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Activating mutations in NRAS account for 15-20% of melanoma, yet effective
anti-NRAS therapies are still lacking. In this study, we unveil the casein kinase
16 (CK18) as an uncharacterized regulator of oncogenic NRAS mutations,
specifically Q61R and Q61K, which are the most prevalent NRAS mutations in
melanoma. The genetic ablation or pharmacological inhibition of CK15
markedly destabilizes NRAS mutants and suppresses their oncogenic func-
tions. Moreover, we identify USP46 as a bona fide deubiquitinase of NRAS
mutants. Mechanistically, CK16 directly phosphorylates USP46 and activates
its deubiquitinase activity towards NRAS mutants, thus promoting oncogenic
NRAS-driven melanocyte malignant transformation and melanoma progres-
sion in vitro and in vivo. Our findings underscore the significance of the CK18-
USP46 axis in stabilizing oncogenic NRAS mutants and provide preclinical
evidence that targeting this axis holds promise as a therapeutic strategy for
human melanoma harboring NRAS mutations.

NRAS mutations are found in 15-20% of melanomas and are associated
with worse clinical outcomes®. The majority of NRAS mutations in
melanoma occur at glutamine 61(Q61), with frequent substitution by

RAS proteins are membrane-associated small GTPases that switch
between the active GTP-bound and inactive GDP-bound states. In
response to growth factors and other stimuli, the active GTP-bound

RAS interacts with effectors containing RAS binding domain (RBD) to
activate various downstream signaling pathways, thereby regulating
proliferation and other cellular processes'. In mammals, three closely
related RAS isoforms, KRAS, NRAS and HRAS, are frequently mutated
in approximately 30% of all human cancers’. Among these mutations,

arginine (R)(40%) and lysine (K)(29%) or leucine (L)(12%). These
mutations lock NRAS in an active state and lead to growth factor-
independent proliferation of melanocytes and transformation to
melanoma*. Thus, developing effective therapies targeting these
oncogenic NRAS mutants is critical for the treatment of oncogenic
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NRAS-driven melanoma. Despite the recent development of inhibitors
targeting KRAS mutants such as G12C, G12S, and G12D*”, there remain
significant challenges in developing targeted therapy for hotspot
mutants of NRAS. This difficulty arises primarily from the absence of
well-defined binding pockets and its high affinity for endogenous GTP.
Therefore, strategies that target upstream regulators of NRAS activity
or its downstream signaling pathways might be appealing for treating
cancers driven by oncogenic NRAS mutations, including melanoma.

The serine-threonine casein kinase 1 (CK1) isoforms, CK18 and
CKle, are closely related and share a high degree of sequence
homology. These isoforms were originally reported to regulate the
circadian rhythms of eukaryotic cells by phosphorylating clock
proteins®®, Recently, CK18 and CKle have been implicated in various
neurological disorders. Additionally, the deregulation of CK1§ and
CKle activity has been shown to disrupt key cellular processes such as
cell cycle progression, cell proliferation, and protein translation, con-
tribute to tumorigenesis and tumor progression'®, However, the
specific role of CK16 and CKle in melanocyte transformation and
melanoma progression remains largely unexplored.

In this work, we demonstrate that PF670462, a potent and selec-
tive inhibitor of CK18/¢", achieves over 80% inhibition of NRAS Q61R
activity. Furthermore, we reveal that the CK16 isoform, rather than
CKlg, is crucial in sustaining oncogenic NRAS mutants by regulating its
stabilization. We also identify USP46 as a previously unidentified
deubiquitinase of NRAS mutants. Mechanistically, CK15 directly
phosphorylates and activates USP46, thereby promoting oncogenic
NRAS-driven melanocyte transformation and tumor progression.
Overall, our findings provide preclinical evidence that targeting the
CK16-USP46 axis may represent an effective therapeutic strategy for
oncogenic NRAS-driven melanoma.

Results

CK18 is a critical regulator of oncogenic NRAS mutants

The activation of NRAS signaling depends on its association with the
common RBD of effectors, such as Raf and PI3K". Disrupting the NRAS-
RBD interaction could represent alternative therapeutic strategies in
oncogenic NRAS -driven melanoma. To achieve this objective, we
screened for small molecule compounds that regulate the activity of
NRAS Q61R, the most prevalent NRAS mutation in melanoma. SK-MEL-
103 cells expressing FLAG-tagged NRAS Q61R was generated and an in-
house small molecule library was screened by using a modified active
NRAS chemiluminescence assay as a readout (Fig. 1a). We found that
several compounds caused more than 70% inhibition of NRAS Q61R
activity, among which the inhibitory effect of PF670462 was the most
significant (Fig. 1a). The decrease of the active fraction of the endo-
genous NRAS mutants by PF670462 was validated in SK-MEL-103 cells
harboring NRAS Q61R and SK-MEL-30 cells harboring NRAS Q61K by
the active-RAS pull-down assay (Fig. 1b). Since PF670462 was reported
to inhibit both CK18 and CK1e", we next determined which CK1 iso-
form is critical to regulate NRAS mutant. As shown in Fig. 1c, d, the
knockdown of CK18§ rather than CKle significantly reduced the active
fraction of NRAS Q61R in SK-MEL-103 cells. Intriguingly, such inhibi-
tory effects of targeting CK16 might be due to the decreased protein
level of NRAS mutants since the treatment of PF670462 significantly
reduced the protein level of NRAS mutant in SK-MEL-103, SK-MEL-30
and SK-MEL-2 carrying NRAS Q61R/K (Fig. 1e, f and Supplementary
Fig. 1a). Similar results were also observed when SK-MEL-103 cells were
treated with two other CK1§ inhibitors D4476 and Casein kinase 16-In-8
(Supplementary Fig. 1b-e). Moreover, the depletion of CK16 but not
CKle dramatically decreased the protein level of NRAS in SK-MEL-103
and SK-MEL-30 cells (Fig. 1g and Supplementary Fig. 1f, g). Regarding
high sequence homology between three RAS isoforms, the potential
effect of CK16 inhibition on KRAS mutant was also examined. As shown
in Supplementary Fig. 1h-j, the treatment of PF670462 did not sig-
nificantly affect the protein level of KRAS mutants in KRAS-mutant

NSCLC (A549 harboring KRAS G12S and NCI-H358 harboring KRAS
G12C), pancreatic cancer (AsPC-1 harboring KRAS G12D and SU.86.86
harboring KRAS G12D) and colorectal cancer (LoVo harboring KRAS
GI13D and HCT116 harboring KRAS G13D). Moreover, the protein level
of NRAS WT was not significantly affected by the treatment of
PF670462in A375 and A2058, two melanoma cell lines harboring NRAS
WT (Supplementary Fig. 1k). These results indicate targeting CK16
specifically regulates the protein level of NRAS Q61R/K mutants rather
than NRAS WT or KRAS mutants.

The underlying mechanism of CK16 to regulate NRAS mutants was
next investigated. We found that the depletion or inhibition of CK16
did not affect the transcription of NRAS (Fig. 1h, i). In contrast, the
proteasome inhibitor MG132 could rescue the decreased protein level
of NRAS mutants caused by the depletion or pharmacological inhibi-
tion of CK18§, indicating a proteasome-dependent mechanism of CK18
in the regulation of NRAS mutants (Fig. 1j-m and Supplementary
Fig. 11, m). In addition, results of cycloheximide pulse-chase assay
shown that NRAS protein was less stable in CK16-depleted SK-MEL-103
(Fig. 1n), which might be due to the increased ubiquitination level of
NRAS Q61R (Supplementary Fig. In). We also found that the treatment
of PF670462, D4476 and Casein Kinase 16-In-8 potently increased the
ubiquitylation level of NRAS Q61R/K (Fig. 1o, p and Supplementary
Fig. 10-q), meanwhile such an effect of CK16 inhibition on NRAS Q61L
ubiquitination was weak (Supplementary Fig. 1r).

Based on these results, we next examined the effect of targeting
CK18 on oncogenic NRAS mutant-dependent malignant phenotypes. As
shown in Fig. 2a-g and Supplementary Fig. 2a-d, the depletion or inhi-
bition of CK16 in SK-MEL-103 cells, SK-MEL-30 cells and SK-MEL-2 cells
significantly decreased p-AKT and p-ERK levels, two known down-
streams of RAS signaling, thereby inhibiting cellular proliferation,
migration, and invasion abilities along with increased cellular sensitivity
to dacarbazine (DTIC), one approved chemotherapeutic agent for
metastatic melanoma’®. In the line with these findings in vitro, similar
results were observed in xenograft animal experiments, meanwhile the
reconstitution of NRAS mutants largely rescued such phenotypic chan-
ges caused by the depletion or inhibition of CK16 (Fig. 2h, i). Interest-
ingly, the inhibition of CK16 by PF670462 did not affect the sensitivity of
BARF-mutated melanoma cells to DTIC (Supplementary Fig. 2e).

Previous reports shown that CKla could phosphorylate (3-catenin at
Ser45, but did not affect the total level of B-catenin in several melanoma
cell lines such as SK-MEL-19 and Sbcl2"%, Negative regulators of Wnt/B-
catenin signalings such as Axin were reported to increase the recruit-
ment of B-TrCP to HRAS and promoted its degradation in colorectal
cancer cell lines, while the over-expression of B-catenin blocked the
recruitment of B-TrCP to HRAS and inhibited subsequent proteasome-
dependent degradation of HRAS" % To figure out whether -catenin is
involved the regulation of NRAS mutant in melanoma cells, we next
investigated the effect of CK16 on B-catenin in SK-MEL-103 cells. As
shown in Supplementary Fig. 2f, g, the depletion or inhibition of CK16 by
its pharmacological inhibitor Casein kinase 16-In-8 hardly affect both
nuclear and cytosol levels of 3-catenin in SK-MEL-103 cells. Moreover,
the depletion and inhibition of B-catenin by its specific inhibitor MSAB at
the concentration of 5 M did not significantly decrease the protein level
of NRAS Q61R mutant in SK-MEL-103 cells (Supplementary Fig. 2h, i).
Together, these results indicate that the regulation of NRAS Q61R/K
mutants by CK16 is not -catenin-dependent. The discrepancy with this
previous report that the aberrant Wnt/B-catenin signaling regulates
HRAS stability in colorectal cancer might be due to the various RAS
isoforms and distinct cell-contexts.

Identification of the bona fide deubiquitinase of oncogenic
NRAS mutants

CK16 was reported to phosphorylate and regulate the degradation of
its substrates such as Brgl®’. To our surprise, the interaction between
purified GST-CK18 and His-NRAS Q61R was not detected (Fig. 3a),
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indicating that CK18 could not act on NRAS Q61R directly and an
unidentified factor might be critically involved. To identify the missing
linker between CK18 and NRAS Q61R, we performed tandem affinity
purification and mass spectrometry analysis by utilizing SK-MEL-103
cells stably expressing FLAG-S-NRAS Q61R and identified the deubi-
quitinase USP46 as a potential interactor of NRAS Q61R (Fig. 3b). The
endogenous interaction between USP46 and NRAS Q61R was validated
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in SK-MEL-103, SK-MEL-30 and SK-MEL-2 cells, respectively (Fig. 3c, d
and Supplementary Fig. 3a). We also examined the interaction between
purified USP46 and different NRAS mutants. As shown in Fig. 3e,
purified GST-USP46 interacted with the NRAS Q61R and NRAS Q61K
mutant more strongly than NRAS WT and Q61L. We also modeled the
structure of ubiquitinated NRAS in complex with USP46 using protein-
protein docking (Schrodinger, LLC, New York, NY, 2023) based on the
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Fig. 1| CK18 positively regulates the activity of oncogenic NRAS mutants by
affecting their protein stability. a Active NRAS chemiluminescence assay was
performed to screen compounds mitigating the NRAS Q61R-Raf-RBD interaction.
b The NRAS-Raf-RBD interaction in SK-MEL-103 (NRAS Q61R) and SK-MEL-30 (NRAS
Q6IK) cells pretreated with DMSO or PF670462 (10 pM) was examined by GST pull-
down assay. Raf-RBD-bound NRAS (active NRAS fraction) and total NRAS in lysates
were detected. ¢ CK16 and CKIe mRNA levels in SK-MEL-103 cells expressing
shScramble (shScr), shCK16 or shCKle were determined by qRT-PCR. d The NRAS-
Raf-RBD interaction in cells (c) was examined. e, f SK-MEL-103 cells were treated
with DMSO or PF670462 for 24 h and western blotting was performed (e). NRAS
protein level relative to B-actin was measured by Image J (f). g Cells expressing
shScr or shCK186 (#1 and #2) were generated and western blotting was performed.
h NRAS mRNA levels in cells (g) were determined by qRT-PCR. i Cells were treated
with DMSO or PF670462 (5 uM) for 24 h. NRAS mRNA level was determined by qRT-

PCR. SK-MEL-103 (j) and SK-MEL-30 (k) cells were pretreated with DMSO or
PF670462 (5uM) for 24 h, then treated with DMSO or MG132 (10 pM) for 10 h.
Western blotting was performed. SK-MEL-103 (I) and SK-MEL-30 (m) cells expres-
sing shScr or shCK16 were treated with DMSO or MG132 for 10 h and western
blotting was performed. n Cycloheximide pulse-chase assay was performed in SK-
MEL-103 cells expressing shScr or shCK16. NRAS protein levels relative to B-actin
was measured by Image J. Cells were cotransfected with empty vector (EV), pIRES-
NRAS Q61R (0), pIRES-NRAS Q61K (p) and other plasmids. Cells were pretreated
with DMSO or PF670462 for 24 h and then treated with MG132 for 10 h. His-tagged
ubiquitin was pulled-down by Ni-NTA beads and polyubiquitylated NRAS were
examined. Immunoblots are representative of three independent experiments

(e, g, 1, n). Data were presented as mean + SD of three independent experiments
(c, h, i). Data were analyzed by two-sided Student’s ¢ test in (i, n), by two-sided one-
way ANOVA in (c, f, h). Source data are provided as a Source Data file.

USP46-UB complex structure (PDB ID: 5CVM) and NRAS Q61K (PDB ID:
8VM2). The modeled structure revealed that K61 of NRAS is positioned
near the groove formed by V91, V332, and E333 of USP46. The basic
amino acids K61 and Ré1 could form a salt bridge with the acidic
residue E333 of USP46, thereby enhancing the interaction between
USP46 and NRAS Q61K/R mutants. Interestingly, a recent report
has shown that NRAS Q6IR and Q61K mutations exhibit a specific
targetable pocket between Switch-1l and a-helix 3, whereas the NRAS
Q61L non-polar mutation category shows a different targetable
pocket®. These findings suggest that different NRAS Q61 mutations
can induce distinct local conformational changes and charge altera-
tions, significantly affecting interactions with other proteins (Supple-
mentary Fig. 3b). Additionally, purified GST-USP46 interacted with the
NRAS Q61R mutant much more strongly than KRAS WT, HRAS WT and
their mutants (Supplementary Fig. 3¢, d). Similarly, the interaction of
USP46 and NRAS Q61R is much stronger than NRAS WT pretreated
with GDP or GTPyS (Fig. 3f). These results indicate that USP46 has a
higher affinity with oncogenic NRAS mutants that could lock NRAS in
an active state.

USP46 deubiquitinates and stabilizes oncogenic NRAS mutants
The direct interaction of USP46 and NRAS mutants prompt us to
examine whether USP46 is essential to regulate the stability and
oncogenic function of NRAS mutants. We found that the knockdown
of USP46 in SK-MEL-103, SK-MEL-30 and SK-MEL-2 cells significantly
decreased the protein level of NRAS mutants (Fig. 4a and Supple-
mentary Fig. 4a). The depletion of USP46 did not affect NRAS mRNA
level (Fig. 4b), while MG132 rescued the decreased protein level of
NRAS mutants in USP46-depleted cells (Fig. 4c, d and Supplementary
Fig. 4b). In line with these observations, NRAS mutant was less stable in
cells depleting USP46 assessed by cycloheximide pulse-chase assay
(Fig. 4e). And USP46 WT but not its catalytically inactive mutant C44S
dramatically decreased the ubiquitination level of NRAS Q61R/K (Fig.
4f-h). In addition, a significant decrease of polyubiquitinated NRAS
Q6I1R was observed when incubated with purified GST-USP46 WT
rather than the C44S mutant in vitro (Fig. 4i). Conversely, the depletion
of USP46 in SK-MEL-103 cells markedly increased the ubiquitination
level of NRAS Q61R (Fig. 4j). We also examined the effect of USP46 on
KRAS mutants and found that the depletion of USP46 hardly affected
the protein level of KRAS mutants in KRAS-mutant NSCLC, pancreatic
cancer, colorectal cancer cells (Supplementary Fig. 4c-e), which was
consistent the inability of USP46 WT to affect the ubiquitination levels
of KRAS and HRAS mutants (Supplementary Fig. 4f, g). Next, the effect
of USP46 on NRAS WT were investigated. As shown in Supplementary
Fig. 4h, i, the protein level of NRAS WT was not significantly affected by
the depletion of USP46 in A375 and A2058, two melanoma cell lines
harboring NRAS WT, since USP46 WT failed to affect the ubiquitination
of NRAS WT. Intriguingly, the half-life of NRAS Q6IR mutant
was significantly longer than that of NRAS WT in SK-MEL-103 cells
(Supplementary Fig. 4j). Together, these results indicate that

USP46 specifically deubiquitinates and stabilizes NRAS Q6IR/K
mutants in melanoma but not NRAS WT, KRAS WT, HRAS WT and their
mutants.

We next examined the specific ubiquitin linkage of NRAS mutants
cleaved by USP46. As shown in Supplementary Fig. 5a, b, NRAS Q61R
could be strongly ubiquitinated through both K48- and K63-specific
polyubiquitin chains, while USP46 only catalyzed the cleavage of K48,
but not K63-specific polyubiquitin chain. We next introduced point
mutation into NRAS Q6IR at several putative ubiquitination sites
according to a previous report** and PhosphoSitePlug database. As
shown in Supplementary Figs. 3b and 5¢, d, the single mutant K135R or
K147R could moderately decreased the ubiquitination of NRAS Q61R
mutant, while the double mutant K135R/K147R largely abrogated the
ubiquitination of NRAS Q61R and significantly increased its stability.
We next generated several NRAS Q61R mutants containing one single
intact lysine residue with the replacement of the other K to R. As shown
in Fig. 4k, USP46 WT could dramatically decrease the ubiquitination
level of K135 and K147 mutants. Lewis Cantley group previously
reported that the monoubiquitination of K147 in KRAS WT in HEK293T
cells could significantly affect GTP loading and its binding affinity to
GST-RBD. In addition, the KRAS K147R and K147A mutations could
enhance GTP loading, meanwhile the K147L mutant reduces the
binding affinity to GST-RBD compared to the mono-ubiquitinated
KRAS WT?. Thus, we investigate the potential effects of K147R and
K147L mutations on NRAS mutant. As shown in Supplementary
Fig. Se, f, the K147R or K147L mutations could similarly decrease the
ubiquitination of the NRAS Q61R mutant, and significantly increase its
stability. These results suggest that USP46 stabilizes NRAS mutants by
selectively deubiquitinating K48-specific polyubiquitin chain at K135
and K147.

USP46 promotes melanocyte malignant transformation and
tumor progression through stabilizing NRAS mutants

We next investigate whether USP46 promotes tumorigenesis and
progression of melanoma harboring NRAS Q61R/K mutants. As shown
in Fig. 5a, the depletion of USP46 in genetically engineered human
immortalized melanocytes (h\TERT/CDK4"2*/p53PP)"> expressing NRAS
Q61R significantly decreased the protein level of NRAS and suppressed
the activation of downstream pathways assessed by p-AKT and p-ERK.
Consistently, the depletion of USP46 substantially inhibited cell pro-
liferation of NRAS Q61R-transformed melanocytes in vitro and in vivo
(Fig. 5b-d), whereas the depletion of USP46 in cells expressing FLAG-
NRAS Q61R-2KR did not exert these effects (Supplementary Fig. 6a-d).
These results indicate the pivotal role of USP46 in oncogenic NRAS-
driven melanomagenesis. As shown in Supplementary Fig. 6e, the
depletion of USP46 in genetically engineered human immortalized
melanocytes ("TERT/CDK4**¢/p53°P) expressing NRAS Q61R induced
a significant reduction of cell proliferation as assessed by Ki67 staining,
and a significant increase of apoptotic cell death as assessed by cleaved
caspase-3 staining. In addition, the reconstitution of USP46 WT rather
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Fig. 2 | CK18 promotes tumor progression through stabilizing NRAS mutants.
a SK-MEL-103 cells were transfected with empty vector or FLAG-NRAS Q61R and
treated with DMSO or PF670462 (5 uM) for 24 h. Western blotting was performed
with indicated antibodies. b Cell proliferation assay was performed from cells in (a).
¢ The migration and invasion abilities of cells as in (a) were measured by Transwell
migration and invasion assays. d Cells as in (a) were treated with DMSO or indicated
concentrations of dacarbazine (DTIC) and cell survival was determined. e SK-MEL-
103 cells stably expressing shScramble (shScr) or shCK18 were transfected with
empty vector or indicated plasmids. Western blotting was performed with indi-
cated antibodies. f Cell proliferation of cells in (e) was examined. g Cells as in (e)

were treated with indicated concentrations of DTIC and cell survival was deter-
mined. The results represent mean * s.d. from three independent experiments.

h, i Cells as in (a) were subcutaneously implanted into nude mice (5-6 weeks, n=6).
When tumors reached around 150-200 mm?® in size, mice were treated with saline,
PF670462 (4 mg/kg), dacarbazine (8 mg/kg) or PF670462 plus dacarbazine.
Tumors were collected (h) and weights were measured (i). The results represent the
mean =+ s.d. of data from six mice. Data were presented as mean + SD of three
independent experiments (b-d, f, g). Data were analyzed by two-sided one-way
ANOVA in (b, ¢, f, i). Source data are provided as a Source Data file.

than the inactive C44S mutant in endogenous USP46-deficient mela-
nocytes dramatically restored p-AKT and p-ERK, the colony formation
capacity, as well as the tumor-forming ability of NRAS Q6IR trans-
formed melanocytes in vitro and in vivo (Fig. 5e-h). As shown in
Supplementary Fig. 6f, the reconstitution of USP46 WT but not the
inactive C44S mutant could rescue the alterations of Ki67 and cleaved
caspase-3 expression caused by the depletion of USP46. Furthermore,
the depletion of USP46 in SK-MEL-103, SK-MEL-30 and SK-MEL-2 cells
significantly suppressed levels of p-AKT and p-ERK, -cellular

proliferation, migration and invasion abilities along with increased
cellular sensitivity to DTIC, whereas the reconstitution of NRAS Q61R/
K, NRAS Q61R-K135R +K147R or NRAS Q61R-K135R + K147L in USP46-
deficient cells markedly rescue such effects (Fig. 5i-1 and Supple-
mentary Figs. 6g-j and 7a-f). In the line with these results in vitro,
similar results were observed in xenograft animal experiments (Fig.
5m, n and Supplementary Fig. 7g, h). We also found that the depletion
of USP46 in SK-MEL-103 cells dramatically reduced Ki67 expression
along with upregulated cleaved caspase-3 staining in tumors from
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Fig. 3 | USP46 binds oncogenic NRAS mutants. a Purified recombinant His-NRAS
Q61R were incubated with GST or GST-CK16 and the direct interaction between
CK16 and NRAS Q61R was examined. CBS Coomassie blue staining. b Volcano plots
of NRAS Q61R-associated proteins identified by mass spectrometric analysis. SK-
MEL-103 cells stably expressing FLAG-S-NRAS Q61R or Empty Vector were gener-
ated and treated with MG132 (10 uM) for 10 h. NRAS Q61R or Empty Vector
immunoprecipitates were subjected to mass spectrometric analysis (n=3). Cell
lysates of SK-MEL-103 (c) and SK-MEL-30 (d) were subjected to immunoprecipita-
tion with IgG, anti-NRAS or anti-USP46 antibodies, respectively. Western blotting

was performed with indicated antibodies. e Purified recombinant GST, GST-USP46
and His-NRAS WT, His-NRAS Q61R, His-NRAS Q61K and His-NRAS Q61L were
incubated in vitro as indicated. The interaction between USP46 and NRAS was
examined. CBS Coomassie blue staining. f Cells were transfected with pLV5-NRAS
WT or NRAS Q61R (containing HA and S tag). NRAS was pull-downed by S-protein
agarose, preloaded with DMSO, 1 mM GDP or GTPyS and incubated with purified
GST or GST-USP46. Western blotting was performed with indicated antibodies.
Source data are provided as a Source Data file.

mice treated with saline or DTIC, although the phenotypical alterations
were much more obvious in DTIC-treated group. Moreover, the
reconstitution of NRAS Q6IR significantly rescued such effects caused
by the depletion of USP46 (Supplementary Fig. 7i). In addition, effects
of NRAS Q6IR or the ubiquitination-deficient NRAS mutant (NRAS
Q61R-2KR) on USP46-depleted melanoma cells were examined. Com-
pared to control cells (shScramble), the depletion of USP46 in SK-MEL-
103 cells expressing FLAG-NRAS Q61R markedly decreased the protein
level of the NRAS mutant, inhibited the activation of downstream
pathways assessed by p-AKT and p-ERK, reduced cell proliferation, and
increased cellular sensitivity to DTIC. However, the depletion of USP46
did not exert such effects in SK-MEL-103 cells expressing FLAG-NRAS
Q61R-2KR (Supplementary Fig. 8a-c). Conversely, the overexpression
of USP46 WT rather than USP46 C44S in SK-MEL-103 cells and SK-MEL-
30 cells markedly increased the protein level of NRAS mutant and
NRAS mutant-dependent malignant phenotypes (Supplementary
Fig. 8d-f). These results reveal the tumor-promoting activity of USP46
in melanoma is mainly through deubiquitinating and stabilizing NRAS
Q61R/K mutants.

CK16 binds and phosphorylates USP46 at Thr209, Ser351

and Ser354

Since both CK18 and USP46 stabilize NRAS mutants by inhibiting its
ubiquitination and subsequent degradation, it is tempting to speculate
that USP46 might be the potential linker between CK16 and NRAS
mutants. Interestingly, we also identified CK16 as a major USP46-
associated protein by tandem affinity purification and mass spectro-
metry analysis using SK-MEL-103 cells stably expressing FLAG-USP46
(Fig. 6a). The endogenous USP46-CK1§ interaction were validated in
SK-MEL-103 and SK-MEL-30 cells, respectively (Fig. 6b and

Supplementary Fig. 9a). In addition, purified GST-CK16 protein could
pull-down His-USP46 in a cell-free system, indicating the direct inter-
action between CK16 and USP46 (Fig. 6¢). We next investigated whe-
ther CKI& could phosphorylate USP46. CK16-mediated
phosphorylation of USP46 in the in vitro kinase assay was detected by
using phospho-tag gel, which was significantly mitigated by the
treatment of PF670462 (Fig. 6d). To identify potential phosphorylation
sites of USP46 by CK15, we analyzed the amino acid sequence of USP46
and found that Thr209, Ser351 and Ser354 match with CK1 consensus
phosphorylation motif? and are highly conserved among multiple
species (Supplementary Fig. 9b). The single mutation of USP46 T209A,
S351A or S354A only mildly decreased the phosphorylation of USP46,
while the 3A mutant (T209A/S351A/S354A) almost completely abol-
ished it assessed by phospho-tag gel (Fig. 6e). Furthermore, the in vitro
kinase assay was performed by using anti-p-Ser and anti-p-Thr anti-
bodies to examine the phosphorylation of USP46 isolated from SK-
MEL-103 cells stably expressing pLVX3-GST-USP46 WT and the 3A
mutant. As shown in Supplementary Fig. 9c, CK16 significantly
increased the phosphorylation of USP46 WT assessed by anti-p-Ser
and anti-p-Thr antibodies, whereas the 3A mutant could largely
decrease such phosphorylation events. This result suggests that CK16
could regulate the phosphorylation of USP46 at Thr209, Ser351 and
Ser354 residues, which all contain the S/T-X-X-S/T motif. Intriguingly,
some basal phosphorylation of isolated USP46 from SK-MEL-103 cells
was noticed even in the absence of CK16, indicating that other protein
kinases might also contribute to the phosphorylation of USP46. Con-
sidering that CLK1, Creatine Kinase B (CKB), Aurora kinase B (AURKB),
PKN2 and several other serine/threonine protein kinases were identi-
fied as potential interactors of USP46 in our mass spectrometry ana-
lysis of FLAG-S-tagged USP46 (Fig. 6a), making it possible that certain
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USP46-associated kinases might mediate potential priming phos-
phorylation in these consensus sequences of USP46.

We next investigated whether CK16-mediated phosphorylation
affect the enzymatic activity USP46 toward NRAS mutants.
Compared to USP46 WT, the reconstitution of single mutant of
USP46 T209A, S351A or S354A could partially rescue the reduced
protein level of NRAS Q6IR induced by endogenous USP46-
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deficiency, while the 3 A mutant failed to do so (Fig. 6f). In addition,
the ability of the single mutant to cleave the ubiquitination of
NRAS Q61R is moderately weaker than USP46 WT, while the 3 A
mutant largely impaired the ability to deubiquitinate NRAS Q61R
efficiently (Fig. 6g). These results suggest that CK16 directly phos-
phorylates USP46 and activates its deubiquitinase activity toward
NRAS Q61R.
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Fig. 4 | USP46 deubiquitinates and stabilizes NRAS activation mutants. a USP46
and NRAS protein levels in SK-MEL-103 and SK-MEL-30 cells expressing shScramble
(shScr) or shUSP46 (#1 and #2) were measured by western blotting. b NRAS mRNA
levels in cells (a) was determined by qRT-PCR. SK-MEL-103 (c) and SK-MEL-30 (d)
cells expressing shScramble (shScr) or shUSP46 were treated with DMSO or MG132
(10 pM) for 10 h and western blotting was performed. e Cycloheximide pulse-chase
assay was performed in cells (a); NRAS protein levels relative to -actin was mea-
sured by Image J. f SK-MEL-103 cells were cotransfected with empty vector (EV),
PLV5-NRAS Q61R (containing HA and S tag), FLAG-USP46 WT or FLAG-USP46 C44S
mutant, then treated with MG132 for 10 h. NRAS Q61R was pull-downed by
S-protein agaroses and polyubiquitylated NRAS Q61R was detected. SK-MEL-103
and SK-MEL-30 cells were cotransfected with empty vector, pIRES-NRAS Q61R (g),
PIRES-NRAS Q61K (h) (containing FLAG and S tag) and other indicated plasmids.
His-tagged ubiquitin was pulled-down by Ni-NTA beads and polyubiquitylated
NRAS Q61IR/K protein was examined. i SK-MEL-103 cells were transfected with

empty vector or pLV5-NRAS Q61R (containing HA and S tag) and treated with
MGI132 (10 puM) for 10 h. NRAS Q61R was pull-downed by S-protein agaroses and
incubated with purified GST, GST-USP46 WT or GST-USP46 C44S at 4 °C for 24 h.
Polyubiquitylated NRAS Q61R was examined. j SK-MEL-103 cells expressing
shScramble (shScr) or shUSP46 were transfected with empty vector or indicated
plasmids followed by MG132 treatment for 10 h. NRAS Q61R was pull-downed by
S-protein agarose and polyubiquitylated NRAS Q61R was examined. k Cells
expressing empty vector, pLV5-NRAS Q61R, K104, K117, K128, K135 or K147 mutants
(containing HA and S tag) were transfected with empty vector or FLAG-USP46 and
treated with MG132 (10 uM) for 10 h. NRAS Q61R was pull-downed by S-protein
agarose and polyubiquitylated NRAS Q61R was examined. Immunoblots are
representative of three independent experiments (a, e). Data were presented as
mean + SD of three independent experiments (b). Data were analyzed by two-sided
one-way ANOVA in (b, e). Source data are provided as a Source Data file.

CK18-mediated phosphorylation of USP46 regulates tumor
progression of oncogenic NRAS-driven melanoma

We further tested whether USP46 is the missing link between CK16 and
NRAS mutants. As shown in Fig. 7a, b, the depletion or inhibition of
CK18 by PF670462 could not further decrease the protein level of
NRAS mutant in USP46-deficent cells. In addition, the overexpression
of USP46 WT in SK-MEL-103 and SK-MEL-30 cells significantly
increased the protein level of NRAS mutants, which could be largely
mitigated by the treatment of PF670462 (Fig. 7c and Supplementary
Fig. 10a). To rule out the non-specific effect of PF670462, two different
CK18 inhibitors D4476 and Casein kinase 18-IN-8 were used to treat SK-
MEL-103 and SK-MEL-30 cells. As shown in Supplementary Fig. 10b-e,
the overexpression of USP46 WT in SK-MEL-103 and SK-MEL-30 cells
increased the protein level of NRAS mutants, which could be largely
mitigated by the treatment of D4476 or Casein kinase 16-IN-8. And the
treatment of D4476 and Casein kinase 16-IN-8 did not affect the levels
of p-p38 and p-EGFR in SK-MEL-103 and SK-MEL-30 cells. Consistently,
the overexpression of USP46 WT dramatically decreased the ubiqui-
tination level of NRAS Q61R, which was markedly abrogated by the
depletion or inhibition of CK18 by PF670462 or Casein kinase 15-IN-8
rather than B-catenin inhibitor MSAB (Fig. 7d, e and Supplementary
Fig. 10f).

Next, we examined the effect of CK16-mediated phosphoryla-
tion of USP46 on the ubiquitination of NRAS mutants. As shown in
Fig. 7f, g, the overexpression of USP46 WT could dramatically
decrease the ubiquitination level of NRAS mutants, whereas the 3 A
mutant failed to do so. In addition, the reduced protein level of
NRAS Q61R in USP46-deficient SK-MEL-103 cells could be largely
rescued by the reconstitution of USP46 WT, but not the 3 A mutant
(Fig. 7h). Moreover, the reconstitution of USP46 WT in endogenous
USP46-deficient SK-MEL-103 cells dramatically increased the half-
life of NRAS mutant compared to the 3 A mutant (Fig. 7i). These
results indicate that CK18 stabilizes NRAS mutant in melanoma in a
USP46-dependent manner.

We next investigated the function of CK16-mediated phosphor-
ylation of USP46 on oncogenic NRAS-dependent malignant processes.
As shown in Fig. 7j and Supplementary Fig. 10g, the overexpression of
USP46 WT, but not the 3 A mutant in SK-MEL-103, SK-MEL-30 and SK-
MEL-2 cells significantly increased the protein level of NRAS mutants
and levels of p-AKT and p-ERK. And the reconstitution of USP46 WT
but not the 3 A mutant in endogenous USP46-deficient SK-MEL-103
cells and SK-MEL-2 cells significantly increased the proliferation,
migration and invasion abilities along with decreased cellular sensi-
tivity to DTIC in vitro and in vivo (Fig. 7k-o and Supplementary
Fig. 10h, i). Moreover, the suppressive effects of targeting CK15 by
PF670462 were observed in cells reconstituted with USP46 WT, but
not the 3 A mutant. These results indicate that CK18-mediated phos-
phorylation of USP46 is pivotal to stabilize NRAS mutant and promote
oncogenic NRAS-dependent tumor progression.

The expression of NRAS Q61R/K positively correlates with
USP46 and CK18 in melanoma

We further examine the clinical relevance of this axis by analyzing
protein expression of CK18, USP46 and NRAS in melanoma samples
harboring NRAS Q61R/K by immunohistochemistry. As shown in Fig.
8a, b, the levels of CK18 and USP46 were positively correlated with the
expression level of NRAS mutant in melanoma harboring with NRAS
Q6IR (19 cases) and NRAS Q61K (16 cases). Overall, our study
demonstrates that the CK18-USP46 axis functions as an important
regulatory mechanism to control the stabilization of NRAS Q61R/K
mutants and provides an appealing therapeutic strategy in oncogenic
NRAS-driven melanoma (Fig. 8c).

Discussion

Compared to non-NRAS mutated melanoma, oncogenic NRAS-driven
melanomas are more aggressive with higher metastasis rates, poorer
outcomes and lower median survival”’. The management of melano-
mas harboring NRAS mutations remains challenging. While immu-
notherapy has offered significant advancements for various subtypes
of melanoma®, it is limited by the outcome variability between
patients and side effects. There remains a critical unmet need for
innovative treatments for NRAS-mutant melanoma, particularly for
metastatic cases. Currently, a variety of treatment approaches has
been explored in the preclinical and clinical trials, primarily focusing
on inhibiting the MAPK signaling pathway”, either alone or in com-
bination with interventions targeting downstream signaling pathways
of NRAS, such as CDK4/6, FAK, and autophagy pathways* >, However,
the efficacy of these approaches has been limited by diverse resistance
mechanisms. These include the reactivation of MAPK signaling and
activation of multiple pro-survival pathways such as mTOR1/2 signal-
ing mTOR-S6 signaling, Rho/MRTF pathway, MITF pathway, the
enhanced activity of Bcl-2, and the activation of metabolic enzyme
PHGDH***?", In this study, we reveal several unexpected findings with
important clinical implications for the treatment of NRAS mutant
melanoma. First, we identify the CK18-USP46 axis as an uncharacter-
ized upstream regulator of NRAS Q61R/K mutants. Mechanistically,
CK16-mediated phosphorylation of USP46 is a critical post-
translational mechanism that controls stability and oncogenic func-
tion of these NRAS mutants. We provide preclinical evidence demon-
strating that targeting CK16 and USP46 is an effective approach to
suppress tumor progression of melanoma carrying NRAS Q61R/K
mutants (Fig. 8c).

Considering the challenge in developing inhibitors directly tar-
geting NRAS, developing alternative therapeutic strategies such as
controlling stability of oncogenic NRAS mutants would benefit the
clinical outcome of NRAS-mutant melanoma. Emerging evidence
suggests that ubiquitination and subsequent degradation play
important roles in regulating RAS stability and activity. HRAS can be
ubiquitinated and degraded by the E3 ligase B-TrCP, and aberrant
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activation of Wnt/B-catenin signaling promotes intestinal tumorigen-  cancers'>**, its role in melanoma remains poorly understood. Ana-

esis by stabilizing HRAS™. OTUBI triggers the activation of MAPK
pathway by inhibiting RAS ubiquitination, which in turn promotes the
development of lung cancer®. In our study, we screened the protein
kinase CK16 as a critical regulator that stabilizes oncogenic NRAS
mutant through an active NRAS chemiluminescence assay. Although
CK18 is implicated in neurodegenerative diseases and certain

lysis of datasets from tumor cell lines and tumor tissues revealed ele-
vated expression of CK16 in many cancer types, including melanoma,
indicating the potential involvement of CK16 in melanoma*2. However,
Sinnberg et al. reported that CK16 is not substantially involved in
melanoma progression since the depletion of CK16 by one siRNA does
not significantly affect the growth and survival of metastatic
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Fig. 5 | USP46 promotes melanocyte malignant transformation and tumor
progression through stabilizing NRAS mutants. a hTERT/CDK4%*¢/p53°° human
melanocytes expressing FLAG-NRAS Q61R were infected with lentivirus encoding
shScramble (shScr) or shUSP46 (#1 and #2) and indicated proteins were examined
by western blotting. b The colony formation ability of hTERT/CDK4"*¢/p53°°
melanocytes as in (a) was measured. ¢, d Cells as in (a) were subcutaneously
implanted into nude mice (5-6 weeks, n = 6). Tumors were collected (c) and tumor
weights were analyzed (d). e Cells as in (a) were transfected with empty vector
(pLV5), USP46 WT or C44S mutant and western blotting was performed with
indicated antibodies. f The colony formation assay of melanocytes as in (e) was
performed. g, h Cells as in (e) were subcutaneously implanted into nude mice
(5-6 weeks, n = 6). Tumors were collected (g) and weights were measured (h). i SK-
MEL-103 cells stably expressing shScramble (shScr) or shUSP46 (#1 and #2) were

transfected with empty vector (pLV3) or FLAG-NRAS Q61R and western blotting
was performed with indicated antibodies. j Cell proliferation of SK-MEL-103 cells in
(i) was examined. k The migration and invasion abilities of SK-MEL-103 as in (i) were
measured by Transwell migration and invasion assays and results were quantified in
low panel. 1 SK-MEL-103 cells as in (i) were treated with indicated concentrations of
dacarbazine (DTIC) and cell survival was determined. m, n SK-MEL-103 cells as in (i)
were subcutaneously implanted into nude mice (5-6 weeks, n=6). When tumors
reached around 150-200 mm?® in size, mice were treated with saline or DTIC (8 mg/
kg). Tumors were collected (m) and weights were measured (n). The results
represent the mean + s.d. of data from six mice. Data were presented as mean + SD
of three independent experiments (b, f, j-1). Data were analyzed by two-sided one-
way ANOVA in (b, d, f, h, j, k, n). Source data are provided as a Source Data file.
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Fig. 6 | CK18 binds and phosphorylates USP46 at Thr209, Ser351 and Ser354.
a Volcano plots of USP46 associated proteins identified by mass spectrometric
analysis. SK-MEL-103 cells stably expressing FLAG-S-USP46 or Empty Vector were
generated and treated with MG132 (10 pM) for 10 h. USP46 or Empty Vector
immunoprecipitate complexes were subjected to mass spectrometric analysis
(n=3). b SK-MEL-103 cell lysates were subjected to immunoprecipitation with IgG,
anti-CK18 or anti-USP46 antibodies. The immunoprecipitates were blotted with
indicated antibodies. ¢ Purified recombinant GST, GST-CK18 and His-USP46 were
incubated in vitro as indicated. The interaction between CK18 and USP46 was
examined. CBS, Coomassie blue staining. d SK-MEL-103 cells stably expressing
empty vector or FLAG-CK16 were generated. FLAG-CK186 was immunoprecipitated
with anti-FLAG affinity gel and incubated with GST or GST-USP46 protein purified
from SK-MEL-103 cells stably expressing empty vector (pLVX3-GST) or pLVX3-GST-
USP46 WT in an in vitro kinase buffer with the presence of DMSO or CK18 inhibitor
PF670462 (5 uM). The phosphorylation of USP46 was examined by western

blotting using Phos-tag containing gel. e CK18 phosphorylates USP46 at Thr209,
Ser351 and Ser354. Cell lysates of SK-MEL-103 cells stably expressing FLAG-CK18
were immunoprecipitated with anti-FLAG affinity gel and incubated with GST, GST-
USP46 WT, the single mutants or the 3A mutants purified from SK-MEL-103 cells
stably expressing empty vector (pLVX3-GST), pLVX3-GST-USP46 WT or indicated
mutants in an in vitro kinase buffer. The phosphorylation of USP46 was assessed by
western blotting using Phos-tag containing gel. f SK-MEL-103 cells stably expressing
shUSP46 were transfected with empty vector (pLV5), USP46 WT or the phos-
phorylation defective mutant 1A and 3A and western blotting was performed with
indicated antibodies. g Endogenous USP46-deficient SK-MEL-103 cells were trans-
fected with empty vector (pLV5), HA-USP46, the single mutants, the 3A mutants or
indicated plasmids and then treated with MG132 (10 pM) for 10 h. FLAG-NRAS Q61R
was immunoprecipitated with anti-FLAG affinity gel and the ubiquitination of FLAG-
NRAS Q61R were measured by western blotting. Source data are provided as a
Source Data file.

melanoma cells in vitro'. Melanoma cells with BRAF mutations and
NRAS WT as well as Scbl2 cell line carrying NRAS mutant were mainly
used in Sinnberg et al.’s study. However, NRAS mutation in the Scbl2
cell line was the substitution of Leu (L) by a GIn (Q) acid at position 61
(Q61L) but not Q61K according to the information provided by the
Cellosaurus. In our study, the interaction of USP46 with NRAS WT and
Q61L mutant is weaker than NRAS Q61R or Q61K (Fig. 3e), which might
be due to the conformation difference and charge alterations between
the positively charged mutations (Q61R and Q61K) and non-polar
mutation (Q61L). In addition, the effect of CK16 inhibition on the
ubiquitination of NRAS Q61R and Q61K mutants was more significant
than on NRAS Qé61L mutant (Fig. 1o, p and Supplementary Fig. In-r).
These results might explain the insignificant effect of CK16 depletion
or inhibition by PF670462 on the growth of Sbcl2 cells. In contrast to
their findings in melanoma cells with BRAF mutations and NRAS WT as
well as Scbl2 cell line carrying NRAS Q61L, our study reveals the tumor
promoting activity of CK18 in NRAS Q61R/K mutant driven melanoma
based on the following evidence. First, the selective CK16/¢ inhibitor
PF670462 potently inhibits the active fraction of NRAS Q6IR/K
mutants (Fig. 1a, b). Second, CK16 but not CKle is pivotal for the
inhibitory effect of PF670462 on these NRAS mutants (Fig. 1c-g and
Supplementary Fig. 1f, g). Third, the genetic ablation or pharmacolo-
gical inhibition of CK16 causes the degradation of NRAS Q6IR/K by
affecting their ubiquitination level (Fig. le-p and Supplementary
Fig. In-q). Importantly, targeting CK16 could significantly suppresses
the activity of NRAS mutants and their mediated malignant pheno-
types in vitro and in vivo (Fig. 2 and Supplementary Fig. 2a-d).
Intriguingly, the ability of CK18 to stabilize NRAS mutants in
melanoma is not through direct phosphorylation of NRAS, as no direct
interaction between purified GST-CK16 and His-NRAS Q61R was
observed (Fig. 3a). Instead, the deubiquitinase USP46 functions as the
linker between CK16 and NRAS mutants based on following evidence.
First, USP46 directly binds, deubiquitinates and stabilizes NRAS
mutants in an enzymatic activity-dependent manner, thereby pro-
moting melanomagenesis and tumor progression of melanoma har-
boring NRAS Q61R/K mutants (Figs. 3-5 and Supplementary Figs. 3-8).
It is also noteworthy that we cannot rule out the possibility of addi-
tional mechanisms engaged in USP46-regulated tumor progression of
oncogenic NRAS-driven melanoma since the ectopic expression of
NRAS mutants could not completely rescue phenotypic changes
caused by the depletion of USP46 (Fig. 5 and Supplementary Figs. 6-8).
Second, CK16 binds and regulates the phosphorylation of USP46 (Fig.
6 and Supplementary Fig. 9). Interestingly, we did notice some basal
phosphorylation of isolated USP46 from SK-MEL-103 cells even in the
absence of CK16 (Supplementary Fig. 9¢), indicating that other protein
kinases might also contribute to the phosphorylation of USP46. In our
mass spectrometry analysis of FLAG-S-tagged USP46, CLK1, Aurora
kinase B (AURKB), PKN2, and several other serine/threonine protein
kinases were identified as potential interactors of USP46 (Fig. 6a). As

the phosphorylation of USP46 is poorly studied, the protein kinases
other than CK18 responsible for the basic phosphorylation of USP46
need further investigation in the future. Third, CK16-mediated phos-
phorylation is pivotal for the deubiquitinase activity of USP46 towards
NRAS mutants and its dependent malignant phenotypes (Fig. 7d-g).
The inhibition of such phosphorylation events by pharmacologically
targeting CK18 or the reconstitution of the phosphorylation-defective
mutant USP46 3 A fails to promote the malignant features mentioned
above (Fig. 7j-o and Supplementary Fig. 10g-i). Importantly, our his-
tological analyses show that the expressions of CK16 and USP46 are
positively correlated with the expression of NRAS mutants in 35 cases
of human melanoma specimens harboring NRAS Q6IR/K. Further
preclinical studies including PDX models and clinical studies are nee-
ded to explore the therapeutic benefits of targeting the CK18-USP46
axis in oncogenic NRAS mutant-driven melanoma.

Collectively, our findings reveal the potential therapeutic benefit
of CK16 inhibitors in suppressing melanoma with NRAS Q61R/K
mutants. However, several critical considerations must be considered
to understand its potential limitations and challenges. PF670462 is
known to target both CK16 and CKle isoforms, which share a sig-
nificant degree of homology and are involved in the phosphorylation
of a variety of proteins, including PER (impacting circadian rhythm)*,
DVL (Wnt signaling pathway)*°, as well as AMPA receptor (neuronal
functions)**. Consequently, the use of PF670462 may lead to con-
siderable effects beyond the intended therapeutic targets, potentially
disrupting circadian rhythms, Wnt signaling, and neuronal processes.
Moreover, the off-target inhibition of PF670462, including its action
on PKAq, p38, MAP4K4, LCK, and EGFR*, introduces additional com-
plexity to its specificity and toxicity profile, highlighting the critical
need for the development of more selective CK16 inhibitors to mini-
mize unintended effects.

The next question is how CK16 is deregulated in NRAS-mutant
melanoma. The transcription of CK18 has been reported to be upre-
gulated in some tumor types including breast cancer” and hepato-
cellular carcinoma*, which significantly associate with poor clinical
outcomes. However, the regulation of CK16 in melanoma remains
elusive. Stress conditions such as y-irradiation and DNA-damaging
agents have been reported to increase CK1§ transcription in a p53-
dependent manner'®¥. Unlike many solid tumors harboring p53
mutations, most melanomas retain wild-type p53 protein, which pro-
motes migration-related cytokine expression and initiates a slow-
cycling state, thereby driving therapy resistance in melanoma*®*’. In
addition, CK18 can be phosphorylated by several kinase including
PKCa and Chkl, which negatively regulate the activity of CKI15
in vitro®*>2, Further efforts are warranted to investigate regulatory
mechanisms of CK15 aberrations and validate the effects of targeting
CK16 with more isoform-specific inhibitors on NRAS-mutant mela-
noma and other cancers such as acute myeloid leukemia, which har-
bors NRAS mutants at a relatively high frequency***.
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Considering these challenges, our findings identify a previously
unknown oncogenic role of the CK156-USP46 axis by stabilizing NRAS
Q61R/K mutants and provide important preclinical evidence that tar-
geting the CK16-USP46 axis is an appealing strategy in the treatment of
melanoma and other cancers with NRAS Q61R/K. However, melanoma
is one of the most heterogeneous human cancers and displays a high
level of genetic, molecular, and phenotypic diversity during tumor

progression, thereby contributing to distinct treatment response and
resistance. Thus, the heterogeneity in melanoma harboring NRAS
Q61R/K mutants should be investigated in the future by single-cell RNA
sequencing and other technologies, which may help understand the
mechanisms of treatment response and provide further insights to
prevent or overcome drug resistance to the pharmacological inhibi-
tion of the CK156-USP46 axis.
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Fig. 7 | CK16-mediated phosphorylation of USP46 regulates tumor progression
of oncogenic NRAS-driven melanoma. a NRAS and USP46 levels in SK-MEL-103
cells expressing shScramble (shScr) or shUSP46 treated with DMSO or PF670462
(5 M) was examined. b NRAS and USP46 levels in SK-MEL-103 cells expressing
shScr, shUSP46 and shCK16 were examined. ¢ SK-MEL-103 cells expressing empty
vector (pLV3) or FLAG-USP46 were treated with DMSO or PF670462 (5 uM) and
NRAS levels were examined. d Cells were transfected as indicated and treated with
DMSO or PF670462 (5 pM) followed by MG132 treatment. Polyubiquitylated
NRAS Q61R was examined. e Cells were cotransfected with empty vector, pIRES-
NRAS Q61R and other plasmids. His-tagged ubiquitin was pulled-down by Ni-NTA
beads and polyubiquitylated NRAS Q61R was examined. SK-MEL-103 and SK-MEL-
30 cells were cotransfected with empty vector, pIRES-NRAS Q61R (f), pIRES-
NRAS Q61K (g) and other indicated plasmids. His-tagged ubiquitin was pulled-down
by Ni-NTA beads and polyubiquitylated NRAS Q61R/K was examined. h SK-MEL-103
cells stably expressing shScr or shUSP46 were transfected with empty vector
(pLV5), USP46 WT or the 3A mutant. Cells were treated with DMSO or PF670462

and western blotting was performed. i SK-MEL-103 cells expressing shUSP46 were
transfected with empty vector, USP46 WT or the 3A mutant and cycloheximide
pulse-chase assay was performed. j SK-MEL-103 cells with endogenous USP46-
deficiency were transfected with indicated plasmids and western blotting was
performed. Proliferation (k), migration and invasion abilities (I) of cells (j) were
examined and quantified. m SK-MEL-103 cells (j) were treated with DMSO or
PF670462 (5 uM) and sensitivity to dacarbazine (DTIC) was determined. n, o SK-
MEL-103 cells (j) were subcutaneously implanted into nude mice (5-6 weeks, n = 6).
When tumors reached around 150-200 mm?® in size, mice were treated with saline,
PF670462 (4 mg/kg), DTIC (8 mg/kg) or PF670462 plus DTIC. Tumors were col-
lected (n) and weights were measured (0). The results represent the mean + s.d. of
data from six mice. Immunoblots are representative of three independent experi-
ments (i, j). Data were presented as mean + SD of three independent experiments
(k-m). Data were analyzed by two-sided one-way ANOVA in (i, k, 1, 0). Source data
are provided as a Source Data file.

Methods

Ethical statement

This research complies with all relevant ethical regulations. All animal
experiments were conducted in accordance with the protocols
approved by the Institutional Animal Care and Use Committee of the
Jinan University. The experiment using patients’ samples was approved
by the institutional ethics committee of Peking University Cancer
Hospital and Research Institute.

Cell culture, plasmids and antibodies
HEK293T, A375, A2058, SK-MEL-2, SK-MEL-5, SK-MEL-28, HCTI16,
LoVo, AsPC-1, SU.86.86, A549, NCI-H358 cells and other lines were
obtained from ATCC (American Type Culture Collection). HEK293T,
A375, A2058, SK-MEL-2, SK-MEL-5 and SK-MEL-28 cells cultured in
Dulbecco’s modified Eagles’s medium (Gibco) supplemented with 10%
FBS (Gibco) or in Eagle’s Minimum Essential medium (Gibco) supple-
mented with 10% FBS. HCT116 cells were cultured in McCoy’s 5A
medium (Gibco) with 10% FBS. A549, LoVo cells were cultured in F-12K
medium (Gibco) with 10% FBS. NCI-H358, SU.86.86 and AsPC-1 cells
were cultured in RPMI 1640 medium (Gibco) with 10% FBS. SK-MEL-103
was kindly shared by Dr. Jun Wan in Shenzhen PKU-HKUST Medical
Centre. SK-MEL-30 was provided by the Cell Bank, Chinese Academy of
Sciences. Immortal human melanocytes (WnTERT/CDK4**¢/p53°°) were
cultured in glutamine containing Ham’s F12 media supplemented with
7% fetal bovine serum (FBS), 0.1mM IBMX, 50 ng/mL TPA, 1pM
Na3;VO,, and 1 uM dibutyryl cAMP. All cell lines were mycoplasma-free
and authenticated by short tandem repeat DNA profiling analysis.
USP46 (NM_022832.4), CK16 (NM_139062.4) and NRAS WT
(NM_002524.5), and were cloned into pIRES-FLAG-S, pLV3-FLAG-S,
pLV3-FLAG, pLV5-HA-S, pLVX3-GST, PET28A and pGEX4T-1 vectors,
respectively. All site mutants of NRAS, KRAS and HRAS were generated
by site-directed mutagenesis and identified by sequencing. In shRNA
experiments, pLKO.1-scramble shRNA was used as a negative control
with the sequence of CCTAAGGTTAAGTCGCCCTCG. The shRNA tar-
geting sequences for USP46 shRNA#1 and shRNA#2 are 5 - TCCA
TGAAACTTACGCAGTAA -3 and 5 - CGCTTACCAATGAAACTCGAT
-3'. The sequences for CK16 shRNA#1 and shRNA#2 are 5’- CCACGTG
AACTCGGTTGTAAC -3 and 5-CTCTGTTACCAATGGCTTTAC-3'. The
sequence for CKle shRNA#1 is 5- GCTTAGTGTCTTCACTGTATT -3’
and shRNA#2 is 5-CCAGTGTTTGCTTAGTGTCTT-3". For the over-
expression experiments, the empty vectors were used as a negative
control. The list of primers used in this study is in Supplementary Data.
Antibodies anti-p-AKT (Ser473) antibody (#4060S, dilution:
1:1000) and anti-AKT (pan) antibody (#2920S, dilution: 1:1000),
phospho-p44/42 MAPK (Thr202/Tyr204) (#9101S, dilution: 1:1000)
and p44/42 MAPK (ERK1/2) (#9102S, dilution: 1:1000), anti-B-catenin
antibody (#9562S, dilution: 1:1000), LaminB (#13435S, dilution:
1:2000) and GAPDH (#5174S, dilution: 1:2000), anti-EGFR antibody

(#4267S, dilution: 1:1000), anti-phospho-EGFR (Tyr1068) antibody
(#3777, dilution: 1:1000), anti-p38 MAPK (#9212S, dilution: 1:1000),
anti-phospho-p38 MAPK (Thr180/Tyr182) (#9211S, dilution: 1:1000),
cleaved caspase-3 antibody (#9664S, dilution: 1:200 for IHC) were
purchased from CST (Cell Signaling Technology). Antibodies anti-CK16
(14388-1-AP, dilution: 1:500) and anti-USP46 (13502-1-AP, dilution:
1:500) were purchased from Proteintech Group. Anti-NRAS (sc-31,
dilution: 1:200), anti-p-Ser (sc-81514, dilution: 1:500), anti-p-Thr (H-2)
(sc-5267, dilution: 1:500) and anti-Ub (sc-8017, dilution: 1:1000) anti-
bodies were purchased from Santa Cruz Biotechnology. Light or heavy
chain specific IPKine™ HRP (A25022 and A25112) were purchased from
Abbkine Scientific Co were used in co-IP experiment. Anti-Ki67 anti-
body (SR00-02; dilution: 1:200 for IHC) was purchased from HUABIO.
Anti-FLAG (F1804, dilution: 1:1000), anti-HA (H3663, dilution: 1:1000),
anti-B-actin (A1978, dilution: 1:5000) and monoclonal anti-FLAG® M2-
Peroxidase (HRP) (A8592, dilution: 1:1000) antibodies were purchased
from Sigma-Aldrich. Antibodies anti-His tag (ab9108, dilution: 1:1000),
anti-GST (ab111947, dilution: 1:1000) and anti-MYC tag (ab32, dilution:
1:1000) were purchased from Abcam.

siRNA transfection assay

For siRNA transfection, cells were transfected twice at 24 h intervals
with control siRNA or target-specific siRNA using Oligofectamine
(Invitrogen) following the manufacturer’s instructions. After 24 hours
of transfection, cells were subjected to the indicated treatment, and
indicated protein expression levels were measured by western blot-
ting. The siRNAs were synthesized by GenePharma (Shanghai, China).
The sequences used were as follows: NC siRNA sense strand, 5-
UUCUCCGAACGUGUCACGUTT-3 and antisense strand, 5-~ACGUGAC
ACGUUCGGAGAATT-3’; B-catenin siRNA#1 sense strand, 5-GCUGC
UUUAUUCUCCCAUUTT-3" and antisense strand, 5-AAUGGGAGAA
UAAAGCAGCTT-3’; B-catenin siRNA#2 sense strand, 5- GGACACAG
CAGCAAUUUGUTT-3 and antisense strand, 5’- ACAAAUUGCUGCUG
UGUCCTT-3".

Small molecule compound screening by RAS GTPase

ELISA assay

The small molecule compounds library from College of Pharmacy,
Jinan University contains 1600 compounds supplied in 96-well plates.
SK-MEL-103 cells stably expressing FLAG-NRAS Q61R were treated with
DMSO or each compound from the library at the concentration of
10 pM for 24 hours. Cell lysates were then collected and NRAS activity
was examined by modified RAS GTPase ELISA. 50 pL purified GST-RBD
protein at the concentration of 2 pg/mL was added into each well of
GSH-coated plate (Corning, CLS-9018) and incubated for 1hour at
room temperature with mild agitation. The plate was washed by cold
PBS for three times. Cell lysate was then added to each well and
incubated at 4 °C overnight followed with three times of washing by
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determined using a two-tailed Pearson correlation (n = 35). ¢ This working model to
illustrate that CK18 phosphorylation-dependent activation of USP46 regulates

Fig. 8 | The expression of NRAS Q61R/K mutants positively correlates with

USP46 and CK16 in melanoma. a Representative images of immunohistochemical
staining of USP46, CK16 and NRAS in tumor samples of melanoma harboring NRAS
Q61R (n=19) or NRAS Q61K (n =16). b Correlation of NRAS Q61R/K expression with

USP46 and CK16 was analyzed, respectively. Significant correlations were

tumorigenesis proliferation, migration, invasion and chemoresistance through
stabilizing NRAS Q61R/K mutant.
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PBS. The bound active FLAG-NRAS Q61R was then incubated with anti-
FLAG antibody conjugated to HRP at room temperature for 60 min.
The 3,3',5,5-Tetramethylbenzidine (Aladdin, Shanghai, China) was
added to generate a sensitive chemiluminescence readout at the
wavelength of 450 nm. The levels of RBD-bound FLAG-NRAS Q6IR
after the treatment of each compound were quantified in relation to
vehicle.

Western blotting analysis

Cells were lysed in NETN buffer [pH 8.0, 300 mM NaCl, 20 mM Tris-
HCI, 0.5% NP-40, 1 mM ethylenediaminetetraacetic acid (EDTA)] con-
taining protease inhibitors (1x protease inhibitor cocktail, 1mM
sodium orthovanadate, 10 mM f-glycerophosphate, 1mM phe-
nylmethylsulfonyl fluoride, and 10 mM sodium fluoride). Proteins were
separated by SDS-PAGE gel electrophoresis and transferred to PVDF
membranes, then incubated with the indicated primary and secondary
antibodies.

Tandem affinity purification and mass spectrometry analyses

In brief, tandem affinity purification in cells expressing FLAG-S empty
vector, FLAG-S-NRAS Q61R or FLAG-S-USP46 was conducted by com-
bining FLAG-tag purification with anti-FLAG affinity gel (first purifica-
tion) followed by the immunoprecipitation with the S-protein agarose
(second purification). SK-MEL-103 cells were transfected with FLAG-S-
tagged empty vector, FLAG-S-NRAS Q61R or FLAG-S-USP46. Cells were
treated with MG132 (10 uM) for 10 hours and cell pellets were then
collected and lysed in NETN buffer (pH 8.0, 300 mM NaCl, 20 mM Tris-
HCI, 0.5% NP-40, 1 mM ethylenediaminetetraacetic acid (EDTA)) con-
taining protease inhibitors (1xprotease inhibitor cocktail (Roche),
1mM sodium orthovanadate, 10 mM (-glycerophosphate, 1 mM phe-
nylmethylsulfonyl fluoride, and 10 mM sodium fluoride). 20 uL Anti-
FLAG Affinity Gel (Sigma-Aldrich) was added into cell lysates and
rotated at 4 °C for 2 h. Anti-FLAG immunoprecipitates were washed
three times with cold NETN buffer and incubated with 100 uL 3xFLAG
peptide working solution at the concentration of 100 ug/mL (Sigma-
Aldrich, F4799) at 4 °C for 2 h. The elution process was repeated for
three additional times and the combination of elutes were diluted by
NETN buffer. For the second purification step, 50 uL S-protein agarose
(Merck Millipore) were added into the diluted elutes and incubated at
4°C for 4h. The immunoprecipitates by S-protein agarose were
washed by NETN buffer for three times. The beads were resuspended
in 500 pL 6 M urea in PBS, 25 puL of 200 mM DTT in 25 mM NH,HCO;
buffer was added and the reaction was incubated for 37°C for 30 min.
For alkylation, 25 puL of 400 mM IAA in 25 mM NH4HCOj; buffer was
added followed by incubation for 30 min at room temperature in dark.
The supernatant was then removed and the beads were washed with
1 mL PBS once. For the digestion, 150 pL 2 M urea in PBS, 150 pL 1 mM
CaCl, in 50 mM NH4HCO; and 1 pL of trypsin (1.0 pg/pL) were added.
The reaction was incubated at 37°C overnight. After evaporation in
speedvac, the samples were tested by LC-MS/MS, equipped with an
EASY-nLC 1200 HPLC system and QE Plus mass spectrometer (Thermo
Fisher Scientific). About 1 pg of each sample was injected into a trap
column (75 pm x 2 cm, C18, 3 pm, 100 A, 164535) and an AcclaimPep-
MapC18 RSLC 75 um ID x 25 cm separation column in an EASY-Spray
setting, three injections were loaded for each sample continuously.
Peptides were separated with a 70-min gradient (buffer A: 0.1% formic
acid in deionized water; buffer B: 0.1% formic acid in 80% acetonitrile
with a flow rate of 0.3 pL/min: 51 min of 4-28% B, 5 min of 28-38% B,
4 min of 38-90% B, 5 min of 90-4%B, 5 min of 4%B). Separated peptides
were then directly analyzed on the QE Plus in a data-dependent man-
ner. Peptides were ionized by using spray voltage of 2.4 kV and the ion
transfer tube temperature was 320 °C, with automatic switching
between MS and MS/MS scans using exclusion duration 25s. Mass
spectra were acquired at a resolution of 60,000 with a target value of 3
x 10%ions or a maximum integration time of 20 ms. The scan range was

limited from 350 to 1500 m/z. Peptide S44 fragmentation was per-
formed via higher-energy collision dissociation (HCD) with the energy
set to 30%. High-resolution MS2 spectra were acquired with an exclu-
sion duration of 25s in the QE Plus with a maximum injection time of
40 ms at 17500resolution (isolation window 1.6 m/z), an AGC target
value of 1x 10° and normalized collision energy of 30%. The fixed first
m/z was 100, and the isolation window was 1.6 m/z*. The raw data were
processed by using Proteome Discoverer 2.5 and processed as per
default workflow. MS tolerance is 4.5 ppm, and MS/MS tolerance is 20
ppm. Searches were performed against the Homo sapiens uniport
canonical 20395 entries 20210516 nm fasta. Reversed database sear-
ches were used to evaluate false discovery rate (FDR) of site, peptide
and protein identifications. Two missed cleavage sites of trypsin were
allowed. Three independent LC-MS/MS of FLAG-S-NRAS Q6IR and
empty vector were analyzed based on abundances and protein hits
were refined by corresponding volcano plots as (Log, fold change ratio
of FLAG-S-NRAS Q61R/empty vector) against statistical significance
(- Logo p value). Protein hits with Log, of fold change of NRAS Q61R/
empty vector larger than 2 and -Log;o p value larger than 1.35 in mass
spectrum experiments were further considered.

Colony formation assay

The colony formation and in vivo tumorigenesis assay with the
immortalized hTERT/CDK4%*¢/p53P°/NRAS (Q61R) melanocytes were
performed to investigate the melanocyte transformation®*”’. For the
colony formation assay, the hTERT/CDK4**¢/p53°"/NRAS (Q6IR)
melanocytes infected with indicated plasmids were plated into 6-well
plate at 2,500 cells per well and cultured for 14 days. The colonies were
fixed with 10% (v/v) methanol for 15 min and stained with 5% Giemsa
(Sigma) for 30 min for colony visualization. Colonies were imaged and
quantified using Image J. Images were converted to an 8-bit grayscale
format, thresholded to highlight the colonies, and converted to a
binary image (black colonies on white background). The ‘Analyze
Particles’ function was used to count number of colonies.

In vitro kinase assay

Cell lysates of SK-MEL-103 cells stably expressing FLAG-CK16 were
immunoprecipitated with anti-FLAG affinity gel. GST, GST-USP46 WT,
the single mutants and the 3 A mutant protein was purified from SK-
MEL-103 cells stably expressing empty vector, pLVX3-GST-USP46 WT
and mutants using Pierce Glutathione agarose. The proteins were then
eluted with washing buffer (10 mM GSH and 50 mM Tris-HCI, pH 8.0)
and purified with Ultrafiltration tube. Immunoprecipitated CK16 was
incubated with 1pg of purified GST, GST-USP46 WT and indicated
mutants in the kinase buffer (50 mM Tris-HCI pH 7.4, 10 mM MgCl,,
0.02% bovine serum albumin, 1mM DTT, 0.1 mM ATP). The reaction
was carried out in the presence of DMSO or PF670462 (5 uM) at 30 °C
for 60 min and stopped by the addition of SDS loading buffer. Then
analyzed by western blotting.

Phos-tag SDS-PAGE

In brief, SuperSep™ Phos-tag™ (50 uM), 7.5%, 17well, 83x100%3.9 mm
are commercially available from FUJIFILM Wako Pure Chemical Corp.
(Osaka, Japan). The running buffer consisted of Tris-base (0.25M),
0.10% w/v SDS, glycine (1.92 M). Electrophoresis was performed at
30 mA/gel until the bromophenol blue dye reached the bottom of the
separating gel. After electrophoresis, the gel was shaked gently in
transfer buffer containing 10 mM EDTA and transferred to PVDF
membranes (Merck Millipore). Western blotting was subsequently
performed with indicated antibodies.

Immunoprecipitation

Cells transfected with indicated plasmids were lysed in NETN buffer
and were incubated 2 hours with anti-FLAG affinity gel or S-protein
agarose for 4 hours at 4 °C. SK-MEL-103, SK-MEL-30 or SK-MEL-2 cells
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as indicated were lysed in NETN buffer and were incubated overnight
with primary antibodies together with protein A/G beads at 4°C. The
immunoprecipitates were washed for three times and subjected to
western blotting.

Denaturing immunoprecipitation for ubiquitination and dena-
turating Ni-NTA pulldown. The cells were lysed in 100 ml 62.5 mM Tris-
HCI (pH 6.8), 10% glycerol, 2% SDS, 1 mM iodoacetamide and 20 mM
NEM, boiled for 15 min, diluted 10 times with NETN buffer containing
protease inhibitors, 20 mM NEM and 1 mM iodoacetamide, then cen-
trifuged to remove cell debris. Cell extracts were subjected to immu-
noprecipitation with the indicated antibodies and blotted as indicated
antibody. Denaturating Ni-NTA pulldown was performed as previously
described’®.

Glutathione-S-transferase (GST) pull-down assay

Recombinant GST-CK16 or GST-USP46 and His-KRAS WT, His-HRAS WT,
His-NRAS WT or His-KRAS MUT, His-HRAS MUT, His-NRAS Q61IMUT
proteins were expressed in Escherichia coli strain BL21. GST, GST-CK16
or GST-USP46 protein was purified using Pierce Glutathione agarose.
Fusion proteins were mixed for 4 hours at 4 °C. Beads were washed four
times, and proteins were detected by western blotting.

In vitro ubiquitination assay

Cells transfected with HA-S-NRAS Q6IR were treated with 10 mM
MG132 for 10 hours. NRAS Q61R was pull-downed by S-protein agaro-
ses, which was detected with an anti-HA antibody. The recombinant
GST-fused USP46 WT and C44S mutant protein was expressed in
Escherichia coli strain BL21 and purified using Pierce Glutathione
Agarose. The proteins were then eluted with GST elution buffer
(10 mM GSH and 50 mM Tris-HCI, pH 8.0). The ubiquitinated NRAS
Q61R protein was then incubated with purified GST-USP46 WT and
C44S protein separately for 4 hours at 4°C, followed by western blot-
ting analysis.

Quantitative real-time PCR (QRT-PCR)

RNA extraction from cultured cells was performed using TRIzol
reagent (Thermo Scientific, MA, USA), and then RNA was subsequently
reverse transcribed to cDNA using a FastKing gDNA Dispelling RT
SuperMix (Tiangen, Beijing, China). qRT-PCR analysis was performed
using FastFire qPCR PreMix (SYBR Green). All experiments were per-
formed in triplicate with three commonly used housekeeping genes
GADPH, 18s and B-actin as the internal control. Primer sequences are
listed. NRAS Forward 5'- GCAAGTCATTTGCGGATATTAAC-3’, Reverse
5-CATCCGAGTCTTTTACTCGCTTA-3". CK1§ Forward 5-ACAACGTC
ATGGTGATGGAG-3, Reverse 5-GAATGTATTCGATGCGACTGAT-3'.
CKlIe Forward 5-TGAGTATGAGGCTGCACAGG -3, Reverse 5-TCAAA
TGGCACACTTGTCTGT -3". GAPDH Forward 5-GATCGAATTAAACCTT
ATCGTCGT -3, Reverse 5-GCAGCAGAACTTCCACTCGGT -3. 18s
Forward 5-GAGGATGAGGTGGAACGTGT-3’, Reverse 5-AGAAGTGAC
GCAGCCCTCTA-3. f-actin Forward 5-GCACCACACCTTCTACAATG
-3, Reverse 5-TGCTTG CTGATCCACATCTG-3".

Cell proliferation assay

SK-MEL-103, SK-MEL-30 or SK-MEL-2 cells (4 x10*) were seeded in each
well. Cells from each well were digested with 0.25% trypsin at 37°C the
next day. And cell pellets were collected by centrifugation, washed by
PBS, re-suspended in PBS and counted under microscope. Likewise,
cells for the next 8 days were counted in similarly method.

Migration and invasion assay

For migration assays, cells were seeded in 24-well Cell Culture Insert
(BD, 353097). For invasion assays, cells were seeded in 24-well Cell
Culture Insert (BD, 353097) with matrigel. After 48 hours, the filter was
fixed with 4% Para-formaldehyde and stained with 0.5 % crystal violet,
and then migrating and invading cells were counted.

CCK-8 assay

A Cell Counting Kit-8 (HY-K0301) was used to measure the survival of
SK-MEL-103, SK-MEL-30 or SK-MEL-2 cells. A total of 2000 cells in a
volume of 100 pL per well were cultured in three replicate wells in a 96-
well plate in medium containing 10% FBS. Cells were treated with
vehicle, PF670462 (5uM) or different concentrations of DTIC for
72 hours and CCK-8 reagent (15pL) was added and incubated for
2 hours.

Animal studies

All animal experiments were performed in accordance with a pro-
tocol approved by the Institutional Animal Care and Use Committee
of the Jinan University (20220419-04). 5-6-weeks-old BALB/c female
nude mice were obtained from Jicui Yaokang Biotechnology Co.,
Ltd. of China, and were randomly allocated to experimental groups.
All animals were housed at a suitable temperature (22-24 °C) and
humidity (40-70%) under a 12/12-h light/dark cycle with unrestricted
access to food and water for the duration of the experiment. The
xenograft experiment follows the humane endpoint. Indicators such
as huddled posture, immobility, ruffled fur, failure to eat, hypo-
thermia (colonic temperature of <34 °C), or weight loss (>20%) may
be useful objective criteria for early euthanasia. The animals will be
euthanized immediately if they are unable to stand or if they display
agonal breathing, severe muscular atrophy, severe ulceration, or
uncontrolled bleeding. The subcutaneous tumor maximum volume
was 2000 mm® and authorized by the Committees on Animal
Research and Ethics, and was not exceeded at any time during the
experiments. For subcutaneous xenografting, hTERT/CDK4R*¢/
p53°° human melanocytes (2x10°) or SK-MEL-103 cells (2x10°)
infected with indicated plasmids were mixed with Matrigel (1:1) and
subcutaneously implanted into the flanks of female BALB/c nude
mice (n = 6). The tumor volumes were measured three times weekly
by using a Vernier caliper to measure the short diameter and long
diameter of the tumor. Tumor volumes were calculated using the
following formula: width??x length x 0.4 (mm?®. When tumors
reached 150-200 mm? in size, mice were administered saline or
PF670462 (4 mg/kg) every 3 days. DTIC (8 mg/kg) was administered
three times per week. After the tumors had grown for the designated
time, all mice were euthanized, and the tumors were harvested.

Immunohistochemical staining

Tissue sections of NRAS Q6IMUT melanoma were obtained from the
tissue bank at the Peking University Cancer Hospital and Research
Institute in accordance with the approval document of the Institu-
tional Medical Ethics Committee (2016KT59). Anti-NRAS (sc-31,
dilution: 1:100) and anti-CK16 (14388-1-AP, dilution: 1:200), anti-
USP46 (13502-1-AP, dilution: 1:200) antibodies was used for immu-
nohistochemical staining of formalin-fixed paraffin-embedded of
melanoma tissues were incubated out at 4°C for 12 hours. The
immunostaining was randomly scored by two pathologists. The IHC
score was calculated by combining the quantity score (percentage of
positive stained tissues) with the staining intensity score. The score
for each tissue was calculated by multiplying the quantity with the
intensity score (the range of this calculation was therefore 0-12). An
IHC score of 9-12 was considered a strong immunoreactivity; 5-8,
moderate; 1-4, weak; and O, negative. Samples with IHC score > 4
were considered to be high, and < 4 were considered to be low. The
Pearson correlation was used f or statistical analysis of the correla-
tion between CK18, USP46 and NRAS mutants.

In tumors from animal experiments, H&E and immunostaining
of Ki67 and cleaved caspase-3 were performed. In brief, tumors
samples were fixed with 4% paraformaldehyde, embedded in par-
affin, and microtome sliced into 5 pm sections. Following dewaxing
and dehydrating, anti-Ki67 (dilution: 1:200) and cleaved caspase-3
(dilution: 1:200) antibodies were used for immunohistochemical
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staining of tumor sections from mice. H&E staining of the slides was
performed according to the manufacturer’s instructions (E607318;
Sangon Biotech). Slices were then imaged using a microscope
(Olympus).

Statistics and reproducibility

Cell proliferation, migration, invasion, and survival experiments was
independently performed for three times, following the principle of
repeatability. In the animal study, data represent as the mean + s.d. of
six mice. Statistical analyses were performed using GraphPad Prism
software version 9.3. One-way ANOVA analysis and Tukey’s test or t-
test was used to compare results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included within
the article, Supplementary Information, the Source Data file, and the
protein mass spectrometry raw data are available through the Pro-
teomeXchange Consortium (http://www.proteomexchange.org/) via
the PRIDE partner repository with dataset identifiers PXD046277 and
PXDO051431. Source data are provided with this paper.
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