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Dissecting the roles of TRBP and
PACT in double-stranded RNA
recognition and processing of
noncoding RNAs
Alex Heyam,1 Dimitris Lagos2 and Michael Plevin1∗

HIV TAR RNA-binding protein (TRBP) and Protein Activator of PKR (PACT)
are double-stranded (ds) RNA-binding proteins that participate in both small
regulatory RNA biogenesis and the response to viral dsRNA. Despite considerable
progress toward understanding the structure–function relationship of TRBP and
PACT, their specific roles in these seemingly distinct cellular pathways remain
unclear. Both proteins are composed of three copies of the double-stranded
RNA-binding domain, two of which interact with dsRNA, while the C-terminal
copy mediates protein–protein interactions. PACT and TRBP are found in a
complex with the endonuclease Dicer and facilitate processing of immature
microRNAs. Their precise contribution to the Dicing step has not yet been
defined: possibilities include precursor recruitment, rearrangement of dsRNA
within the complex, loading the processed microRNA into the RNA-induced
silencing complex, and distinguishing different classes of small dsRNA. TRBP and
PACT also interact with the viral dsRNA sensors retinoic acid-inducible gene I
(RIG-I) and double-stranded RNA-activated protein kinase (PKR). Current models
suggest that PACT enables RIG-I to detect a wider range of viral dsRNAs, while
TRBP and PACT exert opposing regulatory effects on PKR. Here, the evidence
that implicates TRBP and PACT in regulatory RNA processing and viral dsRNA
sensing is reviewed and discussed in the context of their molecular structure.
The broader implications of a link between microRNA biogenesis and the innate
antiviral response pathway are also considered. © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Double-stranded (ds) RNA has a vital role in
normal cellular function. Any structured RNA,

such as the ribosome, contains regions of dsRNA,
which are often part of higher order tertiary struc-
ture. In addition, dsRNA is an intermediate in the
biogenesis of short regulatory RNAs such as micro
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RNAs (miRNAs), endogenous short interfering RNAs
(siRNAs), and Piwi-interacting RNAs (piRNAs).1

However, dsRNA is also an important replica-
tion intermediate for RNA viruses, for instance SARS
coronavirus, poliovirus, and hepatitis C virus. It is cru-
cial for cells to distinguish cellular dsRNA from viral
dsRNA, and respond appropriately. Differentiation of
self versus non-self dsRNA is achieved by proteins that
have evolved to recognize chemical features specific to
viral dsRNA, such as terminal 5′ triphosphate groups.
These proteins are termed pattern recognition recep-
tors (PRRs), and include TLRs (Toll-like receptors)
3, 7, and 8; RIG-I (retinoic acid-inducible gene I);
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and MDA5 (melanoma differentiation associated
protein 5).2

The closely related mammalian proteins TRBP
[HIV trans-activation responsive (TAR) RNA-binding
protein; HGNC symbol, TARBP2; UniProt, Q15633]
and PACT (Protein Activator of PKR; PRKRA;
O75569) bridge several of these pathways (Figure 1(a)
and (b)). TRBP was initially identified through its
interaction with the HIV TAR RNA element, and both
proteins were found to regulate the response to viral
dsRNA through the protein PKR (double-stranded
RNA-activated protein kinase; EIF2AK2).3,4 Subse-
quently, TRBP and PACT were shown to interact with
Dicer (DICER1), the ribonuclease responsible for
processing the precursors of miRNAs and siRNAs.5,6

More recently, PACT has been shown to activate
RIG-I (DDX58), another innate immune sensor of
viral RNA.7 However, these different roles are often
studied independently, and the links between them
remain largely unexplored.

This review will summarize current knowledge
about TRBP and PACT, and how they influence small
RNA biogenesis and viral sensing.

TRBP AND PACT EACH CONTAIN
THREE DOUBLE-STRANDED
RNA-BINDING DOMAINS

TRBP and PACT each contain three double-stranded
RNA-binding domains (dsRBDs) that are separated
by unstructured linker regions8,9 (Figure 1(c)). Many
RNA-binding proteins contain multiple dsRBDs:
PKR, ADAR2, and DGCR8 all have tandem dsRBDs,
while human Staufen has five.10–13 The presence of
multiple dsRBDs in the same protein is thought to
allow greater affinity and specificity, and to allow
functional divergence of individual domains.14,15

Although all dsRBDs share the core 𝛼-𝛽-𝛽-𝛽-𝛼
fold (Figure 2), they can be divided into two sub-
groups depending on sequence conservation. The type
A dsRBD is the canonical form, which shows amino
acid conservation in three regions involved in dsRNA
binding (Figure 2(a)). Type B dsRBDs show conserva-
tion only at the C-terminal end of the domain, and
are generally unable to bind dsRNA, despite retaining
the same overall three-dimensional (3D) structure.8,18

PACT and TRBP contain both classes of dsRBD
(Figure 2(a)).

Some dsRBDs have additional structural ele-
ments that contribute to their function: for example,
Rnt1p dsRBD from Saccharomyces cerevisiae has an
additional 𝛼-helix that contributes to domain sta-
bility and RNA binding,19 while dsRBDs from the
Caenorhabditis elegans TRBP homolog, RDE-4, have

recently been shown to contain numerous additional
helixes and extended loop regions20 (see Box 1).

BOX 1

HOMOLOGS OF TRBP AND PACT:
C. elegans RDE-4

C. elegans RDE-4 forms a complex with homologs
of Dicer and Argonaute, and is required for
dsRNA-mediated RNA interference (RNAi), but
not miRNA-mediated silencing.21 RDE-4 contains
three dsRBDs and binds nonspecifically to dsRNA,
with an affinity for siRNA similar to that reported
previously for TRBP.22–24 The first two dsRBDs
appear to function independently, with the sec-
ond having a higher affinity for dsRNA, as was
shown for TRBP.20,22 RDE-4 has a higher affinity
for longer dsRNAs, which may be due to cooper-
ative binding, or an effect related to the overlap
in potential binding sites.

As in TRBP and PACT, the C-terminal dsRBD
of RDE-4 is required for interaction with Dicer,
and also mediates dimerization.24 In addition,
the linker between domains 1 and 2 is required
for dsRNA processing by Dicer.25 The first two
dsRBDs of RDE-4 have additional structural ele-
ments that extend into this linker region.20 It will
be interesting to see how these additional ele-
ments affect the function of the domains—it has
already been shown that domain 1 is required for
binding siRNAs, while having only a small influ-
ence on binding to longer dsRNA.25

TRBP and PACT Domains 1 and 2 Bind
dsRNA
Domains 1 and 2 of both TRBP and PACT are
type A dsRBDs, and all bind dsRNA.22,26 In type A
dsRBDs, three distinct regions participate in dsRNA
binding (Figure 2(a) and (b)). Unlike dsDNA, dsRNA
adopts an A form helix in which the major groove
is deep and narrow, limiting access to the bases and
therefore to sequence-specific information. dsRBDs
bind across two adjacent minor grooves and the
intervening phosphate backbone, burying ∼780 Å2 of
the domain surface. In general, it is thought that
dsRBDs bind nonspecifically to dsRNA. On discovery,
TRBP was thought to specifically recognize certain
structured RNAs, such as HIV-1 TAR RNA27,28;
however, later evidence has shown that TRBP and
PACT interact with a broad range of targets.22,23

However, several well-studied dsRBD-
containing proteins do act on specific targets. For
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FIGURE 1 | Functions and domain composition of TAR RNA-binding protein (TRBP) and Protein Activator of PKR (PACT). (a) Precursor
(pre-)microRNAs (miRNAs) are RNA hairpins that are produced in the nucleus, and exported to the cytoplasm. They contain the ∼22 nt sequence of
the mature miRNA, indicated in red. The endonuclease Dicer removes the terminal loop to give an RNA duplex, one strand of which is loaded into an
Argonaut (Ago) protein to form RNA-induced silencing complex (RISC). TRBP and PACT are implicated in both Dicing and RISC loading. (b) PACT and
TRBP have roles in at least two viral response pathways. First, PACT can facilitate activation of retinoic acid-inducible gene I (RIG-I) by viral
double-stranded RNA (dsRNA) (distinguished from cellular dsRNA by distinct molecular features, discussed in section TRBP and PACT mediate innate
immune surveillance). This begins a signaling cascade that results in the production of interferon and other antiviral genes. PACT and TRBP also
regulate PKR, a kinase that targets the translation initiation factor eIF2𝛼 to inhibit protein production and promote apoptosis. TRBP inhibits PKR,
while PACT can activate it in response to cellular stress. (c) Both PACT and TRBP contain three double-stranded RNA-binding domains (dsRBDs). The
first two domains can bind dsRNA, while the third cannot. Interactions with many other proteins have been documented, particularly for the third
domain. Solid lines indicate direct protein–protein interactions, while dashed lines indicate interactions that may be mediated via dsRNA. The third
dsRBD potentially has an N-terminal extension, based on sequence conservation. Each protein has a number of phosphorylation sites (marked by
yellow triangles) that regulate function under certain conditions. A region of TRBP implicated in cancers exhibiting microsatellite instability is
indicated in red.
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example, Staufen can regulate translation and decay
of specific mRNAs, while ADAR proteins can convert
adenosine to inosine at precise positions in a variety
of dsRNAs.29,30 In both cases, RNA recognition is
believed to occur through tertiary structures, such as
bulges and loops.19,31 Some specificity may also arise
through contact with the edges of bases in the minor
groove, and through the combination of dsRBDs with
weak sequence or secondary structure preferences.15,18

Current evidence does not rule out PACT and TRBP
having a degree of substrate specificity.

TRBP and PACT Bind Protein Partners
Primarily via Their Third Domain
The C-terminal dsRBDs of both TRBP and PACT
(hereafter referred to as TRBP-D3 or PACT-D3) are
type B dsRBDs. They do not bind RNA, but are
instead required for interaction with other proteins.
It is thought that many type B dsRBDs mediate
protein–protein interactions: for example, Drosophila
Staufen domain 5 binds to Miranda to enable mRNA
localization.32,33 However, currently, there is no struc-
tural information available about how dsRBDs inter-
act with other proteins.

Both PACT-D3 and TRBP-D3 bind to
Dicer,5,6,34,35 while PACT-D3 has also been shown
to interact with the virus-sensing protein PKR.7,9

TRBP-D3 is not thought to interact with PKR,36

suggesting that binding to Dicer and PKR is mediated
by different regions of PACT-D3. These interactions
are discussed further in sections TRBP and PACT
Form Part of the Small RNA Biogenesis Pathway and
TRBP and PACT Mediate Innate Immune Surveil-
lance of dsRNA below. Other binding partners have
been suggested for TRBP and PACT, such as the
tumor suppressor Merlin,37 but the nature of their
interactions has not yet been studied in detail.

Although several dsRBDs have been reported
to dimerize (e.g., the dsRBDs from PKR38 and
ADAR239), it has been difficult to distinguish
between direct binding and indirect association via
dsRNA.40 There is substantial biochemical evidence
that PACT-D3 can homodimerize or heterodimerize
with TRBP-D3.41–43 While there is no direct bio-
physical evidence that TRBP-D3 homodimerizes,
full-length TRBP can form dimers,23 though a con-
struct lacking TRBP-D3 does not.22 Dimerization
of PACT and TRBP has been suggested to modulate
PACT activation of PKR,43 but could also increase
their affinity for dsRNA, by bringing together four
type A dsRBDs.26

The recent 3D structure of dsRBD 5 of Staufen
(Staufen-D5) gave the first high-resolution informa-
tion about a dsRBD dimer32 and revealed several

features that distinguish type B dsRBDs, including
the absence of the conserved histidine residue in
loop-𝛽1,2, the presence of large negatively charged
patches on the canonical dsRNA-binding surface,
and a region of extra-dsRBD structure, which is
required for dimerization. As the linker between
the core domain and the extended region is flexi-
ble, it was proposed that dimerization occurs via a
domain-swapping mechanism (Figure 2(c)).

TRBP-D3 and PACT-D3 both lack the key his-
tidine residue and have negatively charged residues
at sites that would correspond to the dsRNA-binding
surface. Furthermore, both domains are preceded by
a highly conserved 20 amino acid sequence, which
may suggest a similar dsRBD/dsRBD interaction to
that seen in Staufen-D5. Interestingly, the conserved
residues between TRBP-D3 and PACT-D3 are pre-
dicted to cluster on the opposite surface to the typical
dsRNA-binding face, which potentially suggests the
location of a conserved protein interaction site.

There is also evidence that the type A dsRBDs
of TRBP and PACT mediate protein–protein inter-
actions. Domains 1 and 2 of PACT are reported to
directly interact with the dsRBDs of PKR.9,44 PKR also
dimerizes partly through its dsRBDs,38 and PACT can
still activate PKR if its first two domains are replaced
with those from PKR.9 The first two dsRBDs of PACT
and TRBP have also been reported to homodimer-
ize and heterodimerize,41,43 which suggests there may
be a common dimerization mechanism between these
domains. However, current evidence does not exclude
the possibility that these interactions are indirect or
mediated by dsRNA.

TRBP AND PACT FORM PART OF THE
SMALL RNA BIOGENESIS PATHWAY

RNAi is a highly conserved process (see Figure 1(a))
in which short RNA molecules cause translational
(or transcriptional) silencing of complementary mes-
senger RNAs (mRNAs). The cellular pathways that
underpin RNAi have been discussed in detail by sev-
eral recent reviews.1,45,46 Here, we will provide only a
brief summary of RNAi in mammals.

Somatic cells contain two major classes of
small regulatory RNA: miRNA and siRNA. Both
are approximately 22 nt long, but differ in their bio-
genesis and target recognition. miRNAs are derived
from RNA hairpins that usually contain several
mismatched bases, while siRNAs are processed from
longer dsRNA molecules. siRNAs are typically highly
complementary to their targets, whereas miRNAs
require a 6–8 nt ‘seed’ region to be perfectly matched,
with other positions contributing only weakly to
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Advanced Review wires.wiley.com/rna

target specificity. Although there are relatively few
reports of endogenous mammalian siRNAs, dsRNA
can be introduced exogenously either as RNA hairpins
(shRNA) or as short dsRNA duplexes.

In the canonical miRNA biogenesis pathway,
miRNAs are transcribed as long primary (pri-)
miRNAs that contain a 60–80 nucleotide hairpin
structure. The pri-miRNA is processed in the nucleus
by Drosha/DGCR8 (the ‘microprocessor’ complex) to
a shorter precursor (pre-) miRNA. The pre-miRNA is
exported from the nucleus by Exportin 5, and further
cleaved by a protein complex containing the ribonu-
clease Dicer, one of four Argonaute proteins (Ago1–4),
and either TRBP or PACT (Figure 3(a)–(c)). This sec-
ond processing step removes the terminal hairpin
loop, leaving an RNA duplex of ∼22 bp in length.

One strand of the dsRNA Dicer product
is removed, while the other (the guide strand) is
loaded into Argonaute. This Ago:miRNA complex,
together with its protein partners, is referred to as
the RNA-induced silencing complex (RISC). Despite
recent progress, the mechanism of strand-selective
RISC loading remains to be determined47,48; how-
ever, many miRNAs can contribute either strand to
RISC.49 Once loaded, the guide strand targets RISC
to complementary mRNAs, which results in either
suppression of translation, enhanced degradation
and/or cleavage of the mRNA. Although only Ago2
has the ability to cleave mRNAs, miRNAs and siR-
NAs appear to distribute among all four Argonautes
with little specificity.50,51

How Do TRBP and PACT Affect Processing
by Dicer and the Formation of Active RISC?
There is now clear evidence that TRBP and PACT
can associate with Dicer, both from immunoprecipita-
tion experiments5,6,35,52,53 and from in vitro reconsti-
tution of the complex from the individually purified
components.54,55 Furthermore, there is strong sup-
port for the idea that PACT and TRBP are involved
in processing of pre-miRNAs and RISC loading.5,58

However, the molecular mechanism by which TRBP
and PACT facilitate miRNA and siRNA processing
remains unclear. It has long been established that Dicer
alone is able to cleave pre-miRNA to mature miRNA
in vitro,56 and there is evidence that some substrates
can be loaded into Ago2 in vitro in the absence of
TRBP or PACT.48,57,58

The importance of tackling this question is
underscored by the evidence linking miRNA biogen-
esis in general, and TRBP in particular, to a number of
different cancers.59–63 In particular, tumors exhibiting
microsatellite instability are prone to frameshift muta-
tions in TRBP (see Figure 1(c)), leading to impaired

FIGURE 3 | (a) Layout of domains within Dicer. (b) Reconstruction
of the Dicer–TAR RNA-binding protein (TRBP) complex from
cryo-electron microscopy (EM) data, with ∼15 Å resolution (EM data
bank accession EMD-1646).64 The locations of the RNase III and
helicase domains are inferred from epitope-tagged Dicer.65 The position
of TRBP is not resolved. (c) A schematic of a minimal RNA-induced
silencing complex (RISC)-loading complex of Dicer, Ago2, and
TRBP/PACT (Protein Activator of PKR) based on cryo-EM data.66 All
components are approximately to scale. It is unknown whether all three
components assemble prior to double-stranded RNA (dsRNA) binding,
or if the complex is more dynamic. In vivo, it is likely that other proteins
associate with the RISC-loading complex.67,68 (d) At least four possible
roles for TRBP/PACT can be envisaged (see section How Do TRBP and
PACT Affect Processing by Dicer and the Formation of Active RISC?): (1)
TRBP/PACT may help recruit dsRNA to Dicer; (2) TRBP/PACT may aid
alignment of dsRNA for cleavage by Dicer; (3) TRBP/PACT may help
dsRNA unwinding and/or loading into Argonaute proteins; or (4)
TRBP/PACT may favor processing and loading of different substrates
into RISC (the substrates shown are illustrative only).

276 © 2015 John Wiley & Sons, Ltd. Volume 6, May/June 2015
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miRNA production.60 The drug enoxacin has recently
been investigated as a cancer therapeutic owing to
its effect on miRNA biogenesis, and is believed to
act through TRBP.69,70 Although several studies have
linked PACT expression to cancer, the effect is not as
well documented as for TRBP.71,72

There are several points along the miRNA bio-
genesis and RISC loading pathway at which TRBP and
PACT could act (see also Figure 3(d)):

(1) Recruitment of substrates to Dicer

(a) TRBP and/or PACT may increase the affin-
ity of the Dicer complex for dsRNA, or

(b) more specifically increase Dicing rate
through favoring binding of substrates
over products.

(2) Facilitating efficient substrate cleavage by Dicer

TRBP and/or PACT could ensure that the sub-
strate dsRNA or pre-miRNA has the optimum
orientation for Dicer cleavage.

(3) Removing the Dicer product

(a) TRBP and/or PACT may aid unloading of
Dicer or loading of Dicer products into
Argonaute proteins,

(b) in particular affecting which strand is
loaded.

(4) Controlling which type of dsRNA is loaded into
Argonaute

TRBP and/or PACT may preferentially recog-
nize different subsets of miRNA or siRNA (or
their precursors), resulting in differences in
processing or RISC loading.

We will now discuss evidence from structural,
biochemical, biophysical, and molecular cell biology
studies in the context of these possible mechanisms.

Evidence from Structural Studies
As described above, TRBP and PACT have been
shown to interact with Dicer, a 1922-amino acid type
III ribonuclease (Figure 3). The mechanism by which
Dicer controls the length of small RNAs was elegantly
resolved in an early crystallographic study.64,73 The
Dicer PAZ domain binds one end of the pre-miRNA,
while a ‘ruler’ domain positions the PAZ domain at
a distance from the RNase III site that corresponds to

roughly 22 base pairs of dsRNA. This simple struc-
tural mechanism appears to function independently
of binding partners as isolated Dicer can still cleave
dsRNA targets.

While a considerable amount is known about the
structure–function relationship of the RNase III/PAZ
region of Dicer, much less is known about the
N-terminal DExD/H helicase domain. The helicase
domain consists of Hel1 and Hel2 regions separated
by a 100-amino acid insert region (Figure 4(a)), which
has no sequence homologs outside of the Dicer fam-
ily. Yeast-2-hybrid screens have identified the insert
region as the site of TRBP (and presumably PACT)
binding.35 This domain does not appear necessary for
dsRNA cleavage in vitro,74 nor does processing of
pre-miRNAs require ATP.75

Atomic resolution structures of larger constructs
of human Dicer or complexes containing TRBP or
PACT are not currently available. The 20–30 Å res-
olution cryo-electron microscopy studies of a Dicer
alone,65 in complex with TRBP,64 or TRBP and
Ago2 (a minimal RISC-loading complex)66 have been
reported. They reveal an L-shaped overall structure
with the helicase located in the base, and the RNase III
and PAZ domains located in the long arm. However,
these studies have been unable to identify precisely
where and how TRBP interacts with Dicer.

Because only the C-terminal domains (CTDs)
of TRBP or PACT bind to Dicer, it appears likely
that domains 1 and 2 have considerable freedom of
movement, consistent with roles 1–3 outlined above.
To exclude proposed roles for TRBP, it will be nec-
essary to determine more precisely where it interacts
with Dicer. Similarly, a greater understanding of how
flexible TRBP remains when bound to Dicer and
dsRNA would allow possible roles to be considered
or discounted. It is worth noting that several papers
have suggested that Dicer and/or associated proteins
undergo conformational shifts66,76 and that these
complexes contain multiple dsRNA-binding sites.77

This raises the possibility that the role of TRBP may
be more complex than currently believed.

Evidence from Biochemical and Biophysical
Studies
A number of in vitro studies have shown that the
complex of Dicer with TRBP or PACT has a higher
affinity for dsRNA than Dicer alone by several orders
of magnitude.55,78,79 However, these studies report a
more modest effect on small RNA processing rate,
ranging from a fivefold increase in processing rate to
a fivefold reduction. With the caveat that the reaction
conditions may differ considerably from those present
in vivo, this suggests TRBP and PACT fulfill role
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FIGURE 4 | (a) In the absence of appropriate ligands, retinoic acid-inducible gene I (RIG-I) has an inactive conformation, in which the helicase
domain binds to the caspase recruitment domains (CARDs). 5′-Triphosphate double-stranded RNA (dsRNA) binds to the C-terminal domain (CTD) and
helicase domain, which displaces the CARDs and results in signaling. It is less clear how Protein Activator of PKR (PACT) enables RIG-I activation: one
possibility is that it increases RIG-I binding to additional ligands such as long dsRNA that lacks a 5′-triphosphate. (b) PKR can bind to long dsRNA
through two N-terminal double-stranded RNA-binding domains (dsRBDs). This brings PKR molecules together to form dimers, which can then
autophosphorylate and become active. PACT (when phosphorylated during cellular stress) can also activate PKR, although the mechanism is unclear.
The two main hypotheses are: PACT-D3 contacts the kinase domain, somehow favoring activation, or PACT dimers can bind two molecules of PKR,
promoting their dimerization and activation. TRBP acts as an inhibitor of PKR, either because its third domain cannot interact with PKR’s kinase
domain or because its third domain exhibits weaker dimerization.

1a above, but not 1b. Furthermore, TRBP has been
reported to bind a pre-miRNA and the duplex Dicer
product with similar affinities,22,55 which is inconsis-
tent with a role in modulating Dicer processing rate
due to preferential binding of substrate over product.

The measured affinity of TRBP (without Dicer)
for short dsRNA has varied considerably between
different studies.22,23,55 While this may simply repre-
sent variation in sample preparation and technique, it
could also be due to the different RNAs studied, which
would be consistent with TRBP and PACT showing a
degree of specificity for different small RNAs (role 4).

Additional evidence comes from studies of recon-
stituted complexes of Dicer. Dicer/TRBP complexes
show different affinities for different pre-miRNAs and
siRNAs, although Dicer itself is at least partially
responsible for this specificity.55,78 A complex contain-
ing Dicer and PACT showed considerably slower pro-
cessing of short dsRNA substrates than a Dicer/TRBP
complex, even though they seemed to have similar
processing rates for pre-miRNAs.79 These data poten-
tially conflict with an earlier study, which concluded
that both PACT and TRBP increase processing of long
dsRNAs by Dicer.80 This discrepancy could reflect

278 © 2015 John Wiley & Sons, Ltd. Volume 6, May/June 2015



WIREs RNA Roles of TRBP and PACT in double-stranded RNA recognition

a genuine difference in how Dicer complexes pro-
cess dsRNAs of different lengths; further experiments
using matched reaction conditions will be required to
resolve this issue.

Both in vitro and in vivo, cleavage of
pre-miRNAs by Dicer can give a range of prod-
ucts with different lengths, termed iso-miRs.81,82

The size distribution of iso-miRs varies depending
on the pre-miRNA. The Dicer/TRBP complex pro-
duces different length products compared with Dicer
alone,82,83,78,79 supporting the idea that TRBP helps
position RNA for cleavage by Dicer (role 2). PACT has
not yet been observed to affect iso-miR distribution.

In Drosophila, current models suggest that the
TRBP homolog R2D2 (see Box 2) plays a significant
role in selecting which strand of the miRNA/siRNA
is loaded into Argonaute. There is some evidence that
this is also the case in humans. The thermodynamic
stability of the miRNA or siRNA duplex produced

BOX 2

RNA INTERFERENCE IN D. melanogaster

Drosophila melanogaster has emerged as an
important model system for research into RNAi,
often revealing interactions and mechanisms
that are later shown to occur in humans. Unlike
mammals, Drosophila uses siRNA as an antivi-
ral defense, termed exogenous (exo-) siRNA.84

In addition, an endogenous (endo-) siRNA path-
way exists to target mobile genetic elements.85 In
general, the miRNA pathway utilizes the proteins
Dicer-1 and Ago1, while siRNA pathways rely on
Dicer-2 and Ago2.86

Several TRBP homologs have been iden-
tified in Drosophila, most notably the proteins
R2D2 and Loquacious (Loqs). R2D2 forms a
complex with Dicer-2 and assists strand-specific
loading of siRNA into Ago2,87,88 while Loqs
plays a role in processing of pre-miRNAs by
Dicer-1.89,90 At least four isoforms of Loqs have
been identified, which differentially process
specific miRNAs, lead to altered iso-miR distri-
butions, and even interact with different Dicer
proteins.83,91,92 At the whole organism level,
reduction of Loqs expression causes infertil-
ity owing to terminal differentiation of germ
cells, while complete knockout is lethal.83,93,94

While TRBP and PACT share several properties
with Drosophila dsRBPs,78,95 currently, there is
no clear evidence for a similar delineation of
function on the protein level in the mammalian
system.

by Dicer is dependent on the nucleotide sequence.
Experiments with photo-cross-linking dsRNA con-
cluded that TRBP has some propensity to bind
to the most thermodynamically stable end of the
siRNA.47 Furthermore, strand-specific crosslinking to
the helicase domain of Dicer required TRBP or PACT
and depended on thermodynamic stability, terminal
nucleotides, and mismatched bases.77 However, strand
selectivity is not solely determined at this step: a study
that measured which strand was loaded into RISC
concluded that Ago2 alone had some strand selectiv-
ity (dependent on substrate), though TRBP and PACT
could enhance this.48

Lastly, it has recently been shown that TRBP can
diffuse along dsRNA in vitro.96 Although it is not yet
clear what effect this would have on the Dicer com-
plex, one-dimensional diffusion may allow the dsRNA
to explore a greater range of positions and orienta-
tions within the complex. Together with the flexibility
of TRBP, this could potentially facilitate RNA posi-
tioning for Dicer processing or RISC loading.

Evidence from Molecular Cell Biology
Studies
The initial evidence that TRBP and PACT bound Dicer
came from immunoprecipitation experiments using
HEK293 cells.5,6,53 In one case, epitope-tagged Dicer
was used to recover a complex containing TRBP and
Ago2 that was able to process pre-let-7 to mature let-7,
and cleave target mRNAs.52 The same studies used
RNAi to investigate the function of TRBP and PACT,
but gave somewhat contradictory results. However,
one common feature is that knocking down any of
the four components (Dicer, Ago2, TRBP, or PACT)
resulted in a decrease in levels of mature miRNA.6,53,82

There are some hints that PACT and TRBP
may act on different sets of miRNAs and/or siRNAs
(role 4). In one study, knocking down TRBP dramat-
ically reduced the effectiveness of exogenous siRNA
while having a small effect on levels of an inducible
miRNA, whereas targeting PACT had the opposite
effect.53 It is currently unclear whether knockdown of
PACT or TRBP differentially affects a certain subset
of miRNAs.

It has been reported that TRBP contains multiple
phosphorylation sites (Figure 1(c)), which modulate
its stability. When TRBP with phospho-mimic muta-
tions at these sites was transfected into human cells,
miRNA production was shown to increase relative to
controls.97 The mechanism by which this occurs is
unclear, as in vitro tests showed negligible differences
in Dicer processing between complexes containing
wild-type and phospho-mimic TRBP.55 Transfection
with phospho-mimic TRBP also caused a relative
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downregulation of the let-7 miRNA family, hinting
that TRBP may differentially affect at least some miR-
NAs (role 4).97 Although PACT also undergoes phos-
phorylation at several sites, the effects have never
been studied in the context of miRNA biogenesis.
Post-translational modification of TRBP and PACT
may indicate that their functions are context depen-
dent, and are not constitutively required.

To determine whether TRBP and PACT aid Dicer
processing (roles 1 and 2) or RISC loading (role 3),
several studies have examined how depletion of these
proteins affects silencing mediated by shRNA (which
requires processing by Dicer) or duplex siRNA (which
can in principle be incorporated directly into RISC).
The consensus is that both are affected, implying an
important role in RISC loading, while not ruling out
a supporting contribution to Dicer processing.5,53,80

Although one of these studies reports siRNA-mediated
silencing to be unaffected by depletion of TRBP or
PACT, the effectiveness of TRBP/PACT knockdown
was not measured.80 It is therefore possible that TRBP
and PACT were not effectively depleted, owing to
saturation of the RNAi machinery with luciferase
siRNA.

It is worth noting that it can be challenging
to use RNAi to knock down proteins involved in
small RNA processing, as the effectiveness of RNAi is
itself dependent on the presence and activity of these
proteins. The recent development of CRISPR/Cas
genome editing may allow future studies to avoid
this problem.98 The interpretation of experimental
data is also complicated by the possibility that these
proteins may stabilize one another. Several studies
have reported that knocking down TRBP also reduces
Dicer levels, confounding interpretation in terms of
TRBP alone,5,60,97 especially because this effect has
not been unanimously reported.6 A similar stabilizing
effect on Dicer was seen for PACT—but not for
TRBP—in a separate study.53

The majority of both TRBP and PACT is found
in the cytoplasm, particularly in the perinuclear
space, though a smaller amount is present in the
nucleus.41,80,99 Förster resonance energy transfer
experiments using fluorescently tagged TRBP and
PACT provide evidence that they interact in vivo.80

The distribution of TRBP and PACT mirrors that of
Dicer and Ago2, which are also predominantly cyto-
plasmic with a small nuclear fraction. Dicer, Ago2,
TRBP, and PACT have lower diffusion rates in the
cytoplasm than in the nucleus.99,100 This observation
has been interpreted as evidence for a large cyto-
plasmic complex that is disassembled in the nucleus.
Alternatively, it is consistent with the idea that these
proteins are anchored to a larger cytoplasmic feature,

such as P-bodies or the rough endoplasmic reticu-
lum (ER). This latter possibility is consistent with
reports of co-localization of RISC components with
ribosomes or the ER.101–103

TRBP AND PACT MEDIATE INNATE
IMMUNE SURVEILLANCE OF dsRNA

RNA viruses produce dsRNA in the course of their
lifecycle, either as genomic material or as a replica-
tion intermediate. Viral dsRNA has features that dis-
tinguish it from cellular dsRNA, which may include
its longer length, lack of the 5′ cap characteristic of
eukaryotic mRNAs, and absence of mismatches. The
innate immune system can recognize these features
through PRRs, including RIG-I, MDA5, and TLR3.

The PRRs used by mammalian cells can be
divided into ‘early’ responders, which stimulate pro-
duction of interferons and proinflammatory cytokines,
and ‘late’ responders, which directly block viral pro-
liferation through translation inhibition and RNA
degradation (Figure 1(b)). These pathways have been
reviewed in more detail elsewhere.2 TRBP and PACT
have roles in several of these pathways, and have been
implicated in the response to a number of viruses (sum-
marized in Table 1).

PACT Can Stimulate RIG-I Activation
RIG-I is an early response PRR that detects dsRNA
with a 5′ triphosphate group (5′ppp-dsRNA).104

RIG-I is ubiquitously expressed, and is one of the
main viral RNA sensors in nonimmune cells.2 The
mechanism of RIG-I activation has been character-
ized at the structural level105–107 (Figure 4(a)). In the
absence of 5′ppp-dsRNA, the tandem caspase recruit-
ment domains (CARDs) responsible for signaling are
bound to a DExD/H helicase domain, and are inac-
tive. 5′ppp-dsRNA binds to the helicase and CTDs of
RIG-I, displacing the CARDs. The CARDs then initi-
ate a signaling pathway that leads to the activation of
interferon regulatory factor 3 (IRF3), increasing tran-
scription of type 1 interferon and other antiviral genes
(Figure 1(c)). Several recent reviews have described
RIG-I function in more detail.107–109

Evidence has emerged that PACT can activate
RIG-I in response to a number of viruses7,110,111

(Table 1). Although the helicase domains of RIG-I and
Dicer are part of the same subfamily,112 it is unlikely
that PACT binds these two proteins in the same
manner: there is no evident sequence homology in the
helicase insert domain, which forms the PACT-binding
site in Dicer. This is consistent with a report that
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TABLE 1 Evidence Linking TRBP and PACT to Viral Sensing.

Virus Details Reference

Viruses linked to TRBP and PACT

Newcastle disease virus
(NDV)

Overexpressing PACT increased type 1 interferon production
from NDV infection

113

Sendai virus RIG-I activation during infection was enhanced by PACT 7

Herpes simplex virus 1
(HSV-1)

HSV-1 protein Us11 reduces type 1 interferon production due
to PACT. Viral proteins block PACT interaction with PKR
and/or RIG-I

114,115

Ebolavirus Viral proteins VP30 and VP35 interfere with RNAi and interact
with TRBP, PACT, and/or Dicer. PACT overexpression inhibits
viral replication, while VP35 prevents PACT from activating
RIG-I

110,116

Influenza Viral proteins interact with PACT, resulting in increased viral
replication

117

MERS-CoV Viral protein 4a inhibited PACT activation of RIG-I, resulting in
reduced interferon production

111

HIV-1 TRBP blocks PKR activation by HIV transcripts. HIV was
suggested to disrupt RNAi by sequestering TRBP, but this is
disputed

118–120

Viruses found not to depend on TRBP or PACT

Sindbis virus;
encephalomyocarditis
virus (EMCV)

Overexpressing PACT had no effect on type I interferon
response

113

EMCV; vesicular stomatitis
virus (VSV); Sendai virus

Found no difference between PACT knockout and wild-type
cells

121

TRBP, TAR RNA-binding protein; PACT, Protein Activator of PKR; RIG-I, retinoic acid-inducible gene I; RNAi, RNA interference.

PACT binds to the CTD of RIG-I.7 There have been
no reports of TRBP interacting with RIG-I.

Many unanswered questions surround the role
of PACT in RIG-I activation. It is unclear under which
conditions PACT activates RIG-I, and the mechanism
is not known. To date, the interaction has been most
studied in the context of Sendai virus,7,110 a negative
sense single-stranded RNA (ssRNA) virus that infects
rodents. In this case, PACT can act to enhance acti-
vation of IRF3 and transcription of genes under the
control of IFN-𝛽. A similar effect was seen for Ebola
virus (also a negative sense ssRNA virus), and overex-
pressing PACT was able to slow viral replication.110

To counter this effect, Ebola virus encodes a protein
that is reported to disrupt the interaction between
PACT and both Dicer and RIG-I.110,116 An earlier
study found that PACT increased type 1 interferon
production in response to Newcastle disease virus,
which also has a negative sense ssRNA genome.113 It
now appears plausible that this effect was mediated by
RIG-I, although it had not been identified at the time.

One hypothesis is that PACT can extend the
range of ligands that can activate RIG-I. Overexpres-
sion of PACT did not enhance RIG-I activation by

5′-ppp dsRNA, but did enhance the response to the
dsRNA analog poly-I:C.7 However, further work will
be needed to confirm this, and to disentangle the
effects of the other RIG-I (and Dicer)-related heli-
cases, MDA5 and LGP2. MDA5 functions similarly to
RIG-I, but is activated by longer dsRNA, while LGP2
lacks the CARD signaling domains, and is thought to
inhibit RNA sensing.108 The CTDs of RIG-I, MDA5,
and LGP2 are well conserved and so it is plausible that
PACT could interact with all of them.

PACT Activates PKR, While TRBP Inhibits
It
PKR is a kinase that acts to block translation in
response to viral dsRNA, or to other cellular stresses
such as oxidative stress, accumulation of misfolded
proteins in the ER, or external signals from cytokines
and growth factors.122 It has low basal expression, but
is strongly induced by interferon,123 making it a ‘late’
responder to viruses.

PKR has two N-terminal type A dsRBDs and a
kinase domain (Figure 4(b)). The first two domains
bind dsRNA and act as a scaffold to bring PKR
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molecules close together, and increase the likelihood of
dimerization of the kinase domain.124 After dimeriza-
tion the kinase domain autophosphorylates,125 then
phosphorylates eukaryotic translation initiation fac-
tor 2𝛼 (eIF2𝛼), in turn blocking translation. The
kinase domain is present in a number of other pro-
teins that phosphorylate eIF2𝛼 in response to various
stresses.122 PKR function has been reviewed in more
detail elsewhere.122,124,126

TRBP and PACT can regulate PKR: TRBP has
an inhibitory effect, while PACT is a conditional
activator3,4,127 (Figure 4(b)). Domain swap and muta-
tional analyses indicate that the first two dsRBDs
of PACT and TRBP are functionally interchangeable,
and interact with the dsRBDs of PKR.9,36,128 There
is some evidence that this interaction is independent
of dsRNA, indicating that dsRBDs bind one another
directly.128 However, there is some disagreement on
this issue,129 and it has never been explicitly examined
biophysically.

The differences between PACT and TRBP stem
from their C-terminal dsRBD. In response to cellular
stresses, PACT-D3 is phosphorylated at S246 and
S287 by an unknown kinase (or kinases), leading to
activation of PKR.127 Two models have been pro-
posed to explain how PACT enables PKR activation.
First, binding of phosphorylated PACT-D3 to PKR
could cause a conformational change that promotes
activation.9 Supporting this model, PACT-D3 alone
has been reported to interact weakly with PKR.9,130

Alternatively, PACT dimers might bind two molecules
of PKR, enhancing PKR dimerization.43 This is
consistent with evidence that PACT-D3 phospho-
rylation promotes homodimerization and disfavors
heterodimerization with TRBP.42,43

In contrast, TRBP-D3 has an inhibitory effect
on PKR, which appears to be important for prevent-
ing inappropriate activation of PKR.36,131 A similar
inhibitory effect is also observed for truncated PKR
or PACT constructs containing only their first two
dsRBDs,9,132 which suggests that rather than a spe-
cific effect of TRBP-D3, anything that binds to the
dsRBDs of PKR and disrupts PKR dimerization will
cause inhibition. To our knowledge, TRBP phosphory-
lation (discussed in section Evidence from Biochemical
and Biophysical Studies) has not been studied in the
context of PKR inhibition.

It is worth noting that many studies prior to
2009 used PACT constructs containing a frameshift
mutation that replaces the last 13 amino acids
(including part of a predicted helix) with 5 unre-
lated amino acids.4,9,36,41,130,132–134 This mutant
constitutively activated PKR and disrupted PACT-D3
dimerization.131

CONCLUSION
It is more than 15 years since TRBP and PACT were
found to interact with PKR, and almost 10 years
since their interaction with Dicer was uncovered. It
is therefore somewhat surprising that (with a few
exceptions116,120) there has been so little crosstalk
between these two areas of study. RNAi is a key
defense against viruses in plants and invertebrates,
and while this is no longer the case in mammals,135

it is intriguing that small RNA biogenesis and viral
sensing are still linked through PACT and TRBP. It
remains to be seen whether this is an evolutionary
accident, or whether these two proteins play a genuine
linking role that has yet to be discovered. Interestingly,
the helicase domains of Dicer and RIG-I are from the
same family, termed RIG-I-like helicases, which also
hints at an evolutionary or functional link between the
two processes.112,136 A more mundane consequence is
that results from in vivo experiments must always be
interpreted with all the roles of TRBP and PACT in
mind, even if the investigation is intended to focus on
only one.

Although much has been learnt about the func-
tion of PACT and TRBP in miRNA biogenesis, two
important questions remain unanswered: why does
miRNA biogenesis utilize dsRBD-containing proteins,
and why do vertebrates have two dsRBD-containing
proteins which appear to be partially redundant?
dsRBD-containing proteins interact with Dicer pro-
teins in plants, insects, nematodes, and mammals, sug-
gesting that there is some evolutionary pressure to con-
serve them. Results from Drosophila demonstrate that
dsRBD-containing proteins may function at multiple
steps in small RNA biogenesis pathways, rather than
having a single role. While it is possible that this is also
true for PACT and TRBP, it currently appears more
likely that they function at the same step, potentially
on different substrates. To work out which sequence
or structural features lead to differential processing,
it will likely be necessary to measure the affinities
and processing rate of Dicer/TRBP and Dicer/PACT
on a wider range of small RNAs. A complementary
approach would be to examine on a genome-wide
scale which miRNAs are differentially affected when
TRBP or PACT are depleted from the cell.

Filling in the details of the role(s) of TRBP and
PACT in miRNA biogenesis will help to unravel the
diverse phenotypes associated with defective expres-
sion of these proteins and their homologs. These
range from infertility and growth defects in mice
and flies,93,95,137 to early onset dystonia/Parkinson’s
disease and cancer in humans.60,138 Biochemical
and biophysical experiments must be complemented
by cell and whole organism work to tease apart
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these complex conditions. Although misregulation
of particular microRNAs may play a large role, it
is plausible that additional functions for TRBP and
PACT will emerge.

Note Added in Press
We would like to alert the reader to two important
studies into TRBP and PACT that were published after
submission of this review: Kim and colleagues pro-
duced knock-outs of TRBP and/or PACT in HeLa

cells and found altered Dicer cleavage in a subset of
pre-miRNAs, but no effect on steady-state miRNA
levels or Dicer stability. They also showed hyper-
phosphorylation of TRBP by JNK during M phase.
Wilson et al. reported the 3D structure of a frag-
ment of Dicer in complex with TRBP domain 3. A
Dicer mutant deficient for TRBP and PACT bind-
ing was shown to alter strand selection and iso-miR
distribution for certain miRNAs. Please see Further
Reading.

ACKNOWLEDGMENTS

The authors would like to acknowledge Herman Fung and Dr. Matthew Warner for critical reading of this
manuscript. APH is a recipient of a PhD studentship from the Wellcome Trust-funded CIDCATS programme at
the Univeristy of York (WT095024MA).

REFERENCES
1. Kim VN, Han J, Siomi MC. Biogenesis of small RNAs

in animals. Nat Rev Mol Cell Biol 2009, 10:126–139.
doi: 10.1038/nrm2632.

2. Gantier MP, Williams BRG. The response of mam-
malian cells to double-stranded RNA. Cytokine
Growth Factor Rev 2007, 18:363–371. doi: 10.1016/
j.cytogfr.2007.06.016.

3. Park H, Davies MV, Langland JO, Chang HW,
Nam YS, Tartaglia J, Paoletti E, Jacobs BL, Kauf-
man RJ, Venkatesan S. TAR RNA-binding protein is
an inhibitor of the interferon-induced protein kinase
PKR. Proc Natl Acad Sci U S A 1994, 91:4713–4717.

4. Patel RC, Sen GC. PACT, a protein activator
of the interferon-induced protein kinase, PKR.
EMBO J 1998, 17:4379–4390. doi: 10.1093/emboj/
17.15.4379.

5. Chendrimada TP, Gregory RI, Kumaraswamy E,
Norman J, Cooch N, Nishikura K, Shiekhattar
R. TRBP recruits the Dicer complex to Ago2 for
microRNA processing and gene silencing. Nature
2005, 436:740–744. doi: 10.1038/nature03868.

6. Haase AD, Jaskiewicz L, Zhang H, Lainé S, Sack R,
Gatignol A, Filipowicz W. TRBP, a regulator of cellular
PKR and HIV-1 virus expression, interacts with Dicer
and functions in RNA silencing. EMBO Rep 2005,
6:961–967. doi: 10.1038/sj.embor.7400509.

7. Kok K-H, Lui P-Y, Ng M-HJ, Siu K-L, Au SWN,
Jin D-Y. The double-stranded RNA-binding protein
PACT functions as a cellular activator of RIG-I to
facilitate innate antiviral response. Cell Host Microbe
2011, 9:299–309. doi: 10.1016/j.chom.2011.03.007.

8. St Johnston D, Brown NH, Gall JG, Jantsch M.
A conserved double-stranded RNA-binding domain.
Proc Natl Acad Sci U S A 1992, 89:10979–10983.

9. Peters GA, Hartmann R, Qin J, Sen GC. Modular
structure of PACT: distinct domains for binding and
activating PKR. Mol Cell Biol 2001, 21:1908–1920.
doi: 10.1128/MCB.21.6.1908-1920.2001.

10. Nanduri S, Carpick BW, Yang Y, Williams BR, Qin J.
Structure of the double-stranded RNA-binding
domain of the protein kinase PKR reveals the
molecular basis of its dsRNA-mediated activa-
tion. EMBO J 1998, 17:5458–5465. doi: 10.1093/
emboj/17.18.5458.

11. Stefl R, Xu M, Skrisovska L, Emeson RB, Allain
FH-T. Structure and specific RNA binding of ADAR2
double-stranded RNA binding motifs. Structure 2006,
14:345–355. doi: 10.1016/j.str.2005.11.013.

12. Sohn SY, Bae WJ, Kim JJ, Yeom K-H, Kim VN, Cho
Y. Crystal structure of human DGCR8 core. Nat Struct
Mol Biol 2007, 14:847–853. doi: 10.1038/nsmb1294.

13. Marión RM, Fortes P, Beloso A, Dotti C, Ortín
J. A human sequence homologue of Staufen is
an RNA-binding protein that is associated with
polysomes and localizes to the rough endoplasmic
reticulum. Mol Cell Biol 1999, 19:2212–2219.

14. Chang K-Y, Ramos A. The double-stranded RNA-
binding motif, a versatile macromolecular docking
platform. FEBS J 2005, 272:2109–2117. doi: 10.1111/
j.1742-4658.2005.04652.x.

15. Lunde BM, Moore C, Varani G. RNA-binding pro-
teins: modular design for efficient function. Nat
Rev Mol Cell Biol 2007, 8:479–490. doi: 10.1038/
nrm2178.

16. Corpet F. Multiple sequence alignment with hier-
archical clustering. Nucleic Acids Res 1988, 16:
10881–10890. doi: 10.1093/nar/16.22.10881.

Volume 6, May/June 2015 © 2015 John Wiley & Sons, Ltd. 283



Advanced Review wires.wiley.com/rna

17. Gouet P. ESPript/ENDscript: extracting and rendering
sequence and 3D information from atomic structures
of proteins. Nucleic Acids Res 2003, 31:3320–3323.
doi: 10.1093/nar/gkg556.

18. Masliah G, Barraud P, Allain FH-T. RNA recognition
by double-stranded RNA binding domains: a matter
of shape and sequence. Cell Mol Life Sci 2013,
70:1875–1895. doi: 10.1007/s00018-012-1119-x.

19. Wu H, Henras A, Chanfreau G, Feigon J. Structural
basis for recognition of the AGNN tetraloop RNA
fold by the double-stranded RNA-binding domain of
Rnt1p RNase III. Proc Natl Acad Sci U S A 2004,
101:8307–8312. doi: 10.1073/pnas.0402627101.

20. Chiliveri SC, Deshmukh MV. Structure of RDE-4
dsRBDs and mutational studies provide insights into
dsRNA recognition in the Caenorhabditis elegans
RNAi pathway. Biochem J 2014, 458:119–130. doi:
10.1042/BJ20131347.

21. Tabara H, Yigit E, Siomi H, Mello CC. The dsRNA
binding protein RDE-4 interacts with RDE-1, DCR-1,
and a DExH-box helicase to direct RNAi in C. ele-
gans. Cell 2002, 109:861–871. doi: 10.1016/S0092-
8674(02)00793-6.

22. Benoit MP, Imbert L, Palencia A, Pérard J, Ebel C,
Boisbouvier J, Plevin MJ. The RNA-binding region
of human TRBP interacts with microRNA precursors
through two independent domains. Nucleic Acids Res
2013, 41:4241–4252. doi: 10.1093/nar/gkt086.

23. Yamashita S, Nagata T, Kawazoe M, Takemoto C,
Kigawa T, Güntert P, Kobayashi N, Terada T, Shi-
rouzu M, Wakiyama M, et al. Structures of the first
and second double-stranded RNA-binding domains of
human TAR RNA-binding protein. Protein Sci 2011,
20:118–130. doi: 10.1002/pro.543.

24. Parker GS, Eckert DM, Bass BL. RDE-4 preferen-
tially binds long dsRNA and its dimerization is nec-
essary for cleavage of dsRNA to siRNA. RNA 2006,
12:807–818. doi: 10.1261/rna.2338706.

25. Parker GS, Maity TS, Bass BL. dsRNA binding
properties of RDE-4 and TRBP reflect their distinct
roles in RNAi. J Mol Biol 2008, 384:967–979. doi:
10.1016/j.jmb.2008.10.002.

26. Takahashi T, Miyakawa T, Zenno S, Nishi K,
Tanokura M, Ui-Tei K. Distinguishable in vitro bind-
ing mode of monomeric TRBP and dimeric PACT with
siRNA. PLoS One 2013, 8:e63434. doi: 10.1371/
journal.pone.0063434.

27. Gatignol A, Buckler-White A, Berkhout B, Jeang K.
Characterization of a human TAR RNA-binding pro-
tein that activates the HIV-1 LTR. Science 1991,
251:1597–1600. doi: 10.1126/science.2011739.

28. Dorin D, Bonnet MC, Bannwarth S, Gatignol A,
Meurs EF, Vaquero C. The TAR RNA-binding protein,
TRBP, stimulates the expression of TAR-containing
RNAs in vitro and in vivo independently of its abil-
ity to inhibit the dsRNA-dependent kinase PKR.

J Biol Chem 2003, 278:4440–4448. doi: 10.1074/jbc.
M208954200.

29. Ricci EP, Kucukural A, Cenik C, Mercier BC, Singh
G, Heyer EE, Ashar-Patel A, Peng L, Moore MJ.
Staufen1 senses overall transcript secondary structure
to regulate translation. Nat Struct Mol Biol 2014,
21:26–35. doi: 10.1038/nsmb.2739.

30. Bass BL. RNA editing by adenosine deaminases that
act on RNA. Annu Rev Biochem 2002, 71:817–846.
doi: 10.1146/annurev.biochem.71.110601.135501.

31. Ramos A, Grünert S, Adams J, Micklem DR, Proctor
MR, Freund S, Bycroft M, St Johnston D, Varani
G. RNA recognition by a Staufen double-stranded
RNA-binding domain. EMBO J 2000, 19:997–1009.
doi: 10.1093/emboj/19.5.997.

32. Gleghorn ML, Gong C, Kielkopf CL, Maquat LE.
Staufen1 dimerizes through a conserved motif and
a degenerate dsRNA-binding domain to promote
mRNA decay. Nat Struct Mol Biol 2013, 20:515–524.
doi: 10.1038/nsmb.2528.

33. Gleghorn ML, Maquat LE. “Black sheep” that don’t
leave the double-stranded RNA-binding domain fold.
Trends Biochem Sci 2014, 39:328–340. doi: 10.1016/
j.tibs.2014.05.003.

34. MacRae IJ, Ma E, Zhou M, Robinson CV, Doudna
JA. In vitro reconstitution of the human RISC-
loading complex. Proc Natl Acad Sci U S A 2008,
105:512–517. doi: 10.1073/pnas.0710869105.

35. Daniels SM, Melendez-Peña CE, Scarborough RJ,
Daher A, Christensen HS, El Far M, Purcell DFJ,
Lainé S, Gatignol A. Characterization of the TRBP
domain required for dicer interaction and function in
RNA interference. BMC Mol Biol 2009, 10:38. doi:
10.1186/1471-2199-10-38.

36. Gupta V, Huang X, Patel RC. The carboxy-terminal,
M3 motifs of PACT and TRBP have opposite effects
on PKR activity. Virology 2003, 315:283–291. doi:
10.1016/S0042-6822(03)00589-0.

37. Lee JY, Kim H, Ryu CH, Kim JY, Choi BH,
Lim Y, Huh P-W, Kim Y-H, Lee K-H, Jun T-Y,
et al. Merlin, a tumor suppressor, interacts with
transactivation-responsive RNA-binding protein and
inhibits its oncogenic activity. J Biol Chem 2004,
279:30265–30273. doi: 10.1074/jbc.M312083200.

38. Patel RC, Stanton P, McMillan NM, Williams BR,
Sen GC. The interferon-inducible double-stranded
RNA-activated protein kinase self-associates in vitro
and in vivo. Proc Natl Acad Sci 1995, 92:8283–8287.
doi: 10.1073/pnas.92.18.8283.

39. Poulsen H, Jorgensen R, Heding A, Nielsen FC, Bon-
ven B, Egebjerg J. Dimerization of ADAR2 is mediated
by the double-stranded RNA binding domain. RNA
2006, 12:1350–1360. doi: 10.1261/rna.2314406.

40. Zhang F, Romano PR, Nagamura-Inoue T, Tian
B, Dever TE, Mathews MB, Ozato K, Hinnebusch
AG. Binding of double-stranded RNA to protein

284 © 2015 John Wiley & Sons, Ltd. Volume 6, May/June 2015



WIREs RNA Roles of TRBP and PACT in double-stranded RNA recognition

kinase PKR is required for dimerization and pro-
motes critical autophosphorylation events in the acti-
vation loop. J Biol Chem 2001, 276:24946–24958.
doi: 10.1074/jbc.M102108200.

41. Laraki G, Clerzius G, Daher A, Melendez-Peña
C, Daniels S, Gatignol A. Interactions between
the double-stranded RNA-binding proteins TRBP
and PACT define the Medipal domain that medi-
ates protein-protein interactions. RNA Biol 2008,
5:92–103. doi: 10.4161/rna.5.2.6069.

42. Singh M, Castillo D, Patel CV, Patel RC.
Stress-induced phosphorylation of PACT reduces its
interaction with TRBP and leads to PKR activation.
Biochemistry 2011, 50:4550–4560. doi: 10.1021/
bi200104h.

43. Singh M, Patel RC. Increased interaction between
PACT molecules in response to stress signals is
required for PKR activation. J Cell Biochem 2012,
113:2754–2764. doi: 10.1002/jcb.24152.

44. Daher A, Longuet M, Dorin D, Bois F, Segeral
E, Bannwarth S, Battisti PL, Purcell DF, Benarous
R, Vaquero C, et al. Two dimerization domains in
the trans-activation response RNA-binding protein
(TRBP) individually reverse the protein kinase R inhi-
bition of HIV-1 long terminal repeat expression.
J Biol Chem 2001, 276:33899–33905. doi: 10.1074/
jbc.M103584200.

45. Liu Q, Paroo Z. Biochemical principles of small RNA
pathways. Annu Rev Biochem 2010, 79:295–319. doi:
10.1146/annurev.biochem.052208.151733.

46. Malone CD, Hannon GJ. Small RNAs as guardians of
the genome. Cell 2009, 136:656–668. doi: 10.1016/
j.cell.2009.01.045.

47. Gredell JA, Dittmer MJ, Wu M, Chan C, Walton
SP. Recognition of siRNA asymmetry by TAR RNA
binding protein. Biochemistry 2010, 49:3148–3155.
doi: 10.1021/bi902189s.

48. Noland CL, Doudna JA. Multiple sensors ensure guide
strand selection in human RNAi pathways. RNA
2013, 19:639–648. doi: 10.1261/rna.037424.112.

49. Yang J-S, Phillips MD, Betel D, Mu P, Ventura A,
Siepel AC, Chen KC, Lai EC. Widespread regulatory
activity of vertebrate microRNA* species. RNA 2011,
17:312–326. doi: 10.1261/rna.2537911.

50. Burroughs AM, Ando Y, de Hoon ML, Tomaru Y,
Suzuki H, Hayashizaki Y, Daub CO. Deep-sequencing
of human Argonaute-associated small RNAs pro-
vides insight into miRNA sorting and reveals Arg-
onaute association with RNA fragments of diverse
origin. RNA Biol 2011, 8:158–177. doi: 10.4161/
rna.8.1.14300.

51. Meister G, Landthaler M, Patkaniowska A, Dorsett
Y, Teng G, Tuschl T. Human Argonaute2 mediates
RNA cleavage targeted by miRNAs and siRNAs.
Mol Cell 2004, 15:185–197. doi: 10.1016/j.molcel.
2004.07.007.

52. Gregory RI, Chendrimada TP, Cooch N, Shiekhat-
tar R. Human RISC couples microRNA biogenesis
and posttranscriptional gene silencing. Cell 2005,
123:631–640. doi: 10.1016/j.cell.2005.10.022.

53. Lee Y, Hur I, Park S-Y, Kim Y-K, Suh MR, Kim
VN. The role of PACT in the RNA silencing pathway.
EMBO J 2006, 25:522–532. doi: 10.1038/sj.emboj.
7600942.

54. Macrae IJ, Zhou K, Li F, Repic A, Brooks AN, Cande
WZ, Adams PD, Doudna JA. Structural basis for
double-stranded RNA processing by Dicer. Science
2006, 311:195–198. doi: 10.1126/science.1121638.

55. Chakravarthy S, Sternberg SH, Kellenberger
CA, Doudna JA. Substrate-specific kinetics of
dicer-catalyzed RNA processing. J Mol Biol 2010, 404:
392–402. doi: 10.1016/j.jmb.2010.09.030.

56. Provost P. Ribonuclease activity and RNA binding
of recombinant human Dicer. EMBO J 2002, 21:
5864–5874. doi: 10.1093/emboj/cdf578.

57. Yoda M, Kawamata T, Paroo Z, Ye X, Iwasaki S, Liu
Q, Tomari Y. ATP-dependent human RISC assembly
pathways. Nat Struct Mol Biol 2010, 17:17–23. doi:
10.1038/nsmb.1733.

58. Kawamata T, Seitz H, Tomari Y. Structural
determinants of miRNAs for RISC loading and
slicer-independent unwinding. Nat Struct Mol Biol
2009, 16:953–960. doi: 10.1038/nsmb.1630.

59. Gregory RI, Shiekhattar R. MicroRNA biogenesis
and cancer. Cancer Res 2005, 65:3509–3512. doi:
10.1158/0008-5472.CAN-05-0298.

60. Melo SA, Ropero S, Moutinho C, Aaltonen LA,
Yamamoto H, Calin GA, Rossi S, Fernandez AF,
Carneiro F, Oliveira C, et al. A TARBP2 mutation
in human cancer impairs microRNA processing and
DICER1 function. Nat Genet 2009, 41:365–370. doi:
10.1038/ng.317.

61. Fu X, Xue C, Huang Y, Xie Y, Li Y. The activ-
ity and expression of microRNAs in prostate can-
cers. Mol Biosyst 2010, 6:2561–2572. doi: 10.1039/
c0mb00100g.

62. Caramuta S, Lee L, Ozata DM, Akçakaya P, Xie H,
Höög A, Zedenius J, Bäckdahl M, Larsson C, Lui
W-O. Clinical and functional impact of TARBP2
over-expression in adrenocortical carcinoma. Endocr
Relat Cancer 2013, 20:551–564. doi: 10.1530/
ERC-13-0098.

63. Lin X, Wu M, Liu P, Wei F, Li L, Tang H, Xie
X, Liu X, Yang L, Xie X. Up-regulation and worse
prognostic marker of cytoplasmic TARBP2 expression
in obstinate breast cancer. Med Oncol 2014, 31:868.
doi: 10.1007/s12032-014-0868-9.

64. Lau P-W, Potter CS, Carragher B, MacRae IJ. Struc-
ture of the human Dicer-TRBP complex by elec-
tron microscopy. Structure 2009, 17:1326–1332. doi:
10.1016/j.str.2009.08.013.

Volume 6, May/June 2015 © 2015 John Wiley & Sons, Ltd. 285



Advanced Review wires.wiley.com/rna

65. Lau P-W, Guiley KZ, De N, Potter CS, Carragher
B, MacRae IJ. The molecular architecture of human
Dicer. Nat Struct Mol Biol 2012, 19:436–440. doi:
10.1038/nsmb.2268.

66. Wang H-W, Noland C, Siridechadilok B, Taylor DW,
Ma E, Felderer K, Doudna JA, Nogales E. Struc-
tural insights into RNA processing by the human
RISC-loading complex. Nat Struct Mol Biol 2009,
16:1148–1153. doi: 10.1038/nsmb.1673.

67. Robb GB, Rana TM. RNA helicase A interacts
with RISC in human cells and functions in RISC
loading. Mol Cell 2007, 26:523–537. doi: 10.1016/
j.molcel.2007.04.016.

68. Pare JM, Tahbaz N, López-Orozco J, LaPointe P,
Lasko P, Hobman TC. Hsp90 regulates the function
of argonaute 2 and its recruitment to stress granules
and P-bodies. Mol Biol Cell 2009, 20:3273–3284. doi:
10.1091/mbc.E09-01-0082.

69. Melo S, Villanueva A, Moutinho C, Davalos V,
Spizzo R, Ivan C, Rossi S, Setien F, Casanovas O,
Simo-Riudalbas L, et al. Small molecule enoxacin
is a cancer-specific growth inhibitor that acts by
enhancing TAR RNA-binding protein 2-mediated
microRNA processing. Proc Natl Acad Sci U S A 2011,
108:4394–4399. doi: 10.1073/pnas.1014720108.

70. Sousa E, Graça I, Baptista T, Vieira FQ, Palmeira
C, Henrique R, Jerónimo C. Enoxacin inhibits
growth of prostate cancer cells and effectively restores
microRNA processing. Epigenetics 2013, 8:548–558.
doi: 10.4161/epi.24519.

71. Sand M, Skrygan M, Georgas D, Arenz C, Gam-
bichler T, Sand D, Altmeyer P, Bechara FG. Expres-
sion levels of the microRNA maturing microprocessor
complex component DGCR8 and the RNA-induced
silencing complex (RISC) components argonaute-1,
argonaute-2, PACT, TARBP1, and TARBP2 in epithe-
lial skin cancer. Mol Carcinog 2012, 51:916–922. doi:
10.1002/mc.20861.

72. Chiosea S, Acquafondata M, Luo J, Kuan S, Seethala
R. DICER1 and PRKRA in colon adenocarcinoma.
Biomark Insights 2008, 3:253–258.

73. MacRae IJ, Zhou K, Doudna JA. Structural deter-
minants of RNA recognition and cleavage by
Dicer. Nat Struct Mol Biol 2007, 14:934–940.
doi: 10.1038/nsmb1293.

74. Ma E, MacRae IJ, Kirsch JF, Doudna JA. Autoin-
hibition of human dicer by its internal helicase
domain. J Mol Biol 2008, 380:237–243. doi: 10.1016/
j.jmb.2008.05.005.

75. Zhang H. Human Dicer preferentially cleaves dsR-
NAs at their termini without a requirement for ATP.
EMBO J 2002, 21:5875–5885. doi: 10.1093/emboj/
cdf582.

76. Taylor DW, Ma E, Shigematsu H, Cianfrocco MA,
Noland CL, Nagayama K, Nogales E, Doudna JA,

Wang H-W. Substrate-specific structural rearrange-
ments of human Dicer. Nat Struct Mol Biol 2013,
20:9–11. doi: 10.1038/nsmb.2564.

77. Noland CL, Ma E, Doudna JA. siRNA reposition-
ing for guide strand selection by human Dicer com-
plexes. Mol Cell 2011, 43:110–121. doi: 10.1016/
j.molcel.2011.05.028.

78. Lee HY, Doudna JA. TRBP alters human precur-
sor microRNA processing in vitro. RNA 2012,
18:2012–2019. doi: 10.1261/rna.035501.112.

79. Lee HY, Zhou K, Smith AM, Noland CL, Doudna
JA. Differential roles of human Dicer-binding
proteins TRBP and PACT in small RNA process-
ing. Nucleic Acids Res 2013, 41:6568–6576. doi:
10.1093/nar/gkt361.

80. Kok K-H, Ng M-HJ, Ching Y-P, Jin D-Y. Human
TRBP and PACT directly interact with each other
and associate with dicer to facilitate the produc-
tion of small interfering RNA. J Biol Chem 2007,
282:17649–17657. doi: 10.1074/jbc.M611768200.

81. Neilsen CT, Goodall GJ, Bracken CP. IsomiRs—the
overlooked repertoire in the dynamic microRNAome.
Trends Genet 2012, 28:544–549. doi: 10.1016/j.tig.
2012.07.005.

82. Koscianska E, Starega-Roslan J, Krzyzosiak WJ. The
role of Dicer protein partners in the processing of
microRNA precursors. PLoS One 2011, 6:e28548.
doi: 10.1371/journal.pone.0028548.

83. Fukunaga R, Han BW, Hung J-H, Xu J, Weng Z,
Zamore PD. Dicer partner proteins tune the length
of mature miRNAs in flies and mammals. Cell 2012,
151:533–546. doi: 10.1016/j.cell.2012.09.027.

84. Wang X-H, Aliyari R, Li W-X, Li H-W, Kim K,
Carthew R, Atkinson P, Ding S-W. RNA inter-
ference directs innate immunity against viruses in
adult Drosophila. Science 2006, 312:452–454. doi:
10.1126/science.1125694.

85. Ghildiyal M, Seitz H, Horwich MD, Li C, Du T,
Lee S, Xu J, Kittler ELW, Zapp ML, Weng Z, et al.
Endogenous siRNAs derived from transposons and
mRNAs in Drosophila somatic cells. Science 2008,
320:1077–1081. doi: 10.1126/science.1157396.

86. Lee YS, Nakahara K, Pham JW, Kim K, He Z, Son-
theimer EJ, Carthew RW. Distinct roles for Drosophila
Dicer-1 and Dicer-2 in the siRNA/miRNA silencing
pathways. Cell 2004, 117:69–81.

87. Liu Q, Rand TA, Kalidas S, Du F, Kim H-E, Smith
DP, Wang X. R2D2, a bridge between the initi-
ation and effector steps of the Drosophila RNAi
pathway. Science 2003, 301:1921–1925. doi: 10.1126/
science.1088710.

88. Tomari Y, Matranga C, Haley B, Martinez N,
Zamore PD. A protein sensor for siRNA asymmetry.
Science 2004, 306:1377–1380. doi: 10.1126/sci-
ence.1102755.

286 © 2015 John Wiley & Sons, Ltd. Volume 6, May/June 2015



WIREs RNA Roles of TRBP and PACT in double-stranded RNA recognition

89. Saito K, Ishizuka A, Siomi H, Siomi MC. Processing of
pre-microRNAs by the Dicer-1-Loquacious complex
in Drosophila cells. PLoS Biol 2005, 3:e235. doi:
10.1371/journal.pbio.0030235.

90. Jiang F, Ye X, Liu X, Fincher L, McKearin D, Liu Q.
Dicer-1 and R3D1-L catalyze microRNA maturation
in Drosophila. Genes Dev 2005, 19:1674–1679. doi:
10.1101/gad.1334005.

91. Hartig JV, Esslinger S, Böttcher R, Saito K, Förste-
mann K. Endo-siRNAs depend on a new isoform
of loquacious and target artificially introduced,
high-copy sequences. EMBO J 2009, 28:2932–2944.
doi: 10.1038/emboj.2009.220.

92. Marques JT, Kim K, Wu P-H, Alleyne TM, Jafari N,
Carthew RW. Loqs and R2D2 act sequentially in the
siRNA pathway in Drosophila. Nat Struct Mol Biol
2010, 17:24–30. doi: 10.1038/nsmb.1735.

93. Förstemann K, Tomari Y, Du T, Vagin VV, Denli AM,
Bratu DP, Klattenhoff C, Theurkauf WE, Zamore PD.
Normal microRNA maturation and germ-line stem cell
maintenance requires Loquacious, a double-stranded
RNA-binding domain protein. PLoS Biol 2005,
3:e236. doi: 10.1371/journal.pbio.0030236.

94. Park JK, Liu X, Strauss TJ, McKearin DM, Liu Q. The
miRNA pathway intrinsically controls self-renewal
of Drosophila germline stem cells. Curr Biol 2007,
17:533–538. doi: 10.1016/j.cub.2007.01.060.

95. Bennett RL, Blalock WL, Choi E-J, Lee YJ, Zhang
Y, Zhou L, Oh SP, May WS. RAX is required for
fly neuronal development and mouse embryogenesis.
Mech Dev 2008, 125:777–785. doi: 10.1016/j.mod.
2008.06.009.

96. Koh HR, Kidwell MA, Ragunathan K, Doudna JA,
Myong S. ATP-independent diffusion of double-
stranded RNA binding proteins. Proc Natl Acad
Sci U S A 2013, 110:151–156. doi: 10.1073/pnas.
1212917110.

97. Paroo Z, Ye X, Chen S, Liu Q. Phosphorylation of
the human microRNA-generating complex mediates
MAPK/Erk signaling. Cell 2009, 139:112–122. doi:
10.1016/j.cell.2009.06.044.

98. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib
N, Hsu PD, Wu X, Jiang W, Marraffini LA, et al.
Multiplex genome engineering using CRISPR/Cas sys-
tems. Science 2013, 339:819–823. doi: 10.1126/sci-
ence.1231143.

99. Ohrt T, Muetze J, Svoboda P, Schwille P. Intracel-
lular localization and routing of miRNA and RNAi
pathway components. Curr Top Med Chem 2012,
12:79–88. doi: 10.2174/156802612798919132.

100. Ohrt T, Mütze J, Staroske W, Weinmann L, Höck J,
Crell K, Meister G, Schwille P. Fluorescence correla-
tion spectroscopy and fluorescence cross-correlation
spectroscopy reveal the cytoplasmic origination of
loaded nuclear RISC in vivo in human cells. Nucleic
Acids Res 2008, 36:6439–6449. doi: 10.1093/nar/
gkn693.

101. Chendrimada TP, Finn KJ, Ji X, Baillat D, Gre-
gory RI, Liebhaber SA, Pasquinelli AE, Shiekhattar
R. MicroRNA silencing through RISC recruitment
of eIF6. Nature 2007, 447:823–828. doi: 10.1038/
nature05841.

102. Stalder L, Heusermann W, Sokol L, Trojer D, Wirz J,
Hean J, Fritzsche A, Aeschimann F, Pfanzagl V, Bas-
selet P, et al. The rough endoplasmatic reticulum is a
central nucleation site of siRNA-mediated RNA silenc-
ing. EMBO J 2013, 32:1115–1127. doi: 10.1038/
emboj.2013.52.

103. Kim YJ, Maizel A, Chen X. Traffic into silence:
endomembranes and post-transcriptional RNA silenc-
ing. EMBO J 2014, 33:968–980. doi: 10.1002/embj.
201387262.

104. Schlee M, Hartmann G. The chase for the RIG-I
ligand—recent advances. Mol Ther 2010, 18:
1254–1262. doi: 10.1038/mt.2010.90.

105. Kowalinski E, Lunardi T, McCarthy AA, Louber J,
Brunel J, Grigorov B, Gerlier D, Cusack S. Struc-
tural basis for the activation of innate immune
pattern-recognition receptor RIG-I by viral RNA. Cell
2011, 147:423–435. doi: 10.1016/j.cell.2011.09.039.

106. Luo D, Ding SC, Vela A, Kohlway A, Lindenbach BD,
Pyle AM. Structural insights into RNA recognition by
RIG-I. Cell 2011, 147:409–422. doi: 10.1016/j.cell.
2011.09.023.

107. Kolakofsky D, Kowalinski E, Cusack S. A
structure-based model of RIG-I activation. RNA
2012, 18:2118–2127. doi: 10.1261/rna.035949.112.

108. Yoneyama M, Fujita T. RNA recognition and sig-
nal transduction by RIG-I-like receptors. Immunol
Rev 2009, 227:54–65. doi: 10.1111/j.1600-065X.
2008.00727.x.

109. Takeuchi O, Akira S. MDA5/RIG-I and virus recog-
nition. Curr Opin Immunol 2008, 20:17–22. doi:
10.1016/j.coi.2008.01.002.

110. Luthra P, Ramanan P, Mire CE, Weisend C, Tsuda
Y, Yen B, Liu G, Leung DW, Geisbert TW, Ebihara
H, et al. Mutual antagonism between the Ebola virus
VP35 protein and the RIG-I activator PACT deter-
mines infection outcome. Cell Host Microbe 2013,
14:74–84. doi: 10.1016/j.chom.2013.06.010.

111. Siu K-L, Yeung ML, Kok K-H, Yuen K-S, Kew C,
Lui P-Y, Chan C-P, Tse H, Woo PCY, Yuen K-Y,
et al. Middle east respiratory syndrome coronavirus
4a protein is a double-stranded RNA-binding protein
that suppresses PACT-induced activation of RIG-I and
MDA5 in the innate antiviral response. J Virol 2014,
88:4866–4876. doi: 10.1128/JVI.03649-13.

112. Fairman-Williams ME, Guenther U-P, Jankowsky E.
SF1 and SF2 helicases: family matters. Curr Opin
Struct Biol 2010, 20:313–324. doi: 10.1016/j.sbi.
2010.03.011.

113. Iwamura T, Yoneyama M, Koizumi N, Okabe
Y, Namiki H, Samuel CE, Fujita T. PACT, a

Volume 6, May/June 2015 © 2015 John Wiley & Sons, Ltd. 287



Advanced Review wires.wiley.com/rna

double-stranded RNA binding protein acts as a pos-
itive regulator for type I interferon gene induced by
Newcastle disease virus. Biochem Biophys Res Com-
mun 2001, 282:515–523. doi: 10.1006/bbrc.2001.
4606.

114. Peters GA, Khoo D, Mohr I, Sen GC. Inhibition
of PACT-mediated activation of PKR by the herpes
simplex virus type 1 Us11 protein. J Virol 2002, 76:
11054–11064. doi: 10.1128/JVI.76.21.11054-11064.
2002.

115. Kew C, Lui P-Y, Chan C-P, Liu X, Au SWN, Mohr I,
Jin D-Y, Kok K-H. Suppression of PACT-induced type
I interferon production by herpes simplex virus 1 Us11
protein. J Virol 2013, 87:13141–13149. doi: 10.1128/
JVI.02564-13.

116. Fabozzi G, Nabel CS, Dolan MA, Sullivan NJ.
Ebolavirus proteins suppress the effects of small
interfering RNA by direct interaction with the mam-
malian RNA interference pathway. J Virol 2011,
85:2512–2523. doi: 10.1128/JVI.01160-10.

117. Tafforeau L, Chantier T, Pradezynski F, Pellet J, Man-
geot PE, Vidalain P-O, Andre P, Rabourdin-Combe C,
Lotteau V. Generation and comprehensive analysis of
an influenza virus polymerase cellular interaction net-
work. J Virol 2011, 85:13010–13018. doi: 10.1128/
JVI.02651-10.

118. Bennasser Y, Yeung ML, Jeang K-T. HIV-1 TAR RNA
subverts RNA interference in transfected cells through
sequestration of TAR RNA-binding protein, TRBP. J
Biol Chem 2006, 281:27674–27678. doi: 10.1074/jbc.
C600072200.

119. Sanghvi VR, Steel LF. The cellular TAR RNA binding
protein, TRBP, promotes HIV-1 replication primar-
ily by inhibiting the activation of double-stranded
RNA-dependent kinase PKR. J Virol 2011, 85:
12614–12621. doi: 10.1128/JVI.05240-11.

120. Sanghvi VR, Steel LF. A re-examination of global
suppression of RNA interference by HIV-1. PLoS
One 2011, 6:e17246. doi: 10.1371/journal.pone.
0017246.

121. Marques JT, White CL, Peters GA, Williams BRG, Sen
GC. The role of PACT in mediating gene induction,
PKR activation, and apoptosis in response to diverse
stimuli. J Interferon Cytokine Res 2008, 28:469–476.
doi: 10.1089/jir.2007.0006.

122. Donnelly N, Gorman AM, Gupta S, Samali A. The
eIF2𝛼 kinases: their structures and functions. Cell Mol
Life Sci 2013, 70:3493–3511. doi: 10.1007/s00018-
012-1252-6.

123. Meurs E, Chong K, Galabru J, Thomas NS, Kerr
IM, Williams BR, Hovanessian AG. Molecular cloning
and characterization of the human double-stranded
RNA-activated protein kinase induced by interferon.
Cell 1990, 62:379–390.

124. Cole JL. Activation of PKR: an open and shut case?
Trends Biochem Sci 2007, 32:57–62. doi: 10.1016/
j.tibs.2006.12.003.

125. Vattem KM, Staschke KA, Wek RC. Mecha-
nism of activation of the double-stranded-RNA-
dependent protein kinase, PKR. Eur J Biochem 2001,
268:3674–3684. doi: 10.1046/j.1432-1327.2001.
02273.x.

126. García MA, Meurs EF, Esteban M. The dsRNA prot-
ein kinase PKR: virus and cell control. Biochimie 2007,
89:799–811. doi: 10.1016/j.biochi.2007.03.001.

127. Peters GA, Li S, Sen GC. Phosphorylation of specific
serine residues in the PKR activation domain of PACT
is essential for its ability to mediate apoptosis. J
Biol Chem 2006, 281:35129–35136. doi: 10.1074/jbc.
M607714200.

128. Benkirane M, Neuveut C, Chun RF, Smith SM, Samuel
CE, Gatignol A, Jeang KT. Oncogenic potential of
TAR RNA binding protein TRBP and its regulatory
interaction with RNA-dependent protein kinase PKR.
EMBO J 1997, 16:611–624. doi: 10.1093/emboj/
16.3.611.

129. Cosentino GP, Venkatesan S, Serluca FC, Green
SR, Mathews MB, Sonenberg N. Double-stranded-
RNA-dependent protein kinase and TAR RNA-
binding protein form homo- and heterodimers in vivo.
Proc Natl Acad Sci U S A 1995, 92:9445–9449.

130. Li S, Peters GA, Ding K, Zhang X, Qin J, Sen
GC. Molecular basis for PKR activation by PACT
or dsRNA. Proc Natl Acad Sci U S A 2006, 103:
10005–10010. doi: 10.1073/pnas.0602317103.

131. Daher A, Laraki G, Singh M, Melendez-Peña CE, Ban-
nwarth S, Peters AH, Meurs EF, Braun RE, Patel
RC, Gatignol A. TRBP control of PACT-induced
phosphorylation of protein kinase R is reversed by
stress. Mol Cell Biol 2009, 29:254–265. doi: 10.1128/
MCB.01030-08.

132. Huang X, Hutchins B, Patel RC. The C-terminal,
third conserved motif of the protein activator
PACT plays an essential role in the activation of
double-stranded-RNA-dependent protein kinase
(PKR). Biochem J 2002, 366:175–186. doi: 10.1042/
BJ20020204.

133. Li S, Sen GC. PACT-mediated enhancement of reporter
gene expression at the translational level. J Inter-
feron Cytokine Res 2003, 23:689–697. doi: 10.1089/
107999003772084806.

134. Peters GA, Dickerman B, Sen GC. Biochemical anal-
ysis of PKR activation by PACT. Biochemistry 2009,
48:7441–7447. doi: 10.1021/bi900433y.

135. Cullen BR. Is RNA interference involved in intrinsic
antiviral immunity in mammals? Nat Immunol 2006,
7:563–567. doi: 10.1038/ni1352.

136. Ulvila J, Hultmark D, Rämet M. RNA silencing in the
antiviral innate immune defence—role of DEAD-box
RNA helicases. Scand J Immunol 2010, 71:146–158.
doi: 10.1111/j.1365-3083.2009.02362.x.

137. Rowe TM, Rizzi M, Hirose K, Peters GA, Sen GC.
A role of the double-stranded RNA-binding protein

288 © 2015 John Wiley & Sons, Ltd. Volume 6, May/June 2015



WIREs RNA Roles of TRBP and PACT in double-stranded RNA recognition

PACT in mouse ear development and hearing. Proc
Natl Acad Sci U S A 2006, 103:5823–5828. doi:
10.1073/pnas.0601287103.

138. Camargos S, Scholz S, Simón-Sánchez J, Paisán-Ruiz
C, Lewis P, Hernandez D, Ding J, Gibbs JR,

Cookson MR, Bras J, et al. DYT16, a novel
young-onset dystonia-parkinsonism disorder: identifi-
cation of a segregating mutation in the stress-response
protein PRKRA. Lancet Neurol 2008, 7:207–215.
doi: 10.1016/S1474-4422(08)70022-X.

FURTHER READING
Kim Y, Yeo J, Lee JH, Cho J, Seo D, Kim J-S, Kim VN. Deletion of human tarbp2 reveals cellular microRNA targets and
cell-cycle function of TRBP. Cell Rep 2014, 9:1061–1074.

Wilson RC, Tambe A, Kidwell MA, Noland CL, Schneider CP, Doudna JA. Dicer-TRBP complex formation ensures accurate
mammalian MicroRNA biogenesis. Mol Cell 2015. doi: 10.1016/j.molcel.2014.11.030.

Volume 6, May/June 2015 © 2015 John Wiley & Sons, Ltd. 289


