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Aktl, EMSY, BRCA2 and type I IFN signaling

A novel arm of the IFN response
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I nterferon-stimulated transcription

is thought to occur mainly through
the action of the JAK/STAT pathway.
However, recent findings revealed an
additional PI3K/Akt-dependent path-
way, which contributes to the induction
of a set of interferon-stimulated genes
(ISGs) through the regulation of the
transcriptional repressor EMSY.

The interferon response is a paradigm of
transcriptional regulation by extracellu-
lar stimuli. While the intracellular path-
ways that link interferon stimulation to its
transcriptional output have been studied
for many years, new research continues
to add complexity to this picture. In this
article, we will discuss studies that have
refined our understanding of the inter-
face between interferon signaling and
transcription.

Interferons (IFNs) are secreted proteins
that are induced by pathogen-associated
molecular patterns (PAMPs) that bind to,
and activate Toll-like receptors (TLRs)
residing in the plasma membrane or in
Alternatively,
they are induced by signals initiated by
the binding of PAMPs to the cytoplasmic
RNA helicases, retinoic acid-inducible
gene I (RIG-I) and melanoma differen-
tiation associated protein 5 (MDAS5).
Interferons fall mainly into three classes:
Type 1 interferons belong to the helical
cytokine family and they are character-
ized by a five a-helix bundle that is held
together by two disulfide bonds. They are
small (165-200 amino acid) non-glycosyl-
ated proteins and they include IFNa (leu-
cocyte IFN), which consists of 13 subtypes

endosomal membranes.!
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and IFN (fibroblast IFN), which consists
of only one subtype. The only type Il IFN
is IFNvy, a 140 amino acid glycosylated
protein that is produced by natural killer
cells (NK cells) and activated T cells. The
type III IFNs include IFNA, which con-
sists of three subtypes that are co-produced
with IFN@ but signal through a different
receptor system (Table 1). IFNs bind to
the extracellular domains of heterodimeric
interferon receptor complexes to activate
intracellular signaling pathways. Type 1
IENs, which we will focus on here, bind
to IFNAR1/IFNAR2 heterodimers. Their
affinity to IFNAR2 is significantly higher
and their interaction with the receptor
tends to start by binding to this receptor
subunit. Binding of Type I IFNs to their
receptors results in the activation of the
tyrosine kinases JAK1 and TYK?2."?

The JAK/STAT pathway has long been
considered the primary output of Type I
IEN stimulation. Tyrosine phosphoryla-
tion of STAT1 and STAT?2 by JAKI and
TYK2, results in the formation of a tri-
meric complex of STAT1, STAT2 and
IRF9 (also known as ISGF3), which then
translocates to the nucleus and binds to
DNA. ISGF3 targets promoters of inter-
feron-stimulated genes (ISGs) by binding
to a DNA sequence known as the inter-
feron stimulated response element (ISRE).
Binding of this complex to ISG promoters
results in the induction of ISGs.?

In addition to STAT1/2 phosphoryla-
tion, other post-translational modifica-
tions are necessary for ISG induction
(Fig. 1). All three components of the
ISGF3 complex are acetylated by CBP,
which enhances the ISGF3 DNA binding
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Table 1. There are three types of interferons. Different IFN types signal through distinct receptors

and signaling pathways.

Type Produced by
Type I: IFN-a
IFN-B Broadly expressed
Other*
o e U NK cells
e |I: IFN-
yp Y Activated T cells
Type IIl: IFN-A Broadly expressed

Receptor Signal transducers
STAT1
IFNAR1/2 STAT2
IRF9
IFNGR1/2 STAT1
STAT1
IL10R2/
STAT2
IFNLR1
IRF9

*Several additional type | IFN sub-types are produced in a species-specific manner

|

Glucocorticoid JAK/STAT

/|

€RIP

ISRE

Type | Interferons

& /|

B¢
IRF9 ):zéj

PI3K/Akt1

Other

transcrlptlon

Figure 1. Type | interferons activate both the JAK/STAT and PI3K/Akt pathways to activate ISG
transcription. STAT1/2 and EMSY are phosphorylated in response to IFN (P). Both acetylation (Ac)
and methylation (M) of histones controls ISG expression. Proteins that activate ISG transcription
are shown in blue. Proteins that repress transcription are shown in purple.

activity.! CBP has also been shown to
interact with STAT2, and to play an
obligatory role in the induction of ISGs.
Inhibition of CBP by the adenovirus E1A
protein is in fact sufficient to inhibit the
IFN response in the course of adenovi-
rus infection. In addition, the nuclear
scaffolding protein pp32 interacts with
STAT1/2 in response to interferon treat-
ment and induces ISG expression via
enhancement of histone acetylation
within ISG promoters.® It is interesting
that in addition to histone acetyltrans-
ferases, histone deacetylases HDACI1/2
are also required for the function of the
ISGF3 complex.”® Indeed, trichostatin A,
an HDAC inhibitor, blocks ISG induction
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by preventing the formation of the ISGF3
complex in response to IFN. However,
the specific targets of deacetylation have
not been identified.” STATT1 has also been
reported to undergo arginine methylation
on R31, by the arginine methyltransferase
PRMTI1. Methylation of STAT1 at this
site prevents the binding of PIASI, an
inhibitor of STAT-dependent transcrip-
tion."” It also inhibits the binding of the
tyrosine phosphatase TcPTP to STAT1
and blocks STAT1 dephosphorylation."
However, the arginine methylation of
STATT has been questioned and remains
to be confirmed.'>*

H3K9 dimethylation within ISG
promoters has been shown to inhibit

Transcription

promoter activation in response to both
IFN stimulation and viral infection." The
histone methyltransferase G9a, which
catalyzes this modification, appears to
be at least partially responsible for the
H3K9me2-mediated ISG

Loss of G9a increases ISG expression and

repression.'

causes resistance to viral infection. Other
studies revealed a functional interaction
between ISGF3 and the H3K27 meth-
yltransferase EZH2,% and they showed
that this interaction contributes to the
downregulation of the tumor suppressor
p73 in hepatocytes treated with IFNa.
STAT2 colocalizes with EZH2 on the
p73 promoter after IFNa treatment and
this results in the increased abundance of
H3K27me3 and in transcriptional repres-
sion. The role of DNA methylation in
IFN-regulated transcription has not been
extensively investigated. The promoter of
one ISG, the antiviral gene IFITM3, has
been reported to undergo DNA demeth-
ylation in response to IFNa stimulation,
followed by re-methylation after the ter-
mination of the activation signal.'® Studies
on the role of chromatin and DNA modi-
fications in the IFN response are still at
an early stage, and additional mechanisms
contributing to the induction of ISGs
should be expected in the future.

The crosstalk of the canonical IFN
pathway with other signaling path-
ways has not been extensively studied.
One pathway that interacts with the
IFN response pathway is activated by
glucocortocoid stimulation and blocks
IFN-induced transcription without tar-
geting the JAK/STAT pathway directly.”
Instead, it acts through the glucocortocoid
receptor (GR) and the GR binding protein
GRIP1, which potentiates ISG expression
by acting as a cofactor of the ISGF3 com-
plex. Glucocorticoid treatment also blocks
IFN-induced histone acetylation within
ISG promoters.”

The Akt protein kinase family con-
sists of three members, Aktl, Akt2 and
Akt3, which are activated by a variety
of extracellular and intracellular PI-3K-
dependent signals. Following activation,
they phosphorylate numerous substrates
to regulate a variety of cellular processes,
including cell proliferation, survival,
metabolism, and migration.” IFN acti-
vates PI-3K and Akt via a pathway that
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starts with the binding of p85, the PI-3K
regulatory subunit, to the IFN receptor.
Studies published several years ago had
shown that PI3K and Akt are required
for the full activation of the interferon
response by IFNa or IFNvy.” Knocking
out p85 inhibited the transcriptional
induction of ISG15 in response to inter-
feron.” Moreover, knocking out Aktl
and Akt2 in murine fibroblasts inhibited
mTOR signaling and reduced the trans-
lation of ISGI15, resulting in an impaired
antiviral response.”® Finally, expression
of a dominant negative form of Akt also
inhibited the transcriptional response
to IFNB. These studies suggested that
the PI3K/Akt pathway compliments the
JAK/STAT pathway in interferon signal-
ing. However, the mechanism through
which PI3K regulates ISG transcription
was not determined.

Recent data from our lab provided evi-
dence for a novel Akt-dependent mecha-
nism by which IFN and other growth
factors regulate ISG expression.”! The
central component of this pathway is
EMSY, a BRCA2-interacting, chroma-
tin associated protein that is amplified
in human mammary adenocarcinomas.?
EMSY is one of the Aktl phosphorylation
targets identified in a recent phosphopro-
teomics screen designed to identify novel
Akt

substrates (manuscript in preparation).

isoform-specific  phosphorylation
Because of earlier studies showing that
BRCAZ2 regulates the expression of a set
of ISGs (IFITM1, ISGI5 and Viperin),?
we overexpressed or knocked down EMSY
in human epithelial cells in culture and
we observed that it functions as an ISG
repressor. Overexpression of the phos-
phorylation site mutant (EMSYS209A) in
the same cells revealed that EMSYS209A
is a stronger ISG repressor and suggested
that the phosphorylation of EMSY by
Aktl may relieve the repression. This
was confirmed by overexpression of con-
stitutively active Aktl, which was shown
to drive expression of the same subset of
ISGs?! in human epithelial cells that were
cither unmodified or they were engi-
neered to express wild type EMSY, but
not in human epithelial cells engineered
to express EMSYS209A. In agreement
with this conclusion, constitutively active

Ake2 only minimally upregulated ISG
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expression. Moreover, the knockdown of
Aktl impaired ISG expression, while the
knockdown of Akt2 did not.

ISGs are expressed at low levels in cells
growing normally in complete media,
even in the absence of IFN stimulation.
The low level expression of ISGs in these
cells is due to IGF and other growth fac-
tors normally present in the serum and
depends on EMSY phosphorylation by
Aktl. Type I IFN stimulation and viral
infection further induce ISG expression.
Moreover, full induction of ISGs by IFN
also depends on EMSY phosphorylation
by Aktl. More important, EMSY phos-
phorylation by constitutively active Aktl,
but not Ake2, blocked the replication of
two unrelated viruses, Herpes simplex
virus-1 (HSV-1), a DNA herpesvirus and
vesicular stomatitis virus (VSV) (a ds
RNA rhabdovirus) in human epithelial
cells. These findings suggest that Aktl
inhibits viral replication by regulating the
IFN response and that the role of Akt in
the regulation of this pathway is isoform-
specific. These findings are also reminis-
cent of the results of other studies showing
that Aktl and Akt2 have very different,
and even opposing, roles in the regulation
of pro-inflammatory Toll-like receptor
signaling and macrophage function.?*?

Although it is clear that phosphory-
lation of EMSY by Aktl relieves I1SG
transcriptional  repression, the pre-
cise mechanism through which EMSY
phosphorylation affects transcription is
unclear; EMSY-mediated
repression of ISGs requires its interact-
ing partner BRCA2. Based on this data,
we conclude that EMSY phosphorylation
by Aktl is required for full activation of a
subset of ISGs by interferon or viral infec-
tion. The full induction of this subset of
ISGs therefore in response to IFN stim-

nevertheless,

ulation occurs only after de-repression,
mediated by Ser209 phosphorylation.
This additional step may be necessary to
prevent inappropriate expression of ISGs
or to limit basal ISG expression, which
may be damaging to tissues in the absence
of an IFN-inducing signal.

EMSY has been reported to bind to
a number of proteins involved in chro-
matin remodeling, modification, and
transcriptional regulation. These include
the heterochromatin-associated protein

Transcription

CBX1 and the NCoR-associated repressor
ZMYNDI11.% It is also found in complex
with the zinc finger protein NIF-1 and is
required for ligand-dependent upregula-
tion of RARa target genes.”® The NIF-1,
EMSY-containing complex also includes
DBCI (Deleted in breast cancer-1), which
is known to regulate several histone-
modifying enzymes.””* Finally, EMSY is
found in complex with the histone chap-
erones ASF1 and NAPI, the co-repressor
SIN3A, the histone deacetylases RPD3,
the H3K36me3-binding protein MRGI15,
and the H3K4 demethylase KDM5.% The
effects of EMSY phosphorylation on chro-
matin modification and remodeling and
the potential role of these functions on
EMSY-mediated ISG regulation, remain
to be determined.

Our increasing understanding of the
mechanisms that control IFN-stimulated
gene expression can lead to a more
nuanced understanding the physiological
significance of the pathway. For example,
our data indicate that ISGs can respond
directly to serum stimulation through
PI3K/Aktl. This may indicate a greater
role for ISGs in non-immune functions
than had been previously appreciated. The
regulation of a subset of ISGs by PI3K/
Akt may contribute to the induction of
distinct IFN responses, depending on the
signaling landscape of the cell. It will be
interesting to fully survey ISGs to identify
those that respond to PI3K/Akt and to
determine what distinguishes these genes
from the ones that may not require Akt to
respond to IFN, or to growth factors.

Interferons are important contributors
to the biology of cancer. They stimulate
the infiltration of tumors with NK cells
and they promote the expression of MHC
molecules and antigen presentation by
dendritic cells.?® They also inhibit angio-
genesis® and promote tumor cell apop-
tosis.*> Although the antitumor effects
of IFNs are well documented, the role of
ISGs whose full activation depends on
the IFN/Akel/EMSY pathway in mediat-
ing these effects is not clear. IFITMI has
been shown to promote both proliferation
and invasiveness.’*® Also, in some set-
tings IFITM1 and ISGI15 enhance, while
in other settings they decrease, the sensi-
tivity of tumor cells to radiotherapy and
chemotherapy.**** Future studies should
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address the spectrum of Aktl-sensitive
ISGs in IFN-responsive malignancies and
the effects of these ISGs on the therapeu-
tic effectiveness of IFNs in these tumors.

The preceding data may have implica-
tions in the design of therapeutic interven-
tions for cancer and other human diseases.
One type of intervention that is being
explored for the treatment of human can-
cer is the infection of the tumor cells with
oncolytic viruses. Among such viruses are
variants of HSV1 and VSV,**** whose rep-
lication is strongly inhibited by Aktl via
the Aktl/EMSY arm of the IFN response.
Based on this information, it is expected
that oncolytic anti-cancer viruses will
synergize with Aktl inhibitors for the
targeting of cancer cells. Other stud-
ies are exploring whether ISGs, such as
ISG15, whose induction by IFN depends
on Aktl, can be targeted by immuno-
therapy and whether their targeting can
be applied therapeutically in cancer.”
Finally, IFNs themselves have been shown
to possess strong anticancer activities. The
antitumor activities of IFNs have been
exploited therapeutically for the treatment
of human cancer, primarily for the treat-
ment of melanomas, hairy cell leukemia
and non-Hodgkin’s lymphomas.? Given
that Akl is required for the IFN response,
the frequent activation of Aktl in tumor
cells may render them more sensitive than
normal cells to the IFN treatment. By
altering the response to IFN, the constitu-
tive activation of Akel in cancer cells may
also modulate the antitumor effects of the
immune system responding to the tumor
challenge naturally or after activation by
immunotherapy. Other human diseases
responding to IFN treatment include dis-
eases caused by viruses, such as hepatitis B
and C and autoimmune diseases, such as
multiple sclerosis.** Our data suggest that
the therapeutic efficacy of IFN in these
diseases may be enhanced via the con-
certed stimulation of the activity of Aktl
in the target cells.

In summary, our recent findings pro-
vide evidence for an additional Aktl and
EMSY dependent pathway that is required
for the full activation of the IFN response.
Aktl activation plays a critical role in
IFN-directed transcriptional regulation,
and secondarily, in the regulation of the
antiviral and other biological activities of
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IFNs. The identification of EMSY as an
effector of the PI3K/Akt pathway and as
a regulator of ISG expression indicates a
need for a more detailed analysis ISG tran-
scriptional regulation that goes beyond

the JAK/STAT pathway.
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