
Interferons as Inducers of Apoptosis in Malignant Cells

Kevin P. Kotredes and Ana M. Gamero

Discovered as antiviral cytokines, interferons (IFNs) are now also recognized for their capacity to inhibit the
growth of malignant cells via activation of programmed cell death, better known as apoptosis. In this review, we
will cover recent advances made in this field, as it pertains to the various proposed mechanisms of IFN-induced
apoptosis and the characterization of IFN-responsive genes not previously known to have apoptotic function.
Also mentioned here is a description of the activation and crosstalk of survival signaling pathways as a mode of
IFN resistance that remains a persistent clinical adversary to overcome and the future of IFNs as antitumor
agents.

The Interferons

Interferons (IFNs) are naturally secreted glycoproteins
produced by almost every cell type as a mechanism of host

defense in response to microbial attack (Rees 1990) and tu-
mor cells (Young 1971). They were coined ‘‘interferons’’,
because they protected cells by interfering with viral infec-
tion (Nagano and others 1954; Lindenmann and Isaacs 1957).
Ensuing studies revealed that they had additional biological
functions, including immunomodulatory, antiangiogenic,
antiproliferative, and apoptotic activities. IFNs are a family
of cytokines classified into 3 different groups. Type I IFNs
consist of IFN-a (comprised of 13 subtypes), IFN-b, IFN-k,
IFN-d, IFN-E, IFN-t, IFN-o, and IFN-x. Type II IFN contains
one member, IFN-g. Type III IFNs consist of 3 members: IFN-
l1 (IL-29), IFN-l2 (IL-28A), and IFN-l3 (IL-28A) (Kontsek
and others 2003; Vilcek 2003). Each type of IFN interacts with
its specific cell surface receptor complex. Nearly every cell
expresses receptors for type I and type II IFNs, whereas re-
ceptors for type III IFNs are cell type-restricted (Lasfar and
others 2011).

Elucidation of how IFNs transmit signals inside cells to
exert their biological effects is credited to the joint efforts
of Stark and Darnell (2012), who uncovered the Janus ki-
nase ( JAK)/signal transducer and activator of transcrip-
tion (STAT) signaling pathway. Extracellular binding of
IFN to its receptor causes changes in the receptor struc-
ture, allowing JAKs associated with the intracellular por-
tion of the receptor subunits to transphosphorylate one
another and become activated. Activated JAKs then
tyrosine-phosphorylate the receptor and STAT proteins.
As dimers, activated STATs localize from the cytoplasm to
the nucleus and bind to IFN-responsive DNA elements
named ISRE and GAS to initiate transcription of IFN-
stimulated genes (ISGs).

IFN-Induced Apoptosis of Malignant Cells

All 3 types of IFNs can induce apoptosis of tumor cells
(Chawla-Sarkar and others 2001; Steen and Gamero 2010).
Tumor cells exposed to IFNs show the classical features of
apoptosis such as cell shrinkage, membrane blebbing, chro-
matin condensation, and DNA fragmentation (Lokshin and
others 1995). It is important to remark that not all tumor cells,
irrespective of their origin, are susceptible to the apoptotic
effects of IFNs (Trubiani and others 1994; Rodrı́guez-
Villanueva and McDonnell 1995). This suggests the existence
of unique transcriptional signatures present in tumor cells
susceptible to IFN-induced apoptosis that are distinctive from
tumor cells that are resistant to or growth inhibited by IFNs.

Endothelial cells (ECs) present within the tumor microen-
vironment can contribute indirectly to the apoptotic effects of
IFNs. Apoptosis of ECs by IFNs causes restriction of blood
flow within the tumor vasculature, leading to shrinkage of
tumors (Zhang and others 2010). This indirect antiangiogenic
effect of IFNs is a highly desirable outcome against tumors that
rely on the tumor vasculature to disseminate to other organs.
Contributing factors to this effect are CXC chemokines, par-
ticularly CXCL10 (also an ISG), which promotes its antitumor
effects via a decrease in microvessel density as observed in
melanoma tumor xenografts (Feldman and others 2006).

Another unique cell population that has attracted recent
attention is cancer stem cells (CSCs). They represent a small
fraction of cells in a tumor. CSCs are reported to be one of the
causes of recurrence of various cancers that acquire resis-
tance to anticancer drugs and/or radiation therapy (Hem-
mings 2010). Recently, a side population with stem cell
features isolated from primary ovarian cancer samples was
shown to be drastically reduced by IFN-a exposure (Moserle
and others 2008). This observation was reproduced in vivo, in
which IFN-a treatment caused regression of established
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tumors in mice that contained a large fraction of this side
population. In a different study, IFN-a robustly induced
apoptosis of paclitaxel (PTX)-resistant KF28TX ovarian can-
cer cells, while a marginal effect was seen in the parental
PTX-sensitive KF28 cells. This marked difference in IFN re-
sponse was attributed to KF28TX being enriched in a resis-
tant CSC side population (Kobayashi and others 2011). These
observations illustrate that IFN therapy may be used to
eradicate CSCs.

Mechanisms of IFN-Induced Apoptosis

Despite extensive studies, it remains unclear how the fate
of a tumor cell is shaped by IFNs, that is, to choose between
cell death and growth arrest. What is clear is that the JAK/
STAT signaling pathway remains fundamental in initiating
the apoptotic signals of IFNs. For instance, in the human fi-
brosarcoma cell line 2fTGH, in which IFN-a induces growth
arrest, apoptosis was induced only when IFN-a was used in
combination with vanadate, a protein tyrosine phosphatase
inhibitor (Gamero and Larner 2001). In addition, the expres-
sion of catalytically active JAK1 and TYK2 tyrosine kinases,
STAT1, and STAT2 were all essential for the induction of
apoptosis by IFN-a. In the case of STAT2, this molecule
contains a motif in the Src-homology-2 (SH2) domain com-
posed of 4 amino acid residues consisting of proline, tyrosine,
threonine, and lysine found conserved in STAT1 and STAT3
that modulate the apoptotic effects of IFN-a (Scarzello and
others 2007). Mutation of tyrosine to phenylalanine pro-
longed the activation of STAT1/STAT2 heterodimers and
induction of apoptosis in the IFN-apoptosis-resistant 2fTGH
cells. In contrast, mutation of proline to leucine antagonized
these effects by preventing dimerization of activated STAT1/
STAT2 (Gamero and others 2004). Alternate signaling path-
ways also contribute to IFN-induced apoptosis. The apoptotic
effects of IFN-a can be facilitated by activation of phosphoi-
nositide-3-kinase (PI3K) and mammalian target of rapamycin,
as their pharmacological inhibition moderately inhibited ap-
optosis of leukemic Daudi cells (Thyrell and others 2004).
STAT1 was found to be essential, but its action was inde-
pendent of PI3K, thus showing cooperation of 2 signaling
pathways to trigger apoptosis (Arulampalam and others
2011). Contradictory studies, however, show that suppres-
sing the activation of the PI3K/AKT survival signaling
pathway by IFN-b treatment correlated with apoptosis of
neuroblastoma cells (Dedoni and others 2010) and colorectal
cancer cells (Lei and others 2005). In the 2 glioblastoma cell
lines (T98G and U87MG), the combination of IFN-g and all-
trans-retinoic acid reduced cell viability and promoted cell
death. While in T98G cells, induction of apoptosis was due to
suppression of the PI3K/AKT pathway, apoptosis of U87MG
occurred independently of the tumor suppressor PTEN (the
negative regulator of the AKT pathway) and linked to de-
creased activity of the NF-kB survival pathway (Zhang and
others 2007). A later study revealed that these 2 lines pro-
duced different amounts of the proapoptotic protein TRAIL
in response to IFN treatment (Sgorbissa and others 2011).

Downstream events of the PI3K/AKT signaling pathway
have been explored. IFN-a causes the activation of the
ERK1/2 and JNK pathways culminating in apoptosis via
the mitochondrial-dependent death pathway and involving
the activation of proapoptotic Bcl-2 family members Bax and
Bak. Blockade of these 2 signaling pathways prevented

apoptosis without affecting activation of the upstream JAK/
STAT pathway, confirming that activation of the ERK1/2
and JNK pathways are downstream events (Panaretakis and
others 2008). Moreover, other studies highlight the role of
activated Bid (a proapoptotic member of the Bcl-2 family) as
a necessary component in IFN-induced cell death via TRAIL
induction in ovarian cancer and glioblastoma (Tsuno and
others 2012). In pancreatic b-cells, treatment with tumor
necrosis factor (TNF)-a and IFN-g induced apoptosis via
activation of the proapoptotic protein Bim (another Bcl-2
family member) that occurred in a STAT1-dependent man-
ner (Barthson and others 2011). In contrast, downregulation
of the antiapoptotic Bcl-xL protein by TNF-a and IFN-g
sensitized colon carcinoma cells to TRAIL-mediated apo-
ptosis (Liu and others 2011).

The NF-kB survival pathway also modulates the apoptotic
effects of IFNs. One study in particular showed that type I
IFN signaling in lymphoblastoid cells activated NF-kB sig-
naling via NIK and TRAF2 and promoted cell survival, in a
manner independent of PI3K/AKT-activated NF-kB signal-
ing (Yang and others 2005). NF-kB activity is also linked to
activation of calcium signaling, which reciprocally antago-
nizes the apoptotic effects of type I IFNs in T cells (Yue and
others 2012). Defective calcium signaling caused either by a
loss of the calcium channel Orai1 or by overexpression of
dominant-negative Orai1, which blocked calcium entry,
sensitized T cells to die after exposure to type I IFNs. Re-
storation of Orai1 protected T cells from undergoing apo-
ptosis with type I IFNs. Furthermore, the transcriptional
responses to type I IFNs were also negatively regulated by
Orai1 via NF-kB, as pharmacological inhibition of NF-kB or
addition of calcium chelators reversed this effect. Although
the importance of the JAK/STAT signaling pathway cannot
be understated, it is clear that additional signaling pathways
are involved in the regulation of IFN-induced apoptosis.

IFN-Inducible Genes with Apoptotic
and Survival Roles

The multiple biological effects of IFNs are mediated
through the action of *2,000 IFN-stimulated gene (ISG)
products (Samarajiwa and others 2009). While in the last
decade, a number of ISGs implicated in the antiviral and
immune response have been characterized, there is still
limited information on the identity of ISGs with apoptotic
function. Below, we review ISGs recently characterized for
having either proapoptotic or survival functions (see Fig. 1).
A list containing most of these genes is presented in Tables 1
and 2. A more detailed description of the vast majority of
previously identified apoptotic ISGs can be found in pub-
lished reviews (Clemens 2003; Pokrovskaja and others 2005).

FAM14: This family of genes encodes highly conserved
small hydrophobic proteins with 46 genes in 25 organisms.
In humans, the most well-known FAM14 members include
FAM14D (ISG12a), FAM14A (ISG12b), FAM14B (ISG12c), and
FAM14C (G1P3) (Cheriyath and others 2011). The distribu-
tion of human (h) ISG12a and mouse ISG12b1 to the mito-
chondria suggests their role in mitochondrial function.
Indeed, transient expression of ISG12a resulted in decreased
cell viability and enhanced sensitivity to DNA-damage-
induced apoptosis (Rosebeck and Leaman 2008). ISG12a
expression enhanced etoposide-induced cytochrome c re-
lease, Bax activation, and loss of mitochondrial membrane
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potential, all pointing to the activation of the intrinsic
mitochondrial-dependent death pathway. Bcl-2 over-
expression or treatment with a pan-caspase inhibitor abro-
gated the proapoptotic effects of hISG12a. siRNA-mediated
silencing of ISG12a also prevented sensitization of cells to
etoposide-induced apoptosis by either ectopic ISG12a or IFN
pretreatment. Together, these findings support ISG12 as a
driver of IFN-induced apoptosis.

Unlike FAM14D, FAM14C (G1P3) is a survival factor
displaying antiapoptotic activity. Studies conducted in the
G1P3-deficient gastric cancer cell TMK1 showed apoptosis
sensitivity to 5-fluorouracil (5-FU), cycloheximide, and se-
rum starvation, while ectopic expression of G1P3 conferred
protection against apoptosis (Tahara and others 2005). In
human myeloma cells, IFN-a2b treatment was found to
stabilize mitochondria and inhibit caspase-3 activation and
TRAIL-mediated apoptosis, whereas RNAi-mediated si-
lencing of G1P3 restored IFN-induced apoptosis (Cheriyath
and others 2007). In addition, ectopically expressed G1P3

localized to the mitochondria and inhibited the apoptotic
activity of TRAIL, indicating that IFN-induced G1P3 was
acting as a survival factor inhibiting apoptosis. It is worth
noting that increased G1P3 expression has been observed in
breast (Shen and others 2005), gastric, head and neck, and
hepatocellular cancers (Cheriyath and others 2011). Fur-
thermore, several cancer therapies also induce the expres-
sion of G1P3, including PTX in ovarian cancer and ionizing
radiation (IR) in the breast, prostate, and gliomas, sup-
porting the notion that G1P3 is a stress-induced protein,
and its antiapoptotic activity might play a role in the
development of therapeutic resistance (Bani and others
2004; Tsai and others 2007).

IFIT2 (ISG54): This gene was one of the first ISGs to be
discovered (Larner and others 1986). Surprisingly, its bio-
logical role remained unknown until very recently when it
was identified as a gene possessing apoptotic (Stawowczyk
and others 2011) and antiviral function (Fensterl and others
2012). IFIT2 encodes a 54-kDa protein that is closely related to

Table 1. Apoptotic Interferon-Stimulated Gene

Gene Localization References

AIM2 Cytoplasmic and nuclear Chen and others 2006; Luan and others 2008; Ludlow
and others 2008; Gariglio and others 2011;
Fridman and others 2008.

IFITM2 (1-8D) Cytoplasm and plasma membrane Daniel-Carmi and others 2009.
IP6K2 (Inositol

hexakisphosphate-2)
(RID-2)

Nuclear and cytoplasmic (Rat),
cytoplasmic (Human)

Nalaskowski and others 2003; Shames and
Minna 2008; Morrison and others 2001, 2002;
Koldobskiy and others 2010.

ISG12a (IFI27, p27) Nuclear membrane
and mitochondrial

Martensen and others 2001; Cheriyath and others 2011;
Rosebeck and others 2008.

ISG54 (IFIT2) Cytoplasmic Stawowcyk and others 2011; Fensteri and others 2011.
NOXA Cytoplasmic and mitochondrial Sun and Leaman 2005; Knowlton and others 2012.
NUBI Predominantly nuclear Hosono and others 2010.

FIG. 1. Interferon-stimulated
genes (ISGs) involved in IFN-
induced apoptosis and IFN
resistance. Unphosphorylated
(U)-STAT1, G1P3, and IFIT3
are the genes with anti-
apoptotic/survival function.
G1P3 inhibits TRAIL-medi-
ated cell death, and IFIT3 in-
teracts with IFIT2 and disables
its proapoptotic activity.
AIM1, IP6K2, IFIT2, IFITM2,
ISG12a, NUB1, NOXA, and
TRAIL are the genes with ap-
optotic function. Note that
some of these proteins are
present in more than one cel-
lular compartment. Please re-
fer to Tables 1 and 2 for their
correct subcellular localization.
Many of these apoptotic gene
products promote cell death via
activation of the intrinsic mi-
tochondrial-dependent death
pathway.

164 KOTREDES AND GAMERO



2 other ISGs, IFIT1 (ISG56) and IFIT3 (ISG60), which are also
binding partners of IFIT2. Expression of IFIT2 alone without
IFN stimulation is able to induce apoptosis via activation of
the mitochondrial-dependent and p53-independent apoptotic
pathway (Stawowczyk and others 2011). Expression of green
fluorescent protein (GFP)-tagged ISG54 in HeLa cells in-
creased the number of GFP-positive apoptotic cells, and IFIT2
knockdown protected cells from IFN-a-induced apoptosis.
Activation of apoptosis was dependent on the presence of 2
members of the Bcl2 family of proapoptotic proteins, Bax and
Bak (Stawowczyk and others 2011). It remains to be evalu-
ated if IFIT2 expression is modulated in response to cancer
therapies, and if tumors that acquire resistance to different
therapeutic modalities have defective IFIT2 expression.

IP6K2: Inositol hexakisphosphate kinase-2, or RID-2, is a
cytoplasmic kinase that directs the catalysis of inositol hex-
akisphosphate (InsP6) to diphosphoinositol pentakisphosphate
(InsP7/PP-InsP5). It was identified as an IFN-regulated gene
with proapoptotic activity using an antisense knockout ap-
proach in an ovarian cancer cell line. Its expression is regulated
post-transcriptionally by IFN-b (Morrison and others 2001).
Further studies revealed that overexpression of IP6K2 in
ovarian cancer cells sensitized them to apoptosis by IFN-b
through the extrinsic death receptor pathway (Morrison and
others 2002). The proapoptotic function of IP6K2 is negatively
regulated by the heat shock protein HSP90 in a number of
human cancer cell lines. IP6K2 binding to HSP90 disables its
catalytic activity (Chakraborty and others 2008). In another
study, direct interactions between IP6K2 and p53 were found
to be required in p53-mediated apoptosis of colorectal cancer
cells netting a reduction in the expression of growth-arrest
genes (Koldobskiy and others 2010).

HIN-200 family: Members of this family are strongly in-
duced by IFNs in a number of cell types (Lengyel 2008). IFI16
is one member of this family that is not only activated by
IFNs, but also by RNA viruses (Choubey and others 2010).
The presence of a PYRIN-PAAD-DAPIN (PYD) domain in
IFI16 suggests interactions with transcription factors in-
volved in apoptosis via caspase activation (Gariglio and
others 2011). The proapoptotic effects of IFI16 were demon-
strated when silencing of IFI16 in EC increased resistance to
apoptosis by IFN-b priming and double-stranded RNA
treatment. In contrast, IFI16 overexpression in EC resulted in
the activation of caspase-2 and caspase-3, causing massive
EC apoptosis (Gugliesi and others 2010). AIM2 is another
member of the HIN-200 family with apoptotic activity.
Forced expression of AIM2 in breast cancer cells resulted in
the accumulation of cells in the apoptotic sub-G1 population,
suggesting that AIM2-expressing cells underwent apoptosis.
In line with this proapoptotic activity, AIM2 was shown to
negatively regulate the TNF-a/NF-kB antiapoptotic survival
pathway (Chen and others 2006). Members of this family
also display antiproliferative (Luan and others 2008), differ-

entiation (Ludlow and others 2008), and senescence effects
(Fridman and Tainsky 2008).

NUB1: NEDD8 ultimate buster I is an IFN-inducible gene
encoding a 69-kDa nuclear protein. NUB1 interacts with
NEDD8 and promotes the recruitment of components of the
NEDD8 conjugation system to the proteasome for their
degradation (Kamitani and others 2001). Induction of NUB1
by IFN-a is detected in renal cell carcinoma cell lines and
associated with cell growth inhibition (Hosono and others
2010). In this study, the IFN-a-resistant renal cell carcinoma
cell line A498 was used for further studies, because NUB1 is
not induced by IFN-a. Knockdown of NUB1 in IFN-a-
sensitive 4TUHR cells augmented cell proliferation with IFN-
a stimulation, while in contrast, overexpression of NUB1 in
A498 cells led to an increase in cell cycle regulator proteins
cyclin E and p27 and apoptosis. Future studies will reveal
whether IFN-induced NUBI expression in other types of
cancer may be linked to an apoptotic response.

STAT1: Tyrosine phosphorylation is required for this
transcription factor to be activated, localize to the nucleus,
and initiate gene transcription. However, this view has re-
cently changed as unphosphorylated STAT1 (U-STAT1) can
drive the expression of a small group of ISGs with
immunomodulatory and survival functions. U-STAT1 can
prolong the expression of ISGs initially stimulated by IFN-
activated STAT1 (Cheon and Stark 2009; Cheon and others
2011). Earlier studies suggested that U-STAT1 may be im-
plicated in tumor resistance to cancer therapies. High
STAT1 levels were detected in radiation-resistant tumors
(Khodarev and others 2004), and sensitivity to radiation
was rescued by STAT1 silencing (Khodarev and others
2007). Recent studies now suggest that high U-STAT1 ex-
pression may be driving drug resistance in small-cell lung
cancer cells (Luszczek and others 2010). These studies in-
dicate that IFNs not only may be responsible for causing
short-term expression of cytostatic and apoptotic proteins,
via phosphorylated-STAT1, but also may promote resis-
tance to DNA-damaging agents to facilitate tumor survival,
via U-STATs.

Resistance to IFN-Induced Apoptosis

One formidable obstacle to overcome in the clinic is the
treatment of patients whose tumors have acquired resistance
to IFN immunotherapy. Different mechanisms of resistance
have been proposed that, among others, implicate several
members of the STAT family of transcription factors. Tumor–
stromal interactions can promote the selection and amplifi-
cation of tumor cells with a prometastatic aggressive
phenotype. For example, in vivo passage of tumor cells with IR
treatment generated tumor cells with constitutive high levels
of STAT1 relative to parental tumor cells that rendered them
resistant to IR, IFN-a, and IFN-g treatment (Khodarev and

Table 2. Antiapoptotic/Survival Interferon-Stimulated Gene

Gene Localization References

IF16 (6–16, G1P3) Nuclear and mitochondrial Gugliesi and others 2010; Cheriyath and others 2007;
Gariglio and others 2011; Tahara and others 2005.

ISG60 (IFIT3) Cytoplasmic Stawowczyk and others 2011.
STAT1 (unphosphorylated) Cytosolic and nuclear Luszczek and others 2010; Khodarev and others 2007.
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others 2004; Khodarev and others 2007). Reducing the STAT1
levels was sufficient to reverse resistance. In a different study,
analysis of murine B16 melanoma clones established in the
lungs of animals showed variable levels of activation in the
IFN/STAT1 signaling pathway (Khodarev and others 2009).
Tumor cells with high IFN/STAT1 transcriptional profile
showed resistance to IFN-g, IR, and doxorubicin compared to
low expressors of the IFN/STAT1 pathway. These 2 studies
clearly denote that STAT1 plays dual roles in cancer, and the
expression level of STAT1 may be a key determinant between
resistance and susceptibility to therapy modalities.

Recently, the importance of STAT2 deficiency in disabling
IFN-induced apoptosis was described in 2 different apoptosis-
sensitive human cell lines, Daudi and H123 Jurkat. Apoptosis
resistance arose when cells were maintained under the con-
tinuous selective pressure of IFN treatment, which resulted in
a loss of STAT2 (Du and others 2009; Romero-Weaver and
others 2010). In the B-lymphoblast Daudi cell line lacking
STAT2, it was also observed that the loss of STAT2 led to
diminished apoptosis induced by the chemotherapeutic
drugs doxorubicin, staurosporine, and campothecin. The
same effects, however, were not seen in the STAT2-deficient
H123 Jurkat cell line (our unpublished observations). Notably,
this discrepancy in response to DNA-damaging agents may
be dependent on the tumor cell type. Nevertheless, the exact
protective molecular mechanism driven by the absence of
STAT2 remains unknown.

IFNs are known to activate the proto-oncogene STAT3, and
activation of the NF-kB survival pathway by IFNs requires
STAT3, thus implicating both in cellular resistance to IFN-
induced apoptosis (Yang and others 2000, 2005). Disabling
IFN-induced activation of NF-kB in Daudi cells via expression
of the super-repressor IkBa, a natural inhibitor of NF-kB,
made these cells susceptible to IFN-induced apoptosis (Yang
and others 2000). This finding strongly suggests that activa-
tion of the NF-kB pathway by IFNs via STAT3 promotes cell
survival by counteracting the lethal effects of IFNs. In the case
of STAT5, this transcription factor also regulates the expres-
sion of prosurvival NF-kB activators Bcl10, Traf2, and Traf5,
which were found to be weakly regulated by STAT3 in lym-
phoid cells (Nagy and others 2006). STAT5 can be found
expressed at high levels in IFN-a-resistant melanoma cell
lines and in melanoma biopsies. Sensitivity to IFN-a can be
acquired by silencing STAT5. Reciprocally, overexpression of
STAT5 in IFN-a-sensitive melanoma cells can abrogate the
antigrowth effects of IFN-a (Wellbrock and others 2005).

Other proposed contributors of resistance to IFNs include
micro-RNAs (miRs). They are small noncoding RNAs that
suppress mRNA translation. mIR-21 was previously re-
ported to promote metastasis and support the survival and
proliferation of tumor cells. In fact, miR-21 is found over-
expressed in a number of cancers, including glioblastoma,
prostate, and breast (Löffler and others 2007; Folini and
others 2010). Recently, mIR-21 was shown to be induced by
IFN-a in a STAT3-dependent manner in various cancer cell
lines. In particular, knockdown of miR-21 sensitized prostate
cancer cells to IFN-induced apoptosis, whereas expression of
miR-21 in apoptosis-sensitive tumor cells conferred resis-
tance (Yang and others 2010). Thus, miR-21 partakes in a
negative feedback loop to inhibit IFN-induced apoptosis.
Furthermore, a recent study identified a population of he-
patocellular carcinoma (HCC) cells displaying resistance to
IFN that contained increased levels of miR-146a (Tomokuni

and others 2011). In other studies, overexpression of miR Let-
7a induced resistance in cell lines, otherwise susceptible to
the apoptotic effects of IFN-g, PTX, and doxorubicin (Tsang
and Kwok 2008). The apoptotic mediator caspase-3 was
identified to be the target of Let-7a.

Combination Therapies to Potentiate
the Apoptotic Effects of IFNs

Beginning in the 1980s, multiple clinical trials around the
world were designed to test the antitumor effects of IFN-a in
a variety of malignancies that ranged from hairy cell leuke-
mia and chronic myelogenous leukemia (CML) to melanoma
and other types of solid tumors. IFNs purified from leuko-
cytes were initially used, but were later replaced by recom-
binant forms of the cytokine (Nagata and others 1980). The
early and promising results of these clinical trials prompted
the Food and Drug Administration to approve the use of
IFN-a as an anticancer agent in the mid-1980s. Although IFN
immunotherapy is effective in a small subset of patients with
cancer when used as a single agent, this form of therapy is
also associated with high toxicity, causing treatment to be
discontinued (Ascierto and others 2012). Several clinical
studies are now exploring the use of IFN in combination
with other treatment modalities to improve the benefits of
IFN therapy (Garbe and others 2011; Picozzi and others
2011). Already in progress is the use of IFN-a supplemented
with the antiviral prodrug ribavirin, an inhibitor of RNA
metabolism. This combination therapy is being used to pre-
vent recurrence and occurrence of HCC in difficult-to-treat
patients with high titers of hepatitis C virus (Kudo 2011). In
addition, patients with HCC show increased responsiveness
to IFN therapy when combined with the pyrimidine analog
5-FU to block DNA replication. Synergistic effects are due to
enhanced activation of the JAK/STAT pathway as well as
caspase activation (Koike and others 2006).

In the treatment of other types of cancer such as renal cell
carcinoma, the combinatory effects of IFN-a with a number of
chemotherapeutic drugs have shown greater potential over
chemotherapy alone (Amato 2005). Addition of the proteasome
inhibitor bortezomib to IFN therapy appears to be promising in
the treatment of myeloma (Chim 2010) and lymphoma (Abou-
Merhi and others 2007). Other chemotherapeutic agents such as
the alkylating agent temozolomide have shown very positive
results when combined with IFN regimens. When tested in
glioma cell lines, temozolomide produced greater apoptotic
gene expression patterns when combined with IFN-b in a
synergistic manner (Yoshino and others 2011).

Finally, small-molecule inhibitors tailored to disrupt specific
signaling pathways have also been advocated in recent years as
novel therapeutic approaches to be used in combination with
IFN therapy. For example, treatment of a patient with CML
with IFN-a and tyrosine kinase inhibitor imatinib was effective
in overcoming a previously developed imatinib resistance
(Itonaga and others 2012). Furthermore, targeted delivery of
chemotherapeutics, particularly in the form of fusion proteins,
is a promising concept in treating a number of malignancies
that are already showing positive results (Schrama and others
2006). Another tactic being pursued is to target a therapeutic
agent to the tumor site using the specificity of an antibody that
recognizes a tumor antigen to decrease any toxicity associated
with nonspecific antitumor agents. This has been accomplished
with IFN-a via fusion to antiCD20 antibodies, and so far it
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shows potent antitumor activity against B-cell lymphoma
(Xuan and others 2010). A similar approach was performed
earlier by fusing IFN-a to anti-HER2/neu antibody to target
murine HER2/neu tumors. This strategy prolonged the in vivo
half-life of IFN-a and when tested in vivo, the antitumor effects
were enhanced when compared with recombinant IFN-a alone
(Huang and others 2007).

Closing Remarks

Despite advances made in the past decades, the underly-
ing molecular mechanisms of how IFNs influence tumor cells
to choose the apoptotic path remain poorly characterized.
However, some important achievements that must be rec-
ognized include the characterization of additional ISGs with
apoptotic and survival function. Another important obser-
vation was the elucidation of signaling pathways that
crosstalk with the JAK/STAT pathway to promote IFN-
induced apoptosis. Most notable are the role of STATs in the
survival and apoptotic activities of IFNs and the suppressive
roles miRs play in disabling apoptosis of cancer cells. While
several signaling mechanisms of IFN-induced apoptosis and
resistance have been proposed, other challenges remain. This
includes the identification of unique molecules that disable
or alternatively, and when induced will promote death of
tumor cells that are normally growth inhibited by IFNs.
Nevertheless, progress made in understanding how IFNs
promote cell death represents a leap forward and provides
ideal opportunities to design novel strategies for overcoming
resistance and enhancing the therapeutic effects of IFNs.
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