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The human genome encodes sev-
eral thousand long non-protein 

coding transcripts > 200 nucleotides in 
length, a subset of which were shown 
to play important roles in regulation of 
gene expression. We recently identified 
TINCR, a lncRNA required for induc-
tion of key differentiation genes in epi-
dermal tissue, including genes mutated 
in human skin diseases characterized by 
disrupted epidermal barrier formation. 
High-throughput analyses of TINCR 
RNA- and protein-interactomes revealed 
TINCR interaction with differentiation 
mRNAs as well as the Staufen1 protein. 
TINCR, together with Staufen1, seems 
to stabilize a subset of mRNAs required 
for epidermal differentiation. Here, we 
discuss the emerging roles of Staufen1 
and TINCR in the regulation of mam-
malian cell differentiation mediated by 
interaction with target mRNAs. We con-
sider a role for TINCR as an epithelial-
specific guide for targeting the Staufen1 
protein to specific mRNAs, reflecting the 
increasing complexity of gene regulatory 
processes in mammalian cells and tissue.

Diverse Roles of Long Non-Coding 
RNAs in Gene Regulation

While most of the human genome is 
actively transcribed,1 only 1.9% encodes 
for proteins.2 A significant portion of 
the resulting non-coding transcripts 
appears to embody long non-coding 
RNAs (lncRNAs), a class of RNAs with 
no predicted protein coding potential, 
comprising up to 10000 transcripts in 
mammals.1,3–5 Although this large newly 
discovered portion of the human tran-
scriptome is still poorly characterized to 

date, initial studies strongly indicate that 
lncRNAs are highly functionally rele-
vant and not mere transcriptional waste. 
Accordingly, a rapidly growing number of 
studies have revealed important roles for 
lncRNAs in gene regulatory processes, 
such as recruitment of chromatin modi-
fiers to target genomic sites6–11 or direct, 
promoter-specific modulation of target 
gene transcription.12–14 Additional roles of 
lncRNAs include control of nuclear shut-
tling of proteins,15 regulation of allelic 
expression ratios, such as genomic imprint-
ing16–20 and mammalian X-chromosome 
inactivation.21 A number of recent stud-
ies report involvement of lncRNAs in 
cancer development, such as MALAT1,22 
HOTAIR,9 GAS5,23 BANCR,24 H19,25,26 
and others,27 strongly indicating that 
lncRNAs not only control gene regulatory 
pathways in normal cells and tissue but 
also play a role in tumor development.

Clearly, the classes of lncRNA tran-
scripts known to date show a wide func-
tional as well as mechanistic variety. 
Correspondingly, a number of lncRNAs 
can act as guides to direct proteins or pro-
tein complexes to their target sites, while 
others function as scaffolds to bring these 
proteins together in space and time. Some 
lncRNAs act as structural decoys to titrate 
away transcription factors or other pro-
teins from their sites of action, thus alter-
ing transcriptional activity of nearby gene 
loci.28,29
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changes. A growing number of lncRNAs 
has been implicated in such processes and, 
thus, help regulating mammalian differen-
tiation in multiple tissues.30 While several 
lncRNAs appear to be required for main-
taining the pluripotent state of embryonic 
stem cells,31–34 others were shown to be 
functionally important for differentiation 
of diverse cells and tissues.11,35–41 Interest-
ingly, the majority of lncRNAs in mam-
malian embryonic stem cells is derived 
from divergently transcribed protein-
coding genes, and protein-coding as well 
as non-coding transcripts coordinately 
change transcription patterns upon differ-
entiation.33 In most cases, the mechanisms 
of lncRNA-mediated regulation of cellu-
lar differentiation are not well understood 
to date. Nevertheless, several recent stud-
ies shed some light on recurrent modes 
of action. A unique feature of a subset of 
lncRNAs is their ability to act as molecular 
decoys for microRNAs. Correspondingly, 
the lncRNA linc-MD1 harbors consensus 
sites for miR-135 as well as miR-133, two 

microRNAs important for regulation 
of muscle differentiation. Linc-MD1 
thus acts as a sponge by titrating away 
these microRNAs from their target tran-
scription factors, thus fine-tuning gene 
regulatory networks controlling muscle 
differentiation.40 In a similar fashion, 
the lncRNA linc-RoR shares microRNA 
response elements with transcription fac-
tors maintaining the progenitor cell status 
in embryonic stem cells and maintains 
a non-differentiated state by acting as a 
competing RNA for target microRNAs.34 
A number of lncRNAs were shown to 
control tissue differentiation by recruiting 
chromatin-modifying protein complexes 
to their DNA target sites. In this way, the 
lncRNA Braveheart (Bvht) controls car-
diomyocyte differentiation and mainte-
nance of the cardiac cell fate, possibly by 
acting as a guide for Polycomb Repressive 
Complex 2 (PRC2) to mediate epigenetic 
regulation of the cardiac gene expression 
program.37 Similarly, the lncRNA Fendrr 
appears to bind to both activating and 

repressive chromatin complexes to con-
trol heart and body wall development in 
mice.11 In human epidermis, at least two 
lncRNAs control the balance between the 
progenitor and differentiated compart-
ment of the tissue. The lncRNA ANCR 
represses differentiation in the progenitor 
containing basal layer.42 While its mode 
of action in keratinocytes is yet unclear, 
recent work using osteoblast differentia-
tion as a model indicates a role for ANCR 
as guide for PRC2, mediating epigenetic 
gene regulation.43 In contrast to ANCR, 
the lncRNA TINCR regulates epidermal 
differentiation.36

TINCR-Mediated Control of 
Epidermal Differentiation

In an attempt to identify lncRNAs nec-
essary for human epidermal homeostasis, 
we performed whole transcriptome RNA 
sequencing with progenitor and differen-
tiated human keratinocytes and identified 
TINCR (terminal differentiation-induced 
non-coding RNA), a lncRNA highly 
induced during epidermal differentia-
tion.36 TINCR is 3.7 kb in size, located 
in a gene desert on human chromosome 
19, and highly enriched in the cytoplasmic 
compartment of differentiated keratino-
cytes. Its functional necessity for epider-
mal differentiation was verified by loss of 
function studies in epidermal tissue using 
RNA interference. TINCR-depletion 
resulted in lack of induction of key differ-
entiation genes, including genes mutated 
in human skin diseases characterized by 
disrupted epidermal barrier formation. 
Consistent with this, TINCR-deficient 
epidermis showed abnormal late differen-
tiation morphology, as indicated by lack of 
keratohyalin granules and lamellar bodies; 
both structures are essential for formation 
of a functional epidermal permeability 
barrier, which protects against the exter-
nal environment as well as water loss.

In contrast to proteins, extensive data 
about lncRNA functional domains or 
interacting molecules is lacking, limit-
ing our understanding of the modes of 
action for lncRNAs of interest. However, 
lncRNAs were shown to interact with 
other molecules, including protein, DNA, 
and RNA to mediate or modulate their 
functions.29 In this regard, we performed 

Figure  1. Stau1 is a regulator of terminal differentiation. (A) In differentiated keratinocytes, the 
lncrna tInCr interacts with StaU1 as well as differentiation mrnas. together, StaUs1 and tInCr 
stabilize a subset of mrnas required for epidermal differentiation. (B) In polynucleated myotubes, 
StaU1 interacts with and catalyzes degradation of Pax3 mrna encoding an inhibitor of myogen-
esis. (C) StaU1-mediated decay of Klf2 mrna, coding for an anti-adipogenic protein, promotes 
differentiation of pre-adipocytes to adipocytes. (D) Dvl2, an inhibitor of myogenesis, is expressed 
in non-differentiated myoblasts. StaU1 interaction with the Dvl2 mrna in myoblasts leads to stabi-
lization of the transcript and helps to negatively regulate myogenesis in these cells. SmD = StaU1-
mediated decay.
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transcriptome-scale RNA interactome 
analysis and revealed that TINCR inter-
acts with a suite of differentiation mRNAs. 
This direct interaction occurs through 
a 25-nucleotide motif (TINCR box) 
strongly enriched in interacting mRNAs 
as well as TINCR itself, and appears to be 
required for TINCR binding.

In an attempt to investigate TINCR 
binding capacity to ~9400 human recom-
binant proteins, we performed a high-
throughput protein–RNA interaction 
analysis44 and revealed direct interaction 
of TINCR RNA with the Staufen1 pro-
tein (STAU1), with Staufen1-deficient 
tissue recapitulating the impaired differ-
entiation seen with TINCR loss. Thus, 
the lncRNA TINCR, together with the 
Staufen1 protein, seem to mediate differ-
entiation of human epidermal tissue. This 
protein–lncRNA complex, at least in part, 
acts through stabilization of differentia-
tion mRNAs36 (Fig. 1A).

The Two Faces of STAU1:  
RNA Stabilization Vs. Decay

STAU1 is a double-stranded RNA-
binding protein first described as a media-
tor of maternal RNA localization in the 
Drosophila egg.45 Besides its role in local-
ization of RNA to different subcellular 
compartments, it was shown to be impli-
cated in RNA stability and promotion of 
mRNA translation in mammalian cells 
and tissues.46–49 Its ubiquitous expression 
in mammals50 suggests that STAU1 not 
only controls differentiation of human 
epidermis but might also be involved in 
regulating other terminal differentiat-
ing tissues. Indeed, STAU1 participates 
in controlling differentiation of pre-
adipocytes into mature adipocyte cells51 
as well as the process of myogenesis52–55 
(Fig. 1), and appears to also play a role in 
early stages of mouse embryonic stem cell 
differentiation.56

STAU1 involvement in mammalian 
myogenesis has been extensively studied, 
revealing a dual role for STAU1 in this 
system: In non-differentiated myoblasts, 
it acts as an mRNA stabilizer,55 while in 
multi-nucleated myotubes, STAU1 con-
trols mRNA decay.53,54 STAU1-depen-
dent RNA degradation targets a subset of 
mRNAs acting as inhibitors of myogenesis, 

such as PAX3, through a process called 
Stau1-mediated mRNA decay (SMD)54 
(Fig. 1B). Similarly, STAU1 promotes adi-
pogenesis by SMD-mediated degradation 
of Klf2 mRNA encoding an anti-adipo-
genic factor51 (Fig. 1C). SMD can either 
occur through direct binding of STAU1 
to double-stranded binding sites located in 
the 3′-UTR of target mRNAs or through 
a process involving a lncRNA.57 The lat-
ter is mediated by imperfect base pairing 
between an ALU element of an mRNA 
target of SMD and another ALU sequence 
in a half-STAU1-binding site lncRNA 
(1/2-sbsRNA).58 Binding of STAU leads 
to degradation of the mRNA in a UPF1-
dependent manner. Similarly, SMD con-
trols myogenesis in rodents. Instead of 
ALU elements, which are unique to pri-
mates, rodents create STAU1-binding sites 
through interaction of lncRNAs with tar-
get mRNAs, both containing short inter-
spersed elements (SINE) of the B1, B2, B4, 
and ID families.53 In human epidermis, 
SMD seems not to be involved in regula-
tion of differentiation since depletion of 
the helicase UPF1, which is required for 
SMD, does not recapitulate the effects 
seen in TINCR or STAU1 deficient tis-
sue.36 Conversely, STAU1 and TINCR 
appear to increase stability of several dif-
ferentiation mRNAs in differentiated kera-
tinocytes, rather than destabilizing them. 
A similar, SMD-independent, mRNA sta-
bilizing function of STAU1 seems to occur 
in myoblasts. STAU1 was shown to posi-
tively regulate expression of the Dvl2 gene, 
encoding for an inhibitor of myoblast dif-
ferentiation into polynucleated myotubes. 
This regulation is mediated by binding of 
STAU1 to the 3′-UTR of Dvl2 mRNA 
and leads to stabilization of the transcript 
and consequentially to repression of differ-
entiation55 (Fig. 1D).

Future Perspective

The mRNA stabilizing function of 
TINCR in keratinocytes adds to the grow-
ing number of lncRNAs with cytoplasmic 
functions,59,60 but the exact roles STAU1 
and TINCR play in this process, as well as 
details about the formation of the complex 
consisting of TINCR, STAU1, and differ-
entiation mRNAs are not completely clear 
and require further investigation.

While STAU1 stabilizes target mRNAs 
in myoblasts as well as differentiated kera-
tinocytes, this might occur through dif-
ferent mechanisms in each of the two cell 
types. At least in vitro, STAU1 directly 
interacts with Dvl2 mRNA in myoblasts, 
while in keratinocytes, the lncRNA 
TINCR seems to link STAU1 and mRNA 
interaction. Whether STAU1 is able to 
bind differentiation mRNAs directly in 
this context still needs to be determined, 
but our studies with TINCR- or STAU1-
deficient epidermal tissue showed that 
both components of the complex are 
required for normal differentiation to 
occur.

While the impact of TINCR on dif-
ferentiation has been studied, not much 
is known about the factors controlling its 
expression in human epidermis. Further 
insight into the regulation of the TINCR 
gene locus would help placing TINCR 
into the context of known regulators of 
epidermal differentiation.

STAU1 is able to self-associate61 and 
also to associate with STAU2,62 raising the 
question whether homo- or heterodimer-
ization of STAU1 is required for TINCR-
mediated stabilization of mRNAs in 
human epidermis. While dimerization of 
STAU1 appears to be required for efficient 
wound healing of human keratinocytes,61 
its impact on keratinocyte differentia-
tion is not known to date. Also, a role of 
STAU2 in regulating differentiation in a 
TINCR-dependent manner has not been 
tested yet. Further studies are required 
to analyze potential roles of Staufen1/2 
homo- or heterodimerization in epidermal 
differentiation.

The fact that STAU1 is ubiquitously 
expressed50 while most lncRNAs show a 
tissue-specific expression pattern,30 allows 
the hypothesis that lncRNAs might fine-
tune target mRNA recruitment to STAU1 
in different cellular environments, and 
therefore could provide tissue specificity 
for STAU1 function. TINCR expression 
appears to be mostly limited to differen-
tiated keratinocytes and might therefore 
act as a tissue specific guide for pre-selec-
tion and shuttling of mRNAs to STAU1 
in differentiated epidermal strata. In 
this light, the hypothesis would suggest 
the existence of tissue specific lncRNAs 
with similar function in other terminally 
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differentiating tissues. Correspondingly, it 
might be of interest to investigate whether 
direct interaction of STAU1 with Dvl2 
mRNA in myoblasts is sufficient to medi-
ate stabilization of the transcript, or if a 
lncRNA is involved in this process.

Although the functional relevance of 
TINCR and STAU1 for epidermal dif-
ferentiation has been shown, the exact 
mechanism by which this lncRNA–pro-
tein complex mediates stabilization of a 
subset of differentiation mRNAs remains 
unclear. STAU1 was previously shown to 
facilitate translation initiation of mRNAs 
through tethering of transcripts to poly-
somes.49 Lack of proper localization of 
differentiation mRNAs to ribosomes in 
STAU1- or TINCR-deficient keratino-
cytes might therefore lead to decreased 
translational efficiency and subsequent 
premature decay of these transcripts, 
probably resulting in the epidermal dif-
ferentiation defect seen in TINCR- or 
STAU1-deficient tissue. While its exact 
role has yet to be defined, it appears that 
Stau1 plays multiple roles in terminal dif-
ferentiation processes in human epidermis 
and other tissues. Thus, further study of 
the complex consisting of STAU1 pro-
tein, lncRNA and associated mRNAs 
will broaden our understanding of long 
non-coding RNA and STAU1 function in 
mammalian tissue.
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