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Interferons (IFNs) manifest their cellular functions by regulating expression of target genes known collec-
tively as IFN-stimulated genes (ISGs). The repertoires of ISGs vary slightly between cell types, but routinely
include a core of common ISGs robustly upregulated in most IFN-treated cells. Here, we review the regu-
lation and cellular functions of 2 related ISGs, ISG12 (IFI27) and G1P3 (ISG 6–16), that are commonly
induced by IFNs in most, if not all, IFN-responsive cells. On the basis of sequence similarity, they are
grouped together within the newly defined FAM14 family. Emerging data on ISG12 and G1P3 suggest that
both are mitochondrial proteins with opposing activities on apoptosis that may influence the innate immune
responses of IFNs. The G1P3 gene encodes a low molecular weight mitochondrial protein that may stabilize
mitochondrial function and oppose apoptosis. In contrast, ISG12 expression may sensitize cells to apoptotic
stimuli via mitochondrial membrane destabilization. On the basis of these results and differences in in-
duction kinetics between ISG12 and G1P3, we have proposed a model for the role of these genes in medi-
ating cellular activity of IFNs.

Introduction

Interferon-stimulated genes (ISGs) are a diverse group
of *300 genes that are induced by interferons (IFNs)

(Staeheli 1990; Sen 1991; Stark and others 1998; Leaman and
others 2003; Borden and others 2007; Cheriyath and others
2007). Studies of the mode of action of several ISGs have
resulted in fundamental discoveries concerning transla-
tional control, regulation of RNA stability, editing, protein
transport and turnover, and a host of other cellular pro-
cesses (Staeheli 1990; Sen 1991; Stark and others 1998; Biron
and Sen 2006). ISG15 and G1P3 were among the first ISGs
identified (Friedman and others 1984; Kelly and others
1985; Kelly and others 1986), with ISG12 mRNA subse-
quently identified as an ISG related to 6–16/G1P3 (Ras-
mussen and others 1993). Although robust induction of
ISG12 and G1P3 by IFNs suggests critical functions in in-
nate immunity, they have been less thoroughly character-
ized than some other ISGs. The remainder of this article
will focus on the regulation of ISG12 and G1P3, emerging
roles of these proteins as apoptotic modulators and will
propose a model about how these proteins may act in
concert to mount a cellular response to IFNs and other
stimuli.

FAM14 Family: Distribution and Evolution

Genes encoding proteins similar to G1P3 and ISG12 have
been grouped together to form the newly defined FAM14
gene family (Parker and Porter 2004). Members of this family
encode small hydrophobic proteins with at least 1 copy of an
*80 amino acid motif, the ISG12 motif (Fig. 1A). So far, 46
members of the FAM14 family have been identified in 25
organisms ranging from higher mammals to single-celled
amoeba (Parker and Porter 2004). Phylogenic distribution of
higher eukaryotic proteins that contain an ISG12 motif il-
lustrates that, while this common motif is highly conserved,
sequences outside of the ISG12 motif are more divergent
(Fig. 1B) but often include short, hydrophobic stretches en-
riched for amino acids with small side groups. FAM14
members in humans include FAM14D (ISG12a), FAM14A
(ISG12b), FAM14B (ISG12c), and FAM14C (G1P3) (Parker
and Porter 2004).

The hydrophobic nature of the proteins of this family
implies an association with membranes, which has been
confirmed for both ISG12a and G1P3 (Tahara and others
2005; Cheriyath and others 2007; Rosebeck and Leaman
2008) and is consistent with ISGs IFITM1-3. On the basis of
the presence of a single ISG12-like gene in Dictostelium discoideum
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and multiple ISG12 genes in mammals, it has been postu-
lated that the ISG12 family arose from an ancestral gene that
underwent an initial gene duplication event to form ISG12a
and ISG12b between the emergence of amoeba and the di-
vergence of fish (Parker and Porter 2004). In mice and in
cattle the ISG12b gene exists as 2 genes, ISG12b1 and
ISG12b2, which appear as nonorthologs that are not found in
other species (Parker and Porter 2004). Hence, ISG12b2 and
ISG12c genes probably arose recently. Unlike ISG12, G1P3 is
identified only in higher mammals and appears to have
arisen by interchromosomal duplication just before the di-
vergence of ungulates and primates (Parker and Porter 2004).
While both human G1P3 and ISG12a are strongly induced by
IFNs, neither human ISG12b nor ISG12c was IFN responsive
in the fibrosarcoma cell line HT1080 despite the presence of a
putative IFN-stimulated response element (ISRE) in the
promoter of each (Parker and Porter 2004). The presence of
primordial ISG12-like sequences in D. discoideum, which
lacks an IFN system and constitutive expression of FAM14
ISGs in various cancer histologies suggests that FAM14
family members are a part of the machinery that responds to
cellular or environmental stress (Parker and Porter 2004;
Tahara and others 2005; Cheriyath and others 2007; Weich-
selbaum and others 2008). They may have later evolved as a
part of the IFN system to combat specific cellular insults such
as viral infection and oxidative stress.

ISG12 (FAM14D, A & B) Genes and Proteins

ISG12a was first identified as an estrogen-induced tran-
script in a screen for differentially regulated genes (Ras-

mussen and others 1993), but has subsequently been
implicated as a potent ISG that is regulated by IFNs and a
variety of other innate immune stimuli (Gjermandsen and
others 2000; Han and others 2002; Martensen and Justesen
2004). As mentioned above, multiple genes in humans, mice,
cattle, and other higher eukaryotic species encode ISG12
orthologs. The 3 human ISG12 (hISG12) genes exist in tan-
dem on band q32 of human chromosome 14, and are des-
ignated ISG12a-c (FAM14D, A, and B, respectively). Of the
human ISG12 genes, only hISG12a has been characterized as
IFN inducible (Parker and Porter 2004). Three ISG12 genes
also exist in the mouse (mISG12a, b1, and b2) on the syntenic
mouse chromosome (m12F1), all of which appear to be IFN
inducible (Parker and Porter 2004).

The IFN-regulated hISG12a (FAM14D) gene encodes a
putative 122 amino acid hydrophobic protein of 12 kDa. The
protein has few recognizable features outside of the name-
sake ‘‘ISG12 motif’’ (hISG12a amino acid 39–100) but does
include a putative N-terminal mitochondrial targeting se-
quence that is absent from hISG12b (FAM14A) and hISG12c
(FAM14B) (Rosebeck and Leaman 2008) (Fig. 2). The other
hISG12 proteins are predicted to be 130 amino acids
(hISG12b) and 104 amino acids (hISG12c) in length. These
proteins share 45% and 55% amino acid identity with hIS-
G12a, respectively, and 50% with each other (Fig. 2). In ad-
dition to the transcription of these allelic variants, each ISG12
gene may also undergo alternative splicing to yield addi-
tional protein isoforms (Smidt and others 2003). The func-
tional significance of these allelic or splice variants is
currently unclear, but appears to be a common characteristic
of FAM14 members (see later).

FIG. 1. Putative ISG12 domain and phylogenic classification of FAM14 family members. (A) Alignment of putative ISG12
motifs of ISG12 and G1P3. The consensus sequence for the ISG12 motif (Pfam accession no. PF06140) of ISG12 and G1P3 are
aligned. Black squares represent sequence identity and gray squares represent sequence similarity. (B) Phylogenetic alignment
of the FAM14 family members with putative ISG12 motif. Phylogenetic alignment of FAM14 family members was curated from
Tree families database (www.treefam.org). Boxes in the protein multialignments at right correspond to the putative ISG12
domains and thin lines to nondomain regions. Dark lines or boxes represent regions of identity; open or white areas indicate
gaps. Vertical dark lines indicate locations of intron–exon splicing boundaries. ISG, interferon-stimulated genes.
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ISG12a Expression and Protein Localization

Low basal ISG12a expression is observed in a wide variety
of cells, but robust IFN-inducibility, sometimes approaching
1,000-fold over basal expression, occurs in nearly all cell
types (Rosebeck and Leaman 2008). In published gene array
studies, ISG12a is consistently among the genes most highly
induced by type I IFNs (Certa and others 2001; Koike and
others 2003; Leaman and others 2003; Sellebjerg and others
2009). Whereas most IFN-regulated genes are induced
maximally by 8 or 18 h, hISG12a mRNA continues to accu-
mulate out beyond 96 h post-treatment even if the IFN is
removed after the first 2 h (Rosebeck and Leaman 2008). The
underlying reasons behind the unusual kinetics of ISG12a
induction are so far unexplained, but may reflect mRNA
stabilization or secondary induction by IFN-regulated fac-
tors. hISG12a mRNA is also upregulated by IFN-g in some
cell types, but is not induced by other cytokines tested, in-
cluding IL2, IL6, GM CSF, or TNFa (Gjermandsen and others
2000). Although induced strongly by double-stranded RNA
(Gjermandsen and others 2000; Rosebeck and Leaman 2008),
hISG12a induction requires IFN feedback, as demonstrated in
IFN-unresponsive U4C cells that lack the JAK1 tyrosine kinase
that is required for IFN responsiveness (Rosebeck and Leaman
2008). ISG12a mRNA expression is differentially regulated in
response to various experimental manipulations such as pac-
litaxel treatment and gain-of-function JNK1 expression in Swiss
3T3 fibroblasts (Han and others 2002; Bani and others 2004). It
was also upregulated in response to viral infections and
immunological disorders such as psoriasis or inflammatory
bowel disease (Dooley and others 2004; Saito and others 2004;
Suomela and others 2004; Budhu and others 2007). As men-
tioned, hISG12b and hISG12c are both constitutively ex-
pressed, but are not upregulated by IFNs in cell types that have
been examined thus far (Parker and Porter 2004). Whether they
are induced by other stimuli has not been examined to date.

The precise subcellular distribution of the hISG12a protein
is uncertain. One report found that ectopic ISG12 protein
sedimented with the nuclear envelope fraction of insect cells,

and immunocytochemical studies localized IFN-induced
ISG12a protein within the nuclear membrane (Martensen
and others 2001). However, 2 subsequent articles have in-
stead implicated a mitochondrial localization. Transiently
expressed hISG12a and mISG12b1 proteins exhibited clear
mitochondrial distributions (Rosebeck and Leaman 2008; Li
and others 2009). Whether the discrepancy between the
earlier study as compared to more recent work reflects dif-
ferences in detection procedures or altered distribution of the
various gene products or isoforms remains to be determined.

ISG12 Function

Although much is known about ISG12 expression patterns
in response to immune stimuli, only a few studies have as-
sessed ISG12 protein biological activity. One report focused
on a potential role in age-dependent resistance to Sindbis
viral replication in mice (Labrada and others 2002). Forced
expression of murine ISG12b1 was able to protect neonatal
mice from lethal viral encephalitis infection (Labrada and
others 2002). Although that study did not explore the bio-
physical or biochemical properties of the murine ISG12b1
protein, these data implicated ISG12 as a potentially impor-
tant antiviral factor (Labrada and others 2002).

The mitochondrial distribution of hISG12a and mISG12b1
suggests a role in mitochondrial function. Upon localization
to the mitochondria, the N-terminal signal peptide (SP) of
hISG12a is cleaved, implicating insertion into the outer or
inner membrane (Rosebeck and Leaman 2008). Cell culture-
based studies demonstrated that transient expression of
hISG12a led to decreased viable cell numbers and enhanced
sensitivity to DNA-damage induced apoptosis (Rosebeck
and Leaman 2008). ISG12a expression enhanced etoposide-
induced cytochrome c release, Bax activation, and loss of
mitochondrial membrane potential. The proapoptotic effects
of hISG12a expression were blocked by Bcl-2 coexpression or
treatment with a pan-caspase inhibitor. siRNA-mediated
inhibition of hISG12a prevented sensitization of cells to
etoposide-induced apoptosis by either ectopic ISG12a or IFN

FIG. 2. Alignment of ISG12 isoforms. Alignment of human ISG12a, b, and c to identify consensus amino acid sequence.
Black squares represent sequence identity, gray squares represent sequence similarity, and numbers indicate amino acid
position. Within the consensus row, amino acids conserved in all 3 proteins are highlighted with an asterisk, while positions in
which amino acids are conserved in 2 of the 3 proteins are indicated with a dot.

EMERGING ROLES OF G1P3 AND ISG12 175



pretreatment, thereby implicating ISG12a in this process
(Rosebeck and Leaman 2008). In adipose cells, forced
mISG12b1 expression led to decreased mitochondrial func-
tion, including mitochondrial biogenesis and mitochondrial
gene expression (Li and others 2009). In adipose cells,
ISG12b1 also inhibited adipogenic differentiation of 3T3-L1
cells. Thus, ISG12b1 and, by extension, its impact on mito-
chondrial function may play a critical role in adipocyte de-
velopment. It will be interesting to see if any of the hISG12
variants similarly contribute to adipocyte function.

Together, the above cell-based observations implicate
ISG12 as a contributing regulator of IFN-induced apoptosis,
which may in turn augment or support the antiviral activities
of type I IFNs. ISG12 may function to decrease mitochondrial
membrane integrity and/or enhance permeability. Alter-
natively, it may directly affect regulated ion transport in
mitochondrial or other membranes. How these biological
actions contribute to IFN-dependent antiviral effects is un-
clear, but may involve destruction of cells that are irrepara-
bly infected or that receive sustained IFN signals. In such
cases, cell death can effectively short circuit viral replication
as a means of preventing further dissemination throughout
the host. Alternatively, mitochondrial perturbation may in-
terfere with one or more steps in the viral replication path-
way leading to decreased progeny production. The
molecular mechanism by which ISG12 might regulate cell
viability in coordination with G1P3 in the course of an IFN
response is still unresolved, but will be discussed in subse-
quent sections of this review.

G1P3 (FAM14C) Gene and Proteins

Unlike ISG12, G1P3 is encoded by a single gene and is so
far identified only in higher eukaryotes (Parker and Porter

2004). The G1P3 gene is localized on chromosome 1p35 and
spans *6 kb (Itzhaki and others 1992) (Fig. 3A). The genomic
sequence of G1P3 has several distinctive features, including a
minisatellite consisting of 26 tandemly repeated dodecanu-
cleotides, a CpG island, and 5 Alu repeat sequences (Turri
and others 1995). The repeat unit sequence, CAGGGTAA
GGGTG, is positioned within a CpG island at the exon 2/
intron 2 boundary and is similar to the consensus mamma-
lian splice donor sequence. This repeat sequence causes 3
alternative splicing events extending exon 2 by 12 or 24
nucleotides, resulting in protein products that differ from
each other by only 4–8 amino acids. The nonhypervariable
nature of the minisatellite suggests a potential conserved
function for this sequence, which is yet to be investigated.
Although a CpG island is positioned in the center of the
G1P3 gene, restriction enzyme analysis and studies with
inhibitors of DNA methyl transferases in cancer cell lines
suggested that G1P3 is not a methylation-silenced gene
(Turri and others 1995; Cheriyath V, unpublished results).
Nevertheless, the minisatellites and Alu sequences in the
G1P3 gene might render this gene susceptible to homologous
recombination.

G1P3 is a small protein with a molecular weight of
*13 kDa. Primary structure analysis of G1P3 identified a 21
amino acid putative SP in its N-terminus that may target it to
the mitochondria, followed by a 19 amino acid hydrophilic
domain (HL-1), a 20 amino acid transmembrane region (TM-
1), a linker region (L) that connects transmembrane 1 with a
20 amino acid transmembrane 2 domain (TM-2), and a 34
amino acid hydrophilic-2 (HL-2) region (Fig. 3B). Surface
probability analysis with Emini’s method suggested that
parts of the SP and hydrophilic 1 and 2 regions have a higher
propensity to be exposed to solvent (Fig. 3B). The polar HL-1
sequence is likely to form an extended coil, whereas the HL-2

FIG. 3. Elements of G1P3 gene and protein. (A) Transcriptional and coding elements of the G1P3 gene. Graphic view of the
genomic sequence of the G1P3 gene spanning *6.14 kb from the human genome browser. The promoter region of G1P3 is
analyzed by ALLGEN promo (http://alggen.lsi.upc.es/) software. (B) Structural features of G1P3 protein. Putative mito-
chondrial targeting signal peptide, hydrophobic, and hydrophilic domains of G1P3. Surface probability analysis by Emini’s
method suggests the propensity of HL-1 and HL-2 amino acids to be exposed to solvent. Numbers in parentheses of each
domain represent amino acid numbers of G1P3 protein.
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domain is likely to form an amphipathic helix. Since HL-1
and HL-2 are separated by 2 transmembrane domains, they
may not interact with each other to form a well-folded do-
main, but may instead protrude out as mostly unfolded
tethers to which other proteins can bind. Using a yeast 2-
hybrid system, calcium and integrin binding protein CIB, the
g-subunit of the eukaryotic cytosolic chaperonin-containing
protein, TCP-1, and the calcium binding protein related S-100
(CAPL) were implicated as interacting partners of G1P3
(Tahara and others 2005). The interaction between G1P3 and
CIB was further tested in vitro (Tahara and others 2005), but
in vivo evidence for this interaction is lacking.

In accordance with the predicted molecular weight of
G1P3, our studies have identified the molecular weight of
both induced and constitutively expressed G1P3 as a 12–
13 kDa protein in myeloma and breast cancer cell lines
(Cheriyath and others 2007; Cheriyath and others 2010). In
contrast, constitutively expressed G1P3 migrated as a 32 kDa
polypeptide in TMK-1 gastric cancer cells and keratinocytes,
due in part to the presence of O-linked glycosylation of
serine and threonine residues (Tahara and others 2005; Sze-
gedi and others 2010). However, the molecular weight of the
IFN-induced form of G1P3 in these cell types has not yet
been investigated.

G1P3 Expression

After identification of G1P3 as an ISG, the promoter ele-
ment of G1P3 was used extensively in the identification of
the critical components of the type I IFN signaling pathway,
including the relevant STATs and JAKs (Friedman and oth-
ers 1984). The promoter of G1P3 has 2 ISREs that are located
tandemly within two 39-bp elements, an IRF-E and an in-
verted CAAT box (Porter and others 1988; Chernajovsky
1989; Dale and others 1989; Chernajovsky and Kirby-Sanders
1990) (Fig. 3). In in vitro binding assays, 2 ISGF3 factors bind
cooperatively to the tandem ISREs (Li and others 1998).
Additional in vitro studies of the G1P3 promoter suggested
the formation of a triple-helical structure by 2 ISREs to in-
terfere with IFN-induced transcription of G1P3 (Roy and
Lebleu 1991; Roy 1993; 1994). However, in vivo evidence for
the cooperative binding of ISGF3 factors and formation of
triple-helical structures in IFNs treated cells is yet to be
demonstrated. G1P3 induction by IFN-a2b or IFN-b is rapid
(within 4 h) and is sustained in a manner similar to that
observed with ISG12a, although for slightly less time (84 h
versus >120 h) (Cheriyath V, unpublished results).

A number of other ligands, viruses, nuclear receptors, and
disease conditions induce expression of G1P3. Among viru-
ses, vesicular stomatitis virus (VSV), Hepatitis virus C, and
human immunodeficiency virus (HIV) induce G1P3 (Mar-
tensen and Justesen 2004). Poly(I):poly(C) induced G1P3
(Kumar-Sinha and others 2002; Martensen and Justesen
2004), but like ISG12a direct induction was not observed in
cells lacking IFN responses (Sun and Leaman 2005), sug-
gesting indirect activation through IFN feedback. Other in-
nate immune regulators, including lipopolysaccharide (LPS)
and (TNF)-related apoptosis-inducing ligand (TRAIL), also
induced G1P3 (Kumar-Sinha and others 2002; Martensen
and Justesen 2004).

In the promyelocytic leukemia protein (PML)-positive cell
line NB-4, all-trans-retinoic acid (RA), in combination with
IFN-a, synergistically induced expression of G1P3 (Kumar

and Korutla 1995). However, in PML-negative ME180 cells,
RA failed to upregulate G1P3, despite the induction of other
ISGs like IRF-1 and HLA-A2 mRNAs, suggesting the re-
quirement of PML for RA-induced expression of G1P3
(Lancillotti and others 1995). Unlike ISG12, expression of
G1P3 is not regulated by brahma-related gene (BRG1), a key
component of ATP-dependent chromatin-remodeling SW12-
SNF2 complex (Huang and others 2002). Basal and induced
expression of G1P3 mRNA is also regulated by differentia-
tion in some cell types. In the promyelocytic leukemia cell
line HL-60, IFN-a strongly induced expression of G1P3 after
granulocyte differentiation but not after macrophage differ-
entiation or in the undifferentiated stage (Bandyopadhyay
and others 1992). Additionally, expression of G1P3 in den-
dritic cells correlated with the stages of differentiation of
these cells. Compared to immature dendritic cells expression
of G1P3 and ISG12a was higher in mature dendritic cells
(Hashimoto and others 2000).

A recent study implicated psoriasis susceptibility-related
RNA gene induced by stress (PRINS), a noncoding RNA
(ncRNA), in the regulation of G1P3 (Szegedi and others
2010). Comparative gene expression analysis of keratinocytes
expressing PRINS ncRNA and PRINS knockdown in kera-
tinocytes identified G1P3 as one of the genes induced by
PRINS ncRNA (Szegedi and others 2010). These results
suggest a potential role of ncRNA and miRNAs in expression
of FAM14 family members or other ISGs during aberrant
activation of immune system.

A search of GEO and Oncomine databases (www.onco-
mine.org) identified marked upregulation of G1P3 mRNA in
a variety of neoplastic and autoimmune diseases (Sorbello
and others 2003; Bani and others 2004; Tsai and others 2007),
including malignancies with viral etiologies such as hepa-
tocellular carcinomas, head and neck cancer, malignancies
with chronic inflammation such as gastric cancers (Cheriyath
V, unpublished observation), and in malignancies with en-
docrine deregulation such as breast and ovarian cancers.
Semiquantitative RT-PCR studies of 18 primary breast tu-
mors identified a marked correlation between expression of
G1P3 with estrogen receptor positivity (Sorbello and others
2003). Additionally, in silico analysis of 2 pools of breast
cancer and benign breast tissue libraries by SAGE digital
gene expression displayer followed by virtual Northern and
virtual microarray analysis of EST identified upregulation of
G1P3 in breast cancers (Shen and others 2005). Results of
these studies are in agreement with our studies in breast
cancer where we identified marked upregulation of G1P3 at
both RNA and protein levels in malignant epithelium rela-
tive to normal breast epithelium (Cheriyath and others 2010).
We also observed the induction of G1P3 by estrogen sig-
naling both in the ER-positive breast cancer cell line MCF-7
and in human mammary epithelial cells (Cheriyath and
others 2010). In addition to the upregulation of G1P3 in
malignant tissues, many cancer therapies induced its ex-
pression, including paclitaxel in ovarian cancers and radia-
tion in breast, prostate, and gliomas (Bani and others 2004;
Tsai and others 2007).

Deregulation of the immune system is a hallmark of au-
toimmune diseases such as systemic Lupus, psoriasis, and
multiple sclerosis. In CD4þ T lymphocytes of systemic lupus
patients, expression of G1P3 correlated with severity of lupus
activity (Deng and others 2006). Similarly, in skin lesion bi-
opsies from patients with psoriasis, G1P3 was markedly (4�)
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upregulated compared to adjacent skin (Quekenborn-Trinquet
and others 2005). Another study in psoriasis identified
*400-fold upregulation of G1P3 in hyperproliferative le-
sional and *9-fold upregulation in nonlesional psoriatic
epidermis compared to healthy epidermis (Szegedi and
others 2010). In multiple sclerosis, comparison of gene ex-
pression among 8 monotypic twins in which one had mul-
tiple sclerosis revealed marked G1P3 upregulation in
affected siblings compared to their healthy twin (Sarkijarvi
and others 2006).

G1P3 Function and Localization

Despite being one of the first identified ISGs, little is
known about the cellular and biological functions of G1P3.
Because of the high inducibility of G1P3 by IFNs, initial
studies suggested that G1P3 was a positive mediator of the
antiproliferative and antiviral effects of IFNs, but these
studies were largely correlative (Tahara and others 1994,
1995; Kim and others 2002). The role of G1P3 in establishing
the antiviral state elicited by IFNs was tested by knocking out
G1P3 in HT1080 cells by homologous recombination (Yanez
and Porter 2002). Although the induction of G1P3 was ab-
lated in the G1P3�/� cells, there was no significant difference
in the formation of plaques by encephalomyocarditis virus,
semliki forest virus, or coca1 virus, suggesting that G1P3 was
not required for establishing IFNs’ antiviral state against
these viruses in this cell type (Yanez and Porter 2002).

Contrary to the traditional view of IFNs as antiproliferative
agents, several studies have highlighted the proliferative ef-
fects of IFNs on certain cell types (Ferlin-Bezombes and others
1998; Liu and others 1999). Data from recent functional
studies, including ectopic expression and siRNA-mediated
downregulation, characterized G1P3 as an antiapoptotic fac-
tor in IFNs survival pathways, and studies in gastric cancer
and myeloma have identified antiapoptotic activities of G1P3
(Tahara and others 2005; Cheriyath and others 2007). TMK-1,
a gastric cancer cell line without constitutive expression of
G1P3, was sensitive to apoptosis induced by 5-flurauracil,
cyclohexamide (CHX), and serum starvation. Ectopic expres-
sion of G1P3 in TMK-1 inhibited 5-flurauracil and CHX in-
duced apoptosis. Further studies suggested that G1P3 inhibits
apoptosis by suppressing mitochondrial membrane depolar-
ization and by inhibiting the release of cytochrome c (Tahara
and others 2005). These results are in agreement with the re-
sults of our study in myeloma where G1P3 inhibited the ap-
optotic activity of TRAIL to nullify the antiproliferative effects
of IFN-a2b (Cheriyath and others 2007).

Depending on the experimental conditions, IFNs can ei-
ther stimulate or inhibit cell survival (Ferlin-Bezombes and
others 1998; Otsuki and others 1998; Chen and others 2001;
Dimberg and others 2005; Gomez-Benito and others 2005;
Cheriyath and others 2007). Despite the activation of STAT1
and the robust induction (>100-fold) of proapoptotic ISGs
such as TRAIL and XIAP-associated factor 1 (XAF1), IFN-a2b
had either an early antiapoptotic (24–32 h) or late proa-
poptotic effect (after 32 h) in myeloma (Cheriyath and others
2007). At early time points, cotreatment with IFN-a2b
antagonized TRAIL induced activation of caspase 3 and
suppressed the release of cytochrome c by inhibiting mito-
chondrial membrane depolarization (Cheriyath and others
2007). These observations led to the hypothesis that a mito-
chondrial-localized ISG with prosurvival activity might be

mediating the inhibitory effects of IFNs on TRAIL-induced
apoptosis. High-throughput gene expression analysis cou-
pled with functional studies identified G1P3 as a mediator of
the antiapoptotic activity of IFN-a2b (Cheriyath and others
2007). As in gastric cancer cell lines, G1P3 localized to the
mitochondrial fraction of myeloma cells and stabilized mi-
tochondrial potential under stress (Cheriyath and others
2007). The spontaneous apoptosis of keratinocytes upon
downregulation of G1P3 demonstrates the antiapoptotic
property of G1P3 in nonmalignant cells (Szegedi and others
2010). Together, these results suggest that either the upre-
gulated or induced expression of G1P3 could lead to apo-
ptosis resistance in malignant and nonmalignant cells. As
discussed earlier, several cancer therapies also induced ex-
pression of G1P3, including paclitaxel in ovarian cancer and
radiation in breast, prostate, and gliomas (Bani and others
2004; Tsai and others 2007), supporting the idea that G1P3 is
a stress-induced protein and its antiapoptotic activity might
play a role in the development of therapeutic resistance.

In normal cells, the antiapoptotic activity of G1P3 may
positively affect IFN’s antiviral and innate immune re-
sponses. During viral infection, delaying early apoptosis
through the induction of a survival factor would protect
surrounding healthy cells from infection, enhance IFN se-
cretion, and overcome the proapoptotic activity of cytokines
released into the surrounding milieu (Teodoro and Branton
1997; Hardwick 1998; Zhang and others 2003). Similarly,
antiapoptotic pathways operating in immune cells may
overcome activation induced cell death to maintain the bal-
ance of immune response (Zhang and others 2003). In
agreement with this postulate, G1P3 enhanced the antiviral
activity of IFN-a in a HCV-replicon cell culture system (Zhu
and others 2003). In contrast to these results, large-scale
semiquantitative RT-PCR analyses of treatment outcomes in
patients with chronic hepatitis C virus associated the lack of
induced expression of G1P3 with nonresponsiveness to
combinations of pegylated IFNs and ribavirin (Cardoso and
others 2010). On the basis of these results, G1P3 was de-
scribed as a negative factor in mediating IFNs antiviral re-
sponse (Cardoso and others 2010). Basal expression of G1P3
along with other ISGs was higher in nonresponding cohorts
of patients, indicating that the antiviral pathways are already
active in nonresponders and virus somehow overcame IFNs
antiviral responses. Therefore, further treatment of these
patients with an IFN-containing regimen is not beneficial.
Viruses also may evade IFNs antiviral response by sup-
pressing the activity of the mediators of IFNs antiviral re-
sponse. The downregulation of G1P3 by respiratory syncytial
virus (RSV) infection support the above scenario (Zhao and
others 2008). Future work is critical to separate antiviral
functions of G1P3 from its role simply as a highly sensitive
biomarker of IFN activation in patients.

Summary

G1P3 and ISG12a, members of the FAM14 family, were
among the first identified ISGs (Kelly and others 1986; Ras-
mussen and others 1993). The presence of ISG12 orthologs in
D. discoideum suggests a primordial origin of the FAM14
family that predates the evolution of the IFN system and
implicates functions outside of the innate immune response
(Parker and Porter 2004). Although the G1P3 gene promoter
played a crucial role in deciphering IFNs signaling pathways,

178 CHERIYATH, LEAMAN, AND BORDEN



studies are only beginning to uncover biological functions.
The apparent evolutionary relationship, induction by IFNs,
mitochondrial localization, and opposite effects on apoptosis
by G1P3 and ISG12 suggest that these 2 proteins may func-
tionally modulate IFNs pro- and antiproliferative effects by
regulating mitochondrial permeability transition (Tahara
and others 2005; Cheriyath and others 2007; Rosebeck and
Leaman 2008).

Recent studies have highlighted the critical role of mito-
chondria in the production of viral-induced IFNs. After viral
infection the adaptor protein interferon-beta promoter sti-
mulator 1 (IPS-1/MAVS) and/or RA-inducible gene I (RIG-I)
relocalize into mitochondria to facilitate the activation of
IRF-3 to produce IFNs (Seth and others 2005). Mitochondrial
localized ISGs such as G1P3 might play a role in eliciting
IFNs antiviral response by keeping mitochondria in a heal-
thy state and allowing the formation of the MAVS-RIG-I
complex (Baum and Garcia-Sastre 2010; Rehwinkel 2010;
Takeuchi and Akira 2010; Wilkins and Gale 2010). In a virally
infected cell, if the cell fails to clear the virus, it might be
beneficial for it to undergo self-destruction to control the
viral load and to prevent the overproduction of IFNs. This
can be achieved through the depolarization of mitochondria
through the induction of ISG12, which will uncouple RIG-I
signaling and induce apoptosis. The immediate early in-
duction of G1P3 and relatively late induction of ISG12 and
their opposing activities on the mitochondrial membrane
potential support this model (Fig. 4). Further studies on
G1P3 and ISG12 will place these 2 proteins into an overall
framework of ISGs that function coordinately to affect cell
growth and pathogen resistance.
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