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KSRP, many functions for a single protein
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1. ABSTRACT

KSRP is a single-strand nucleic acids binding
protein that affects RNA fate at multiple levels. KSRP
modular structure and its complex pattern of post-
translational modifications underpin the interaction with a
wide spectrum of RNA target sequences, as well as with
other RNA-binding proteins and molecular adaptors. These
interactions are important to the regulation of different
steps of mRNA metabolism and, in turn, modulate several
aspects of cellular proliferation and differentiation. In this
review we will discuss in detail KSRP ability to i) promote
decay of labile mRNAs interacting with some components
of the mRNA decay machinery and ii) favor the maturation
of a select group of microRNA precursors.
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2. INTRODUCTION

2.1. The origins.

In 1996 the Levens laboratory identified novel
members of the far upstream element (FUSE)-binding
protein family that were named FBP1, FBP2, and FBP3 (1).
The FUSE is an AT-rich DNA element 1.7 Kb upstream of
the c-myc oncogene promoter. The three members of the
FBP family are able to bind to the FUSE and to up-regulate
c-myc transcription (1). The inspection of the primary
sequences of FBPs revealed the presence of four K
homology (KH) motifs (named after their recurrence in the
heterogeneous nuclear ribonucleoprotein K, see Figure 1)
(2). In 1997 Black and co-workers cloned a cDNA coding
for KSRP (KH-type splicing regulatory protein), a 75 KDa
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Figure 1. Schematic representation of the primary structure of human KSRP. NLS is for nuclear localization signal. S193 is the
AKT1/2 phosphorylation site while T692 is the MAPK p38 phosphorylation site. Y-rich repeats in the C-terminal region are

indicated as vertical bars.

component of a multi-protein complex that binds
to an intronic splicing enhancer element downstream of the
neuron-specific c-src N1 exon (3, 4). FBP2 and KSRP
turned out to be the same protein (henceforth indicated as
KSRP). The human gene encoding KSRP (called KHSRP)
has been mapped to chromosome 19p13.3 (5). As depicted
in Figure 1, the amino-terminus of the protein encompasses
a low complexity proline-glycine (PG)-rich region, a
putative a-helix that is involved in protein-protein
recognition, and a nuclear localisation signal. The central
region comprises four KH domains, two of which have
additional secondary structure elements (see below). The
carboxy-terminal part of the protein contains four Y-rich
repeats important to up-regulate c-myc transcription (1).
Finally, experimentally validated post-translational
modification sites have been found in both KH domain 1
(KH1) and in the C-terminal part of the protein and have
been shown to regulate regulate its functions (see section
3).

2.2. Discovery of additional functions.

In 2000 Greeve and coworkers purified KSRP as
an activating component of the APOBEC-1 cytidine
deaminase-containing complex that is responsible for the
apoB mRNA editing (6). In 2002, the Kindler laboratory
demonstrated that MARTAI, a protein that interacts with
the cis-acting dendritic targeting element in the 3'
untranslated region (3'UTR) of microtubule-associated
protein 2 mRNA, is the rat homologue of KSRP (7, 8).
Additional homologues of KSRP in Xenopus Laevis and
chicken (VgRBP71 and ZBP2, respectively) were
identified as effectors of subcellular localization of specific
mRNAs (9, 10). More recently, KSRP was found to interact
with the internal ribosomal entry site of the Enterovirus 71
and to negatively regulate viral translation (11).

Altogether, the above findings indicate that
KSRP is a versatile RNA-binding protein that is implicated
in several biological functions. In the next chapters we will
focus on two recently discovered additional functions of
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KSRP: i) its ability to favor the decay of inherently labile
mRNAs which has been by far the most extensively
investigated function; ii) its ability to promote miRNA
precursor maturation which is an exciting mode of KSRP
action to post-transcriptionally control gene expression.

3. KSRP AND mRNA DECAY CONTROL

mRNA stability varies considerably from one
mRNA species to another and plays an important role in
determining levels of gene expression (12, for a recent
review). Differential mRNA decay rates are determined by
specific cis-acting elements within the mRNA molecule.
The AU-rich element (ARE) is the most common cis
element responsible for rapid mRNA decay in mammalian
cells and can be found in the 3° UTRs of short-lived
transcripts encoding cytokines, chemokines, transcription
factors, proto-oncogenes, and cell-cycle regulators (13, 14).
It is now clear that AREs may account for degradation of
most unstable mRNAs and that the regulation of mRNA
half-life plays a crucial role in the control of gene
expression (15). Numerous proteins have been described to
bind AREs (ARE-binding protein (ARE-BP), (16)). Some
are mRNA decay-promoting factors while others are
stabilizing factors. In addition, the function of some of
these proteins in destabilizing or stabilizing mRNAs is
dependent on the cellular context and/or the expressed
protein isoforms (16, 17).

KSRP was shown to be an ARE-BP that
specifically and directly binds to ARE-containing mRNAs
and recruits the exosome (a multi-subunit protein complex
with 3°-5" endonucleolytic activity) and other enzymes
necessary to mRNA degradation, to AREs-containing
mRNAs (18-20). Subsequently, many laboratories further
demonstrated that KSRP is required for rapid decay of
several ARE-containing mRNAs both in vitro and in vivo
(19, 21-29) with the third and fourth KH domains (KH3
and KH4, Figure 1) mediating high-affinity binding to the
AREs (19).
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Figure 2. KSRP recruits to the ARE-containing mRNAs the enzymatic machines responsible for the decay of inherently unstable

transcripts.

KSRP was found to form a complex with mRNA decay
enzymes, including the poly (A) RNase PARN, the
exosome component EXOSC2 (also known as RRP4), and
the decapping enzyme DCP2 (Figure 2) (18-20).
Importantly, it has been shown that two separate regions of
KSRP are able to elicit mRNA decay. Both the KH
domains and sequences residing in KSRP C-terminal
region are required for efficiently triggering decay of
mRNA (20). Indeed, immunoprecipitation experiments
revealed that KSRP deletion mutants containing KH1-3 or
the C terminus associate with mRNA decay enzymes.
While experimental evidence suggests that KSRP and the
exosome associate via protein-protein interactions (in a
RNA-independent way (18)), it is still unknown which
exosome subunit (s) contact KSRP. Furthermore, it is not
yet clear which region (s) of KSRP interacts with the
decay-promoting enzymes and whether all the interactions
are mediated by direct contacts or takes place in the context
of a larger protein complex.

In vitro studies have indicated that the isolated
KH domains of KSRP bind to AU-rich sequences with low
affinity (Kd > 100 microM) and that simultaneous binding
of at least two KH domains is necessary to obtain Kd
values in the nanomolar-to-micromolar range (19, 30).
Indeed, although isolated KH3 moderately elicits mRNA
decay in transfected cells, efficient degradation requires
additional KH domains (either KH2 or KH4) together with
KH3 (20).

Adding a further layer of complexity, structural
analysis of the four KH domains of KSRP by NMR
suggested that KH1 and KH4 have beta-strand additions to
the canonical KH fold. These elements, that are outside the
KH domain nucleic acid binding groove, are potentially
available for protein-protein interactions (30, 31). Further,
the arrangement of the KH2 and KH3 domains creates a
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negatively charged groove that could be involved in
protein-protein contacts (32). Interestingly, phosphorylation
of KH1 leads to domain unfolding and creates a site for 14-
3-3 adaptor protein (31). These data suggest that the KH
domains not only mediate ribonucleic acid interactions but
also are capable of interacting with other proteins and that
KSRP function in ARE-mediated mRNA decay (AMD)
may be modulated by a number of associated factors.

4. EXTRACELLULAR SIGNALS CONTROL mRNA
DECAY RATES TARGETING KSRP

RNA-binding proteins are often subjected to
post-translational modifications - including phosphorylation
- that link signals from the extracellular environment to
various gene regulation pathways (33-39). At least two
signaling pathways, the MAPK p38 and the Akt/PKB, have
been shown to target decay-promoting ARE-BPs including
TTP, BRF1, and KSRP that modulate AMD (24-26, 35, 40,
41).

The analysis of KSRP primary structure revealed
the presence of several potential phosphorylation sites. At
least two of them (Thr 692 and Ser 193) have been proved
to be involved in regulation of KSRP function in AMD (24,
25, 32). We showed that the p38 MAPK phosphorylates
KSRP at Thr 692 upon serum withdrawal-induced
activation at early phases of myoblast differentiation (24).
This phosphorylation impairs the ability of KSRP to
interact with select ARE-containing “myogenic* transcripts
encoding myogenin and p21 (24). This event results in a 2
to 3-fold enhanced mRNA stability and, in turn, enhanced
steady-state expression of these two important regulators of
myotube formation. As a consequence, the differentiation
of myoblasts is facilitated (24). Interestingly, KSRP is not
the only ARE-BP implicated in myoblast differentiation as
a role for HuR, another ARE-BP, has also been
demonstrated in this process (42-44). Using a different
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cellular system, Holtmann and coworkers demonstrated
that IL-1 impairs the interaction of KSRP with the IL-8
AREs in a manner dependent on p38 MAPK (26).

As mentioned in section 2, phosphorylation by
Akt at Ser 193 promotes the unfolding of the structurally
atypical and unstable KH1 of KSRP, creating a site for 14-
3-3zeta binding (31). Upon KH1-14-3-3zeta interaction,
KSRP accumulates in the nucleus and this prevents its
cytoplasmic functions in mRNA decay. Furthermore,
phosphorylation of KSRP by Akt decreases its ability to
associate with the exosome, whereby the decay of beta-
catenin mRNA is inhibited by approximately 3 fold (25).
Thus, KSRP phosphorylation creates a link between PI3K-
Akt signaling and the control of cellular levels of beta-
catenin whose overexpression has been related to the
occurrence of several types of cancer (25, 45). Malbon and
coworkers confirmed the importance of KSRP in the
regulation of beta-catenin mRNA and protein levels
demonstrating the relevance in this process of KSRP
interaction with the signaling molecule Dishevelled (46).
Nechama and coworkers recently reported that the
peptidyl-prolyl isomerase Pinl induces dephosphorylation
of KSRP at S181. This event leads to activation of KSRP-
dependent PTH mRNA decay (47) that has been previously
proposed by the same group (28, 48).

Altogether, these findings strongly suggest that post-
translational modifications of KSRP by phosphorylation
play an important role in the control of its function in AMD
that may be relevant to pathological processes. It would be
interesting to investigate whether, in certain conditions,
KSRP can be simultaneously phosphorylated by multiple
kinases.

5. KSRP ACTS AS A POSITIVE CO-REGULATOR
IN THE MATURATION OF A COHORT OF miRNA
PRECURSORS

The evolutionarily-conserved mechanism by
which primary miRNAs (pri-miRNAs) are processed first
to precursor miRNAs (pre-miRNAs) and then to mature
miRNAs involves two ordered endonucleolytic cleavages
operated by multiprotein complexes including the RNase
IIT enzymes Drosha and Dicer, respectively (49). Drosha
cotranscriptionally processes the pri-miRNA into a ~70
nucleotides hairpin  pre-miRNA (49). Through the
interaction with exportin-5 and Ran-GTP, the pre-miRNA
is transported into the cytoplasm, where it undergoes a
second round of processing catalyzed by Dicer (49). This
cleavage event gives rise to mature miRNAs that are loaded
into the RNA Induced Silencing Complex (RISC) (49, 50).
In the context of the RISC, miRNAs post-transcriptionally
regulate the expression of target genes (49, 50).

Pioneer studies from some laboratories have
shown that, at least for some miRNAs, maturation is a
finely regulated process that involves co-regulators and that
responds to the changing cellular conditions (51-55). We
recently demonstrated that KSRP is able to modulate
miRNA precursors processing (56). KSRP binds to the
terminal loop (TL) of a cohort of miRNA precursors and
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interacts with both Drosha and Dicer, thus promoting the
maturation of select miRNAs (56, 57). Interestingly,
hnRNPAT1, a molecular partner of KSRP (27) also binds to
the TL of a group of pri-miRNAs which partly overlaps
those interacting with KSRP (58). However, important
differences exist in the function of the two proteins.
Contrarily to hnRNPA1, KSRP functions not only in the
nuclear maturation of pri-miRNAs into pre-miRNAs but
also in the cytoplasmic maturation of pre-miRNAs into
miRNAs thus representing a link between nuclear and
cytoplasmic events. Indeed, we also obtained evidence that
KSRP interacts with exportin-5 in a RNase A-sensitive way
(56). Although further details on KSRP-exportin-5
interaction are missing, this observation suggests that
KSRP association with the TL of target miRNA precursors
is maintained during nucleo-cytoplasmic transit. This is
consistent with the published structure of an exportin 5—
pre-miRNA complex, the pre-miRNA terminal loop is
exposed and free to make contact with additional protein
partners (59). Recently, Caceres and coworkers proposed
an antagonistic role of KSRP and hnRNPA1 in the
regulation of pri-let-7a maturation into pre-let-7a (60).

Contrarily to KSRP, Lin-28 represses the
maturation of let-7 family members and this effect is
mediated by its direct interaction with the TL of let-7
precursors (61, 62). Some evidence exists to suggest a
functional interplay between positive and negative
regulators of pri-miRNA maturation. Although we do not
have evidence supporting the idea that Lin-28 and KSRP
recognize the same nucleotides in the TL of let-7 family
precursors (56, 61, 62), our data suggest that when Lin-28
is expressed in undifferentiated P19 embryonic carcinoma
cells, KSRP cannot interact with pri-let-7g. When Lin28 is
not expressed, as in differentiated P19 cells or in
undifferentiated P19 cells upon specific Lin-28
knockdown, KSRP is able to promote let-7g maturation
(56).

We propose that the TL is a pivotal element
where miRNA processing co-activators (e.g. KSRP) and
miRNA processing co-repressors (e.g. Lin-28) function in a
coordinated way to convey proliferating and differentiating
cues into changes of miRNA expression. In other words,
the occurrence of a co-activator and a co-repressor for
regulation of miRNA maturation, extends the concept of
opposing co-regulators, well established in transcriptional
control (Figure 3).

6. KSRP-RNA TARGET SELECTIVITY

The multiple functions of KSRP depend on its
specific recognition of the RNA targets that are
characterized by significantly diverged sequences. Since
they were first described, KH domains, which can
accommodate only four nucleic acid bases in their binding
clefts, have been found in proteins that perform a wide
range of cellular functions (63). An important question in
KSRP biology is how does the protein select its different
RNA targets in order to perform functions as diverse as
mRNA splicing, localization, decay, and miRNA
maturation.
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Figure 3. KSRP interacts with the TL of a class of miRNA precursors and participates in both nuclear Drosha and cytoplasmic
Dicer complexes. As a consequence, the maturation of select miRNAs is favored. Lin-28 interacts with a partly overlapping
group of miRNA precursors and inhibits their maturation. Open questions remain: 1. Does KSRP cotranscriptionally associate
with the TL of target pri-miRNAs (red dashed arrow in the nucleus)? 2. Does KSRP participate in the functional organization of

the RISC complex (blue dashed arrow in the cytoplasm)?

KSRP-RNA recognition depends both on the availability of
single stranded RNA sequences and on the sequence
selectivity of the KH domains of the protein (30, 64).
Availability of single stranded sequences for KSRP binding
is limited by the structure surrounding those sequences:
enough space must be available within the RNA 3D
structure for several covalently linked protein domains to
bind simultaneously. Sequence specificity is different for
different domains, although all four domains show a
negative specificity for poly-C sequences (64). KH3 shows
a strong selectivity towards G-containing sequences, with
the affinity increasing proportionally to the number of Gs
present within the domain binding site (64). The remaining
three domains (KH1, KH2, and KH4) show only a
moderate selectivity towards specific sequences (different
for each different domain). The contribution of each
domain to the binding is likely to depend on the structural
context in which the single stranded target is embedded. If
a G stretch is available (e.g. in the let-7a precursors), KH3
will dock on this motif, defining a binding frame for the
other domains of the protein. However, if the RNA target
does not include a run of Gs (e.g. in the miR-21
precursors), the four KH domains of KSRP will explore the
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available sequences in order to optimize their global
binding affinity.

These binding modes also apply to KSRP
recognition of the ARE sequences and could explain how
the protein can recognize very different mRNA targets
(27). Also in the case of ARE, the in vivo targeting of a
subset of AU-rich elements by KSRP is probably a
combination of the sequence preference of the domains
(e.g. KH2 shows preference for AU sequences (64)), the
structural context the targeted AU-rich sequence sequences
are embedded in, their general propensity to be in a single
stranded conformation, and the negative selectivity of the
KH domains of KSRP for other repetitive sequences that
share a single stranded propensity and could act as local
competitors (e.g. polyC sequences).

In conclusion, we propose a general model for
KSRP-RNA interactions based on the differential use of
multiple domains that explains the adaptability of the
protein to a broad range of single-strand RNA sequences
(Figure 4). This concept is underscored by our recent
demonstration that the inter-domain linker orients KH2 and
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Figure 4. A model for KSRP binding to its diverse targets. The four KH domains of KSRP play different roles in RNA binding
depending on the sequence of the targets (64). If a G-stretch is present, KH3 will dock onto it, defining the binding frame of the
protein (sequence specific KH3 targeting). However, if the target does not contains such a stretch, the orientation of KHI1,
KH2/KH3 and KH4 can adapt to the structure of the target optimising the binding of multiple domains to single stranded regions
(combinatorial recognition). KSRP can also select against RNA targets where the tertiary structure prevents a suitable
arrangement of the multiple KH domains (negative selectivity by steric hindrance) as well as repetitive single stranded sequences
that would otherwise be open to protein binding (negative selectivity by polyC sequences). The model shown here specifically

refers to a hypothetical miRNA precursor terminal loop.

KH3 providing an arrangement that is important
to the interaction between KSRP and its RNA targets (32).

7. PERSPECTIVES

Data reported in this review suggest a strong but
still elusive implication of KSRP in fundamental cellular
processes such as proliferation and differentiation. Others and
we have demonstrated the role of KSRP in the signaling
pathways that affects P-catenin expression controlling its
mRNA decay (25, 46). Further, miR-155 is induced by LPS in
macrophages in a KSRP-dependent way (57). Since LPS
activates multiple signaling pathways, an important task of our
future work will be to elucidate whether post-translational
modification of KSRP regulate its ability to control maturation
of specific miRNA precursors. Even though post-translational
modification of TRBP, a component of the human miRNA-
generating complex, has been recently reported (65), we do not
know if KSRP-regulated miRNA maturation is affected by
post-translational modifications. An important future challenge
will be to systematically dissect pathways that modulate the
function of KSRP (and possibly other RNA-binding proteins)
in the regulation of miRNA biogenesis.

A role of miRNA biogenesis control in cell
transformation and cancer has been suggested by a seminal
study from Thomson and co-workers (66). Indeed, the
importance of miRNA processing regulation for
tumorigenesis has been experimentally proved by the
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notable global reduction of mature miRNAs observed in
cancers (67) and by the consequences of Drosha, Dger8 or
Dicer knockdown (68) and of a TRBP2 mutation (69). Some
miRNAs whose maturation is controlled by KSRP have been
implicated in cellular transformation. Consistent with its role in
regulating cell proliferation and differentiation during
development in different species, the deregulation of members
of the let-7 family of miRNAs has been shown to be a feature
of many types of cancer (70). Our data showed that KSRP
knockdown limits cell proliferation in a let-7a-dependent way
by influencing the expression of let-7a targets such as MYC
and NRAS (56).

The multiple functions of KSRP and the
complexity of its interactions with different proteins and
divergent RNA sequences, as discussed above, make a
compelling case for a study of the structure and the
function of the different complexes in which the protein is
involved. Major challenges will be to define the
components of the different = KSRP-containing
ribonucleoprotein complexes, to identify RNA targets
specific for each complex in which KSRP is implicated,
and to pinpoint the defects associated with dysfunction (s)
of KSRP and its protein partners. Therefore, advances in
the biochemical isolation of protein complexes and the
creation of animal models to investigate KSRP gain and
loss of function will shed light on the different roles of
KSRP in post-transcriptional regulation of gene expression
and its implications in human disorders.
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