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The cellular responses to infection are many, and include programmed cell death to inhibit microbial dissemi-
nation and the production and secretion of interferons (IFNs), which confer resistance to uninfected cells. In
addition to the antimicrobial effects of IFNs, these cytokines have been used clinically for the treatment
of various neoplasias to inhibit proliferation and stimulate apoptosis. However, the precise mechanisms of action
of IFNs remain to be completely understood. One of the primary response genes induced after an infection or
treatment with type I or III IFN is known as IFN-stimulated gene 54 (ISG54) or IFN-induced gene with tetra-
tricopeptide repeats 2 (IFIT2). ISG54/IFIT2 is a member of a family of IFN-induced genes related in the sequence
and structure. Expression of this protein has been found to promote cellular apoptosis by a mitochondrial pathway
dependent on the action of Bcl2 proteins. ISG54/IFIT2 does not function as a monomer, and it forms complexes
with itself and with the related ISG56/IFIT1 and ISG60/IFIT3 proteins to elicit complex cellular responses. The
apoptotic response to ISG54/IFIT2 may contribute to other functions that have been reported, including trans-
lational regulation, inhibition of tumor colonization, and protection against a lethal viral infection.

Introduction

The biological effects of interferons (IFNs) are com-
plex, and reflect the impact of these cytokines on hun-

dreds of cellular genes (de Veer and others 2001; Gomez and
Reich 2003; Borden and others 2007). Initially discovered for
their ability to inhibit viral replication, they are known to
influence activation, differentiation, proliferation, and sur-
vival of various cell types. They have been used clinically as
antiviral agents, for the treatment of immune diseases such
as multiple sclerosis, and for the inhibition of various neo-
plasias. IFNs bind to the receptors in the plasma membrane
and initiate a signal transduction pathway that leads to
transcriptional induction of nuclear genes. The concerted and
balanced effects of the induced genes, commonly referred to
as IFN-stimulated genes (ISGs), are responsible for the un-
ique physiological responses to IFN. Only by understanding
the actions of individual ISGs will the biological effects of
IFNs be understood. The ISG54 gene codes for a protein of
54 kDa (472 a.a.) with 9 tetratricopeptide repeats (TPR) (Levy
and others 1986; Wathelet and others 1986; Stawowczyk and
others 2011; Yang and others 2012). TPR motifs are protein–
protein interaction modules that are known to play a role in
the formation of multiprotein complexes (Blatch and Lassle
1999; D’Andrea and Regan 2003). For this reason, ISG54 has
also been designated IFN-induced protein with tetra-
tricopeptide repeat 2 (IFIT2). It is 1 of 4 related human ISGs
(ISG54/IFIT2, ISG56/IFIT1, ISG58/IFIT5, and ISG60/IFIT3),
and 3 murine ISGs (ISG54/IFIT2, ISG56/IFIT1, and ISG49/

IFIT3) (Fensterl and Sen 2011). Human ISG54/IFIT2 will be
the focus of this article, as it has the ability to promote cell
death (Stawowczyk and others 2011). The proapoptotic ef-
fects of ISG54/IFIT2 likely contribute to both antiviral and
antiproliferative actions of IFN.

There are 3 families of IFN cytokines (type I, II, and III)
that bind to 3 distinct cell surface receptors associated with
Janus tyrosine kinases ( JAKs) (de Weerd and Nguyen 2012).
JAKs are activated after IFN binding and subsequently
phosphorylate multiple signaling substrates; of particular
significance are the signal transducers and activators of
transcription (STATs) (Levy and Darnell 2002; Platanias
2005; Schindler and others 2007; Stark and Darnell 2012).
Tyrosine phosphorylation of the STATs promotes the recip-
rocal interaction of STAT monomers via their phosphotyr-
osine and SH2 domains to form dimers with the ability to
recognize specific DNA target sites in the responsive genes.
Type I IFNs (including a- and bIFNs) and type III IFNs
(lIFNs) stimulate the formation of STAT1 tyrosine-
phosphorylated dimers, and as well the unique multimeric
transcription factor complex known as the IFN-stimulated
gene factor 3 (ISGF3) (Fu and others 1990). ISGF3 is composed of
a tyrosine-phosphorylated STAT1 and tyrosine-phosphorylated
STAT2 that is associated with the IFN regulatory factor 9
(IRF9) (Martinez-Moczygemba and others 1997; Ozato and
others 2007). ISGF3 binds specifically to an inducible en-
hancer sequence corresponding to a tandem repeat, desig-
nated as the IFN-stimulated response element (ISRE) (Levy
and others 1988). In contrast, the tyrosine-phosphorylated
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STAT1 dimer and other STAT dimers recognize a DNA se-
quence with an inverted repeat, the gIFN-activated site,
originally described in the type II IFN (gIFN) pathway
(Decker and others 1991). The promoter of the ISG54/IFIT2
gene has an ISRE that binds ISGF3, and it is robustly induced
in response to type I and III IFNs (Fig. 1).

Although originally discovered as a direct response to
type I IFN, the ISG54/IFIT2 gene is also induced as a primary
stress response to infection, independent of IFNs (Daly and
Reich 1993, 1995). Transmembrane and cytosolic pattern
recognition receptors (PRRs) that recognize the microbial
nucleic acids and other macromolecules activate the signal
pathways that induce IFNs, but a subset of the ISGs are also
induced before the action of IFNs. PRRs, including Toll-like
receptors (TLRs), retinoic acid-inducible gene I-like recep-
tors, and DNA-dependent activator of IRFs, bind microbial
ligands and initiate a signaling cascade that leads to the
serine phosphorylation and activation of the transcription
factors IRF3 and/or IRF7 (Weaver and others 1998; Yo-
neyama and others 1998; Hiscott 2007; Uematsu and Akira
2007; Yoneyama and Fujita 2010; Theofilopoulos and others
2011). Phosphorylated IRF3 not only contributes to the in-
duction of the IFN genes, it also directly recognizes the ISRE
within a subset of ISGs and induces their transcription (Daly
and Reich 1993, 1995; Andersen and others 2008). ISG54 is
one of the genes induced directly in response to activated
IRF3 (Fig. 1).

The rapid action of the innate immune system is of para-
mount importance to survive pathogenic infections. Apop-
tosis is one of the innate cellular defense responses. Although
apoptosis results in the demise of the infected cell, it prevents
the dissemination of replicating pathogens. In fact, many
DNA viruses have evolved strategies to control the cellular
apoptotic response (Benedict and others 2002; Best 2008;
Galluzzi and others 2008). IFN signaling and activation of
the IRF3 transcription factor are both known to promote
apoptosis (Heylbroeck and others 2000; Weaver and others
2001; Thyrell and others 2002; Chawla-Sarkar and others
2003; Clemens 2003). The clinical efficacy of IFNs for the

treatment of both pathogenic infections and various human
neoplasias may depend on its apoptotic effects. Some of the
ISGs known to play a role in apoptosis include promyelo-
cytic leukemia, protein kinase R, IRF-1, RNAse L, and tumor
necrosis factor (TNF)-related apoptosis-inducing ligand (Ta-
mura and others 1995; Zhou and others 1997; Wang and
others 1998; Jagus and others 1999; Chawla-Sarkar and oth-
ers 2003). ISG54/IFIT2 is a newly identified mediator of
mitochondrial cell death in the direct primary response to
IFNs and PRRs (Stawowczyk and others 2011).

ISG54/IFIT2 Promotes Apoptosis

To evaluate the function of ISG54/IFIT2, it was expressed
in HeLa-transformed cells without IFN stimulation. ISG54
was tagged with monomeric green fluorescence protein
(mGFP), and the effect of mGFP or ISG54-mGFP expression
was evaluated in cell cultures by flow cytometry. There was
a dramatic decrease with time in the cell population ex-
pressing ISG54-mGFP, indicating that ISG54 had a negative
effect on cell viability. This was confirmed by measuring
propidium iodide (PI) uptake with flow cytometry in cells
expressing ISG54-mGFP. PI is a fluorescent molecule ex-
cluded from viable cells, but enters the cells with permea-
bilized membranes and subsequently intercalates nuclear
DNA. The loss of viability in cells expressing ISG54 was
evident by 48 h (Stawowczyk and others 2011). To deter-
mine if cell death was mediated by apoptosis, cells were
stained with allophycocyanin–annexin-V. Annexin-V binds
to the phosphatidylserine groups that become exposed on
the surface of apoptotic cells. Cells expressing ISG54-mGFP
displayed a significant increase in annexin-V staining, in-
dicating that cell death was mediated by apoptosis. Ectopic
protein levels of ISG54-mGFP were comparatively similar
to the levels of ISG54 in cells treated with IFN, indicating a
physiologically relevant expression level of ISG54-mGFP.
Transient expression of a tetracycline-inducible ISG54-
mGFP elicited a similar apoptotic death response, and the
response was demonstrated in various human transformed
cell lines.

Since IFNs have a documented antiproliferative and apo-
ptotic effect on transformed cells, we tested the prediction
that ISG54/IFIT2 contributes to apoptosis stimulated in re-
sponse to IFN. Stable cell lines were generated that knocked
down endogenous ISG54/IFIT2 mRNA by expressing
shRNA. Cells were evaluated for the level of ISG54 protein
induced in response to IFNa, and the apoptosis assays were
performed in the cells expressing normal levels or reduced
levels of ISG54. Measurement of annexin-V staining by flow
cytometry demonstrated reduced apoptosis in the knocked
down cell line, indicating that ISG54 plays a significant role
in the biological context of IFN-induced apoptosis (Sta-
wowczyk and others 2011).

ISG54/IFIT2 Apoptosis Executed via
the Mitochondrial Pathway

The hallmark of apoptosis is activation of caspases that are
responsible for morphological cellular changes that include
shrinkage, blebbing, and nuclear fragmentation (Earnshaw
and others 1999; Strasser and others 2000). These changes
were evident in the cells expressing ISG54-mGFP. Caspases
are produced as catalytically inactive zymogens and are

FIG. 1. Response of the human IFN-stimulated gene 54
(ISG54)/the IFN-induced protein with tetratricopeptide re-
peats 2 (IFIT2) gene to interferons (IFNs) and pattern rec-
ognition receptor (PRR) activation. A simple diagram is used
to illustrate the IFN-stimulated response element (ISRE) in
the promoter of the ISG54/IFIT2 gene, recognized by the
tyrosine phosphorylated (pY) ISGF3 transcription factor ac-
tivated by type I or III IFNs, and by the serine phosphory-
lated (pS) IFN regulatory factor 3 (IRF3) or IRF7 transcription
factors activated by PRR signaling.
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activated by proteolytic cleavage. Immunofluorescence
studies with antibodies reactive to activated caspase-3, a
primary executioner enzyme, showed a significant correla-
tion with ISG54-mGFP expression (Stawowczyk and others
2011). Pathways that lead to caspase activation have been
described as extrinsic, triggered by ligands that bind cell
surface death receptors, or intrinsic, triggered by intracellular
events. ISG54 does not appear to stimulate the extrinsic
pathway, since a dominant-negative Fas-associated protein
with a death domain and a caspase-8 cell-permeable inhibi-
tor do not block apoptosis in response to ISG54.

Intrinsic apoptosis is triggered by a shift in the delicate
balance of antiapoptotic and proapoptotic factors that regu-
late mitochondrial permeability (Adams and Cory 2007;
Youle and Strasser 2008; Llambi and others 2011). When
mitochondrial outer membrane permeabilization (MOMP)
occurs in response to apoptotic factors, cytochrome c is re-
leased and forms a complex with Apaf-1 and caspase-9
(apoptosome). The apoptosome subsequently activates the
effector caspases, caspase-3 and caspase-7. MOMP is tightly
controlled by the interactions between members of a family
of B-cell lymphoma-2 (Bcl2) proteins that have either proa-
poptotic or antiapoptotic effects (Fig. 2). The antiapoptotic
proteins (Bcl2, Bclxl, Bclw, and Mcl-1) are associated with the
outer membrane of mitochondria via their transmembrane
domain. The activators of apoptosis (Bim, Bmf, Bid, Bik, Bad,
Hrk, Noxa, and Puma) function when they are released from
a sequestered cellular location, or cleaved from a larger
protein, or are newly synthesized. They bind to the effectors
of apoptosis (Bax, Bak, and less-studied Bok) to change their
conformation. The conformational change promotes Bax, Bak
effector binding to mitochondria, and MOMP. Current
models indicate that the prosurvival Bcl2 proteins bind to
and inhibit both the activators and effectors, but discerning
the mechanisms that regulate their interactions and functions
is an active field of study.

To investigate the role of the Bcl2 family in the apoptotic
effects of ISG54, Bclxl was ectopically expressed with ISG54
(Stawowczyk and others 2011). Overexpression of Bclxl
blocked ISG54-induced cell death, indicating that ISG54
promotes a mitochondrial pathway of apoptosis. In a con-
verse approach, the response of cells that lack the proa-
poptotic Bax and Bak genes was evaluated. The bax - / - ;
bak - / - double-knockout cells are resistant to diverse stimuli
that trigger mitochondrial apoptosis. These cells and corre-
sponding wild-type cells were transfected with ISG54-mGFP.
There was no increase in cell death in bax - / - ;bak - / - cells
even after 72 h of ISG54 expression, indicating that Bax and
Bak are required for apoptosis in response to ISG54-mGFP.
Although ISG54/IFIT2 promotes mitochondrial apoptosis,
live-cell imaging studies with ISG54-mGFP indicate that it
does not enter the mitochondria. It does, however, enter the
endoplasmic reticulum (ER), although ER stress is not mea-
surably activated. The mechanism by which ISG54 impacts

the Bcl family of proteins to promote apoptosis remains to be
determined.

Protein Interactions Reveal
ISG54/IFIT2 Complexes

The biological impact of any cellular protein is dependent
on its functional interactions with other proteins. To inves-
tigate the potential binding partners, a proteomic approach
was used to identify the proteins that could associate with
ISG54/IFIT2 (Stawowczyk and others 2011). T7-epitope-
tagged ISG54 was expressed in cells, and endogenous
proteins bound to tagged ISG54 were identified by mass
spectrometry as endogenous ISG54/IFIT2, ISG56/IFIT1, and
ISG60/IFIT3 (Fig. 3A). The ISG58/IFIT5 member of the
family did not associate with ISG54. The interaction of ISG54
with these 3 related family members was confirmed by
coimmunoprecipitation after expression of V5-tagged ISG54
with FLAG-tagged partners. Glycerol-gradient analyses in-
dicated that ISG54 does not exist as a monomer, but is part of
a larger ISG/IFIT interactome (Stawowczyk and others
2011). Expression of ISG60 with ISG54 has the effect of in-
hibiting apoptosis promoted by ISG54, indicating that dif-
ferent homomeric or heteromeric complexes of ISG54 may
elicit distinct biological responses.

A different proteomic approach was also used to identify
the interaction of these 3 ISG/IFIT proteins (Pichlmair and
others 2011). A survey was performed to identify the pro-
teins able to associate with RNA containing 5¢-triphosphate,
and ISG56/IFIT2 and ISG58/IFIT5 were identified. Sub-
sequent analyses with ISG56/IFIT1 determined that it could
form complexes with ISG54/IFIT2 and ISG60/IFIT3.

The crystal structure of ISG54/IFIT2 was solved recently,
providing an insight to the molecular interactions of ISG54

FIG. 2. Conceptual diagram of B-cell lym-
phoma (Bcl) protein family interactions, as
they impact mitochondrial outer membrane
permeabilization (MOMP). Bcl survival pro-
teins block apoptosis induced by ISG54/
IFIT2, but the mechanism remains to be de-
termined (dashed line).

FIG. 3. ISG54/IFIT2 forms complexes with itself and
ISG56/IFIT1 and ISG60/IFIT3. (A) ISG54 protein is able to
dimerize with itself and/or bind ISG56 and ISG60. (B) Rib-
bon diagram of the crystal structure of the ISG54 homodimer
(Protein Data Bank ID:PO9913) (Yang and others 2012). One
monomer is highlighted in black and the other in gray with
respective N-termini and C-termini indicated.
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with itself and potentially with the family members (Yang
and others 2012). The structure reveals ISG54 as a tightly
associated homodimer (Fig. 3B). The monomer consists of 22
tandem antiparallel a-helices; most are part of 9 TPR-like
motifs grouped into 3 regions: N-terminal (helices 1–6);
middle (helices 7–9); and C-terminal (helices 10–22), linked
by long loops. The 3 regions of the monomer form a triangle
with a space in the center. ISG54 does not exist as a monomer
in solution; it forms a homodimer by interaction of the N-
terminal and middle regions. The middle region of 1
monomer inserts itself into the empty space of the other
monomer, forming a swapped dimer. Future studies are
needed to determine if the molecular interactions between
ISG54 and ISG56 or ISG60 generate similar swapped dimers.
It is possible that trimers, tetramers, or larger complexes also
form with ISGs or other binding partners. The functional
outcomes of ISG54, ISG56, and ISG60 as homodimers or
heterodimers may differ.

Other Functional Properties and Binding
Partners Reported for ISG54/IFIT2

Translation

Expression of ISG54/IFIT2 has been reported to elicit
several inhibitory effects, most notably on the initiation of
translation. Terenzi and others (2005, 2006) demonstrated
that the recombinant ISG54 or ISG56 protein added to an
in vitro rabbit reticulocyte translation system was able to
significantly reduce protein synthesis. They showed coim-
munoprecipitation of epitope-tagged ISG54 and the transla-
tion initiation factor subunits eIF3c and eIF3e. The binding of
ISG54 to the eIF3 subunits was proposed, thereby to inhibit
translation. In contrast, studies by Pichlmair and others
(2011) found the minimal effects of ISG54 protein added to a
standard in vitro rabbit reticulocyte translation system. They
provided evidence that the related ISG56 had an inhibitory
effect on in vitro translation, and this was due to the ability of
ISG56 to bind and sequester RNA with 5¢-triphosphate
groups, the common template used in the in vitro studies.

Since translational inhibition could trigger apoptosis, the
in vivo effect of ISG54 on translation was investigated. Cells
expressing ISG54-mGFP or control mGFP were transfected
with either 5¢-m7G-capped polyadenylated luciferase mRNA
or polyadenylated luciferase mRNA regulated by the hepatitis
C virus IRES (internal ribosome entry site). GFP-expressing
cells were isolated by flow cytometry hours later and evalu-
ated for luciferase protein. ISG54-mGFP did not demonstrate
any negative effect on translation of the either capped mRNA
or IRES mRNA in vivo (Stawowczyk and others 2011).
Therefore, translational inhibition does not appear to be a
primary means by which ISG54 promotes cellular apoptosis.
This may be different during viral infection in the presence of
viral RNA with 5¢-triphosphate groups and the induced
ISG54-binding partner, ISG56. In this case, there may be a
concerted effect on translation. However, in the absence of an
infection or an IFN response, a direct negative effect of ISG54
on translation of cellular mRNAs in vivo was not apparent.

Tumor colonization

Studies by Lai and others (2012) with an oral squamous
cell carcinoma (OSCC) line indicate that ISG54/IFIT2 can

inhibit cell migration in vitro and tumor colonization in vivo.
Two independent cell lines were generated that knocked
down endogenous ISG54 mRNA by introducing shRNA
with a lentiviral expression system. Control shRNA cells and
the ISG54 knockdown cell lines were compared for various
parameters, including cell migration in vitro. An in vitro
wound-healing assay was performed, in which a scrape was
made in a confluent tissue culture monolayer with a pipette
tip. The extent of cell migration to close the wound was
measured after 24 h. The ISG54-knocked down cell lines
showed a significantly increased migration that closed the
wound. The enhanced migration of the knockdown cells was
also apparent in the transwell invasion assays. These used a
modified Boyden chamber assay in which cells were placed
in a serum-free medium in the upper chamber separated
from the medium with serum in the lower chamber by a
membrane precoated with Matrigel. The knockdown of
ISG54 correlated with increased migration. For this reason,
the knockdown cells were evaluated for the markers asso-
ciated with the epithelial–mesenchymal transition (EMT), a
process associated with migration and invasion in vivo. These
studies indicated that the patterns of protein expression in
the ISG54 knockdown cells were correlative with the EMT.

The OSCC control shRNA cells and ISG54/IFIT2 shRNA
knockdown cells were also evaluated for the establishment
of tumors in NOD/SCID mice (Lai and others 2012). Cells
were injected into the tail veins of mice, and 8 weeks later,
tumor colonization was determined. Control cells expressing
ISG54 established the tumors that were primarily localized to
the lung. However, knockdown cell lines established tumors
in the lungs, heart, head, and neck, peritoneum, and retro-
peritoneal cavity, and in some mice, lymph node, bone, and
muscle colonization. The results indicated that ISG54 ex-
pression inhibited dissemination and a widespread estab-
lishment of tumor colonization.

Microbial pathogenesis

IFNs are unique among the cytokines in their ability to
establish an antiviral response and restrict the pathogenic
effects of both lytic viruses and tumor viruses. For this rea-
son, studies of ISG54/IFIT2 have focused on its potential role
in cellular defense to viral infection. Viruses, however, have
evolved strategies to block the effectiveness of the IFN sys-
tem. DNA viruses, in particular, have evolved mechanisms
to inhibit cellular apoptosis. In fact, the adenoviral E1B 19K
protein, known to function as a viral homolog of Bcl2, and
the KSHV (Kaposi’s sarcoma-associated herpesvirus) viral
Bcl2 homolog can block apoptosis induced by ISG54 (Sta-
wowczyk and others 2011) (M. Stawowczyk and N. Reich,
unpublished).

Recent targeted gene disruption studies have been used to
evaluate the impact of ISG54/IFIT2 on viral pathogenesis.
Fensterl and others (2012) demonstrated that mice with an
ISG54/IFIT2 gene knockout succumb to intranasal infection
by vesicular stomatitis virus (VSV), a negative-sense ssRNA
rhabdovirus. Neuropathogenesis and death resulted together
with increased titers of VSV in the brains of knockout mice in
comparison to WT animals. The basis of the ISG54 protective
effect in the brain remains to be elucidated, and it is possible
that ISG54-mediated apoptosis plays a defensive role in VSV
neuropathogenesis. A group reported a protective role for
ISG56/IFIT2 with a significant decrease in survival of VSV

202 REICH



infection in ISG56/IFIT2 knockout mice (Pichlmair and
others 2011). Other studies with ISG56/IFIT1 knockout mice
have been performed with defective flavivirus or cor-
onavirus that lack the viral 2¢-O-methyltransferase activity
(Daffis and others 2010; Zust and others 2011; Szretter and
others 2012). These mice had decreased survival after infec-
tion by 2¢-O-methylation-deficient viruses, but not by WT
virus. The results indicate that 2¢-O-methylation of the 5¢-
viral RNA cap can overcome an inhibitory impact of ISG56.

Loss-of-function studies with a genetic knockout may not
provide a strong phenotype if there is a partial functional
redundancy with other ISGs. For this reason, the gain of
function by ectopic expression in the absence of other ISGs
has also been used to evaluate the impact of individual
proteins on viral replication. Most studies with ectopic ex-
pression of ISG54/IFIT2 and other members of the ISG/IFIT
family have reported the inhibitory effects on infection by
RNA viruses in tissue culture (Wang and others 2003; Daffis
and others 2010; Schmeisser and others 2010; Liu and others
2011; Perwitasari and others 2011; Yang and others 2012).
Notably, ISG56/IFIT1 was found to inhibit replication of a
DNA virus, HPV (human papilloma virus), a virus linked to
intraepithelial neoplasia (Terenzi and others 2008; Saikia and
others 2010). ISG56 binds and inhibits the HPV E1 protein,
which is essential for viral replication.

Several DNA and RNA viruses are associated with human
cancers, and these include HPV, hepatitis B virus, Epstein-
Barr virus, KSHV, human T-lymphotrophic virus, and hep-
atitis C virus. Since ISG54 is induced by viruses in response
to activation of viral PRRs or IFNs, the proapoptotic effect of
ISG54 may inhibit the establishment of neoplasia by cancer
viruses. IFNs are used clinically in the treatment of chronic
infection by some of these cancer viruses, and the proa-
poptotic role of ISG54 may contribute to suppression of
neoplastic progression.

One of the cellular binding partners identified for both
ISG54/IFIT2 and ISG56/IFIT1 is STING (stimulator of the
IFN genes) (also known as MITA/MPYS/ERIS) (Li and
others 2009; Barber 2011). STING mediates induction of type
I IFNs in response to microbial dsDNA. Overexpression of
ISG54 and ISG56 was reported to reduce the function of
STING and IFN production: an effect that at first seemed
counterintuitive for a defensive role of these ISGs. The au-
thors propose that by modulating STING, ISG54 and ISG56
act as negative feedback regulators of IFN induction. The
ability of ISG54 and ISG56 to promote apoptosis was not
addressed in this study, and could be a significant influence.

RNA binding

Several studies indicate that ISG56/IFIT1 and ISG54/
IFIT2 can bind to RNA. Since a subset of PRRs are activated
during viral infection by binding dsRNA or uncapped 5¢-
triphosphorylated (5¢ppp) RNA (TLR3, RIG-I, and MDA5),
Pichlmair and others (2011) used affinity proteomics to
search for proteins that bind 5¢ppp RNA. They identified
ISG56/IFIT1 and ISG58/IFIT5. Their subsequent studies in-
dicated that ISG56/IFIT1 antagonized viral replication by
physically sequestering viral 5¢ppp RNA generated during
infection. Another group provided evidence that the ISG54/
IFIT2 protein can bind AU-rich RNA (Yang and others 2012).
This work derived from the crystal structure of ISG54 that
revealed an area of basic residues along an inner channel of

its C-terminus. The positively charged region prompted in-
vestigations to evaluate the ability of ISG54 to bind nucleic
acid. Following a series of in vitro binding assays, the pref-
erential binding of ISG54 to AU-rich dsRNA and ssRNA was
demonstrated. Studies by a different group indicated a
negative impact of ISG54 expression on the stability of TNFa
mRNA after gene induction by bacterial lipopolysaccharide
(Berchtold and others 2008). The effect was dependent on the
3¢-untranslated region of the TNFa mRNA and a region,
including a constitutive decay element, but it did not involve
the AU-rich region.

The potential biological effects resulting from ISG54
binding to RNA remain to be explored more thoroughly.
Efforts to date have focused on protein-coding mRNAs;
however, it is known that the protein-coding genes account
for only a small amount of the human genome (Birney and
others 2007; Djebali and others 2012). The majority of tran-
scripts are noncoding RNAs that include long and short
noncoding RNAs. For this reason, it is feasible that ISG54
binds and inhibits the function of one or more noncoding
regulatory RNAs. A major class of short noncoding RNAs is
micro-RNA (miRNA). miRNAs are complementary to their
target mRNAs and decrease gene expression by translational
inhibition and/or mRNA degradation, and more signifi-
cantly, miRNAs have been shown to function as either on-
cogenes or tumor suppressors (Iorio and Croce 2012;
Lujambio and Lowe 2012). Although speculative, ISG54 may
affect gene expression and biological responses by binding
AU-rich elements in mRNA or inactivating target noncoding
regulatory RNAs.

Conclusions

This article is part of a special issue of the journal that
highlights the antineoplastic effects of IFNs. To understand
the mechanism of action of IFNs, it is necessary to determine
the functional contribution of each individual ISGs. Ectopic
expression of ISG54/IFIT2 was found to promote cell death
of transformed cells, and thereby was the focus of this re-
view. ISG54 expression promotes apoptosis via a mitochon-
drial pathway, and overexpression of antiapoptotic Bcl2
proteins or antiapoptotic viral proteins can block that apo-
ptosis. In light of the ability of ISG54 to promote apoptosis, it
remains to be determined how this response contributes to
the reported effects of ISG54 on tumor colonization and an-
tiviral responses (Fig. 4). The antiviral and anticancer effects
of IFNs result from a concerted function of many ISGs, and
ISG54 is one of the factors responsible for IFN-stimulated cell
death. The ISG54 gene is normally induced in response to
type I and III IFNs, but it is also induced directly in response
to PRR activation of IRF3 during microbial infection. In the

FIG. 4. Potential impact of ISG54/IFIT2 on cellular processes.
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context of these responses, ISG54 does not exist as a mono-
mer, but as a complex with itself and/or with 2 other related
ISGs, ISG56/IFIT2 and ISG60/IFIT3. The functions ascribed
to ISG54 may differ depending on the composition of this
ISGosome and the potentially larger ISG interactome net-
work. Likewise, the noted effects of the ISG56 and ISG60
proteins may differ depending on their interaction with
ISG54. Understanding the mechanisms of action of ISG54
and its interactive partners is expected to support the de-
velopment of future directed therapies for infectious disease
and cancer.
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