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Abstract

Double-stranded RNA-dependent protein kinase (PKR) is implicated in inflammation and
immune dysfunction through its regulation of mitogen-activated protein kinases, interferon
regulatory factor 3, nuclear factorkB, apoptosis, and autophagy pathways. A study shows that
PKR is also required for the activation of inflammasomes and the subsequent release of high-
mobility group box 1 (HMGBL1) protein, a proinflammatory cytokine. Thus, the cell stress kinase
PKR has multifaceted roles in the regulation of inflammatory immune responses, and PKR and
HMGB1 are attractive targets for inflammasome-associated diseases.

The inflammasome, a multiprotein oligomer, is activated by microbial pathogens, stress, and
damage signals that trigger the release of proinflammatory cytokines, including
interleukin-1p (IL-1p), IL-18, and high-mobility group box 1 (HMGB1) protein, as well as
stimulate a form of programmed inflammatory cell death called pyroptosis, which engages
immune and inflammatory responses (1, 2). The molecular mechanisms underlying the
regulation of inflammasomes are still poorly defined. A study by Lu et a/. (3) identified a
previously uncharacterized biological function for double-stranded RNA (dsRNA)-
dependent protein kinase (PKR) in promoting inflammation by sustaining inflammasome
activities in response to pyroptosis-associated stimuli. This finding reveals a crucial new
player in the ever-growing list of proteins that control the inflammasome and HMGB1
release (Fig. 1A) and provides a new target for the treatment of inflammasome-associated
diseases, including obesity, diabetes, atherosclerosis, Alzheimer's disease, sepsis, colitis, and
inflammation-associated cancer (4).

PKR is a ubiquitously expressed serine and threonine protein kinase that was initially
identified as an innate immune anti-viral protein that is induced by interferon (IFN) (5). In
addition to its established role in the antiviral and antitumor activities of IFN (5, 6), PKR
contributes to inflammation and immune regulation through several signaling pathways (Fig.
1B). PKR is activated by multiple stimuli, such as inflammatory cytokines [for example,
IFN and tumor necrosis factor (TNF)]; bacterial and viral infection; and chemotherapy- and
irradiation-induced DNA damage through a mechanism involving autophosphorylation (7—
9). Active PKR mediates the activation of mitogen-activated protein kinases (MAPKS) (10,
11), inhibitor of xB (1xB) kinase (IKK) (12, 13), and IFN-p-promoter simulator 1 (IPS-1)
signaling (14) and, then, affects diverse transcriptional factors, including interferon
regulatory factor 3 (IRF3) (14), nuclear factor xB (NF-xB) (12, 13), c-Jun, and activating
transcription factor 2 (ATF2) (15, 16), which are required for the expression of genes
encoding proinflammatory cytokines and IFNs (7-9). The balance between apoptosis and
autophagy affects the effector cells of innate and adaptive immunity that mediate the
inflammatory response (17, 18). PKR triggers apoptosis through Fas-associated protein with
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death domain (FADD)-mediated activation of caspase-8 (19-21). In contrast, PKR triggers
autophagy through eukaryotic initiation factor 2a (elF2a)-mediated activation of the
microtubule-associated protein LC3 (light chain 3) (22). Thus, PKR has multifaceted roles
in the regulation of inflammatory immune responses (Fig. 1B).

HMGB1 is a chromatin-associated nuclear protein, which functions as a damage-associated
molecular pattern molecule (DAMP) when released from cells under stressful conditions.
HMGBL1 is actively secreted by innate immune inflammatory cells in response to pathogen-
associated molecular patterns (PAMPs) and DAMPs and passively released by damaged or
necrotic cells (23-25). Once released, HMGBL is specifically recognized by several cell
surface receptors—including the receptor for advanced glycation end products (RAGE),
Toll-like receptor 4 (TLR4), CD24, and T cell immunoglobulin (Ig)-and mucin domain-
containing molecule-3 (TIM-3)—and thereby mediates inflammation, immunity,
chemotaxis, and other cell processes (23, 26). Targeting HMGBL or its receptors represents
an important potential application for the treatment of cancer and infectious, inflammatory,
and autoimmune diseases (23, 24). It is thus critical to investigate the potential mechanism
of HMGB1 release, biological activity, and receptor signal transduction.

Lu et al. first tested the possibility that PKR was involved in the regulation of HMGB1
release. They analyzed HMGB1 release in macrophages derived from wild-type (PKR*/*)
and PKR-deficient (PKR™") mice in response to poly (I:C) and other pyroptosis-associated
stimuli, including adenosine triphosphate (ATP), monosodium urate (MSU), adjuvant
aluminum (ALU), and live Escherichia coli (3). They found that PKR was required for
pyroptosis-mediated HMGB1 release (Fig. 1A), because inactivation of PKR by genetic
deletion or pharmacological inhibition in macrophages substantially impaired HMGB1
hyperacetylation and release (3). In activated inflammatory cells, HMGBL1 is
hyperacetylated and relocated from the nucleus to the cytoplasm for exocytosis (27).

The inflammasome is a large multiprotein complex, the assembly of which leads to the
activation of caspase-1, an aspartate-specific cysteine protease that cleaves its substrates,
including pro—-IL-1p (1). Similarly, caspase-1 is responsible for the processing and secretion
of 1L-18, as well as the secretion of other proteins, such as HMGBL, through an
unconventional protein secretion pathway (28, 29). Lu et al. observed that PKR was required
for inflammasome activation in response to several pyroptosis-associated stimuli (3).
Overexpression of PKR substantially enhanced caspase-1 activation and IL-1p cleavage,
whereas knockdown of PKR by short hairpin RNA (shRNA) inhibited caspase-1 activity
and IL-1p cleavage in several different cell types, including macrophages, dendritic cells,
and embryonic kidney cells (3). PKR regulated the release of inflammasome-dependent
cytokines (for example, IL-1B, IL-18, and HMGB1) but not inflammasome-independent
cytokines (for example TNF-a and IL-6) cytokines in vitro and in vivo (3). Inflammasome
activation occurs in a pathogen-specific manner, although different inflammasomes may
have redundant roles during infection (6, 18). Inflammasomes are essential for host defense
against bacterial and viral infection. Both effector mechanisms activated by inflammasomes
(the production of proinflammatory cytokines and the induction of pyroptosis) protect
against bacterial infections (4, 30). However, Lu et a/. observed that PKR™/~ mice had
substantially reduced bacterial titers when compared with those of PKR*/* controls, which
suggested that PKR deficiency impaired bacterial infection (3).

Assembly of inflammasomes depends on the NOD-like receptor (NLR) family members,
including NLR family pyrin domain—containing 1 (NLRP1), NLRP3, NLR family CARD
domain—containing protein 4 (NLRC4), NLRP6, and NLRP12, or pyrin domain (PYD)- and
HIN domain-containing (PYHIN) family members, including absent in melanoma 2 (AIM2)
and IFN-y-inducible protein 16 (IFI16). Many regulatory mechanisms have been identified

Sci Signal. Author manuscript; available in PMC 2013 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kang and Tang

Page 3

that act as checkpoints for attenuating inflammasome signaling at multiple steps (1, 2). Lu et
al. demonstrated that PKR physically interacted with several inflammasome components,
including NLRP3, NLRP1, NLRC4, and AIM2 (3). This interaction was mediated by
autophosphorylation of PKR, because a kinase-defective mutant PKR protein failed to bind
to NLRP3. In addition, PKR failed to directly interact with other cytosolic receptors or
inflammasome family members, including NOD1, NLRP12, and NLRX1 (3). The authors
concluded that PKR selectively regulates the activation of the NLRP3, NLRP1, AIM2, and
NLRC4 inflammasomes through direct physical interactions.

Several questions remain unresolved regarding the role of PKR in the regulation of
inflammasomes. First, like many protein kinases, PKR is regulated through direct
interactions with activating and inhibitory molecules, such as the 52-kD repressor of the
inhibitor of the protein kinase (P52"PK) and the 58-kD inhibitor of the protein kinase
(P58!PK) (31). PKR has previously been linked with MAPKSs, IRF-3, and the NF-xB
pathway (Fig. 1B). There is great interest in determining whether these regulators and
pathways are involved in the regulation of PKR-mediated inflammasome activity. Second,
PKR is a mediator of stress-induced apoptosis (21) and autophagy (22) in immunity (Fig.
1B). Autophagy regulates not only PAMP- and DAMP-associated innate and adaptive
immunity (25) but also inflammasome activity (32) and HMGBL release (33). Such findings
may help us to study the molecular mechanism by which PKR signaling regulates
inflammation. Finally, reduced and oxidized HMGB1 have different roles in extracellular
signaling and regulation of immune responses (34, 35). The influence of PKR on the
biological activities and pathological effects of HMGB1 remains to be explored.
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Fig. 1.

Signaling pathways involving PKR-mediated inflammation and immune regulation. (A)
PKR is required for inflammasome activation. PAMPs and DAMPs promote the
autophosphorylation and activation of PKR. Active PKR physically interacts with NLRP1,
NLRP3, NLRC4, and AIM2 and promotes the release of inflammasome-dependent
cytokines, including IL-1p, IL-18, and HMGBL1. LPS, lipopolysaccharide. (B) The
activation of PKR is induced by many different stimuli, such as cytokines, bacterial and
viral infection, and DNA damage. Activation of PKR results in its dimerization and
autophosphorylation. The activation of PKR in turn triggers the production of IFN and
proinflammatory cytokines through transcriptional regulatory signals. In addition, the
FADD-caspase-8 pathway mediates the proapoptotic activity of PKR, whereas the elF2a-
LC3 pathway mediates the proautophagic activity of PKR. Both apoptosis and autophagy
are important in the regulation of inflammation and immunity.
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