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High-Throughput Functional Evaluation of MAP2K1

Variants in Cancer

Check for
updates

Sho Mizuno"?3, Masachika Ikegami'*, Takafumi Koyama®, Kuniko Sunami®, Dai Ogata’, Hidenori Kage®,
Mitsuru Yanagaki"®, Hiroshi Ikeuchi'®, Toshihide Ueno', Michihiro Tanikawa??, Katsutoshi Oda",

Yutaka Osuga®, Hiroyuki Mano', and Shinji Kohsaka'

Activating mutations in mitogen-activated protein kinase kinase
1 (MAP2KI1) are involved in a variety of cancers and may be
classified according to their RAF dependence. Sensitivity to com-
bined BRAF and MEK treatments is associated with co-mutations of
MAP2KI and BRAF; however, the significance of less frequent
MAP2KI mutations is largely unknown. The transforming potential
and drug sensitivity of 100 MAP2K1 variants were evaluated
using individual assays and the mixed-all-nominated-in-one
method. In addition, A375, a melanoma cell line harboring the
BRAF V600E mutation, was used to evaluate the function of the
MAP2K1 variants in combination with active RAF signaling.
Among a total of 67 variants of unknown significance, 16 were
evaluated as oncogenic or likely oncogenic. The drug sensitivity

Introduction

The mitogen-activated protein kinase (MAPK) signaling pathway
(RAS/RAF/MEK/ERK pathway) is one of the most widely studied
signal transduction cascades. It regulates various cellular processes
including proliferation, differentiation, motility, transcriptional reg-
ulation, survival, and apoptosis (1). It is activated by upstream receptor
tyrosine kinases, and deregulation of the MAPK pathway contributes
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of the individual variants did not vary with respect to BRAF
inhibitors, MEK inhibitors (MEKi), or their combination. Sensi-
tivity to BRAF inhibitors was associated with the RAF depen-
dency of the MAP2K1 variants, whereas resistance was higher in
RAF-regulated or independent variants compared with RAF-
dependent variants. Thus, the synergistic effect of BRAF and
MEKis may be observed in RAF-regulated and RAF-dependent
variants. MAP2K1 variants exhibit differential sensitivity to BRAF
and MEKis, suggesting the importance of individual functional
analysis for the selection of optimal treatments for each patient.
This comprehensive evaluation reveals precise functional informa-
tion and provides optimal combination treatment for individual
MAP2K1 variants.

to malignant transformation and tumor growth. Further, strength of
the downstream ERK signal defines the negative feedback (2, 3).
Recurrent mutations within the KRAS, NRAS, BRAF, and MAP2K1
genes are commonly found in human malignancies (4) including
melanoma (5, 6), lung cancer (7, 8), gastric cancer (9), colon can-
cer (10, 11), and ovarian cancer (12, 13).

MAP2K]1, also known as MAPK/ERK kinase 1 (MEK1), is a serine/
threonine and tyrosine kinase that is activated by RAF kinases. The
structure of human MAP2K1 protein consists of a central protein
kinase domain (68-381 amino acids) containing an activation loop
and a proline-rich domain (PRD; ref. 14). It is activated through
phosphorylation of $218 and $222; thus, mutations affecting these sites
abolish MEK and ERK activation (15). MEK1 is also deregulated by
feedback phosphorylation on the T292 site of the PRD by ERK1 and
ERK2 activation (16).

MEK inhibitors (MEKi) inhibit cell proliferation and the growth of
BRAF V600E-mutated cancer cells (17). Trametinib as a monotherapy
results in increased progression-free survival compared with dacar-
bazine in metastatic melanoma harboring BRAF mutations (18). This
was followed by the development of combination therapy with BRAFi
and MEKi in melanoma (19-22), colorectal cancer (23) and non-small
celllung cancer (24). Currently available MEKis exhibit high selectivity
because they are not ATP-competitive, rather they bind to an allosteric
site adjacent to the ATP pocket (25). Combination treatments with
MEKis and ATP-competitive ERK inhibitors are currently undergoing
clinical trial (Phase I to III; ref. 26).

Recent studies have revealed various mechanisms of innate, adap-
tive, and acquired resistance to MEKi and BRAFi. First, the dysregula-
tion of cyclin D1 (CCND1) and cyclin-dependent kinases 4 and 6
(CDK4 and CDK®6) results in resistance to MAPK pathway inhibi-
tion (27). Second, MEKi induces negative feedback of the EGFR-HER3
and PI3K-dependent signaling pathways and reactivates the MAPK
pathway (28, 29). Third, acquired resistance mutations occur in
MAP2K1 during exposure to MEKi. For instance, MAP2KI P124 L
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was identified in a metastatic melanoma with a BRAF V600E mutation
after treatment with selumetinib (2). MAP2K1 L115P, F129L, and
V211D decrease the affinity of MEKi binding (10, 25, 30-32). Ampli-
fication of BRAF V600E is also one mechanism of acquired resistance
to MEKi (32).

Several MAP2K1 mutations have been identified as oncogenic by
an evaluation of the transforming activity or the phosphorylation
of MEK and ERK (9, 13, 33-40). A previous study established three
different classes within MAP2K1 mutations according to RAF-
dependency (41). RAF-dependent class I mutants (D67N, P124L/S,
L177V) are phosphorylated and activated by RAF, RAF-regulated class
II mutants (F53_Q58del, F53L, Q56P, K57E/N, Cl121S, L177M,
E203K) are partially phosphorylated by RAF but retain its kinase
activity independent of RAF, and RAF-independent class III mutants
(198_1103del, 199_K104del, E102_I103del, 1103_K104del) auto-
phosphorylate and activate downstream signals. Other uncommon
mutations represent variants of unknown significance (42-48).

In the current study, we evaluated non-synonymous MAP2KI
mutations, which are recurrent in the COSMIC database (v84), and
determined their pathogenicity as well as their RAF-dependency,
which correlated with sensitivity to BRAF and MEKis. We used the
mixed-all-nominated-in-one (MANO) method, which is a high-
throughput functional assay developed in our laboratory (49-51).

Materials and Methods

Cell lines and culture conditions

Human embryonic kidney (HEK) 293T cells, 3T3 mouse fibroblasts,
A375 human skin malignant melanoma cells, and A2058 human skin
malignant melanoma cells were purchased from the ATCC (Manassas,
VA) and cultured in DMEM-F12 supplemented with 10% FBS, 2
mmol/L glutamine, and 1% each of penicillin and streptomycin (all
from Thermo Fisher Scientific, Waltham, MA). Ba/F3 cells were
maintained in RPMI1640 medium (Thermo Fisher Scientific) supple-
mented with 10% FBS, 2 mmol/L glutamine, and 1% each of penicillin
and streptomycin, and mouse IL3 (20 U/mL; Merck, Darmstadt,
Germany). HT-29 human colon colorectal adenocarcinoma cells were
purchased from the ATCC (Manassas, VA) and cultured in McCoy’s
5A (modified) medium supplemented with 10% FBS, 2 mmol/L
glutamine, and 1% each of penicillin and streptomycin. All cell lines
were used for the experiments within ten passages from thawing. Cell
line authentication and Mycoplasma testing were not carried out
within 6 months.

Plasmid construction

The pCX6 vector was produced by inserting random 10-bp DNA
barcode sequences upstream of the start codon of the genes of interest
into the pCX4 vector (52). The full-length wild-type (WT) ¢cDNA for
human MAP2KI (NM_002755), GFP, EGFR E746_A750del, KRAS
G12V were cloned into the pCX6 vector. Recurrent 99 variants of
MAP2K1 reported in the COSMIC database (v84) were selected for
this study. MAP2K1 variant cDNAs were constructed using the
QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies,
Santa Clara, CA) with corresponding mutation-specific primers.
cDNA fragments of the MAP2K1 fusion partners were constructed
(Integrated DNA Technologies, Coralville, IA) and joined with frag-
ments of the MAP2K1s using the NEBuilder HiFi DNA Assembly
Master Mix (New England Biolabs, Ipswich, MA). All plasmids were
verified by Sanger sequencing. Three clones with specific barcodes
were constructed for each variant to obtain triplicate data for each
individual assay.
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Transfection and transduction

The recombinant plasmids were transduced with the packaging
plasmids (Takara Bio, Shiga, Japan) into HEK293T cells to obtain
recombinant retroviral particles. The 3T3 cells were infected in 96-well
plates with ecotropic recombinant retroviruses using 4 pg/mL Poly-
brene (Merck) for 24 hours. A375 cells were infected in 96-well plates
with amphotropic retroviruses using 4 ug/mL Polybrene for 24 hours.
Ba/F3 cells were plated in retronectin-coated (Takara Bio) 12-well
plates and infected with the retroviruses in RPMI1640 medium
containing 20 U/mL IL3. Two days after transfection, cells were
cultured with 100 ug/mL of zeocin (Thermo Fisher Scientific) for
7 days.

Focus formation assay

The 3T3 cells expressing various MAP2K1 variants were cultured
for 2 weeks by changing the medium to DMEM/F12 supplemented
with 5% bovine serum (Thermo Fisher Scientific) for 2 weeks after the
cells were nearly confluent. The cells were stained with Giemsa
solutions. Focus formation assay was scored visually as follows: 1, no
focus was observed; 2, focus of the transformed cells was partially
observed; 3, diffuse transformed foci were observed; and 4, round-
shaped, spheroid-formed and anchorage-independent foci were
observed. Focus formation score (FFS) was defined by integrating the
results of three technical triplicate experimental batches of the assays.

MANO method

A retroviral vector is used to enable stable integration of individual
variants into the genome of the assay cells (such as 3T3 cells or A375
human melanoma cells) along with the 10 bp barcode sequences.
Individually transduced assay cells are mixed and pooled in a com-
petitive manner and cultured to assess transformation potential, cell
proliferation, or drug sensitivity in vitro. At the end of the cell culture
assay, genomic DNA was extracted from the cell lysates using the
QIAmp DNA mini kit (Qiagen, Hilden, Germany) and PCR ampli-
fication was performed using the primers, 5-TGGAAAGGACCTTA-
CACAGTCCTG-3' and 5'-GACTCGTTGAAGGGTAGACTAGTC-
3’ (primer sequences are shown in Supplementary Table S1). The
amplicons were purified on AMPure beads (Beckman Coulter, Bera,
CA), and sequencing libraries were prepared using the NEBNext Q5
Hor Start HiFi PCR Master Mix (NEB) according to the manufac-
turer’s instructions. Quality check of the libraries was assessed using a
Qubit 2.0 fluorometer (Thermo Fisher Scientific) and the Agilent 2200
TapeStation System (Agilent). The libraries were then sequenced using
an Illumina MiSeq system and the Reagent Kit V2 (300 cycles), and
150 bp paired-end reads were created (the sequencing primer loaded
into the MiSeq cartridge is described in Supplementary Table S2).
The barcode sequences 5'-CTAGACTGCCXXXXXXXXXXGGAT-
CACTCT-3' (where X denotes any nucleotide) were included in the
sequencing results and the number of each barcode in each mutant was
quantified.

Cell proliferation assay of MAP2K1 using the MANO method
The 3T3 cells expressing each MAP2K1 mutant were combined
together at 2 days after infection, and the mixed cell population was
maintained in 1.5% or 10% FBS for 14 to 17 days. Cell pellets were
stored every 3 days and the experiment was executed in triplicate for
both cell lines. We denote the timing at 3 days after cell mixing as “day
0”, and the cell mixture acquired on day 0 was used as a reference
control to normalize the signal of each cell clone. The signal from each
cell pellet collected every 3 days was designated as 100 < (average read
number across replicates)/(average read number of the mixed cell
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population on day 0). The fold change in the ratio of MAP2K1-mutant
cell number on day 14 or 17 relative to day 0 was compared with that of
the WT MAP2K1 cell number to perform a paired ¢ test. MAP2K1
mutants whose fold change increased significantly (P < 0.05) were
regarded as activating mutant candidates.

Evaluation of sensitivity of MAP2K1 variants to BRAF or MEK
inhibitors using the MANO method

The 3T3 cells expressing each MAP2K1 mutant was cultured in
DMEM/F12 medium with 1.5% FBS. The transformed 3T3 cells were
then incubated for 5 days with the indicated concentrations of the
MEK], trametinib (0.1 nmol/L to 10 nmol/L). A375 cells expressing
each MAP2K1 mutant were cultured in DMEM/F12 medium with
10% FBS. Transduced A375 cells were mixed in equal amounts and
incubated for 5 days with the indicated concentrations of each BRAF
inhibitor, which included vemurafenib, dabrafenib, or encorafenib (0.1
nmol/L to 10 nmol/L); and each MEKi: cobimetinib, trametinib, or
binimetinib (0.1 nmol/L to 10 nmol/L). The experiments were per-
formed in triplicate. We determined the number of each barcode
sequences using the MANO method. Considering the different dou-
bling times of the integrated cells, DMSO-treated cell mixtures were
used as the reference control for normalizing each cell clone signal. The
relative growth inhibition of each cell clone was calculated as 100 x
(average read number across triplicates)/(average read number of the
DMSO control). Three BRAF inhibitors and three MEKis used in the
drug sensitivity assay were purchased commercially: vemurafenib (LC
Laboratories), dabrafenib (Selleckchem), encorafenib (Selleckchem),
cobimetinib (Selleckchem), trametinib (LC Laboratories), binimetinib
(Selleckchem), ulixertinib (ref. 53; Selleckchem), and GDC-0994
(ref. 54; Selleckchem).

Cell viability assay

A375 cells and HT-29 cells expressing MAP2K1 variants were
seeded in 96-well plates at a density of 3.0 x 10° cells/well in
DMEM/F12 medium or McCoy’s 5A medium with 10% FBS, MEKi
at 10 concentrations and BRAF inhibitor at 6 concentrations ranging
from 0.1 nmol/L to 10 umol/L for 5 days. The 3T3 cells expressing the
MAP2K1 variants were cultured in 96-well plates in DMEM/F12
medium with 10% FBS (e.g, GFP and WT) or 1.5% FBS (e.g.,
transformed variants), and MEKi at 10 concentrations ranging from
0.1 nmol/L to 10 umol/L for 5 days. Subsequently, after adding 10 uL of
PrestoBlue (Thermo Fisher Scientific) to the plates and further incu-
bation for 3 hours, fluorescence was measured at 0.1 seconds (exci-
tation 530 nm, emission 590 nm). The fluorescence intensity of the
wells without cells was used as negative controls, and dose-response
curves were fit to the observed cell viabilities using the drc package in R
language. The two-parameter sigmoidal function LL.2 was used with
the following settings: y0 (response without drug) = 0, robust =
“mean,” method = “Nelder-Mead.” The ICs, was defined as the
inflection point in the dose-response curve.

Combinatorial synergy analysis

Drug synergy assays were performed on the basis of the zero
interaction potency (ZIP) model (55). ZIP & scores (the excessed
inhibition rate over the estimation) were calculated by the R package
Synergyfinder. The average ZIP scores across all of the combination
doses were calculated.

Western blot analysis

Cells were treated with the indicated concentrations of MEKis in
DMEM/F12 with 10% FBS for 4 hours. The cells were then lysed in 1%
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NP-40 lysis buffer containing protease and phosphatase inhibitors for
15 minutes on ice. The lysates were subjected to 7.5% SDS-PAGE, and
to immunoblotting using primary antibodies against MEK1/2 (1:1,000,
#4694), p44/42 ERK1/2 (1:1,000, #4695), phospho-p44/42 ERK1/2
(1:2,000, #4370), and GAPDH (#2118) from Cell Signaling Technol-
ogy (Danvers, MA). The secondary antibody was horseradish perox-
idase-linked anti-rabbit IgG (1:10,000, NA934V; GE Healthcare,
Chicago, IL).

Statistical analysis

Statistical significance was evaluated using a Student t test for
comparisons between two mutants in vitro (each MAP2K1 mutant
versus WT MAP2K1 or GFP). For all comparisons, P < 0.05 was
considered statistically significant.

Data availability
The authors declare that all data supporting the findings of this
study are available within the paper.

Code availability
The references of all source codes are included within Materials and
Methods.

Results

Selection of MAP2KT mutations in the COSMIC database

First, we selected 99 non-synonymous mutations in MAP2K1
recurrently identified in the COSMIC data base v84 (Supplementary
Table S3). COSMIC currently contains the largest number of MAP2K1
variants compared with the AACR Project GENIE cBioPortal (https://
genie.cbioportal.org/) or MSK-IMPCT data set. MAP2KI mutations
are found in a variety of cancer types with the highest frequency in
malignant melanoma, followed by hematologic and lymphoid tumors,
and colorectal cancer (Fig. 1A). The 99 recurrent mutations consist of
missense mutations (85%), in-frame deletions (13%), and nonsense
mutations (2%) (Fig. 1B).

The location of mutations in the protein structure of MAP2KI1 is
depicted as a lolliplot (Fig. 1C and D). Mutations in the negative
regulatory helix A, o.C-B4 loop and B7-B8 loop, lead to the RAF-
dependent or RAF-regulated MEK1 functions frequently observed in
hematologic, skin, and colorectal cancers (56). In contrast, in-frame
deletions in the 33-0.C loop, which are mainly observed in Langerhans
cell histiocytosis and malignant melanoma, belong to the previously
reported RAF-independent class (57).

Establishment of MANO method for A375

Previous studies with the MANO method used Ba/F3 and 3T3
cell lines for the functional assay (49, 50). Whereas highly oncogenic
variants of MAP2K1 can transform Ba/F3 cells, not all MAP2K1
oncogenic variants abrogate IL3 dependency in Ba/F3 cells. There-
fore, 3T3 cells were used to evaluate the oncogenicity of MAP2K1
variants in the presence of physiologic RAF signaling. The loss of
contact inhibition, one aspect of transforming activity, promoted
by MAP2K1 variants was assessed using a focus formation assay
(Fig. 1E).

In addition, we used A375, a melanoma cell line harboring a BRAF
V600E mutation, to measure the function of MAP2K1 variants in
combination with active RAF signaling (Fig. 1E). In the A375 cell
model, treatment with BRAF inhibitors determines RAF-dependency
(Supplementary Fig. S1), while treatment with MEKis assesses the
sensitivities of MAP2K1 variants to MEKis (Fig. 1F).
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Focus formation assay of MAP2KT variants

The focus formation assay revealed strong transforming activities in
the variants of the helix A domain (Q56_G61delinsR, Q56P, K57N/T,
K57_G61del, V60E) and B3-0.C loop deletion (H100_1103delinsPL,
E102_K103del, 1103_K104del; Supplementary Fig. S2). Moderate
transforming activities were observed in some helix A (F53C/I/L/V,
K57E), helix-C (199_K104del, I103N, P105_106del, I111S, L115P,
H119Y, C121S) and B7-B8 loop (E203K) mutations.

P124L/S, the most recurrent MAP2K1 mutations, exhibited only a
partial focus formation, while the WT MAP2K1 did not form any foci.
We then evaluated the transforming potential of each variant with the
FFS scoring system, which integrates the results of three technical
triplicate and two biological duplicate experimental batches of the
focus formation assays. These results suggest that the MAP2K1
mutations conferred different transforming activities (Supplementary
Fig. S2).

Cell proliferation assay of MAP2KT variants

In addition to the loss of contact inhibition, cell proliferative
capacity was evaluated using the MANO method. The MANO method
compared the number of 3T3 cells expressing each MAP2K1 variant at
day 0 and day 14 (10% FBS) or day 17 (1.5% FBS) to the rate of growth
of the cells expressing MAP2K1 WT (Fig. 2A; Supplementary Fig. S3A
and S3B; Supplementary Table S4). Protein expression of several
MAP2KI1 variants were evaluated by western blotting. Similar level
(2.5-3.0 fold change) of protein expressions in MAP2KI1 overex-
pressed cells compared with GFP introduced cells was observed
(Supplementary Fig. S3C). The same variants were introduced into
293T cells (HEK cell line) to evaluate oncogenicity in normal human
cells. The oncogenic variants annotated by the focus formation assay of
3T3 cells indicated significant increase in 293T cell growth compared
with WT (Supplementary Fig. S3D).

The results of the cell proliferation assay using the MANO method
and the focus formation assay were correlated (Supplementary
Fig. S3E). The variants with strong transforming activity (FFS = 2,
3) exhibited a significant growth advantage in both 1.5% and 10% FBS,
whereas there were no significant differences in cell proliferation
between FFS 2 and 3. In contrast, the FFS 1 mutation exhibited a
significant growth advantage under 10% FBS conditions, although
growth was significantly slower compared with that of FFS 2 (Sup-
plementary Fig. S3E). Several FES 0 mutations (A76V, W247*, V258I,
D303N, N382H, P387S) revealed slower growth compared with the
WT in 1.5% FBS.

Integrated annotation of oncogenicity of MAP2K1 variants
The results of focus formation assay and growth competition assay

by the MANO method were summarized to annotate the oncogenicity

of variants according to the following classification (Supplementary

High-Throughput Functional Evaluation of MAP2K1 Variants

Table S3): oncogenic as FFS 1 or higher and significantly faster growth
compared with WT; likely oncogenic as FFS 1 or higher, but not
significantly faster growth compared with WT; loss-of-function (LoF)
as FFS 0 and significantly slower growth compared with WT; and
neutral as none of above.

The concordance between the annotation of the current study and
that of OncoKB and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/)
was evaluated (Fig. 2B and C). The results of gain-of-function (GoF)/
pathogenic and likely gain-of-function/likely pathogenic in OncoKB
and ClinVar, were mostly consistent with that of our annotation. A
discrepancy was observed in the evaluation of R47Q, R49L, and
P306H, which are considered GoF in OncoKB, whereas they did not
show any activity in our assay. Our integrated annotation was com-
pared with variant counts in COSMIC and GENIE. The recurrent
variants in COSMIC and GENIE tended to be annotated as oncogenic
or likely oncogenic in our annotation, thus validating our assessment
(Fig. 2D).

By combining the results of the proliferative capacity and suscep-
tibility tests, we created a four-level classification. The agreement rate
between the new classification and the existing classification was
generally consistent. From this experiment, 67 VUSs were functionally
analyzed. We annotated 16 new variants (e.g., helix-A variants; F531/
V/Y etc.) as oncogenic and 51 variants as neutral or LoF.

Sensitivity of MAP2K1 variants to MEK1 and BRAF inhibitors

The drug sensitivity of the transformed MAP2K1 variants in 3T3
cells was evaluated by the MANO method. First, 3T3 cells with 29
mutants that survived 1.5% FBS culture were treated with various
concentrations of trametinib, a MEKi. As shown in Supplementary
Fig. $4 and Supplementary Table S5, trametinib was not effective to the
B3-0.C loop deletion (199_K104del, E102_I03del, and P105_A106del)
which are RAF-independent variants resistant to allosteric inhibition,
and to L115P substitution, a known resistant mutation that abrogates
the MEKi binding pocket. The other variants were sensitive to
trametinib (ICso < 0.5 nmol/L). EGFR E746_A750del and KRAS
G12V were used as control variants. There were no remarkable
differences in the sensitivity among helix A variants.

Next, A375 and HT-29, BRAF V600E-positive melanoma, and
colon adenocarcinoma cell lines were used to evaluated the function of
the MAP2K1 variants in combination with active RAF signaling. The
most frequent MAP2K1 variants concurrent with BRAF V600 muta-
tions is MAP2K1 P124L/Q/S in the COSMIC database, followed by
P387S and G128D (Supplementary Fig. S5; Supplementary Table S6).

For a pilot study, five MAP2K1 variants including P124S and
G128D were introduced into A375 and HT-29 to assess the sensitivities
to a BRAF inhibitor (vemurafenib) and a MEKi (cobimetinib; Fig. 3A;
Supplementary Fig. $6). The vemurafenib sensitivity of A375 changed
to moderately resistant by expressing two MAP2K1 variants (D67N

Figure 1.

Spectrum of MAP2KT variants, the structure of the MEK1 protein, and a schematic overview of the MANO method. A, Patterns of MAP2KT mutations in various cancers.
The bar charts illustrate the number of tumor samples with MAP2KT mutations in the COSMIC database for each cancer type. Mutation types are coded in green
(missense mutation), black (nonsense mutation), light green (inframe deletion), and pink (frameshift). B, Circle chart showing the percentage of MAP2KT mutation
types selected in this study. C, Categorization of MEKT mutations in the crystal structure location. Helix A (blue), Helix C (orange) as well as $3-a.C loop and a.C-B4 loop
(pink) are highlighted. D, Distribution of MAP2KT mutations detected in the COSMIC database. E, Schematic representation of the MANO method. 3T3 cells and A375
cells were infected with recombination retrovirus-expressing MAP2KT variants with individual 10 bp barcodes. The transforming activity of MAP2K1 variants in 3T3
cells was evaluated using a focus formation assay. Equal numbers of stabilized, transduced cells were mixed and cultured with two types of medium in 3T3 cells or
treated with drugs in A375 cells. Genomic DNA was extracted from the cells at the end of each experiment. The barcode sequences were PCR-amplified and subjected
to deep sequencing to quantitate the relative abundance. F, Construction of MEK-dependent cells and evaluation of MEKi sensitivity against MEKT variants. Both cell
lines were transfected with MAP2KT variants by retrovirus using pCX6 plasmid to generate MEK-dependent cell lines. MEK1-dependent 3T3 cells were assessed for
drug sensitivity and RAF dependency, and sensitivity to MEKis was evaluated in A375 cells transfected with MAP2KT variants, with or without RAF inhibitors.
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and P124S) and to highly resistant by G128D and E203K, whereas
it was not changed by MAP2K1 WT or GFP. Considering that the
BRAF-dependency of the MAP2KI variants was evaluated by
examining the effect of BRAF inhibition, D67N and P124S are
supposed to be BRAF-regulated variants and G128D and E203K are
BRAF-independent variants.

In contrast, cobimetinib was used directly to evaluate the sensitiv-
ities of MAP2K1 variants. D67N and P124S were moderately resistant,
and G128D and E203K were highly resistant to cobimetinib. The
variant sensitivities against vemurafenib and cobimetinib assessed in
HT-29 were changed to a lesser extent compared with that of A375.

Next, we expanded the cell viability assays to 18 MAP2K1
mutants using inhibitors consisting of three-drug combinations
that are currently clinically available for the treatment of melanoma:
vemurafenib + cobimetinib (VC; Fig. 3B-G; Supplementary
Fig. S7), dabrafenib + trametinib (DT; Supplementary Fig. S8),
and encorafenib + binimetinib (EB; Supplementary Fig. S9). The
relative sensitivities of the MAP2K1 variants to BRAF or MAP2K1
inhibitors were well correlated among the inhibitors. The Fleiss’
kappa coefficient was used to evaluate the consistency of the
classifications between the experiments with different drugs. The
classification of drug sensitivity determined for individual variants
among the three combinational therapies were completely consis-
tent (Supplementary Table S7).

The representative sensitivities of nonfunctional (R47Q), RAF-
dependent (P124S), RAF-regulated (K57N), RAF-independent
(I99_K104del and 1103_K104del), and others are shown in
Fig. 3B-G. Notably, both being located in the f3-aC loop, the
sensitivities of 199_K104del and 1103_K104del were very different
(Fig. 3F). L115P was sensitive to BRAF inhibitors, but highly
resistant to MEKis (Fig. 3G).

Additional number of variants were also introduced into HT-29
cells to confirm the variant drug sensitivities in a different cell context.
MEKi resistant variants observed in A375 such as L115P and
199_K104del were also evaluated as resistant in HT-29. The variant
sensitivities evaluated in A375 and HT-29 were well correlated
(r = 0.73 for vemurafenib and r = 0.92 for cobimetinib; Fig. 3H;
Supplementary Fig. S10).

We determined the synergistic effects of the two drugs using an
interaction potency model (Fig. 3I; ref. 55). Minimal synergy was
observed in A375 with nonfunctional variants (e.g., GFP) for the
combination of vemurafenib and cobimetinib, whereas strong
synergy was observed in P124S and F53 L at a concentration of
vemurafenib 100 nmol/L + cobimetinib 50 nmol/L and vemur-
afenib 100 nmol/L + cobimetinib 100 nmol/L, respectively.
1103_K104del, a RAF-independent 33-a.C loop deletion, exhibited
only a small synergistic effect.

Inhibition of the downstream ERK signaling pathway by MEKis was
determined by immunoblot analysis (Supplementary Fig. S11). ERK

High-Throughput Functional Evaluation of MAP2K1 Variants

phosphorylation of A375 with D67N, P124S, F53L, E203K, and
1103_K104 del were inhibited by 1 umol/L trametinib for 4 hours,
whereas that with 199_K104del was unchanged.

We further tested the vemurafenib and cobimetinib treatment
to A2058 cell line harboring BRAF V600E and MAP2K1 P124S.
Combination therapy has additive effect but synergistic effect. It was
noted that dose-response curve of vemurafenib and cobimetinib
monotherapy did not reveal sigmoid curves but linear effect, suggest-
ing the cells is not completely dependent on the BRAF/MAPK pathway
(Supplementary Fig. S12).

Sensitivity of MAP2KT variants to MEK1 and BRAF inhibitors
using the MANO method

A mixture of A375 cells expressing 99 MAP2K1 variants was treated
with a combination therapy of three different BRAF and MEKis at
various concentrations to assess the drug sensitivity using the MANO
method. Expression of GFP or MAP2K1 K99_I104del conferred the
cells sensitive or resistant to the treatments, respectively, confirming
the validity of the assay (Fig. 4; Supplementary Figs. S13-S15). The
Fleiss’ kappa coefficient for classification with the three-drug sets was
0.812, which was highly consistent (P < 0.001; Supplementary
Table S8). The consistency of the classification between the MANO
method and the individual experiments was evaluated using Cohen’s
kappa coefficient. The Cohen’s kappa coefficients for VC, DT, and EB
were as high as 0.882, 0.882, and 0.771, respectively (Supplementary
Tables S7 and S8). This suggests that the drug sensitivities of the
individual variants are similar among the three combination therapies.
Fleiss’s and Cohen’s kappa coefficients were calculated with the irr
package (v0.84.1).

Cobimetinib monotherapy was effective at 5 nmol/L for the non-
oncogenic variants, at 50 nmol/L for the RAF-dependent D67N and
P124S variants, and 100 to 500 nmol/L for the RAF-regulated (F53 L
and K57) and independent (E102_I103del, 1103_K104del) variants.
F53_Q58delinsL, a helix A deletion, 199_K104del, and L115P were
highly resistant to cobimetinib (ICs, > 1,000 nmol/L; Fig. 4A; Sup-
plementary Fig. S13; Supplementary Table S9).

The RAF-dependency of the MAP2K1 variants was investigated by
determining the sensitivity to BRAF inhibitors. Because RAF signaling
of A375 is abolished at 100 nmol/L of vemurafenib, vemurafenib
treatment changed the RAF-dependent mutants into highly sensitive
to cobimetinib (ICs, became ~10 nmol/L). In contrast, vemurafenib
treatment slightly changed the ICs, of RAF-regulated mutants to
cobimetinib (ICsq became 100-500 nmol/L), whereas it did not change
that of the RAF-independent mutants (Fig. 4A). Similar results were
obtained when trametinib/dabrafenib or binimetinib/encorafenib was
treated (Fig. 4B and C; Supplementary Figs. S14 and S15).

Summary data for the estimated drug sensitivities determined by
the MANO method is shown in Fig. 5 and Supplementary Fig. S16.
In general, the RAF-dependent group revealed weak oncogenicity,

Figure 2.

Transforming activity and functional annotation of MAP2KT variants. A, Fold change from day O to day 14 (10% FBS; bottom) or day 17 (1.5% FBS; top) of 3T3 cells with
respective MAP2K1 variants in the mixed cell population was computed using the MANO method and shown on a logarithmic scale as relative proliferation. Mutations
with arelative proliferation significantly different from GFP (#) are shown (paired ¢ test, P< 0.05). The color of the bars indicates the FFS based on the focus formation
assay and sorted according to the amino acid position. The error bars quantify the mean fold change across the three replicates and indicate the standard error. B, For
each of 100 MAP2KT variants (at the top of this figure), the mutation types and clinical significance annotated in OncoKB and ClinVar databases are presented in the
top three rows. Below that, RAF dependency is shown according to Y. Gao and colleagues (41). Cell growth (1.5% or 10% FBS) is shown by increased (brown) and
decreased (light blue) mutations (#) with significant differences in the cell growth assay (shown in Fig. 3A), respectively. C, The oncogenicity evaluated by the
method is compared with that of OncoKB. OncoKB annotations are shown below the stacked bar chart. D, The results of the focus formation assay and growth
competition assay by the MANO method were summarized to annotate the oncogenicity of the variants according to the classification described in the method. The
oncogenicity evaluated by this method is compared with the variant count number of COSMIC or AACR Project GENIE. Error bars indicate SD.
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moderate drug sensitivity, and moderate synergistic effects in com-
bination, whereas RAF-regulated mutants (such as in helix A,
0.C-B4 loop, and B7-B8) tended to be moderately resistant to the
drugs, but revealed high synergy upon combination treatments.
RAF-independent mutants were highly resistant and did not exhibit
synergy with the inhibitors.

The 51 variants evaluated as non-oncogenic using 3T3 out of
67 VUSs were further confirmed in A375 cells and exhibited no
effect on drug sensitivity (Supplementary Fig. $16). Among the 16
mutations considered to be oncogenic, three mutations (L54P,
D67Y, E203V) were RAF-dependent or -regulated variants consid-
ering the data with the focal focus formation assay and the
sensitivity to BRAF inhibitors. Although another three mutations
(K59del, G61_D65del, L63_D67del) exhibited high transforming
activity, they may also be classified as RAF-dependent, because their
activities are inhibited by RAF inhibitors. The other mutations are
classified as RAF-independent (Fig. 5).

To further explore effective treatments to the mutations resistant to
MEK:is, two ERK inhibitors (ulixertinib and GDC-0994) were admin-
istered to A375 with GFP and five MAP2KI1 variants. Both ulixertinib
and GDC-0994 were less effective in MAPK1 mutants compared with
the WT (Supplementary Fig. S17).

Discussion

Three types of active MAP2K1 mutations (RAF-independent, RAF-
regulated, and RAF-dependent; ref. 41) respond differently to BRAF
and MEKis, depending on the degree of dependence on BRAF.
Therefore, we hypothesized that it was possible to classify them by
measuring their response to the inhibitors.

There are two advantages of using the A375 cell line. First, because it
is active in RAF signaling, the BRAF dependencies of the MAP2K1
variants can be properly evaluated in A375. Second, because it is a
cancer cell line, it may be used to evaluate the drug sensitivity of non-
oncogenic variants, which is difficult to assess in normal cells such as
3T3 or Ba/F3 cells. This modified MANO method is applicable to the
evaluation of other oncogenes in combination such as BRAF variant-
assessments with RAS mutations. BRAF is known to be classified by
RAS-dependency (58).

The sensitivity of MAP2K1 mutants to MEKis was associated with
RAF-dependency; however, certain MAP2K1 variants exhibited unex-
pected drug sensitivity. Interestingly, the ICs, of 1103_K104del, which
is considered RAF-independent, was lower compared with the other
RAF-independent variants and similar to that of the RAF-regulated
variants.

Although no significant differences among the three combination
therapies were observed, certain variants are preferable for specific
inhibitors. For instance, encorafenib appears to be effective against
L115P, whereas cobimetinib and trametinib may be good candidates

High-Throughput Functional Evaluation of MAP2K1 Variants

for 1103_K104del. To our knowledge, this is the first study to com-
prehensively evaluate the drug sensitivities of MAP2K1 mutations,
although kinase activity and RAF-dependency of 17 mutations have
been described previously (41, 59).

BRAF V600E and RAF-dependent MAP2K1 mutants coexist in
primary tumors, but are unlikely to cause resistance (35). In contrast,
the acquired RAF-dependent and RAF-regulated mutations, together
with ERK activation, result in resistance to RAF and MEKis. Moreover,
trametinib is known to be ineffective against E102_I103 deletion in
colorectal cancer (57), whereas RAF-regulated and RAF-independent
mutations in hematologic tumors, such as Langerhans cell histiocy-
tosis and hairy cell leukemia, respond to MEKis (43, 60, 61).

Currently available MEKis, all of which are non-ATP-competitive
allosteric inhibitors, are generally effective against RAF-regulated
and -dependent mutations; however, we identified several highly
resistant variants to MEKis. The use of ATP-competitive MEKis (41)
and inhibitors of other pathways may be useful to overcome such
resistance.

A recent study identified MAP2KI mutations involved in
acquired resistance to covalent KRAS G12C inhibitors (62). There-
fore, MAP2K1 variants combined with KRAS G12C is another topic
drawing attention and the system developed in this study is
applicable to evaluate their function in combination.

The potential limitations of this study include the following. First,
retroviral transduction of cell lines with MAP2K1 mutations is pre-
dicted to result in elevated MEK1 protein overexpression compared
with that of endogenous MAP2K1 expression. However, MAP2K1
overexpression itself did not reveal any transforming activity in 3T3
cells, thus variant oncogenicity may be evaluated in comparison with
the overexpressed WT. Second, we primarily used A375 for functional
analysis and there remains a possibility of cell context-dependent or
cell line-specific drug sensitivity. Although the variant sensitivities
evaluated in A375 and HT-29 were well correlated, the combination
therapy against BRAF V600E and MAP2K1 P124S was not completely
concordant between A375 and A2058. Third, the functional annota-
tion was based on preclinical data and is not fully supported by clinical
data. As there is little recurrence of mutations for MAP2K1 mutations,
further clinical data should be thoroughly aggregated to construct
optimal and personalized treatment for tumors harboring MAP2K1
mutations in the clinic.

In conclusion, a comprehensive evaluation of MAP2K1 was
successfully performed using the MANO method, and the drug
sensitivities of individual variants to combination treatment with
MEK and BRAF inhibitors were provided. We also identified several
resistant variants for which novel MEKis are needed. The approach
used in this study has revealed different sensitivity to each inhibitor
for different mutants both single or in combination, thus it will
drive new drug development as well as personalized medicine for
individual patients.

Figure 3.

The individual sensitivity of MAP2K1 variants to combination therapy of BRAF and MEK inhibitors in A375 cells. A, A375 cells transduced with four MAP2K1 variants,
WT, and GFP were treated with DMSO, a BRAF inhibitor (vemurafenib, right), or a MEKi (cobimetinib, left) at the concentrations indicated for 5 days. Cell viability was
measured using the PrestoBlue cell viability assay. The relative viability of the treated cells was measured in comparison with drug-free treatment. Data were plotted
as the mean 4 SD (n = 3). B, A375 cells transduced with 16 variants, WT, and GFP were treated with DMSO, a BRAF inhibitor (left), or MEKis (right) for 5 days. The
relative viability of the results is illustrated using color shading heatmap compared with drug-free treatment. Data were plotted as the mean 4 SD (n = 3). C-G,
Results of cell viability assay using combination treatment with two drugs at different concentrations for each individual variant color shading heatmap. C, Parental
(GFP) and no function. D, RAF dependent. E, RAF regulated. F, RAF independent. G, Others. H, The variant sensitivities evaluated in A375 and HT-29 were well
correlated (r = 0.73 for vemurafenib and r = 0.92 for cobimetinib). I, The synergistic effect of the combination therapy of vemurafenib and cobimetinib, and the
average synergy of the four variants of GFP, P124S, F53L, and 1103_K104del were calculated (Materials and Methods). Those with high synergy are highlighted inred in
the 2D figure on the left and are highly represented in the 3D landscape on the right.
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Figure 5.

Assessment of drug sensitivity and synergy for oncogenic MAP2K1 variants. The drug sensitivities of the indicated oncogenic MAP2KT variant mutants were
categorized into five levels; < 3 (green); >3, <10 (yellow-green); > 10, < 30 (yellow); > 30, <100 (orange); and >100 (red) based on the fold change (to GFP) of the IC5o
value for each drug against each mutant. The maximum synergistic effect among the combinations of concentrations above the ICso was calculated and
concentrations of BRAF and MEK inhibitors in the case shown on the right side were categorized into five levels; > 80 (green); > 40, < 80 (yellow-green); > 20, < 40
(yellow); > 10, < 20 (orange); and < 10 (red). The concentration of the drug in each case is displayed (nmol/L) and colored on the basis of the fold change of ICsq
for GFP. The mean of the synergy effect is shown in the ZIP, where > 5 (green) is defined as having a synergy effect. B, binimetinib; C, cobimetinib; D, dabrafenib;
DT, dabrafenib and trametinib; E, encorafenib; EB, encorafenib and binimetinib; ECso, half maximal effective concentration; NA, not applicable; T, trametinib;
V, vemurafenib, VC, vemurafenib and cobimetinib.

Figure 4. (continued from page 236)

The sensitivity of MAP2KT variants to BRAF and MEK inhibitors using the MANO method. A375 cells with MAP2KT variants, GFP were treated with DMSO or BRAF
inhibitors (vemurafenib, dabrafenib, and encorafenib) and MEKis (cobimetinib, trametinib, and binimetinib) at the indicated concentrations. Concentrations of the
BRAF and MEK inhibitors were varied by 6 (0 to 10,000 nmol/L) and 12 steps (O to 10,000 nmol/L), respectively. The relative viability of the treated cells with each
drug versus DMSO-treated cells was measured, and the results are presented using a color-coded scale. Data are presented as the mean 4 SD (n = 3). A, Combination
therapy with cobimetinib alone (top) and vemurafenib 100 nmol/L in addition to cobimetinib (bottom). B, Combination therapy with trametinib alone (top) and
dabrafenib 10 nmol/L in addition to trametinib (bottom). C, Combination therapy with binimetinib alone (top) and encorafenib 10 nmol/L in addition to trametinib
(bottom).
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