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Long non-coding RNA TINCR suppresses
metastatic melanoma dissemination by
preventing ATF4 translation
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Abstract

Transition from proliferative-to-invasive phenotypes promotes
metastasis and therapy resistance in melanoma. Reversion of the
invasive phenotype, however, is challenged by the poor understand-
ing of mechanisms underlying its maintenance. Here, we report that
the lncRNA TINCR is down-regulated in metastatic melanoma and its
silencing increases the expression levels of invasive markers, in vitro
migration, in vivo tumor growth, and resistance to BRAF and MEK
inhibitors. The critical mediator is ATF4, a central player of the inte-
grated stress response (ISR), which is activated in TINCR-depleted
cells in the absence of starvation and eIF2a phosphorylation. TINCR
depletion increases global protein synthesis and induces transla-
tional reprogramming, leading to increased translation of mRNAs
encoding ATF4 and other ISR proteins. Strikingly, re-expression of
TINCR in metastatic melanoma suppresses the invasive phenotype,
reduces numbers of tumor-initiating cells and metastasis formation,
and increases drug sensitivity. Mechanistically, TINCR interacts with
mRNAs associated with the invasive phenotype, including ATF4,
preventing their binding to ribosomes. Thus, TINCR is a suppressor of
the melanoma invasive phenotype, which functions in nutrient-rich
conditions by repressing translation of selected ISR RNAs.
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Introduction

Cutaneous melanoma is the most aggressive form of skin cancer,

mainly due to early metastasization and rapid development of resis-

tance to available treatments (Kunz & Holzel, 2017; Schadendorf

et al, 2018). Metastatic dissemination is connected to the high

propensity of melanoma cells to migrate and invade neighboring

tissue, a property that is acquired since the earliest steps of

melanomagenesis (Damsky et al, 2014). Though treatment of meta-

static melanoma has been revolutionized in the recent years, thanks

to the use of targeted therapies (such as BRAFV600E or MAP-kinase

inhibitors) and immune checkpoint (PD-1 or CTLA-4) inhibitors

(Landsberg et al, 2012; Woods et al, 2014; Hugo et al, 2016; Tirosh

et al, 2016b; Jaberg-Bentele et al, 2017; Kunz & Holzel, 2017), the

response rate to either treatments is less than 50%, with a relapse

rate near 100% with targeted treatments and ~ 30% with

immunotherapy (Damsky et al, 2014; Kunz & Holzel, 2017;

Schadendorf et al, 2018; Garcia-Jimenez & Goding, 2019).

Emerging evidence indicates that metastasization and drug resis-

tance result from the capacity of melanoma cells to dynamically

change their phenotype in response to environmental perturbations,

so called phenotype plasticity (Rambow et al, 2019). Melanoma cells

can in fact reprogram transcription and metabolism in response to

nutrient deprivation or extracellular signals from the tumor microen-

vironment (TME), resulting into the generation of distinct cell

phenotypes and high degree of intratumor heterogeneity (Falletta

et al, 2017; Ferguson et al, 2017; Garcia-Jimenez & Goding, 2019).

Gene expression analyses of melanoma cell lines and patient

tumor biopsies led to the identification of two predominant
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transcriptional states, which are linked to phenotypically distinct

cell populations, named, respectively, “proliferative” or “invasive”

(Hoek et al, 2008). The proliferative phenotype is related to highly

proliferating melanocytes and is characterized by the expression of

MITF, the master transcription regulator of melanocyte proliferation

and differentiation, and its upstream regulator SOX10 (Bondurand

et al, 2000; Lee et al, 2000; Potterf et al, 2000; Verastegui et al,

2000; Goding & Arnheiter, 2019). The invasive phenotype, instead,

relates to an undifferentiated and highly invasive cell state that is

under the control of a gene-regulatory network orchestrated by the

AP1 and TEAD transcriptions factors (Riesenberg et al, 2015;

Verfaillie et al, 2015). These undifferentiated/invasive melanoma

cells are characterized by low levels of MITF and SOX10 and high

levels of the tyrosine-protein kinase receptor AXL and ligands like

TGFb and WNT5A (Konieczkowski et al, 2014; Muller et al, 2014;

Arozarena & Wellbrock, 2019). Of note, the proliferative and inva-

sive phenotypes do not correlate with the presence of known driver

mutations, including BRAFV600E or NRASQ61L, indicating that tran-

scriptional reprogramming is largely independent of the genetic

make-up of individual tumor cells (Ferguson et al, 2017; Rambow

et al, 2018).

These two phenotypic states are per se highly plastic and can

convert into each others in response to changes in the TME, as

revealed by the existence of single melanoma cells with transcrip-

tional patterns consistent with transient phenotypic states (Tirosh

et al, 2016b; Kim et al, 2017; Rambow et al, 2018; Arozarena &

Wellbrock, 2019). A large body of experimental evidence indicates

that the interconversion between the proliferative and invasive

phenotypes play a major role during melanoma development

(“phenotype-switch” model). In particular, the proliferative pheno-

type may drive tumor growth, and its transition into the invasive

phenotype may generate cells able to invade and metastasize. Upon

seeding at new sites, invasive cells must revert into a proliferative

phenotype to allow metastasis growth (invasive-to-proliferative

switch) (Carreira et al, 2006; Hoek et al, 2008; Pinner et al, 2009;

Hoek & Goding, 2010; Rambow et al, 2018).

Phenotypic plasticity of melanoma cells also allows for adapta-

tion to treatments and the emergence of resistant disease

(Arozarena & Wellbrock, 2019; Rambow et al, 2019). Treatment

with MAP-kinase inhibitors (MAPKi) has been associated with the

progressive emergence of dedifferentiated cells that are intrinsically

drug-resistant and possess transcriptional features of the invasive

phenotype (expression of NGFR, PDGFR, IGF1R, EGFR, AXL, or

ROR2) (O’Connell et al, 2013; Muller et al, 2014). On the other

hand, melanomas that are resistant to checkpoint inhibitors express

a similar transcriptional signature (innate anti-PD1 resistance signa-

ture; IPRES) that includes increased AXL expression (Hugo et al,

2016; Jenkins et al, 2018).

A proliferative-to-invasive phenotype switch, including resis-

tance to targeted treatments, can be induced experimentally using

some of the TME factors involved in melanoma progression, such as

hypoxia, nutrient deprivation (glucose or glutamine), inflammation,

TGFb, WNT5A, or TNF-a (O’Connell et al, 2013; Widmer et al,

2013; Falletta et al, 2017; Arozarena & Wellbrock, 2019; Garcia-

Jimenez & Goding, 2019; Vivas-Garcia et al, 2020). Instead, rever-

sion of the invasive phenotype by manipulation of intracellular

signaling pathway proved to be particularly difficult and successful

approaches are still not known (Arozarena & Wellbrock, 2019).

Strikingly, using the zebrafish model system, it has been recently

demonstrated that, after colonization of distant sites, invasive mela-

noma cells re-acquire a proliferative and differentiated phenotype,

induced by the secretion of endothelins by the TME (Kim et al,

2017). These data suggest that the TME at distant sites provides the

signals required to induce the invasive-to-proliferative switch, and

targeting melanoma cell plasticity might represent an effective thera-

peutic option.

MITF seems to have a central, though controversial role in the

modulation of plasticity and phenotype switches in melanoma (God-

ing & Arnheiter, 2019). However, changes in MITF expression in

invasive cells do not induce the proliferative switch, suggesting that

additional, yet poorly characterized, transcriptional changes are

required for the maintenance of the invasive phenotype.

Over the past decade, long non-coding RNAs (lncRNAs) have

been identified as critical players in gene regulation (Chen et al,

2018). They are defined as 50-capped and 30-polyadenylated RNA

transcripts > 200 bp, with no or minimal protein-coding potential.

Aberrant expression of lncRNAs is also associated to human tumori-

genesis, including the process of metastasization (Huarte, 2015;

Leucci et al, 2016a). In epithelial tumors, several lncRNAs (ATB21,

HOTAIR, CHRF, Hh52) have been identified that regulate transcrip-

tion factors (ZEB, SNAIL, TWIST) involved in the epithelial-to-

mesenchymal transition (EMT), a process resembling the prolifera-

tive-to-invasive transition observed in melanomas (Gugnoni & Ciar-

rocchi, 2019). In melanoma, lncRNAs have been reported to

promote survival (SAMMSON) (Leucci et al, 2016b), tumor suppres-

sion (Coe et al, 2019), growth or invasion (SPRY4-IT1, UCA1,

MALAT-1, BANCR, PVT1, CASC15) of tumor cells (Lessard et al,

2015; Bhan et al, 2017).

However, whether lncRNAs contribute to establishment or main-

tenance of aberrant transcriptional patterns or phenotype plasticity

in melanoma is unknown. We report here the identification of the

TINCR lncRNA that acts as a suppressor of the invasive and meta-

static phenotype in melanoma.

Results

Transcriptional profiles distinguish primary melanomas in two
groups resembling nevi or metastases

To identify critical transcriptional-targets of metastatic dissemina-

tion, we performed unsupervised consensus clustering of 89 primary

and 356 metastatic melanomas from The Cancer Genome Atlas

(TCGA) and identified three stable clusters (Figs 1A and EV1A),

none of which associated with NRAS or BRAF mutations

(Fig EV1B). Primary melanomas were mainly distributed in Clusters

1 and 2 (~ 35 and ~ 56%, respectively; P < 0.01), while metastatic

melanomas in Clusters 2 and 3 (~ 71 and ~ 22%, respectively;

P < 0.01) (Fig 1A). Unsupervised consensus clustering of the 89

primary melanomas clearly identified two groups (Primary-A and

Primary-B, Fig 1B), which corresponded to, respectively, Cluster 1

and Cluster 2/3 samples (31/34 of Primary-A were in Cluster 1; 54/

55 of Primary-B in Clusters 2 or 3) (Fig EV1C). Differential expres-

sion analyses of Primary-A and Primary-B melanomas identified

1,034 genes (Primary Melanoma Signature; fold change ≥ 1.5,

FDR ≤ 0.05) (Dataset EV1 and Fig EV1D). Down-regulated genes
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prevailed over up-regulated for their power in discriminating the

two groups (P = 5.9e-15 and 5.3e-05, respectively) (Fig 1C). The

signature identified the same groups of Primary-A and Primary-B

in an independent and larger dataset of 297 primary melanomas

(Staaf et al, 2014; Fig EV2A) and in a small dataset of nevi and

primary/metastatic melanomas from our tissue bank (12 samples,

Fig EV2B). Notably, in the latter, Primary-A and Primary-B mela-

nomas showed transcriptional similarity to nevi and metastatic

melanomas, respectively (Fig EV2C and D; Spearman correlation

coefficient q > 0.7).

Gene Set Enrichment Analysis (GSEA) of genes differentially

expressed between Primary-A and Primary-B melanomas showed in

Primary-B melanomas significant enrichment of genes involved in

the regulation of immune responses and cell processes potentially

relevant for the acquisition of the metastatic phenotype, including

positive regulators of cell migration and integrin-mediated cell-cell

adhesion, among others (Dataset EV2, Fig 1D). In Primary-A mela-

nomas, instead, the most enriched processes were associated

with epidermal and epithelial cell differentiation and a low invasive

state (cell-cell and apical junction assembly), the WNT canonical

A

C D

B

Figure 1. Unsupervised clustering of TCGA skin cutaneous melanoma RNA-seq dataset identifies two distinct groups of primary melanomas.

A Heatmap showing the unsupervised consensus clustering of TCGA melanomas (n = 445: 356 metastases and 89 primary melanomas). The identified clusters are
indicated below the heatmap: cluster 1 (n = 55, red), cluster 2 (n = 304, blue), and cluster 3 (n = 86, green). Type of melanoma samples (primary or metastatic) and of
metastatic site (subcutaneous, lymph node or distant) within each cluster are indicated below and above the heatmap, respectively.

B Heatmap showing the unsupervised consensus clustering of TCGA primary melanomas (n = 89) using the 1,000 most variable expressed genes in the same dataset.
The identified signature clearly divides the TCGA dataset in two groups: Primary-A (n = 34, red) and Primary-B (n = 55, pink), as indicated.

C Boxplots showing the distributions of the normalized rank-sums of the down-regulated (left panel) and up-regulated (right panel) genes in the identified signature.
Down-regulated genes in Primary-B melanomas better discriminate the two groups of primary melanoma samples (P = 5.9e-15, Wilcoxon rank-sum test). Median,
minimum, maximum, 25th, 75th whiskers of rank-sum distribution are shown.

D Bar-graph showing the Gene Set Enrichment Analysis (GSEA) of genes differentially expressed between Primary-A and Primary-B melanomas (primary melanoma
signature), performed combining GO gene sets (GO) and Gene set enrichment analysis (GSEA) of the primary melanoma signature.
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pathway, and the SOX10-driven transcriptional program (Dataset

EV2, Fig 1D).

Together, these data indicate that primary melanomas can be

grouped into two categories, based on their transcriptome similari-

ties to nevi and metastatic melanoma, and that differences are

consistent with the alternative enrichment of genes influencing cell

differentiation (Primary-A; nevi-like) or invasive/migratory

programs (Primary-B; metastasis-like), respectively.

TINCR lncRNA expression correlates with the
non-metastatic phenotype

We then searched the primary melanoma signature for lncRNAs

potentially implicated in the inhibition of the invasive switch in

primary melanomas, e.g., expressed in Primary-A melanomas and

down-regulated in Primary-B and metastases. We found three

annotated lncRNAs in the signature, namely TINCR, KIAA0125

and MIAT. Only TINCR, however, was expressed in Primary-A

melanomas and significantly down-regulated in Primary-B and

metastatic melanomas (Mann–Whitney test, P < 0.001) (Fig 2A).

TINCR RNA levels correlated significantly with the expression of

down-regulated genes in the primary melanoma signature, as

shown by the analyses of RNA-seq datasets of nevi (n = 3),

primary (n = 4) and metastatic melanomas (n = 5) (Spearman’s

correlation coefficient of 0.79, P = 3.6e-3) (Fig 2B). Down-regula-

tion of TINCR in Primary-B melanomas was neither linked to

variations in TINCR gene copy number (Fig EV3A), nor to hyper-

methylation of CpG dinucleotides flanking its transcription start

site (TSS, Fig EV3B). QPCR analyses of primary and metastatic

melanomas obtained from patient samples (n = 8 per group) or

grown in immunodeficient mice (patient-derived xenografts;

PDXs; n = 4, primary and n = 8, metastasis) showed lower levels

of TINCR RNA in all metastatic samples (Fig 2C). Notably,

matched pairs of PDXs from primary and metastatic samples

of the same patient showed markedly reduced expression of

TINCR in the metastatic counterparts (Fig 2C). Thus, TINCR

RNA is expressed in Primary-A melanomas, whereas is down-

regulated in Primary-B and metastatic samples, indicating that

TINCR expression might contribute to the maintenance of the

non-invasive phenotype.

TINCR silencing induces an invasive-phenotype switch

We next investigated the effects of TINCR silencing on the invasive

phenotype of melanoma cells, focusing on cell migration/prolifera-

tion, tumorigenicity, drug sensitivity, and transcriptomic patterns.

A B C

Figure 2. The lncRNA TINCR RNA is down-regulated in metastatic melanoma.

A Box and whiskers (from 5th to 95th percentile) plots depicting TINCR RNA levels in the TCGA SKCM RNA-seq dataset of melanoma samples. TINCR expression is higher
in Primary-A melanomas, and its reduction in Primary-B melanomas and all groups of metastatic samples is statistically significant (Mann–Whitney test, **P < 0.01).
Median, minimum, maximum, 25th, 75th whiskers of expression values are shown.

B Scatter plot showing correlation between the expression of TINCR RNA and normalized rank-sums of the down-regulated (upper panel) and up-regulated (lower
panel) genes in the primary melanoma signature. TINCR expression strongly correlates (Spearman’s correlation coefficient of 0.79, Spearman rank P value: **P < 0.01)
with the expression of the down-regulated genes.

C Dot plot showing qRT–PCR analysis of TINCR expression in primary (8) and metastatic (8) melanoma samples from surgical specimens or patient-derived xenografts (4
primary and 8 metastatic PDXs). TINCR RNA levels relative to the L32P housekeeping gene are shown. Paired primary and metastatic PDXs are marked with an
asterisk. The difference between primary and metastatic samples is significant (Mann–Whitney test, **P < 0.01). Median, minimum, maximum, 25th, 75th whiskers of
expression values are shown.

4 of 19 EMBO reports 22: e50852 | 2021 ª 2021 The Authors

EMBO reports Marine Melixetian et al



We used two melanoma cell lines (WM902B and MMC70) with rela-

tively high levels of TINCR RNA (Figs 3A and EV3C), and expressing a

proliferative, non-invasive phenotype (as shown by high levels of MITF

and SOX10 proteins and low of AXL and EPHA2, respectively)

(Fig 3G). Infection with lentiviral vectors carrying TINCR-specific

(shTINCR-1 and shTINCR-2) shRNAs reduced significantly TINCR RNA

levels (> 75%), as compared to control (shSCR) shRNAs (Fig 3A).

In vitro migration was significantly increased in both WM902B

and MMC70 cells by TINCR knockdown (Figs 3B and EV3D). As

well, TINCR-depleted WM902B cells showed increased capacity to

invade the collagen matrix in a 3D collagen assay (Fig EV3E). Prolif-

eration, instead, was not affected in either of the two cell lines

(Fig 3C). Analyses of in vivo tumor growth (WM902B cell line)

showed a dramatic increase in the size of tumors obtained upon

A

D E F G

B C

Figure 3. Loss of TINCR expression promotes melanoma cell migration in vitro and tumor growth in vivo by inducing a switch to an invasive phenotype.

A qRT–PCR quantification of TINCR RNA expression in MMC70 and WM902B cell lines, independently infected with two shRNAs targeting TINCR expression (shTINCR-1
and shTINCR-2). Cells transduced with shScamble (shSCR) were used as control. TINCR RNA levels relative to L32P housekeeping gene and control (mean � s.d.)
measured in three independent biological experiments are shown. In both cell lines TINCR knockdown efficiency is more than 70% with the two shRNAs. Statistical
analyses were performed using Student t-test (**P < 0.01).

B In vitro migration assay of MMC70 and WM902B cells transduced with shTINCR-1, shTINCR-2, or shSCR. Relative migration (mean � s.d.) from three independent
experiments is indicated. Statistical analyses were performed using Student t-test (***P < 0.001).

C In vitro cell proliferation of shSCR or shTINCR infected MMC70 and WM902B cells assayed 72 h after infection at the indicated time points using CellTiter-Glo
luminescent kit (Promega). Cell growth from three biological replicates is indicated as proliferation rate relative to control cells (mean � s.d.). The difference between
control and TINCR-silenced samples at all time points is not significant (Student t-test).

D Upper panel: in vivo growth of tumors derived from intradermal injection of shTINCR-2 or shSCR WM902B cells in NSG mice. 600,000 WM902B cells per mouse were
inoculated. Tumor volumes (mean � s.d.) were measured 8 weeks after transplantation. Results from two independent experiments (four animals per group) are
shown. Statistical analysis between control and TINCR-silenced groups was performed using the Student t-test (**P < 0.01). Lower panel: qRT–PCR analysis of TINCR
RNA expression in tumors derived from in vivo transplant of shSCR and shTINCR WM902B cells (8 weeks after injection). TINCR RNA levels relative to L32P
housekeeping gene and control (mean � s.d.) from four biological replicates (animals) from both experiments are shown.

E Drug-response curves showing increased resistance of shTINCR-WM902B cells after treatment with BRAF (Vemurafenib; from 10 to 10,000 nM) and MEK (Trametinib;
from 4 to 2,000 nM) inhibitors. The shSCR- (control) and shTINCR-WM902B cells were treated with increasing concentrations of drugs and their viability assayed
after 72 h using CellTiter-Glo luminescent kit (Promega). Error bars represent s.e.m. of three biological replicates. The dose-response curve was fit with nonlinear
regression (GraphPad Prism).

F Gene ontology (GO) terms enrichment analysis of the differentially expressed genes identified by RNA-seq analysis in TINCR knockdown WM902B cells. All
enrichments are significant at FDR < 0.05.

G Western blot analysis of a panel of proteins that are specifically associated to the proliferative or invasive phenotype. Total protein lysates were extracted from
shSCR- and shTINCR-WM902B cells (lane 1 and 2) or shSCR- and shTINCR-MMC70 cells (lane 3 and 4) 10 days after infection and analyzed by immunoblot assay
using the indicated antibodies. Vinculin was used as loading control.
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intradermal injection of shTINCR cells, as compared to shSCR

control cells (Fig 3D, upper panel). Notably, shTINCR tumors

showed very low levels of TINCR RNA, even at long time points

after injection (8 weeks) (Fig 3D, lower panel, and Dataset EV3A).

To investigate the effects of TINCR expression on drug sensitiv-

ity, TINCR-depleted WM902B cells were treated with the BRAF

PLX4032 (Vemurafenib) and MEK GSK1120212 (Trametinib) inhibi-

tors. WM902B cells carry the BRAFV600E mutation and are sensitive

to both BRAF and MEK inhibition (Zipser et al, 2011). Analyses of

cell viability at 72 h showed increased resistance of shTINCR-

WM902B cells to both drugs, as compared to control shSCR cells

(Fig 3E).

RNA-seq analysis of the changes in global RNA abundance in

TINCR-silenced WM902B cells showed significant modulation of

the expression of 1,117 genes (fold change > 1.5, FDR < 0.05;

637 up- and 480 down-regulated) (Fig EV4A and Dataset EV3B).

In TINCR-depleted cells, GSEA and Gene Ontology (GO) analyses

showed enrichment of genes involved in the regulation of

invasion and metastasis (extracellular matrix organization, cell

motility/migration, EMT, and the invasive melanoma signature)

and depletion of genes involved in proliferation (cell cycle;

DNA replication and the proliferative melanoma signature)

(Figs 3F and EV4B). Consistently, attenuation of TINCR expres-

sion induced marked up-regulation of AXL and EPHA2 proteins

and concomitant down-regulation of MITF and SOX10 proteins,

markers of the proliferative cell state involved in the regulation

of melanocytic lineage-identity and survival (Fig 3G). TINCR

silencing also modulated expression of several EMT-related mark-

ers, including N-cadherin, SNAI1, and ZEB1 (Fig 3G), which have

been implicated in the regulation of cell plasticity, phenotypic

heterogeneity and drug resistance (Vandamme & Berx, 2014). As

well, silencing of TINCR expression in the growing WM902B

tumors induced enrichment or depletion, respectively, of genes of

the invasive or proliferative signatures (Fig EV4C). Together,

these data demonstrate that TINCR silencing induces a switch

toward the invasive phenotype without affecting cell prolifera-

tion, indicating that TINCR expression maintains melanoma cells

in a non-invasive state. Notably, down-regulation of TINCR

expression in an invasive melanoma cell line with high levels of

TINCR (WM1552C; Figs EV3C and EV4D, upper panel) and unde-

tectable levels of MITF and SOX10 (Fig EV4D, lower panel),

further increased expression of invasive markers (AXL, EGFR,

and EPHA2 proteins) (Fig EV4D, lower panel), in vitro cell

migration and tumor formation in vivo (Figs EV4E, upper panel

and EV4F), without exerting significant effects on cell prolifera-

tion in vitro (Fig EV4E, lower panel), suggesting that TINCR

limits the expression of the invasive phenotype irrespective of

the status of MITF expression.

Finally, we investigated if MITF is involved in the maintenance

of TINCR expression in proliferative phenotype melanoma cells.

Publicly available chromatin immunoprecipitation analyses, in

fact, reported several MITF-binding sites variably present in dif-

ferent melanoma cell lines (at +28.6, +3.8 and +0.36 Kb from its

TSS) (Webster et al, 2014; Laurette et al, 2015; Johansson et al,

2020; Louphrasitthiphol et al, 2020). TINCR RNA levels are

reduced upon MITF depletion in WM902B and MMC70 cells,

suggesting that steady-state levels of TINCR depend on MITF

expression (Fig EV5A).

TINCR re-expression in metastatic melanoma reverts the invasive
phenotype

We next investigated whether restoration of TINCR expression

reverts the invasive phenotype, using two PDXs from metastatic

melanomas expressing low levels of TINCR RNA (Fig 2C) and

carrying, respectively, NRAS (N61L; MM13 PDX) or BRAF muta-

tions (V600E; MM2 PDX). Infection of cell suspensions from

PDX-derived tumors using lentiviruses carrying empty vector or

TINCR full-length cDNA lead to ~ 8-fold increase of TINCR

expression in both PDX samples, as evaluated by qPCR at 72 h

post-infection (Fig 4A).

TINCR overexpression (i) markedly reduced cell migration

in vitro (~ 75 and ~ 65% reduction for MM13 and MM2 cells,

respectively) (Figs 4B and EV5B); (ii) significantly reduced inva-

sion capacity of MM2 spheroids in collagen (Fig EV5C); (iii)

exerted no significant effect on cell proliferation (Fig 4C); (iv)

increased in vitro drug sensitivity to the MEK inhibitor Trame-

tinib in MM13 and MM2 PDX cells, and to the BRAF inhibitor

Vemurafenib in MM2 cells (Fig 4D). We performed global RNA-

seq analyses of TINCR-overexpressing MM13 and MM2 cells

(Dataset EV4A and B; common genes reported in Dataset EV4C).

GSEA identified enrichment in translation and RNA metabolism,

cell division, and cell-cell and cell-matrix communication

(Dataset EV4D–G). Matching DEGs from TINCR-overexpresing

cells with those of WM902B tumors (Fig EV4C, Dataset EV3A)

and cells (Fig 3F, Dataset EV3B) showed 238 and 257 common

genes, in MM2 and MM13, respectively, with a relatively low

number of inverted changes (84 and 70, respectively; now

reported in Datasets EV3 and EV4), which mapped to GO terms

associated to cell-matrix adhesion, migration and motility.

Consistently, TINCR-overexpressing cells showed down-regulation

of a set of genes belonging to the invasive signature, and

up-regulation of genes of the proliferative signature (Fig EV5D,

Dataset EV4). Western blot analysis of the same samples

revealed a significant reduction of the expression of the invasive

markers: EPHA2 and EGFR in both MM13 and MM2; AXL and

PDGFRb in MM13 and MM2, respectively. The SOX10 prolifera-

tive marker was up-regulated in MM2, while was not expressed

in MM13. Notably, analyses of MITF expression in MM2 and

MM13 cells, as well in cells from other two PDXs (MM3 and

MM19), increased MITF expression in only one PDX (MM2) and

had variable effects on the others, suggesting that the effect of

TINCR overexpression on MITF is cell-context dependent (Figs 4E

and EV5E).

Thus, re-expression of TINCR in metastatic melanoma cells

restrained cell migration and expression of critical markers of the

invasive state and restored drug sensitivity, with no effects on cell

proliferation.

To analyze the effect of TINCR overexpression on in vivo

tumorigenicity, control and TINCR-overexpressing MM13 PDX

cells were injected orthotopically in NSG mice, and, after

30 days, primary tumors resected surgically. Tumors removed

from the TINCR-overexpressing group were significantly smaller

than those from the control group (P < 0.01; Fig 4F). One month

after resection, control animals developed spontaneous metas-

tases to lung, liver, and lymph nodes (LN), while, in the

TINCR-overexpressing mice, metastasis formation was almost
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Figure 4. TINCR re-expression inhibits migration in vitro, tumor growth, and metastasis spreading in vivo and overcomes resistance to MEK inhibitors of
metastatic melanoma PDXs.

A qRT–PCR analysis of TINCR expression (left) of MM13 and MM2 PDX cells infected with lentiviral vectors expressing full-length TINCR cDNA. PDX cells infected with
empty vector (Empty) were used as control. TINCR RNA levels relative to L32P housekeeping gene and control (mean � s.d.) from three biological replicates are
shown. Statistical analyses were performed using Student t-test (***P < 0.001).

B In vitro relative migration (mean � s.d.) from three independent experiments (biological replicates) is shown in MM13 and MM2 TINCR-overexpressing (TINCR)
compared to control (Empty) cells. Statistical analyses were performed using Student t-test (***P < 0.001).

C In vitro cell proliferation was assayed 72 h post-infection in Empty and TINCR MM13 and MM2 PDX cells at the indicated time points (1–5 days) using CellTiter-Glo
viability assay. Relative proliferation rate (mean � s.d.) of three independent experiments are shown.

D Drug-response curves showing sensitization to MEK inhibitor Trametinib of MM13 (NRAS-mutant PDX) and to Trametinib and BRAF inhibitor Vemurafenib of TINCR
MM2 cells (BRAF-mutant PDX). The Empty (control) and TINCR expressing MM13 cells were treated with increasing concentrations of drug (ranging from 5 to
5,000 nM) and cell viability was assayed after 72 h by CellTiter-Glo viability assay. Error bars represent s.e.m. of three biological replicates. The dose-response curve
was fit with nonlinear regression (GraphPad Prism).

E Western blot analysis of the expression of the invasive and proliferative phenotype markers EPHA2, EGFR, AXL, PDGFRb, SOX10, and MITF in TINCR-overexpressing
MM13 and MM2 cells. Total protein lysates were extracted from PDX cells 7 days after infection and analyzed by immunoblot assay using the indicated antibodies.
Vinculin was used as loading control. This experiment is representative of three independent experiments showing comparable levels of TINCR overexpression (8–10
folds).

F In vivo growth of Empty vector and TINCR cDNA expressing MM13 cells following intradermal injection into NSG mice. Four animals (200,000 cells/mouse)
per group were used in each experiment. Tumor growth (mean � s.d.) was monitored weekly and tumor volume (mean � s.d.) measured at 4 weeks for
primary tumors (originated in the site of injection, left panel) and at 8 weeks for spontaneous metastases which colonized lymph nodes (right panel). The
results of two independent experiments are shown. Statistical analyses of control and TINCR-overexpressing groups from both experiments were performed
using Student t-test (**P < 0.01).

G Representative pictures of lymph node metastases derived from Empty and TINCR expressing MM13 PDX cells are shown. Hematoxylin-eosin staining of sections of
liver and lung metastases derived from Empty and TINCR MM13 PDX cells. Metastasis formation was evaluated 8 weeks after transplantation into NSG mice. Pictures
of representative lungs and livers infiltrated with metastases are shown in the inset. Scale bars: 200 lm.

ª 2021 The Authors EMBO reports 22: e50852 | 2021 7 of 19

Marine Melixetian et al EMBO reports



abolished at LN sites and significantly reduced in lung and liver

(Fig 4F and G).

To investigate cellular mechanisms of reduced tumorigenicity in

TINCR-overexpressing PDXs, we analyzed the frequency of prolifer-

ating, apoptotic and tumor-initiating (TIC) cells in vivo. We found

comparable levels of proliferating (measured as Ki67- or phospho

S10 Histone H3-positive cells) and apoptotic (measured as cleaved

caspase3-positive cells) cells in tumors obtained from orthotopic

injection of control and TINCR-overexpressing cells (Fig EV5F; same

tumors as in Fig 4F). To determine the TIC frequency, we performed

extreme limiting dilution assays (ELDA) (Hu & Smyth, 2009) of

control and TINCR-overexpressing MM13 PDX cells and measured

tumor development. Notably, TINCR-overexpressing cells showed

reduced frequencies of tumor-initiating capacity in vivo (2–3 fold),

as compared to control cells (P = 0.047; Fig EV5G), suggesting that

TINCR expression regulates numbers of TICs and that this contri-

butes to the reduced tumorigenicity of TINCR-overexpressing

melanoma cells.

Together, these data indicate that restoration of TINCR expres-

sion reverts the invasive melanoma phenotype of metastatic mela-

noma, as shown by its effects on cell migration, expression of

invasive markers, resistance to MEK and BRAF inhibitors, and,

in vivo, frequency of tumor-initiating cells, tumor growth, and meta-

static potential.

A

D E

B C

Figure 5. TINCR depletion activates ATF4 translation independently of eIF2a phosphorylation.

A Western blot analysis of integrated stress response activation in WM902B and MMC70 cells. Cells were harvested 96 h after shRNA infection and Western blot
performed using the indicated antibodies.

B Representative comparison of translational efficiency (TE) in control (shSCR) and shTINCR WM902B cells 72 h post-infection. The genes with statistically significant TE
up- and down-regulation (FDR < 0.1) are highlighted in red and blue, respectively. ATF4 is circled among the up-regulated genes.

C Heatmap representing top translationally up-regulated and down-regulated genes in TINCR WM902B cells. The plotted values are the log2 fold TE change values in
each biological replicate (rep1 and rep2) relative to control (shSCR).

D Bar-graph representing ribosome-protected fragments (RPF) normalized coverage (mean � s.d.) mapping to ATF4 CDS in control (shSCR) and TINCR (shTINCR)
depleted WM902B cells from two biological replicates is shown.

E UCSC genome browser tracks of ribosome footprint data illustrating RPF density distribution across ATF4 mRNA in shSCR and shTINCR WM902B cells.
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TINCR depletion induces ATF4 up-regulation and MITF down-
regulation in the absence of a typical integrated stress response

We next investigated the molecular mechanisms underlying the

invasive-phenotype switch induced by TINCR silencing. In mela-

noma, invasion correlates with low expression of MITF, a key regu-

lator of the melanocyte lineage that promotes survival, induces

proliferation and maintains the differentiated phenotype (Goding &

Arnheiter, 2019). As a consequence, MITF-low cells are slow-

cycling, invasive, and endowed with melanoma-initiating cell prop-

erties (Carreira et al, 2006; Goodall et al, 2008; Cheli et al, 2011).

Down-regulation of MITF during the proliferative-to-invasive switch

is mediated by inhibition of both translation, through the eukaryotic

translation initiation factor eIF2a or the RNA helicase DDX3X

(Phung et al, 2019), and transcription, through the POU domain

transcription factor Brn-2 or the activating transcription factor 4

(ATF4) (Goodall et al, 2008; Falletta et al, 2017). ATF4 is a

controller of the integrated stress response (ISR), which is induced

in melanoma cells by nutrient starvation and inhibition of eIF2 (Fal-

letta et al, 2017; Ferguson et al, 2017; Garcia-Jimenez & Goding,

2019). Strikingly, Western blotting of shTINCR WM902B and

MMC70 melanoma cells showed marked down-regulation of MITF

and increased expression of ATF4 and its transcriptional target

CHOP (DDIT3), as compared to control cells (Fig 5A). Consistently,

MITF and ATF4 target genes were, respectively, depleted and

enriched in the transcriptome of shTINCR WM902B cells

(Appendix Fig S1A).

To investigate the functional role of ATF4 activation following

TINCR depletion, we down-regulated ATF4 expression in WM902B

and MMC70 melanoma cells, using ATF4-specific shRNAs

(Appendix Fig S1B). ATF4 silencing had no significant effects on

cell migration of either WM902B or MMC70 melanoma cells; it

rescued, however, the increased migratory phenotype induced by

TINCR depletion (Appendix Figs S1C and D), suggesting that ATF4

is critical for the phenotype switch induced by TINCR. We also

noticed that down-regulation of MITF by shTINCR is maintained

upon simultaneous silencing of ATF4 (Appendix Fig S1B), suggest-

ing that TINCR-induced MITF down-regulation is not linked to

ATF4 activation.

We next investigated mechanisms underlying ATF4 activation

following TINCR depletion. Induction of ATF4 requires phosphory-

lation of eIF2a, a common substrate of the different stress-kinases

that initiate the ISR (Wek & Cavener, 2007; Pakos-Zebrucka et al,

2016). Phosphorylated eIF2a reduces the formation of the transla-

tion initiation eIF2-GTP-tRNAi(Met) ternary complex (TC) (Keder-

sha et al, 2002), leading to a suppression of global protein synthesis

and the selective translation of a specific mRNA subset of stress

proteins, including ATF4 (Pakos-Zebrucka et al, 2016; Pavitt, 2018).

Surprisingly, however, we did not observe any modification in phos-

phorylation of eIF2a upon TINCR knockdown in either MITF-posi-

tive WM902B and MMC70 or MITF-negative WM1552C melanoma

cells (Fig 5A and Appendix Fig S2A). To exclude a transient effect of

shTINCR on eIF2a phosphorylation, we performed a time course

experiment on cells transfected with TINCR siRNAs, which showed

ATF4 up-regulation at 8 h post-transfection, in the absence of any

changes in eIF2a phosphorylation (Appendix Fig S2B). Thus, TINCR

RNA depletion induces the ATF4-high cellular state typical of inva-

sive melanoma cells, in the absence, however, of eIF2B inhibition,

suggesting that TINCR regulates ATF4 through mechanisms that are

independent of its canonical induction by cellular stresses.

ATF4 translation can be induced independently of ISR by the

rapamycin complex 1 (mTORC1), a protein kinase complex that

activates protein synthesis in nutrient-rich conditions, and promotes

cellular growth (Nandagopal & Roux, 2015; Saxton & Sabatini,

2017). mTORC1 phosphorylates the S6 kinase (S6K) and the transla-

tion initiation factor 4E (eIF4E)-binding protein 1 (4EBP1), which

induces its release from eIF4E to stimulate cap-dependent transla-

tion (Qin et al, 2016). Upon TINCR depletion, levels of phosphory-

lated S6K and 4EBP1 decreased slightly in WM902B but not MMC70

cells, suggesting that ATF4 induction by TINCR depletion is indepen-

dent on mTORC1 pathway activity (Appendix Fig S2B).

TINCR depletion induces translational reprogramming and
increases protein synthesis

We then investigated alternative mechanisms of ATF4 regulation by

TINCR. Several ATF4-regulatory mechanisms were previously

reported, including increased transcription and protein stability

(Wortel et al, 2017). ATF4 mRNA is not regulated by TINCR, as

shown by analyses of the transcriptome of shTINCR WM902B

(Dataset EV5), and confirmed by PCR analyses of both WM902B

and MMC70 cells (Appendix Fig S2C, upper panel). As well, ATF4

protein showed similar half-life in TINCR-depleted WM902B and

MMC70 cells upon treatment with the protein synthesis inhibitor

cycloheximide, suggesting that TINCR does not regulate ATF4

protein stability in melanoma cells (Appendix Fig S2C, lower panel).

In the ISR, ATF4 is induced by de novo protein synthesis (mRNA

translation), in response to phosphorylation of eIF2a (Pakos-

Zebrucka et al, 2016). To investigate whether TINCR regulates ATF4

mRNA translation, we measured genome-wide translation via deep

sequencing of mRNA fragments bound by 80S translating ribosomes

(Ribo-seq) in WM902B cells (Ingolia et al, 2019). We identified 97

mRNAs whose translational efficiency (TE) was significantly altered

(57 with increased and 40 with decreased TE; FC > 1.5, FDR < 0.1)

(Dataset EV5). Notably, ATF4 scored among the top up-regulated

mRNAs (Dataset EV5 and Fig 5B). ATF4 and the other two top

translationally induced mRNAs—CHAC1 and EPAS1—showed

increased protein levels in WM902B cells upon transduction with

two different TINCR shRNAs (Appendix Fig S2D). Analyses of the

other mRNAs with increased TE revealed enrichment of several

transcripts encoding other proteins involved in the ISR (e.g.,

EPAS1/HIF2a, CHAC1, FTL) (Fig 5B and C). Thus, TINCR depletion

induces translational reprogramming, leading to increased transla-

tion of ATF4 and other ISR proteins.

The mature ATF4 transcript contains two short and alternative

upstream ORFs (uORF1-2). Under steady-state conditions, the leaky

ribosome-scanning of ORF1 allows re-initiation at the start codon of

uORF2, thus suppressing translation of the ATF coding sequence

(CDS). During ISR, the ATF4 CDS is actively translated as a conse-

quence of leaky scanning of ORF2 and start codon selection, due,

respectively, to limiting concentrations of the TC complex and regu-

lation of mRNA methylation (m6A) in the 50 UTR (Zhou et al,

2018). In control WM902B melanoma cells, Ribo-seq showed only

background levels of ribosome density across the main ATF4 CDS,

while displaying a considerable amount of footprints in uORFs 1

and 2. In TINCR-depleted cells, a significant amount of footprints
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appeared instead in the main CDS, consistently with the increased

translation of ATF4 (Fig 5D and E). ORF1 and ORF2, however, did

not show any decrease of ribosome footprint (Fig 5E), reinforcing

the conclusion that TINCR regulates ATF4 translation through

mechanisms that are independent of eIF2a phosphorylation.

To investigate alternative mechanisms of activation of ATF4

translation by TINCR depletion, we analyzed the effects of TINCR

knockdown on translation elongation, a key regulatory step for

translational control, which is attenuated under conditions of nutri-

ent and energy depletion (Knight et al, 2020). Central to this process

is the eukaryotic elongation factor 2 (EEF2) kinase, which is acti-

vated by stress and phosphorylates EE2F, leading to attenuation of

translation elongation (Proud, 2015) and selective translation of

TOP (terminal oligopyrimidine) mRNAs, a family of transcripts that

regulates translation, that is translationally repressed following

serum, aminoacid or oxygen deprivation (Meyuhas & Kahan, 2015),

and encodes several ribosomal proteins, all five elongation factors

(1A, 1B2, 1D, 1G, 2), and three subunits the eIF3 functional core

(eIF3e, eIF3f and eIF3h) (Pichon et al, 2012; Meyuhas & Kahan,

2015).

Western blotting of TINCR-depleted WM902B and MMC70 cells

showed significantly decreased levels of phosphorylated EEF2

(Appendix Fig S2E). Analyses of de novo protein synthesis in the

same cells by 35S-methionine labeling showed increased global

protein synthesis (Appendix Figs S2F and G). Analyses of the top 40

mRNAs with decreased TE in the Ribo-seq profiling of TINCR-

depleted RNAs (Dataset EV5) revealed enrichment of a subset of the

TOP mRNAs, including transcripts encoding ribosomal proteins

(RPL4, RPL5, RPL13A, RPL28, RPS24), initiation factors (EIF4B,

EIF3E, EIF2A, EIF3L, EIF3F, EIF2S3, EIF3H) and, most notably, key

regulators of elongation (EEF2, EEF1A1, EEF1B2), whose down-

regulation might significantly reduce elongation kinetics (including

that of uORFs), and affect the process of re-initiation. These data

suggest that TINCR depletion increases translation elongation and

general protein synthesis, and induces translational reprogramming

of specific mRNAs, leading to increased translation of TOP mRNAs,

ATF4, and other proteins involved in the ISR.

TINCR interacts with ISR RNAs and represses their translation

To investigate how TINCR regulates translational reprogramming,

we mapped TINCR–RNA interactions by RNA interactome analyses

and deep sequencing (RIA-seq) (Kretz et al, 2013). To this end, 20

antisense oligonucleotide probes spanning the entire length of the

TINCR transcript were pooled in two sets (based on their relative

sequence positions, odd and even) (Fig 6A), biotinylated at their 50

end, and used to pulldown the endogenous TINCR RNA and its

RNA interactors from glutaraldehyde-fixed WM902B and MMC70

cells. As controls, we used an equal number of scrambled oligonu-

cleotide probes (SCR). QPCR analysis confirmed the enrichment

(10–20 fold) of TINCR RNA in pulldown experiments from both cell

lines (Fig 6B). mRNA libraries from TINCR “odd” and “even” pull-

downs were then sequenced and aligned to the human genome scaf-

fold. Only peaks enriched in both “even” and “odd” samples, as

compared to input, were considered for further analysis. We identi-

fied 198 peaks in common between WM902B and MMC70 cells,

mapping to 142 genes (Dataset EV6, Appendix Figs S3A and B).

More than 90% of the TINCR-bound RNA fragments mapped to

gene bodies, with only ~ 10–20% mapping within introns

(Appendix Fig S3C). Notably, among the top-enriched TINCR-inter-

acting mRNAs (by both peak number and fold enrichment; Dataset

EV6), we identified ATF4 (Fig 6C, Dataset EV6). Enrichment of the

ATF4 mRNA was also validated by qRT–PCR in both WM902B and

MMC70 cells (Fig 6B, right panel). GSEA analysis showed that

TINCR interactome was enriched in mRNAs involved in response to

stress, cell death, proteolysis and others (Fig 6D). Among the other

TINCR-interacting mRNAs, we identified several transcripts encod-

ing other proteins of the ISR, including SOGA1, HSP90B2P, CHAC1,

and IER2 (Dataset EV6, Appendix Fig S3A).

Analyses of their primary sequence suggests direct interactions

between TINCR and TINCR-interacting RNAs. De novo RNA-binding

motif enrichment analyses identified a 10 nt RNA-binding motif

strongly enriched in 25 TINCR-interacting transcripts, including

ATF4 and TINCR itself (Appendix Figs S4A and B). A thermodynam-

ics prediction algorithm identified the ATF4-TINCR interaction site,

which contains or is adjacent to the ATF4 or TINCR binding motifs,

respectively (Appendix Fig S4C). Alternatively, TINCR may regulate

ATF4 translation indirectly, by sequestering specific miRNAs that

negatively regulates ATF4 (mir-1283 e mir-214) (Wang et al, 2013;

He et al, 2016; Gao et al, 2016; McMahon et al, 2017). Notably, we

found mir-1283 in the TINCR-specific pulldowns from WM902B

cells (Appendix Fig S5A).

Next, we investigated the overlap between TINCR-interacting

mRNAs (n = 2,158; from the RIA-seq dataset) and mRNAs that are

transcriptionally (n = 1,117; from the RNA-seq dataset) or transla-

tionally (n = 97; from the Ribo-seq dataset) regulated by TINCR in

WM902B cells. In the TINCR interactome, we found 13% (n = 154)

of the transcriptionally regulated and 46% (n = 45) of the differen-

tially translated mRNAs (Appendix Fig S5B, Dataset EV7). Notably,

40 of the 45 differentially translated and TINCR-interacting mRNAs

(~ 90%) were translationally up-regulated in TINCR-silenced mela-

noma cells, suggesting that physical interaction of TINCR with target

mRNAs reduces their translational efficiency (Dataset EV7).

Together, these data demonstrate that TINCR interacts with a

specific subset of mRNAs, including ATF4 and other ISR proteins

and regulators of translation, reducing their translational efficiency,

suggesting that the effect of TINCR on gene expression regulation is

mainly due to mRNA-binding and regulation of translation, rather

than regulation of global mRNA turnover or transcription. Consis-

tently, single molecule fluorescent in vitro hybridization (FISH)

showed that TINCR lncRNA is almost exclusively localized in the

cytoplasm in melanoma cells (Appendix Fig S5C), as previously

reported for other cell types (Kretz et al, 2013).

Discussion

We identified TINCR as one component of the transcriptional signa-

ture that distinguishes primary melanomas in two groups, nevi- or

metastasis-like, and is enriched of invasion/migration genes. TINCR

expression is significantly higher in nevi-like primary melanomas,

suggesting that it contributes to the maintenance of the non-invasive

phenotype. Accordingly, TINCR silencing induced the invasive

phenotype in proliferative phenotype melanoma cell lines, as

defined by the appearance of typical markers of invasiveness (high

AXL and high EPHA2; low MITF and low SOX10; modulation of the
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N-cadherin, SNAIL, and ZEB1) and increased in vitro cell migratory

properties. Most notably, re-expression of TINCR in melanomas

with low levels of TINCR induced down-regulation of the invasive

gene signature, as well as reduction of the corresponding markers

(PDGFRb, AXL, EPHA2 and EGFR), in vitro cell migration and

in vivo metastatic potential, suggesting that TINCR overexpression

reverts the invasive phenotype.

The capacity of TINCR overexpression to revert the invasive

phenotype is remarkable. While many experimental models are

available to induce the proliferative-to-invasive switch (Hoek &

Goding, 2010), inducing the invasive-to-proliferative switch is dif-

ficult to obtain experimentally (Arozarena & Wellbrock, 2019).

Single-Cell RNA-seq analyses of individual melanoma cells

revealed the co-existence of cells with either proliferative or inva-

sive phenotypes (MITF-high or MITF low) and, remarkably, of

cells with intermediate phenotypes, suggesting the existence of

transient cell states between the proliferative and invasive

phenotypes (Ennen et al, 2015; Tirosh et al, 2016a). Prolonged

exposure to specific environmental signals, such as nutrient limi-

tation or therapies, converts the transient transcriptional states

to stably invasive and drug-resistant states, by fixing specific

transcriptional patterns via global epigenetic reprogramming

(Garcia-Jimenez & Goding, 2019). Likewise, specific environmental

signals may induce the fixation of the non-invasive phenotype.

Emerging evidence indicates that the reversion of the invasive

phenotype is the consequence of the integration of different envi-

ronmental signals at the metastatic sites, which are, however,

only partially known (Arozarena & Wellbrock, 2019). Notably,

the genes of the invasive signature that are down-regulated upon

TINCR overexpression in metastatic melanomas are highly

enriched for target genes of the TEAD transcription factors

(Appendix Fig S5D). TEADs have been recently shown to be criti-

cal for the establishment of the epigenetic landscape associated

with invasive transcriptional patterns, and by themselves neces-

sary to maintain the invasive phenotype (Verfaillie et al, 2015).

Thus, TINCR might regulate signaling and/or transcriptional path-

ways that are implicated in the establishment of the chromatin of

the invasive state.

Modulation of TINCR expression also influenced the sensitivity

of melanoma cells to targeted drugs. The acquisition of resistance to

targeted drugs seems to be due to increased expression of the AXL

tyrosine-kinase (Muller et al, 2014; Boshuizen et al, 2018) and is

associated with the emergence of MITF-low/AXL-high melanoma

cells (Sensi et al, 2011; Kozar et al, 2019). Notably, attenuation of

TINCR expression in melanoma cells induced enrichment of the

AXL-high transcriptional program (Appendix Fig S5E, left panel),

A

C

B

D

Figure 6. Identification of TINCR-interacting mRNAs through TINCR interactome analysis (RIA-seq).

A Schematic representation of biotinylated antisense DNA probes complementary to TINCR transcript. Odd (black) and even (red) probes were used for RNA pulldown.
B QPCR validation of TINCR and ATF4 RNA recovery in TINCR antisense pulldown. Enrichment relative to input (mean � s.d.) from three independent pulldown

experiments is shown. Statistical analyses were performed using Student t-test (**P < 0.01, ***P < 0.001).
C UCSC genome browser tracks of TINCR–RIA-seq sequencing reads illustrating coverage and enrichment across ATF4 transcript in WM902B and MMC70 cells.
D Gene set Enrichment analysis (GSEA) of TINCR-interacting RNAs (FDR < 0.25) using Gene Ontology (GO) database.
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while its overexpression reduced expression of several receptor tyro-

sine kinases, including PDGFRb, EPHA2 and EGFR, suggesting that

TINCR expression might disable survival signals that are indepen-

dent of BRAF or MAPK signaling. We did not investigate whether

TINCR also influences the interaction between melanoma cells and

the immune system. However, the TINCR transcriptional signature

is enriched in genes of the immunotherapy resistance signature

IPRES (Appendix Fig S5E, right panel), a signature that includes

increased AXL expression and EMT gene expression and character-

izes glutamine-starved melanoma cells (Hoek, 2007; Hugo et al,

2016; Falletta et al, 2017; Kozar et al, 2019), suggesting that TINCR

also regulates the sensitivity of melanoma cells to immunotherapy

with checkpoint inhibitors.

The effects of TINCR on phenotypic plasticity of melanoma cells,

however, does not seem to recapitulate the typical switch between

proliferative and invasive phenotypes, as initially described using

melanoma cell lines (Hoek et al, 2008). Indeed, while TINCR modu-

lates all the critical components of the invasive phenotype (tran-

scriptome, protein-marker expression, in vitro migration, in vivo

metastasization and drug resistance), its effect on the proliferative

phenotype is far less clear. On one hand, TINCR silencing or overex-

pression induces, respectively, down- or up-regulation of the prolif-

erative melanoma signature and the SOX10 proliferative marker. On

the other, however, under the same experimental conditions, modu-

lation of TINCR expression has no effects on cell proliferation, either

in vitro or in vivo. Correlating the proliferative signature to prolifera-

tion has been challenging. The inverse correlation between invasion

and proliferation described initially (Hoek, 2007) can be explained

by the capacity of melanoma cells to maintain viability in non-

permissive environments, by shifting from proliferation to quies-

cence and increasing motility and invasiveness (Hoek & Goding,

2010). Consistently, nutrient deprivation, as seen with glutamine

starvation and hypoxia, drives invasion and restrains proliferation

in melanoma cells (Falletta et al, 2017; Louphrasitthiphol et al,

2019). Induction of the invasive state, however, is consistently seen

in melanoma cells also in nutrient-rich conditions, as induced by

targeted therapies, signals from the TME (TNF-a; TGF-b; LIF; BMP4

or interferon) or oncogene activation (MYC expression or activation

of Ha-RAS or BRAF) (Arozarena & Wellbrock, 2019). In all these

cases, termed “pseudo-starvation”, cells may be both invasive and

proliferative. The capacity of TINCR to modulate the invasive state

without affecting proliferation may reflect its involvement in signal-

ing pathways that regulate invasion in nutrient-rich environments.

Regulation of TINCR expression, however, exerted dramatic

effects on the capacity of tumors to grow locally, despite the lack of

significant effects on proliferation or cell viability, suggesting addi-

tional biological effects of TINCR (Lindqvist et al, 2018). The “inva-

sive phenotype” is characterized by expression signatures of

melanocyte de-differentiation linked to markers of neural crest and

stemness (Rambow et al, 2018; Larribere & Utikal, 2019). Consis-

tently, TINCR overexpression reduced significantly the number of

tumor-initiating cells, suggesting that the TINCR-induced reversion

of the invasive phenotype is associated with loss of SC-like cells.

Thus, reduced numbers of tumor-initiating cells may contribute to

the reduced tumorigenicity of TINCR-overexpressing melanoma

cells, in the absence of modifications of cell proliferation. Notably,

TINCR-depleted cells showed marked increase of ATF4 expression,

rate of protein synthesis and tumorigenicity. ATF4 is known to

promote protein synthesis and tumorigenesis (Ye et al, 2010; Han

et al, 2013), thus suggesting that ATF4 regulation by TINCR may

further contribute to its effect on tumorigenicity.

We then investigated the molecular mechanisms underlying the

effects of TINCR on the invasive phenotype. TINCR silencing induced

marked up-regulation of the ATF4 protein and of its transcriptional

program. Though ATF4 depletion had no significant effects on cell

migration of melanoma proliferative phenotype cells, it rescued the

increased migratory phenotype induced by TINCR depletion, suggest-

ing that ATF4 mediates the phenotype switch induced by TINCR.

Up-regulation of the ATF4 protein during the ISR is due to

increased translation of its mRNA. The ISR response is mediated by

eIF2a phosphorylation, which is induced by specific kinases (PERK,

PKR, GCN2 or HRI) following either starvation or pseudo-starvation

signals (Garcia-Jimenez & Goding, 2019). Phosphorylated eIF2a
suppresses initiation of global protein synthesis and promotes selec-

tive translation of a specific subset of ISR proteins, including ATF4

(translational reprogramming). ATF4, however, although critical, is

not sufficient for the establishment of the invasive phenotype.

Emerging evidence, instead, suggests that invasiveness is driven by

eIF2a phosphorylation and translational reprogramming, as shown

in melanoma cells following aminoacid limitation or TNF-a treat-

ment (Falletta et al, 2017; Pathria et al, 2019), in hypoxic breast

cancer cells (Sese et al, 2017) or during EMT in both breast and

pancreatic cancer cells (Tan et al, 2015). TINCR silencing, instead,

induces functional ATF4 and invasiveness in the absence of eIF2a
phosphorylation and suppression of global protein synthesis,

suggesting that TINCR regulates invasiveness through alternative

signaling pathways.

Remarkably, TINCR depletion increases global protein synthesis

and induces translational reprogramming. First, TINCR depletion

decreased levels of phosphorylated EEF2 and increased global

protein synthesis. Under starving conditions, phosphorylated EEF2

inhibits translation elongation (Proud, 2015) and stimulates the

selective translation of a subset of the TOP mRNAs (Gismondi et al,

2014). Second, TINCR depletion induces translational reprogram-

ming of selected transcripts, leading to increased translation of

ATF4 and other ISR protein mRNAs, and decreased translation of

mRNAs encoding key regulators of elongation. Thus, TINCR may

regulate protein translation at multiple levels, globally, by inhibiting

elongation, or specifically, increasing translational efficiency of

subunits of the EIF3 translation-initiating complex (EIF3E, F, 3H and

3L) and key elongation factors (EEF2, EEF1A1, EEF1B2).

TINCR depletion also induced marked down-regulation of MITF

and its target genes, suggesting that decreased MITF expression

might be integral to the biological effects of TINCR depletion.

Indeed, MITF is a critical regulator of phenotype switches in mela-

noma, as MITF-high cells are proliferative while MITF-low cells are

invasive (Hoek & Goding, 2010). Ectopic expression of MITF in

invasive cells, however, does not induce the proliferative switch

(Carreira et al, 2006), suggesting that inhibition of the invasive

phenotype requires other transcriptional changes. Indeed, TINCR

expression keeps a hold on the expression of the invasive phenotype

also in melanoma cells that do not express MITF and, most notably,

reversion of the invasive phenotype by TINCR overexpression is not

associated with significant effects on MITF and cell proliferation,

suggesting that the capacity of TINCR to inhibit expression of the

invasive phenotype is MITF-independent. As well, activation of
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ATF4 following TINCR depletion is independent of MITF expression.

However, whether low levels of MITF are needed to maintain the

invasive phenotype induced by TINCR depletion remains unclear.

Notably, overexpression of MITF reverted the stimulatory effect of

shTINCR on cell migration (Appendix Figs S5F and G), suggesting

that low MITF is indeed required for the inhibition of migration

upon TINCR knockdown. Surprisingly, however, MITF overexpres-

sion strongly increased migration in both cell lines, and this effect

was completely abrogated by the TINCR knockdown (Appendix Fig

S5F and G). Since, however, the physiological significance of the

effect of MITF overexpression on migration is unclear, definitive

conclusions cannot be drawn from these experiments.

Finally, we investigated mechanisms of action of TINCR. lncRNAs

may function through different mechanisms, depending on their

cellular localization and molecules they interact with. For instance,

several lncRNAs are chromatin-associated and affect transcription

directly, as enhancer associated RNAs, or by transcription factor

trapping, chromatin looping, or regulation of gene expression.

Others may affect transcription indirectly, following their interaction

with proteins (regulation of protein function, protein-protein interac-

tions, or intracellular localization) or RNAs (regulation of mRNA

stability, splicing, or translation) (Kretz et al, 2013; Sun et al, 2015).

Consistently with previous reports (Kretz et al, 2013), we showed

that TINCR is almost exclusively localized in the cytoplasm, where it

interacts with ~ 150 unique gene-transcripts (by RNA interactome

analyses). Notably, ~ 50% of the TINCR-interacting RNAs are also

translationally regulated by TINCR. Among the top RNAs that are

bound and translationally down-regulated by TINCR we found ATF4

and other members of ISR response. Notably, the vast majority

(~ 90%) of the translationally up-regulated mRNAs were also

TINCR-interacting, suggesting that one critical function of TINCR is

to bind specific mRNAs and reduce their binding to the 80S translat-

ing ribosomes (translational reprogramming). This represents a

novel function of TINCR. In the epidermis, TINCR mediates the stabi-

lization of key keratinocyte-differentiation genes through direct bind-

ing to staufen (STAU1) and target mRNAs (Kretz et al, 2013; Sun

et al, 2015). In melanoma cells, however, only a marginal fraction

(~ 10%) of the TINCR-interacting mRNAs showed altered stability.

In conclusion, we showed that the TINCR lncRNA interacts with

RNAs associated with the invasive phenotype, preventing their

binding to the translating ribosomes, and that its expression in

melanoma functions as a barrier for the acquisition of the invasive

phenotype, including drug resistance and dissemination. Notably,

the effect of TINCR depends on ATF4 expression, but is indepen-

dent of known pathways associated with the regulation of the ISR

and plasticity in melanoma, including MITF, eIF2a, and TOR, and

appears to function in nutrient-rich conditions. Further characteri-

zation of the upstream signaling pathways that regulate TINCR

expression may provide novel targets for the suppression of the

invasive phenotype in melanoma.

Materials and Methods

Plasmids

MISSION lentiviral pLKO.1 constructs containing TINCR shRNAs or scram-

bled non-targeting shRNAs (Sigma-Aldrich, Cat # SHCLND-NM_153375;

shRNA sequences: shTINCR-1 CCGGCTGCTGTGTGACTTTGAGGTTCT

CGAGAACCTCAAAGTCACACAGCAGTTTTTTG; shTINCR- 2: CCGGGTT

CTGAAGAACTCTGGCCAACTCGAGTTGGCCAGAGTTCTTCAGAACTT

TTTTG) were used to knockdown TINCR RNA. TINCR full-length

cDNA (3.73 Kb, transcript ID ENST00000448587.5 (Ensembl) was

cloned using pCRTM8/GW/TOPOTM TA Cloning Kit (Thermo Fisher

Scientific, Cat # K250020). The recombinant entry clones plasmids

were sequence verified and transduced into pLenti PGK PURO DEST

destination vector (Addgene, Cat # 59151) using GatewayTM LR Clona-

seTM Enzyme mix (Thermo Fisher Scientific, Cat # 11791-020).

Lentiviral transduction

The HEK-293T packaging cells were transfected using the calcium

phosphate method with lentiviral expression vectors as previously

described (Bossi et al, 2016). Infections were performed for 16 h in

standard medium supplemented with 4 µg/ml polybrene. The viral-

containing supernatants were collected at 48 h and used to infected

melanoma cells. 48 h post-infection, the medium was replaced and

puromycin (2 µg/ml) added for additional 3 days.

RNA preparation and quantitative PCR analysis

Total RNA was extracted from cells using QIAzol reagent (QIAGEN,

Cat # 79306), treated with TURBO DNAse1 (Thermo Fischer Scientific,

Cat # AM2238). 1 lg of RNA was oligo dT primed and reverse tran-

scribed using Reverse Transcription Kit (Promega, Cat # A3800),

according to manufacturer’s indications. The cDNA samples were

diluted to 20 ng/ll. All real-time PCR reactions were performed using

the ABI 7700 sequence detection system (Perkin Elmer Applied

Biosystems), and the amplifications were done using the SYBR Green

PCR Master Mix (Thermo Fisher Scientific, Cat # 4385612). The ther-

mal cycling conditions were composed of 50°C for 2 min followed by

an initial denaturation step at 95°C for 10 min, 40 cycles at 95°C for

30 s, 60°C for 30 s, and 72°C for 30 s. The experiments were carried

out in duplicate for each data point. The relative quantification in gene

expression was determined using the 2�DCt method. The housekeep-

ing gene L32P was used as normalizer. The following qPCR primers

were used: TINCR_forward: TGTGGCCCAAACTCAGGGATACAT,

TINCR_reverse: AGATGACAGTGGCTGGAGTTGTCA; L32P_forward:

AGGCATTGACAACAGGGTTC; L32P_reverse: GTTGCACATCAGCAG-

CACTT; ATF4_forward: ATGACCGAAATGAGCTTCCTG, ATF4_re-

verse: GCTGGAGAACCCATGAGGT.

RNA sequencing (RNA-seq)

Total RNA from melanoma cell cultures, or from nevi, primary and

metastatic melanoma clinical specimens was extracted using QIAzol

reagent (QIAGEN) and the quality assessed on the 2100 Bioanalyzer

(Agilent). RNA-seq libraries were prepared from 1lg of total RNA

using the TruSeq RNA Library Preparation Kit v2 (Illumina, Cat #

RS-122-2001) according to manufacturer instructions. The libraries

were sequenced on an HiSeqTM 2000 Sequencing System (Illumina).

RNA-seq analysis

50 bp paired-end RNA-seq reads were aligned to genome (hg19,

GRCh38) using TopHat2 2.0.9 (Kim et al, 2013) starting from

ª 2021 The Authors EMBO reports 22: e50852 | 2021 13 of 19

Marine Melixetian et al EMBO reports



3 × 107 mapped paired-end reads per sample. Read counts of each

gene were quantified using HTseq (Anders et al, 2015) and differen-

tial analysis was performed using DESeq or edgeR bioconductor

packages. Gene set enrichment analysis was also performed using

GSEA (Gene Set Enrichment Analysis) software v2.2.0 (Subrama-

nian et al, 2005) with GO biological process and MSigDB gene sets

using default parameters. Gene sets enriched at FDR < 0.25 were

considered statistically significant.

Western blot analysis

Total protein extracts were prepared by directly lysing the cells in

RIPA buffer (10 mM Tris (pH 8.0), 150 mM NaCl, 1% Triton-X100,

0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, SDS),

containing 5% glycerol, 1.5 mM MgCl2, Pierce
TM protease and phos-

phatase inhibitors (Thermo Fisher Scientific, Cat # A32957 and

A32963). Lysates were incubated on ice for 20 min, sonicated three

times for 10 s and centrifuged at 20,000 g for 30 min. Protein concen-

tration was determined using the protein assay reagent (BioRad).

Proteins were separated by SDS–PAGE, transferred to a PVDF

membrane (Millipore), and detected using the following antibodies

against: anti-4EBP1 (Cell Signaling Technology, Cat # 9644); anti-

ATF4 (Cell Signaling Technology, Cat # 11815); anti-AXL (Santa Cruz

Biotechnology, Cat # sc-166269); anti-CHOP (Cell Signaling Technol-

ogy, Cat # 2895); anti-cleaved Caspase 3 (Abcam, Cat # ab2302); Anti-

EGFR (Cell Signaling Technology, Cat # 4267); anti-eIF2a (Santa Cruz

Biotechnology, Cat # sc-133132); anti-EPHA2 (Cell Signaling, Cat #

6997); anti-Ki67, (Thermo Fisher Scientific, Cat # MA5-14520); anti-

MITF (Abcam, Cat # ab12039); anti-N-cadherin (BD biosciences, Cat #

610921); anti-PDGFRb (Cell Signaling Technology, Cat # 3169); anti-

phospho 4EBP1 (Cell Signaling Technology, Cat # 2855S); anti-phos-

pho S51 eIF2a (Cell Signaling Technology, Cat # 9721); anti-phospho

S6 kinase (Cell Signaling Technology, Cat # 9204); anti-S6 kinase (Cell

Signaling Technology, Cat # 2708); anti-SNAI1 (Cell Signaling Tech-

nology, Cat # 3879); anti-SOX10 (Cell Signaling Technology, Cat #

89356); anti-ZEB1 (Thermo Fischer Scientific, Cat # PA5-28221); anti-

GAPDH, (Sigma-Aldrich, Cat # G8795); Anti-Vinculin (Sigma-Aldrich,

Cat # 9131); anti-Tubulin (Sigma-Aldrich, Cat # T9026). GAPDH,

Tubulin and Vinculin were used as loading controls.

Cell proliferation, cell migration, spheroid invasion assay and
drug-response assays

All experiments were performed 96 h after lentiviral transduction.

For cell proliferation assays, cells were seeded in 96-well plates

(5,000 cells/well) and cell viability was assessed for 5 days with

CellTiter-Glo Luminescent Cell Viability Assay (Promega, Cat #

G7570), according to manufacturer’s instructions. For cell migration

assays, 50,000 cells were seeded in duplicates on fibronectin pre-

coated, transwell permeable supports (6.5 mm, 8.0 lm pore size,

Corning, Cat # CLS3464) in medium without serum. Medium

containing 10% FBS was used as chemoattractant. Migrated cells

were visualized after 8–16 h by crystal violet staining and quantified

by ImageJ (NIH). Two-tailed Student’s t-test was used to analyze

data from three independent experiments.

For collagen invasion assay, MM13 and WM902B cells (1,000/

2,000/4,000) were seeded as hanging drops in their complete culture

medium +0.2% methylcellulose for 72 h.

Spheroids were then embedded in 1 mg/ml collagen matrix (Col-

lagen I rat tail Corning # 354249, diluted in serum-free medium) in

96-well plates. Spheroids were monitored over time and pictures

were taken at EVOS microscope. Spheroid spreading area was

measured with ImageJ, by manually identifying the spheroid inva-

sion front. Invasion rate was then calculated as ratio between the

area at 24 and zero time points after plating.

For dose-response curves, cells were plated in 96-well plates

(5,000 cells/well) 24 h prior drug treatment and incubated for 72 h

with PLX4032 (Vemurafenib, Cat # A-1130) and GSK1120212 (Tram-

etinib, Cat # A-1258) purchased from Active Biochemicals (Kowloon,

Hong Kong). Cell viability was assessed with the CellTiter-Glo Lumi-

nescent Cell Viability Assay. The dose-response curve was fit with

the nonlinear regression using GraphPad Prism software.

In vivo studies

Infected melanoma cells were intradermally injected in quadrupli-

cate into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. We used

400,000, 600,000, and 200,000 cells/mouse for WM1552C, WM902B

and MM13 PDX cells, respectively, resuspended in a 3:1 mix of L15

medium and Matrigel Matrix HC (Corning, Cat # 354248). The

experiments were performed in duplicate, using four mice per group

(shSCR/shTINCR or Empty vector/TINCR) per experiment. Metasta-

sis formation was evaluated in MM13 transplanted mice, 4 weeks

after the resection of primary tumors. Mice were sacrificed and

metastases at lymph nodes, lungs and liver collected.

Extreme limiting dilution assay (ELDA)

MM13 PDX cells were infected in vitro with PGK puro lentiviral

vector overexpressing TINCR or with Empty vector. After 3 days of

selection with Puromycin, 10,000, 1,000, 100, 10, or 1 cells per group

were subcutaneously injected in immunocompromised mice as

previously reported by Bossi et al (2016). Mice were monitored

weekly for tumor formation or any sign of illness/weakness, and

they were sacrificed when tumors reached a maximum volume of

0.6–0.8 cm3. The frequency of CSCs was calculated as reported

previously (Hu & Smyth, 2009) using publicly available website

http://bioinf.wehi.edu.au/software/elda/. Differences among groups

were considered significant for P < 0.05.

Immunohistochemistry

Tissues were surgically removed, fixed with 4% (wt/vol)

paraformaldehyde, paraffin-embedded, and sectioned. Sections were

deparaffinized by xylene and re-hydrated in graded alcohol. Slides

were preincubated with blocking solution (Kretz et al, 2013), 2%

(wt/vol) BSA, 2% (vol/vol) normal goat serum, and 0.02% Tween

20 in Tris-buffered saline (pH 7.4) and then stained with primary

antibodies overnight at 4°C. Slides were incubated with secondary

antibody (HRP rabbit or mouse antibody; DAKO EnVision System,

Agilent, Cat # K4065) for 30 min at room temperature. After wash-

ing, sections were incubated in peroxidase substrate solution (DAB;

DAKO, Agilent, Cat # GV825), rinsed in water, and counterstained

with hematoxylin. Immunohistochemistry was performed with anti-

Ki-67 (Cat #14-5698-82), anti-cleaved Caspase 3 (Abcam, Cat #

ab2302) antibodies. Images were acquired with OLYMPUS BX51 up-
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right microscope (UPIanAPO 40×/0.85 objective lenses) connected

to Nikon color Camera Digital Sight DS-U1 and analyzed with the

NIS-elements software. Randomly taken images (at least five fields

per animal) were captured from tissue sections and processed with

ImageJ software (National Institutes of Health).

RNA interactome sequencing (RIA-seq)

TINCR RNA interactome analysis was performed using antisense

DNA 30-biotin-TEG oligonucleotide probes described in (Kretz

et al, 2013). RNA interactome pulldown was carried out according

to previously published protocol (Damas et al, 2016). In brief,

3 × 107 cells were crosslinked with 1% glutaraldehyde for 10 min

at room temperature and lysed in 2 ml of lysis buffer (50 mM Tris,

pH 7.0, 10 mM EDTA, 1% SDS, dithiothreitol (DTT), phenyl-

methylsulfonyl fluoride (PMSF), PierceTM protease inhibitor cocktail

(Thermo Fisher Scientific, Cat #32963) and SUPERase-InTM RNase

inhibitor (Thermo Fischer Scientific, Cat # AM2694) on ice for

10 min. The lysates were sonicated using Bioruptor (Diagenode)

for 20 cycles (30″ ON; 30″ OFF). Cell lysate was diluted in double

the volume of hybridization buffer (500 mM NaCl, 1% SDS,

100 mM Tris, pH 7.0, 10 mM EDTA, 15% formamide), and added

just before use: 1 mM DTT, 1 mM PMSF, protease inhibitor, and

SUPERase-InTM RNase inhibitor. 100 pmol probes were added to

3 ml of diluted lysate and incubated at end-to-end rotation at 37°C

for 4 h. Streptavidin-magnetic C1 beads (Thermo Fischer Scientific,

Cat # 65001) were washed three times in cell lysis buffer, 100 ll
of beads were added to hybridization mix and incubated for

30 min. The samples were washed three times by washing buffer

(2×SSC, 0.5% SDS, 1 mM PMSF, SUPERase-InTM RNase inhibitor).

RNA was eluted from beads in 200 ll RNA proteinase K buffer

(100 mM NaCl, 10 mM Tris, pH 7.0, 1 mM EDTA, 0.5% SDS) and

1 mg/ml proteinase K (Thermo Fisher Scientific, Cat # 25530049)

at 50°C for 45 min and purified by QIAzol (QIAGEN) reagent.

80 ng of RNA from each sample was used for library preparation

using Illumina Truseq V2 kit (Cat # RS-122-2001).

In vivo [35S] metabolic labeling

The cells were starved for 30 min in Methionine-Cysteine-free

DMEM (Thermo Fisher Cat # 21013024) and pulse labeled with

0.7 mCi/ml of 35S-Methionine-Cysteine mix (EASYTAGTM Protein

Labeling Mix, Perkin Elmer Cat # NEG709A001MC) for 5 min. Cells

were lysed immediately in RIPA buffer and subjected to SDS–PAGE

analysis. Autoradiography images were acquired using Typhoon

Biomolecular Imager (Amersham). For quantification of [35S]-

amino acid incorporation 50 microliters of cell extracts were precipi-

tated with 10% trichloracetic acid (TCA) transferred on 3MM filters

and subjected to liquid scintillation counting (Packard 2000TR,

Perkin Elmer).

RIA-seq data analysis

The reads were trimmed from trailing adapter sequences using Fastx

tool kit and aligned to genome (hg19, GRCh38) using TopHat2 2.0.9

(Kim et al, 2013). Peak calling was performed using exomePeak

Bioconductor package (Meng et al, 2013) using default parameters.

Peaks present in both odd and even pulldowns were used for further

analysis. Gene set enrichment analysis was carried out as described

above.

Ribosome profiling

Libraries of ribosome-protected fragments (RPFs) were generated

using the mammalian TruSeq Ribo Profile Library Prep Kit (Illu-

mina, Cat # RPYSC12116). The experiment was done in two biologi-

cal replicates for each condition. Briefly, cell cultures were treated

with cycloheximide at 0.1 mg/ml for 5 min and lysed according to

the manufacturer’s instructions. To generate Ribosome Footprints,

cell lysates were digested with TruSeq Ribo Profile Nuclease. The

ribosome-protected fragments were first purified using MicroSpin S-

400 columns (GE Lifesciences, Cat # 27514001) and then size-

selected (28–30 nt) from 15% polyacrylamide/7–8 M urea/TBE gel.

rRNA was removed using the Ribo-Zero rRNA Removal Kit (Illu-

mina, Cat # RZH1046). After 300 adaptor ligation and reverse tran-

scription of the library, cDNA (70-80 nt) was purified from 10%

polyacrylamide/7–8 M urea/TBE gel. After cDNA circularization

and limited amplification (nine cycles), the RPF libraries were puri-

fied using an 8% native polyacrylamide gel. The RPF and mRNA

libraries were sequenced on an Illumina HiSeq 2500 sequencer with

single-end 50 cycles (SE50) run type.

Ribosome profiling data analysis

Sequencing reads were clipped for 30 adapter sequences quality fil-

tered (Phred quality score 33) and the reads longer than 25 bp

were kept for further analysis. The reads were aligned to genome

(hg19, GRCh38) using TopHat2 2.0.9 (Kim et al, 2013). Quality

control of RPF libraries and ORF identification were carried out

with Ribotaper package (Calviello et al, 2016). Differential transla-

tion analysis was performed using Xtail Bioconductor package

(Xiao et al, 2016). Gene set enrichment analysis was carried out as

described above.

Analysis of the TCGA SKCM dataset

Quantile normalized level_3 RNA-seqV2 TCGA dataset (445

samples of skin cutaneous melanoma, SKCM) was downloaded

from Firehose (Broad Institute). Sample clustering was performed

using the ConsensusClusterPlus R/Bioconductor package (Wilker-

son & Hayes, 2010). The analysis of differential expression between

the two groups of primary melanomas was performed using DSESq

R/Bioconductor package (Anders & Huber, 2010). The primary

melanoma gene signature was defined by those genes showing a

1.5-fold difference and an adjusted P value < 0.05. This list was

used to conduct Qiagen IPA (Ingenuity Systems) and GSEA enrich-

ment analysis (Subramanian et al, 2005) using GO terms and

MSigDB datasets. Somatic mutation calls for 345 SKCM samples

were downloaded from Firehose. The association between BRAF

and NRAS hotspot mutations with cluster assignment was evalu-

ated using the v2 test. Illumina Infinium Human DNA Methylation

450 level 3 DNA methylation Data for SKCM TCGA dataset contain-

ing mean beta values for each gene were downloaded from the

Broad GDAC Firehose. The correlation between differential methy-

lation and differential expression of each gene in the primary mela-

noma gene signature was calculated using the Spearman
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correlation coefficient. False discovery rate (FDR) was calculated

using Benjamini–Hochberg correction. TINCR gene DNA copy

number calls from SKCM TCGA dataset were downloaded from the

Cbioportal.org. The association between copy number variation

and gene expression clusters was calculated using the Kruskal–

Wallis test. Copy number variation analysis of TINCR gene on

SKCM TCGA dataset was performed by the Cbioportal tool

(www.cbioportal.org) using the GISTIC algorithm. Copy number

status of the gene was defined as follows: “�2” is a deep loss,

possibly a homozygous deletion, “�1” is a shallow loss (possibly

heterozygous deletion), “0” is diploid, “1” indicates a low-level

gain, and “2” is a high-level amplification.

Statistics

Experimental data were analyzed with GraphPad Prism 5 and were

presented as mean � s.e.m. or mean � s.d. as indicated. Two-tailed

Student’s t-test was used to compare means between groups as indi-

cated, and P < 0.05 was considered significant. For Western blot

results, representative figures from three or more independent

experiments were shown.

Associations between categorical variables were evaluated using

the Pearson’s v2 test or Fisher’s exact test, as appropriate. Non-para-
metric correlations were tested by the Spearman’s rank coefficient.

Continuous variables with a non-normal distribution were compared

between two groups using the Mann–Whitney U-test, and between

more than two groups using Kruskal–Wallis H-test.

Data availability

The access number for the RIA-seq, RNA-seq and Ribo-seq deposited

data reported in this study is NCBI GEO: GSE125835 (http://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125835). Data analy-

sis was performed using publicly available software, listed in the

Materials and Methods section.

Expanded View for this article is available online.
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