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a  b  s  t  r  a  c  t

Canonical  Wnt  signaling  influences  cellular  fate and  proliferation  through  inhibition  of Glycogen  Syn-
thase  Kinase  (GSK3)  and  the subsequent  stabilization  of  its  many  substrates,  most  notably  �-Catenin,
a  transcriptional  co-activator.  MITF,  a melanoma  oncogene  member  of  the  microphthalmia  family  of
transcription  factors  (MiT), was  recently  found  to contain  novel  GSK3  phosphorylation  sites  and  to  be
stabilized  by  Wnt.  Other  MiT  members,  TFEB  and  TFE3,  are  known  to play  important  roles  in cellular
clearance  pathways  by  transcriptionally  regulating  the  biogenesis  of  lysosomes  and  autophagosomes  via
activation  of CLEAR  elements  in  gene  promoters  of  target  genes.  Recent  studies  suggest  that  MITF  can  also
upregulate  many  lysosomal  genes.  MiT  family  members  are  dysregulated  in cancer  and  are  considered
oncogenes,  but  the underlying  oncogenic  mechanisms  remain  unclear.  Here  we  review the role  of  MiT
FEC
ysosome
ultivesicular bodies
nt/STOP
elanoma
SK3 inhibitors

members,  including  MITF,  in  lysosomal  biogenesis,  and  how  cancers  overexpressing  MITF,  TFEB  or  TFE3
could  rewire  the  lysosomal  pathway,  inhibit  cellular  senescence,  and  activate  Wnt  signaling  by increas-
ing sequestration  of negative  regulators  of  Wnt signaling  in  multivesicular  bodies  (MVBs).  Microarray
studies  suggest  that  MITF  expression  inhibits  macroautophagy.  In  melanoma  the  MITF-driven  increase
in  MVBs  generates  a positive  feedback  loop  between  MITF,  Wnt,  and  MVBs.

© 2015  Elsevier  Ltd.  All  rights  reserved.

hloroquine

. Introduction – Wnt  signaling

The Wnt  signaling pathway plays fundamental roles in cell biol-
gy. During development, Wnt  regulates stem cell differentiation,
mbryonic patterning and organogenesis [1–3]. Wnt  also regu-
ates adult tissue homeostasis, and dysregulation of this pathway
ften leads to diseases such as cancer, in which Wnt  signaling is
requently hyperactivated [1,4]. In the absence of Wnt  signaling,
-Catenin is phosphorylated by Casein Kinase 1� (CK1�) and
lycogen Synthase Kinase 3 (GSK3) in a “destruction complex”
hich also contains the scaffold proteins Adenomatous Polypo-

is Coli (APC) and Axin1 [1]. These succesive phosphorylations
re recognized as a phosphodegron by Beta-Transducin Repeat
ontaining E3 Ubiquitin Protein Ligase (�-TRCP), which ubiqui-

inates �-Catenin and targets it for proteasomal degradation. In
his way, without Wnt  stimulation, the destruction complex main-
ains cytosolic �-Catenin levels in check. When cells are subject to

∗ Corresponding author at: Department of Biological Chemistry, University
f  California, Los Angeles, CA 90095-1662, United States. Tel.: +1 310 306 1463;
ax:  +1 310 206 2008.

E-mail address: dploper@mednet.ucla.edu (D. Ploper).

ttp://dx.doi.org/10.1016/j.phrs.2015.04.006
043-6618/© 2015 Elsevier Ltd. All rights reserved.
Wnt  stimulation, Wnt  ligands bind to their receptors low-density
lipoprotein receptor-related 5 or 6 (LRP5/6) and Frizzled (Fz),
resulting in the recruitment of the destruction complex, cluster-
ing, and subsequent endocytosis of activated receptor complexes
into “Wnt-signalosomes” [5].

This complex is then trafficked inside multivesicular bodies
(MVBs) in an Endosomal Sorting Required for Transport (ESCRT)-
dependent manner [6–8]. The sequestration of GSK3 and Axin
inside MVBs is required for Wnt  signaling, highlighting the impor-
tance of late endosomes as positive regulators of growth factor
signaling [6,9]. In this way, the destruction complex is sequestered
from the cytosol and newly synthesized �-Catenin is allowed to
accumulate and translocate to the nucleus, where it acts as a
transcriptional co-activator that regulates the transcription of Wnt-
target genes.

2. A plethora of GSK3 phosphorylations

Wnt  signaling promotes stabilization of many proteins in addi-

tion to �-Catenin [6,10,11]. A bioinformatic screen of the human
proteome revealed that up to 20% of human proteins contain
three or more putative consecutive GSK3 phosphorylation sites
(much more than predicted by chance alone), which have the

dx.doi.org/10.1016/j.phrs.2015.04.006
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2015.04.006&domain=pdf
mailto:dploper@mednet.ucla.edu
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Fig. 1. MITF contains three novel GSK3 phosphorylation sites in its C-terminal region
(in  red), which can be primed by p90/RSK1 phosphorylation (in blue). The p90/RSK
enzyme is also known as MAPK-Activated Protein Kinase 1, or MAPKAP-K1, and is a
downstream target of the Ras/Erk signaling pathway. The GSK3 sites, as well as the
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riming phosphorylation site are present in the other members of the MiT family
TFEB, TFE3, TFEC). These GSK3 sites have the highest degree of conservation for
SK3 sites in phylogenetic proteome analyses, and are even found in insects [8].

otential of bringing the degradation of many cellular pro-
eins under the control of Wnt  (http://www.hhmi.ucla.edu/
erobertis/EDR MS/GSK3%20Proteome/Table 1-full table.xls) [6].
s cells need to conserve their proteins in preparation for cell divi-
ion, Wnt  signaling is particularly strong at the G2/M of the cell
ycle [12]. Furthermore, Wnt  signaling can promote cell size growth
ndependently of �-Catenin in cancer cells with constitutively sta-
ilized �-Catenin. This new branch of canonical Wnt  signaling,

ndependent of �-Catenin-driven transcriptional effects, has been
ecently designated the Wnt-dependent STabilization Of Proteins
Wnt/STOP) pathway [11].

Analysis of the putative GSK3-regulated phosphoproteome
evealed that the microphthalmia-related (MiT) family of basic
elix-loop-helix leucine zipper (bHLH-LZ) transcription factors
ossessed the most phylogenetically conserved GSK3 phosphoryla-
ion sites [8]. As shown in Fig. 1, three consecutive phosphorylation
ites are present in the highly conserved carboxy-terminus of
he MiT  member MIcrophthalmia-associated Transcription Factor
MITF) as well as in its paralogues TFEB, TFE3, and TFEC. MITF is
he master regulator of melanocytes, and its levels act as a rheo-
tat to control cellular proliferation in melanomas [13–15]. Using

 custom-made phospho-specific antibody, these residues were
hown to be phosphorylated by GSK3 and to mediate Wnt-induced
rotein stability, underscoring the predictive capacity of the puta-
ive GSK3 phosphoproteome, and reinforcing the concept of the

nt/STOP pathway [8].

. The MiT  family of transcription factors

The Microphthalmia family of bHLH-LZ transcription factors
MiT) is composed of four members: MITF, TFEB, TFE3 and TFEC
13,16]. These proteins can form homo- or hetero-dimers through
heir HLH-LZ motif with members within the family, but not with
ther related bHLH proteins such as c-Myc, Max or USF [17,18].
heir basic domain enables them to bind to DNA, specifically E-
oxes (Ephrussi boxes) and regulate the transcription of target
enes involved in a wide range of different cellular processes,
rom pluripotency [19] and cell specific differentiation [13] to basic
ellular homeostasis [20]. Importantly, MiT  family members are
requently dysregulated in many forms of cancer [21].

.1. MITF
MITF is an evolutionarily conserved transcription factor with
omologs in Caenorhabditis elegans and Drosophila [22]. Paula Her-
wig described the first MITF mutation 70 years ago, when she
ound that progeny of X-ray irradiated mice had white coat color
ogical Research 99 (2015) 36–43 37

and small eyes [23]. Since then, much has been discovered about
MITF, resulting in a vast body of literature [13,16].

The mitf gene is predominantly expressed in melanocytes and
retinal pigment epithelial cells (RPE), but is also expressed in a vari-
ety of other cell types (osteoclasts, natural killer cells, macrophages,
mast cells, B cells, and cardiac muscle cells) [16]. MITF is subject
to differential splicing and differential promoter usage, giving rise
to multiple isoforms that differ in their first exon. Many of these
isoforms show a tissue-restricted expression pattern. For example,
MITF-M is an isoform preferentially expressed in melanoblasts and
melanocytes, MITF-D is mainly expressed in the RPE and monocyte
lineage [24], and MITF-mc is expressed in mast cells [25], while
MITF-A and MITF-H are more ubiquitous, being expressed in several
tissues [13,16].

Most of the current knowledge on MITF comes from studies
in melanocytes and melanomas, in which the MITF-M isoform
functions as a master gene regulator of the melanocytic lineage
required for the development, growth and survival of melanocytes
[13,16]. Mutations in the mitf gene can give rise to mice that have
a white coat color, are deaf, and present microphthalmia [13,16].
In humans, heterozygous mutations in mitf can cause Waarden-
burg Syndrome type 2, a hair pigmentation and deafness disorder
[26], and dominant-negative mutations cause Tietz syndrome, a
closely related condition characterized by generalized depigmenta-
tion and deafness [27]. Importantly, genomic amplification of MITF
is observed in 15–20% of melanomas, in which it functions as a
lineage addiction oncogene [28].

3.2. TFEB

Transcription Factor E Box (TFEB), the second best character-
ized member of the MiT  family, plays a crucial role in cellular
homeostasis and has been recently described as the master reg-
ulator of cellular clearance pathways [29,30]. TFEB achieves this
by transcriptionally upregulating genes involved in lysosome and
autophagosome biogenesis, as well as by activating lysosomal exo-
cytosis and lipid metabolism [31–34]. TFEB provides a link between
the nutrient-sensing mechanistic Target of Rapamycin Complex
1 (mTORC1) machinery and the transcriptional cellular response
needed to cope with nutritional stress. In nutrient-rich conditions,
active mTORC on the outer lysosomal membrane phosphory-
lates TFEB, inhibiting its nuclear translocation. Upon starvation,
mTORC is inhibited and unphosphorylated TFEB accumulates in the
nucleus, where it binds to Coordinated Lysosomal Expression And
Regulation (CLEAR) sequences located in the promoters of lyso-
somal genes and activates the expression of the suite of genes
necessary for cells to survive nutrient deprivation [30,35].

3.3. TFE3

Like TFEB, Transcription Factor E3 (TFE3) has been shown to
participate in the biogenesis of lysosomes and autophagosomes
and the clearance of cellular debris under conditions of starvation
or lysosomal stress [36]. The activity of TFE3 is also dictated by
its nuclear localization, which is regulated by mTOR and nutrient
levels. When active, mTOR phosphorylates TFE3 causing its cyto-
plasmic retention. In conditions of nutritional deprivation, mTORC
is inhibited and unphosphorylated TFE3 can enter the nucleus and
activate the transcription of genes containing CLEAR elements in
their promoters [37]. TFE3 has also been recently described to play
a role in the maintenance of pluripotency [19]. A relocalization of

TFE3 from the nucleus to the cytoplasm was found to be required
for embryonic stem cells (ESC) to exit their naïve pluripotent
state and commit to cellular differentiation. The cytoplasmic reten-
tion of TFE3 is controlled by the activity of the tumor suppressor
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olliculin, its binding partners Folliculin-interacting proteins 1 and
 (Fnip1/2), and the mTORC regulator TSC2 [19,38].

.4. TFEC

Of the four members of the MiT  family, TFEC is the least studied
ne. Its expression is restricted to macrophages [39], and its func-
ion has not been widely investigated. Furthermore, while mouse
nd rat TFEC are devoid of the activation domain required for
romoting transcription [39–41], the human homologue does con-
ain this activation domain and is able to activate expression of a
eporter gene construct driven by the tyrosinase or heme oxygenase-

 gene promoters [42].

. MiT  transcription factors drive lysosome and
utophagosome biogenesis

As mentioned above, TFEB and TFE3 have been clearly estab-
ished as regulators of lysosomal biogenesis. TFEB and TFE3
re recruited to the outer lysosomal membrane by interacting,
hrough their 30-most N-terminal residues, to Rag guanosine
riphosphatases (GTPases) [43]. In nutrient-rich conditions, active

TORC1 is recruited to the surface of lysosomes [44], where it phos-
horylates Ser142 in TFEB (and also possibly Ser211 in TFEB and
er321 in TFE3), triggering the binding of these transcription fac-
ors to 14-3-3 cytosolic chaperones [45]. This causes cytoplasmic
etention of TFEB and TFE3, resulting in decreased transcriptional
ctivity [30,36]. However, when cells are subject to nutritional chal-
enges (such as amino acid starvation) or lysosomal stress (such as
hloroquine treatment), mTORC activity is inhibited, and unphos-
horylated TFEB and TFE3 translocate to the nucleus, bind to CLEAR
lements, and drive the coordinated transcription of gene programs
hat restore nutritional homeostasis through an increase in lyso-
omes, autophagosomes, and exocytosis [30,36].

. MITF expression correlates with many endolysosomal
enes

In recent work, MITF has also been implicated in lysosomal
iogenesis [8]. Using Gene Set Enrichment Analysis (GSEA) of
icroarray expression datasets from 51 different melanoma lines

nalyzed at UCLA [8], MITF levels were found to correlate with
he expression of many, but not all lysosomal genes containing
LEAR elements in their promoters/enhancers (Fig. 2). Intriguingly,
FEB levels did not correlate with lysosomal gene expression in
elanoma microarray datasets (p = 0.276) [8]. Furthermore, over-

xpression of MITF-M was able to drive transcription of lysosomal
arkers and activate a CLEAR element reporter in melanoma cells.

urprisingly, despite a robust increase in endolysosomes/MVBs
nduced by MITF-M, these organelles are not completely functional
ysosomes because they failed to degrade endocytosed proteins [8].

There were other indications suggesting a role for MITF iso-
orms in regulating CLEAR element lysosomal genes. MITF-A has
een shown to localize at the lysosomal membrane, bind to Rag
TPases, and translocate to the nucleus upon mTOR inhibition,
imicking the nutrient-driven regulation of TFEB and TFE3 [43].

n the case of TFEB, Ser142 and Ser211 were known to be required
or cytoplasmic retention, as they are the sites for mTORC phospho-
ylations which promote association with 14-3-3 proteins [45,46].
nterestingly, Ser173 in MITF, which is analogous to Ser211 in
FEB, has also been shown to be required for cytoplasmic reten-

ion by interacting with 14-3-3 proteins in myeloid precursors [47].
t is important to note that while the activity of TFEB, TFE3, and

ITF isoforms A and D is regulated by nutritional status which
etermines cytoplasmic versus nuclear localization through mTOR
ogical Research 99 (2015) 36–43

phosphorylations, the MITF-M isoform, which is the one enriched in
melanomas, escapes this regulation as it lacks the amino-terminal
domain required for binding to Rag GTPase and lysosomal dock-
ing [43,46]. Thus, MITF-M is a constitutively nuclear transcription
factor. MITF-A overexpressed in the human retinal pigment epithe-
lium cell line ARPE-19 effectively activates the expression of many
autophagy genes in this cell type [37].

6. MITF expression negatively correlates with key
macroautophagy genes

Autophagosomal genes did not significantly correlate with MITF
expression. In Supplementary Table 1, we  list the rank order of
13,214 genes arranged according to their degree of correlation
with MITF across 83 different melanoma cell lines in microar-
rays. Examination of 39 autophagosomal genes [32] showed that
while some were positively correlated (ATG3, UVRAG, VPS11, SNCA,
and AMBRA1) many others (e.g., ATG7, ATG12, ATG5) were very
negatively correlated with MITF. In GSEA analyses [48] the set of
autophagy genes had no significant correlation (p = 0.314) with
MITF, while lysosomal genes were highly correlated (p < 0.001) [8].

Supplementary table related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.phrs.2015.04.006

The observation that the MITF in melanomas (MITF-M) cor-
relates with lysosomal genes but not with autophagy genes is
surprising, given the fact that the CLEAR element (-CTCACGTGAG-)
contains one of the two  DNA binding sequences for MITF (-CACGTG-
), as defined from ChIP-seq experiments from melanoma cells
[15,31]. In addition, the CLEAR element also contains a 5′ flank-
ing T known to be crucial for MITF binding [49]. A further layer of
mystery is added by the fact that in RPE cells MITF-A, which can
be regulated by nutrient starvation, activates autophagy but not
lysosomal genes [37].

ChIP-seq experiments in melanoma have uncovered potential
roles for MITF in regulating DNA replication, mitosis, and genomic
stability. In these datasets MITF was  found bound to promoters of
many lysosomal genes [15]. Furthermore, DNA microarray analy-
sis of MITF targets had also identified lysosomal genes such as acid
Ceramidase (ASAH1), GM2  ganglioside activator (GM2A), and vari-
ous ATPases [50]. Finally, MITF was  known to activate transcription
of the lysosomal genes acid phosphatase 5 (ACP5), chloride channel
voltage-sensitive 7 (CLCN7), osteopetrosis-associated transmem-
brane protein 1 (OSTM1) and cathepsin K [51–53]. Although MITF
is known to regulate the expression of many genes required for
melanosome biogenesis, and melanosomes are frequently referred
to as a lysosome-related organelle (LRO), melanosomes are quite
different from conventional endosomes and lysosomes, and repre-
sent a distinct lineage of organelles with a unique proteomic profile
[54–57]. Thus, the transcriptional regulation of the lysosomal gene
set by MITF is not merely an upregulation of melanosomal genes.

Since MiT  members can bind to similar core DNA  sequences
and hetero-dimerize with each other, there are possibilities for
crosstalk and compensation among members. For example, MITF
and TFE3 have been shown to be redundant in osteoclasts [58]. In
conclusion, the MiT  family members TFEB, TFE3 and MITF regulate
lysosomal and autophagy genes, but the contribution of each mem-
ber, or each isoform in the case of MITF, to organelle biogenesis may
depend on nutritional conditions, cell type and signaling inputs.

7. The MiT  family in cancer
MITF, TFEB and TFE3 are oncogenes. MITF is amplified in 20%
of melanomas, while TFEB and TFE3 are driven by translocations in
pediatric renal cell carcinomas and alveolar soft part sarcomas [21].

http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://dx.doi.org/10.1016/j.phrs.2015.04.006
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Fig. 2. In melanoma cell lines MITF expression correlates with the expression of many lysosomal genes containing a CLEAR promoter element. This microarray analysis
shows  that 51 melanoma cell lines clustered into two distinct groups according to their expression signature of 63 CLEAR element lysosomal genes (Sardiello et al., 2009
[31]). One group had high MITF expression (in red) and the other had low MITF expression (in green). The melanoma group with high MITF expression levels upregulated
many,  but not all, lysosomal genes containing a CLEAR element in their promoter. Horizontal lines in this heat map  correspond to individual cell lines, and vertical lines show
lysosomal gene expression levels. MITF expression was  added as a reference, for it is not a lysosomal gene. The cell lines were allowed to sort according to their lysosomal
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eproduced from the Supplementary information of Ploper et al. (2015) [8].

n pediatric renal carcinomas, TFE3 is translocated in up to 30–50%
f cases [59,60].

Through systematic analysis of cancer genomes, melanomas
ere found to have amplifications of chromosome 3p14-3p12,
hich coincides with the MITF locus [28]. MITF is amplified in 20%

f metastatic melanomas, one of the most aggressive and chemo
esistant cancers known, and associated with decreased patient
urvival. Furthermore, overexpression of MITF is able to cooper-
te with BRAFV600E activating mutations in transforming human
elanocytes in vitro. This places MITF in the category of a “lineage

urvival”, or “lineage addiction” oncogene, since in addition to its
ncogenic effects it is required for the development and survival of
he melanocytic lineage [28,61].

A point mutation in MITF, E318K, predisposes to familial and
poradic melanoma [62]. This mutant MITF protein cannot be prop-
rly SUMOylated and has increased transcriptional activity [62,63].
he ability of MITF to promote oncogenesis is not restricted to the
elanocyte lineage, since the MITFE318K mutant also predisposes to
enal cell carcinoma [63]. Furthermore, MITF is ectopically overex-
ressed in clear cell sarcomas when its transcription is activated by

 fusion protein resulting from chromosomal translocation of the
wing Sarcoma protein (EWS) to Activating Transcription Factor
ostly through MITF amplification) clustered as a high lysosomal gene expressing

1 (ATF1) [64]. Although these sarcomas do not have MITF genomic
rearrangements, they are entirely dependent on MITF transcription
and activity for proliferation [65].

In melanomas, MITF is known to act as a molecular rheostat; at
very low levels it will causes cellular senescence, while at very high
levels it can drive differentiation and growth arrest. At intermedi-
ate/high levels, however, MITF promotes cellular growth [13–15].
MITF has been proposed to promote oncogenesis by influencing
multiple cellular processes, regulating the expression of genes
involved in proliferation, survival, motility, oxidative stress and
DNA repair, all of which are key processes in carcinogenesis [21].

MITF-M overexpression in melanoma cells causes an expan-
sion of the late endolysosome/MVB compartment which enhances
Wnt  signaling by increasing the sequestration of destruction com-
plex components, including Axin1, GSK3, and phospho-�-Catenin
inside MVBs [8]. As depicted in Fig. 3, in the presence of Wnt  a
positive feedback loop is generated, in which MITF stabilized by
Wnt  increases MVB  biosynthesis which in turn potentiates Wnt

signaling [8].

A recent study found that melanomas rely on lysosomal function
more than other cancers [66]. Interestingly, the related MiT  tran-
scription factors TFEB and TFE3, master lysosomal regulators, can
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Fig. 3. Diagram showing how MVB/endolysosomal membrane trafficking regulates MITF and other Wnt/STOP targets through the sequestration of GSK3 and Axin. Upon
Wnt  ligand binding, the destruction complex that phosphorylates and targets �-Catenin for proteasomal degradation is recruited to the LRP6 receptor complex, which
is  endocytosed and subsequently sequestered inside intraluminal vesicles of multivesicular bodies (MVBs). The sequestration of GSK3 and Axin1 stabilizes MITF protein,
which  can constitutively translocate into the nucleus and promote expression of a large subset of lysosomal genes. This expands the MVB  compartment which can further
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equester destruction complex components and enhance the Wnt  signal. In the abse
n  proteasomes.

escue MITF knockdown in MITF-driven clear cell sarcomas [65].
ikewise, knockdown of TFE3 inhibits growth in TFE3-translocated
enal cell carcinomas while co-transfection of ectopic MITF restores
roliferation in these cells [65]. In renal cell carcinomas, translo-
ated TFEB transcription is driven at high levels and is required
or the growth of these tumors [65,67]. Recently, pancreatic cancer
ell lines were shown to have nuclear localization of TFEB despite
ulture in a nutrient-rich medium while non-transformed pancre-
tic epithelial cells had cytoplasmic TFEB, suggesting a role of this
ysosome-inducing transcription factor in promoting pancreatic
ancer cell growth [68].

Taken together, these studies argue that MiT  family members
re oncogenes that can compensate for each other in oncogenesis.
t is unclear whether MITF, TFEB, and TFE3 are promoting onco-
enic growth by targeting a common pathway or gene network
n different tumors. However, it seems likely that a reprogramm-
ng of the endolysosomal/autophagic pathway is taking place
iven the recent findings linking MITF and other MiT  members in
ysosome/autophagosome biogenesis. The nature and mechanistic
etail of this rewiring, and how it affects cellular proliferation and
etabolism merits further investigation.

. Lysosomes and autophagosomes in melanomas

Cancer cells have alterations in lysosomal/autophagosome com-
osition and abundance that may  participate in oncogenesis by
romoting invasive growth, metabolism and angiogenesis [69].
mong all cancers, melanomas rely on the endolysosomal path-
ay for growth more strongly than others, and lysosomal genes

plus lysosomal-associated genes such as Rab7) are more highly
xpressed in melanomas compared to other tumors [66]. Rab7, a
mall GTPase which has pivotal roles in lysosomal biogenesis and

he degradation of lysosomal-associated vesicles [70–72], has been
ecently shown to be an early melanoma driver capable of rewiring
he endolysosomal pathway in a lineage-specific fashion [66].
lthough in this study Rab7 levels were reported to be independent
 Wnt, GSK3 phosphorylates MITF at the C-terminal sites, promoting its degradation

of MITF, MITF significantly correlates with Rab7 in microarray data
presented in Supplementary Table 1 (in which it appears at position
226/13,214; p < 0.001), as well as with many lysosomal genes [8]. It
appears that Rab7- or MITF-driven reprogramming of the endolyso-
somal pathway may  confer growth advantages to melanomas. It is
likely that other tumors that overexpress TFEB and TFE3 due to
chromosomal translocations may  also rewire the endolysosomal
pathway.

Macroautophagy is a vital cellular process by which cells
digest their own  contents by engulfing cellular materials in
double-membrane vesicles, called autophagosomes, which then
fuse to lysosomes [73]. The role of macroautophagy in cancer
is complex [74,75]. Although it is generally considered a tumor-
suppressing mechanism, it can also replenish nutrients required
by rapidly growing tumor cells enabling further growth [76,77].
Autophagy is regulated by highly conserved autophagy-related
proteins (ATGs) required for initiation of autophagosome forma-
tion, cargo collection and trafficking to the lysosomal compartment
[78]. Autophagy-Related Protein 5 (ATG5), an E3 ubiquitin ligase
required for autophagosome elongation, has recently been shown
to be downregulated in melanomas compared to nevi and
melanocytes [79]. This is accompanied by a general inhibition
of autophagy. When ATG5 is ectopically expressed in melanoma
cells, it is capable of inhibiting proliferation and inducing senes-
cence, as well as increasing autophagy [79]. In this way, autophagy
in general and ATG5 in particular function as tumor suppres-
sors in melanoma [79]. Interestingly, high MITF expression levels
correlate with very low ATG5 and ATG7 levels in microarray expres-
sion data from a panel of 83 melanoma cell lines (appearing
at positions 11,730 and 12,676, respectively, in Supplementary
Table 1, p < 0.001). Macroautophagy contributes to the induction of
oncogene-induced cell senescence, and melanomas with impaired

autophagy and reduced ATG5 levels may  escape this homeostatic
mechanism [79–81]. High levels of MITF, which correlate with
low levels of ATG5, might contribute to proliferation by inhib-
iting oncogene-induced senescence [82,83]. In conclusion, MITF
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Fig. 4. Simplified model of the positive feed-back loop through which MITF
increases Wnt  responsiveness by the expansion of the MVB  compartment. Expan-
sion of the MVB  compartment causes increased inhibition of GSK3 by enhancing
its sequestration inside the late endosomal compartment. This in turn inhibits the
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-terminal phosphorylations of MITF, increasing its stability and activity.

xpression drives lysosomal biogenesis but may  represses key
acroautophagy genes in melanoma (Supplementary Table 1).
MITF, although capable of inducing late endosome/MVB for-

ation, does not induce proteolytically active lysosomes [8]. The
ITF-induced increase in MVBs in turn enhances Wnt  signaling

y increasing the sequestration of destruction complex compo-
ents such as GSK3 and Axin, which is relevant in melanoma
8,84], resulting in increased MITF stabilization (Fig. 4). It is pos-
ible that cancers in which TFEB and TFE3 are overexpressed also
xpand the late endolysosomal compartment causing an increase
n Wnt  signaling by a similar mechanism. Chloroquine (CQ), a lyso-
omotropic weak base known to inhibit lysosomal acidification
nd function [85] also enhances Wnt  signaling by increasing GSK3
equestration [86].

. Pharmacological approaches

Lysosomal and autophagosomal function is critical for the main-
enance of proteostasis and for the ability of cells to respond to
tress [77,80,81,87]. Although autophagy has been described as a
umor suppressing mechanism (given that loss of ATG genes pro-

ote cancer, including lymphomas and lung and liver carcinomas
88–90]), CQ and hydroxychloroquine (HCQ) (FDA-approved drugs
or the prophylactic treatment of malaria, lupus erythematosus
nd rheumatoid arthritis) have never been linked to malignant
ransformation. Autophagy is also crucial for supporting progres-
ion and dissemination of established tumors, allowing cells to
urvive in low-nutrient and hypoxic conditions [91]. Therefore,
he lysosomal/autophagosomal pathway has long been consid-
red an attractive target for anticancer treatments. Inhibitors of
ysosome/autophagosome function such as CQ, HCQ, Lys0569,

onensin, Bafilomycin A1, or of PI3K (Wortmannin) have been
roposed to have possible antineoplastic effects, particularly in
ombination with conventional chemotherapy treatments [87,92].

Although most melanomas are initiated by activating BRAFV600E

utations (also present in benign nevi), MITF expression is a key
river of melanoma proliferation [93]. At intermediate levels in
he MITF rheostat, melanoma cells actively proliferate, have ele-

ated Wnt  signaling, and tend not to metastasize [92]. However,
t low MITF levels melanoma cell phenotypes switch to slow-
roliferating stem cell-like cells with metastasizing properties.
elanomas progress through cell switching between these two
ogical Research 99 (2015) 36–43 41

cellular phenotypes that coexist in tumors in vivo [94]. Recently,
MITF-driven phenotype switching has been proposed as of pos-
sible therapeutic value [95]. Induction of MITF causes expression
of high levels of the enzyme Tyrosinase, the rate limiting enzyme
in the synthesis of melanin. An irreversible inhibitor of dihydro-
folate reductase (DHFR) has been engineered as a drug precursor
(called TMECG) that is active only after being processed specifically
by tyrosinase [95]. Post-translational Wnt/STOP signaling, through
GSK3 inhibition, stabilizes MITF [8], and MITF is also transcriptio-
nally upregulated by �-Catenin [96]. This suggests the possibility
that it might be possible to combine the use of GSK3 inhibitors
(which increase MITF activity and consequently the expression of
its target gene tyrosinase), with the DHFR inhibitor TMECG in order
to boost the sensitivity of the chemo-resistant invasive stem-like
cells to treatment.

In addition, GSK3 inhibitors might enhance the effects of CQ
on tumors highly dependent on endolysosomal activity, such as is
the case in melanomas [66]. Inhibiting GSK3 activity with small
molecules may  be considered a double-edged sword as it could
stimulate malignant transformation and cancer growth by activat-
ing Wnt/�-Catenin signaling or by stabilizing oncogenes regulated
by Wnt/STOP such as c-Jun and c-Myc [6,11]. However, long-term
studies in mice treated with GSK3 inhibitors have not revealed
oncogenic effects [97]. Additionally, the GSK3 inhibitor Lithium
Chloride, which has long been used to treat patients with bipolar
disorder, has never been linked to increased cancer incidence [97].
In fact, it has been observed that GSK3 inhibitors can decrease cel-
lular proliferation of some cancers, including melanoma, prostate,
and pancreatic tumors [98,99]. GSK3 inhibitors may eventually
be used as an anticancer treatment [97]; the GSK3 inhibitor
LY2090314 is currently being tested in clinical trials for the treat-
ment of metastatic pancreatic cancer [NCT01632306] and acute
leukemia [NCT01214603].

10. Conclusions

Recent studies have led to the emerging concept that when the
MiT  members MITF, TFEB or TFEC are amplified or overexpressed
in melanoma, renal cell carcinomas, clear cell sarcomas, and per-
haps other cancers, the trafficking of lysosomal/autophagosome
organelles and their function in proteostasis should be signif-
icantly altered. In the case of MITF overexpression, vesicular
trafficking reprogramming increases MVB/late endolysosomes that
enhance canonical Wnt  signaling by sequestering destruction com-
plex components, compromising lysosomal/autophagy functions,
and impairs oncogene-induced senescence, conferring a growth
advantage to tumor cells. Wnt-driven stabilization of proteins
(Wnt/STOP) should be potentiated in these tumors, with many cel-
lular proteins (in addition to �-Catenin) becoming more stable. In
melanomas, MITF itself is stabilized, giving rise to a positive feed-
back regulation (Fig. 4) that further affects endolysomal trafficking
and Wnt  signaling during the proliferative stages of melanoma
growth [8]. One possibility is that this regulatory loop might be
manipulated via GSK3 inhibitors to entice differentiation (through
phenotype-switching caused by increased MITF levels) [93–95] of
the slowly dividing stem-like cells that make melanomas so refrac-
tory to treatment.
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A. García de Herreros, et al., Multivesicular GSK3 sequestration upon Wnt
signaling is controlled by p120-catenin/cadherin interaction with LRP5/6, Mol.
Cell 53 (2014) 444–457, http://dx.doi.org/10.1016/j.molcel.2013.12.010

[8] D. Ploper, V.F. Taelman, L. Robert, B.S. Perez, B. Titz, H.-W. Chen, et al., MITF
drives endolysosomal biogenesis and potentiates Wnt  signaling in melanoma
cells, Proc. Natl. Acad. Sci. U. S. A. 112 (2015) E420–E429, http://dx.doi.org/10.
1073/pnas.1424576112

[9] R. Dobrowolski, E.M. De Robertis, Endocytic control of growth factor signalling:
multivesicular bodies as signalling organelles, Nat. Rev. Mol. Cell Biol. 13 (2011)
53–60.

10] N.-G. Kim, C. Xu, B.M. Gumbiner, Identification of targets of the Wnt  pathway
destruction complex in addition to �-catenin, Proc. Natl. Acad. Sci. U. S. A. 106
(2009) 5165–5170.

11] S.P. Acebron, E. Karaulanov, B.S. Berger, Y.-L. Huang, C. Niehrs, Mitotic Wnt
signaling promotes protein stabilization and regulates cell size, Mol. Cell 54
(2014) 663–674, http://dx.doi.org/10.1016/j.molcel.2014.04.014

12] G. Davidson, J. Shen, Y.-L. Huang, Y. Su, E. Karaulanov, K. Bartscherer, et al., Cell
cycle control of Wnt  receptor activation, Dev. Cell 17 (2009) 788–799, http://
dx.doi.org/10.1016/j.devcel.2009.11.006

13] E. Steingrímsson, N.G. Copeland, N.A. Jenkins, Melanocytes and the microph-
thalmia transcription factor network, Annu. Rev. Genet. 38 (2004) 365–411,
http://dx.doi.org/10.1146/annurev.genet.38.072902.092717

14] S. Carreira, J. Goodall, L. Denat, M.  Rodriguez, P. Nuciforo, K.S. Hoek, et al., Mitf
regulation of Dia1 controls melanoma proliferation and invasiveness, Genes
Dev. 20 (2006) 3426–3439, http://dx.doi.org/10.1101/gad.406406

15] T. Strub, S. Giuliano, T. Ye, C. Bonet, C. Keime, D. Kobi, et al., Essential role of
microphthalmia transcription factor for DNA replication, mitosis and genomic
stability in melanoma, Oncogene 30 (2011) 2319–2332.

16] H. Arnheiter, L. Hou, M.-T.T. Nguyen, K. Bismuth, T. Csermely, H. Murakami,
et  al., MITF – a matter of life and death for developing melanocytes, in: V.J.
Hearing, S.P.L. Leong (Eds.), From Melanocytes to Melanoma: The Progression
to Malignancy, Humana, Totowa, NJ, 2007, pp. 27–49.

17] T.J. Hemesath, E. Steingrímsson, G. McGill, M.J. Hansen, J. Vaught, C.A. Hodgkin-
son,  et al., Microphthalmia, a critical factor in melanocyte development, defines
a  discrete transcription factor family, Genes Dev. 8 (1994) 2770–2780, http://
dx.doi.org/10.1101/gad.8.22.2770

18] V. Pogenberg, M.H. Ogmundsdottir, K. Bergsteinsdottir, A. Schepsky, B. Phung,
V.  Deineko, et al., Restricted leucine zipper dimerization and specificity of DNA
recognition of the melanocyte master regulator MITF, Genes Dev. 26 (2012)
2647–2658, http://dx.doi.org/10.1101/gad.198192.112

19] J. Betschinger, J. Nichols, S. Dietmann, P.D. Corrin, P.J. Paddison, A. Smith, Exit
from pluripotency is gated by intracellular redistribution of the bHLH tran-
scription factor Tfe3, Cell 153 (2013) 335–347, http://dx.doi.org/10.1016/j.cell.
2013.03.012

20] C. Settembre, A. Ballabio, Lysosomal adaptation: how the lysosome responds
to  external cues, Cold Spring Harb. Perspect. Biol. (2014) a016907.

21] R. Haq, D.E. Fisher, Biology and clinical relevance of the micropthalmia family
of  transcription factors in human cancer, J. Clin. Oncol. 29 (2011) 3474–3482,
http://dx.doi.org/10.1200/JCO.2010.32.6223

22] J.H. Hallsson, B.S. Haflidadóttir, C. Stivers, W.  Odenwald, H. Arnheiter, F. Pignoni,
et  al., The basic helix-loop-helix leucine zipper transcription factor Mitf is con-
served in Drosophila and functions in eye development, Genetics 167 (2004)
233–241.

23] P. Hertwig, Neue mutationen und kopplungsgruppen bei der hausmaus, Z.
Indukt. Abstamm. Vererbungsl. 80 (1942) 220–246.
24] K. Takeda, K. Yasumoto, N. Kawaguchi, T. Udono, K. Watanabe, H. Saito, et al.,
Mitf-D, a newly identified isoform, expressed in the retinal pigment epithe-
lium and monocyte-lineage cells affected by Mitf mutations, Biochim. Biophys.
Acta: Gene Struct. Expr. 1574 (2002) 15–23, http://dx.doi.org/10.1016/S0167-
4781(01)00339-6

[

ogical Research 99 (2015) 36–43

25] C.M. Takemoto, Y.-J. Yoon, D.E. Fisher, The identification and functional char-
acterization of a novel mast cell isoform of the microphthalmia-associated
transcription factor, J. Biol. Chem. 277 (2002) 30244–30252, http://dx.doi.org/
10.1074/jbc.M201441200

26] A.P. Read, V.E. Newton, Waardenburg syndrome, J. Med. Genet. 34 (1997)
656–665, http://dx.doi.org/10.1136/jmg.34.8.656

27] S.D. Smith, P.M. Kelley, J.B. Kenyon, D. Hoover, Tietz syndrome (hypopigmenta-
tion/deafness) caused by mutation of MITF, J. Med. Genet. 37 (2000) 446–448,
http://dx.doi.org/10.1136/jmg.37.6.446

28] L.A. Garraway, H.R. Widlund, M.A. Rubin, G. Getz, A.J. Berger, S. Ramaswamy,
et al., Integrative genomic analyses identify MITF as a lineage survival oncogene
amplified in malignant melanoma, Nature 436 (2005) 117–122, http://dx.doi.
org/10.1038/nature03664

29] M.  Palmieri, S. Impey, H. Kang, A. di Ronza, C. Pelz, M.  Sardiello, et al., Character-
ization of the CLEAR network reveals an integrated control of cellular clearance
pathways, Hum. Mol. Genet. 20 (2011) 3852–3866, http://dx.doi.org/10.1093/
hmg/ddr306

30] C. Settembre, A. Fraldi, D.L. Medina, A. Ballabio, Signals from the lysosome: a
control centre for cellular clearance and energy metabolism, Nat. Rev. Mol. Cell
Biol. 14 (2013) 283–296, http://dx.doi.org/10.1038/nrm3565

31] M.  Sardiello, M.  Palmieri, A. di Ronza, D.L. Medina, M.  Valenza, V.A. Gennarino,
et  al., A gene network regulating lysosomal biogenesis and function, Science
325 (2009) 473–477, http://dx.doi.org/10.1126/science.1174447

32] C. Settembre, C. Di Malta, V.A. Polito, M.G. Arencibia, F. Vetrini, S. Erdin, et al.,
TFEB links autophagy to lysosomal biogenesis, Science 332 (2011) 1429–1433,
http://dx.doi.org/10.1126/science.1204592

33] D.L. Medina, A. Fraldi, V. Bouche, F. Annunziata, G. Mansueto, C. Spampanato,
et  al., Transcriptional activation of lysosomal exocytosis promotes cellular
clearance, Dev. Cell 21 (2011) 421–430, http://dx.doi.org/10.1016/j.devcel.
2011.07.016

34] C. Settembre, R. De Cegli, G. Mansueto, P.K. Saha, F. Vetrini, O. Visvikis, et al.,
TFEB controls cellular lipid metabolism through a starvation-induced autoreg-
ulatory loop, Nat. Cell Biol. 15 (2013) 647–658, http://dx.doi.org/10.1038/
ncb2718

35] M.  Sardiello, A. Ballabio, Lysosomal enhancement: a CLEAR answer to cellular
degradative needs, Cell Cycle 8 (2009) 4021–4022, http://dx.doi.org/10.4161/
cc.8.24.10263

36] J.A. Martina, H.I. Diab, H. Li, R. Puertollano, Novel roles for the MiTF/TFE family
of  transcription factors in organelle biogenesis, nutrient sensing, and energy
homeostasis, Cell. Mol. Life Sci. 71 (2014) 2483–2497, http://dx.doi.org/10.
1007/s00018-014-1565-8

37] J.A. Martina, H.I. Diab, L. Lishu, L. Jeong-A, S. Patange, N. Raben, et al., The
nutrient-responsive transcription factor TFE3 promotes autophagy, lysosomal
biogenesis, and clearance of cellular debris, Sci. Signal. 7 (2014) ra9, http://dx.
doi.org/10.1126/scisignal.2004754

38] S.-B. Hong, H. Oh, V.A. Valera, M.  Baba, L.S. Schmidt, W.M. Linehan, Inactivation
of  the FLCN tumor suppressor gene induces TFE3 transcriptional activity by
increasing its nuclear localization, PLoS ONE 5 (2010) e15793, http://dx.doi.
org/10.1371/journal.pone.0015793

39] M.  Rehli, A. Lichanska, A.I. Cassady, M.C. Ostrowski, D.A. Hume, TFEC is a
macrophage-restricted member of the microphthalmia-TFE subfamily of basic
helix-loop-helix leucine zipper transcription factors, J. Immunol. 162 (1999)
1559–1565.

40] G.Q. Zhao, Q. Zhao, X. Zhou, M.G. Mattei, B. de. Crombrugghe, TFEC, a basic helix-
loop-helix protein, forms heterodimers with TFE3 and inhibits TFE3-dependent
transcription activation, Mol. Cell. Biol. 13 (1993) 4505–4512, http://dx.doi.org/
10.1128/MCB.13.8.4505

41] M.  Rehli, N. Den Elzen, A.I. Cassady, M.C. Ostrowski, D.A. Hume, Cloning
and characterization of the murine genes for bHLH-ZIP transcription factors
TFEC and TFEB reveal a common gene organization for all MiT  subfamily
members, Genomics 56 (1999) 111–120, http://dx.doi.org/10.1006/geno.1998.
5588

42] K. Yasumoto, S. Shibahara, Molecular cloning of cDNA encoding a human TFEC
isoform, a newly identified transcriptional regulator, Biochim. Biophys. Acta
1353 (1997) 23–31.

43] J.A. Martina, R. Puertollano, Rag GTPases mediate amino acid-dependent
recruitment of TFEB and MITF to lysosomes, J. Cell Biol. 200 (2013) 475–491,
http://dx.doi.org/10.1083/jcb.201209135

44] A. Efeyan, W.C. Comb, D.M. Sabatini, Nutrient sensing mechanisms
and  pathways, Nature 517 (2015) 302–310, http://dx.doi.org/10.1038/
nature14190

45] C. Settembre, R. Zoncu, D.L. Medina, F. Vetrini, S. Erdin, S. Erdin, et al., A
lysosome-to-nucleus signalling mechanism senses and regulates the lysosome
via  mTOR and TFEB, EMBO J. 31 (2012) 1095–1108, http://dx.doi.org/10.1038/
emboj.2012.32

46] A. Roczniak-Ferguson, C.S. Petit, F. Froehlich, S. Qian, J. Ky, B. Angarola, et al.,
The transcription factor TFEB links mTORC1 signaling to transcriptional control
of lysosome homeostasis, Sci. Signal. 5 (2012) ra42.

47] A. Bronisz, S.M. Sharma, R. Hu, J. Godlewski, G. Tzivion, K.C. Mansky, et al.,
Microphthalmia-associated transcription factor interactions with 14-3-3 mod-
ulate differentiation of committed myeloid precursors, Mol. Biol. Cell 17 (2006)

3897–3906.

48] A. Subramanian, P. Tamayo, V.K. Mootha, S. Mukherjee, B.L. Ebert, M.A. Gillette,
et  al., Gene set enrichment analysis: a knowledge-based approach for interpre-
ting genome-wide expression profiles, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
15545–15550, http://dx.doi.org/10.1073/pnas.0506580102

dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1016/j.cell.2012.05.012
dx.doi.org/10.1101/cshperspect.a007955
dx.doi.org/10.1101/cshperspect.a007955
dx.doi.org/10.1101/cshperspect.a007955
dx.doi.org/10.1101/cshperspect.a007955
dx.doi.org/10.1101/cshperspect.a007955
dx.doi.org/10.1101/cshperspect.a007955
dx.doi.org/10.1101/cshperspect.a007955
dx.doi.org/10.1101/cshperspect.a007955
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1016/j.ceb.2013.01.004
dx.doi.org/10.1038/nrc3419
dx.doi.org/10.1038/nrc3419
dx.doi.org/10.1038/nrc3419
dx.doi.org/10.1038/nrc3419
dx.doi.org/10.1038/nrc3419
dx.doi.org/10.1038/nrc3419
dx.doi.org/10.1038/nrc3419
dx.doi.org/10.1126/science.1137065
dx.doi.org/10.1126/science.1137065
dx.doi.org/10.1126/science.1137065
dx.doi.org/10.1126/science.1137065
dx.doi.org/10.1126/science.1137065
dx.doi.org/10.1126/science.1137065
dx.doi.org/10.1126/science.1137065
dx.doi.org/10.1126/science.1137065
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.cell.2010.11.034
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1016/j.molcel.2013.12.010
dx.doi.org/10.1073/pnas.1424576112
dx.doi.org/10.1073/pnas.1424576112
dx.doi.org/10.1073/pnas.1424576112
dx.doi.org/10.1073/pnas.1424576112
dx.doi.org/10.1073/pnas.1424576112
dx.doi.org/10.1073/pnas.1424576112
dx.doi.org/10.1073/pnas.1424576112
dx.doi.org/10.1073/pnas.1424576112
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0540
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0545
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.molcel.2014.04.014
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1016/j.devcel.2009.11.006
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1146/annurev.genet.38.072902.092717
dx.doi.org/10.1101/gad.406406
dx.doi.org/10.1101/gad.406406
dx.doi.org/10.1101/gad.406406
dx.doi.org/10.1101/gad.406406
dx.doi.org/10.1101/gad.406406
dx.doi.org/10.1101/gad.406406
dx.doi.org/10.1101/gad.406406
dx.doi.org/10.1101/gad.406406
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0570
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0575
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.8.22.2770
dx.doi.org/10.1101/gad.198192.112
dx.doi.org/10.1101/gad.198192.112
dx.doi.org/10.1101/gad.198192.112
dx.doi.org/10.1101/gad.198192.112
dx.doi.org/10.1101/gad.198192.112
dx.doi.org/10.1101/gad.198192.112
dx.doi.org/10.1101/gad.198192.112
dx.doi.org/10.1101/gad.198192.112
dx.doi.org/10.1101/gad.198192.112
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
dx.doi.org/10.1016/j.cell.2013.03.012
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0595
dx.doi.org/10.1200/JCO.2010.32.6223
dx.doi.org/10.1200/JCO.2010.32.6223
dx.doi.org/10.1200/JCO.2010.32.6223
dx.doi.org/10.1200/JCO.2010.32.6223
dx.doi.org/10.1200/JCO.2010.32.6223
dx.doi.org/10.1200/JCO.2010.32.6223
dx.doi.org/10.1200/JCO.2010.32.6223
dx.doi.org/10.1200/JCO.2010.32.6223
dx.doi.org/10.1200/JCO.2010.32.6223
dx.doi.org/10.1200/JCO.2010.32.6223
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0605
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0610
dx.doi.org/10.1016/S0167-4781(01)00339-6
dx.doi.org/10.1016/S0167-4781(01)00339-6
dx.doi.org/10.1016/S0167-4781(01)00339-6
dx.doi.org/10.1016/S0167-4781(01)00339-6
dx.doi.org/10.1016/S0167-4781(01)00339-6
dx.doi.org/10.1016/S0167-4781(01)00339-6
dx.doi.org/10.1016/S0167-4781(01)00339-6
dx.doi.org/10.1016/S0167-4781(01)00339-6
dx.doi.org/10.1016/S0167-4781(01)00339-6
dx.doi.org/10.1074/jbc.M201441200
dx.doi.org/10.1074/jbc.M201441200
dx.doi.org/10.1074/jbc.M201441200
dx.doi.org/10.1074/jbc.M201441200
dx.doi.org/10.1074/jbc.M201441200
dx.doi.org/10.1074/jbc.M201441200
dx.doi.org/10.1074/jbc.M201441200
dx.doi.org/10.1074/jbc.M201441200
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.34.8.656
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1136/jmg.37.6.446
dx.doi.org/10.1038/nature03664
dx.doi.org/10.1038/nature03664
dx.doi.org/10.1038/nature03664
dx.doi.org/10.1038/nature03664
dx.doi.org/10.1038/nature03664
dx.doi.org/10.1038/nature03664
dx.doi.org/10.1038/nature03664
dx.doi.org/10.1093/hmg/ddr306
dx.doi.org/10.1093/hmg/ddr306
dx.doi.org/10.1093/hmg/ddr306
dx.doi.org/10.1093/hmg/ddr306
dx.doi.org/10.1093/hmg/ddr306
dx.doi.org/10.1093/hmg/ddr306
dx.doi.org/10.1093/hmg/ddr306
dx.doi.org/10.1093/hmg/ddr306
dx.doi.org/10.1038/nrm3565
dx.doi.org/10.1038/nrm3565
dx.doi.org/10.1038/nrm3565
dx.doi.org/10.1038/nrm3565
dx.doi.org/10.1038/nrm3565
dx.doi.org/10.1038/nrm3565
dx.doi.org/10.1038/nrm3565
dx.doi.org/10.1126/science.1174447
dx.doi.org/10.1126/science.1174447
dx.doi.org/10.1126/science.1174447
dx.doi.org/10.1126/science.1174447
dx.doi.org/10.1126/science.1174447
dx.doi.org/10.1126/science.1174447
dx.doi.org/10.1126/science.1174447
dx.doi.org/10.1126/science.1174447
dx.doi.org/10.1126/science.1204592
dx.doi.org/10.1126/science.1204592
dx.doi.org/10.1126/science.1204592
dx.doi.org/10.1126/science.1204592
dx.doi.org/10.1126/science.1204592
dx.doi.org/10.1126/science.1204592
dx.doi.org/10.1126/science.1204592
dx.doi.org/10.1126/science.1204592
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1016/j.devcel.2011.07.016
dx.doi.org/10.1038/ncb2718
dx.doi.org/10.1038/ncb2718
dx.doi.org/10.1038/ncb2718
dx.doi.org/10.1038/ncb2718
dx.doi.org/10.1038/ncb2718
dx.doi.org/10.1038/ncb2718
dx.doi.org/10.1038/ncb2718
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.4161/cc.8.24.10263
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1007/s00018-014-1565-8
dx.doi.org/10.1126/scisignal.2004754
dx.doi.org/10.1126/scisignal.2004754
dx.doi.org/10.1126/scisignal.2004754
dx.doi.org/10.1126/scisignal.2004754
dx.doi.org/10.1126/scisignal.2004754
dx.doi.org/10.1126/scisignal.2004754
dx.doi.org/10.1126/scisignal.2004754
dx.doi.org/10.1126/scisignal.2004754
dx.doi.org/10.1371/journal.pone.0015793
dx.doi.org/10.1371/journal.pone.0015793
dx.doi.org/10.1371/journal.pone.0015793
dx.doi.org/10.1371/journal.pone.0015793
dx.doi.org/10.1371/journal.pone.0015793
dx.doi.org/10.1371/journal.pone.0015793
dx.doi.org/10.1371/journal.pone.0015793
dx.doi.org/10.1371/journal.pone.0015793
dx.doi.org/10.1371/journal.pone.0015793
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0690
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1128/MCB.13.8.4505
dx.doi.org/10.1006/geno.1998.5588
dx.doi.org/10.1006/geno.1998.5588
dx.doi.org/10.1006/geno.1998.5588
dx.doi.org/10.1006/geno.1998.5588
dx.doi.org/10.1006/geno.1998.5588
dx.doi.org/10.1006/geno.1998.5588
dx.doi.org/10.1006/geno.1998.5588
dx.doi.org/10.1006/geno.1998.5588
dx.doi.org/10.1006/geno.1998.5588
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0705
dx.doi.org/10.1083/jcb.201209135
dx.doi.org/10.1083/jcb.201209135
dx.doi.org/10.1083/jcb.201209135
dx.doi.org/10.1083/jcb.201209135
dx.doi.org/10.1083/jcb.201209135
dx.doi.org/10.1083/jcb.201209135
dx.doi.org/10.1083/jcb.201209135
dx.doi.org/10.1083/jcb.201209135
dx.doi.org/10.1038/nature14190
dx.doi.org/10.1038/nature14190
dx.doi.org/10.1038/nature14190
dx.doi.org/10.1038/nature14190
dx.doi.org/10.1038/nature14190
dx.doi.org/10.1038/nature14190
dx.doi.org/10.1038/nature14190
dx.doi.org/10.1038/emboj.2012.32
dx.doi.org/10.1038/emboj.2012.32
dx.doi.org/10.1038/emboj.2012.32
dx.doi.org/10.1038/emboj.2012.32
dx.doi.org/10.1038/emboj.2012.32
dx.doi.org/10.1038/emboj.2012.32
dx.doi.org/10.1038/emboj.2012.32
dx.doi.org/10.1038/emboj.2012.32
dx.doi.org/10.1038/emboj.2012.32
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0725
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0730
dx.doi.org/10.1073/pnas.0506580102
dx.doi.org/10.1073/pnas.0506580102
dx.doi.org/10.1073/pnas.0506580102
dx.doi.org/10.1073/pnas.0506580102
dx.doi.org/10.1073/pnas.0506580102
dx.doi.org/10.1073/pnas.0506580102
dx.doi.org/10.1073/pnas.0506580102
dx.doi.org/10.1073/pnas.0506580102


macol

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

D. Ploper, E.M. De Robertis / Phar

49] I. Aksan, C.R. Goding, Targeting the microphthalmia basic helix-loop-helix-
leucine zipper transcription factor to a subset of E-Box elements in vitro and
in  vivo, Mol. Cell. Biol. 18 (1998) 6930–6938.

50] K.S. Hoek, N.C. Schlegel, O.M. Eichhoff, D.S. Widmer, C. Praetorius, S.O. Einars-
son, et al., Novel MITF targets identified using a two-step DNA microarray
strategy, Pigment Cell Melanoma Res. 21 (2008) 665–676, http://dx.doi.org/
10.1111/j.1755-148X.2008.00505.x

51] A. Luchin, G. Purdom, K. Murphy, M.-Y. Clark, N. Angel, A.I. Cassady, et al.,
The Microphthalmia transcription factor regulates expression of the tartrate-
resistant acid phosphatase gene during terminal differentiation of osteoclasts,
J.  Bone Miner. Res. 15 (2000) 451–460.

52] N.A. Meadows, S.M. Sharma, G.J. Faulkner, M.C. Ostrowski, D.A. Hume, A.I.
Cassady, The expression of Clcn7 and Ostm1 in osteoclasts is coregulated by
microphthalmia transcription factor, J. Biol. Chem. 282 (2007) 1891–1904,
http://dx.doi.org/10.1074/jbc.M608572200

53] G. Motyckova, K.N. Weilbaecher, M.  Horstmann, D.J. Rieman, D.Z. Fisher, D.E.
Fisher, Linking osteopetrosis and pycnodysostosis: regulation of cathepsin K
expression by the microphthalmia transcription factor family, Proc. Natl. Acad.
Sci.  U. S. A. 98 (2001) 5798–5803.

54] T. Lübke, P. Lobel, D.E. Sleat, Proteomics of the lysosome, Biochim. Biophys.
Acta: Mol. Cell Res. 1793 (2009) 625–635, http://dx.doi.org/10.1016/j.bbamcr.
2008.09.018

55] A. Chi, J.C. Valencia, Z.-Z. Hu, H. Watabe, H. Yamaguchi, N.J. Mangini, et al.,
Proteomic and bioinformatic characterization of the biogenesis and function
of  melanosomes, J. Proteome Res. 5 (2006) 3135–3144, http://dx.doi.org/10.
1021/pr060363j

56] G. Raposo, D. Tenza, D.M. Murphy, J.F. Berson, M.S. Marks, Distinct protein
sorting and localization to premelanosomes, melanosomes, and lysosomes in
pigmented melanocytic cells, J. Cell Biol. 152 (2001) 809–824.

57] G. Raposo, M.S. Marks, Melanosomes – dark organelles enlighten endosomal
membrane transport, Nat. Rev. Mol. Cell Biol. 8 (2007) 786–797, http://dx.doi.
org/10.1038/nrm2258

58] E. Steingrímsson, L. Tessarollo, B. Pathak, L. Hou, H. Arnheiter, N.G. Copeland,
et  al., Mitf and Tfe3, two members of the Mitf-Tfe family of bHLH-Zip tran-
scription factors, have important but functionally redundant roles in osteoclast
development, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 4477–4482, http://dx.doi.
org/10.1073/pnas.072071099

59] B. Gunawan, A. von Heydebreck, T. Fritsch, W.  Huber, R.-H. Ringert, G. Jakse,
et  al., Cytogenetic and morphologic typing of 58 papillary renal cell carcinomas
evidence for a cytogenetic evolution of Type 2 from Type 1 tumors, Cancer Res.
63  (2003) 6200–6205.

60] R. Ramphal, A. Pappo, M.  Zielenska, R. Grant, B.-Y. Ngan, Pediatric renal cell
carcinoma clinical, pathologic, and molecular abnormalities associated with
the members of the MiT  transcription factor family, Am.  J. Clin. Pathol. 126
(2006) 349–364, http://dx.doi.org/10.1309/98YE9E442AR7LX2X

61] L.A. Garraway, E.S. Lander, Lessons from the cancer genome, Cell 153 (2013)
17–37, http://dx.doi.org/10.1016/j.cell.2013.03.002

62] S. Yokoyama, S.L. Woods, G.M. Boyle, L.G. Aoude, S. MacGregor, V. Zismann,
et al., A novel recurrent mutation in MITF predisposes to familial and sporadic
melanoma, Nature 480 (2011) 99–103, http://dx.doi.org/10.1038/nature10630

63] C. Bertolotto, F. Lesueur, S. Giuliano, T. Strub, M.  de Lichy, K. Bille, et al.,
A  SUMOylation-defective MITF germline mutation predisposes to melanoma
and renal carcinoma, Nature 480 (2011) 94–98, http://dx.doi.org/10.1038/
nature10539

64] J. Zucman, O. Delattre, C. Desmaze, A.L. Epstein, G. Stenman, F. Speleman, et al.,
EWS  and ATF-1 gene fusion induced by t(12;22) translocation in malignant
melanoma of soft parts, Nat. Genet. 4 (1993) 341–345, http://dx.doi.org/10.
1038/ng0893-341

65] I.J. Davis, J.J. Kim, F. Ozsolak, H.R. Widlund, O. Rozenblatt-Rosen, S.R. Granter,
et al., Oncogenic MITF dysregulation in clear cell sarcoma: defining the MiT
family of human cancers, Cancer Cell 9 (2006) 473–484, http://dx.doi.org/10.
1016/j.ccr.2006.04.021

66] D. Alonso-Curbelo, E. Riveiro-Falkenbach, E. Pérez-Guijarro, M.  Cifdaloz, P. Kar-
ras, L. Osterloh, et al., RAB7 controls melanoma progression by exploiting a
lineage-specific wiring of the endolysosomal pathway, Cancer Cell 26 (2014)
61–76, http://dx.doi.org/10.1016/j.ccr.2014.04.030

67] R.P. Kuiper, M. Schepens, J. Thijssen, M.  van Asseldonk, E. van den Berg, J. Bridge,
et al., Upregulation of the transcription factor TFEB in t(6;11)(p21;q13)-positive
renal cell carcinomas due to promoter substitution, Hum. Mol. Genet. 12 (2003)
1661–1669, http://dx.doi.org/10.1093/hmg/ddg178

68] B. Marchand, D. Arsenault, A. Raymond-Fleury, F.-M. Boisvert, M.-J. Boucher,
Glycogen Synthase Kinase-3 (GSK3) inhibition induces prosurvival autophagic
signals in human pancreatic cancer cells, J. Biol. Chem. 290 (2015) 5592–5605,
http://dx.doi.org/10.1074/jbc.M114.616714

69] T. Kallunki, O.D. Olsen, M.  Jäättelä, Cancer-associated lysosomal changes:
friends or foes? Oncogene 32 (2012) 1995–2004.

70] C. Bucci, P. Thomsen, P. Nicoziani, J. McCarthy, B. van Deurs, Rab7: a key to
lysosome biogenesis, Mol. Biol. Cell 11 (2000) 467–480.

71] M.  Zerial, H. McBride, Rab proteins as membrane organizers, Nat. Rev. Mol. Cell

Biol. 2 (2001) 107–117, http://dx.doi.org/10.1038/35052055

72] M.  Zhang, L. Chen, S. Wang, T. Wang, Rab7: roles in membrane trafficking and
disease, Biosci. Rep. 29 (2009) 193, http://dx.doi.org/10.1042/BSR20090032

73] N. Mizushima, M.  Komatsu, Autophagy renovation of cells and tissues, Cell 147
(2011) 728–741, http://dx.doi.org/10.1016/j.cell.2011.10.026

[

ogical Research 99 (2015) 36–43 43

74] J. Kubisch, D. Türei, L. Földvári-Nagy, Z.A. Dunai, L. Zsákai, M.  Varga, et al., Com-
plex regulation of autophagy in cancer – integrated approaches to discover
the networks that hold a double-edged sword, Semin. Cancer Biol. 23 (2013)
252–261, http://dx.doi.org/10.1016/j.semcancer.2013.06.009

75] L. Galluzzi, F. Pietrocola, J.M.B.-S. Pedro, R.K. Amaravadi, E.H. Baehrecke, F. Cec-
coni, et al., Autophagy in malignant transformation and cancer progression,
EMBO J. (2015) e201490784, http://dx.doi.org/10.15252/embj.201490784

76] E. White, Deconvoluting the context-dependent role for autophagy in cancer,
Nat. Rev. Cancer 12 (2012) 401–410, http://dx.doi.org/10.1038/nrc3262

77] E. White, The role for autophagy in cancer, J. Clin. Invest. 125 (2015) 42–46,
http://dx.doi.org/10.1172/JCI73941

78] N. Mizushima, Autophagy: process and function, Genes Dev. 21 (2007)
2861–2873, http://dx.doi.org/10.1101/gad.1599207

79] H. Liu, Z. He, T. von Rütte, S. Yousefi, R.E. Hunger, H.-U. Simon, Down-regulation
of  autophagy-related protein 5 (ATG5) contributes to the pathogenesis of early-
stage cutaneous melanoma, Sci. Transl. Med. 5 (2013) 202ra123, http://dx.doi.
org/10.1126/scitranslmed.3005864

80] H. Liu, Z. He, H.-U. Simon, Autophagy suppresses melanoma tumorigenesis
by inducing senescence, Autophagy 10 (2014) 372–373, http://dx.doi.org/10.
4161/auto.27163

81] H. Liu, Z. He, H.-U. Simon, Protective role of autophagy and autophagy-related
protein 5 in early tumorigenesis, J. Mol. Med. 93 (2014) 159–164, http://dx.doi.
org/10.1007/s00109-014-1241-3

82] S. Giuliano, Y. Cheli, M.  Ohanna, C. Bonet, L. Beuret, K. Bille, et al.,
Microphthalmia-associated transcription factor controls the DNA damage
response and a lineage-specific senescence program in melanomas, Cancer Res.
70  (2010) 3813–3822, http://dx.doi.org/10.1158/0008-5472.CAN-09-2913

83] S. Giuliano, M.  Ohanna, R. Ballotti, C. Bertolotto, Advances in melanoma
senescence and potential clinical application: senescence in melanoma cells,
Pigment Cell Melanoma Res. 24 (2011) 295–308, http://dx.doi.org/10.1111/j.
1755-148X.2010.00820.x

84] T.L. Biechele, R.M. Kulikauskas, R.A. Toroni, O.M. Lucero, R.D. Swift, R.G. James,
et al., Wnt/�-catenin signaling and AXIN1 regulate apoptosis triggered by inhi-
bition of the mutant kinase BRAFV600E in human melanoma, Sci. Signal. 5
(2012) ra3, http://dx.doi.org/10.1126/scisignal.2002274

85] K.V. Rote, M.  Rechsteiner, Degradation of microinjected proteins: effects of
lysosomotropic agents and inhibitors of autophagy, J. Cell. Physiol. 116.1 (1983)
103–110.

86] R. Dobrowolski, P. Vick, D. Ploper, I. Gumper, H. Snitkin, D.D. Sabatini, et al.,
Presenilin deficiency or lysosomal inhibition enhances Wnt  signaling through
relocalization of GSK3 to the late-endosomal compartment, Cell Rep. 2 (2012)
1316–1328, http://dx.doi.org/10.1016/j.celrep.2012.09.026

87] G. Manic, F. Obrist, G. Kroemer, I. Vitale, L. Galluzzi, Chloroquine and hydrox-
ychloroquine for cancer therapy, Mol. Cell. Oncol. 1 (2014) e29911, http://dx.
doi.org/10.4161/mco.29911

88] X.H. Liang, S. Jackson, M.  Seaman, K. Brown, B. Kempkes, H. Hibshoosh, et al.,
Induction of autophagy and inhibition of tumorigenesis by beclin 1, Nature 402
(1999) 672–676, http://dx.doi.org/10.1038/45257

89] X. Qu, J. Yu, G. Bhagat, N. Furuya, H. Hibshoosh, A. Troxel, et al., Promotion of
tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene, J.
Clin. Invest. 112 (2003) 1809–1820, http://dx.doi.org/10.1172/JCI20039

90] Z. Yue, S. Jin, C. Yang, A.J. Levine, N. Heintz, Beclin 1, an autophagy gene essential
for  early embryonic development, is a haploinsufficient tumor suppressor, Proc.
Natl. Acad. Sci. U. S. A. 100 (2003) 15077–15082, http://dx.doi.org/10.1073/
pnas.2436255100

91] A. Maria Cuervo, Autophagy: in sickness and in health, Trends Cell Biol. 14
(2004) 70–77, http://dx.doi.org/10.1016/j.tcb.2003.12.002

92] M.  Corazzari, G.M. Fimia, P. Lovat, M.  Piacentini, Why  is autophagy important
for melanoma? Molecular mechanisms and therapeutic implications, Semin.
Cancer Biol. 23 (2013) 337–343, http://dx.doi.org/10.1016/j.semcancer.2013.
07.001

93] C. Wellbrock, I. Arozarena, MITF in melanoma development and MAP-kinase
pathway targeted therapy, Pigment Cell Melanoma Res. (2015), http://dx.doi.
org/10.1111/pcmr.12370

94] K.S. Hoek, O.M. Eichhoff, N.C. Schlegel, U. Döbbeling, N. Kobert, L. Schaerer,
et  al., In vivo switching of human melanoma cells between proliferative and
invasive states, Cancer Res. 68 (2008) 650–656.

95] M.  Sáez-Ayala, M.F. Montenegro, L. Sánchez-del-Campo, M.P. Fernández-Pérez,
S.  Chazarra, R. Freter, et al., Directed phenotype switching as an effective
antimelanoma strategy, Cancer Cell 24 (2013) 105–119, http://dx.doi.org/10.
1016/j.ccr.2013.05.009

96] K. Takeda, K. Yasumoto, R. Takada, S. Takada, K. Watanabe, T. Udono, et al.,
Induction of melanocyte-specific microphthalmia-associated transcription fac-
tor  by Wnt-3a, J. Biol. Chem. 275 (2000) 14013–14016.

97] J.A. McCubrey, L.S. Steelman, F.E. Bertrand, N.M. Davis, M.  Sokolosky, S.L.
Abrams, et al., GSK-3 as potential target for therapeutic intervention in cancer,
Oncotarget 5 (2014) 2881–2911.

98] K. Miyashita, M.  Nakada, A. Shakoori, Y. Ishigaki, T. Shimasaki, Y. Motoo, et al., An
emerging strategy for cancer treatment targeting aberrant glycogen synthase

kinase 3 beta, Anti-Cancer Agents Med. Chem. 9 (2009) 1114–1122, http://dx.
doi.org/10.2174/187152009789734982

99] K.T. Flaherty, F.S. Hodi, D.E. Fisher, From genes to drugs: targeted strategies
for  melanoma, Nat. Rev. Cancer 12 (2012) 349–361, http://dx.doi.org/10.1038/
nrc3218.

http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0740
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
dx.doi.org/10.1111/j.1755-148X.2008.00505.x
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0750
dx.doi.org/10.1074/jbc.M608572200
dx.doi.org/10.1074/jbc.M608572200
dx.doi.org/10.1074/jbc.M608572200
dx.doi.org/10.1074/jbc.M608572200
dx.doi.org/10.1074/jbc.M608572200
dx.doi.org/10.1074/jbc.M608572200
dx.doi.org/10.1074/jbc.M608572200
dx.doi.org/10.1074/jbc.M608572200
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0760
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1016/j.bbamcr.2008.09.018
dx.doi.org/10.1021/pr060363j
dx.doi.org/10.1021/pr060363j
dx.doi.org/10.1021/pr060363j
dx.doi.org/10.1021/pr060363j
dx.doi.org/10.1021/pr060363j
dx.doi.org/10.1021/pr060363j
dx.doi.org/10.1021/pr060363j
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0775
dx.doi.org/10.1038/nrm2258
dx.doi.org/10.1038/nrm2258
dx.doi.org/10.1038/nrm2258
dx.doi.org/10.1038/nrm2258
dx.doi.org/10.1038/nrm2258
dx.doi.org/10.1038/nrm2258
dx.doi.org/10.1038/nrm2258
dx.doi.org/10.1073/pnas.072071099
dx.doi.org/10.1073/pnas.072071099
dx.doi.org/10.1073/pnas.072071099
dx.doi.org/10.1073/pnas.072071099
dx.doi.org/10.1073/pnas.072071099
dx.doi.org/10.1073/pnas.072071099
dx.doi.org/10.1073/pnas.072071099
dx.doi.org/10.1073/pnas.072071099
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0790
dx.doi.org/10.1309/98YE9E442AR7LX2X
dx.doi.org/10.1309/98YE9E442AR7LX2X
dx.doi.org/10.1309/98YE9E442AR7LX2X
dx.doi.org/10.1309/98YE9E442AR7LX2X
dx.doi.org/10.1309/98YE9E442AR7LX2X
dx.doi.org/10.1309/98YE9E442AR7LX2X
dx.doi.org/10.1309/98YE9E442AR7LX2X
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1016/j.cell.2013.03.002
dx.doi.org/10.1038/nature10630
dx.doi.org/10.1038/nature10630
dx.doi.org/10.1038/nature10630
dx.doi.org/10.1038/nature10630
dx.doi.org/10.1038/nature10630
dx.doi.org/10.1038/nature10630
dx.doi.org/10.1038/nature10630
dx.doi.org/10.1038/nature10539
dx.doi.org/10.1038/nature10539
dx.doi.org/10.1038/nature10539
dx.doi.org/10.1038/nature10539
dx.doi.org/10.1038/nature10539
dx.doi.org/10.1038/nature10539
dx.doi.org/10.1038/nature10539
dx.doi.org/10.1038/ng0893-341
dx.doi.org/10.1038/ng0893-341
dx.doi.org/10.1038/ng0893-341
dx.doi.org/10.1038/ng0893-341
dx.doi.org/10.1038/ng0893-341
dx.doi.org/10.1038/ng0893-341
dx.doi.org/10.1038/ng0893-341
dx.doi.org/10.1038/ng0893-341
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2006.04.021
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1016/j.ccr.2014.04.030
dx.doi.org/10.1093/hmg/ddg178
dx.doi.org/10.1093/hmg/ddg178
dx.doi.org/10.1093/hmg/ddg178
dx.doi.org/10.1093/hmg/ddg178
dx.doi.org/10.1093/hmg/ddg178
dx.doi.org/10.1093/hmg/ddg178
dx.doi.org/10.1093/hmg/ddg178
dx.doi.org/10.1093/hmg/ddg178
dx.doi.org/10.1074/jbc.M114.616714
dx.doi.org/10.1074/jbc.M114.616714
dx.doi.org/10.1074/jbc.M114.616714
dx.doi.org/10.1074/jbc.M114.616714
dx.doi.org/10.1074/jbc.M114.616714
dx.doi.org/10.1074/jbc.M114.616714
dx.doi.org/10.1074/jbc.M114.616714
dx.doi.org/10.1074/jbc.M114.616714
dx.doi.org/10.1074/jbc.M114.616714
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0840
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0845
dx.doi.org/10.1038/35052055
dx.doi.org/10.1038/35052055
dx.doi.org/10.1038/35052055
dx.doi.org/10.1038/35052055
dx.doi.org/10.1038/35052055
dx.doi.org/10.1038/35052055
dx.doi.org/10.1038/35052055
dx.doi.org/10.1042/BSR20090032
dx.doi.org/10.1042/BSR20090032
dx.doi.org/10.1042/BSR20090032
dx.doi.org/10.1042/BSR20090032
dx.doi.org/10.1042/BSR20090032
dx.doi.org/10.1042/BSR20090032
dx.doi.org/10.1042/BSR20090032
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.cell.2011.10.026
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.1016/j.semcancer.2013.06.009
dx.doi.org/10.15252/embj.201490784
dx.doi.org/10.15252/embj.201490784
dx.doi.org/10.15252/embj.201490784
dx.doi.org/10.15252/embj.201490784
dx.doi.org/10.15252/embj.201490784
dx.doi.org/10.15252/embj.201490784
dx.doi.org/10.15252/embj.201490784
dx.doi.org/10.15252/embj.201490784
dx.doi.org/10.1038/nrc3262
dx.doi.org/10.1038/nrc3262
dx.doi.org/10.1038/nrc3262
dx.doi.org/10.1038/nrc3262
dx.doi.org/10.1038/nrc3262
dx.doi.org/10.1038/nrc3262
dx.doi.org/10.1038/nrc3262
dx.doi.org/10.1172/JCI73941
dx.doi.org/10.1172/JCI73941
dx.doi.org/10.1172/JCI73941
dx.doi.org/10.1172/JCI73941
dx.doi.org/10.1172/JCI73941
dx.doi.org/10.1172/JCI73941
dx.doi.org/10.1172/JCI73941
dx.doi.org/10.1101/gad.1599207
dx.doi.org/10.1101/gad.1599207
dx.doi.org/10.1101/gad.1599207
dx.doi.org/10.1101/gad.1599207
dx.doi.org/10.1101/gad.1599207
dx.doi.org/10.1101/gad.1599207
dx.doi.org/10.1101/gad.1599207
dx.doi.org/10.1101/gad.1599207
dx.doi.org/10.1126/scitranslmed.3005864
dx.doi.org/10.1126/scitranslmed.3005864
dx.doi.org/10.1126/scitranslmed.3005864
dx.doi.org/10.1126/scitranslmed.3005864
dx.doi.org/10.1126/scitranslmed.3005864
dx.doi.org/10.1126/scitranslmed.3005864
dx.doi.org/10.1126/scitranslmed.3005864
dx.doi.org/10.1126/scitranslmed.3005864
dx.doi.org/10.4161/auto.27163
dx.doi.org/10.4161/auto.27163
dx.doi.org/10.4161/auto.27163
dx.doi.org/10.4161/auto.27163
dx.doi.org/10.4161/auto.27163
dx.doi.org/10.4161/auto.27163
dx.doi.org/10.4161/auto.27163
dx.doi.org/10.4161/auto.27163
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1007/s00109-014-1241-3
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1158/0008-5472.CAN-09-2913
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1111/j.1755-148X.2010.00820.x
dx.doi.org/10.1126/scisignal.2002274
dx.doi.org/10.1126/scisignal.2002274
dx.doi.org/10.1126/scisignal.2002274
dx.doi.org/10.1126/scisignal.2002274
dx.doi.org/10.1126/scisignal.2002274
dx.doi.org/10.1126/scisignal.2002274
dx.doi.org/10.1126/scisignal.2002274
dx.doi.org/10.1126/scisignal.2002274
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0920
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.1016/j.celrep.2012.09.026
dx.doi.org/10.4161/mco.29911
dx.doi.org/10.4161/mco.29911
dx.doi.org/10.4161/mco.29911
dx.doi.org/10.4161/mco.29911
dx.doi.org/10.4161/mco.29911
dx.doi.org/10.4161/mco.29911
dx.doi.org/10.4161/mco.29911
dx.doi.org/10.4161/mco.29911
dx.doi.org/10.1038/45257
dx.doi.org/10.1038/45257
dx.doi.org/10.1038/45257
dx.doi.org/10.1038/45257
dx.doi.org/10.1038/45257
dx.doi.org/10.1038/45257
dx.doi.org/10.1038/45257
dx.doi.org/10.1172/JCI20039
dx.doi.org/10.1172/JCI20039
dx.doi.org/10.1172/JCI20039
dx.doi.org/10.1172/JCI20039
dx.doi.org/10.1172/JCI20039
dx.doi.org/10.1172/JCI20039
dx.doi.org/10.1172/JCI20039
dx.doi.org/10.1073/pnas.2436255100
dx.doi.org/10.1073/pnas.2436255100
dx.doi.org/10.1073/pnas.2436255100
dx.doi.org/10.1073/pnas.2436255100
dx.doi.org/10.1073/pnas.2436255100
dx.doi.org/10.1073/pnas.2436255100
dx.doi.org/10.1073/pnas.2436255100
dx.doi.org/10.1073/pnas.2436255100
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.tcb.2003.12.002
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1016/j.semcancer.2013.07.001
dx.doi.org/10.1111/pcmr.12370
dx.doi.org/10.1111/pcmr.12370
dx.doi.org/10.1111/pcmr.12370
dx.doi.org/10.1111/pcmr.12370
dx.doi.org/10.1111/pcmr.12370
dx.doi.org/10.1111/pcmr.12370
dx.doi.org/10.1111/pcmr.12370
dx.doi.org/10.1111/pcmr.12370
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0965
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
dx.doi.org/10.1016/j.ccr.2013.05.009
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0975
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
http://refhub.elsevier.com/S1043-6618(15)00068-7/sbref0980
dx.doi.org/10.2174/187152009789734982
dx.doi.org/10.2174/187152009789734982
dx.doi.org/10.2174/187152009789734982
dx.doi.org/10.2174/187152009789734982
dx.doi.org/10.2174/187152009789734982
dx.doi.org/10.2174/187152009789734982
dx.doi.org/10.2174/187152009789734982
dx.doi.org/10.1038/nrc3218
dx.doi.org/10.1038/nrc3218
dx.doi.org/10.1038/nrc3218
dx.doi.org/10.1038/nrc3218
dx.doi.org/10.1038/nrc3218
dx.doi.org/10.1038/nrc3218
dx.doi.org/10.1038/nrc3218

	The MITF family of transcription factors: Role in endolysosomal biogenesis, Wnt signaling, and oncogenesis
	1 Introduction – Wnt signaling
	2 A plethora of GSK3 phosphorylations
	3 The MiT family of transcription factors
	3.1 MITF
	3.2 TFEB
	3.3 TFE3
	3.4 TFEC

	4 MiT transcription factors drive lysosome and autophagosome biogenesis
	5 MITF expression correlates with many endolysosomal genes
	6 MITF expression negatively correlates with key macroautophagy genes
	7 The MiT family in cancer
	8 Lysosomes and autophagosomes in melanomas
	9 Pharmacological approaches
	10 Conclusions
	Acknowledgments
	References




