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Arginyl-tRNA-protein transferase 1 (ATE1) catalyses N-terminal protein
arginylation, a post-translational modification implicated in cell migration,
invasion and the cellular stress response. Herein, we report that ATE] is
overexpressed in NRAS-mutant melanomas, while it is downregulated in
BRAF-mutant melanomas. ATEI expression was higher in metastatic
tumours, compared with primary tumours. Consistent with these findings,
ATE]1 depletion reduced melanoma cell viability, migration and colony forma-
tion. Reduced ATE1 expression also affected cell responses to mTOR and
MEK inhibitors and to serum deprivation. Among putative ATE1 substrates
is the tumour suppressor AXIN1, pointing to the possibility that ATE1 may
fine-tune AXINI1 function in melanoma. Our findings highlight an unexpected
role for ATE1 in melanoma cell aggressiveness and suggest that ATE1 con-
stitutes a potential new therapeutic target.

Keywords: ATE1; AXINI; cancer; cell migration; cell viability; melanoma

Arginyl-tRNA-protein transferase 1 (ATE1) is the only

involves recognition of proteins with certain N-

known mediator of N-terminal arginylation of proteins
in mammals [1]. This post-translational modification
involves the addition of an arginine (Arg) moiety to
exposed N-terminal aspartate (Asp), glutamate or oxi-
dized cysteine (Cys) residues and requires a prior step
of methionine (Met) removal or protein cleavage [1].
N-terminal arginylation acts as a degradation signal
for proteins via the Arg/N-degron pathway, which

Abbreviations

terminal amino acids by specific binding proteins
known as N-recognins, followed by ubiquitination and
proteasomal degradation of the protein [1].

In addition to the role in regulating protein stability
by the ubiquitin—proteasome system, the consequences
of N-terminal arginylation have recently been broad-
ened to include additional aspects of protein regula-
tion. For example, N-terminal arginylation of the

ATCC, American Type Culture Collection; ATE1, arginyl-tRNA-protein transferase 1; CCLE, cancer cell line encyclopedia; ERK, extracellular
signal-regulated kinase; KD, knockdown; KO, knockout; MAPK, mitogen-activated protein kinase; MEF, mouse embryonic fibroblasts; MEK,
mitogen-activated protein kinase kinase; mTOR, mammalian target of rapamycin; TCGA, The Cancer Genome Atlas.
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chaperone GRP78/BiP induces its translocation from
the endoplasmic reticulum to the cytosol, where
GRP78/BiP interacts with the autophagy adaptor pro-
tein SQSTM1/p62 and is targeted for degradation in
autophagosomes [2]. Moreover, N-terminal arginyla-
tion of phosphoribosyl pyrophosphate synthase 2
(PRPS2) promotes its enzymatic activity without
affecting its half-life [3]. ATEI knockout (KO) in mice
leads to embryonic lethality due to cardiovascular
defects [4]. Platelet-specific ATE1 KO impairs myosin
function and regulation of clotting [5], while neural-
specific ATE1 KO impairs neurite outgrowth [6]. Con-
ditional ATE1 deletion in murine neural crest cells
impairs their migration and leads to abnormal growth,
respiration, mental defects and perinatal death [7].
ATELI has also been implicated in the regulation of cell
survival. For example, ATEI attenuates cell death in
T-REx™-293 cells, by promoting the degradation of
pro-apoptotic fragments formed by caspases [8]. Along
these lines, ATEl KO sensitizes mouse embryonic
fibroblasts (MEFs) to apoptosis [8]. ATEl has been
also implicated in the cellular stress response. ATE1
KO MEFs are more sensitive to heat stress, possibly
via N-terminal arginylation of human antigen R,
which controls the mRNA stability of heat-shock pro-
tein 70.3 [9]. Despite the enhanced sensitivity to heat
stress, ATE1 KO MEFs are more resistant than wild-
type MEFs to oxidative stress, suggesting that a dis-
tinct set of ATEl substrates affect cellular stress
response pathways [10].

Consistent with the diverse cellular functions of
ATE], dysregulation of its activity has been linked to a
number of pathological disorders, including neurode-
generative diseases [11] and cancer [12]. Importantly,
ATE1 KO in MEFs is sufficient to induce tumour for-
mation after injection into nude mice suggesting that
ATEl may play a role as a tumour suppressor [12].
Consistent with this, ATE] mRNA expression levels
are inversely correlated with the progression of human
kidney, colon and prostate tumours [12,13]. In contrast,
several reports suggest that ATE]l may have oncogenic
properties. ATEl is required for cell migration of
motile cells, through a mechanism involving B-actin
arginylation. Consequently, in ATE1 KO MEFs, inhibi-
tion of this event prevents the formation of lamellipodia
and blocks locomotion [14,15]. In addition, Arg depri-
vation inhibits cell adhesion and invasiveness of
glioblastoma cells, a phenotype that was linked to inhi-
bition of B -actin arginylation [16]. The ability of ATE1
to exert oncogenic or tumour suppressor functions may
thus be specific of cell or tissue type [12,13,17].

Melanoma is the most aggressive form of skin can-
cer, primarily due to its strong propensity to

ATE1 in melanoma aggressiveness

metastasize [18]. Both genetic and epigenetic changes
in melanocytes have been implicated in re-activation of
neural crest linage cells [19,20]. Given that ATE1 plays
important roles in neural crest cells during embryonic
development, including migration [7], we set to assess
whether ATEl may contribute to melanomagenesis
and/or key phenotypes associated with metastatic
capacity.

Results

ATE1 expression is deregulated in melanoma

We first investigated if ATEI expression correlates
with melanoma patient prognosis using The Cancer
Genome Atlas (TCGA) data sets. This analysis
revealed no association between ATEI mRNA level
and melanoma patient survival (P = 0.872) (Fig. S1A).
However, we observed a significant enrichment in met-
astatic tumours in the ATEI expression high group
(fisher’s exact P-value = 0.00089, Odd ratio = 4.2). In
addition, we observed higher age at diagnosis and
enrichment in male patients in the ATE! expression
high group although these differences did not reach
significant P-values (Fig. S1B, Table S1). Interestingly,
when adjusting TCGA data using the age, the type of
tumour and the gender of the patients, we observed
that ATE] high expression is associated with decreased
survival (P = 0.0002499) (Fig. S1A, Table S1). We
then examined ATEI expression in melanoma tumours
by analysis of a transcriptome data set of both tran-
scriptome and genome data set of 415 melanoma
patients from TCGA. We selected and compared the
genomic features between tumours with highest (20%,
N = 83) and lowest (20%, N = 83) ATEI expression
(Fig. 1A). Approximately 50% and 20% of human
melanomas harbour mutations in BRAF and NRAS
signalling proteins, respectively [21]. Further assess-
ment of the TCGA data set indicated that the majority
(70%) of ATEI-low tumours harboured mutant
BRAF, while mutant NRAS was the most common
mutation (46%) in melanomas with high ATE! expres-
sion (Fig. 1B). These findings suggest that dysregu-
lated ATE!] expression may be linked to the type of
driver mutation and thus could potentially play a
context-specific role in melanoma progression.

We compared ATEI expression in BRAF-mutant
A375 and 1205Lu and NRAS-mutant WM 1366 mela-
noma cell lines at the mRNA and protein levels.
Although no differences in ATEI expression were
observed at the mRNA level between the 1205Lu
(BRAF) and WM1366 (NRAS) cell lines (A375 being
higher than both other cell lines), ATEl protein
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Fig. 1. ATET expression is deregulated in melanoma. (A) ATE1
expression level in a TCGA melanoma patient cohort (n = 415). The
cut-off values for patients with highest (n=83) and lowest
(n=83) ATET expression are indicated by blue vertical lines. (B)
Percentage of melanoma patients within the ATET-high and -low
groups harbouring BRAF, NRAS, and other mutations.

expression was higher in WM 1366 (NRAS) compared
with 1205Lu (BRAF) suggesting that ATEl expression
might be regulated post-transcriptionally in these cell
lines (Fig. S2A).

In addition, we monitored ATEIl expression in a
larger number of melanoma cell lines using the Cancer
Cell Line Encyclopedia (CCLE) data sets [22]. ATEI
level tends to be higher in NRAS-mutant group
although the results were not significantly different due
to the low number of NRAS-mutant cell lines
(Fig. S2B). Overall, these data suggest that the differ-
ence in ATEI expression observed in patients might
not be completely recapitulated in melanoma cell lines
although the trend is similar.

ATE1 is associated with melanoma cell migration
and melanoma metastasis

To determine the role of ATEI in key malignant phe-
notypes of melanoma cells, we examined the effects of

|. Lazar et al.

ATEI1 knockdown (KD) with two different short hair-
pin (sh) RNAs (Fig. S3A) on the migration of human
and mouse BRAF- and NRAS-mutant melanoma cell
lines. As expected, in both BRAF-mutant (1205Lu)
and NRAS-mutant (WM1366) human melanoma cell
lines, ATE1 KD cells exhibited decreased focal adhe-
sion structures compared with cells transduced with
control empty vector (Fig. 2A). Consistent with dereg-
ulation of the cytoskeleton, ATEl KD significantly
reduced cell migration in both cell lines, an observa-
tion that was particularly noted in 1205Lu cells
(Fig. 2B). A similar reduction in migration upon
ATE1 KD was observed in the murine NRAS-mutant
melanoma cell line SW1 (Fig. S3A and Fig. S3B).
Because migratory potential is a key feature of the
metastatic process, we compared ATEIl expression in
TCGA data sets of metastatic (n = 368) or primary
(n = 103) melanoma samples. Interestingly, ATEI was
expressed at a significantly higher levels in metastatic
samples (Fig. 2C). Thus, ATEI expression may con-
tribute to migration and the metastatic phenotype of
melanoma.

ATE1 knockdown inhibits melanoma cell viability
and colony-forming ability

We next assessed the effects of ATE1 KD on viability
of melanoma cells (Fig. S4A) using CellTiter Glo kit
which is based on ATP level measurement. ATEl KD
effectively inhibited viability of NRAS-mutant cell
lines (WM1366 and SW1, Fig 3A) and BRAF-mutant
cell line 1205Lu but not A375 BRAF-mutant cell line
(Fig. 3A). Given that ATEl has been involved in
mitochondrial functions [23], we confirmed its effect
on WMI1366 cell line viability by live-imaging and
using a crystal-violet-based assay which are ATP-
independent method (Fig. S4B,C). Notably, the effect
of ATEI depletion was less pronounced in the BRAF
than in NRAS-mutant cell lines. Concomitant with an
inhibition of cell viability, ATE1 KD promoted cell
death in WM1366 cells (Fig. S4C). In contrast, colony
formation in 3-dimensional (3D) cultures was equally
impaired upon ATEl KD of BRAF- and NRAS-
mutant cell lines (Fig. 3B and Fig. S4D, respectively).
Moreover, viability suppression by ATE1 KD appears
specific of melanoma cells, because loss of ATEIl in
MEFs conferred a survival advantage (Fig. S4E).
These observations point to distinct cellular functions
for ATE1 in behaviours associated with specific driver
mutations, such as the possible greater dependence of
NRAS-mutant than BRAF-mutant melanoma cell
lines on ATEl to maintain cell viability. However,
cancer cell lines bearing numerous mutations, the
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Fig. 2. ATE1 is required for melanoma cell migration and is overexpressed in metastatic melanomas. (A) Left: Fluorescence staining of actin
(red) in the indicated melanoma cell lines transduced with empty vector (EV) or two ATE1-targeting shRNAs. Nuclei are stained with DAPI
(blue). Scale bar: 10 um. White arrows indicate focal adhesions that were decreased in ATE1 KD cells. Right: quantification of focal adhe-
sions at the cell periphery in WM1366 cells. The boxplots represent the distribution of the number of focal adhesions per cell for each condi-
tion. (B) Migration assay of the indicated melanoma cells transduced as described in (A). N = 3. (C) ATET mRNA levels in TCGA datasets of
primary (P, n = 103) and metastatic (M, n = 368) melanomas. Mean + SEM. *P < 0.05, ***P < 0.001 by Student’s t-test.

dependency of NRAS-mutant cancer cells should be
further investigated in larger number of cell lines or in
isogenic models carrying either BRAF or NRAS
mutations.

ATE1 plays a role in the response of melanoma
cells to stress

Having established that ATEI influences the viability
behaviours of melanoma cells, we next determined
whether ATEI plays a role in the adaptation to stress
induced by serum and/or glutamine (Gln) deprivation
(Fig. 4A). Notably, we observed an increase in the

FEBS Letters 596 (2022) 1468-1480 © 2022 Federation of European Biochemical Societies

molecular weight of ATEl in A375 cells incubated in
the absence of serum or both serum and Gln, but not in
the absence of GIn alone (Fig. 4B). ATEl molecular
shift under serum deprivation was also observed in
WM1366 cell line (Fig. S5A), suggesting that ATEI
itself may undergo an unknown post-translational modi-
fication under stress induced by serum, but not Gln,
restriction. Among the lines tested, 1205Lu cells retained
the ability to grow in the absence of serum, albeit at a
slower rate (Fig. S5B). ATEI silencing rendered 1205Lu
cells even more sensitive to serum starvation (Fig. 4C).
These data indicate that ATE] contributes to the nutri-
ent deprivation stress response in melanoma cells.
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To explore this finding further, we assessed the
activation status of two key regulators of the cellular
response to nutrient deprivation; the MAPK and
mTOR signalling pathways [24,25]. As a readout of
pathway activation, we performed western blot anal-
ysis of the activation (phosphorylation) status of the
enzymes SO6K and ERK, which lie downstream in
the mTOR and MAPK signalling pathways,
respectively.

In the presence of serum in the culture media, ATEI
KD cells exhibited a lower level of phosphorylated
S6K compared with control cells. This level was com-
parable with the one observed under serum restriction
in control cells (Fig. SA and Fig. S6A). Consistent
with this result, ATEl KD in WM1366, SW1 and
1205Lu cells sensitized cells to the mTOR inhibitor,
torin 1 (Fig. 5B and Fig. S6B). However, ATEl KD
led to an opposite effect on MAPK pathway with
higher level of phosphorylated ERK in ATEl KD
WMI1366 and SW1 cells compared with control cells
(Fig. 5A and Fig. S6A) and a lower sensitivity to the
MEK inhibitor PD0325901 in WM1366, 1205Lu and
SWI1 cells (Fig. 5C and Fig. S6C) or to the BRAF
inhibitor PLX4032 in 1205Lu cells (Fig. S6D).

AXIN1 level is affected by ATE1

The observation that ATEI has differing effects on the
mTOR and MAPK signalling led us to examine the
possible mediators (ATEl substrates) that may medi-
ate these changes. To this end, we performed an

1472
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*P < 0.05, **P < 0.01, ***P < 0.001 by
Student's ttest.
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in vitro arginylation assay [26] that detects ATEI-
mediated N-terminal arginylation of an array of N-
terminal peptides containing putative arginylation
sites. In this case, the N-terminal peptides were derived
from 79 proteins associated with the regulation of the
mTOR or MAPK pathways. As controls, we included
a set of peptides without Asp or Glu N-terminal
amino acids (Table S2) and of the same peptides with
a N-terminal acetylation, which prevents arginylation
[1]. Among the potential ATEI substrates identified,
the strongest specific signal was obtained with the N-
terminal peptide of AXINI, that in addition to its role
in Wnt/B-catenin signalling [27] has also been reported
to suppress mTOR pathway [28] (Fig. 6A,B). Consis-
tent with the possibility that AXINT1 is an ATEI sub-
strate, we found that AXINI protein expression was
upregulated by ATEl knockdown in WM1366 cells
(Fig. 6C) and 1205Lu cells (Fig. S7A) and, conversely,
AXIN1 was downregulated by ATEl overexpression
in WMI1366 cells (Fig. 6D). Importantly, AXINI
mRNA levels were unaffected by ATEl knockdown,
confirming that alterations in AXINI1 abundance was
mediated at the protein level (Fig. 6E). However,
AXINI stability was not affected following ATEIl
knock down in WM1366 suggesting that ATEl does
not affect AXINI1 degradation and rather points
toward an alternative regulation of AXINI protein
level (e.g. regulation of AXINI synthesis rate)
(Fig. S7B). Altogether, these data identify AXINI1 as a
potential ATEI substrate in melanoma cells and may
link ATE1 to mTOR signalling.
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Fig. 4. ATE1 knockdown sensitizes (B)
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(A) Schematic representation of the four
culture conditions tested. (B) Western blot
analysis of ATE1 and B-actin (loading
control) in A375 cells incubated for 12 h
under the conditions shown in (A). (C) Cell
viability assay using CellTiter Glo Kit of
Lu1205 cells transduced with empty
vector (EV) or ATE1-targeting shRNAs and
grown in the presence or absence of FBS.
Mean + SEM. *P < 0.05, **P < 0.01,
**%P < 0.001 by Student's ttest. RLU,
relative luminescence units.
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Discussion

The present study identifies ATE1 as an unexpected
player in melanomagenesis. High and low ATEI
expression levels in clinical specimens correlated with
the presence of driver mutations in NRAS and BRAF,
respectively. In addition, stratifying metastatic melano-
mas depending on their genotype revealed higher
ATE]I level in the NRAS mutant group (Fig. S8) sug-
gesting that NRAS signalling may strongly promote
ATEI expression, possibly via intermediates or, path-
ways that are relatively weakly induced by mutant
BRAF [29-31]. A selective increase in ATEI expres-
sion in NRAS-mutant tumours may provide advan-
tages by driving processes that are not activated in
BRAF-mutant tumours. Thus, targeting ATEl may
offer a unique therapeutic modality for NRAS-mutant
tumours, which remains an unmet clinical need.
Consistent with this hypothesis, we found that the
survival of NRAS-mutant melanoma cells was more
dependent on ATEl compared with BRAF-mutant
cells. This observation implicates ATE1 in attenuating
cell death/autophagy signalling, which is commonly
seen in NRAS-mutant melanomas [32]. In contrast to
survival, ATE1 expression was equally important in
supporting the migration of BRAF- and NRAS-
mutant melanomas, indicating that signalling pathways
common to both driver mutations (e.g. ERK) may
underlie the contribution of ATEl to the migration
phenotype. Thus, while the involvement of ATEIl in
some fundamental processes, such as migration and

FEBS Letters 596 (2022) 1468-1480 © 2022 Federation of European Biochemical Societies
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metastasis, may occur via a mechanism activated by
both NRAS and BRAF mutations, ATE1 contribution
to other phenotypes, such as survival, may occur
exclusively in NRAS-mutant tumours. Given that
NRAS and BRAF mutations are present in about
75% of melanomas, ATE]1 is expected to exert numer-
ous promoting functions in this tumour type.

In contrast to our observations in melanoma, ATE]
expression was found to correlate inversely with
tumour progression in human kidney, colon and pros-
tate cancer [12,13], indicating a tumour suppressor
function. The opposing functions of ATEl in mela-
noma cells compared with these cancers could be due
to several factors, including the presence of different
driver mutations in oncogenes and tumour suppressor
genes, as well as epigenetic changes that may define
not only ATE1 expression and activity levels but also
its specific substrates in different cell types. Such dif-
ferences would be consistent with the distinct land-
scape of mutations implicated in kidney, prostate and
colon tumours [33]. Among factors that may underlie,
the tumour-promoting role of ATEl1 compared with
its tumour suppressor role in other tumour types may
be related to high prevalence of NRAS mutations in
melanoma [34,35] but rare in prostate, kidney and
colon tumours. Consistent with this hypothesis, pan-
creatic cancer samples, 95% of which harbour mutant
KRAS, exhibit high level of ATEIl expression com-
pared with control tissues [36] (Fig. S9). In this regard,
understanding the role of ATEI in pancreatic cancer
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will undoubtedly provide novel insights into the mech-
anisms underlying pancreatic development and/or
progression. Clearly, large-scale proteomic-based com-
parisons of different tumour types could be helpful
in identifying differences in the expression, activity,
localization and substrates of ATEl. Of note, the
decreased viability observed upon ATE1 knockdown is
consistent with the phenotype observed in the hep-
atoma Hepal-6 (hepatoma) and hepatocytes AML-12
cell lines upon modulation of expression of different
Arg/N-degron pathway components (e.g. UBRI, -2, -4
and -5; [37]).

Our observation that ATEl knockdown disrupted
actin organization and inhibited migration of mela-
noma cells is consistent with independent reports
showing that inhibition of protein arginylation impairs
B-actin function and organization with consequent
effects on the migration of MEF cells [14,15]. ATEI
activity may be particularly important for cell migra-
tion in tumours with a strong propensity to metasta-
size, such as melanomas. Evidence that ATEI function
may depend on the tumour cell lineage of origin comes
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from reports that ATE] is essential for the migration
of neural crest cells [7], which originate from the ecto-
derm and also give rise to melanocytes [38]. Moreover,
neural crest lineage cells are responsible for some of
the more aggressive forms of prostate cancer, such as
the neuroendocrine form [39], which suggests that fur-
ther studies should investigate the possible importance
of ATEI in neuroendocrine prostate tumours such as
the hormone refractory forms.

We show that serum starvation of melanoma cells
caused an increase in the molecular weight of ATE],
raising the possibility that ATE1 is subject to post-
translational modification. Such alterations can affect
a range of protein properties, such as enzymatic activ-
ity, subcellular localization and substrate selectivity,
highlighting the need for further work to identify the
precise modifications of ATEl. We speculate that the
molecular weight change identified here is likely to be
linked to an increase in ATEIl activity, as ATEIl
knockdown enhanced the effect of serum starvation on
melanoma cell viability. Our initial investigations of
possible factors involved in the ATEl modification
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excluded both Gln and glucose, because their depriva-
tion did not induce the shift in ATEl molecular
weight. Nevertheless, our observation that ATEIl
knockdown modulates two important pathways in the
cellular response to stress, mTOR and MAPK, impli-
cates other nutrients, such as amino acids and growth
factors, in the post-translational modification of
ATEL.

Identifying how ATE] senses changes in nutrient
availability and regulates the mTOR and MAPK sig-
nalling pathways remain important questions for
understanding the role of ATE1 in key cellular regula-
tory networks. The results of this study provide the
first clues to the identity of potential ATE1 substrates
that may control these signalling pathways. We
employed an in vitro peptide array assay to probe
ATEl-mediated arginylation of N-terminal peptides
from proteins associated with the MAPK and mTOR
signalling pathways, and identified AXIN1, MAP4KS5
and JUND as putative substrates. We focused on
AXINTI1 for several reasons: it was the most strongly
arginylated peptide in the array, it plays an important
role in promoting [-catenin/CTNNBI1 degradation
[40], it has been suggested to have a tumour

FEBS Letters 596 (2022) 1468-1480 © 2022 Federation of European Biochemical Societies

suppressor role in several tumour types, including hep-
atocellular carcinoma [41,42], and it has been shown
to control transcription of the tumour suppressor
TP53/p53 and to regulate the cell death program in
HeLa cells [43]. Notably, AXIN1 contains a tertiary
N-degron, meaning that Met removal and deamidation
by NTANI1 are required prior to the arginylation step,
and that ATE1 likely affects AXINI1 availability.
ATE]l is known to form a complex with NTANI1 and
NTAQI1 amidases and UBRI1 ubiquitin ligase, suggest-
ing that the deamidation step is coupled to arginyla-
tion [44]. Although removal of Met before Asp, Glu,
Asn or GIn may be considered an unlikely event
because of spatial constraints [45], it has been shown
to occur during N-terminal Met acetylation-dependent
cleavage of pB-actin [46]. However, we observe that
although ATE1 depletion increased AXINI1 protein
level, this effect does not seem to point toward the reg-
ulation of AXINI protein degradation (Fig. S7B).
Other mechanisms of regulation of protein expression
might be involved, such as regulation of protein syn-
thesis rate. It was indeed previously shown that ATE1
can associate with the translation machinery [47]
pointing towards a function of ATE1 and arginylation
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in protein synthesis. Nevertheless, further investigation
would be needed to precise how ATEI regulates pro-
tein synthesis and AXINI protein level. Whether these
changes in AXINI level occur in an ATEl-dependent
manner in melanoma cells will be an important ques-
tion for future studies.

In conclusion, we have identified a role for ATE]1 in
the viability, migration and stress response of mela-
noma cells, suggesting that ATE]l has an unexpected
tumour-promoting function. This is supported by
observations of high ATEI expression in a subset of
human melanomas, particularly those harbouring
mutant NRAS. Although further work will be needed
to pinpoint the precise contribution of ATEIl to the
development and progression of melanoma, our results
suggest that the catalytic activity of ATEl could be a
novel therapeutic target for NRAS-mutant tumours.

Experimental procedures

Cell culture

HEK?293T, A375 and 1205Lu were obtained from the
American Type Culture Collection (ATCC); WM1366
cells were from the Wistar Institute; and the murine mel-
anoma cell line SW1, derived from a K-1735p lung
metastasis [48] was a gift from Dr Margaret Kripke. All
cell lines were grown in DMEM supplemented with
10% fetal bovine serum (FBS), 125 mg-mL~" strepto-
mycin, and 125 UI-mL™" penicillin (GIBCO-Thermo
Fisher Scientific, Waltham, MA, USA) and were main-
tained at 37 °C in a humidified atmosphere with 5%
CO,. Cells were cultured for up to 6 weeks and were
examined regularly for mycoplasma contamination
using a luminescence-based kit (Lonza, Basel, Switzer-
land). Melanoma cell lines were authenticated by short
tandem repeat analysis at the Sanford Burnham Prebys
Medical Discovery Institute Genomics core facility.

Reagents

PDO0325901, Torinl and PLX4032 were obtained from
Selleckchem, cycloheximide, doxycycline and puromy-
cin were from Merck (Rahway, NJ, USA), and
phalloidin-conjugated rhodamine was from Molecular
Probes (Waltham, MA, USA).

Plasmids

pCB410, a bacterial expression vector encoding the
murine ATEI variant 1A7B, was a kind gift from Dr.
Alexander Varshavsky. Murine ATEI variant 1A7B in
pBabe vector was a kind gift from Dr. Anna Kashina
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and was subcloned into pLVX TetOne-puro plasmid
(Clontech) using NEBuilder® HiFi DNA Assembly kit
(New England Biolabs) as previously described [49].
Primer sequences used to generate these constructs are
available upon request. Lentiviral pLKO.l vectors
expressing human ATEl-specific shRNAs were
obtained from the La Jolla Institute for Immunology
RNAIi Center (La Jolla, CA, USA). Target sequences
were as follows: ATEl sh#l, CGGGTGACTTTGCA
TTGATAA; ATEI sh#2, GATGACATCAAAGAGA
GTTTA,; and Atel sh#3, ATGAGAATCTTGTGGTT
AATA.

Cell transduction

Lentiviral transduction was performed as previously
described [49]. Briefly, lentiviral particles were pre-
pared by transfection of HEK293T cells with ATEI1
shRNA or ATEIl expression vector and the second-
generation packaging plasmids AR8.2 and Vsv-G
(Addgene, Watertown, MA, USA). Virus-containing
supernatants were collected, mixed with polybrene
(Merck) to pre-seeded melanoma cells. After 24 h, cells
were transferred to 10-cm culture dishes for selection
with puromycin (Merck).

ATE1 expression analysis in melanoma patient
samples

To investigate the genomic alterations associated
with ATE1 expression, we explored the gene expression,
driver gene mutation and survival data from the TCGA
SKCM data set through cBioPortal (https://www.
cbioportal.org, Skin Cutaneous Melanoma, TCGA
PanCancer Atlas, n = 415). Melanoma tumours were
sorted according to ATEI expression (RNA Seq v2
RSEM) and top 20% tumour samples (z = 166) were
selected for downstream analysis including 83 samples
with highest ATE] expression and 83 samples with low-
est ATE] expression). The mutation status of major
melanoma driver genes (including BRAF, NRAS, NFI,
PTEN, TP53, KRAS and NRAS) was compared
between ATE! high and low groups.

Fluorescence microscopy

Cells were fixed with 4% paraformaldehyde for 20 min
at room temperature, permeabilized with 0.2% Triton
X-100 for 5 min and then blocked with phosphate-
buffered saline (PBS) containing 0.2% Triton X-100
and 10% FBS for 30 min. Cells were incubated for
1 h with 6.6 um rhodamine-conjugated phalloidin
diluted in PBS containing 1% bovine serum albumin
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(Merck). Cells were washed, mounted using Fluo-
roshield Mounting Medium containing 4’,6-diamidino-
2-phenylindole (DAPI) (Merck) and visualized using a
fluorescence microscope DMi8 (Leica, Wetzlar, Ger-
many) with a 100X oil immersion objective. All images
were processed with the same parameters using the 3D
deconvolution tool from LASX software (Leica).

Migration assay

Migration assays were performed as previously
described [49]. Briefly, cells were collected with Accu-
tase (Merck), resuspended in medium containing 1%
FBS, and placed in the upper compartments of Tran-
swell chambers (Corning, Corning, NY, USA).
Medium containing 10% FBS was placed in the lower
compartments and the plates were incubated at 37 °C
for 24 h. The cells were fixed by addition of 4%
paraformaldehyde for 10 min and stained with 0.4%
crystal violet in 70% ethanol for 15 min. To quantify
migrated cells, crystal violet was solubilized by addi-
tion of 10% acetic acid, and the optical density (OD)
at 595 nm was measured using an Infinite 2000 Pro
reader (Tecan, Mannedorf, Switzerland).

Western blot analysis

Western blotting was performed as previously described
[49]. Primary antibodies were as follows: rat anti-ATE1
(Merck Millipore; clone 6F11), mouse anti-GAPDH
(Abcam, Cambridge, UK; ab8245), mouse anti-actin
(08691001, MP Biomedicals, Irvine, CA, USA), mouse
anti-tubulin (T9026, Merck), rabbit anti-ERK (#4695),
rabbit anti-phosphorylated ERK (#4370), rabbit anti-
phosphorylated S6K (Thr421/Ser424, #9204), rabbit
anti-V5 (#13202) and rabbit anti-AXIN1 (#2087) (all
from Cell Signaling Technology). HRP-conjugated sec-
ondary antibodies were purchased from Jackson Immu-
noResearch (Ely, UK) and proteins were visualized by
chemiluminescence (Image-Quant LAS400, GE Health-
care, Chicago, IL, USA).

RT-gPCR analysis

RNA was extracted from cells using the phenol/chlo-
roform method and concentrations were measured
using a NanoDrop spectrophotometer (ThermoFisher,
Waltham, MA, USA). Reverse transcription was per-
formed with aliquots of 1 pg total RNA using a
qScript cDNA Synthesis Kit (Quanta, Houston, TX,
USA). Quantitative PCR was performed with SYBR
Green 1 dye master mix (Roche, Basel, Switzerland)
and a CFX connect Real-Time PCR System (Bio-
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Rad). AXINI primers were as follows: forward
ACAGGATCCGTAAGCAGCAC and reverse GGTA
CGTGCGGGGAATGT. H3A4 primers were used as
internal controls: forward AAGCAGACTGCCCG
CAAAT and reverse GGCCTGTAACGATGAGG
TTTC. Primer efficiency was measured in preliminary
experiments, and amplification specificity was con-
firmed by dissociation curve analysis.

Viability assay

Viability assays were performed using CellTiter Glo
kits (Promega) as previously described [49]. Lumines-
cence intensity was measured using an Infinite 2000
Pro reader (Tecan).

Colony formation assay

Cells were seeded in 6-well plates at 10° per well and
incubated in a humidified atmosphere at 37 °C for 7-
10 days. Colonies were fixed and stained using a
ready-to-use solution of crystal violet (Merck). Plates
were imaged with a scanner (Epson, Nagano, Japan)
and colonies were analysed with IMAGE) software
(Bethesda, MD, USA).

Production of recombinant ATE1 and in vitro
arginylation

Production of recombinant ATEl and analysis of
arginylation in vitro using CelluSpot® peptide arrays
were performed as previously described [26]. In brief,
transformed BL21(DE3) pLysS competent bacteria
(Promega) were grown to an OD of 0.6 and ATEIl
expression was induced by the addition of isopropyl B-
D-1-thiogalactopyranoside at 0.25 mwM for 6 h at room
temperature. Cells were then centrifuged at 5000 g for
10 min at 4 °C and the pellets were lysed in 15 mL of
PBS containing 30% glycerol, 0.3 m NaCl, 12 mM imi-
dazole, 20 mm PB-mercaptoethanol and 1 mg-mL ™'
lysozyme. The lysate was centrifuged at 15 000 g for
30 min at 4 °C, and the supernatant was removed and
incubated with 5 mL of pre-washed nickel-agarose
beads (GoldBio, St. Louis, MO, USA) for 4 h. The
beads were washed five times with buffer A (20 mm
Tris-HC1 pH 7.5, 150 mm NaCl, 20 mm imidazole,
5 mMm B-mercaptoethanol) and twice with buffer B
(buffer A with 300 mm NaCl instead of 150 mm), and
proteins were then eluted by incubation of beads with
buffer B containing 250 mm imidazole. The beads were
centrifuged at 5000 g for 5 min and the supernatant
was removed and dialyzed overnight at 4 °C against
30% glycerol (v/v), 50 mm Tris (pH 7.4), 0.15 m NaCl,
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and 10 mm B-mercaptoethanol. For in vitro arginyla-
tion of peptides immobilized on cellulose membranes,
reaction samples (90 pL) consisting of 5.8 um
['*C] Arg (PerkinElmer Life Sciences, Waltham, MA,
USA, 346 mCi-mmol '), purified total E. coli tRNA
(0.6 mg:-mL™"), E. coli aminoacyl-tRNA synthetases
(800 unitsmL~'; Merck), 5Smm ATP, 0.15m KCI,
10 mm MgCl,, 1 mm DTT, and 50 mm Tris-HCI (pH
8.0) were preincubated at 37 °C for 15 min to allow
formation of Arg-tRNA. The reaction sample was
then mixed with 2 pg of purified recombinant ATE1
and added to the arrays for 1 h at 37 °C in a humidi-
fied chamber. The reaction was stopped by washing
the membranes four times with a large excess of Tris-
buffered saline-Tween 20 (TBS-T; 1.15 m NaCl, 50 mm
Tris-HCI, pH 7.5, 1% Tween 20) and RNase A
(10 mg:mL™"). The membranes were then washed
overnight with TBS-T, air-dried, and exposed for
autoradiography. Spot intensities were measured using
IMAGEQUANT TL software (GE Healthcare) and normal-
ized using a negative control peptide set. The threshold
for identification as an ATE] arginylated peptide can-
didate was based on the distribution of intensities.
Briefly, the threshold was set to Q3 + 1.5 x I1Q, where
Q3 is the third quartile and 1Q the interquartile of the
intensity distribution. Peptides present on the Cellu-
Spot® array are listed in Table S2.

Statistical analysis

Data were analysed with prism software (GraphPad, La
Jolla, CA, USA). Values are presented as the means +
standard error of the mean (SEM) unless noted. Differ-
ences between means (from at least three independent
assays) were evaluated using Student’s t-tests for two
groups. A P value <0.05 was considered significant.
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Fig. S2. ATEI1 expression in melanoma cell lines.

Fig. S3. ATEl knockdown inhibits melanoma cell
migration.

Fig. S4. ATE1 knockdown inhibits cell viability.

Fig. S5. Inhibition of melanoma cell viability and
effect on ATEI by serum starvation.

Fig. S6. ATE1l knockdown modulates activation of
mTOR and MAPK signalling pathways.

Fig. S7. AXINI level is affected by ATE].

Fig. S8. Higher ATE! expression in metastatic NRAS
mutant melanomas.

Fig. S9. ATE] expression is upregulated in pancreatic
cancer samples.

Table S1. List of melanoma patients used in this
study.

Table S2. List and sequences of the peptides used for
the assay presented in Figure 6.

Data S1. Material & methods.
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