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Introduction

Early-stage melanoma can be cured by surgery, but patients often
develop advanced disease that requires effective systemic treat-
ment. Melanoma arising on acral and mucosal anatomical sites
accounts for about 5%-40% of melanoma cases, varying largely
between racial groups (1-3). They very rarely have actionable
BRAF mutations and have been reported to respond less well to
standard-of-care therapy than cutaneous melanoma (4-6). Thus,
effective therapeutic options are needed.

Curtin and colleagues first found that melanomas arising in
acral, mucosal, and chronic sun-damaged regions harbor a high
frequency of activating mutations in the KIT gene, which encodes
the C-KIT tyrosine kinase receptor (KIT proto-oncogene recep-
tor tyrosine kinase) (4). More recently, the The Cancer Genome
Atlas (TCGA) Network classified cutaneous melanoma into BRAF,
NRAS (NRAS proto-oncogene), NFI (neurofibromin 1), and triple-
wild-type groups. About 22% of triple-wild-type melanomas con-
tain KIT aberrations (7). Constitutive activation of C-KIT, via KIT
mutation or amplification, leads to the coactivation of downstream
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Melanoma can be stratified into unique subtypes based on distinct pathologies. The acral/mucosal melanoma subtype is
characterized by aberrant and constitutive activation of the proto-oncogene receptor tyrosine kinase C-KIT, which drives
tumorigenesis. Treatment of these melanoma patients with C-KIT inhibitors has proven challenging, prompting us to
investigate the downstream effectors of the C-KIT receptor. We determined that C-KIT stimulates MAP kinase-interacting
serine/threonine kinases 1and 2 (MNK1/2), which phosphorylate eukaryotic translation initiation factor 4E (elF4E) and render
it oncogenic. Depletion of MNK1/2 in melanoma cells with oncogenic C-KIT inhibited cell migration and mRNA translation of
the transcriptional repressor SNAIT and the cell cycle gene CCNET. This suggested that blocking MNK1/2 activity may inhibit
tumor progression, at least in part, by blocking translation initiation of mMRNAs encoding cell migration proteins. Moreover, we
developed an MNK1/2 inhibitor (SEL201), and found that SEL201-treated KIT-mutant melanoma cells had lower oncogenicity
and reduced metastatic ability. Clinically, tumors from melanoma patients harboring KIT mutations displayed a marked
increase in MNK1 and phospho-elF4E. Thus, our studies indicate that blocking MNK1/2 exerts potent antimelanoma effects
and support blocking MNK1/2 as a potential strategy to treat patients positive for KIT mutations.

RAS/MAPK and PI3K/AKT/mTOR pathways and subsequent pro-
motion of tumorigenesis (8). Current therapeutic strategies for
treating KIT-aberrant melanomas include tyrosine kinase inhibi-
tors (TKIs), such as imatinib, dasatinib, and nilotinib (5). However,
patients with KIT-aberrant melanoma either are insensitive or rap-
idly acquire resistance to these TKIs, which thus provide limited
clinical benefit (6, 9).

One potential therapeutic target that has not been explored
in KIT-driven melanomas is the MNK (MAP kinase-interacting
serine/threonine kinase)/eIF4E (eukaryotic translation initi-
ation factor 4E) axis (5). eIF4E is a cap-binding subunit of the
elF4F translation initiation complex, which also includes the
helicase elF4A (eukaryotic translation initiation factor 4A)
and the scaffolding protein eIF4G (eukaryotic translation initi-
ation factor 4-y) (10). eIF4E is overexpressed in a wide variety
of human malignancies, including melanoma (11, 12), where it
is thought to bolster tumorigenesis and tumor progression by
selectively facilitating translation of proliferation and survival
promoting mRNAs (e.g., VEGFA, CCNEI, SNAII, and MCLI). In
those metastatic melanomas where eIF4E is found to be highly
phosphorylated, this is strongly associated with a reduced life
expectancy (12). eIF4E is exclusively phosphorylated by MNK1/2
(MAP kinase-interacting serine/threonine kinases 1 and 2) (13,
14). Although MNK activity and the phosphorylation of eIF4E
are dispensable for normal development (15, 16), eIF4E phos-
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phorylation is required for tumorigenesis, lymphomagenesis,
and tumor metastasis, thus making MNK1/2 kinases attractive
therapeutic targets (15-19). As phospho-eIF4E is the conver-
gence point of the RAS/MAPK and PI3K/AKT/mTOR cascades
(20), these data provide support for the prospect of targeting
MNK1/2 therapeutically in melanomas harboring KIT muta-
tions and amplifications. We therefore sought to determine
the effect of pharmacologically and genetically abrogating
MNK1/2 activity in KIT-mutant melanomas. Our in vitro and
in vivo data presented herein demonstrate that KIT-mutant
melanoma cells are reliant on the MNK/eIF4E axis for survival
and metastasis. We propose that MNK1/2 inhibitors could be
effective in a molecularly defined cohort of melanoma patients
with KIT aberrations, which currently represent a pressing ther-
apeutic challenge.

Results
Elevated MNKI1 and eIF4E phosphorylation in melanoma cell lines
harboring C-KIT aberrations. Although expression and activa-
tion of MNK1 and MNK2 have been previously demonstrated in
human cancer (21, 22), their expression and phosphorylation sta-
tus in melanoma cell lines has not been previously reported. C-KIT
inhibitors are not terribly effective for acral/mucosal melanoma
subtypes. We thus decided to profile the expression and phosphor-
ylation of MNKI, and that of its downstream oncogenic substrate
eIF4E, in a panel of melanoma cell lines harboring different onco-
genic mutations in KIT (Figure 1A). As shown, the expression of
phospho-MNKI1 and that of phospho-eIF4E are increased in mel-
anomas with aberrant C-KIT, either with KIT point mutation or
amplification, compared with the nonmalignant melanocyte line
MelST. These cell line results suggest that activation of the MNK/
eIF4E axis lies downstream of oncogenic C-KIT signaling.
Pharmacological or genetic inhibition of C-KIT suppresses the
phosphorylation of MNKI and eIF4E. Recent clinical trials report
limited therapeutic potential of C-KIT inhibitors in melanoma (6,
23-26). To test whether MNK and eIF4E are activated by oncogenic
C-KIT, we monitored the phosphorylation of MNK1 and eIF4E in
response to 2 C-KIT inhibitors, dasatinib and imatinib. As shown in
Figure 1B, dasatinib significantly inhibited cell proliferation of both
D820Y (HBL, MM61, MM111) and L576P (M230) KIT-mutant mel-
anoma cell lines. Furthermore, Western blot analysis revealed that
dasatinib treatment repressed the expression of phospho-MNK1
and phospho-elIF4E in all tested KIT-mutant melanoma cell lines
(Figure 1C). Imatinib, on the other hand, only repressed prolif-
eration of the L576P mutant cell line (Supplemental Figure 1A;
supplemental material available online with this article; https://
doi.org/10.1172/JC191258DS1), consistent with previous reports
showing that imatinib cannot bind to a C-KIT harboring the D820Y
mutation, because of the active conformation of the receptor being
stabilized (27, 28). In keeping with the cell proliferation data, ima-
tinib only inhibited the phosphorylation of MNK1 and eIF4E in
C-KIT L576P mutant M230 cells (Supplemental Figure 1B). To
confirm that dasatinib-induced growth inhibition in KIT-mutant
melanoma cells is in part mediated through suppression of MNK
activity, we generated HBL cells stably expressing either a consti-
tutively activated MNK1 construct (CA-MNK]1) or control vector
(pBABE). Overexpression of CA-MNK1 in HBL cells had little effect
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on cell proliferation in the absence of dasatinib, compared with
pBABE-transduced HBL cells (Supplemental Figure 1C). However,
CA-MNKI1-expressing HBL cells did result in a strong increase of
the IC50 of dasatinib, as compared to the control pPBABE-express-
ing HBL cell counterparts (Supplemental Figure 1D). Collectively,
these data support our model that the antiproliferative effect of
dasatinib acts through repressing MNK1 activity.

In addition to inhibiting C-KIT, dasatinib can also inhibit SRC
and PDGFR (29). Thus, we next silenced the expression of C-KIT
using siRNA and examined the effect of C-KIT depletion on cell
proliferation. As shown in Figure 1, D and E, C-KIT knockdown
results in an inhibition of proliferation of KIT-mutant melanoma
cell lines and the phosphorylation of MNK1 and eIF4E. These data
suggest that MNK1 is activated and eIF4E phosphorylated down-
stream of C-KIT activating mutations.

MNKI1/2 knockdown suppresses metastatic properties of KIT-
mutant melanoma. We next investigated the role of MNK1/2 in
oncogenic signaling and characterized the effects of blocking
these kinases in KIT-mutant melanomas. We stably silenced
MKNKI and MKNK2 in two C-KIT D820Y mutant melanoma cell
lines, HBL and MM111, using shRNAs. As shown in Figure 2A
(left panel), MNK1 and its substrate phospho-eIF4E were both
suppressed in the shMKNKI+2 stable cell lines, compared with
the shRNA control counterparts. Because of the low specificity
of the currently available MNK2 antibodies, we used quantitative
reverse transcriptase PCR (RT-qPCR) to demonstrate the MNK2
depletion in sShMKNK1+2 cells (Figure 2A, right panel).

As the MNK/eIF4E axis is a known facilitator of cell migration
(15,17), we next examined whether inhibition of MNK1,/2 could be
used as a strategy to block these properties in KIT-mutant mela-
nomas. We performed the Boyden chamber assay, wherein HBL
and MM111 shCTL or shMKNKI+2 cells were seeded on top of
Transwells to assess cell migration. As shown in Figure 2B, genetic
silencing of MNK1 and MNK2 reduced cell migration in KIT-
mutant HBL and MM111 melanoma cells. Within the time frame of
this in vitro assay (48 hours), there were no discernible differences
in cell proliferation between the shCTL and shMKNK1+2 cell lines
(Supplemental Figure 1E). These data indicate that suppressing
MNK1 and MNK2 can suppress cell migration, independently of
its cytostatic effects. Next, we examined the expression of pro-
teins with documented roles in cell migration (17, 30). As shown
in Figure 2C, the protein expression of SNAIL and that of cyclin
E1 were both reduced in MNK1- and MNK2-depleted KIT-mutant
melanoma cell lines. Collectively, our data show that MNK1/2
inhibition reduces cell migration of KIT-mutant melanoma.

mRNA translation of CCNE1 and SNAII is regulated down-
stream of oncogenic C-KIT/MNK/eIF4E. The phosphorylation of
elF4E by MNK1/2 facilitates translation of mRNAs that encode
proteins that promote tumor progression to metastasis (15, 17, 31).
We hypothesized that one biological outcome in cells with activat-
ing C-KIT mutations is aberrant mRNA translation. To uncover
the molecular mechanisms underlying the oncogenic activities of
the MNK/eIF4E axis downstream of mutant C-KIT, we sought to
identify the translational targets of phospho-eIF4E by performing
polysome profiling in shMKNKI+2 dual-depleted versus control
shRNA HBL cells (Figure 3A). Polysome profiling curves of both
MNK1/2-knockdown and control groups overlap, consistent with
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Figure 1. C-KIT inhibitor dasatinib suppresses cell proliferation and the activation of the MNK/elF4E axis in KIT-mutant melanomas. (A) Western blot
analysis of phospho-MNK1 (p-MNK1), MNK1, phospho-elF4E (p-elF4E), and elF4E in a panel of melanoma cell lines. (B) Cell proliferation was assessed by
SRB staining, 72 hours after vehicle (DOMSO) or 10 nM dasatinib treatment in HBL, MM6&1, MM111, and M230 melanoma cell lines. (C) Western blot analysis
of phospho-C-KIT (p-C-KIT), C-KIT, p-elF4E, elF4E, p-MNK1, and MNK1 in HBL, MM111, MM61, and M230 melanoma cell lines, following a 24-hour dasatinib
treatment. (D) Cell proliferation was assessed by SRB staining, 96 hours after transfection with KIT siRNAs. (E) Western blot analysis of p-C-KIT, C-KIT,
p-elF4E, elF4E, p-MNK?1, and MNK1 in HBL, MM111, and M230 cell lines transfected with KIT siRNAs, at the indicated time points. (B and D) Data represent
the mean + SD, n = 3. **P < 0.01 by 2-way ANQVA. (A, C, and E) GAPDH used as loading control.
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previous findings that MNK1/2 regulates the translation of a sub-
set of prosurvival and prometastatic mRNA candidates (15, 31).
Although the protein levels of cyclin E1 and SNAIL were reduced in
MNK1/2-knockdown cell lines compared with controls (Figure 2C),
we observed no similar decrease in CCNEI and SNAII mRNA (Fig-
ure 3B). Thus, next we tested our hypothesis of increased aberrant
protein synthesis in KIT-mutant cells, by examining CCNEI and
SNAII mRNA translation in HBL MNK-depleted cells. RT-qPCR
analysis of RNA isolated from heavy and light polysome-bound
fractions in shCTL and shMKNKI+2 HBL cells indicated that
blocking MNK1/2 activity leads to a redistribution of CCNEI and
SNAII mRNAs, from heavy (efficiently translated) to light (poorly
translated) polysomes (Figure 3C and Supplemental Figure 1F).
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This is consistent with the tenet that the MNK/eIF4E axis bolsters
translation initiation of CCNEI and SNAII mRNA. In conclusion,
our data suggest that blocking MNK1/2 activity may inhibit tumor
progression, at least in part, by blocking translation initiation of
mRNAs encoding proteins that facilitate cell migration.

MNKI1 activity is elevated in KIT-mutant human melanoma
patients. We previously demonstrated that MNK1 phosphoryla-
tion and eIF4E phosphorylation are elevated in C-KIT-aberrant
melanoma cell lines (Figure 1A). To test whether these obser-
vations are clinically relevant, we used immunohistochemistry
(IHC) to evaluate MNK1, phospho-MNK1, and phospho-eIF4E
expression in archival surgical patient specimens of melano-
mas wherein KIT was either wild-type or mutated (Supplemen-
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tal Table 1). We found that KIT-mutant melanomas expressed
significantly higher levels of phospho-MNKI1 (trend test via y?,
P = 0.0446) compared with C-KIT wild-type melanomas (Fig-
ure 4A). KIT-mutant melanomas also expressed higher levels
of MNK1 compared with C-KIT wild-type melanomas (Sup-
plemental Figure 2). We then determined the phosphorylation
state of eIF4E, one of the best-described substrates of MNK1/2.
In keeping with higher MNK1/2 activity in melanomas driven
by oncogenic C-KIT, phospho-eIF4E was also higher in KIT-
mutant melanomas versus wild-type C-KIT melanomas (trend
test via y2, P = 0.0404) (Figure 4A). As expected, phospho-MNK1
and phospho-eIF4E levels positively correlated within a given
patient sample (trend test via Pearson correlation, P=0.002) (Fig-
ure 4B). These data show that MNK1 and eIF4E phosphorylation
is elevated in human melanomas harboring C-KIT aberrations.
Together, our data indicate that MNK1 and MNK2 have a critical
function in KIT-mutant melanoma and suggest that these kinases
are a therapeutic target in this hard-to-treat disease.
Development of SEL201, a novel MNK1/2 inhibitor. Multiple
C-KIT inhibitors have been tested in patients whose melanomas
harbor C-KIT aberrations, but their effects are dismal for rea-
sons that are addressed in the Discussion. Our data suggest tar-

geting downstream of oncogenic C-KIT, prompting us to block
MNK1/2 kinase activity.

In efforts to improve the biophysical properties of existing
MNK1/2 inhibitors, we report herein the development of SLV-2436
(SEL201-88), a novel ATP-competitive inhibitor of MNKI1 and
MNK?2. Using a structure-driven approach (detailed in Methods and
Supplemental Figure 3), we produced a novel class of amino-1H-
indazol-1,2-dihydropyridin-2-one derivative as a potent inhibitor
of MNK1/2 (Figure 5A). In brief, 5-(3-amino-1H-indazol-6-yl)-1-
[(3-chlorophenyl)methyl]-1,2-dihydropyridin-2-one (also known as
SEL201-88) (panel 1, Figure 5A) was derived by a 3-step synthesis
starting from commercially available 5-bromopyridin-2-ol (panel
2) as shown in Figure 5A. Nucleophilic substitution of pyridinone
(panel 2) with 3-chlorobenzyl bromide resulted in an intermediate
compound (panel 3), which we used for the Miyaura borylation
reaction enabling the synthesis of boronate ester (panel 4). Boro-
nate (panel 4) and 6-bromo-1H-indazol-3-amine (panel 5) served as
coupling partners in the Suzuki reaction, resulting in the final com-
pound SEL201-88 (termed SEL201) (panel 1). We next performed
in vitro kinase assays using recombinant MNK1 and MNK?2 protein
and increasing concentrations of SEL201, to show that SEL201 is
highly potent, with an IC_; of 10.8 nM and 5.4 nM for MNK1 and
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MNK2, respectively (Figure 5B). To confirm the kinome selectivity
of SEL201, we performed the broad KINOMEscan (DiscoverX)
competitive binding assay at 1 pM, which included 450 distinct
kinases (32). Figure 5C shows the observed binding profile for
SEL201, which was significantly concentrated in the CAMK family
of kinases that comprises MNK1 and MNK2.

To investigate the pharmacodynamic properties of SEL201, 5
consecutive oral doses of 10, 25, and 50 mg/kg were administered
to mice every 12 hours (twice-daily schedule). At the 10 mg/kg
twice-daily dosage, 4 hours after the fifth administration, we deter-
mined a low plasma concentration of 125 ng/ml SEL201. However,
dosingat25and 50 mg/kgtwice daily, equivalentto50 and 100 mg/
kg/d of SEL201, yielded substantially increased dose-dependent
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are shown in the right panel. ¢? test, P values shown in
the figure. For p-MNK1 and p-elF4E top panels, scale
bars: 200 pum; original magnification, x4. For p-MNK1
and p-elF4E bottom panels, scale bars: 40 um; original
maghnification: x20. (B) The correlation between p-elF4E
and p-MNK?1 IHC scores in melanoma patients. Pearson
correlation test, r and P values are shown.

plasma exposure, reaching an average level of 1,299 ng/ml and
2,075 ng/ml, respectively. At the 24-hour time point, SEL201 was
still detectable in the plasma, with dose-dependent concentrations
of 9, 73, and 124 ng/ml in the 10, 25, and 50 mg/kg twice-daily
treatment groups (Supplemental Figure 4A). Oral (p.o.) adminis-
tration of SEL201 at the dosage of 50 mg/kg twice daily, that is,
100 mg/kg/d, for 37 days was well tolerated in mice. There were
no abnormalities in body weight kinetics, which was comparable
in control and SEL201-treated animals throughout the study (Fig-
ure 5D). Furthermore, 37 days of consecutive administration of
SEL201, at the dosage of 100 mg/kg/d, did not result in any overt
clinical signs of toxicity. A blood chemistry panel was performed,
including hematological and biochemical parameters, at the study
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endpoint and confirmed that multiple dosings with SEL201 at 100
mg/kg/d is safe (Supplemental Table 2, B and C). Importantly,
unlike the hepatotoxicity accompanying dasatinib treatment (33-
36), SEL201 administration is not associated with liver toxicity as
measured by serum levels of aspartate aminotransferase, alanine
transaminase, and alkaline phosphatase, which were not signifi-
cantly different from those in the vehicle-treated group (Figure
5E). Finally, the pharmacokinetic profile of SEL201 in mice after
p.o. and iv. administration (Supplemental Figure 4B and Supple-
mental Table 2A) revealed a relatively short half-life of the com-
pound in plasma (about 1.44 hours). Nevertheless, SEL201 showed
very good oral bioavailability, with a maximum plasma concentra-
tion of 1,078 ng/ml reached 0.25 hours after p.o. administration. In
summary, SEL201 is well tolerated in mice.

MNKI1/2 inhibitor SEL201 decreases clonogenicity, cell migra-
tion, and melanoma metastasis. We next explored the effects of
blocking MNK1/2 kinases pharmacologically in KIT-mutant mela-
nomas. SEL201 potently suppressed MNK1/2 activity in our panel
of KIT-mutant melanoma cell lines, as determined by repressed
phosphorylation of its substrate eI[F4E (Figure 6A). In addition,
SEL201 significantly decreased the colony-forming ability of both
C-KIT D820Y and L576P mutant melanoma cell lines (Figure
6A). Moreover, SEL201 did not inhibit the proliferation of nor-
mal, nonmalignant MelST melanocytes at the doses tested in the
KIT-mutant cell lines (Supplemental Figure 5A). We next investi-
gated the effects of SEL201 on cell migration, in an attempt to val-
idate our findings in KIT-mutant melanoma cells that are devoid
of both MNK1 and MNK2. As shown, pharmacologically inhibit-
ing MNK1/2 activity using the inhibitor SEL201 reduced the cell
migration ability of HBL melanoma cells (Figure 6B). Notably,
SEL201 did not decrease cell proliferation within the time frame
of the migration assay (48 hours), which indicated that SEL201
suppressed migration, independently of'its effect on cell prolifera-
tion (Supplemental Figure 5B).

Next, we examined whether SEL201 suppressed the expres-
sion of MNK1/2 translational targets cyclin E1 and SNAIL. We
demonstrated that cyclin E1 and SNAIL protein expression was
decreased in SEL201-treated HBL and MM111 cells (Figure 6C,
left panel), with no similar reduction in their mRNA levels (Figure
6C, right panel). These data suggest that the novel MNK1/2 inhib-
itor SEL201 may elicit its antioncogenic effects by blocking mRNA
translation in KIT-mutant melanoma cells.

Finally, to enhance the translational aspect of this work, poten-
tially facilitating clinical trials, we tested the ability of SEL201 to
block KIT-mutant melanoma metastasis. We established a xeno-
graft model wherein KIT-mutant MM111 cells were injected via
tail vein (day 0), and then randomized on day 1 to vehicle control
or SEL201 treatment groups. Mice were treated with either vehicle
or SEL201 (75 mg/kg/d, 5 consecutive days per week) for 35 days.
At the endpoint, animals were euthanized, and lungs were har-
vested, H&E-stained, step-sectioned, and quantified for the pres-
ence of metastases (scoring pathologist was blinded to treatment
group). As shown in Figure 6D, SEL201 significantly decreased
both the number and the size of metastases in the lung. Further-
more, we tested the expression and phosphorylation of eIF4E as a
surrogate for SEL201-mediated inhibition of MNK1/2 activity in
the lungs of treated mice. As shown in Supplemental Figure 6A,
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SEL201 suppressed the expression of phospho-eIF4E in the lung
metastases, compared with the lungs of vehicle-treated animals.
Tumors present in the lungs of vehicle and SEL201 treatment
groups expressed comparable levels of eIF4E (Supplemental Fig-
ure 6B). Collectively, our data show that the MNK1/2 inhibitor
SEL201 reduces clonogenicity, migration, and lung metastasis of
KIT-mutant melanoma cells.

Discussion

The data described herein add melanoma to the growing list of
malignancies with aberrant MNK1/2 activity (37-40). Thiswork has
led to several insights into the biology of melanomas wherein KIT is
mutated. First, phospho-MNKI and phospho-eIF4E expression is
significantly elevated in KIT-mutant/-amplified melanomas com-
pared with specimens wherein KIT is wild-type or not amplified.
Genetic and pharmacological inhibition of MNK1/2 suppresses
cell survival, cell migration, and metastasis. At the molecular level,
blocking MNK1/2 suppresses the expression of SNAIL and cyclin
El in C-KIT melanoma, which are overexpressed in metastatic
melanoma and other cancers (Figure 7 and refs. 41, 42).

Clinical studies examining the efficacy of receptor tyrosine
kinase inhibitors in patients with acral and mucosal melanoma, in
which KIT alterations are frequent, have been underwhelming, and
only 20%-30% of acral and mucosal melanoma patients respond
to anti-PD-1 immunotherapy (5, 24, 43, 44). For example, only
melanoma patients with specific KIT mutations (L576P) respond
to the C-KIT inhibitor imatinib, while patients who possessed KIT
amplifications or NRAS mutations received no benefit from this
treatment (24). Furthermore, secondary mutations in the kinase
domain of C-KIT, such as A829P and T6701I, confer acquired resis-
tance to the C-KIT inhibitor imatinib (9). In addition, the median
progression-free survival after anti-PD-1 immunotherapy is report-
edly short, approximately 4 months, in patients with acral and
mucosal melanoma (44). Our data support inhibiting MNK1/2 as
a novel therapeutic strategy for these incurable KIT-driven mela-
nomas. Encouragingly, though severe liver toxicity is an adverse
event associated with numerous C-KIT inhibitors, including dasat-
inib and imatinib (33-36), we observed no clinical signs of liver dys-
function with p.o. administration of SEL201 in our in vivo xenograft
studies. Importantly, although we focused on blocking MNK1/2
activity in KIT-mutant melanoma in the present study, other sub-
types of melanoma are expected to also be amenable to MNK1/2
inhibition. Indeed, 2 BRAFY6°°®/PTEN-null melanoma cell lines
analyzed in our cohort also overexpressed phospho-eIF4E (data
not shown), and are the subject of ongoing studies in our labo-
ratory. Recently, melanomas with loss-of-function mutations in
the tumor suppressor neurofibromin 1 (NFI) have been found,
accounting for 15% in patients with cutaneous melanoma (7). A
recent report shows that MNKs are therapeutic targets for NFI-
deficient malignant peripheral nerve sheath tumors (39), suggest-
ing that MNK1/2 may also be druggable in NFI-mutant melanomas.
Moreover, our work highlights the need to test MNK1,/2 inhibitors
in diseases wherein KIT is commonly mutated, such as gastroin-
testinal stromal tumors (GISTs). In GISTs, secondary mutations or
amplification of KIT contributes to resistance to C-KIT inhibitors,
and in these cases MNK1/2 therapeutic intervention would be pre-
dicted to overcome resistance (9, 24).

jci.org  Volume127  Number11  November 2017

4185



RESEARCH ARTICLE

A
0 o) o)
Cl Cl SLV-2436
NH N N
| o /\©/ o /\©/_ (termed SEL201)
= = =
8 o)
Br Br oo " =z
- | NN
2 3 4 — N
HoN
cl
H Br 1
N>\/\©/ o
H,N
5
B (o] . &
150 AR
MNK1 MNK2 Y
125+ Hill slope| -0.89 | -1.25 R\
IC,, [InM]| 108 5.4 = Y/
_ 1004 o -
S ‘ =
£ : —
8 77 —e— MNK1 over S il NN\, ¢
5 L5 47 ,,/'“ {/ \ ‘;’ }c\%
R 501 . =+ MNK2 ) : "" s
et f ) \ 1) ®
pole LI )
25+ o m# : \
0 CMGC :. (’;AMK Percent control
0.01 0.1 1 10 100 1000 10000 ‘0%
log (SEL201-88 [nM]) Atypical Mutant ‘ 1%
A6 ABL1 ’
D ABC1 ALK
Apha BRAF @ o.1%1%
BRD o, )
PDHK EGFR @ 1%5%
@ 5%10%
a PIKK
g RO rerrs @ 10%-35%
= TIF1 o >35%
A Lipid FLT3
=@~ Vehicle P Class | P13K
=8- SEL201 Class Il P13K
Class Ill P13K KIT
Type Il P14K
Type Il P14K
LRRK2
A RARERERARERERERARERERARERERE LA B Type | PIP5K
1357 911131517192123252729313335 Type Il PIPSK MET
Days Pa’[hogenType Il PIPSK Rer PIK3CA
= 3
E
5004 400 « 3004
E 4004 € =
3 S, 3004 £
2 g 2
£ 3004 c E
2 3 2004 =
8 2004 * 3
£ £ c
[ = 1004 o
= 1005 @ %
0d 0d
Vehicle SEL201 Vehicle SEL201 Vehicle SEL201
4186 jei.org  Volume127  Number11  November 2017

The Journal of Clinical

Investigation



The Journal of Clinical Investigation

Figure 5. Chemical synthesis, in vitro kinome selectivity, and biosafety
of SEL201. (A) Chemical synthesis procedure of SEL201. (B) The in vitro
ADP-Glo assay was performed by incubation of SEL201 with recombinant
MNK1 and MNK2, peptide substrates, and ATP. After the kinase reaction,
luminescence intensity generated by the remaining ADP was measured. (C)
Kinome selectivity of SEL201 was assessed using KINOMEscan (DiscoverX)
panel, which consists of 450 kinases. Circles represent targets that inter-
acted with SEL201 at the concentration of 1 uM. (D) Body weight kinetics
of tumor-bearing mice (6 animals per group) was assessed throughout

the study (endpoint on day 37). Vehicle or SEL201 was administered p.o.
to animals at the dosage of 50 mg/kg twice daily (100 mg/kg/d; mean +
SD). (E) Assessment of blood biochemistry in mice (3 animals per group)
given SEL201 at the dosage of 50 mg/kg twice daily (100 mg/kg/d) was
performed at the study endpoint (day 37). AST, aspartate aminotransfer-
ase; ALT, alanine transaminase; ALP, alkaline phosphatase.

eIF4E, a critical regulator of protein synthesis, is one of the
best-studied substrates of MNK1/2 (13, 14, 45). The translation
initiation complex eIF4F comprises the oncoprotein eIF4E, the
helicase eIF4A, and the scaffolding protein eIF4G. Previous stud-
ies, including our own work, have shown that disrupting the eIF4F
complex significantly potentiated the effectiveness of BRAF
inhibitor, and overcame acquired drug resistance in BRAF-mutant
melanoma (46, 47). Our profiling of MNK1/2 activity in patient
samples suggests that the phosphorylation state of eIF4E has
the potential to be used as a biomarker to screen for tumors that
are driven by MNK1/2 kinases. We predict that activating muta-
tions in KIT alter mRNA translation, and our data support this
prediction. Mechanistically, we reveal that cyclin E1 and SNAIL
protein synthesis is regulated by MNK1/2 kinases in KIT-mutant
melanomas. In future work, it will be important to uncover the
molecular mechanisms underlying the oncogenic activities of the
MNK/eIF4E axis, downstream of mutant KIT. We are currently
identifying genome-wide translational targets of phospho-eIF4E
in KIT-mutant melanomas, with the goal of translating basic
research findings into potential therapeutic targets for correcting
the defects caused by mutant C-KIT.

Our findings show increased MNK1/2 kinase activity in
KIT-mutant/-amplified melanomas, and we find that blocking
MNK1/2 exerts potent antimelanoma effects in vitro and in vivo.
Our study, and the work of others (38, 39, 48, 49), strongly support
the preclinical development of MNK1/2 inhibitors for the treat-
ment of patients with melanoma, and potentially other malignan-
cies harboring KIT aberrations.

Methods

Reagents. Dasatinib was obtained from Bristol-Myers Squibb.
SLV-2436 (SEL201) was derived (see below) and provided by Sel-
vita. Drugs were dissolved in DMSO, and 10-mM aliquots were
stored at -80°C. The following commercially available antibodies
were purchased from Cell Signaling Technology: phospho-MNK1
(Thr197/202, catalog 2111), phospho-eIF4E (5209, catalog 9741),
phospho-C-KIT (Tyr703, catalog 3073), C-KIT (catalog 3308),
MNK1 (catalog 2195), and GAPDH (catalog 2118). eIF4E antibody
(catalog 610269) was purchased from BD Biosciences and cyclin
E1 (catalog sc-481) from Santa Cruz Biotechnology. Transfection
reagents Lipofectamine 2000 and Lipofectamine RNAiMax were
purchased from Invitrogen.
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Cell culture. All cell lines used in this study were a gift from G.E.
Ghanem (Institute Jules Bordet, Brussels, Belgium), except M230.
M230 was a gift from Antoni Ribas (UCLA, Los Angeles, Califor-
nia, USA). MelST was cultured in DMEM containing 10% FBS and
1% penicillin/streptomycin; MM61, MM111, HBL, and LND1 cells
were cultured in Ham’s F10 containing 10% FBS and 1% penicillin/
streptomycin. M230 cells were cultured in RPMI-164 containing 10%
FBS and 1% penicillin/streptomycin. Stable cell lines (HBL pBABE,
CA-MNK1, shCTL, shMKNKI+2; and MM111 shCTL, shMKNKI+2) were
cultured in Ham’s F10 containing 10% FBS and 1% penicillin/strep-
tomycin supplemented with 1 ug/ml of puromycin for selection. All cell
lines were maintained at 37°C in a humidified incubator with 5% CO,.

Proliferation assay. Cell proliferation was tested by sulforhodamine
B (SRB) assay. Cells were plated in 96-well plates 24 hours before treat-
ment, and then treated with indicated drugs for 24, 48, and 96 hours.
After each treatment, 96-well plates were harvested and fixed with 10%
trichloroacetic acid for 1 hour. Plates were then washed and sterilized
with water 3 times and allowed to air-dry overnight. Once the fixation
was completed, each well was stained with 100 pl of 0.4% (wt/vol) SRB
dissolved in 1% acetic acid for at least 30 minutes. After staining, plates
were washed with 1% acetic acid 3 times and air-dried overnight. Bound
SRB was solubilized by addition of 100 ul/well of 10 mM unbuffered
Tris base, pH 10.5, for 10 minutes. Absorbance at 564 nm was read using
a FLUOstar OPTIMA plate reader.

Plasmids, virus production, and stable cell selection. Human
shMKNKI and shMKNK2 plasmids were obtained from Sidong Huang.
Individual shRNA vectors used were collected from the Mission TRC
library (Sigma-Aldrich): shMKNKI (TRCNO000314803); shMKNK2
(TRCN0000199855). shRNAs were cotransfected with PLP1, VSVG,
and PLP2 packaging constructs into 293FT cells using Lipofectamine
2000 (Invitrogen) to generate viral particles. Viral supernatants were
harvested 48 hours after transfection and spun at 173 g for 5 minutes.
Control or shMKNKI+2 viral supernatants were added to HBL cells
overnight to establish shMKNKI, shMKNK2, and dual sShMKNKI+2
stable knockdown cell lines. After 2 rounds of infection, cells were
treated with puromycin (1 pg/ml) for 48 hours for subclone selection.

Polysome profiling. Polysome profiling was performed as previously
described (50). For sucrose gradient fractionation and polysome iso-
lation, HBL shCTL and HBL shMKNKI+2 cells were used. Cells were
treated with cycloheximide (100 pg/ml) 5 minutes before harvesting,
then washed in cold PBS containing 100 pg/ml cycloheximide, fol-
lowed by centrifugation for 5 minutes at 390 g. Cell pellets were lysed
in hypotonic buffer: 5 mM Tris-HCI (pH 7.5), 2.5 mM MgCl,, 1.5 mM
KCl, and 1X protease inhibitor cocktail (EDTA-free), containing 1 mM
DTT and RNase inhibitor (100 U). Samples were kept on ice for 12 min-
utes, then centrifuged at 13,523 g for 7 minutes. The supernatants were
loaded onto 10%-50% sucrose gradient followed by centrifugation at
260,110 g for 2 hours at 4°C. Fractions were collected (24 fractions, 12
drops each) using a Foxy JR ISCO collector, and data (absorbance, 254
nm) were collected.

Western blot analysis. Cells were treated with dasatinib, imatinib,
or SEL201 at the indicated times, and pellets were harvested to obtain
protein extracts. Briefly, cell pellets were lysed in RIPA buffer (50 mM
Tris-HCI, pH 8.0, with 150 mM sodium chloride, 1.0% Igepal CA-630
[NP-40], 0.5% sodium deoxycholate, and 0.1% SDS). After sonication,
cell lysates were centrifuged at 15,871 g for 15 minutes. The superna-
tants were collected, and protein concentrations were quantified. Equal
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Figure 6. MNK1/2 inhibitor SEL201 suppresses clonogenicity, cell migra-
tion, and in vivo tumor metastasis. (A) Graph of 14-day clonogenic assay:
HBL, MM61, MM111, and M230 cell lines were treated with or without 5 uM
SEL201 (right). Data represent the mean + SD, n = 3. **P < 0.01 by 2-way
ANOVA. Western blot analysis of p-elF4E and elF4E; HBL, MM61, MM111,
and M230 cell lines were treated with 5 uM SEL201 for 24 hours (left). (B)
Western blot analysis of p-elF4E and elF4E in HBL cells following SEL201
treatment (48 hours). Cell migration was assessed by Transwell assay.
Representative images are shown. Scale bars: 200 pum; original magnifica-
tion, x10. Data represent the mean + SD, n = 3. **P < 0.01 by 1-way ANOVA.
(C) HBL and MM111 cell lines were treated with 5 uM SEL201 for 24 hours
(left). Western blot analysis of p-elF4E, elF4E, cyclin E1, and SNAIL. HBL
and MM111 cell lines were treated with 5 pM SEL201 for 24 hours (right).
RT-gPCR analysis for SNAIT and CCNET mRNA expression. Data represent
the mean + SD, n = 3. P > 0.05 by 2-tailed Student’s t test. (D) 8 x 10° MM111
cells were injected in the tail vein of NOD/SCID mice. Tumor burden was
defined as the percentage of lung area occupied by tumor cells. Representa-
tive images are shown. For the left panel, scale bars: 300 um. For the right
panel, scale bars: 50 um. Data represent the mean + SD, n =10. *P < 0.05,
**P < 0.01by 2-way ANOVA. (A-C) GAPDH is used as a loading control.

amounts of protein were loaded and separated on a 10% SDS-PAGE.
After transferring to a nitrocellulose membrane (Bio-Rad), 5% milk/
TBS was used to block for 1 hour, and then probed for target antibod-
ies overnight at 4°C. After incubation with HRP-conjugated secondary
antibodies for 1 hour at room temperature, the signals of targeted pro-
tein were developed with chemiluminescence substrate ECL Western
blotting detection reagent (Amersham, GE Healthcare).

RNA interference. Cells, other than M230, were seeded in 10-cm
dishes at 80% confluence. C-KIT or control siRNAs were added into
dishes 20 minutes after incubation with transfection reagent Lipofect-
amine RNAIMAX following the manufacturer’s instructions. M230 cells
were electroporated (Amaxa) to introduce siRNAs. Briefly, 1 million
M230 cells were added into electroporation cuvettes along with C-KIT
or control siRNAs and electroporated using Amaxa program W-001. The
electroporated cells were seeded into 10-cm dishes and allowed to attach
overnight. After 16 hours, cells were washed with 1X PBS and fresh
medium was added. Two days after transfection, cell pellets were har-
vested for Western blotting. The sequences of the previously validated
C-KIT siRNA pair were as follows: number 1,5-AGCAGGAAAUAAAGU-
AUAGGUUUAG-3 and 5-CUAAACCUAUACUUUAUUUCCUG-
CUAC-3’; number 2, 5-CGAUUCUAAGUUCUACAAGAUGATC-3' and
5-GAUCAUCUUGUAGAACUUAGAAUCGAC-3'. AllStars Negative
Control siRNA (Qiagen) was used as nonsilencing control.

RNA isolation. To isolate mRNAs from each polysome fraction,
Trizol (Invitrogen) was added in each fraction tube, followed by 5 min-
utes of incubation at room temperature. Then 200 ul of chloroform
(VWR International) was added to each tube and mixed well for 15 sec-
onds. Following centrifugation at 12,000 ¢ for 15 minutes at 4°C, the
clear phase was carefully obtained and placed into an RNase-free tube.
Five hundred microliters of isopropanol (Sigma-Aldrich) was added
to the clear phase, and the mixture was centrifuged for 30 minutes
(12,000 g, 4°C). The isopropanol was then removed, and the remain-
ing pellets were washed with 1 ml of 75% ethanol (in diethylpyrocar-
bonate water) followed by centrifugation for 5 minutes (12,000 g, 4°C).
The remaining liquid was then carefully aspirated, and the pellets
were allowed to air-dry. Twenty microliters of diethylpyrocarbonate
water was added to dissolve RNA pellets, which were then quantitated
(NanoDrop 1000, Thermo Fisher Scientific).
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Clonogenic assay. One thousand cells per well were seeded in 6-well
plates, and the cells were allowed to adhere overnight. After overnight
incubation, the cells were treated with either DMSO (control) or SEL201
at the indicated concentrations. After 14 days, media were removed
from the wells, and the cells were stained with 0.5% (wt/vol) crystal
violet in 70% ethanol. After 1 hour of incubation at room temperature,
staining dye was washed, and the colony numbers were counted by Gel-
Count (Oxford Optronix). The experiment was done in triplicate.

Animal studies. All animals were handled in strict accordance with
good animal practice, and maintained according to the standards of
pathogen-free conditions. The pharmacokinetic profile of SEL201
was assessed in 6-week-old female CD-1 mice (outbred colony, Jagi-
ellonian University Medical College, Krakow, Poland) (3 animals per
time point). SEL201 was freshly dissolved in DMSO and then diluted
in Captisol (Ligand) for administration with a volume of 10 pl per 1
g of body weight via the oral (p.o.; 5 mg/kg) or iv. (2 mg/kg) route.
Animals were sacrificed at 8 time points (5, 15, and 30 minutes and 1,
2, 4, 6, and 24 hours) and blood samples harvested. Plasma samples
were collected and stored at -80°C for further analysis. To evaluate
the pharmacodynamic properties of SEL201, 10- to 16-week-old male
C57BL/6 mice (stock 000664, The Jackson Laboratory) were divided
into a control group and 3 dosing groups. Animals were given either
vehicle (DMSO + N,N-Dimethylacetamide + Captisol) or SEL201 at
10-, 25-, and 50-mg/kg doses (freshly dissolved). Drugs were admin-
istered p.o. in a volume of 10 pl per 1 g of body weight. Each animal
received a total of 5 doses with twice-daily schedule (i.e., every 12
hours). Body weight was assessed once daily. Six animals per exper-
imental group supported sample collection at 2 time points (i.e., 4
hours and 24 hours) after the last, fifth administration, with 3 animals
per time point. Plasma samples were collected and stored at -80°C for
further analysis. For safety assessment of SEL201, 7- to 8-week-old
tumor-bearing female Hsd:Athymic Nude-FoxnI™ mice (strain code
069, Envigo) were used. Before use, SEL201 was freshly dissolved,
and doses of 50 mg/kg were administered twice daily p.o. in a volume
of 10 ul per 1 g of body weight. Body weight was assessed every day.
At the end of the experiment on day 37, mice were anesthetized and
blood samples for total cell counts and biochemistry were obtained.

For metastasis studies, 8-week-old female NOD/SCID mice
(strain code 394, Charles River Laboratories) were injected in the tail
vein with 8 x 10¢ MM111 cells that had been resuspended in PBS. Ani-
mals were orally gavaged with vehicle or 75 mg/kg/d of SEL201 for 35
days. At the endpoint, mice were euthanized, and lungs were harvested
and fixed in 10% formalin for H&E staining, step sectioning, and IHC
assessment for tumor metastasis.

Immunohistochemistry and scoring. Human melanoma tissue
samples were acquired from 24 patients (including acral, mucosal,
or chronic sun-damaged melanoma) hospitalized between Janu-
ary 2015 and January 2016 at Peking University Cancer Hospital.
During this period, a total of 888 patients were hospitalized, of
whom 112 were identified as having KIT mutations in their mela-
nomas. Paraffin-embedded samples were stained with H&E and
tested for melanoma markers (S-100B, HMB-45, or MART-1) to
confirm the diagnosis of melanoma by the pathology department
in Peking University Cancer Hospital, or by the pathology depart-
ment of hospitals where patients were initially diagnosed. Clinical
data, including age, sex, thickness (Breslow), and ulceration, were
collected in 16 of 24 patients.
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Figure 7. Schematic diagram of the MNK/elF4E axis in KIT-mutant acral or mucosal melanoma.

IHC analysis for phospho-eIF4E (Ser209, Abcam catalog
ab76256), phospho-MNK1 (Thr197/202, Cell Signaling Technology
catalog 2111), and MNK1 (Sigma-Aldrich, catalog SAB4503423) was
conducted on formalin-fixed, paraffin-embedded tumor sections at
1:50 dilution, followed by a standard avidin-biotin detection proto-
col. Hematoxylin-counterstained slides were mounted with covers-
lips, and staining intensity was determined by a clinically certified
pathologist at Peking University Cancer Hospital & Institute and 2
other pathologists at the Segal Cancer Centre, Jewish General Hos-
pital. Staining intensity was scored as O, 1, 2, and 3 (O as negative
staining, 3 as the strongest staining intensity). All pathologists were
blinded to all clinical data and antibodies used for IHC. Representa-
tive images of the intensity scores are shown in Figure 1. Five images
of melanoma lesions were taken from each stained slide, and the
scoring was given according to the average intensity of the red stain-
ing in these images. Less than 10% of positive (red) staining for the
targeted protein in a sample was considered negative staining, and
was scored as O; score 1 was given to those samples that showed
weak red staining; score 2 was given to the samples that revealed
mild red staining; and score 3 was given to those samples that had
the darkest red staining.

General procedure for the synthesis of SEL-201 (SLV-2436). All
chemicalswere purchased at the highest commercial quality and used
without further purification, unless otherwise stated. Reactions were
monitored by TLC carried out on Sigma-Aldrich silica gel plates (60
F254) using UV light as visualizing agent. Sigma-Aldrich silica gel,
63-200 um mesh size, was used for column chromatography. Melt-
ing points were obtained using a BUCHI Melting Point M-560 instru-
ment and are uncorrected. 'H (400 MHz), *C (101 MHz) nuclear
magnetic resonance spectra were recorded at ambient temperature
on Varian Mercury VX. Chemical shifts (3) are reported in parts per
million and coupling constants (J) are given in hertz. The following
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synthesis and characterization of SEL201-88
can be found in Supplemental Figure 3.

In vitro kinase assay and selectivity kinome
panel. In vitro kinase assay was conducted using
ADP-Glokinase assay (Promega) accordingtothe
manufacturer’s protocol. MNK1 or MNK2recom-
binant proteins were purchased from Carna.
In brief, MNK1 or MNK2 recombinant proteins
first were preincubated with serial dilutions of
SEL201 or 2% DMSO (buffer used in MNK1 kinase assay: 60 mM
HEPES, pH 7.5, 3 mM MgCl,, 3 mM MnCl, 50 pg/ml PEG20.000;
buffer used in MNK2 kinase assay: 5 mM MOPS, pH 7.5, 3 mM MgCl,,
0.4 mM EDTA, 0.25 mM DTT). ATP was added at a concentration
of 21 uM or 200 uM in MNK1 or MNK2 kinase assay, respectively, to
allow the kinase reactions to proceed for 2 hours at room tempera-
ture. Secondly, the remaining ADP was converted to ATP by addition
of ADP-Glo kinase detection reagent. ATP then reacts with lucifer-
ase and luciferin contained in the kinase detection reagent, to gen-
erate luminescence. The intensity of luminescence generated from
the MNK1 or MNK2 kinase assays was measured using a plate reader
(Biotek). Data were normalized to DMSO and were plotted against
inhibitor concentrations presented on logarithmic scale and fitted
to dose-response curves using the 4-parameter model in GraphPad
Prism software. In vitro kinome selectivity of SEL201-88 was inves-
tigated using the KINOMEscan (DiscoverX) assay to quantitatively
measure interactions between test compounds and 450 kinase assays
and disease-relevant mutant variants, and presented using TREEspot
Compound Profile Visualization Tool (DiscoverX).

Statistics. All in vitro experiments were performed in triplicate,
and quantitative data are shown as the average of all biological rep-
licates. In vivo experiments were repeated twice, with the number
of animals indicated in the figures. All statistical analyses were per-
formed using GraphPad Prism (GraphPad Software). The details
of each statistical test used are as follows: 2-way ANOVA (Figure 1,
B and D; Figure 6, A and Dj; Supplemental Figure 1, A, C, E, and F);
2-tailed Student’s ¢ test (Figure 2, A and B; Figure 3, B and C; Figure
6C); ¥ test (Figure 4A and Supplemental Figure 2); 1-way ANOVA
(Figure 6B and Supplemental Figure 5B). P values less than 0.05 and
0.01 were considered significant. Error bars on all graphs are repre-
sented as the SD of the mean. NS indicates P greater than 0.05 by
2-tailed Student’s ¢ test.
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Study approval. All animal care and experiments were carried
out according to rules and regulations established by the Canadian
Council of Animal Care, and protocols were approved by the McGill
University Animal Care Committee. Consent was obtained for
human tissue acquisition according to guidelines set by Peking Uni-
versity Cancer Hospital & Institute and their affiliated local med-
ical authorities. The IHC study on human melanoma samples was
approved by the medical ethics committee of Peking University
Cancer Hospital & Institute and was conducted according to the
Declaration of Helsinki principles.
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