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The protein kinases Akt1, Akt2, and Akt3 possess nonredundant
signaling properties, few of which have been investigated. Here,
we present evidence for an Akt1-dependent pathway that con-
trols interferon (IFN)-regulated gene expression and antiviral
immunity. The target of this pathway is EMSY, an oncogenic in-
teracting partner of BRCA2 that functions as a transcriptional
repressor. Overexpression of EMSY in hTERT-immortalized mam-
mary epithelial cells, and in breast and ovarian carcinoma cell
lines, represses IFN-stimulated genes (ISGs) in a BRCA2-dependent
manner, whereas its knockdown has the opposite effect. EMSY
binds to the promoters of 1SGs, suggesting that EMSY functions
as a direct transcriptional repressor. Akt1, but not Akt2, phosphor-
ylates EMSY at Ser209, relieving EMSY-mediated I1SG repression.
The Akt1/EMSY/ISG pathway is activated by both viral infec-
tion and IFN, and it inhibits the replication of HSV-1 and vesicular
stomatitis virus (VSV). Collectively, these data define an Akt1-
dependent pathway that contributes to the full activation of 1SGs
by relieving their repression by EMSY and BRCA2.
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he protein kinase Akt has been under intensive study for 2

decades. In the course of this work, numerous Akt substrates
were identified and shown to regulate diverse cellular processes,
including metabolism, cell survival, proliferation, and cell mi-
gration. However, there are three Akt isoforms (Akt1, Akt2, and
Akt3), and little attention has been paid to their nonredundant
functions despite strong evidence that they are functionally dis-
tinct (1-5). Thus, only a handful of isoform-specific phosphory-
lation substrates have been identified to date (6, 7).

Previous studies have shown that in addition to its better
known functional role in cell proliferation, survival, migration,
and metabolism, Akt may have a role in the control of the cel-
lular response to IFNs. Stimulation of murine fibroblasts with
IFN-a or IFN-f results in the phosphorylation and activation of
Akt, which promotes the activation of mechanistic target of
rapamycin (mTOR), an upstream regulator of IFN-stimulated
gene (ISG) translation (8). Another study found that KO of p85a
and p85p, the regulatory subunits of PI3K, compromises both
IFN-induced transcription and translation (9).

EMSY was first isolated in a yeast two-hybrid screen for proteins
that interact with the transactivation domain of BRCA2 (10). It
binds BRCA2, but not BRCA1, through the EMSY N-terminal
(ENT) domain. Although the function of EMSY has not been ex-
tensively investigated, existing evidence suggests that it may con-
tribute to chromatin modification, DNA repair, and transcription
(10, 11). EMSY was found to colocalize with BRCA2 on dsDNA
breaks. Moreover, reporter assays showed that EMSY acts as
a repressor to inhibit BRCA2-dependent transcription, but no
target genes for EMSY were identified (10). Finally, additional
yeast two-hybrid screens demonstrated that EMSY interacts with
a number of proteins involved in chromatin regulation, including
HP1p, BS69, and the jumonji domain histone demethylase NDY1/
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KDM2B (10). Changes in EMSY expression or copy number have
not been linked to familial cancer. However, amplification and
overexpression of EMSY are common events in sporadic breast
and ovarian cancer (10, 12). Moreover, amplification and over-
expression of EMSY exhibit an inverse correlation with disease-
free survival in node-positive breast cancer (10).

The present study shows that EMSY functions as a transcrip-
tional repressor of ISGs that acts in concert with BRCA2. Aktl,
but not Akt2, phosphorylates EMSY at Ser209 and relieves
transcriptional repression via a process that depends on this
phosphorylation event. Akt1-mediated phosphorylation of EMSY
is induced by treatment with IFN-a. EMSY and Akt1 act antag-
onistically to regulate the replication of HSV-1 and vesicular
stomatitis virus (VSV). Collectively, these data suggest that Aktl
and EMSY functionally interact in a pathway that controls ISG
expression and viral immunity.

Results

EMSY Is an Akt1 Substrate. Akt1"":Aki2" _;Akt3_/ ~ murine lung
fibroblasts, immortalized spontaneously via a 3T3 type protocol,
were transduced with pBabe-puro-based retroviral constructs of
Myc-Aktl, Myc-Akt2, or Myc-Akt3, or the combination of all
three. Transduction of these cells with a Mig-R1-Cre retroviral
construct ablated the endogenous Akt gene, giving rise to
cells that express a single Akt isoform at a time but are otherwise
identical. An antibody raised against the phosphorylated form of
the Akt consensus motif (RXRXXS*/T*) was used to affinity-
purify LysC-digested peptides phosphorylated at this site. Puri-
fied phosphopeptides were digested with trypsin before MS
analysis, as previously described (13). Phosphopeptides from
cells expressing each isoform were compared by liquid chroma-
tography-MS with phosphopeptides from lysates of triple-Akt
KO cells, devoid of Akt expression. One of the peptides phos-
phorylated in the Akt consensus motif maps within a highly
conserved region in the N terminus of the BRCA2 interacting
protein partner EMSY (C110RF30) (Fig. 14). The region sur-
rounding this phosphorylation site is highly conserved across
multiple species (Fig. 1B). Between residues +10 and —10, the
human, mouse, and rat forms of EMSY are identical, whereas
the Xenopus tropicalis and zebrafish EMSY differ by one and two
amino acids, respectively. In all cases, the Akt consensus motif
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Fig. 1. EMSY is preferentially phosphorylated by Akt1 at Ser209. (A) Lysates of spontaneously immortalized triple-Akt KO lung fibroblasts expressing Akt1,
Akt2, Akt3, or Akt1/Akt2/Akt3 were digested with LysC. Peptides phosphorylated at the Akt phosphorylation motif RXRXXS*/T* were affinity-purified with
Akt phosphosubstrate antibodies. Purified peptides were digested with trypsin, and they were identified by MS. One of these phosphopeptides was mapped
at the N terminus of EMSY. The numbers show the fold difference in the abundance of the phosphorylated form of the EMSY peptide in cells expressing
a given Akt isoform, relative to Akt-null cells. (B) Sequence comparison of the Akt-phosphorylated EMSY peptide from the indicated five vertebrate species.
(C) EMSY-Flag was immunoprecipitated with the anti-Flag antibody from lysates of HMEC-tert cells transduced with lentiviral constructs of EMSY-FLAG,
EMSY-FLAG S209A, or EV. Cells were treated for 4 h before harvesting with the Ak1/Akt2 inhibitor MK2206, as indicated. WT EMSY and EMSY S209A were
immunoprecipitated with an anti-Flag antibody, and the immunoprecipitates were probed with the Akt phosphosubstrate antibody. (D) (Left) Western blots
of cell lysates from triple-Akt KO lung fibroblasts expressing either Akt1 or Akt2 were probed with an Akt phosphosubstrate antibody, an anti-Myc (Akt)
antibody, and an antitubulin (loading control) antibody, as indicated. (Right) Lung fibroblasts were transduced with pLenti constructs expressing EMSY-FLAG,
EMSY-FLAG S209A, or EV. EMSY (anti-FLAG) immunoprecipitates (IP) were probed with the Akt phosphosubstrate or the EMSY antibody, as indicated. (E) N-
terminal fragment of EMSY was used as a substrate for immunoprecipitated Akt1 and Akt2. Phosphorylation was detected with an Akt phosphosubstrate

antibody. P-Substr., Akt phosphosubstrate antibody. 1B, immunoblot.

RXRXXS/T is conserved. The phosphorylated residue corre-
sponds to Ser173 of the murine or Ser209 of the human protein.
To validate the phosphorylation of this residue, we expressed
full-length EMSY-FLAG and EMSY-FLAG S209A in 293T
cells. The WT EMSY-FLAG cells were treated with the allo-
steric Aktl/Akt2-specific inhibitor MK2206 (14) or with the
vehicle, DMSO. WT EMSY-FLAG immunoprecipitated with an
anti-FLAG antibody from the DMSO-treated cells was strongly
recognized by the phosphosubstrate antibody, whereas WT
EMSY-FLAG immunoprecipitated from MK2206-treated cells
was only faintly recognized. Finally, the EMSY S209A mutant
was not recognized at all (Fig. 1C). These data suggest that
EMSY is phosphorylated at the Akt phosphorylation motif at
Ser209 and that phosphorylation of this site is Akt-dependent.

To determine whether Aktl and Akt2 differ in their ability
to promote the phosphorylation of EMSY, we transduced the
immortalized murine lung fibroblasts expressing Aktl or Akt2
with retroviral constructs of WI EMSY-FLAG or EMSY-
FLAG S209A, or with the empty vector (EV). Probing EMSY
immunoprecipitated from these cells with the Akt phospho-
substrate antibody confirmed that EMSY phosphorylation at
Ser209 is Akt1- but not Akt2-dependent (Fig. 1D). Probing total
lysates of Aktl- and Akt2-expressing cells with the anti-Myc
(Akt) antibody or the phosphosubstrate antibody, however,
revealed that Akt expression and total Akt activity in these cells
were similar. Therefore, the observed differential phosphoryla-
tion is EMSY-specific.

These data suggest that EMSY is phosphorylated downstream
of Aktl, but they do not address whether it is a direct Akt
phosphorylation substrate. To address this question, we cloned
a fragment of EMSY corresponding to the N terminus of the
protein (AA8-AA374) as a GST fusion in a bacterial expression
vector. Using the bacterially expressed fragment of WT EMSY
and its S209A mutant as substrates in Aktl and Akt2, in vitro
kinase assays revealed that Aktl phosphorylates the WT protein
strongly, whereas Akt2 phosphorylates it weakly and that neither
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of the two phosphorylates the S209A mutant (Fig. 1E). We
conclude that EMSY is a direct phosphorylation target of Aktl.

EMSY Is a Repressor of 1SGs. BRCA?2 has been shown to regulate
the expression of a small set of genes, including several ISGs, such
as IFITM1, ISG15, and Viperin (15). Because EMSY interacts
with BRCA2 and other proteins involved in transcriptional reg-
ulation, we hypothesized that EMSY could regulate the expres-
sion of BRCA?2 target genes. To address this hypothesis, we
examined the expression of BRCA2-regulated ISGs in the im-
mortalized human mammary epithelial cell line (HMEC)-tert,
before and after the transduction of these cells with WT EMSY-
FLAG or EMSY-FLAG S209A. Transduction with EMSY re-
pressed the expression of the ISGs ISG15, IFITM1, and Viperin,
whereas transduction with EMSY-FLAG S209A resulted in more
substantial repression (Fig. 24). Other BRCAZ2 target genes, such
as UBE2L6, WARS, KRT6A, and FGFR2, were also repressed
by EMSY, but their repression was substantially weaker (Fig.
S1A). The repression of ISG15 by EMSY was also confirmed by
Western blotting (Fig. 2B). HMEC-tert cells not transduced with
EMSY or EMSY S209A express low levels of IFITM1 and ISG15
in the absence of IFN stimulation. This is a result of growth in
serum. The ability of serum to induce ISG expression was con-
firmed by Western blotting (Fig. S1C). Knockdown of EMSY in
HMEC-tert cells up-regulated ISG expression (Fig. 2C). ChIP
experiments in HMEC-tert cells using FLAG antibody showed
binding of EMSY near the transcription start site of both ISG15
and IFITM1 (Fig. 2D). We conclude that EMSY acts directly on
the promoters of certain ISGs to repress transcription.

Akt1 Selectively Relieves the Repression of 1SGs via EMSY Phos-
phorylation at Ser209. The finding that the EMSY S209A phos-
phorylation site mutant is a stronger transcriptional repressor of
ISGs than the WT protein suggested that phosphorylation at
Ser209 by Akt may relieve repression by EMSY. To address this
hypothesis, we transduced HMEC-tert cells with constitutively
active MyrAktl or MyrAkt2 and measured the expression of
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EMSY functions as a repressor of I1SGs. (A) HMEC-tert cells were transduced with retroviral constructs of WT FLAG-EMSY, FLAG-EMSY S209A, or EV. The

expression of the indicated ISGs was measured by real-time RT-PCR. Changes in expression induced by EMSY or EMSY S209A are presented as fold change, relative to
the expression in control cells. Error bars show the SD (*P < 0.05; n = 3). (B) Western blotting of cell lysates from the same cells as in A confirmed that EMSY and EMSY
S209A repress the expression of IFITM1 and I1SG15. Con, control. (C) HMEC-tert cells were transduced with a lentiviral sShRNA construct of EMSY or EV. The expression
of EMSY, IFITM1, ISG15, and Viperin was measured by real-time RT-PCR (n = 3). (D) ChIP of EMSY-FLAG in HMEC-tert cells demonstrated binding of EMSY near the
transcription start site (TSS) of ISG15 and IFITM1. Data show real-time RT-PCR of immunoprecipitated DNA in EMSY-expressing cells relative to control (n = 3).

IFITM1 and ISG15 by real-time RT-PCR and Western blotting,
and the expression of Viperin by real-time RT-PCR. The results
provided support to the hypothesis by showing that both
MyrAktl and MyrAkt2 up-regulate the expression of these
genes, but MyrAktl is significantly more effective (Fig. 3 4 and
B). To confirm this conclusion, we transduced HMEC-tert cells
engineered to express WI' EMSY-Flag or EMSY S209A-Flag
with constitutively active MyrAktl or MyrAkt2, or with the EV,
and we examined the phosphorylation of EMSY and the ex-
pression of IFITM1, ISG15, and Viperin by both real-time RT-
PCR and Western blotting. The results confirmed the phos-
phorylation of EMSY primarily by MyrAktl and showed that
MyrAktl relieves the repression by WT EMSY but does not
affect the repression by EMSY S209A. As expected, the relief of
EMSY repression by MyrAkt2 was significantly weaker (Fig. 3 C
and D). Consistent with this finding was the observation that
MyrAktl and MyrAkt2 had a minor effect on the expression of
BRCA2 target genes that are only weakly regulated by EMSY
(Fig. S1B). The regulation of ISG expression via Aktl-mediated
phosphorylation of EMSY provides a potential mechanism for
earlier observations showing that the induction of ISG tran-
scription by IFN is PI3K/Akt-dependent (8, 9).

Repression of ISG Expression by EMSY Is BRCA2-Dependent. EMSY is
an interacting partner of BRCA2. This raised the question of
whether the binding of EMSY to BRCA2 is required for EMSY-
mediated repression of ISG transcription. To determine whether
BRCA?2 is required for ISG repression by EMSY, we examined
the ability of EMSY to repress transcription of IFITM1, ISG15,
and Viperin in HMEC-tert cells, before and after the knockdown
of BRCA2. The results in Fig. 4 showed that depletion of
BRCAZ2 results in up-regulation of IFITM1, ISG15, and Viperin.
Fig. 44 (Left) shows the fold change in the expression of these
genes in EMSY and EMSY plus short hairpin (sh) BRCA2-
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transduced cells, whereas Fig. 4B shows the magnitude of the
inhibition of EMSY-mediated repression by shBRCA2. In ad-
dition, the knockdown of BRCA2 in EMSY-expressing cells
partially abrogated transcriptional repression. Western blotting
(Fig. 44, Right) shows the protein levels of ISG15 and IFITM1 in
the same cells, and findings are in agreement with the RNA data.
This result confirmed that EMSY-mediated repression of ISGs
depends on BRCA2 and suggests that EMSY and BRCA2 are
found in a nuclear complex that regulates transcription. The fact
that the abrogation of transcriptional repression by EMSY is
only partial could be because EMSY may repress the expression
of ISGs by both BRCA2-dependent and independent mecha-
nisms. We consider it more likely, however, that the partial,
rather than complete, derepression is attributable to the fact that
the BRCA2 shRNA lowers the expression of BRCA2 but does
not completely abolish it (Fig. 4C).

The dependence of EMSY-mediated transcriptional re-
pression on BRCA2 and the inhibition of the repression by
phosphorylation at Ser209 suggest that phosphorylation may
inhibit the interaction between EMSY and BRCA2. The latter
may be the direct consequence of the phosphorylation, or it may
be caused by changes in the subcellular localization of the pro-
tein. The mechanism of this effect would be analogous to the
mechanism of regulation of FOXO family members and cell
cycle regulators, which are retained in the cytoplasm by binding
to 14-3-3, following phosphorylation by Akt (16-18). To de-
termine whether EMSY phosphorylation inhibits its interaction
with BRCA2, we immunoprecipitated EMSY-FLAG from nu-
clear and cytoplasmic extracts of HMEC-tert cells transduced
with MyrAktl or the EVs and probed the immunoprecipitates
with an anti-BRCA2 or anti-Flag antibody. Fig. S2 shows that
EMSY and BRCA?2 are present and interact only in the nuclear
extracts and that MyrAktl, which phosphorylates EMSY at
Ser209, does not alter the interaction or the subcellular locali-
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Fig. 3. Akt1 selectively relieves the repression of ISGs via EMSY phosphorylation at Ser209. (A) Western blots of lysates of HMEC-tert cells transduced with
retroviral constructs of MyrAkt1, MyrAkt2, or EV were probed with the indicated antibodies. (B) Expression of IFITM1, ISG15, and Viperin was examined in the
same cells as in A by real-time RT-PCR. Data represent fold induction of these genes in MyrAkt1- and MyrAkt2-expressing cells relative to their expression in EV
cells. Error bars show the SD (n = 3). (C) Immunoprecipitates of lysates derived from HMEC-tert cells transduced with retroviral constructs of MyrAkt1,
MyrAkt2, or EV and superinfected with pLenti constructs of WT EMSY or EMSY S209A were probed with the indicated antibodies. IP, immunoprecipitate; IB,
immunoblot. (D) Expression of IFITM1, ISG15, and Viperin was examined in the same cells as in C by real-time RT-PCR. Data are represented as fold change
relative to EV. Error bars show the SD (n = 3). Western blotting of lysates from the same cells is also shown.

zation of EMSY. The finding that constitutively active Akt1 fails
to alter the subcellular localization of the protein was confirmed
by direct probing of Western blots of nuclear and cytoplasmic
lysates of HMEC-tert cells. The inability of EMSY phosphory-
lation to alter the interaction of EMSY with BRCA2 and/or the
subcellular localization of the protein suggests that it may reg-
ulate EMSY by altering its interaction with corepressors or
coactivators in transcriptional complexes assembled on the pro-
moters of BRCA2/EMSY-regulated genes.

IFN-a and HSV-1 Infection Induce Robust ISG Expression in the
Presence of WT EMSY and Weak ISG Expression in the Presence of
EMSY S209A. Based on the preceding data, the induction of ISGs
by IFN could be mediated by the phosphorylation of EMSY by
Akt1, which relieves EMSY-mediated repression of these genes.
The dependence of IFN-mediated induction of ISGs on the ac-
tivity of PI3K (9) is consistent with this hypothesis. To test this
hypothesis, we first examined whether IFN-a promotes the
phosphorylation of Akt at Thr308 in HMEC-tert cells trans-
duced with EMSY, EMSY S209A, or the EV. The results con-
firmed that IFN-a activates Akt in both EMSY- and EMSY
S209A-transduced and nontransduced cells (Fig. 54). IFN-a
stimulation also resulted in the phosphorylation of EMSY at
Ser209, and inhibition of Akt activation by MK2206 blocked it
(Fig. 5B), suggesting that EMSY phosphorylation is mediated by
Akt. Stimulation of murine lung fibroblasts expressing either
Aktl or Akt2 confirmed that IFN-o—induced phosphorylation of
EMSY is dependent on Aktl but not Akt2 (Fig. 5C). Real-time
RT-PCR showed that IFN-o induces robust expression of
IFITM1, ISG15, and Viperin in vector-transduced cells. ISG
induction was partially inhibited in cells transduced with WT
EMSY. The inhibition of ISG induction was significantly more
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robust in cells expressing EMSY S209A (Fig. 5D and Fig. S34).
These data indicate that full ISG induction by IFN requires
phosphorylation of EMSY by Aktl at Ser209.

IFNs are induced in the course of viral infection and interfere
with viral replication (19). To determine whether the induction of
ISGs by IFNs induced in the course of viral infection also
depends on the phosphorylation of EMSY at Ser209, we repeated
the real-time RT-PCR assays for IFITM1, ISG15, and Viperin in
HMEC-tert cells transduced with WT EMSY, EMSY S209A, or
the EV and infected with HSV-1 strain 17+. The results con-
firmed that EMSY inhibits virus-induced ISG expression and that
mutation of Ser209 enhances this effect (Fig. 5E).

EMSY Promotes Viral Replication, Whereas Activated Akt1 Inhibits It
by Phosphorylating EMSY at Ser209. IFNs inhibit the replication of
a wide range of viruses. Given that their antiviral activities de-
pend on the induction of ISGs (20, 21), we hypothesized that the
efficiency of viral replication would be enhanced by EMSY and
inhibited by Akt1. This hypothesis is consistent with the results of
earlier studies showing that ISG15 KO mice are highly suscep-
tible to HSV-1 infection (22). To address this hypothesis,
HMEC-tert cells transduced with WT EMSY, EMSY S209A, or
the EV were infected with an engineered variant of HSV-1 in
which the immediate early gene ICP0O was replaced by an en-
hanced yellow fluorescent protein-infected cell polypeptide
0 (EYFP-ICPO) fusion (23). The viral progeny collected from
these cultures at the peak of the lytic infection were used to
infect HeLa cells, and the percentage of infected cells was de-
termined by monitoring the expression of EYFP-ICPO via flow
cytometry. The percentage of infected cells in this assay is
a measure of the viral titer. The results showed that EMSY-
expressing cells produce more viral progeny than control cells

Ezell et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115029109/-/DCSupplemental/pnas.201115029SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1115029109

L T

/

1\

BN AS PN AN D

A 8
64
8 41
7 2
g 6 1
g5 0.017
54 | IFITMI
=3
£, . ISG15
! Tubulin
0
shCon d i = = ok == W = e shCon * ¥
shBRCA2 - - + + - - 4+ + + shBRCA2 + 4+
EMSY -+ - 4 -+ -+ -+ - + EMSY SR
IFITM1 ISG15 Viperin
B OEMSY EEMSY +shBRCA2 C i
20 250
18 0.6
16 200
24 0.3
212
£ 10 150 shBRCA2 - + - +
=
z 8 100 EMSY SR B T
= 6
2
o 0 [ —_— ‘ .
IFITM1 ISG15 Viperin m — . Tubulin

Fig. 4. Repression of ISG expression by EMSY is BRCA2-dependent. (A) Expression of IFITM1, ISG15, and Viperin was measured by real-time RT-PCR in HMEC-
tert cells transduced with the indicated constructs. (Left) Data are represented as fold change in the expression of these genes in cells transduced with the
indicated constructs, and error bars show the SD (n = 3). (Right) Western blot analysis of the same samples is shown. shCon, sh control. (B) Data in A were
reanalyzed to show the fold repression of IFITM1, ISG15, and Viperin in EMSY and EMSY + shBRCA2-transduced HMEC-tert cells. Error bars show the SD (n = 3).
(C) Analysis of BRCA2 knockdown by Western blotting and real-time RT-PCR.

and MyrAktl-expressing cells produce fewer viral progeny than
control cells. In addition, MyrAkt1 inhibited the enhancement of
viral replication by WT EMSY but not by EMSY S209A (Fig.
5F). IFN treatment of HMEC-tert cells inhibited viral replication,
as expected. Expression of WT EMSY partially blocked the in-
hibition of viral replication, whereas S209A almost completely
abolished it (Fig. S3B).

It is possible that EMSY may stimulate viral production by
targeting viral replication at different steps (24). ISG15 has been
shown to inhibit the replication of HSV-1 as well as the release of
viral progeny during infection by retroviruses (22, 25). If the en-
hancement of viral replication is attributable to the repression of
ISG expression, it would be unlikely for the targeted step to be
viral entry. We therefore addressed the question of whether
EMSY promotes HSV-1 cellular entry. We infected the HMEC-
tert cells transduced with the EMSY and Akt constructs we used in
the preceding experiment with the EYFP-ICPO recombinant
HSV-1. All cell types were infected with the virus at the same
multiplicity of infection (MOI). Four hours after infection, viral
entry was assessed by measuring EYFP expression through FACS.
No significant differences between the control and the EMSY- or
MyrAktl1-expressing cells were found (Fig. S3C). In addition, we
assessed viral entry using real-time PCR primers specific for the
HSV-1 Pol I gene. The results showed that neither EMSY nor
constitutively active Akt1 alters viral entry (Fig. S3D). Therefore,
EMSY and Aktl regulate HSV-1 replication by targeting steps
other than viral entry or immediate early gene expression.

Titration of the t117 thermolabile mutant of VSV, harvested
from infected HMEC-tert cells transduced with EMSY, EMSY
S209A, or the EV, with or without MyrAktl, showed that the
effects of EMSY and MyrAktl on the replication of VSV,
a rhabdovirus, were similar to their effects on the replication of
HSV-1 (Fig. 5G). Overall, the effects of EMSY and MyrAktl on
viral replication mirrored the effects of these proteins on ISG
transcription, suggesting that MyrAkt1 inhibits viral replication
by blocking the repression of ISGs by EMSY through phos-
phorylation at Ser209.

Ezell et al.

EMSY and Akt1 Antagonistically Regulate ISG Expression in Mammary
and Ovarian Carcinoma Cell Lines. EMSY is overexpressed in a sig-
nificant percentage of human mammary and ovarian carcinomas.
To determine whether EMSY represses ISGs in these tumors as
well, we transduced the breast cancer cell line MDA MB 231 and
the ovarian cancer cell lines OVCAR3 and OVCAR4 with a len-
tiviral ShRNA construct targeting EMSY or with the EV. EMSY
knockdown resulted in a significant up-regulation of IFITMI,
ISG15, and Viperin (Fig. 64). To confirm the repression of these
genes by EMSY, which was suggested by the preceding experi-
ment, and to determine whether it may be regulated by phos-
phorylation of EMSY at Ser209, we transduced the same tumor
cell lines with WT EMSY, EMSY S209A, or the EV. The results
showed that WT EMSY repressed IFITM1, ISG15, and Viperin
in all the cell lines and that EMSY S209A was a more robust re-
pressor (Fig. 6B). The data presented in Figs. 1 and 3 indicate that
Ser209 of EMSY is a direct phosphorylation target of Aktl and
that phosphorylation of EMSY at this site in HMEC-tert cells
relieves the EMSY-mediated repression of ISGs. To determine
whether this applies to mammary carcinoma cells, we knocked
down Aktl or Akt2 in these cells and examined the effects of the
knockdown on the expression of IFITM1, ISG15, and Viperin.
The results confirmed that the knockdown of Aktl repressed the
expression of all three genes strongly, whereas the knockdown of
Akt2 repressed their expression weakly (Fig. 6C).

Discussion

MS analysis of murine lung fibroblasts expressing only Akt1, Akt2,
or Akt3 identified a significant number of potential Akt substrates,
including some that appear to be preferentially phosphorylated by
a specific Akt isoform. We selected EMSY from this screen be-
cause it appeared to be phosphorylated preferentially by Aktl.
Data presented in this report confirmed that EMSY is phosphor-
ylated directly by Aktl at Ser209, which is the only apparent Akt
phosphorylation site on this protein. These data make EMSY one
of only a handful of known isoform-specific Akt substrates. In-
hibition of Akt activity by MK2206, a specific Akt1/Akt2 inhibitor,
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Fig. 5.

EMSY inhibits ISG induction and permits viral replication in a phosphorylation-dependent manner. (A) Akt is activated by IFN-a. Western blots of

lysates of HMEC-tert cells transduced with constructs of WT EMSY, EMSY S209A, or EV were serum-starved overnight; stimulated with IFN-« (10 U/mL for 20
min after serum starvation); and probed with the indicated antibodies. (B) IFN-a induces EMSY phosphorylation at Ser209 in an Akt-dependent manner.
EMSY-Flag was immunoprecipitated with an anti-Flag antibody from lysates of the same cells as in A, before and after treatment with MK2206. Immuno-
precipitates were probed with the indicated antibodies. IB. (C) Murine lung fibroblasts expressing either Akt1 or Akt2 were stimulated with IFN-o, and EMSY
phosphorylation was assessed by immunoprecipitation with FLAG antibody and blotting with Akt phosphosubstrate antibody. IP, immunoprecipitate. IB,
immunblot. (D and E) Expression of IFITM1, ISG15, and Viperin was examined by real-time RT-PCR in the same cells as in A and B. RNA was collected 4 h after
IFN stimulation/viral infection. The bars show the fold induction of these genes by IFN-a or HSV-1 infection in cells expressing WT EMSY or EMSY S209A,
relative to their expression in EV. Error bars show the SD (n = 3). (F) HMEC-tert cells transduced with the indicated constructs were infected with HSV-1 EYFP-
ICPO, and viral supernatants were collected and filtered 48 h later. The collected viral stocks were used to infect HeLa cells. The efficiency of infection was
determined by measuring the percentage of EYFP-positive cells by flow cytometry 4 h later. More details are provided in the main text. This experiment was
repeated twice with similar results. (G) Same cells as in E were infected with VSV t117. Viral supernatants were collected after 24 h and titered using plaque

assays in Vero cells (n = 3).

blocked phosphorylation at this site, and exogenously expressed
EMSY was phosphorylated in cells expressing Akt1 but not Akt2.
An in vitro kinase assay demonstrated that EMSY is a direct
phosphorylation target of Aktl. Interestingly, the preferential
phosphorylation of EMSY by Aktl over Akt2 was maintained in
vitro, suggesting that it was not caused by differences in the acti-
vation and subcellular localization of Aktl and Akt2, or by differ-
ences between Aktl and Akt2 in scaffold protein requirements.
The goal of the work in this study was to determine the bi-
ological significance of the phosphorylation of EMSY by Aktl.
Our data showed that unphosphorylated EMSY functions in
concert with BRCA2 to repress the expression of a set of ISGs
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and that phosphorylation of EMSY by Aktl at Ser209 relieves
the repression. These findings raised the question of whether the
Akt1/EMSY/BRCA2 pathway contributes to the IFN response.
IFNs are a family of secreted proteins that function in an auto-
crine or paracrine fashion to regulate viral infection and repli-
cation, as well as innate and adaptive immunity (19). There are
three different types of interferons: types I, II, and III, with types
I and III represented by multiple members. Type I IFNs include
IFN-o (13 members) and IFN-p (1 member), and type II IFNs
are represented by IFN-y (1 member), which is expressed by
natural killer and activated T cells. Type I IFNs engage IFN
alpha receptors 1 and 2 (IFNAR1 and IFNAR?2) type II IFN-y
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Fig. 6. EMSY represses the expression of ISGs in human mammary and ovarian carcinoma cell lines, and repression is relieved via phosphorylation at Ser209.
(A) Expression of the indicated ISGs was measured by real-time RT-PCR in MDA MB 231, OVCAR3, and OVCAR4 cells transduced with a lentiviral construct of
shEMSY or EV. Error bars show the SD (n = 3). (B) Expression of the indicated ISGs was measured by real-time RT-PCR in MDA MB 231, OVCAR3, and OVCAR4
cells transduced with pLenti constructs expressing WT EMSY, EMSY S209A, or EV. As in A, the bars show fold repression and the error bars show the SD (n = 3).
Con, control. (C) Expression of the indicated ISGs was measured by real-time RT-PCR in MDA MB 231 cells transduced with lentiviral constructs of shAkt1,
shAkt2, or EV. As in A and B, the bars show fold repression and the error bars show the SD (n = 3).

engages IFN gamma receptors 1 and 2 (IFNGR1 and IFGNR?2),
and type III IFNs engage IFN lambda receptor 1 (IFNLR1) and
IL-10 receptor 2 (20). Engagement of these receptors activates
members of the JAK kinase family, which, in turn, phosphorylate
and activate members of the STAT family of transcription fac-
tors. The latter dimerize and translocate into the nucleus, where
they associate with their respective DNA binding sites in the
promoters of IFN-inducible genes and stimulate transcription.
The specificity in the pathways activated by different types of
IFNs stems, at least in part, from the unique combinations of
JAK and STAT molecules that are activated specifically by each
type of IFN. For example, type I IFNs require the tyrosine
kinases JAK1 and TYK2, which phosphorylate STAT1 and
STAT2. The latter form a trimeric complex with IRF9, which
binds to palindromic sequences in ISG promoters called IFN-
stimulated response elements (26, 27). The work presented in
this paper provides evidence for an additional component of the
IFN response pathway that depends on BRCA2, EMSY, and
Aktl. Our data show that ISGs are normally repressed via the
concerted action of EMSY and BRCA2. IFNs activate Aktl,
which phosphorylates EMSY at Ser209 and relieves the re-
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pression, allowing the full activation of ISGs (model in Fig. 7).
These findings support and explain earlier observations sug-
gesting that the full induction of ISGs depends on the activation
of the PI3K/Akt pathway (9).

IFNs were discovered more than 50 y ago, by virtue of the fact
that they inhibit infection by many different types of viruses.
Today, we know that IFNs are induced by both viral and bac-
terial products through the activation of different Toll-like re-
ceptor signaling pathways or through the activation of the RIG1/
MDAS pathway (28). Moreover, we know that IFNs induced in
the course of viral infection stimulate the expression of ISGs,
which inhibit viral infection and replication through multiple
mechanisms (24). Because the Aktl/EMSY/BRCA2 pathway
regulates the induction of ISGs, we hypothesized that it would
also regulate the efficiency of viral infection and replication. This
was confirmed with experiments showing that overexpression of
both WT EMSY and EMSY S209A enhances the efficiency of
viral infection and that MyrAktl inhibits the effect of WT but
not mutant EMSY. It is also noteworthy that the Aktl/EMSY/
BRCA?2 pathway similarly affected the replication of HSV-1 (a
DNA herpesvirus) and VSV (a dsRNA rhabdovirus).
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Fig. 7. Model for the functional role of Akt1, EMSY, and BRCA2 in the
regulation of ISGs. EMSY is an Akt substrate that shows a strong preference
for phosphorylation by Akt1 over Akt2. Akt1 is activated by IFN-generated
signals. Activated Akt1 phosphorylates EMSY at Ser209 and relieves EMSY-
mediated repression. The phosphorylation of EMSY by Akt1 is required for
the full activation of ISGs by IFN. The diagram depicts the pathway activated
by type I IFNs. ISRE, interferon-stimulated response element.

IFNs also play an important role in cancer. They promote tu-
mor infiltration with natural killer cells and activated T cells, as
well as antigen processing and presentation by dendritic cells (20).
In addition, they inhibit angiogenesis and promote tumor cell
apoptosis by a variety of mechanisms (29). Many of these effects
are mediated by ISGs. Of the ISGs that appear to be regulated by
the Aktl/EMSY/BRCA2 pathway, IFITM1 and ISG15 have al-
ready been linked to human cancer. IFITM1 is overexpressed in
squamous cell carcinomas, and its overexpression has been linked
to tumor cell invasiveness (30), perhaps attributable to regulation
of the expression of metalloproteinases. Knockdown of IFITM1
inhibits the invasiveness of squamous cell carcinomas. It also
inhibits the proliferation and migration of glioma cells in culture
(31). An ISG expression signature is also associated with chemo-
and radioresistance in breast cancer cells (32). Along these lines,
knockdown of ISG15 or IFITM1 sensitizes breast cancer cells to
chemotherapy (33). The data presented in this report suggest that
the functional role of IFITM1 and ISG15 in cancer may be reg-
ulated by signals initiated by IFNs and transduced via the Akt1/
EMSY/BRCA?2 pathway. Additionally, they identify a new and so
far unsuspected role for EMSY in the biology of cancer cells and
their response to IFN stimulation.

The data presented in this report may also have implications in
cancer treatment with oncolytic viruses. A variety of such viruses have
been tried to date. Among them are variants of HSV-1 and VSV (34,
35), both of which appear to be regulated by the Aktl/EMSY/
BRCA2 pathway. Our data show that virus infection and replication
are enhanced in cells expressing the ISG transcriptional repressor
EMSY and that activated Akt1, which relieves the EMSY-mediated
repression, inhibits virus replication. These data suggest that onco-
lytic viruses may synergize with Akt inhibitors to kill cancer cells that
express both EMSY and activated Akt.

In conclusion, the data presented in this report show that
EMSY, in concert with its binding partner BRCA2, represses the
expression of a set of IFN-inducible genes and that the full acti-
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vation of these genes by IFN depends on the relief of the re-
pression via phosphorylation of EMSY by Aktl. The Aktl/EMSY/
BRCA2 pathway described in this report assigns additional func-
tional activities to BRCA2, EMSY, and Aktl, and plays an im-
portant role in the control of viral replication. The same pathway
may also play an important role in the biology of human cancer.

Materials and Methods

Constructs and Cell Culture. Full-length EMSY was cloned into the Destination
(DEST) vectors pLenti CMV Puro DEST and pLenti CMV Neo DEST using LR
recombinase (Addgene). pLenti CMV Puro/Neo expressing GFP was used as
a control. An N-terminal fragment of EMSY (both WT and S209A) corre-
sponding to amino acids 8-374 was cloned as a GST fusion into the pDEST
565 bacterial expression vector (no. 11520; Addgene). shRNAs cloned into
the pLKO.1 Puro lentiviral vector were purchased from Open Biosystems.
MyrAkt1 and MyrAkt2 were cloned into the pBabe-Puro retroviral vector.

HMEC-tert cells were cultured in MEGM (Cambrex) or DMEM/F12 media
supplemented with FBS (5% vol/vol), EGF (10 ng/mL), insulin (10 pg/mL),
hydrocortisone (0.5 mg/mL), cholera toxin (100 ng/mL), and antibiotics. MDA
MB 231 and 3T3 cells were cultured in DMEM supplemented with 10% (vol/
vol) FBS and antibiotics, and OVCAR3 and OVCAR4 cells were cultured using
RPMI supplemented with 10% (vol/vol) FBS and antibiotics.

Real-Time RT-PCR. Real-time RT-PCR reactions were performed using an MJ
Research Opticon 2 instrument. DNA synthesis was monitored by SYBR Green
(SA Biosciences). Cellular RNA was isolated from cultured cells using QIAsh-
redder and RNeasy Plus kits (Qiagen). cDNA was synthesized using the RET-
ROscriptkit (Ambion). To quantify the RNA levels for EMSY, BRCA2, Akt1, Akt2,
and the ISGs discussed in this paper, we used the following primers: Viperin
[forward (F): CAAGAC CGGGGAGAATACCTG, reverse (R): GCGAGAATGTCC-
AAATACTCACC], ISG15 (F: TCCTGGTGAGGAATAACAAGGG, R: GTCAGCCA-
GAACAGGTCGTQ), IFITM1 (F: TCA TCCTGTCACTGGTATTCGGCTC, R: GTGGGT-
ATAAACTGCTGTATCTAGGG), WARS (F: CTCGTAAGGTCCCTCAAAGCG, R: GCC-
ATGATTACTGGTAGGTGCT), UBE2L6 (F: CATCAGCAGTGAGAACTGGAAG, R: GG-
CATTCTTTCTGAACAGCTCC), KRT6A (F: AGTGGATTTGGTTTCGGTGG, R: GACTC-
TGGTTGACGGTGACQ), FGF receptor 2 (F: GAGGAT ACCACATTAGAGCCAG, R: CA-
CCCCATCCTTAGTCCAAQ), EMSY (F: ATAGCAACG GTTAAGTCTCCAAG, R: CAGG-
CACAGTGATCGTCTTTG), HSV-1 DNA Polymerase | (F: AGCCTGTACCCCAGCAT-
CAT, R: TGGGCCTTCACGAAGAACA), and nonspecific genomic DNA (F: ATGGTT-
GCCACTGGGGATCT, R: TGCCAAAGCCTAGGGGAAGA). All primers produced a
single peak when the PCR reactions were analyzed by melt curve analysis.

Antibodies, Immunoprecipitation, and Western Blotting. Antibodies used for
immunoprecipitation and Western blotting throughout this paper include the
following: Phospho-Ser/Thr Akt Substrate antibody (no. 9611; Cell Signaling),
FLAG (no. 2368; Cell Signaling), HA (no. 2367; Cell Signaling), MYC(no. 2276; Cell
Signaling), ISG15 (no. 2758; Cell Signaling), IFITM1 (no. 66827; Santa Cruz),
BRCA2 (no. 9012; Cell Signaling), and Akt pT308 (no. 4056; Cell Signaling).
Antibodies were diluted according to manufacturers’ instructions. Cells were
lysed with the recommended buffer from Cell Signaling [20 mM Tris (pH 7.5),
150 mM Nadl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100] supplemented with
protease and phosphatase inhibitors (Roche). Lysates were sonicated, and in-
soluble proteins were removed by centrifugation at 18,000 x g for 10 min. In
some of the experiments, cells were fractionated with a cell fractionation kit
from Thermo Scientific, and nuclear and cytoplasmic lysates were analyzed in
parallel. In immunoprecipitation experiments, cell lysates obtained using Cell
Signaling lysis buffer were first incubated with the primary antibody and the
resulting immunoprecipitates were pulled down with Protein G agarose beads
(Sigma) for 1 h at 4 °C. MK2206 (Merck) was used at a concentration of 2.5 uM.

In Vitro Kinase Assay and Kinase Inhibitors. Residues 8-374 of EMSY and EMSY
S209A were cloned as GST fusions into the pDest 565 vector, and the fusions
were expressed in the BL21 strain of Escherichia coli. EMSY was induced with
isopropyl-p-p-thiogalactopyranoside, and it was affinity-purified using Glu-
tathione Sepharose beads (Amersham) and glutathione elution. Myc-tagged
Akt1 and Akt2 were immunoprecipitated with anti-Myc-conjugated agarose
beads from triple-KO murine fibroblasts expressing either Akt1 or Akt2.
Purified EMSY or EMSY S209A (500 ng) was incubated with the Akt1 or Akt2
immunoprecipitate for 30 min at 30 °C in kinase buffer (Cell Signaling)
containing 25 mM Tris-HCl (pH 7.5), 5 mM p-glycerophosphate, 2 mM DTT,
0.1 mM Na3VO,4, and 10 mM MgCl,. After boiling in 2x sample buffer, the
products of the kinase reaction were immunoblotted and probed with an
Akt phosphosubstrate antibody or the anti-FLAG antibody. MK2206 was
used at the concentration of 2.5 pM.
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IFN Stimulation and Activation of the IFN Response via HSV-1 Infection. HMEC-
tert cells grown to 50% confluence were stimulated with IFN-o. The ex-
pression of ISGs was measured in cell lysates harvested 6 h after the start of
IFN-o treatment. ISG expression in HSV-1-infected HMEC-tert cells (MOl of 1)
was examined in cell lysates harvested 36 h after infection.

HSV-1 Titration. HSV-1 strain 17+ expressing EYFP-ICPO was grown and ti-
trated in BHK cells propagated in Glasgow modified Eagle’s medium sup-
plemented with 10% newborn calf serum, 10% tryptose phosphate broth
and penicillin (100 U/mL), and streptomycin (100 pg/mL) (23). HMEC-tert cells
transduced with the indicated EMSY and Akt constructs and control HMEC-
tert cells transduced with the EVs were grown to confluence and then
infected with HSV-1 by exposing them to the virus for 3 h at an MOI of 1. The
cells were then washed twice with PBS, and the virus was allowed to grow
for 48 h. Virus harvested from these cultures was filtered and then used to
infect confluent Hela cells by incubating it with the cells for 3 h (200 pL per
confluent 6-cm plate). The Hela cells were then washed, collected by tryp-
sinization, and fixed in 0.5% formaldehyde for 10 min at room temperature.
The percentage of cells expressing EYFP-ICPO was measured by FACS.

To measure viral entry and immediate early gene expression, HMEC-tert cells
were incubated with the EYFP-ICPO recombinant HSV-1 for 4 h and total cellular
DNA was extracted. Viral entry was measured by real-time RT-PCR for HSV-1
DNA Polymerase |, and primers for a nonspecific genomic region were used as
aloading control. In parallel experiments, cells were also harvested after 4 h and
the percentage of EYFP-positive cells was determined by flow cytometry.
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VSV ti17 Plaque Assay. A thermolabile vesicular stomatitis virus mutant (VSV
t117) was propagated in National Institutes of Health 3T3 cells at 32 °C. Virus was
harvested at 48 h from the start of the infection, when cell lysis was complete.
HMEC-tert cells transduced with the indicated EMSY and Akt constructs and
control HMEC-tert cells transduced with the EVs were infected with a 1:2,000
dilution of the filtered viral stock, and supernatants were collected and filtered
24 h later. The harvested viral stocks were titrated on Vero cells plated to
confluence in six-well plates. Following a 2-h incubation of the viral dilutions
with the Vero cells, the inoculum was removed from the plates and the cells
were overlaid with 1% noble agar in conditioned media. Plaques were visual-
ized by staining the infected cells with Giemsa 30-36 h postinfection.

ChIP. HMEC-tert cells transduced with EV or EMSY-FLAG were cross-linked,
and protein was immunoprecipitated with FLAG M2 (Sigma) using a Millipore
kit (no. 17-295). SDS and sodium deoxycholate were removed from buffers to
prevent inhibition of FLAG binding, and Triton X-100 was substituted.
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