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Abstract PACT (Protein kinase, interferon-inducible double stranded RNA dependent activator) and its murine
ortholog RAX (PKR-associated protein X) were originally identified as a protein activator for the dsRNA-dependent,
interferon-inducible protein kinase (PKR). Endogenous PACT/RAX activates PKR in response to diverse stress signals
such as serum starvation, and peroxide or arsenite treatment. PACT/RAX heterodimerized with PKR and activated it
with its third motif in the absence of dsRNA. The activation of PKR leads to enhanced eIF2α phosphorylation followed
by apoptosis or inhibition of growth. Besides the role of activating PKR, PACT is associated with a ~500 kDa complex
that contains Dicer, hAgo2, and TRBP (TAR RNA binding protein) and it associates with Dicer to facilitate the
production of small interfering RNA. PACT/RAX plays an important role in diverse physiological and pathological
processes. Pact–/– mice exhibit notable developmental abnormalities including microtia, with craniofacial ear, and
hearing defects. Pact–/– mice had smaller body sizes and fertility defects, both of which were caused by defective
pituitary functions. It was found that dRAX disrupted fly embryos homozygous, displayed highly abnormal
commissural axon structure of the central nervous system, and 70% of the flies homozygous for the mutant allele died
prior to adulthood. Using high density SNP genotyping arrays, it was found that a mutation in PRKRA (the PACT/RAX
gene) is the causative genetic mutation in DYT16, a novel autosomal recessive dystonia-parkinsonism syndrome in
Brazilian patients.
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Introduction

A variety of eukaryotic, prokaryotic, viral and plant proteins
have now been demonstrated to associate with dsRNA
species, to regulate cellular signaling events and gene
expression (St Johnston et al., 1992; Fierro-Monti and
Mathews, 2000; Saunders and Barber, 2003). These dsRNA
binding proteins, which we refer to as DRBPs, were first
identified in the early 1990s and contain an evolutionarily

conserved dsRNA binding motif (DRBM) of ~65–68 amino
acids (Seeman et al., 1976; Ryter and Schultz, 1998).

More than 100 DRBPs have been identified and play
diverse roles in cellular functions. An example is the
interferon (IFN)-induced, double-stranded (ds) RNA acti-
vated protein kinase (PKR); it functions in dsRNA signaling
and host defense against virus infection and Dicer, which is
implicated in RNA interference (RNAi)-mediated gene
silencing. Other DRBPs, such as Staufen, adenosine
deaminase acting on RNA (ADAR), and spermatid peri-
nuclear RNA binding protein (SPNR), are known to play
essential roles in development, translation, RNA editing, and
stability (Saunders and Barber, 2003). In many cases,
homozygous or even heterozygous disruption of DRBPs in
animal models results in embryonic lethality (Wang et al.,
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2000; Pires-daSilva et al., 2001). These results indicate the
importance of DRBPs in cell physiology. Here, we provide an
overview on the progress of research on a DRBP family
member, PKR activator (PACT) or PKR-associated protein X
(RAX).

PACT/RAX and PKR

PACT/RAX was first identified as the protein activator of
PKR

PKR is a key mediator of the anti-viral and anti-proliferative
effects of IFN (Hovanessian, 1989). PKR is expressed at low
constitutive levels in cells, and is induced by treatment with
IFN (Clemens and Elia, 1997). PKR kinase activity requires
binding to an activator. The most well-known activator of
PKR is dsRNA, and other polyanionic agents, such as
heparin, have also been known to activate PKR in vitro
(Galabru and Hovanessian, 1987). In interferon-treated cells,
virus infection leads to activation of PKR by autopho-
sphorylation, followed by eIF2α phosphorylation and inhibi-
tion of viral and cellular protein synthesis (Samuel et al.,
1984; Samuel, 1993).

In uninfected cells, PKR is involved in diverse cellular
functions such as growth regulation, apoptosis, and differ-
entiation. In several experimental systems, overexpression of
PKR can induce proliferation inhibition, apoptosis and
differentiation promotion; however, overexpression of domi-
nant negative PKR (K296R) results in tumorigenicity (Proud,
1995; Williams, 1997). Mutant PKR without dsRNA binding
activity can still be activated by heparin in vitro and
functional in yeast. These findings indicate that PKR may
have other cellular activators which can activate PKR and
regulate multiple physiological processes in the absence of
virus infection.

PACTwas identified as the protein activator of PKR. Using
a yeast two-hybrid screening, it was found that PACT
interacted with PKR. PACT was expressed in all kinds of
tissues independent of IFN. It has DRBM, but it can activate
PKR in the absence of dsRNA. In mammalian cells,
overexpression of PACT can activate PKR, and then induce
eIF2α phosphorylation and subsequent inhibition of protein
synthesis. Co-expression of PKR and PACT leads to an anti-
growth phenotype in Saccharomyces cerevisiae (Patel and
Sen, 1998). PACT’s murine ortholog RAX (encoded by prkra
gene) was independently discovered as a PKR activator (Ito et
al., 1999). PACT and RAX are almost identical in their amino
acid sequences; only 6 out of 313 residues are different with 4
similar substitutions.

PACT/RAX associates with PKR in regulating multiple
physiological processes

Cellular PACT/RAX is a stress-activated, physiological

activator of PKR that couples transmembrane stress signals
and protein synthesis. IL-3 deprivation as well as diverse cell
stress treatments including arsenite, thapsigargin, and H2O2,
which are known to inhibit protein synthesis, induce the rapid
phosphorylation of RAX followed by RAX-PKR association
and activation of PKR (Ito et al., 1999; Patel et al., 2000).
Knockdown of RAX expression by siRNA prevents TNFα
induced PKR activation and eIF2α phosphorylation, IκB
degradation, IRF-1 expression, and STAT1 phosphorylation,
resulting in enhanced MEF cell survival. In contrast,
expression of exogenous RAX, but not of the nonpho-
sphorylatable, dominant-negative RAX (S18A) mutant,
sensitizes cells to IFN/TNFα, mitomycin C (MMC), or
serum deprivation in association with increased PKR activity
and apoptosis. These responses indicate that RAX is required
to activate PKR in response to a broad range of apoptosis-
inducing cellular stresses (Bennett et al., 2006). The ER-
stress-mediated eIF2α/ATF4/CHOP cell death pathway is, to
some degree, dependent on PACT-mediated PKR activation
apart from the PERK pathway. ER stress activates PKR,
inducing the phosphorylation of eIF2α. ER-stress-mediated
eIF2α/ATF4/CHOP signaling and associated cell death can be
markedly reduced by PKR knockdown. This PKR activation
is mediated by PACT, the expression of which is elevated by
ER-stress (Lee et al., 2007).

We previously reported that the interactions between PKR
and PACT/RAX modulate the effect of ethanol on protein
synthesis and cell survival in the central nervous system.
Exposure to ethanol increases the phosphorylation of PKR
and eIF2α and enhances the association of RAX and PKR in
the developing cerebellum. Overexpression of a wild-type
RAX dramatically enhances sensitivity to ethanol-induced
PKR/eIF2α phosphorylation. In contrast, overexpression of a
mutant (S18A) RAX inhibited ethanol-mediated PKR/eIF2α
activation (Chen et al., 2006).

A recent finding indicates that the RAX/PACT-PKR stress
response pathway promotes p53 sumoylation and activation,
leading to G1 cell cycle arrest. RAX/PACT interacts with the
SUMO E2 ligase Ubc9 to stimulate p53-Ubc9 association and
reversible p53 sumoylation on lysine 386. Expression of
RAX/PACT in a variety of cell lines promotes p53 stability
and increases PKR dependent p53-targeted gene expression
(Bennett et al., 2012).

Molecular basis for PACT/RAX activating PKR

PACT/RAX contains three independent motifs. The first two
resemble DRBM; the third one consists of 66 residues and
appears to be an activator for interacting proteins (Peters et
al., 2001). Among the three domains of PACT, the presence of
either motif 1 or 2 is sufficient for high-affinity binding of
PACT to PKR, while motif 3 is required for PKR activation in
vitro and in vivo. In addition, domain 3 and eIF2α both
interact with PKR through the same region within PKR,
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which is mapped to lie between amino acid residues 318 and
551 (Huang et al., 2002).

There is a PACT binding motif (PBM) located in the kinase
domain of PKR. An intramolecular interaction between PBM
and dsRBMs of PKR is responsible for keeping PKR in an
inactive conformation. Disruption of this interaction by point
mutations of appropriate residues or expression of a short
decoy peptide representing PBM can both produce constitu-
tively active PKR. Motif 3 of PACT can directly bind to PBM
and disrupt the intramolecular interaction of PKR which leads
to conformational change and autophosphorylation of PKR
(Li et al., 2006).

PACT/RAX itself is regulated by phosphorylation on
specific residues, such as serine 18. The non-phosphoryla-
table form of RAX, RAX (S18A), although is still able to bind
dsRNA and associate with PKR, fails to activate PKR in
response to cellular stress. Furthermore, stable expression of
RAX(S18A) results in a dominant-negative effect character-
ized by a deficiency of eIF2α phosphorylation, delay of
translation inhibition, and failure to undergo rapid apoptosis
following removal of interleukin-3 (Bennett et al., 2004).
There are another two serine residues, whose phosphorylation
was essential for the cellular actions of PACT. Constitutive
phosphorylation of one of the two residues, Ser246, was
required for stress-induced phosphorylation of the other,
Ser287. Substitution of either of them by threonine or aspartic
acid, but not alanine, was tolerated. Substitution of both
residues with the phosphoserine mimetic, aspartic acid,
produces a mutant PACT which will induce PKR activation
and apoptosis, even in unstressed cells (Peters et al., 2006).
While in stressed cells, mutant PACT activates PKR more
effectively and has a tighter association with PKR (Peters et
al., 2009). Phosphorylation at serine 246 and 287 is essential
for PACT-PACT and PACT-PKR interaction. Point mutation
at these sites of PACT abolish PACT–PACT interaction and
PKR activation (Singh and Patel, 2012).

Other dsRNA binding proteins regulate PACT/RAX-PKR
association by interacting with PACT/RAX

Proteins with conserved dsRBMs can usually interact with
each other through these structures. The TAR RNA binding
Protein (TRBP) is an example. TRBP and PACT bind to each
other through their dsRBMs and their Medipal domains.
TRBP binds to PACT to inhibit PACT’s activity on PKR.
PACT-induced PKR phosphorylation is restored in Tarbp2 –/–

murine tail fibroblasts and in HEK293T or HeLa cells when
TRBP expression is reduced by RNA interference. In
HEK293T and HeLa cells, arsenite, peroxide, and serum
starvation-mediated stresses dissociate the TRBP-PACT
interaction and increase PACT-induced PKR activation,
demonstrating the relevance of this control in a physiologic
context. TRBP negatively regulates PACT-mediated activa-
tion of PKR, and this regulation is disrupted by cellular
stresses (Daher et al., 2009).

PACT/RAX and RNA silencing pathway

Basics in RNA interference

RNA interference (RNAi) is an evolutionarily conserved
mechanism for gene silencing mediated through small RNAs
of 22nt (Hannon, 2002). At least two classes of small RNAs
have been described in mammals. micro-RNAs (miRNA)
produced from hairpin precursors and small interfering RNAs
(siRNAs) derived from long double-stranded RNAs
(dsRNAs) (Tomari and Zamore, 2005). Both miRNAs and
siRNAs are generated by RNase III-type nuclease Dicer, and
are assembled into an effector complex termed RNA-induced
silencing complex (RISC) (Bernstein et al., 2001; Provost et
al., 2002). Although two Dicer enzymes (Dcr1 and Dcr2)
have been found in fruit flies and are responsible for the
generation of miRNAs and siRNAs, respectively, there exists
only one single Dicer in humans, which produces both
miRNAs and siRNAs. Besides the processing of miRNA,
human Dicer has also been proposed to have a role in RISC
assembly, because a depletion of Dicer results in a defect of
RNA interference (RNAi) process mediated by siRNA
duplex in human cell lines (Doi et al., 2003). Argonaute
proteins are the core components of the RISC. Argonaute
proteins are capable of interacting directly with small RNAs
through their PAZ domains (to the 3′ end) and through the
PIWI and the middle domains (to the 5′ end). A small RNA
guides the RISC to its target RNA, which leads to mRNA
degradation and/or to translational repression (Carmell et al.,
2002; Liu et al., 2004; Meister et al., 2005).

PACT is highly involved in Small RNA-mediated gene
silencing pathway

Recently, TRBP was reported to interact with Dicer and
human Ago2 (hAgo2). The depletion of TRBP by RNAi
causes defects of siRNA- or miRNA-mediated RNA silencing
processes in human cell lines (Chendrimada et al., 2005).
PACT is similar to TRBP in the domain structure. Lee et al.
first identified that PACT is associated with a ~500 kDa
complex that contains Dicer, hAgo2, and TRBP. The
interaction with Dicer involves the third DRBM of PACT
and the N-terminal region of Dicer containing the helicase
motif. Like TRBP, PACT is not required for the pre-
microRNA cleavage reaction step. However, the depletion
of PACT strongly affects the accumulation of mature miRNA
in vivo and moderately reduces the efficiency of small
interfering RNA-induced RNAi (Lee et al., 2006). It was then
verified that human TRBP and PACT directly interact with
each other and associate with Dicer to stimulate the cleavage
of double-stranded or short hairpin RNA to siRNA (Kok et
al., 2007). The analysis of the Dicer cleavage products
generated in vitro revealed the presence of a cleavage
intermediate when pre-miRNA was processed by recombi-
nant Dicer alone. This intermediate was not observed during
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pre-miRNA cleavage by endogenous Dicer. It demonstrates
that one of the roles of AGO2, PACT and TRBP proteins is to
assure better synchronization of cleavages triggered by two
RNase III domains of Dicer (Koscianska et al., 2011). The
ATP-independent dsRNA-specific diffusion activity of TRBP
and PACT contributes to enhancing siRNA and miRNA
processing by Dicer (Koh et al., 2013). Further research
revealed that PACT in complex with Dicer inhibits the
processing of pre-siRNA substrates when compared with
Dicer and a Dicer–TRBP complex. In addition, PACT and
TRBP show non-redundant effects on the production of
different-sized miRNAs (isomiRs), which in turn alter target
binding specificities (Lee et al., 2013). Monomeric TRBP
binds to siRNA at the higher affinity compared to the affinity
for its own homodimerization. In contrast, the affinity
between PACT and siRNA is lower than that of the
homodimerization or that between TRBP and siRNA. Thus,
siRNA may be more readily incorporated into a RISC loading
complex, interacting with TRBP (instead of PACT) in vivo
(Takahashi et al., 2013). The cytoplasmic RISC proteins
PACT, TRBP, and Dicer are steroid receptor RNA activators
(SRA) binding nuclear receptor (NR) co-regulators that target
steroid-responsive promoters and regulate NR activity and
downstream gene expression (Redfern et al., 2013). Recently,
the rough endoplasmic reticulum was found to have a central
nucleation site of siRNA-mediated RNA silencing. Also,
TRBP and PACT are key factors anchoring RISC to ER
membranes in an RNA-independent manner (Stalder et al.,
2013). Increasing evidence shows that PACT/RAX is highly
involved in several critical steps of the Small RNA-mediated
gene silencing pathway, indicating that PACT/RAX may play
an important role in diverse physiologic and pathological
processes.

PACT/RAX and development

To determine the physiological functions of PACT/RAX,
Pact–/–mice are generated. The single-copy mouse prkra gene
is disrupted and expression of the protein is completely
ablated. The most notable phenotypes of the Pact–/– mouse are
reduced size and severe microtia. As a result of the congenital
abnormality of both outer and middle ears, these mice are
hearing impaired (Rowe et al., 2006). In addition, Pact–/–mice
have smaller body size and fertility defects caused by
defective pituitary functions. Pact–/– mice exhibit anterior
pituitary lobe (AL) hypoplasia, which develops postnatally,
when the second phase of pituitary expansion occurs (Peters
et al., 2009). In another knockout mouse model, deletion of
the entire Rax gene results in no mice homozygous for the
mutant allele. Also, there are no embryos obtained by mating
heterozygous mice at either E3.5, 7, or 14 that was
nullizygous for the Rax gene, which means the Rax gene is
embryonic lethal in mice at a preimplantation stage of
development. In Drosophila, dRax (loqs/R3D1, homologous

gene of PACT/RAX) is expressed at high levels in the
developing nerve cord. Fly embryos homozygous with dRax
disruption display highly abnormal commissural axon
structure of the CNS; 70% of the flies homozygous for the
mutant allele die prior to adulthood. Surviving male flies have
reduced fertility and female flies are sterile (Bennett et al.,
2008). Notably, these defects are not present in 2 models of
PKR-deficient mice (Yang et al., 1995; Abraham et al., 1999),
supporting additional roles of PACT beyond activating PKR
at the physiological level. PACT/RAX’s role in the gene
silencing pathway may be partially responsible for these
defects.

PACT and diseases

Dystonia and parkinsonism may present as part of the same
genetic disorder. By high-density genome-wide SNP geno-
typing of two unrelated families with novel autosomal
recessive dystonia-parkinsonism syndrome, Camargos et al.
identify a mutation within the PACT gene prkra in a novel
disease locus DYT16. These patients have progressive,
generalized, early-onset dystonia with axial muscle involve-
ment, oromandibular (sardonic smile), laryngeal dystonia
and, in some cases, parkinsonian features. These patients do
not respond to levodopa therapy, which may be partially
correlated with its interplay with PKR or the gene silencing
pathway (Bando et al., 2005; Camargos et al., 2008).

Summary

PACT/RAX is a stress responsive protein. Various cellular
stresses can promote PACT/RAX and PKR interaction,
resulting in the inhibition of protein synthesis and induction
of growth arrest or apoptosis. Some of RAX/PACT-PKR
signals are mediated by p53. PACT/RAX can also regulate
gene silencing by modulating siRNA/miRNA generation.
PACT/RAX knockout or mutation leads to some diseases and
serious development defects, indicating its important regula-
tory role in cell physiology and development (Fig. 1). Our
understanding of PACT/RAX’s function is very limited.
Therefore, research on cell biology of PACT/RAX is
important and will provide potential new approaches for
disease prevention and intervention.
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