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Review

Tudor staphylococcal nuclease: biochemistry and
functions

Emilio Gutierrez-Beltran', Tatiana V Denisenko®*, Boris Zhivotovsky****° and Peter V Bozhkov*'®

Tudor staphylococcal nuclease (TSN, also known as Tudor-SN, SND1 or p100) is an evolutionarily conserved protein with invariant
domain composition, represented by tandem repeat of staphylococcal nuclease domains and a tudor domain. Conservation along
significant evolutionary distance, from protozoa to plants and animals, suggests important physiological functions for TSN. It is
known that TSN is critically involved in virtually all pathways of gene expression, ranging from transcription to RNA silencing.
Owing to its high protein-protein binding affinity coexistent with enzymatic activity, TSN can exert its biochemical function by
acting as both a scaffolding molecule of large multiprotein complexes and/or as a nuclease. TSN is indispensible for normal
development and stress resistance, whereas its increased expression is closely associated with various types of cancer. Thus,
TSN is an attractive target for anti-cancer therapy and a potent tumor marker. Considering ever increasing interest to further
understand a multitude of TSN-mediated processes and a mechanistic role of TSN in these processes, here we took an attempt to
summarize and update the available information about this intriguing multifunctional protein.
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Facts: expression is a fundamental mechanism underlying develop-
ment, homeostasis and adaptation to the environment.
Eukaryotic gene expression is a cumulative outcome of a
multitude of molecular processes, including transcription,

mRNA splicing, stability and translation, chromatin modifica-

e TSN is an evolutionarily conserved protein having a pivotal
role in the regulation of gene expression.
e TSN acts both as a scaffolding protein and as a nuclease.

e TSN sustains cell viability and its cleavage by proteases
facilitates cell death.

e TSN is implicated in key cancer-related processes and is a
potent marker of various types of tumors.

Open questions:

e How is nucleolytic activity of TSN regulated in vivo and how
this affects interaction of TSN with downstream targets?

e What are the structural bases and functional consequences
of distinct intracellular localization patterns of TSN in
animals and plants?

e What are the molecular mechanisms of the TSN-mediated
cancerogenesis?

God has given you one face, and you make yourself
another (William Shakespeare). Being true for all living
organisms, accurate spatio-temporal regulation of gene

tion, as well as protein stability and modification. Each of these
processes is in turn controlled by a highly dedicated repertoire
of proteins. However, one protein, Tudor staphylococcal
nuclease (TSN, also known as Tudor-SN, SND1 or p100)
appears to act in most of the gene expression pathways.
TSN is an evolutionarily conserved protein found in all
eukaryotic lineages, except budding yeast, Saccharomyces
cerevisiae. Conservation along significant evolutionary dis-
tance suggests important physiological functions for TSN.
Invariant domain composition of TSN comprises tandem
repeat of four staphylococcal nuclease (SN)-like domains
(hereafter referred to as SN domains) at the N terminus and a
fusion of a Tudor domain with a partial SN domain at the C
terminus (Figures 1a and b)."™® The simultaneous presence of
both Tudor and SN domains in the same protein molecule is
intriguing and suggests that during evolution TSN might have
acquired novel molecular functions in addition to canonical
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Figure 1 Domain composition and tertiary structure of TSN. (a) TSN has
invariant domain architecture including a tandem of four SN-like domains followed by
a Tudor domain and a fith SN domain. (b) The ribbon model of truncated human
TSN." Tudor domain and three SN domains are colored in brown and biue,
respectively

Tudor- and SN-specific functions. Indeed, owing to the pre-
sence of multiple domains TSN protein can interact with
nucleic acids, individual proteins and protein complexes in a
promiscuous manner.*

TSN was initially discovered as a transcriptional co-activator
interacting with Epstein-Barr nuclear antigen 2 (EBNA2) and
promoting EBNA2-dependent transcription.’"® Importantly,
TSN can also act as a co-activator of several other transcrip-
tion factors, such as Signal transducer and activator of
transcription 5 (STAT5) (ref. 6) and STAT6 (ref. 7). Besides
transcriptional role, TSN has been subsequently shown to
function in post-transcriptional regulation, including RNA
interference (RNAI), splicing and both degradation and
stabilization of mRNA. Participation of TSN in several gene
regulatory pathways appears to correlate with its ability to
shuttle between nucleus and cytoplasm®® and under certain
conditions to re-localize to cytoplasmic foci.'®~'2

To-date TSN is known to be critically involved in virtually all
pathways of gene expression, ranging from transcription to
RNA silencing. Moreover, increased expression of TSN has
been found to be closely associated with various types of
cancer.'®'® Considering ever increasing interest to further
understand a multitude of TSN-mediated processes and a
mechanistic role of TSN in these processes, here we took an
attempt to summarize and update the available information
about this intriguing multifunctional protein.

Structure and intracellular localization of TSN: clues to
multiple functions

A combination of the modeled three-dimensional structures
and X-ray crystallography revealed that four N-terminally
localized SN domains resemble a stick and the C-terminal
Tudor fused to a partial SN domain resemble a hook
(Figure 1b).'®'” This indicates that different parts of TSN
protein may recruit diverse protein complexes to perform
various functions (Figure 2).

The SN domains belong to the oligonucleotide/oligosac-
charide-binding fold (OB-fold) superfamily remarkably
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conserved throughout evolution and comprising proteins that
participate in nucleic acid binding."'® Each SN domain
consists of the characteristic five-stranded B-barrel (OB-fold)
flanked by three a-helices (Figure 1b). In fact, the presence of
SN domains indicates that TSN could share the primary
function of bacterial enzyme, that is, nucleic acid binding and
processing.! 191920 The C-terminally situated SN domains
of TSN specifically interact with several components of RNA-
induced silencing complex (RISC) such as the protein
astrocyte elevated gene-1 (AEG-1), Argonaute 1 (Ago1) and
2 (Ago?2) (Figure 2). In addition, human TSN is directly involved
in the degradation of hyper-edited double-stranded RNA
(dsBRNA) and miRNA precursors produced by adenosine
deaminases acting on RNA (ADARs) enzymes.?' Notably,
human TSN interacts with ADAR1, RNA-binding Ras-GAP
SHS3 binding protein (G3BP) and with several core compo-
nents of stress granules (SGs) under stress conditions,
whereupon SN domains are essential for both interaction
and SG-specific localization of TSN (Figure 2 and
Table 1).3'"22 Apart from binding cytoplasmic partners, SN
domains of mammalian TSN bind several components of
basal transcription machinery in the nucleus (Figure 2). All
these findings suggest that TSN, through its SN domains, may
participate in both transcriptional and post-transcriptional
regulation of gene expression.

The Tudor domain of TSN is a conserved structural motif of
~60 amino acids that is characterized by a strongly bent
antiparallel B-sheet composed of five 3-strands with a barrel-
like fold (Figure 1b).2® This domain has been reported to
recognize and bind methylated lysine and arginine of target
proteins, which is a key factor for their ability to facilitate the
assembly of larger protein complexes at discrete cellular
compartments.?*2° |t seems that a common function of
proteins containing Tudor domain, including TSN, is to act as
an adaptor in order to link methylated arginine or lysine
to effector molecules with specific catalytic activities.?* It
has recently been shown that human TSN interacts through
its Tudor domain with core components of RNA splicing
machinery, including Prp8 (human U5-220 kD Protein), two
Sm proteins, SmB and SmD1/D3 and the splicing factor
SAM68 (Src-associated in mitosis of 68 kDa).3>32 The
interaction of Tudor domain with SmD1, a Sm protein from
Plasmodium falciparum suggests an evolutionary conserved
role of TSN in splicing.®® The interaction with PIWIL1/Miwi,
a specific member of the Argonaute family, suggests a role
for TSN in the biogenesis of noncoding RNAs in
mammals.25-34

Because of the cross-kingdom conservation of TSN
sequence and its molecular structure, this protein might
perform similar functions in different organisms. Indeed, both
animal and plant TSN proteins interact with several SG-
associated proteins'"12:3%:3¢ and control the fate (stabilization
or degradation) of specific mRNAs during stress.'%36738
However, lineage-specific intracellular localization of TSN
raises doubts about cross-kingdom conservation of all
TSN functions. For example, unlike nuclear-cytoplasmic
localization of TSN in animal cells, plant TSN is exclusively
cytoplasmic, indicating that the probability of its involve-
ment in transcriptional regulation and splicing in plants is
|OW.1O’38
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Figure2 Multi-domain composition of TSN enables interaction with functionally diverse repertoires of proteins. TSN is involved in numerous cellular pathways via interactions
with key components of these pathways, through distinct domains. Thus, N-terminal SN domains act as a bridge between several components of the basal transcription
machinery such as EBNA2-TFIIE, STAT6-RHA, C-Myb-Pim1, STAT6-PC1 and STAT6-CBP. In addition, TSN interacts through SN domains with the transcription factor PPARy,
several components of the RISC complex, including AEG-1, Ago1 and Ago2, and with different SG-associated proteins, such as ADAR1, G3BP, TIAR, Pabp1 and elF4E.
C-terminal Tudor domain interacts with several components involved in RNA splicing, including the Sm proteins SmB, SmD1/D3, SmD1, SAM68 and Prp8. In addition, C-terminal
Tudor domain interacts with the Piwi protein PIWIL1/Miwi

Table 1 Summary of all thus far known functions of TSN, including organisms and interacting proteins

Function Model system/species Interacting proteins References
Transcription Human cells ¢c-Myb and Pim-1 89
STAT6 and CBP 40
STAT6 and RHA “
STAT6 and PC1 42
STATS 6
EBNA2 and TFIIE 5
PPARy 43
P, falciparum 33
Splicing Human cells Prp8 s2
SmB, SmD1 and SmD3 80
SAM68 81
P, falciparum SmD1 33
RISC Various animal models Ago2, FMRP, VIG and FXR °
Human cells AEG-1 70
Ago1 and Ago2 3
B. mori Ago1 and Ago2 12
X. laevis 21
Regulation of noncoding RNAs ~ Human cells PIWIL1/Miwi 25
D. melanogaster Piwi 84
RNA stabilization Human cells N
Arabidopsis 36,38
Stress response Human cells G3BP 22
ADAR1 and elF4E R
TIAR, Pabp1 and elF5A 3
B. mori elF4E and TIA1 12
Arabidopsis CML38 85
10,27,38
Cell death and cancer Human cells NF-kB ‘7‘: .

Human cells and plants (P, abies and Arabidopsis)

Cleaved by caspases/metacaspases

20

Arabidopsis, Arabidopsis thaliana; B. mori, Bombyx mori; D. melanogaster, Drosophila melanogaster, P. abies, Picea abies; P. falciparum, Plasmodium falciparum;

X. laevis, Xenopus laevis

TSN-mediated regulation of transcription

TSN has been postulated to act as a transcriptional co-acti-
vator, interacting with several transcription factors (Figure 2
and Table 1). Thus, TSN functions as a bridge coupling

promoter-specific transcription factors and the basal transcrip-
tion machinery, such as c-Myb and Pim-1 (ref. 39), STAT6 and
CREB-binding protein (CBP),*® STAT6 and RNA Helicase A
(RHA),*' STAT6 and polycystin-1 (PC1),** EBNA2 and
TFIIE,® respectively (Figure 2). In addition, TSN interacts with
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STAT5 (ref. 6), peroxisome proliferator-activated receptor-y
(PPARy)*® and the nuclear factor kB (NF-kB) (Table 1).** The
interaction with transcription factors is mediated by SN
domains, which concurrently bind DNA.7 Accordingly, a set
of TSN-bound promoter regions has been recently identified
using chromatin immunoprecipitation.?® The interaction of
TSN with multiple components of transcription machinery
makes it an important factor in the regulation of a plethora of
cellular signaling pathways implicated in the pathogenesis of
various human diseases.

TSN is critical for assembly of STAT transcriptosome,
participating in cell proliferation, cell death, and
differentiation.*® Thus, TSN interaction with STAT6 and PC1
activates renal epithelial cell proliferation in autosomal
dominant polycystic kidney disease (ADPKD).*? Binding of
TSN and STAT6 to CBP stimulates the expression of
interleukin-4, an important regulator of immune and anti-
inflammatory response. Interaction of TSN with STAT5
facilitates the transcriptional activation of prolactin (PRL)
genes.® STAT proteins undergo phosphorylation and subse-
quent dimerization upon cytokine stimulation, facilitating their
nuclear import and activation of transcription of target genes.*®
Given that TSN has been detected in both the cytoplasm and
nucleus, the interaction of TSN with STAT proteins might occur
already in the cytoplasm, and the pre-formed complex could
be translocated to the nucleus. Although the function of TSN
as transcriptional co-activator has been only described in
human cells, a yeast two-hybrid analysis performed in the
malaria parasite P falciparum suggested, albeit not proved
exclusively, a similar role for TSN in protozoa.®®

Pim-1 is a serine/threonine protein kinase that cooperates
with c-Myc during lymphoid cell transformation in human.
Leverson et al®® revealed that Pim-1 phosphorylates TSN
forming a stable complex, which promotes transcriptional
activity of c-Myb in a TSN-dependent manner. That was the
first evidence of the post-transcriptional regulation of TSN
activity by phosphorylation. Importantly, TSN was predicted to
be a potential substrate for phosphorylation mediated by
Cdk2/4/6 (cyclin-dependent kinase) during the G1/S phase
transition.*” This post-transcriptional modification was thought
to promote transcriptional activity of E2F-1, which could in turn
facilitate activation of transcription of E2F-1-mediated G1/S
phase target genes. In plants, a phosphoproteomic analysis
revealed phosphorylation of TSN upon stress conditions,*®
indicating that this post-transcriptional modification of TSN is
conserved between kingdoms. Taken together these findings
suggest that phosphorylation of TSN could be an essential
step in activation of this protein.

Role of TSN in splicing

Precursor mRNA (pre-mRNA) splicing is the highly ordered
process by which noncoding intronic regions are removed
from a pre-mRNA and exons are joined to produce a mature
mRNA. This process is carried out by spliceosome composed
of five small nuclear ribonucleoprotein (snRNP) particles,
each assembled from small nuclear RNAs (snRNAs U1, U2,
U4/U6 and U5), seven common Sm proteins and the specific
proteins that associate only with a certain snRNP particle.*®
Sm proteins function as molecular scaffolds for the stepwise
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Figure 3 A model for a dual role of TSN in splicing. The spliccosome assembly
starts with the binding of U1 snRNP to the 5’ splice site followed by the recruitment of
U2 snRNP together with small Sm proteins to give rise to the complex A. Subsequent
recruitment of the U4/U6-U5 tri-snRNP leads to the formation of the complex B, which
contains all spliceosomal subunits that carry out pre-mRNA splicing. This is followed
by conformational changes and remodeling, including the loss of U1 and U4 snRNPs,
resulting in the formation of complex C, which is the catalytically active spliceosome.
The interaction of TSN with several Sm proteins leads to the recruitment of Sm
proteins to the U1 snRNP particles and the subsequent formation of the complex A
(1). In addition, the interaction of TSN with U5 snRNP facilitates the formation of the
complex B (2)

assembly of discrete snRNP particles on the pre-mRNA.%°
Briefly, U1 snRNP binds to the 5’-end splice site of the pre-
mRNA, and U2 snRNP associates with the branch point
sequence of pre-mRNA and other non-snRNP-associated
factors to form complex A (Figure 3). The U4, U5 and U6
snRNPs are recruited to the assembling spliceosome to form
complex B and, following several rearrangements, complex C
(the spliceosome) is activated for catalysis.>’

TSN has been shown to interact with U1, U2, U4, U5 and U6
snRNPs and Sm proteins SmB and SmD1/D3, thereby
facilitating spliceosome complex formation and enhancing
splicing rate in vitro.3°3? Considering that these interactions
are mediated by the Tudor domain and that recombinant SN
domains abrogate the in vitro splicing reaction and the
spliceosome complex formation, both domains might have a
coordinate role in the regulation of pre-mRNA splicing. These
findings led to postulate a model where TSN may have two
successive roles in splicing (Figure 3). First, TSN may facilitate
the recruitment of Sm proteins to the U1 snRNPs, thereby
promoting the formation of spliceosomal complex A (Figure 3;
role 1). Thereafter, TSN may facilitate the transition from
complex A to complex B via association with U5 snRNP



(Figure 3; role 2).%° A recent finding that P. falciparum TSN
interacts with SmD1 protein suggests that the role of TSN in
pre-mRNA splicing may also be conserved between protozoa
and animals.®®

Misregulation of splicing contributes to an increasing
number of human pathologies, including genetic and neuro-
degenerative diseases, as well as cancer.>® These disorders
can be caused by mutations that disrupt splicing of specific
genes or by a general loss of a spliceosomal function affect-
ing entire networks of downstream genes. Recent work has
connected the function of TSN in splicing regulation to
oncogenesis by demonstrating interaction of TSN with a
splicing factor SAM68 in prostate cancer cells.®' The authors
have revealed that TSN can promote SAMG68-dependent
splicing of specific exons in DC44 mRNA, an event associated
with tumor progression and metastasis. However, whether this
phenomenon is specific for prostate cancer or is a more
general event requires additional investigations.

Role of TSN in post-transcriptional regulation of gene
expression

Post-transcriptional processes, such as RNAI, stabilization,
decay and editing allow cells and the whole organism to timely
and specifically alter the proteome in order to embark on a
developmental transition or respond to changing environ-
mental conditions. RNAi silencing pathway is mediated by the
ribonucleoprotein complex known as RISC, which possesses
the endonuclease activity resulting in target mRNA
degradation.®® The basic RNAi machinery contains Dicer
RNase Ill endoribonuclease and Ago proteins that process
long dsRNA into small interfering RNAs (siRNAs), which are
then used as templates for recognizing complementary
mRNA. TSN was initially found to be associated with several
components of RNAi machinery, such as the fragile X mental
retardation protein (FMRP), Vasa Intronic Gene product (VIG),
Fragile X-Related protein (FXR), AEG-1, Ago1 and Ago2 in
such evolutionary distant organisms as Drosophila melano-
gaster, Caenorhabditis elegans and Bombyx mori, as well as
in mammalian cells (Table 1 and Figure 4).3°12% Given that
RISC activity was inhibited by 3’,5’-Deoxythymidine bisphos-
phate (pdTp), an inhibitor of staphylococcal nuclease, there is
a high probability that TSN might contribute to the nucleolytic
activity of RISC.®

dsRNA can further undergo extensive covalent editing by
ADAR enzymes, resulting in the conversion of adenosine
residues to inosine (1) (I-dsRNA).%® In mammals, TSN has
been implicated in the degradation of I-dsRNA molecules
(Figure 4; pathway 1).2'°® Although various RNAs can be
extensively edited, the cellular function of hyper-edited dsRNA
remains elusive. Several lines of evidence suggest that editing
of dsRNA may antagonize RNAi pathway by inhibiting the
production of siRNAs, the key intermediates in the pathway
(Figure 4; pathway 2). Accumulation of I-dsRNA in the cell
leads to both inhibition of translation and reduction of mRNA
levels via formation of SGs (Figure 4; pathway 3).%” At the
same time, I-dsRNAs were found to specifically bind SG
components, including TSN. Apart from the cleavage of
I-dsRNA, TSN is involved in the selective degradation of
hyper-edited miRNA precursors (pre-I-miRNAs) (Figure 4;
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pathway 4).%6 After maturation of miRNA precursors, miRNAs
are integrated into RISC complex in order to block trans-
lation of specific mMRNAs containing partially complementary
targets or to guide degradation of target mMRNAs (similarly to
siRNAs).589 |t has recently been reported that pre-I-miRNAs
might affect miRNA-processing and target mRNA binding
(Figure 4; pathway 5).%° Therefore, the available data suggest
that editing of dsRNA or miRNA molecules by ADARs with
subsequent TSN-dependent degradation of I-dsRNAs and
pre-I-miRNAs could provide an efficient means of switching off
the dsRNA/miRNA-induced silencing pathway.

SGs typically contain poly(A)* RNA, translation initiation
factors (elFs), poly(A)-binding protein (Pabp), RNA-binding
proteins (RBPs) and ribosomal proteins (Figure 4), and have a
major role in translational repression by sequestering,
stabilizing and storing mRNAs and translation factors.®" The
interaction of TSN with proteins forming the core of SGs, such
as Pabp1, elF4E, elF5A, TIAR (TIA1-related protein) and TIA1
(T-cell-restricted intracellular antigen) in different organisms
indicates that TSN is a key component of these cytoplasmic
foci (Table 1). In addition to proteins forming their core, SGs
recruit additional proteins involved in numerous cellular path-
ways. Thus, Ago2 and protein kinase interferon-inducible
double-stranded RNA-dependent activator (PACT), a Dicer
cofactor, are recruited to SGs.922 It has been suggested that
the translocation of these proteins to SGs may reflect a
dynamic change in their activity.53%* Notably, TSN has been
found to interact with Ago1 and Ago2 in B. moriand mammals,
with ADAR1 and G3BP in mammalian cells and with the
calmodulin-like protein 38 (CML38) in Arabidopsis thaliana
(Figure 4; pathway 6).'"12223537 Eyperimental evidence
indicates that TSN may act as a scaffolding factor recruiting
other proteins to the cytoplasmic foci. ' In this context, one can
also speculate that TSN might sequester different proteins into
SGs thus repressing their physiological function.

During stress, cytoplasmic mRNAs can be stored in SGs or
subjected to degradation in the processing bodies (PBs),"
which contain proteins involved in mRNA decay, including
subunits of decapping (DCPs), exosome complexes (XNRs)
and deadenylases (Figure 4).°' Stabilization of specific
mRNAs by RBPs in SGs was shown to protect them from
degradation in PBs during stress.®5%¢ Accordingly, TSN as a
SG-associated protein appears to have an essential role in
binding and stabilization of specific mMRNAs during stress in
mammals and plants (Figure 4; pathway 7).3%® TSN-
mediated mRNA stabilization was shown to be accompanied
by enhanced translational efficiency of AGTR1 (angiotensin Il
receptor, type 1 mRNA), resulting in an elevated protein
levels.® It has also been revealed that TSN is required for the
proper aggregation and stabilization of poly(A)* mRNAs, such
as those encoding AGTR1 and IGFBP2 (insulin-like growth
factor-binding protein 2), in SGs during stress in mammals.®”
In plants, TSN was consistently shown to be required for
stabilization of stress-responsive mRNAs under various
experimental settings.3¢%5” These findings demonstrate that
TSN-dependent stabilization of specific mMRNA molecules is
crucial for stress adaptation.

In addition to SGs, Arabidopsis TSN protein is also localized
to PBs, suggesting its involvement in the mRNA decay
process. Indeed, stress-induced accumulation of uncapped
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Figure 4 Role of TSN in the cross-talk between different pathways post-transcriptionally regulating gene expression. Degradation of both hyper-edited double-stranded RNAs
(I-dsRNA, 1) and miRNA precursors (pre-I-miRNA, 4) by mammalian TSN can lead to the inhibition of the RNAi silencing pathway (2 and 5), and in this way will antagonize the
nucleolytic function of TSN in RISC complex. Concurrently, the enhanced accumulation of I-dsRNA molecules in the cell promotes inhibition of translation and reduction of mRNA
levels via formation of SGs under stress conditions (3). In the same, stress scenario, TSN might act in promoting sequestration of specific proteins to SGs (6) thus altering their
cellular function. In addition, the localization of TSN in both SGs and PBs is required for mRNA stabilization and degradation under stress conditions (7-9)

mRNAs (intermediates of the mRNA decay pathway) was
abrogated in TSN knockout plants (Figure 4; pathway 8)."°
Although mRNA decay typically occurs in PBs, a number of
studies in mammalian systems demonstrated that mRNA
decay enzymes, such as XRN1, can be also found in SGs,
pointing to the possibility that TSN could potentially act in
mRNA degradation in animal SGs in a manner similar to plant
PBs.%8 Furthermore, shuttling of cytoplasmic mRNAs between
PBs and SGs has been well documented in stressed
mammalian cells.®® There is a long-standing notion that
mRNAs stalled at a stage of translation initiation are either
stored in SGs or re-directed to PBs for degradation. Accord-
ingly, TSN might function as a key regulator of cytoplasmic
mRNA fate during stress conditions, having two seemingly
antagonistic roles: facilitating global mRNA decapping and
thus degradation and at the same time stabilizing a subset of
mRNAs that are required for survival (Figure 4; pathway 9).
However, underlying molecular mechanisms as well as how
these two roles of TSN are co-regulated remain unknown.

Role of TSN in carcinogenesis and cell death

Recent findings show that TSN is overexpressed in various
types of cancers, and its elevated levels are associated with
poor prognosis for cancer patients.'*”%”" Indeed, TSN has
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been linked to various oncogenic pathways through interaction
with a broad spectrum of signaling proteins (Figure 5).4+7%7
Thus, TSN was shown to promote tumor cell proliferation
through activation of the Wnt signaling pathway.”®> Over-
expression of TSN suppressed the levels of adenomatous
polyposis coli protein, which is a ‘gatekeeper-type’ tumor
suppressor gene in colon cancer development.” Similarly,
stable overexpression of recombinant TSN in rat intestinal
epithelial cells led to the enhancement of cell proliferation and
anchorage-independent growth activity in a soft agar colony
formation assay, accompanying the subcellular translocation
of E-cadherin to the cytoplasm that influenced the loss of
contact inhibition.”® Furthermore, TSN could affect hepato-
cellular carcinoma (HCC) progression by two distinct
pathways.”®”® First, as a member of RISC complex, TSN
interacts with AEG-1 leading to the increased degradation of
tumor suppressor mRNAs.”® On the other hand, a negative
regulator of insulin-like growth factor (IGF) pathway, an insulin-
like growth factor-binding protein 3 (IGFBP3), was reported to
be significantly overexpressed in TSN knockdown HCC cells,
suggesting the contribution of TSN to cell proliferation, colony
and tumor formation.”®

Another important process regulated by TSN is angiogen-
esis (Figure 5). TSN promotes angiogenesis in HCC by
activating the NF-kB, resulting in the induction of the



TSN
// Migration/ \ Chemoresistance/

Proliferation ~ Angiogenesis Invasion Metastasis Cytoprotection

Wnt pathwa NF-kB AEG-1
lGFBP3 | Angiogenin VEREL ey SAM68 S100A11/PLA2
c-Myb CXCL16 miR-361-5p
Cancer

aggressiveness

Figure 5 Role of TSN in carcinogenesis. TSN is implicated in a subset of cancer-
related processes. In particular, TSN can promote tumor cell proliferation through
activation of the Wnt and IGF signaling pathways. Furthermore, TSN interacts with
c-Myb, sustaining breast cancer proliferation. TSN supports angiogenesis by
activating NF-kB, resulting in the induction of the oncomiR-221, angiogenin and
CXCL16. TSN is involved in the regulation of migration and invasion. Interaction of
TSN with AEG-1, SAM68 and miR-361-5p promotes tumor metastasis. TSN is a
direct target of miR-184 in the regulation of malignant glioma invasion. TSN was also
reported to support epithelial-mesenchymal transition (EMT) via association with the
TGFp1 signaling pathway in breast cancer. In addition, TSN is involved in the
regulation of chemoresistance in lung cancer acting through TSN-S100A11-
PLA2 axis

oncomiR-221, angiogenin and CXCL16.** Consequently, the
interplay between the TSN and the NF-kB activation status
might provide an important link in coordinating the liver
response to tumorigenic and angiogenic stimuli.

More recently, TSN via association with the TGFR1
signaling pathway was reported to promote epithelial—
mesenchymal transition (EMT) in breast cancer. The TSN
promoter region contains several Smad-specific recognition
domains (RD motifs), which were recognized and bound by
the Smad complex that enhanced the transcriptional activation
of TSN.” Since TSN is involved in the regulation of migration
and invasion in different cancers its expression level could be
used as a potent autonomous poor-prognosis marker.

TSN is considered as a good marker for breast cancer
metastasis.' It was demonstrated that the expression level of
TSN was higher in the invasive/metastatic breast cancer cell
line (MDAMB-231) compared to poorly invasive/non-meta-
static lines (MCF-7 and T47D). Likewise, TSN has a regulatory
role in malignant glioma invasion, which is a major determinant
of its aggressiveness.”® In this type of cancer, TSN is a
downstream target of miR-184, and either knockdown of
TSN or overexpression of miR-184 significantly decreased cell
viability and glioma invasion (Figure 5).”° In addition to
miR-184, TSN is also a target of miR-361-5p, whose
expression level is negatively correlated with lung metastasis
and prognosis in clinical colorectal cancer patients.”® Over-
expression of miR-361-5p markedly suppressed proliferation,
migration and invasion of cancer cells and could be partially
rescued by the ectopic expression of TSN. Importantly, TSN
was able to bind pre-miR-361-5p thereby suppressing the
expression of miR-361-5p through feedback regulation.
Interestingly, in vivo studies showed that restoration of
miR-361-5p significantly inhibited tumor growth and especially
the lung metastasis in nude mice. Thus, miR-184 and
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miR-361-5p function as tumor-suppressive miRNAs through
direct inhibition of TSN, highlighting TSN’s potential as a novel
target for the treatment of patients with glioma, lung or
colorectal cancers.

TSN was shown to have a critical role in mammary
tumorigenesis by regulating oncogene-induced expansion
and activities of tumor-initiating cells (TICs). Mechanistically,
through its interaction with AEG-1, TSN can support the
survival of mammary epithelial cells under oncogenic/stress
conditions. Silencing TSN or AEG-1 individually or disrupting
their interaction compromises tumorigenenic potential of TICs
in vivo.”” Interestingly, AEG-1 knockout cells are character-
ized by low level of tumor development. This effect is
completely rescued by ectopic expression of AEG-1 in breast
cancer cells. Nevertheless, downregulation of TSN in these
cells completely eliminated the rescued effect of AEG-1
expression. Moreover, downregulation of TSN in AEG-1**
cells is resulted in reduced ability of tumor formation in vivo,
resembling the phenotype of AEG-1~/~ cells and signifying
the role of TSN for oncogenic properties of AEG-1 in breast
cancer. Analysis of samples obtained from breast cancer
patients revealed simultaneous overexpression of c-Myb and
TSN.”® The authors estimated that the TSN promoter is one of
the target sites of c-Myb, proposing the presence of a positive
regulatory mechanism to maintain c-Myb and TSN at
sufficiently high levels to sustain breast cancer progression.

Accumulated evidence suggests that TSN can be used as
an efficient diagnostic and/or prognostic marker of various
tumor types. Thus, detailed analysis revealed that the level of
expression of TSN correlates with the histological grade of the
prostate tumor.”® Moreover, the level of TSN expression was
compatible with the level of another protein marker of prostate
cancer, a-methylacyl-CoA racemase (AMACR). Mass spec-
trometry analysis of proteins interacting with splicing factor
SAME8 in prostate cancer cells showed significant accumula-
tion of both SAM68 and TSN.3! Upregulation of these proteins
exerted interdependent synergic effect on exon v5 inclusion in
the CD44 mRNA, providing further evidence for TSN as a
novel regulator of alternative splicing, promoting prostate
cancer cell growth and survival.

One of the hallmarks of human cancers is the ability to
evade cell death.®’ TSN was demonstrated to contribute to the
progression of apoptosis as a primary substrate for caspase-3
(ref. 20). Intriguingly, cleavage of TSN appears to represent
evolutionary conserved cell death mechanism, since ances-
tors of animal caspases, metacaspases,?>®'®2 have also
been shown to cleave TSN in plant cells during developmen-
tally regulated and stress-induced cell death.2° Furthermore,
high expression of TSN in cancer cells might contribute to
malfunction of apoptotic machinery and chemotherapeutic
response. Indeed, recently we demonstrated that TSN over-
expression suppresses activity of pro-apoptotic genes that
eventually compromises tumor ability to undergo apoptosis
promoting chemoresistance of non-small cell lung adenocar-
cinoma cells (NSCLC).®2 Silencing of TSN was accompanied
by a significant decrease in S-100 calcium-binding protein A11
(S100A11) expression and consequently, downregulation of
S100A11 resulted in enhanced sensitivity of NSCLC cells to
cisplatin, oxaliplatin and 5-fluouracil. A phospholipase A2
(PLA2) inhibitor as well as its silencing strongly abrogated
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chemosensitization upon downregulation of S100A11 sug-
gesting that PLA2 inhibition by S100A11 governs the
chemoresistance of NSCLC. These findings highlight the
importance of TSN as an essential mediator of chemoresis-
tance and the novel TSN-S100A11-PLA2 axis in the regulation
of apoptosis triggered by chemotherapeutic agents in NSCLC
cells (Figure 5). Targeting TSN or S100A11 may be
particularly beneficial for anti-cancer treatment and may have
important therapeutic implications.

Genome-scale analysis of DNA methylation in colorectal
cancer identified TSN among 14 highly robust candidates
showing methylation marks.®* Importantly, a CpG site located
in TSN gene was identified with highest discriminative
accuracy, emphasizing role of this gene/protein in develop-
ment of prostate cancer and the possibility to be a potential
diagnostic candidate gene. Examination of 72 SNPs in 21
miRNA-processing genes in a total of 99 osteosarcoma
patients and 387 controls resulted in interesting finding of
association of three SNPs in TSN within RISC complex with
the osteosarcoma risk.2°

Immunohistochemical staining of samples from human
colon cancer and their corresponding non-cancerous colon
tissues revealed simultaneous increase of expression of
AEG-1 and TSN in tumor samples compared with paired
non-cancerous colon tissues.”” Importantly, their positive
expression was both significantly associated with nodal
status, pathological stage and differentiation. Moreover, the
overall survival rate in colon cancer patients with positive
expression of both AEG-1 and TSN was significantly reduced
proposing the co-expression of AEG-1 and TSN as a potent
marker for prediction of the prognosis in colon cancer.

Conclusions

Considering growing evidence for the tight involvement of TSN
in the control of cell viability under stress and oncogenic
transformation, we propose a hypothetical model for TSN-
mediated gene regulation under increasing level of stress
(Figure 6). Under normal conditions, TSN has housekeeping
role by stimulating transcription, mRNA splicing and/or
silencing, depending on the phylogenetic position of the
organism. After stress perception, TSN is re-localized to
cytoplasmic foci contributing to (i) global translational sup-
pression and (ii) repression of specific pathways due to re-
distribution of TSN away from its partner proteins. Given that
SGs and PBs confer stress resistance,®® re-localization of
TSN to cytoplasmic foci may help to protect cells from death
(Figure 6). This is consistent with our recent observation of
increased cell death in the roots of Arabidopsis TSN knockout
mutants under prolonged stress.'® Considering that TSN is a
common target of caspases and metacaspases in animals
and plants, respectively®® we propose that protease-mediated
cleavage of TSN abrogates its pro-survival role and triggers
cell death, presumably through disrupting cytoplasmic foci
(Figure 6). This possibility is supported by recent works
demonstrating disruption of SGs under prolonged exposure to
stress.'?8” More research in different organisms is required to
validate and complement our hypothetical model.

Future prospects in TSN research are also associated with
its role in tumorigenesis. Although expression of TSN is linked

Cell Death and Differentiation

__——— Time understress]

CD proteases

el
TSN TSN TSN ,1
BEEEeE il 4 T
/’-\ 1 - =

. e . . 1
Splicing Silencing U sas ) —)E|PBS\A

S TSN )
Cell Cell
survival death

Transcription

JIN L T

;

Figure 6 Hypothetical model for TSN-dependent regulation of cell viability under
normal and stress conditions. Under normal condition, TSN has its housekeeping role
by stimulating transcription, mRNA splicing or silencing, depending on phylogenetic
position of the organism. Following stress perception, TSN is re-localized to
cytoplasmic foci, SGs and PBs, contributing to cell survival. Finally, the pro-survival
role of TSN is abrogated by caspase- or metacaspase-mediated cleavage, triggering
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to various steps of tumor progression, it is still unclear whether
overexpression of TSN alone is sufficient to transform cells. It
is important to understand whether tissue-specific expression
of TSN is associated with its oncogenic properties. Moreover,
we still do not know whether involvement of TSN in
carcinogenesis is associated with its molecular functions in
the regulation of gene expression described above.
Surprisingly, in addition to cancer TSN was recently
linked to the susceptibility to autism and autism spectrum
disorders.®® Association analysis showed strong coupling of
MKL2 (MKL/myocardin-like 2) and TSN with autism in at least
two European populations, Finnish and Northern Dutch ones.
This raises the question: does TSN have a direct role in the
development of this or any other diseases and if so, what are
potential mechanisms of its function? Full and/or conditional
knockout of TSN in mammalian models should help to address
these and other questions about this multifunctional protein.
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