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Protein synthesis is a central and dynamic process, frequently deregulated in cancer through aberrant acti-
vation or expression of translation initiation factors and tRNAs. The discovery of tRNA-derived fragments,
a new class of abundant and, in some cases stress-induced, small noncoding RNAs has perplexed the epige-
nomics landscape and highlights the emerging regulatory role of tRNAs in translation and beyond. Skin
is the biggest organ in human body, which maintains homeostasis of its multilayers through regulatory
networks that induce translational reprogramming, and modulate tRNA transcription, modification and
fragmentation, in response to various stress signals, like UV irradiation. In this review, we summarize re-
cent knowledge on the role of translation regulation and tRNA biology in the alarming prevalence of skin
cancer.
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Translation regulation, tRNAs & tRFs: a dynamic balance
Protein synthesis is a central and essential biological process during which the genetic information imprinted on
mRNAs is decoded into the necessary protein context required for cell’s viability by tRNAs carrying cognate amino
acids onto ribosomes [1–3]. Uninterrupted and flowless translation depends on the transcription, folding, maturation
and posttranscriptional modification of rRNAs and tRNAs, in a pipeline of events tightly controlled and mediated
by many important enzymes and scaffold proteins [4]. The order and the accuracy of the reactions that occur during
translation is well-defined and consists of several steps, some of which are highly energy-consuming, and ensure
the quality of the produced proteins for every cell type [5]. During cell’s life, translational rates reflect the metabolic
rewiring that occurs in response to various intra- or extracellular signals, through pathways which converge to
target translation initiation and affect directly or indirectly the transcription of tRNAs and rRNAs [6]. Regulation of
translation rates is cell- or tissue- specific and defines cell’s life cycle, providing the means of cross-talk for virtually
every known biochemical pathway [7]. Therefore, translation is considered a key process for the regulation of gene
expression which maintains cellular and tissue homeostasis [8]. The rapid development of powerful high-throughput
methodologies, such as next generation RNA sequencing, mass spectrometry and bioinformatics tools, combined
with ribosomal profiling studies have unveiled an unprecedented complexity of several RNA–protein networks
that control translation pace, especially under stress conditions [9,10]. These interactions often appear derailed and
therefore, translation deregulation leading to aberrant production of tumor promoting proteins has been considered
a hallmark of cancer [11,12].

The complex landscape of translation regulation is further enriched by several events that occur either at the post-
transcriptional or at the post-translational level [13]. Recent studies indicated ribosomal assembly and modifications
as important modulators during early development, thus emphasizing the spatial and temporal organization and
regulation of translation during stem cell self-renewal and differentiation [14,15]. Ribosomes exhibit considerable
variation even within the same cell and contribute to gene expression regulation through selective translation of
distinct subpools of mRNAs [16,17]. Moreover, specific ribosomal proteins play role in embryonic development
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and exhibit tissue specific patterns [18]. Similarly, specific ribosomal protein patterns can distinguish normal from
malignant human cells and in addition, aberrant overexpression of rRNA may also occur in several tumors [19–

21]. In addition, several important rRNA modifications contribute significantly to the heterogeneity of ribosomal
population within a cell and several studies associate modifications deregulation of specific ribosomal constituents
to carcinogenesis [22,23]. Defects in translation machinery directly affect the expression of proto-oncogenes such
as KRAS, mTOR and MYC which in turn, control transcription of rRNAs and tRNAs by RNA polymerase I and
III (RNAP I and III) [24–26].

Since their discovery, tRNA molecules were considered ‘housekeeping’ RNAs and passive carriers of amino acids,
representing adaptor molecules between the RNA and protein world [27]. In human, an unexpectedly high number
of genes (>600) and an even more surprising copy number variation suggest additional roles for these ancient
molecules [28,29]. Advances in RNA sequencing allowed the quantitation of tRNA gene expression in various cell
types and tissues which revealed the complexity of the human tRNAome [30]. Several recent studies have shown
that translation of specific mRNAs can occur as a mechanism of adaptation in response to stress and interestingly,
distinct tRNA expression patterns between different cell types and differences in tRNA content and usage in
response to various signals and conditions affect translational regulation and promote adaptive translation in a very
dynamic way [31]. A closer look on the codon context of different cell types suggests a codominant expression of
their codon-enriched tRNAs and clearly indicate coordination between transcription and translation, in support
of the notion that translation regulation relies on distinct transcriptional programs coordinating tRNA supply and
demand [32,33]. In addition, the fact that specific tRNAs and aminoacyl-tRNA synthetases are modulated in several
cancers opens new avenues and provides novel comprehensive and specific molecular signatures that could be used
for diagnosis [34,35]. Finally, numerous posttranscriptional modifications on tRNAs have been associated with a
broad spectrum of diseases, including cancer, thus highlighting the importance of correctly synthesized and fully
active tRNAs for optimization of translation rates and proteome integrity [36,37]. It is evident from many reports
that alterations of tRNA expression, modification and usage represent a mechanism of stress response and these
changes affect translation rates [38]. Upregulation of tRNAs can drive cancer metastasis by enhancing the stability
of translation of nodal mRNAs enriched in rare codons. In addition, mischarged tRNAs can incorporate amino
acids erroneously into proteins to promote dynamic translational adaptations under stress [39]. Therefore, codon
bias, a term which describes the uneven use of synonymous codons, codon usage and codon optimality has been
proposed as an additional epigenetic code which fine-tunes the networks of translation machinery [40].

The regulatory roles of tRNAs beyond translation were further elaborated with the recent discovery of tRNA-
derived fragments (tRFs), which represent a new class of small noncoding RNAs, first detected decades ago in the
urine samples of cancer patients [27,41]. Although at the beginfUVRning they were considered tRNA degradation
products, recent meta-analyses of several datasets showed that tRFs are not produced randomly [42–44]. Instead,
they are present in all kingdoms of life and are associated with a vast array of biological functions, spanning from
stem cell self-renewal and epigenetic inheritance to translation control and cancer [45–50]. tRNA fragments can
derive from either pre- or mature tRNAs and, depending on the origin and length (14–40 nt), are classified as
tRF-5 (type a, b and c, mainly located in the nucleus), tRF-3 (type a and b, mainly located in the cytoplasm),
tRF-1 (3′ maturation products, located in the cytoplasm) and i-tRFs (or tiRs, of intronic origin) [51,52] (Figure 1).
Biogenesis of tRFs depends on cell type, condition or developmental stage and specific tRF signatures have been
reported for various cancer types suggesting that tRFs can serve as novel auxiliary biomarkers for several pathological
phenotypes [53]. Moreover, fragmentation of tRNAs is affected by the presence or absence of post-transcriptional
modifications and is mediated by different endonucleases, including tRNase Z and Dicer, while the existence of
additional enzymes that produce tRFs still remain elusive [54]. In eukaryotes, tRNA cleavage is a conserved response
to oxidative stress and angiogenin (ANG), an essential ribonuclease known to promote angiogenesis, is responsible
for the production of stress-derived tRFs known as 5′- or 3′-tiRNAs (or tRNA halves; stress induced tRFs), in
response to various external stress signals, like UV radiation (UVR), heat shock, oxidative and nutrition stress,
which can repress translation similarly to miRNAs [55–57].

Although deregulation of translation initiation, tRNA expression and modification, and tRF-mediated regulation
have been reported individually for several cancer types, a comprehensive picture of the dynamic balance between
all has emerged only recently, regarding translation reprogramming in skin stem cells and melanoma [58–60]. Skin
cancer represents a group of heterogeneous nonmelanoma and melanoma tumors, which are highly correlated to
environmental stress signals such as UV irradiation and exposure to chemical pollutants, resulting in excessive
oxidative stress and mutagenesis and leading in response, to deregulated or adaptive translation [61]. During the
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Figure 1. Classification of tRNA-derived fragments. tRNA fragments can derive from either pre- or mature tRNAs
and, depending on the origin and length (14–40 nt), are classified as tRNA-derived fragment (tRF)-5 (type a, b and c),
tRF-3 (type a and b), tRF-1 (3′ maturation products) and i-tRFs (of intronic origin). In eukaryotes, tRNA cleavage by
angiogenin (ANG) in response to stress signals leads to the production of stress-derived tRFs known as 5′- or 3′-tiRNAs
(or tRNA halves; stress induced tRFs). tRFs and tiRNAs have been implicated in several conditions, including cancer,
stress, epigenetic regulation, self-renewal and differentiation, various metabolic disorders and neurodegenerative
diseases, while their use as biomarkers has only recently began to emerge.

last decades climate change and prolonged exposure to UV irradiation has brought skin cancer in the spotlight
as the most common type of cancer, worldwide [62,63]. Subsequently, the development and analysis of genetically
engineered mouse models was necessary and has helped significantly towards the identification of the molecular
and microenvironmental mechanisms underlying UV induction of aggressive skin cancer such as melanoma, as well
as its metastatic spread [64,65]. Moreover, it allowed a better understanding of the inherent and acquired resistance
to targeted and immune-based therapeutic and helped to improve preclinical models [66,67].

Herein, we summarize recent knowledge regarding the role of deregulated translation initiation, the biosynthesis
and overexpression of tRNAs and their fragments in skin cancer mechanisms and we discuss the putative role of
tRFs in keratinocytes.

The complexity & plasticity of skin anatomy
Skin is the largest organ in the human body and accounts for almost 15% of the total adult bodyweight [68]. It
represents an effective barrier between the organism and the environment and provides the primary protection
against several external dangers, like sunlight exposure, injuries, microbial infections and pollutants, that cause
allergies and/or inflammation. In addition, skin layers prevent excessive dehydration from heat, thus significantly
contributing to thermoregulation [69]. The essential functions of skin rely on its stratification, the adhesion
level between layers and different cell types and various signals that fine-tune gene expression which maintains
skin homeostasis [70]. Skin consists of three major layers: the epidermis, the dermis and subcutaneous tissue (or
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Figure 2. The layers and cell types of human epidermis. Epidermal skin layers include the basal layer (stratum
basale), the squamous cell layer (stratum spinosum), the granular layer (stratum granulosum) and the cornified layer
(stratum corneum). Skin cells include keratinocytes (majority of cells), skin stem cells, melanocytes, Langerhans cells
and Merkel cells.

hypodermis), each well-defined and with a content of certain differentiated cells and niches of pluripotent stem
cells (Figure 2). Skin stem cells of epidermis and other layers allow their continuous renewal, a characteristic of skin
which makes it an ideal model for studying mechanisms of differentiation and tissue regeneration [71].

Epidermis is the outer layer of skin; a stratified epithelium composed of keratinocytes (ectodermally-derived
representing almost 80% of all cells), melanocytes of neural crest origin responsible for melanin production and skin
color and finally, Merkel and Langerhans cells, which are responsible for immune protection against infections and
certain chemicals. Keratinocytes move along the four layers of epidermis in repeating cycles of renewal: the basal
layer (stratum basale) which contains mitotically active cells forming a single layer, the squamous cell layer (stratum
spinosum), the granular layer (stratum granulosum) and the cornified layer (stratum corneum) which provides the
mechanical protection due to an extensive network of keratin filaments (Figure 2). The largest pool of epidermal
keratinocytes differentiates during migration from the basal layer to the surface, in a complex process known
as terminal differentiation or keratinization [72]. During keratinization, the expression, alternative splicing and
translation of different keratin types is essential for the regulation and promotion of the proliferative process [73].
In addition, the basal layer harbors stem cells dividing in a relatively low rate which contribute to the continuous
renewal of outer epidermis by losing their self-renewal ability and proliferating as they move to the surface [74]. It
has been proposed that epidermal stem cells contribute to the dynamic homeostasis of epidermis, only when intense
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external stimuli (i.e., wounding, sunburns, etc.) require extensive recruitment of proliferating and differentiating
cells for effective and fast tissue reconstitution, in response to stress [75]. Recently the remarkable existence of
long-lived stem cells that produce progenitors that replenish terminally differentiated cells was described, providing
new perspectives regarding skin healing and regeneration [76].

The dermis (ten-times thicker) is separated from epidermis by the basal membrane which provides mechanical
support and polarity coordination for epidermal cells and serves as an important gatekeeper for exchange of cells
and molecules. Basal membrane regulates the controlled release of important cytokines and growth factors, during
tissue development or repair and provides the niche for important biochemical events. Epidermal morphogenesis
and differentiation depend to a great extent on dermis and their interaction is crucial for the development of
the appendages such as the hair follicles, apocrine and eccrine glands [77]. In addition, multiple stem cell niches
contribute to dermal regeneration when necessary [78]. Finally, the subcutaneous tissue layer varies in size and
buoyancy and consists of lipocytes which store and provide energy for the body [68]. The plasticity and nature of
skin layers and their frequent exposure to various stress signals that lead to cell damage have contributed to the
alarming increase of various types of skin cancer in human.

Molecular mechanisms involved in skin cancer
Skin cancer is the most frequent and common type of cancer globally accounting for at least 40% of cases and the
most widespread cancer among Caucasian population [62]. It arises from a combination of genetic and environmental
factors, with DNA damage caused by exposure to UVR being the major effector [79]. Both UVR and environmental
pollution lead to damaging oxidative stress which triggers aging and associates with increasing incidents of skin
cancer [80].

The three major types of skin cancer are the basal-cell skin cancer (BCC), the cutaneous squamous-cell skin
cancer (SCC) and, melanoma, the deadliest type of a severe malignancy deriving from melanocytes of the basal
layer [81]. BCCs and SCCs are known as nonmelanoma skin cancers (NMSCs). They account for the 40% of all
cancers and more than 90% of the skin cancers, mostly found in body parts frequently exposed to sunlight. The
term ‘keratinocyte carcinomas’ is also used to distinguish them from less common skin cancers, such as Merkel-cell
carcinoma (MCC), adnexal carcinoma, dermatofibrosarcoma protuberans (DFSB) and cutaneous lymphoma [82,83].
BCCs and SCCs are found with a 4:1 ratio in keratinocyte carcinomas. Exposure to UVR, age, skin pigmentation
and lifestyle are the major factors for developing NMSC [84]. Intermittent and childhood sun exposure seems to
increase the risk of BCC, while SCC appears more related to chronic UV exposure. Although BCC is generally
considered not life-threating, there is a growing concern for SCC mortality especially among the elderly and
immunosuppressed patients [85].

Skin cancer development can be affected by a combination of gene expression fluctuations and cell communi-
cation in the cells surrounding a tumorigenic lesion containing epithelial and mesenchymal cells. Until recently, it
was unclear whether changes in the different layers of the skin were associated to more widespread alterations [86].
Notch signaling is an important cell–cell communication pathway with a key role in skin cells and contributes to
development and tissue homeostasis [87]. Mice with inactivated Notch signaling develop spontaneous, multifocal
squamous carcinomas of diverse cellular origin and the formation of these lesions can be prevented by administra-
tion of anti-inflammatory drugs. It was proposed that human skin fibroblasts with dysfunctional Notch signaling
could also promote the neoplastic transformation of epithelial cells through transcriptional activation by AP-1
transcription factor, which plays important role in the regulation of keratinocytes differentiation and proliferation
during renewal of epidermis. In an important study, the stroma surrounding human preneoplastic skin lesions
showed similar alterations in Notch signaling to those in the mouse model, and these changes could be induced by
exposure to UVA, highlighting the role of mesenchymal components as cancer drivers [88].

Although UVA is more effective in skin penetration, the most biologically severe effects are attributed to UVB
and include mainly DNA damage, inflammatory response leading to immunosuppression, production of reactive
oxygen species (ROS) and activation of receptor tyrosine kinases-mediated (RTK) signaling [89]. In keratinocytes,
DNA damage can activate cell cycle checkpoints and induce mechanisms which can initiate apoptosis, while
DNA repair defects can lead to carcinogenesis [90]. In NMSC, ATM and ATR kinases are critical in maintaining
and regulating DNA damage checkpoints and activating downstream signals that either repair DNA or induce
apoptosis, involving targeting or activation of tumor suppressor protein p53 (for more extensive review see [86]).

Inflammatory response can drive keratinocyte proliferation and induce invasion and metastasis of cancer cells.
The most important pathways involved are the NFκB pathway (including RTKs, TNF and TLR receptors) and the
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EGFR-dependent activation of STAT3, an important transcription factor with role in survival and proliferation
of keratinocytes after UVB exposure [91]. STAT3 regulates expression of inflammatory interleukins and nodal
genes including c-MYC, c-FOS and BCL-2 with role in modulation of tumor progression, survival and metastasis,
respectively [92–95].

UVR induces ROS production which directly affect the nuclear and mitochondrial DNA and RNA of ker-
atinocytes and results in deregulation of central signaling pathways, through activation of members of the MAPK
family, p38 and JNK signaling pathways [96,97]. Activation of p38 pathway promotes p53-dependent or independent
(through increased expression of HIF1α) apoptosis and recent studies in mice suggest that survival of keratinocytes
can occur through p38 activation and subsequent upregulation of Bcl-XL and COX2 which in turn, modulate
mitochondrial apoptosis. As a result p38-deficient mice are resistant to skin carcinogenesis induced after prolonged
UVR [98,99]. In the JNK pathway the main target is again the transcription factor AP-1 which has oncogenic
capacity, as mentioned above [100].

The RTK receptors (such as IR, IGF-1-R and EGFR) are also rapidly activated in response to UVR
exposure in NMSC. The main affected downstream cascades are the RAS/RAF/MEK/ERK and the
PI3K/PTEN/AKT/mTOR signaling pathways. Both pathways converge to the translation initiation, stimulate
translation of specific oncogenes (i.e., c-MYC) and affect global protein synthesis rates [101]. Finally, all the above
pathways modulate UVB-induced keratinocyte apoptosis via suppression of Bcl-2 expression (intrinsic pathway)
and activation of Caspase 8 (extrinsic pathway) [102].

Essentially the same pathways are deregulated in melanoma which represents the most aggressive type of skin
cancer, due to its metastatic potential and resistance to available therapies. Melanomas are heterogenous tumors
which usually develop de novo in normal skin (70%) or within a pre-existing acquired or congenital melanocytic
nevus (to a much lower percentage) [103]. DNA damage caused by UV irradiation is the main trigger, with
genetic predisposition to account for 10% of melanoma cases [104]. The oncogenic transformation is triggered by
a combination of senescence bypass, such as PTEN deletion or inactivation of the CDKN2A locus, combined
with deregulated MAPK signaling primarily driven by activating mutations in BRAF (∼50%) or NRAS (∼20%),
which rarely co-exist [105]. The most common mutation found in >90% of melanoma cases is BRAFV600E, resulting
in activation of the MAPK pathway, secretion of VEGF and vascular development [106]. Interestingly, the risk of
cutaneous melanoma is primarily associated with intermittent rather than cumulative UVR exposure or severe
episodes of sunburn, suggesting involvement of mechanisms different to those of NMSC [107].

Whole-genome sequencing analyses showed that melanomas of different origin (cutaneous, mucosal and acral)
exhibit different mutational signatures, an observation which explains differences in melanoma epidemiology and
genetic cancer drivers in different body parts that are not susceptible to UV irradiation. Most cutaneous melanomas
have a distinct UV-associated signature of mutations, with C > T nucleotide transitions being the most dominant.
TERT promoter mutations were the most frequently observed alterations, followed by driver mutations in TP53,
PTEN or RB1 and mutations in components of the MAPK or PI3K pathways [108]. Existing reports suggest a
synergistic effect of essential genes expression induced by microphthalmia-associated transcription factor (MITF),
a master regulator of melanocyte development, function and survival. Interestingly, a short isoform (419 aa) of
MITF transcription factor (MITF-M) is expressed exclusively in melanocytes and melanoma cells [109,110]. MITF
expression at transcription and translation levels differs by many folds but it is imperative for the fate of melanocytes
to remain between tightly regulated margins, especially given that MITF is associated with oncogenic programs
and is affected by BRAF- or NRAS-derived deregulation of MAPK pathway, together with HIF1α and MYC [111].
Moreover, MITF regulates the metabolic rewiring in melanoma and switch from oxidative phosphorylation to
glycolysis [112].

MITF amplicon harbors the melanoma specific long noncoding RNA SAMMSON. SAMMSON is transcrip-
tionally cogained with MITF in 10% of the melanomas and the expression levels of MITF and SAMMSON
were not previously correlated, although SAMMSON is expressed in more than 90% of melanomas. Recently
it was shown that SAMMSON is an important regulatory long noncoding RNA and its silencing can reduce
melanoma cell growth and survival, independent of the transcriptional state of BRAF, NRAS or TP53. Moreover,
cells that are intrinsically resistant to BRAF inhibition were found to be sensitive to SAMMSON silencing which
enhanced the effects of BRAF and MEK inhibitors. Finally, cells with acquired resistance to BRAF inhibition
remained sensitive to SAMMSON targeting [113]. Interestingly, SAMMSON regulates mitochondrial translation
through interaction with p32 (also known as C1QBP/gC1qR/HABP1) a widely distributed, multiligand-binding
and multifunctional protein, which contributes to maintenance of mitochondrial membrane potential and oxida-
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tive phosphorylation [114]. It was observed that depletion of SAMMSON decreases the fraction of p32 associated
with mitochondria, diminishes mitochondrial membrane potential and ultimately, triggers the p53-independent
apoptotic response [115]. The fact that a SAMMSON-specific antisense oligonucleotide decreases tumor growth
and synergizes with dabrafenib, a BRAF inhibitor, to induce apoptosis in vivo, is likely to arise because BRAF
inhibition activates a MITF-PGC1α axis to elevate mitochondrial oxidative phosphorylation [116]. Most recently,
it was demonstrated that SAMMSON promotes increased ribosomal RNA maturation and translation both in the
cytosol and mitochondria. This is achieved through modulation of the localization of CARF, an RNA-binding pro-
tein. CARF binds and sequesters the exo-ribonuclease XRN2 in the nucleoplasm, which under normal conditions
limits nucleolar rRNA maturation. SAMMSON interferes with XRN2 binding to CARF in the nucleus and favors
the formation of an aberrant cytoplasmic RNA–protein complex containing CARF and p32 which is required for
the processing of the mitochondrial rRNAs. Therefore, SAMMSON represents an oncogenic lncRNA that can
simultaneously modulate RNA–protein complex formation in two distinct cellular compartments to promote cell
growth [117]. These recent findings illuminate the multiple levels of epigenetic regulation that exist and contribute
to skin carcinogenesis (especially in melanoma) and include long noncoding RNAs and many miRNAs, which are
either used as predictive biomarkers in skin cancer or represent regulators of the MAPK or the PI3K/mTOR path-
ways which in turn, adjust the potential of their signals to fine-tune translation initiation [118]. Finally, exosomes
have emerged as important mediators of tumorigenesis which facilitate cell-to-cell cross-talk distantly from the
primary tumor, preparing metastasis. Exosomes are small circulating vesicles which carry exosomal-specific DNA,
mRNAs, tumor neo-antigen peptides and miRNAs. They are secreted from most human cell types, including
melanoma cells, and the surrounding cells of the tumor microenvironment. In melanoma, exosomes secretion is
regulated by the Ras-related Rab27a protein and they carry as cargo the oncoprotein MET to educate bone marrow
progenitor cells towards a pro-metastatic phenotype [119].

Translation regulation in skin tissue homeostasis & neoplastic transformation
The ability of skin tissue to maintain homeostasis resides mainly in the stem cells of epidermis [120]. For example,
in the case of an injured epidermis layer, tissue damage is repaired by surrounding epidermal cells that migrate in
and proliferate [121]. During this process, a new self-renewing epidermal stem cells population is established and
adjusts its numbers to fit the available niche and maintain its stem cell character. This is highly dependent on the
contact with the basal membrane, which preserves stem cell potential [74]. Loss of contact for any reason is trans-
mitted through the major signaling pathways that target and accelerate translation or promote selective translation
which triggers terminal differentiation [122]. Moreover, recent studies showed that epidermis is compartmentalized
during homeostasis and the autonomous compartments are maintained by distinct stem cell populations, which
during wound healing acquire lineage plasticity and contribute to tissue regeneration, suggesting the existence of
mechanisms which require fine-tuned metabolic adaptations [123].

The dynamic equilibrium between stem cell self-renewal and stem cell differentiation reflects on gene expression
levels and activation or suppression of the components that modulate translation initiation and protein synthesis
rates [58]. Self-renewal without differentiation of at least some of the cells leads to tumorigenesis, while the
opposite results (on a long term) in decreased skin regeneration ability due to insufficient stem cell population [75].
Epidermal stem cells exhibit low rate of division and protein synthesis which accelerate during differentiation.
Terminal differentiation is an example of these dynamic adaptations of the translation machinery and involves
orchestrated expression, alternative mRNA splicing and translation of different types of keratins which mark each
cell status [124,125].

Protein synthesis in stem cells is regulated mainly through the mTOR complex, an important target of PI3K/AKT
pathway and sensor of diverse signals, including nutritional and oxidative stress [126]. In response, mTOR modulates
translation directly or through ribosomal S6K1, thus affecting the levels of translation initiation [127]. In addition,
mTOR affects transcription of RNAP I (via TIF-1A) and III (via Maf1) which are responsible for rRNA and
tRNA transcription [128,129]. Many tissues, including skin, depend on mTOR signaling to regulate stem cell self-
renewal, proliferation and tumor suppression [130]. Recently, both mTORC1 (with its associated regulatory protein
RAPTOR) and mTORC2 complexes (with RICTOR) were found essential for skin morphogenesis and epidermal
barrier formation in mice, a finding which underlines the essential role of translation regulation. Downstream
phosphorylation of S6K, RPS6 and 4E-BP1 in mTOR-deficient mice was noticeably decreased in the epidermis.
Interestingly, each complex was found dedicated to the control of different cellular processes, with mTORC1
being involved in the regulation of early phase epidermal differentiation and stratification (including keratinocyte
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proliferation and hair follicle formation), while mTORC2 acting at a later stage, controlling interfollicular epidermis
stratification, barrier formation and asymmetric cell division [131].

Ribosomes play a central role in translation and their biogenesis is a well-orchestrated and a fine-tuned process
and ribosome inactivating proteins can target melanoma cells both in vitro and iv vivo [132]. Heterogenous ribosomes
exhibit selectivity for distinct pools of mRNAs and under specific conditions may have different protein composition
that could explain differential translation [133]. In addition, rRNA is modified by several noncoding RNAs (mostly
snoRNAs) and enzymes, which contribute further to the complexity of ribosome content [23].

Although the contribution of components from MAPK and PI3K pathways on RNAP I transcription has been
extensively studied in many types of cancer, only few studies exist regarding skin cancer [6,134]. Both signaling
pathways are coupled through UBF, TBP and TIF-IA and the overactivation of the MAPK pathway, which
is observed in melanoma, could lead in enhanced rRNA transcription [135,136]. Similarly, PI3K/AKT/mTOR
pathway activation, which in many melanoma cases co-exists with PTEN loss, was found to enhance RNAP I
transcription through stabilization of the SL1-mediated pre-initiation transcription complex, resulting in elevated
rRNA transcription and ribosomal ribonucleoprotein subunits assembly [137]. Only few studies exist regarding the
involvement of small (RPSs) or large (RPLs) ribosomal subunit proteins in melanoma. A screening of all RPLs
showed variable effect in melanoma cells, with many of them found to facilitate survival. Knockdown of RPL13
levels caused increased p53 stability, through binding of RPL5 and RPL11 to MDM2. This interaction prevented
p53 degradation, induced p53-dependent cell cycle arrest and decreased translation rates [138]. Similarly, knockdown
of RPS3 suppressed cell growth and induced apoptosis. RPS3 was found highly expressed in melanoma cell lines and
melanoma tumor tissues and its overexpression is associated with poor prognosis of melanoma patients. In addition,
RPS3 knockdown triggered apoptosis through the release of cytochrome c and cleavage of pro-apoptotic proteins
(PARP, caspase-3 and -9) resulting in tumor growth inhibition in a melanoma xenograft mouse model [139]. Finally,
mutations in Rps19 and Rps20 in mice causing epidermal melanocytosis, were associated with p53 stabilization
and stimulation of stem cell factor expression (SCF or KIT ligand), an important cytokine that plays role in
melanogenesis [140].

Protein synthesis in every cell type is a constant process, initiated through interactions of translation initiation
factors, ribosomal subunits and uninterrupted delivery of aminoacyl-tRNAs for amino acid incorporation. The
majority of translation in eukaryotic cells (∼90%) is cap-dependent, requiring recognition of the 5′ 7-methyl-
guanosine of mRNAs and spatial and temporal assembly of the initiation complex that recruits the small and the
large ribosomal subunits to form functional ribosomes [141]. A small fraction (∼10%) of the mRNAs however
initiate cap-independent translation and, especially under stress conditions, interactions with 5′cap are diminished.
Instead, internal ribosome entry sites (IRES) serve for binding of a subset of translation initiation factors, which
are recruited by IRES-trans acting factors and attract ribosomal subunits binding and ribosome assembly [142]. The
switch between cap-dependent and IRES-mediated translation is, in many cases, crucial for the cellular decisions
and fate and is profoundly affected by major transcription factors such as MYC and perturbations affecting this
switch can lead to false mitotic progression, increased chromosome instability and cancer [24,143].

Translation initiation is considered the rate-limiting step of the overall protein synthesis and many key-factors
participating in this process are found deregulated in cancer, including skin cancer [4,144]. Many of them are targeted
by either the MAPK or the PI3K/AKT/mTOR signaling pathways or both and in melanoma, some of them are
used as prognostic markers for the survival of patients (Figure 3) [145]. A detailed list of the translation initiation
factors that contribute to skin cancer are presented in Table 1. Cap-dependent translation initiation requires the
recognition of the 5′ cap by eIF4E, which is attached to the scaffold protein eIF4G. Attached to eIF4G is also eIF4A,
an ATP-dependent helicase of the DEAD box family, which unwinds perplexed RNA secondary structures and
facilitates translation. Together, they constitute the eIF4F complex, which is further stabilized by poly(A)-binding
protein (PABP) which binds both the 3′ poly(A) tail of mRNA and eIF4G [141]. A nodal initiation factor is eIF4B,
which binds on eIF4G to activate eIF4A. These interactions are necessary to circularize the mRNA and the gradual
formation of the ternary complex is committed to the recruitment of 40S ribosomal subunit along with eIF2, an
essential heterotrimeric GTP-binding protein (comprised of α-, β- and γ- subunits) which carries the first initiator
Met-tRNAi on the P-site [128] (Figure 3). The activity of eIF2 depends on recycling of GTP to GDP and is regulated
by eIF2B. Only the GTP-bound form of eIF2 is active and allows the 40S ribosomal subunit, loaded with the eIF1,
eIF1A and eIF3 factors (also known as the 43S pre-initiation complex; PIC), to initiate translation (Figure 3) [146].
Both eIF1 and eIF1A are important for the fidelity of recognition of the first codon and several mutations in eIF1A
are associated with uveal melanoma, while specific residues were recently implicated in stabilization of pre-initiation
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Figure 3. Signal transduction pathways that affect the cap-dependent translation initiation. Dimerization of
receptor tyrosine kinases by mitogenic signals activate RAS GTPases, which act as molecular switches that transduce
extracellular signals through the RAF/MEK/ERK and PI3K/AKT/mTOR signaling pathways to accordingly regulate
translation at the initiation step. Kinases ERK1/2 and the stress-induced p38 MAPK stimulate cap-dependent
translation by activating directly or through p90RSK (RSK) the eIF4G-associated kinases MNK1 and MNK2, which
phosphorylate the cap-binding factor eIF4E on Ser209. Both ERK1/2 and AKT1/2 activate indirectly mTORC1 which
phosphorylates the 4E-binding proteins (4E-BPs) at multiple sites and causes their dissociation from eIF4E. 4E-BPs can
also be phosphorylated by ERK1/2. Activated mTORC1 also activates via phosphorylation the p70S6K (S6K), a kinase
that affects translation by phosphorylating, among others, the ribosome protein S6. S6K and RSK also phosphorylate
PDCD4, leading to release of eIF4A, and eIF4B, increasing its association and enhancing the helicase activity of eIF4A.
Stress signals also induce the eIF2α kinases which phosphorylate the eIF2α subunit thus inhibiting translation
initiation by preventing eIF2-bound GTP recycling by eIF2B. Stress-induced activation of mTORC2 complex leads to
activation of PKC, which phosphorylates eIF6, leading to its release from free 60S subunits, which then become
available for 80S ribosome assembly by eIF5B. Translation is also regulated at the transcriptional level. mTORC1/2-
and c-MYC-mediated regulation of all three RNA polymerases leads to reprogramming of protein synthesis via
modulation of ribosome biogenesis, expression of initiation factors and several oncoproteins, including MYC and
MITF, and tRNA transcription. Arrows indicate activation and bar-headed lines indicate inhibition. Indirect regulation
is indicated by dashed arrows. Stars show convergence of signaling pathways.

complexes [147–149]. Phosphorylation of eIF2 is critical for translation repression and reprogramming and is regulated
by the opposing activities of the eIF2 kinases (PKR, PERK, GCN2) and the eIF2 phosphatase GADD34 [150,151].
Subsequent phosphorylation of eIF2 on serine 51 of the α subunit converts eIF2 to a competitive inhibitor of
eIF2B, while GADD34 waives its phosphorylation (Figure 3). These activities are essential in early stress response
and possibly contribute in translation rewiring by reducing protein synthesis to facilitate cell survival or at a later
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Table 1. Deregulation of eukaryotic initiation factors in skin cancer.
Factor Deregulation in skin cancer Ref.

eIF1 N/A N/A

eIF1A Mutations associated with metastasis in uveal melanoma [147–149]

eIF2� Inhibition via phosphorylation protects from transformation [150,153–155]

eIF2� N/A N/A

eIF2� Transiently upregulated [156]

eIF2B Inhibition by p-eIF2� [59]

eIF3a Increased expression [157]

eIF3b N/A N/A

eIF3c Decreased expression [158]

eIF3d KD suppresses proliferation [159]

eIF3e N/A N/A

eIF3f Decreased expression [160,161]

eIF3g N/A N/A

eIF3h N/A N/A

eIF3i Increased expression [162]

eIF3j N/A N/A

eIF3k N/A N/A

eIF3l N/A N/A

eIF3m N/A N/A

eIF4A1 Increased expression [163]

PDCD4 Decreased expression - Inhibition via phosphorylation [164–167]

eIF4B Enhancement via phosphorylation [168,169]

eIF4E Increased expression & phosphorylation [170–174]

4E-BPs Hyperphosphorylation [175–178]

eIF4G N/A N/A

eIF4F complex Persistent formation leads to resistance to treatment [178]

eIF5A1 Inhibition impairs melanoma growth [179]

eIF5A2 Increased expression [180]

eIF5B N/A N/A

eIF6 Increased expression [181]

stage to regain and sustain higher protein synthesis rates [152]. In agreement with the above, it has been reported
that translational repression, which represents an immediate response to stress, protects human keratinocytes from
UVB-induced apoptosis through phosphorylation of eIF2α [153,154]. During differentiation of human keratinocytes
the translation of specific mRNAs is regulated by GCN2 and microarray analysis has shown differential expression of
eIF2γ subunit that could discriminate melanoma from other malignant and nonmalignant specimens [155,156]. The
essential role of eIF2α-eIF2B control through repetitive phosphorylation–dephosphorylation cycles was recently
exemplified in an important report suggesting that translation reprogramming in response to starvation is mediated
by eIF2B and can drive, under specific conditions, the phenotypic plasticity and therapeutic resistance which is
observed in many melanoma cases. Microenvironmental stress signals can inhibit eIF2B, resulting in transcriptional
repression of MITF via ATF4 , which is a key transcription factor and activator of the integrated stress response
(ISR) implicated in drug resistance. Given that MITF levels are critical for maintaining normal differentiation and
low MITF levels are correlated with resistance to MEK and BRAF inhibitors, it was observed that translational
reprogramming dramatically enhances tumorigenesis and is linked to a previously unexplained gene expression
reprogramming associated with anti-PD-1 immunotherapy resistance [59].

Binding of eIF3, an important mediator protein of 13 subunits, to eIF4G scaffold completes the translation
initiation binding events. Subsequently, the 40S ribosomal subunit scans the mRNA until an AUG start codon
is recognized and enters the P-site to base-pair with the tRNAi

Met, thus forming the 48S initiation complex [128].
The events are promoted by the scaffold protein RAPTOR of the mTORC1 complex, which phosphorylates the
4E-BP1 and the ribosomal protein S6K1 which is associated with eIF3. The phosphorylated 4E-BP1 dissociates
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from eIF4E and cannot longer serve as translational repressor. At the same time, S6K1 targets with phosphorylation
S6 protein, a constituent of the 40S subunit and eIF4B which associates with eIF3 and indirectly enhances the
helicase activity of eIF4A [182].

The role of the multiple eIF3 subunits have been studied in melanoma and EIF3F loss of heterozygosity (LOH)
was found in 75% to 92% of melanomas [160]. The eIF3a (p170) and eIF3i (Trip-1) subunits are overexpressed in
melanoma cell lines and the eIF3c subunit (p110) exhibits decreased expression during melanoma progression, while
knockdown of eIF3d suppresses proliferation of human melanoma cells [157–159,162]. In addition, downregulation
of eIF3c in mouse melanoma cells causes cell cycle arrest, reduced cell proliferation and cell death [183]. The
eIF3f subunit is considered a negative regulator of translation and is decreased in many melanomas, while its
overexpression induces apoptosis and inhibits cell proliferation, likely by enhancing ribosome degradation [161].
Subsequent recruitment of eIF5 (also known as eIF5A or eIF5A1, exhibiting GTPase activity) triggers hydrolysis
of GTP bound on eIF2, release of translation initiation factors from the 40S ribosomal subunits and finally eIF5B
guides the 60S ribosomal subunit for assembly and formation of 80S elongating ribosome [141]. eIF5A is a ubiquitous
protein and bears an unusual posttranslational modification on lysine 50 with the polyamine hydroxyputrescine,
known as hypusine, which is required for functionality [184]. Interestingly, inhibition of hypusination has been
shown to impair melanoma growth [179]. A recent study revealed that eIF5A2, a paralogue of eIF5A, which is
present only in testis, parts of the brain and in tumors, was found overexpressed after extensive screening of 459
melanocytic lesions and several melanoma cell lines [180]. In a parallel role, the anti-association factor eIF6 binds to
60S ribosomal subunit to prevent 80S assembly when necessary. Interestingly, this overlooked factor is transcribed
after Ras activation of Notch-1 and eIF6 overexpression was recently reported to indirectly affect melanoma cells
motility through regulation of cdc42 (cell division control protein 42) [181,185].

The evidence that global protein synthesis rates regulate almost all aspects of gene expression are compelling for
both normal and cancer cells under various stages of differentiation and growth conditions, as a general mechanism
that monitors cellular homeostasis. Over 2 decades ago, it was observed that eIF4E is present in limiting amounts
in cells and overexpression of eIF4E caused the transformation of fibroblasts [186]. Furthermore, its overexpression
can selectively alter the translation of cancer-related mRNA transcripts [187]. Of note, several mRNAs like those of
cyclins, MYC and VEGF are considered eIF4E-sensitive, and contain highly structured or unusually long 5′ UTRs
which require helicase activity from eIF4A, which is 20-fold higher when eIF4A is in complex with eIF4F, than in
its free form [188]. Moreover, stimulation of eIF4F-mediated translation initiation is modulated by either directly
altering the expression of phosphorylation of its components or through regulation of its formation and activity
which is tightly controlled to maintain cellular and tissue homeostasis. Finally, the dynamic equilibrium between
eIF4E and 4E-BP1 is important because hyperphosphorylated 4E-BP1 favors eIF4E stimulated cap-dependent
translation, while 4E-BP1 hypophosphorylation stabilizes the binding to eIF4E and suppression of translation,
thus favoring IRES-dependent translation initiation [189].

The MAPK pathway phosphorylates through ERK1/2 kinases, the MAPK-interacting serine/threonine kinases 1
and 2 (MNK1/2) as well as the p90 ribosomal protein S6 kinase (RSK; member of the AGC protein kinase family).
Alternatively, MNKs can be also activated by the stress-induced JNK and p38 pathway that play important role in
melanoma [190,191]. In all cases, the major target is eIF4E phosphorylation on serine 209 which has been associated
with tumor progression and reduced survival in malignant melanoma [170,171]. Activation of RSK phosphorylates
serine 422 of eIF4B which is considered an important point of convergence for the two major signaling pathways,
since the same phosphorylation is also mediated by the mTOR-activated S6K1 [168,169,192]. Recent reports pinpoint
the role of RSK1 as promoter of melanoma growth and proliferation and its constitutive activation leads to increased
melanoma invasion [193]. Of note, RSK1 was found constitutively phosphorylated at serine 380 in nodular but not
superficial spreading melanoma and the tumor suppressor PDCD4 which inhibits eIF4A upon binding, was recently
identified as substrate of RSK in a phosphoproteomic analysis [164]. Interestingly, PDCD4 downregulation has been
linked in many studies with melanoma progression [165–167]. Accordingly, the reported eIF4A1 overexpression in
melanoma is associated with the levels of PDCD4 which can either promote or suppress cancer progression [163].
The kinases that mediate the MAPK signal downstream of ERK are considered important therapeutic targets and
inhibition of MNK1/2 by carcosporamide in B16 melanoma pulmonary metastases or in KIT-mutant melanoma
are effective in reducing cancer progression [194,195]. Finally, inhibition of eIF4A acts synergistically with MEK
inhibitors against NRAS-mutant melanoma cell lines [196].

On the other hand, mTOR-mediated S6K1 phosphorylation targets S6 ribosomal protein and 4E-BPs [175]. 4E-
BPs are considered translation inhibitors and are also activated by the MAPK pathway through phosphorylation of
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serine 65 by ERKs under ionizing irradiation (Figure 3) [197]. The fact that 4E-BP1 phosphorylation is hierarchical
and the suggestion that additional, but elusive so far, kinases might be involved, could account for the potency level
of translation initiation regulation under different conditions [198]. The two pathways phosphorylate 4E-BPs in
different residues and overall, affect the availability of eIF4E for 5′ cap binding [176]. They are also considered as the
second important point of convergence for the two pathways in addition to eIF4B. Subsequently, phosphorylation
cross-talk between 4E-BPs and eIF4E regulate excessive levels of translation initiation and eIF4F complex assembly.
Accumulating evidence suggest that the levels of 4E-BPs phosphorylation, the expression levels of eIF4E and their
ratio in their complex drives resistance against inhibitors that target both signaling pathways, while phosphorylated
4E-BP1 has been associated with poor survival in melanoma [172,177,199,200]. Recent reports have shown that this
is the case for the natural polyphenol Rottlerin which in SK-Mel-28 melanoma cells inhibits mTORC1 and
4E-BP1 [201].

Although early studies have established the role of eIF4E deregulation in cancer, its contribution in skin cancer
was, until recently, unclear and not well studied. In multiple melanoma cell lines, the activation of the MAPK
pathway downregulates miR-768-3p leading to eIF4E upregulation and increased protein synthesis [202]. Recently,
persistent formation of the eIF4F complex was associated with resistance to anti-BRAF, anti-MEK and combination
therapies in melanoma [178]. Furthermore, expression of BRAFV600E in melanocytes increased eIF4E phosphory-
lation and protein synthesis [203]. DNA damage, oncogene induced senescence, levels of oxygen, nutritional or
energetic stress (through impairment in mitochondria), drug resistance (including eIF4E-mediated resistance to
irradiation) and metastasis are related to deregulation of eIF4E. The deregulation is linked to enhanced transcrip-
tion, phosphorylation of eIF4E at serine 209 by the eIF4G-associated MNK1 and MNK2 kinases and through
mTORC1-dependent phosphorylation and inactivation of the 4E-BPs. Recent reports showed that increased ex-
pression of eIF4E is observed in several melanoma cell lines and proliferation rates were significantly restrained
after knockdown of eIF4E. The results were correlated with decreased expression and activity of oncogenes such
as c-MYC and BCL2, suggesting that eIF4E is a prognostic marker of melanoma patient survival [170,173]. An
independent study proposed that in BRAFV600E melanoma cell lines, vemurafenib inhibits 4E-BP1 phosphoryla-
tion and promotes eIF4E-4E-BP1 binding that prevents translation initiation [174]. Moreover, a study of surgical
specimens from 114 patients and immunohistochemistry analysis showed that phosphorylation of eIF4E on serine
209 is essential and associated with metastatic potential, reduced survival and increased risk of death, suggesting
that eIF4E can be used as a prognostic marker in melanoma [171].

Finally, in skin cancer and especially in melanoma, ROS induce rewiring of translation and dynamic metabolic
changes [112]. For example, oxidative stress can inhibit distant metastasis by human melanoma cells, however, few
cells can escape and successfully metastasize by increasing their dependence on NADPH-generating enzymes [204].
Therefore, the metastatic potential of melanoma, which in a mouse model is promoted by cooperation of BRAFV600E

with PTEN loss and disrupted by mTORC1 or MEK1/2 inhibitors, can be increased after administration of an-
tioxidants [205,206]. These reports underline the important role of translational regulation on metabolic homeostasis
in response to various stress signals. In agreement, a very recent and elegant study identified in mice the ribosome
rescue factor Pelota (Pelo), which is expressed in skin dermis and epidermis, as an evolutionary conserved mech-
anism which besides rescuing active translation from stalled ribosomes, it also maintains epidermal homeostasis
via mTOR. Interestingly, deletion of Pelo from dermis resulted in mice with no obvious dermal abnormalities.
However, when the same deletion was performed in epidermal cells, the resulted mice exhibited severe epidermal
defects. Deletion of Pelo in cultures of a mixed population of human epidermal keratinocytes expressing keratin
14 and epidermal stem cells resulted in mice with scaly skin, epidermal thickening, increased water loss and loss
of some hair follicle stem cells. The same defects could be also observed when Pelo loss was induced in adult mice.
Surprisingly, the result of Pelo loss in epidermis was an increase in global translation efficiency in intrafollicular
epidermal cells and bioinformatics analysis showed notably translation efficiency for keratins and ribosomal proteins
and upregulation of mTOR, which can sense ribosome stalling [207]. The results of this study indicate that skin tissue
homeostasis relies on translational regulation and suggest that the mTOR pathway serves as sensor of impaired
ribosomes and counteracts as stimulator of translation initiation and elongation factors, acting either directly by
mediating stimulation of differentiation in the basal membrane or indirectly, by promoting proliferation [208].
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The emerging role of tRNA biology & tRFs in skin cancer
Since their discovery, tRNAs have been considered as passive carriers of amino acids during translation and
their putative regulatory role had been overlooked, until recently [2,209]. Nowadays, tRNAs represent a dynamic
population of essential noncoding RNAs with diverse regulatory roles and profound impact on human health [31].

In all cell types, tRNAs are abundant, representing up to the 15% of the total RNA content. It is therefore
not surprising that RNAP III, which is responsible for transcription of more than 600 tRNA genes in human,
accomplishes approximately 20% of the overall cellular transcription [33,210]. Transcription by RNAP III is guided by
a small number of transcription factors which form initiation complexes onto three major promoter types [211,212].
Besides tRNAs and 5S rRNAs, RNAP transcribes several important noncoding RNAs such as miRNAs, U6 RNA,
7SL, 7SK, Y RNA, vault RNA, RNase P (H1) and RNase MRP RNA subunits, affecting collectively the expression
of more than 1000 genes in human and mouse [213,214]. Interestingly, many recent studies revealed differences of
RNAP III binding among eukaryotes and, in human cells, a large fraction of RNAP III genes are permanently
repressed (reviewed in [30]). The recently published crystal structure of RNAP III revealed a complex of 17 subunits
(compared with 14 and 12 for RNA pol I and II respectively), implying that regulation of RNAP III can occur
through multiple protein-protein interactions [215]. For example, BRF2, a core RNAP III transcription factor,
can directly sense redox signaling and couples cellular responses to oxidative stress with RNAP III output. BRF2
knockdown in A549 lung adenocarcinoma cells resulted in diminished levels of SecCys tRNAs and consequently,
low levels of the TrXR1 and Gpx2 selenoproteins [216]. The observation that BRF2 has redox-sensing properties
and contributes to the ability of cells to escape apoptosis induced by ROS could be also explored regarding the
skin cancer etiology, since a bioinformatics analysis identified overexpression of BRF2 in melanoma, among several
cancer types [217]. Moreover, MOAG-2 which promotes cytotoxicity in Huntington’s disease by causing protein
aggregation in the cytoplasm, was unexpectedly found to associate with RNAP III complex in the nucleus regulating
transcription [218].

RNAP III is regulated similarly to translation initiation, by the opposing targeting of oncogenes and tumor sup-
pressors (mTORC1, MYC, RAS, p53 and Rb) and enhanced transcription contributes to oncogenic transformation
and cancer development [219]. In human, the transcription factor MAF1 is a central repressor of RNAP III and is
considered as a tumor suppressor because it restricts transcription in response to nutrient deprivation, oxidative
stress and DNA damage [220]. During transcription, mTOR directly associates with TFIIIC complex and waives
tRNA and 5S rRNA gene MAF1-mediated transcription suppression [221]. Moreover, MAF1 has been identified as
a new target of PTEN, an important tumor suppressor which inhibits signal transduction though the PI3K/mTOR
axis and is absent in many BRAF-associated melanomas [222]. When MAF1 is nonfunctional, cells increase tran-
scription by RNAP III resulting in enhanced energy waste and highlighting the key role of MAF1 in metabolic
economy [223]. Finally, a recent study implicating RNAP III activity in age-related stem cell dysfunction exemplifies
the role of RNAP III/mTORC1 interconnection on the regulation of translational machinery or through effects
on organization of chromatin loci containing tRNA genes clusters [26,224].

Correct folding of tRNAs is facilitated by La protein (Lupus antigen, SSB) an important phosphoprotein chaper-
one, first identified as the major antigen in the serum of patients suffering from systemic lupus erythematosus [225].
La belongs to a broad and evolutionary conserved family of La-related proteins (LARPS) bearing the characteristic
La motif (LAM), which facilitates folding of all RNAP III transcripts and has been found at genes transcribed by
RNAP III, in vivo [226]. Although many of the LARP members are involved in several cancer types, the role of
La in cancer is essentially unexplored with only few studies reporting that La overexpression affects regulation of
MDM2-mediated p53 stability and degradation, which could be correlated to various skin cancer types [227]. Upon
phosphorylation, La is localized in the nucleus and is associated with tRNAs, while dephosphorylation guides
La to the cytoplasm where it associates with 5′-terminal oligopyrimidine (5′TOP) mRNAs, known to control
protein synthesis [228]. The repertoire of La was recently expanded as modifier of Bcl2 mRNA structure around the
translational start thus, stimulating translation of Bcl2 in cancer cells and as a gatekeeper of tRNA misfolding and
processing through the miRNA biogenesis pathway [229,230]. The latter observation suggests cross-talk of tRFs and
miRNA biogenesis pathways, with possible implication in translation regulation [231]. Finally, La guides removal
of the 5′ leader by RNase P, an essential ribonucleoprotein with a catalytic RNA and ten protein subunits in
human, as well as removal of 3′ trailer sequences by RNase ZL (ELAC2), from premature tRNA transcripts [232].
Interestingly, RNase P in human mitochondria is a protein-only holoenzyme of three subunits, representing an
unusual RNase P type which is widespread among eukaryotes [233]. Individual RNase P protein subunits can interact
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with RNAP III components, can repress histone H3.3 recruitment and have a role in Double Strand Brake (DSB)
repair via Homology Directed Repair (HDR) [234]. Similarly, ELAC2 is required not only for 3′ tRNA processing
but also for the maintenance of C/D box snoRNAs, miRNAs and tRFs [235]. All these reports highlight a new
dynamic regulatory network which requires detailed investigation, regarding coupling RNAP III transcription and
translation regulation of key-proteins.

Mature tRNA biogenesis concludes with the addition of the universally conserved 3′ CCA end by the CCA
tRNA nucleotidyl-transferase which has several functions in tRNA repair, protection, degradation and aminoacy-
lation in stress response and excision of introns in the nucleus (in human) prior to export by the RAN GTPase
exportin-t (XPOT), aminoacylation by aminoacyl-tRNA synthetases and delivery to the elongating ribosome by
eEF1α [236,237]. In melanoma, lysyl-tRNA synthetase, a member of the mammalian multi-synthetase complex,
translocate to the nucleus and binds to MITF to drive oncogenic transcriptional activation [34]. In addition,
eEF1α has been reported as a molecular target of plant-derived isocarbostyrils in mouse and human melanoma cell
cultures [238].

Modulation of RNAP III transcription can lead to alterations in the levels of specific tRNAs which could
serve codon-usage demand for specific mRNAs. The reported overexpression of tRNAs in cancer verified this
notion and raised questions on the role of tRNA levels in development and cancer [239,240]. Analyses of tRNA
pools showed that there are marked differences in types and amounts of tRNAs on the genomic scale among
cancerous and noncancerous cells, as well as among cells form different tissues [241,242]. The content on tRNAs
corresponds to specific mRNA codon-usage signatures depending on the cell type and status thus providing a
coordination between transcription and translation [32]. Interestingly, screening of cancer lines (including three
melanoma lines; BLM, G361, LOX-IMVI) and stem cell lines showed that reactivation of TERT promoter driven
by mutations or oncogenes results in increased TERT levels which, in turn, can directly associate with RNAP III
subunit RPC32 to increase tRNA transcription [243]. The same study suggested that TERT promotes aberrant cell
proliferation by augmenting expression of several tRNA species decoding for Ala, Arg, Asn, Lys, Glu and Cys.
Moreover, overexpression of tRNAi

Met can induce significant changes in tRNA expression profiles, suggesting that
deregulation in translation initiation affects RNAP III transcription [244]. Similarly, tumor growth and angiogenesis
were progressing faster in mice expressing additional copies of the tRNAi

Met gene (termed 2+ tRNAi
Met). Stromal

fibroblasts overexpressing tRNAi
Met could increase synthesis of specific collagen types (in particular type II) thus,

contributing to tumor progression by enhancing the ability to synthesize and secrete a type II collagen extracellular
matrix that supports endothelial cell migration and angiogenesis [245]. A similar study in mice suggested that
tRNAi

Met drives cell migration and invasion through modulation of α5β1 integrin and translation initiation levels
leading to increased metastatic potential in melanoma without affecting cell proliferation and primary tumor
growth. In addition, the expression of RNAP III associated genes are elevated in metastatic compared with primary
tumors [246].

Advances in ribosome profiling made evident that codon bias serves as an auxiliary code that ensures the efficiency
and fidelity of translation and, under various conditions, affects mRNA stability and shapes the proteome, allowing
swift translation reprogramming to maintain homeostasis [40,247]. It has been proposed that synthesis of mutated
proteins when cells are stressed or during adaptation to stressful environmental changes can be beneficial for cancer
cells and can further drive tumorigenesis [248]. Therefore, adaptive translation has been proposed as a mechanism of
response to various stress and environmental adaptation signals and in the case of cancer cells, translational errors
can be tolerated and regulated. For example, rare codon bias affects Kras-driven tumorigenesis in mice [249,250].
Moreover, alteration of single tRNA levels can cause specific phenotypic alterations like in the case of breast
cancer cells, where upregulation of tRNAArg

CCG and tRNAGlu
UUC promote metastatic progression by enhancing

the stability and translation efficiency of mRNAs such as EXOSC2 and GRIPP1 [39]. Of note, loss of function of
one of the tRNAArg

UCU isodecoders specifically expressed in the mouse central nervous system is associated with
increased ribosome stalling and leads to neurodegeneration in GTPBP2-deficient mice [251]. GTPBP2 is a binder
to Pelota (Pelo) which as described previously is important for skin homeostasis, indicating that ribosome stalling
induced either through Pelo or tRNA deficiency, share common regulatory mechanisms that affect translation
regulation [207].

Maturation of tRNAs is considered complete, only when post-transcriptional modifications are introduced to
specific tRNA positions. So far, numerous modifications are known to be crucial for tRNA structure, stability,
recognition and function with role on severe pathological conditions including cancer [36,252]. For example, NSUN2
an important enzyme that introduces cytosine-5 methylation (m5C) in tRNA’s wobble position 34, is a downstream
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target of MYC and responsible for proliferation and cell cycle progression of keratinocytes induced by MYC [253].
Lack of modifications can lead to rapid tRNA decay or fragmentation [54]. Moreover, it is known that oxidative
stress induces several functional and structural changes to tRNAs and that specific modifications under these
conditions can promote tRNA stability and protein synthesis [38,254]. Response to oxidative stress is also controlled
by reprogramming of tRNA modifications and codon-biased selective translation of survival proteins [255]. Most
recently, it was shown that tRNA modification of wobble U34 optimizes translation rates and maintains proteome
integrity [256]. Finally, as mentioned above oxidative stress affects the integrity of mitochondrial DNA and induces
mutations in mitochondrial tRNA genes. Recent attempts to identify somatic mtDNA mutations across 527 tumors
and 14 cancer types revealed a selective pressure against deleterious coding mutations, supporting that functional
mitochondria are required in tumor cells. In addition, a strong mutational strand bias was observed, compatible
with endogenous replication-coupled errors as the major source of mutations. Interestingly, some mutations in
tRNAs were caused by accumulation of unprocessed tRNA precursors due to incorrect tRNA folding [257]. It is
well established that impaired mitochondrial tRNA biosynthesis has been linked to severe pathological syndromes.
Moreover, it has been proposed that interaction of mitochondrial tRNAs with proteins ensures not only tRNA
synthesis, maturation and function, but also protection from degradation. Therefore, critical mutations perturbing
this interaction could lead to decreased tRNA stability [258].

During recent years, numerous quality control and surveillance pathways have been discovered and studied
thoroughly [259]. Therefore, conformational changes in tRNA have been proposed as an early indicator of acute
cellular damage and could be used as useful tool of prognosis [260]. The recent discovery of tRFs exemplified the
regulatory role of tRNAs however, still baffles the field, since it seems that tRFs exist in cells under a normal
lifecycle and even stress-induced tRFs (tiRNAs or tRNA halves) are present also under nonstress conditions [261].
Undoubtedly, the discovery of tRFs made evident that tRNA fragmentation either due to various stress signals or
due to insufficient modifications is a first line of the cell’s response to slow down translation. Stress-induced tRFs
produced by ANG represent less than 5% of total tRNAs in a cell, and does not seem to affect essentially the
overall tRNA levels [262]. Of note, selected 5′-tiRNAs (5′-tiRNAAla and 5′-tiRNACys) containing 5′-TOG motifs
and assembling G-quadruplex-like structures can interfere with the assembly of the cap-binding eIF4F complex to
inhibit translation initiation suggesting a broader role of tRFs in translation regulation [263]. On the cellular level,
tiRNAs promote the assembly of cytoprotective stress granules (SGs) through binding to Y-Box protein 1 (YB-1 or
YBX-1) which is highly overexpressed in many cancer types [264,265]. Interestingly, YB-1 is activated by the MAPK
and the PI3K/AKT/mTOR pathways to promote melanoma cell proliferation [266]. Moreover, it was shown recently
that YB-1 is overexpressed in melanoma and its nonphosphorylated cytoplasmic form enhances the migratory and
invasive potential and promotes endothelial-to-mesenchymal transition (EMT) [267]. A previous report had also
implicated tiRNA-mediated sequestration of YBX-1 from binding to pro-oncogenic transcripts as a mechanism of
decreasing the hypoxia-stimulated highly metastatic potential of breast cancer cells, indicating a tumor-suppressor
role for tiRNAs [268]. Interestingly, tRFs were found associated with Ago proteins 1, 3 and 4 but not 2 and recent
bioinformatics analyses suggested that tRFs can mediate translation repression through a mechanism similar to
miRNA-mediated interference [269]. In addition, tRF-3 can repress target genes in a Dicer-independent manner
through complementarity to the 3′UTR of the target mRNAs and recruitment of an Ago-GW182 RISC [49]. In
either case, the regulatory repertoire of tRFs is constantly expanding and tRFs have been reported to block long
terminal repeats retrotransposons or to associate with human multisynthetase complex, to modulate translation
and together with their tRNAs can affect decisions in stem or tumor cells (Figure 1) [270,271].

Although the relationship between translation regulation and stress response in controlling stem cells’ fate is
unclear, recent breakthrough studies revealed a very delicate balance between tRNA modification, translation
reprogramming and tRF production. Skin stem cells have low translation rates and their differentiation is regulated
by the important NSUN2 methylase. The methylation activity is low in epidermal stem cells but is increased upon
commitment to differentiation [272]. Deletion of NSUN2 delays differentiation of hair follicle stem cells in mice and
triggers ANG-mediated tiRNA production, in an effort to slow down global translation [58]. In a most recent study,
a similar effect was shown in human, where NSUN2 depletion triggered again tRNA cleavage into tRNA-halves to
decrease protein synthesis levels. The abundance of proteins enriched in codons such as Gln, Glu and Lys, known
to require thiolated tRNAs, were significantly increased in BRAFV600E-driven melanoma. The authors showed that
H1F1A translation depends on specific tRNA modifications and affect HIF1α synthesis [60,273]. HIF1α is important
for skin physiology and controls angiogenesis and tumorigenesis when increased in the hypoxic microenvironment
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of human epidermis [274]. Finally, translational control in stem cells is modulated by pseudouridylation of specific
tRFs and stem cells are enriched with PUS7 � synthase which governs protein synthesis and cell growth [46].

Putative roles of tRFs in keratinocytes
The discovery of tRFs has perplexed the epigenetic landscape of gene expression regulation and highlighted the
regulatory role of tRNAs. However, although hundreds of tRFs sequences pile up in databases, their exact role
in translation regulation and possibly in numerous other pathways remains elusive to a great extend [275,276]. In
addition, although tRFs emerge as novel cancer biomarkers, information on skin-derived tRFs is restricted only in
samples from skin cutaneous melanoma [277]. Therefore, the need for further studies regarding the existence and the
expression levels and role of tRFs and tRNAs in various cell niches of human epidermis is imperative. Interestingly,
the observation that few miRNAs are generated by pre-existing tRNAs has led to missannotation of some miRNAs
which overlap with tRFs in miRbase [278].

To get novel information on skin-derived tRFs we provide herein, preliminary data showing the existence of tRFs
in unstressed HaCaT cells, which represent immortalized keratinocytes resembling human epidermis. Although
the scope of this review is to highlight the emerging role of various aspects of tRNA biology (including tRFs)
in skin cancer, and its implications in translation regulation rather than the presentation of descriptive data, the
detection of all tRFs types (including some of those that are classified as stress-derived) in unstressed cells suggests
that all types of tRFs are constitutively produced in human keratinocytes (see detailed experimental description
in Figure 4 legend). As mentioned above, keratinocytes represent the predominant cell type (90%) of epidermis
and are subjected to various types of stress that could induce production of additional tRFs or alter their levels
and types that can be detected. Moreover, tRFs in keratinocytes could represent a ‘stress surveillance’ mechanism
that could help translation to adjust its rates depending on the conditions sensed. The results from the sequencing
reads were mapped on the tRF database and revealed an uneven distribution of tRFs with tRF-3 being the most
abundant group (Figure 4; raw and summarized data are available under the GEO repository accession number
GSE119765). As mentioned previously tRF-5 are mainly located in the nucleus, while tRF-1 and tRF-3 are mainly
located in the cytoplasm with the latter having the ability to suppress gene expression in a Dicer-independent
and Ago-GW182RISC-dependent manner, through complementarity to the 3′UTR of the target mRNAs in a
fashion similar to miRNAs [49]. Since, biogenesis of tRFs depends on cell type, condition or developmental stage,
the specific tRF pattern presented in Table 2 could be considered representative of keratinocytes under normal
conditions. The existence of tRFs in unstressed cells has been demonstrated for several cell lines, indicating that
production of tRFs, including stress induced tRFs (i-tRFs), represents a global epigenetic mechanism which most
likely couples tRNA transcription, modification and cleavage, with translation regulation. Interestingly, some of
the most abundant tRFs identified have been previously identified as tRNA-derived miRNAs, an observation that
verifies previous reports (Table 2) [278].

In a further step, the list of the most abundant tRFs was filtered according to their ability to bind Ago proteins
according to previous studies [269]. The predicted Ago binding tRFs represent more than half of the total tRFs
identified (54.81% of total 104 detected tRFs and 134 total tRFs sequences in the tRF database). To get a picture
of the putative targets of the AGO-binders tRFs, subsequent gene ontology enrichment analysis revealed putative
target genes that are involved in the regulation of translation factors, ribosomal proteins and RNA binding proteins
(Table 2). Although further and in-depth experimental verification is necessary to assess the role for some of the
tRFs detected, the preliminary data presented herein coincide with previous reports and elaborate the complex
epigenetic role of tRFs. Moreover, the analysis suggests that tRFs from keratinocytes may have the potential to play
important role on transcriptional and translational regulation and may ultimately affect molecular mechanisms
that define the fate of various types of skin cells under stress but also under normal conditions. The mechanisms
by which they transmit their effect in each case remain under investigation and are expected to shed light in the
expanding noncoding RNA world.

Conclusion & open questions
Skin is an elegant multilayer organ, ideal for studies of molecular networks that control stem cell renewal and
differentiation under stress. Although modifications of protein synthesis patterns that occur in the epidermis
following exposure to cellular stress have been known for more than 50 years, the exact underlying mechanisms and
the contribution of tRNAs have only recently emerged [279]. Given the recent advances in analytical methodologies,
a deep knowledge of the mechanisms that control the various skin cell niches could also apply to various other
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Figure 4. Detection and distribution of tRF-1, tRF-3 and tRF-5 in human immortalized keratinocytes. HaCaT cells
(Thermo Fisher Scientific) were cultured under normal conditions in DMEM supplemented with 10% FBS, at 37◦C
under 5% CO2. Cells (∼2 × 106) were harvested and lysed immediately using the lysis buffer of the mirVANA isolation
kit (Ambion) according to the manufacturer’s instructions. Small RNAs (<200 nt) were isolated according to the
manufacture’s protocol and the size distribution quantity of the isolated RNAs was assessed using the RNA 6000 Nano
Kit (Agilent) on an Agilent 2100 bioanalyzer. Subsequently, cDNA libraries were prepared using the Ion Total RNA-Seq
Kit v2 protocol for small RNA sequencing according to the manufacturer’s instructions. Templated ion sphere particles
were generated using the Ion OneTouch 200 template kit v2. Sequencing was performed by semiconductor
sequencing on the Ion Torrent PGM platform, using an Ion Torrent 318 chip and the Ion PGM 200 sequencing kit
(Thermo Fisher Scientific). Annotated tRFs were quantified using an in-house bash script cucullated directly from the
fastq files without mapping to the genome. Raw sequencing, summarized data and the current protocol are available
in the GEO repository with accession number GSE119765. Out of 133 tRNA-derived fragments (tRFs) unique sequences
annotated in the tRF database (http://genome.bioch.virginia.edu/trfdb/), we identified 104 (>5 reads). The detected
tRFs sequences were compared with data from CLASH analyses (Crosslinking, Ligation and Sequencing of Hybrids) of
AGO proteins as described in the text [269]. The analysis detects known tRFs that have been previously found bound
on AGO proteins and could probably act through a mechanism similar to that of miRNAs. The analysis shows that
more than half of the tRFs population (54.81%) that was detected in HaCaT cells has been previously reported to
associate with AGO proteins. In addition, some of the HaCaT tRFs were found to overlap with known miRNAs as has
been previously reported (Table 2) [278]. The most abundant group of detected tRFs were tRF-3 (42.31%) and length
distribution analysis showed that their length varies in comparison with tRF-5. The existence of tRFs in keratinocytes
and their possible roles are discussed in the text.

tissues that share common characteristics. Moreover, it can give answers regarding many molecular events that either
maintain homeostasis or lead through deregulation to various diseases, including cancer. A major contribution in
understanding skin malignant transformation has been provided by several recent studies on the role of central
signaling pathways, related to the emerging prevalence of small noncoding RNAs, like miRNAs, as epigenetic
regulators [280]. Nevertheless, the most important downstream targets that ultimately control the quality and quantity
of the proteins produced for the cellular functions are the translation initiation factors and the tRNAs. In-depth
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studies on several components of translation regulation are either missing or are very limited and certainly require
a closer attention (Table 1). Consequently, the events that affect tRNA transcription, maturation, modification
and fragmentation are dynamic and converge in the regulation of transcription and translation to maintain skin
tissue homeostasis and in the translational reprogramming which rewires important metabolic pathways in skin
malignancies. More experimentation is needed to determine whether different tRNA pools may govern important
differentiation processes such as keratinization and whether this is also strongly regulated through specific tRNA
modifications, production of tRFs and finally altered translation rates of specific mRNAs.

Future perspective
The methodologies provided by combined ribosomal profiling and subsequent NGS and mass spectrometry
analyses of active translation have already started to provide new information on novel RNAs or proteins that
affect translation regulation, in a case-by-case basis. Moreover, the role of tRNA biology in melanoma has just
begun to emerge suggesting that tRNAs and tRFs are important players in the regulation and/or the fine-tuning of
expression of factors or pathways that are specifically expressed under either normal or stress conditions. Moreover,
the presence of tRFs in human keratinocytes under normal conditions suggests possible roles in gene expression
regulation, beyond stress response. The fact that keratinocytes are continuously exposed to various stress conditions
suggests that, most likely, tRFs alter their levels and subsequently affect gene expression both at transcriptional and
translational level, a notion that merits meticulous attention, in-depth investigation and experimental verification.
Finally, the specific mechanism through which tRNA overexpression and tRFs transmit their effect, independently
or in combination with other small or long noncoding regulatory RNAs in skin cancer, will provide a more
comprehensive picture regarding the dynamic balance among various populations of noncoding RNAs in skin
cancer, a better diagnostic value and possibly will pinpoint novel targets for specific and efficient anticancer therapy.
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Executive summary

Translation regulation, tRNAs & tRNA-derived fragments: a dynamic balance
• Translation initiation is considered the rate-limiting step of the overall protein synthesis and many key-factors

participating in this process are found deregulated in cancer, including skin cancer.
• Translational rates reflect to the metabolic rewiring that occurs in response to various intra- or extracellular

signals, through pathways which converge to targeting translation initiation and affect directly or indirectly the
transcription of tRNAs and rRNAs.

• Translation of specific mRNAs can occur as a mechanism of adaptation in response to stress and distinct tRNA
expression patterns between different cell types.

• tRNA-derived fragments represent a new class of small noncoding RNAs with role in the regulation of translation
and possibly other nodal pathways and are found in both stressed and unstressed cells.

• Differences in tRNA content and usage in response to various signals and conditions affect translational
regulation and promote adaptive translation in a very dynamic way.

The complexity & plasticity of skin anatomy
• Skin is the largest organ in the human body represents an effective barrier between the organism and the

environment and provides the primary protection against several external dangers.
• Skin consists of three major layers: the epidermis, the dermis and subcutaneous tissue (or hypodermis), each

well-defined and with a content of certain differentiated cells and niches of pluripotent stem cells.
• Skin stem cells of epidermis and other layers allow their continuous renewal, a characteristic of skin which makes

it an ideal model for studying mechanisms of differentiation and tissue regeneration.
Molecular mechanisms involved in skin cancer
• Skin cancer arises from a combination of genetic and environmental factors, with DNA damage caused by

exposure to UV radiation being the major effector.
• There are three major types of skin cancer: the basal-cell skin cancer (BCC), the cutaneous squamous-cell skin

cancer (SCC) and, melanoma, the deadliest type of a severe malignancy deriving from melanocytes of the basal
layer.

• Skin cancer development can be affected by a combination of gene expression fluctuations and cell
communication in the cells surrounding a tumorigenic lesion containing epithelial and mesenchymal cells.

Translation regulation in skin tissue homeostasis & neoplastic transformation
• The dynamic equilibrium between stem cell self-renewal and stem cell differentiation reflects on gene expression

levels and activation or suppression of the components that modulate translation initiation and protein synthesis
rates.

• Skin tissue homeostasis relies on translational regulation and suggest that the mTOR pathway serves as sensor of
impaired ribosomes and counteracts as stimulator of translation initiation and elongation factors, acting either
directly by mediating stimulation of differentiation in the basal membrane or indirectly, by promoting
proliferation.

• Deregulation of several key-factors involved in translation initiation have been reported in both melanoma and
nonmelanoma skin cancers.

The emerging role of tRNA biology & tRNA-derived fragments in skin cancer
• Distinct tRNA overexpression and/or tRNA modification patterns contribute to the dynamic regulation of

translation in skin niches that contain different cell types.
• UVR-induced DNA damage and oxidative stress impair tRNA integrity and decoding ability and induce production

of specific tRNA-derived fragments.
• In response, the presence of absence of various tRNA modifications contribute to tRNA stability and are involved

in reprogramming of, and codon-biased selective translation.
• Preliminary analysis of tRNA-derived fragments in keratinocytes suggests that tRNA-derived fragments possibly

play role in the modulation of important molecular pathways.
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