant skin cancer (melanoma) population, there
existed a wide range of, and perhaps dependency on, MAPK
signaling that may partially explain some instances of unrespon-
siveness to vemurafenib in melanoma.
In tumors from both mCRC and from curatively resected Stage

III CRC in an adjuvant setting (AVANT),40 high MPAS was
significantly correlated with poorer outcomes, with a trend for
wider separation in patients within the BRAF-mutant subgroup,
albeit less statistically significant due to smaller patient number
(Fig. 4). It was also noted that BRAF-mutant CRC had lower MPAS
compared to that of melanoma and thyroid cancer (Fig. 2), which
may provide some underlying mechanisms for the poorer
outcomes observed in BRAF-mutant CRC patients treated with
BRAF or MEK1/2 inhibitor as single agent or in combination.10,12

In adrenal and breast cancers, RAS and RAF mutations are rare.
However, high MPAS in adrenal tumors (Fig. 5a) and in a subset of
HER2+ breast tumors (Fig. 5c) correlated with poorer overall
survival, again indicating that direct measurement of MAPK
signaling output through gene transcription may have prognostic
value and, in the case of breast cancer, provide additional insight
to the biological context of an already well-defined subtype.
Potential challenges facing the use of MPAS in the clinic may

include the low or variable tumor content of patient biopsies, lack
of uniform standard operating procedures to measure gene
expression, and the accurate translation of MPAS derived from
preclinical models into clinically relevant thresholds, although this
may still be considerably easier than defining thresholds for
multiple individual genes.17,47 Note that the absolute value of the
score depends on not only the cell biology but also the assay
characteristics and normalization. Thus it is likely not possible
currently to directly translate absolute MPAS thresholds from
preclinical experiments or between different clinical studies. This is
exemplified by examining the variation in the median and
distribution of MPAS scores from the five clinical studies reported
(Supplementary Table 7). Absolute thresholds in the clinic will thus
need to be determined based on future prospective studies and
will likely be both indication- and assay-specific and may differ
between alternate MAPK targets (i.e., RAF, MEK, or ERK inhibitors)
or molecules (i.e., cobimetinib vs. trametinib). However, as MPAS is
derived from the aggregated expression of only 10 genes, there is
potential for its development as a clinically actionable biomarker.
MAPK signaling is of course only one potential component of
disease outcome. We envision MPAS may ultimately be realized as
one component of a multivariate predictor, perhaps comprising
also of mutations and other pathway and immunological
signatures to construct a comprehensive precision medicine
platform. Future randomized clinical trials with paired genomic
profiles are required to validate the predictive or prognostic utility
of MPAS in additional indications or disease subgroups where
MAPK signaling plays an important role.
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In conclusion, by aggregating gene expression measurements

from 10 highly conserved MAPK transcription targets, we have
developed MPAS that predicts the sensitivity to MAPK pathway
inhibitors across cell lines and is associated with the sensitivity of
tumor samples to vemurafenib in the CoBRIM trial. Retrospective

analysis of tumor specimens from CRC, HER2+ breast, and adrenal
cancers also revealed the potential prognostic utility of MPAS.

These findings support the integration of this methodology in
clinical trials prospectively for further assessment.

MATERIALS AND METHODS

Chemicals

Cobimetinib, vemurafenib, and compounds with the GDC-prefix were
manufactured at Genentech (South San Francisco, CA, USA). The

Fig. 5 MPAS is a negative prognostic of survival in adrenal carcinoma and HER2+ breast cancer. a Kaplan–Meier curves of overall survival were
plotted using the median value of MPAS to classify adrenal cancer patient samples from TCGA. b Multivariate Cox proportional hazard
regression model parameterized using HER2 and ER status (as defined by IHC) and MPAS. Hazard ratios, 95% confidence intervals, and
associated P-values associated with each feature are shown. c Kaplan–Meier curves of overall survival were plotted using the median value of
MPAS to classify all patients, ER+ patients, triple-negative (TNBC) patients, and HER2+ patients. Hazard ratios, 95% confidence intervals, and
associated P-values associated with each subtype are shown
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PD0325901 MEK inhibitor was purchased from Selleck Chemicals (Houston,

TX, USA).

Cell lines

Cell lines were obtained from the Genentech cell line repository (gCSI)26

and cultured according to the supplier’s specifications. The NCI-H2347 cell

line (CRL-5942, ATCC, Manassus, VA, USA) and the MEL-JUSO cell line (ACC

74, DSMZ, Braunschweig, Germany) were routinely cultured in a growth

medium of RPMI-1640 with 10% fetal bovine serum (FBS). The HUP-T4 cell

line ACC 223 (DSMZ, Braunschweig, Germany) was routinely cultured in a

growth medium of Minimum Essential Medium with 10% FBS.

Cell viability assays

Cells were seeded in 96-well plates and treated in triplicate for 72 h with

0–10 μM concentrations of the relevant drug diluted in the appropriate

growth medium (please see above). Cell viability was measured using

CellTiter-Glo® reagent per the manufacturer’s instructions (Promega,

Madison, WI, USA) and ATP measurements were read using an Envision

reader (PerkinElmer, San Jose, CA, USA). Cell viability measurements were

corrected to the day 0 viability (day of treatment) as measured by CellTiter-

Glo® and plotted relative to the dimethyl sulfoxide control (100%

viability).48 With this method, cell growth after treatment can be compared

to that before treatment (i.e., zero percent growth represents cell stasis and

negative percent growth represents cell death). Three replicate wells per

treatment were used, such that, at 5% standard deviation, viability

differences of >9% should be detectable with a power of 80%. Data shown

represent three independent experiments.

Baseline MAPK gene expression across lung, colorectal, and
melanoma patient samples

Formalin-fixed paraffin-embedded (FFPE) tissue blocks were procured from

melanoma (n= 50), CRC (n= 50), and lung patients (n= 100) (for vendors,

see Supplementary Table 8). In all, 250 ng RNA from these samples was run

on a 10-gene, MAPK-specific Nanostring panel (Nanostring Technologies,

Seattle, WA, USA), (Supplementary Table 9). Data were analyzed using the

Nanostring nSolver software. Raw counts <10 were considered below

background (geometric mean of the negative controls).

MAPK Pathway Activity Score

MPAS for each cell line, tumor, or patient sample was derived from

expression data for 10 MAPK-specific genes (PHLDA1, SPRY2, SPRY4,

DUSP4, DUSP6, CCND1, EPHA2, EPHA4, ETV4, and ETV5). Gene expression

was measured using either RNA-Seq (Illumina, Hayward, CA, USA)

sequencing (reads per counts per million)49 or the MAPK-specific Nano-

string panel (Supplementary Table 9). MPAS was computed as MAPK

activity=

Pz

i
ffiffi

n
p

; where zi is the z-score of each gene’s expression level and n

is the number of genes comprising the set (i.e., n= 10). For the Nanostring

data, gene expression levels were normalized by sample, using a set of

housekeeping genes, and across samples for the RNA-Seq data. The score

is thus a relative metric of MAPK gene expression, the absolute values of

which will depend on the assay characteristics and choice of normalization,

in addition to the underlying biology. As such, MPAS values should be

interpreted as relative to other samples within an experimental or clinical

context.

Elastic-net model

An E-Net regression model was created to predict cobimetinib and

trametinib mean cell viability using RNA-seq data from >26,255 genes from

189 lung, pancreatic, and colon cell lines included in gCSI.26,49 This model

was trained on gene expression features with alpha= 0.5 and optimal

lambda chosen by 5-fold cross validation. After applying a variance

stabilizing transformation, gene expression was normalized to a normal

distribution (mean= 0, StDev= 1) to remove absolute expression bias.49

To cross-validate the model, predicted MVs of the cell lines used to train

the model were correlated with experimentally derived MVs to both

trametinib and cobimetinib (Supplementary Table 10).

Accuracy comparison of each of the predictors

To assess the overall accuracy of each predictor (E-Net, MPAS, and KRAS

status), cell lines in the validation set (40 NSCLC cell lines) were categorized

as either cobimetinib sensitive (IC50 < 1 µM) or resistant (IC50 > 1 µM) based

on the average clinical serum concentration of cobimetinib (0.1–1 µM).30

Based on numbers of True Positive (TP) True Negative (TN), False Positive

(FP), and False Negative (FN) calls, the true positive rate (TPR= TP/(TP+

FN)), false positive rate (FPR= FP/(FP+ TN)), and accuracy (ACC= (TP+

TN)/N) were then computed using a median-based classifier of the E-Net

predictions and MPAS.

Melanoma patient samples

RNA from 99 pre-treated FFPE tumor samples from patients with BRAFV600-

mutated metastatic melanoma enrolled in the vemurafenib arm of the

coBRIM phase III clinical trial9 with prior Institutional Review Board (IRB)

approval and informed consent were analyzed using a custom melanoma-

specific Nanostring expression panel consisting of 800 genes including the

10 MAPK-specific genes constituting MPAS (Supplementary Table 11). Cell

cycle-high vs. immune-high subgroups were defined using previously

identified signatures37 and MPAS-high vs. -low cell lines were categorized

using a median cut-off.

mCRC and AVANT patient samples

FFPE tumor tissue blocks were procured from 74 colorectal patients with

metastatic disease (mCRC) and from 1262 curatively resected stage III CRC

patients enrolled in the AVANT phIII adjuvant trial40 with prior IRB approval

and informed consent. Total RNA was run on a CRC-specific custom

Nanostring panel that included 5 or 6 of the 10 MAPK-specific genes

constituting MPAS as this dataset was intended for other analyses (mCRC

set: EPHA4, ETV5, DUSP6, CCND1, and SPRY4; AVANT set: same as mCRC

except SPRY2 was used instead of SPRY4 and ETV4) (Supplementary Tables

12 and 13).

TCGA gene expression and survival data for breast, adrenal (ACC),
and melanoma (SKCM) tumors

mRNA expression (RPKM) data for the 10 MAPK genes, as well as patient

survival and subtype classifications (for Breast Cancer) were obtained from

the BROAD Firehose TCGA portal. Breast cancer data were from the

Molecular Taxonomy of Breast Cancer International Consortium (METAB-

RIC) study.44

Statistical methods

Rank-sum tests were used to compute all correlation coefficients. Cox

proportional hazard regression models were developed using MPAS as a

continuous univariate predictor or as part of a set of multivariate

predictors, i.e., mutational status or treatment. Log-rank tests were

performed for all Cox hazard regression models. For the CRC data, a

Kaplan–Meier scan was performed using MPAS as a discrete predictor,

varying the threshold for calling positive/negative over a range from the

10th to 90th percentiles, and HRs were computed along this range. For the

melanoma data, a sliding 30th-percentile window was used, and HRs were

computed in comparison to the unselected population (i.e., starting with

the 0–30th-percentile group (median 15%) vs. the entire population, and

increasing the window by 2 points successively across the range to the

70–100th percentile (median 85%)). The E-Net regression model was

developed in R, and all computational analyses were performed in the

MATLAB v2015b software (Mathworks, Natick, MA).

Data availability

Expression data for Figs. 1b, 2, and 5a were obtained from the TCGA

database. All breast cancer expression data were obtained from the

METABRIC database. All other expression data used are shown in

supplementary tables as noted in the text.
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