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Although the mechanisms of generation of signals that con-
trol transcriptional activation of Type III IFN (IFNA)-regu-
lated genes have been identified, very little is known about the
mechanisms by which the IFNA receptor generates signals for
mRNA translation of IFNA-activated genes. We provide evi-
dence that IFNA activates the p90 ribosomal protein S6 kinase
1 (RSK1) and its downstream effector, initiation factor eIF4B.
Prior to its engagement by the IFNA receptor, the non-active
form of RSK1 is present in a complex with the translational
repressor 4E-BP1 in IFNA-sensitive cells. IFNA-inducible
phosphorylation/activation of RSK1 results in its dissociation
from 4E-BP1 at the same time that 4E-BP1 dissociates from
eIF4E to allow formation of eIF4F and initiation of cap-depen-
dent translation. Our studies demonstrate that such IFNA-de-
pendent engagement of RSK1 is essential for up-regulation of
p21WAFL/CIPL oy hression, suggesting a mechanism for genera-
tion of growth-inhibitory responses. Altogether, our data pro-
vide evidence for a critical role for the activated RSK1 in IFNA
signaling.

The recently identified family of Type III IFNs includes
IFNAL, IFNA2, and IFNA3, also called interleukin IL-29, IL-
28A, and IL-28B, respectively (1, 2). All IFNAs generate their
biological effects via binding to a common receptor complex
consisting of the specific IFNAR1 subunit and the IL-10Rf3
subunit, which is shared with the IL-10 receptor and related
cytokine receptors (1, 3—-5). Despite engaging entirely differ-
ent receptor complexes, Type I (o, B, w) and Type III (A) IFNs
share common Jak-Stat pathways to mediate signals for tran-
scription of target genes. Both Type I IFNs and IFNA activate
receptor-interacting tyrosine kinases Jakl and Tyk2, which in
turn regulate phosphorylation of members of the STAT fam-
ily (6, 7), leading to formation/assembly of the ISGF3 complex
that regulates transcription via binding to interferon-stimu-
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lated response elements (6 —9). Beyond specific gene expres-
sion, IFNA induces distinct genes but also many genes are
known to be IFNa-dependent (1, 3, 10). Notably, IFNA-in-
duced gene expression has clearly different timing patterns
and slower kinetics than IFN« (1, 3, 10).

IFNA exhibits important biological activities, including an-
tiviral protection, growth-inhibitory and proapoptotic effects,
and immunomodulatory and antitumor activities (1, 3, 5, 8,
10, 12-18). Such functional properties of IFNA have gener-
ated substantial interest and raised prospects for utilization of
IENA in the treatment of human diseases, including viral in-
fections and malignancies. However, despite the advances in
the field and the emerging understanding of the mechanisms
of Type III IEN-induced transcriptional activation, very little
is known about the signals by which the Type III IFN receptor
ultimately controls mRNA translation of target genes to in-
duce IFNA-dependent biological responses.

Over the last 2 decades, our overall understanding of the
mechanisms of control of mRNA translation in eukaryotes
has evolved, and several important steps have been defined.
Control of mRNA translation occurs primarily at the initia-
tion step, in which the small (40 S) ribosomal subunit and the
elF2:tRNAM“GTP ternary complex form the 43 S complex in
association with eIF3. The 43 S complex associates with eIF4F
(eukaryotic initiation factor 4F), resulting in formation of the
48 S complex that is recruited to the 5'-end of mRNA and
scans the 5'-untranslated region (5'-UTR) for AUG (19). The
recruitment of 40 S to mRNA requires the assembly of the
elF4F complex and its binding to the mRNA 5’ cap structure
(7-methylguanosine cap structure; m7GpppN). The eIlF4F
complex is composed of eIF4E, the cap-binding subunit;
elF4G, the scaffolding protein that binds other initiation fac-
tors; and eIF4A (an RNA helicase whose function is essential
for unwinding of the mRNA 5’ secondary structure) (19 -22).
Recruitment of elF4F to the 5 cap structure is a key step at
which mRNA translation in different systems is regulated, via
competition between the translational repressor 4E-BP1 and
elF4G for binding to elF4E (23). Various growth factors, hor-
mones, and mitogens control translation at that level by in-
ducing activation of the mTOR kinase and mTOR-mediated
4E-BP1-phosphorylation, resulting in deactivation of 4E-BP1
and its dissociation from eIF4E (19, 24).
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We have previously shown that Type I and II IFNs engage
the mTOR pathway and regulate its downstream effectors
S6K and 4E-BP1 (25-27). Such engagement of this cascade
plays important roles in the ISG mRNA translation process
(25, 27-29). Other work has established that the extracellular
signal-regulated kinase (ERK) pathway is activated in re-
sponse to Type I, 11, and III IFNs (7, 30). Moreover, there is
evidence that RSK mediates Type I IFN-dependent eIF4B
phosphorylation in certain cell types (28), but the precise in-
volvement and role of RSK in IFN-dependent translational
regulation as well as global mRNA translation in eukaryotes
remains to be fully elucidated.

In the present work, we provide evidence for IFNA-depen-
dent activation of the mTOR and ERK/RSK pathways and
demonstrate that both pathways play important roles in IFNA
signaling. Remarkably, our data establish for the first time
that the inactive form of RSK1 is constitutively bound to 4E-
BP1 and participates in a complex that prevents recruitment
of components of eIF4F to the 5’ cap structure. IFNA treat-
ment results in RSK1 phosphorylation/activation and dissoci-
ation from 4E-BP1, and this event is followed by RSK1-medi-
ated elF4B activation. Interestingly, IFNA-dependent
phosphorylation of 4E-BP1 is only partially blocked by either
MEK or mTOR inhibition in IFNA-sensitive cells, indicating
that input from both MEK/ERK and mTOR is necessary for
phosphorylation/deactivation of the protein during its en-
gagement by the IFNA receptor. Our studies also demonstrate
that inhibition of RSK1 activity mediates IFNA-inducible anti-
proliferative responses, establishing key and essential roles for
RSK1 in IFNA signaling.

MATERIALS AND METHODS

Cells and Reagents—Antibodies against the phosphorylated
forms of eIF4B, S6K, 4E-BP1, ERK1/2, PDK1, RSK1, and anti-
bodies against elF4B, 4E-BP1, elF4E, GST, eIlF4G, and PDK1
were obtained from Cell Signaling Technology (Beverly, MA).
Antibodies against p70S6K, ERK1/2, and RSK1 were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Hu-
man HT-29 cells (colorectal adenocarcinoma) were grown in
RPMI 1640 medium supplemented with 10% fetal bovine se-
rum and antibiotics. Human ARPE-19 cells (retinal pigment
epithelial cells) were grown in DMEM/F-12 medium supple-
mented with 10% fetal bovine serum and antibiotics. Immor-
talized 4E-BP1*/" and 4E-BP1~/~ mouse embryonic fibro-
blasts (MEFs)? (31) were kindly provided by Dr. Nahum
Sonenberg (McGill University, Montreal, Canada). The
mTOR inhibitor, rapamycin, and the MEK1/2 inhibitor
U0126 were obtained from Calbiochem. U0126 was used in
the different experiments at a final concentration of 10 um,
whereas rapamycin was used at a final concentration of 20 nm.
The RSK inhibitors, SL0101-1 and BI-D1870, were from Toc-
ris Bioscience (Ellisville, MO) and Symansis (Auckland, New
Zealand), respectively. SL0101-1 was used at a final concen-
tration of 80 uM, and BI-D1870 was used at a final concentra-
tion of 10 um. GST-4E-BP1, His-tagged 4E-BP1, and active

2 The abbreviations used are: MEF, mouse embryo fibroblast; NTKD, N-ter-
minal kinase domain; PP2A, protein phosphatase 2A.
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PDK1 were from SignalChem (Richmond, Canada). Activated
RSK1 protein and the anti-phospho-Ser**' RSK1 antibodies
were purchased from Abcam (Cambridge, MA). Non-active
RSK1 was from Abnova (Taipei, Taiwan), whereas activated
ERK1 protein was from Milipore (Billerica, MA). The His60
Ni Gravity kit was purchased from Clontech (Mountain View,
CA). 7-Methyl-GTP-Sepharose was from GE Healthcare UK
Ltd. siRNAs against 4E-BP1 and RSK1 were obtained from
Santa Cruz Biotechnology, Inc., and transfections were per-
formed using the siRNA transfection reagent TransIT-TKO
from Mirus Bio Corp. (Madison, WI). Protein phosphatase
2A (PP2A) was from Upstate Biotechnology, Inc. (Lake
Placid, NY).

Immunoprecipitations and Immunoblotting—Cells were
treated with IFNA1 (10 ng/ml) for the indicated times and
lysed in phosphorylation lysis buffer as described previously
(32, 33). In some experiments, cells were serum-starved for
24 h prior to the indicated treatments. Immunoprecipitations
and immunoblotting using an enhanced chemiluminescence
method were performed as described previously (32-36).

Cap Binding Assays—HT-29 cells were incubated for 24 h
in serum-free medium and then pretreated for 1 h with
U0126 (10 uMm) or rapamycin (20 nm) and then treated with
IFNA (10 ng/ml) for the indicated times. Cell lysates were in-
cubated with 7-methyl-GTP-Sepharose (Amersham Bio-
sciences) for 4 h and then washed with lysis buffer. Proteins
were resolved by SDS-PAGE electrophoresis, transferred on
Immobilon membranes (Millipore), and probed with the indi-
cated antibodies.

Protein Binding Assays—Different GST-proteins (GST-
RSK1 protein, activated GST-RSK1 protein, or control GST)
were annealed with 0.4 ug of His-4E-BP1 in 100 ul of 50 mm
Tris, 100 mm sodium chloride, pH 8.0, for 1 h in 4 °C before
they were applied to the 100 ul of His60 Ni superflow resin
(Clontech), as described previously (37). After extensive
washing, the proteins were eluted using 50 mm sodium phos-
phate, 300 mMm sodium chloride, 300 mm imidazole, pH 7.4.
Ten 100-pul fractions were collected from each sample, and
equal amounts were used for SDS-polyacrylamide electro-
phoresis. GST, GST-RSK1 fusion proteins, and 4E-BP1 were
detected by Western blot analysis using anti-GST or anti-4E-
BP1 antibodies.

In Vitro Phosphatase Assays—These assays were performed
according to previously described methodologies (38). 2 ug of
active GST-RSK1 was incubated at 37 °C for 30 min in 50 ul
of PP2A buffer (50 mm Tris, 1 mm DTT, 1 mm MnCl,, pH 8.0)
and 0.1 unit of PP2A.

In Vitro Kinase Assays—Immune complex kinase assays to
detect RSK1 kinase activity in anti-RSK1 immunoprecipitates
were performed essentially as described previously (39). GST-
4E-BP1 or His-4E-BP1 was used as exogenous substrate. Stud-
ies to detect in vitro phosphorylation of GST-RSK1 by acti-
vated ERK1 or activated PDK1 were performed essentially as
described previously (40).

Quantitative RT-PCR (TagMan)—Cells were treated with
10 ng/ml IENA for 6 h, and total RNA was isolated using the
RNeasy kit (Qiagen). Real-time RT-PCR was performed as in
our previous studies (25, 27).
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RESULTS

In initial studies, we examined whether IFNA treatment of
sensitive cell lines induces activation of the MEK/ERK path-
way and whether RSK1 is activated by the Type III IFN recep-
tor downstream of ERK. HT-29 cells were incubated for dif-
ferent times in the presence or absence of IFNA, and cell
lysates were resolved by SDS-PAGE and immunoblotted with
antibodies against the phosphorylated forms of RSK1 and
ERK1/2. Treatment with IFNA resulted in phosphorylation of
RSK1 on Thr?*°/Ser®* (Fig. 14) and ERK1/2 on Thr?°%/
Tyr?*** (Fig. 1B), consistent with engagement and activation of
these kinases. Such phosphorylation was blocked by pretreat-
ment of cells with the MEK inhibitor U0126, whereas the spe-
cific mTOR inhibitor, rapamycin, had no inhibitory effects
(Fig. 1, A and B). IFNA treatment also resulted in phosphory-
lation of eIF4B (Fig. 1C), a protein that plays an important
role in the regulation of mRNA translation in eukaryotes and
whose phosphorylation has been previously shown to be me-
diated by either RSK1 or the mTOR-regulated S6K in other
systems (20, 28). eIF4B phosphorylation was blocked by the
MEK/ERK inhibitor U0126, but not rapamycin, indicating
that IFNA-dependent engagement of eIF4B on Ser**” in
HT-29 cells is a MEK/ERK-dependent signaling event.

In further studies, we determined whether engagement of
the IFNA receptor results in activation of the mTOR pathway
and generation of downstream signals that mediate initiation
of mRNA translation. IFNA treatment of sensitive cells re-
sulted in phosphorylation of mTOR on Ser***® (Fig. 1D), a site
whose phosphorylation correlates with activation of
mTORCI complexes (41). In addition, such treatment re-
sulted in phosphorylation/activation of downstream effector
of mTOR, S6K (Fig. 1E). Activation of S6K was blocked by
rapamycin, consistent with mTOR-mediated engagement of
the pathway. Treatment of cells with IFNA also resulted in
phosphorylation of the translational repressor 4E-BP1 on
Thr®”/#¢ (Fig. 1F), a site whose phosphorylation is required for
deactivation of this translational repressor and its dissociation
from the initiation factor eIF4E (19, 20, 24). Such phosphory-
lation of 4E-BP1 was only partially blocked by rapamycin,
whereas it was also partially inhibited by U0126 (Fig. 1F). This
raised the possibility that coordinated engagement of mTOR
and ERK/RSK is required for deactivation of 4E-BP1 during
IFNA treatment of cells. Similar results were obtained when
studies were performed using the IFNA-sensitive ARPE-19
cell line. IFNA also induced phosphorylation of RSK1 (Fig.
2A), elF4B (Fig. 2A), 4E-BP1 (Fig. 2B), and S6K (Fig. 2C). As
for HT-29 cells, phosphorylation of RSK1 and elF4B was
U0126-sensitive and rapamycin-insensitive, whereas engage-
ment of the S6K was blocked by rapamycin (Fig. 2C). On the
other hand, phosphorylation of 4E-BP1 on Thr*”/*® was par-
tially blocked by either rapamycin or U0126 (Fig. 2B), suggest-
ing dual IFNA-dependent regulation of the protein by the
mTOR and ERK/RSK pathways.

Because the recruitment of eIF4F to the 5’ cap structure of
mRNA is an important step in the regulation of mRNA trans-
lation, we sought to determine the regulatory effects of IFNA-
dependent activated MEK/ERK or mTOR pathways on the
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FIGURE 1. IFNA-dependent activation of ERK/RSK1 and mTOR signaling
cascades in HT-29 cells. A-f, serum-starved HT-29 cells were pretreated for
60 min with U0126 or rapamycin and were either left untreated or treated
with IFNA, in the continuous presence or absence of rapamycin or U0126, as
indicated. The cells were lysed, and total cell lysates were resolved by SDS-
PAGE and immunoblotted with antibodies against the phosphorylated
form of RSK1 on Thr®>%/Ser®®® or against RSK1 (A); with antibodies against
the phosphorylated forms of ERK on Thr2°?/Tyr?** or against ERK (B); with
antibodies against the phosphorylated form of elF4B on Ser*?? or against
elF4B (C); with antibodies against the phosphorylated form of mTOR on
Ser?*8 or against GAPDH (D); with antibodies against the phosphorylated
form of p70S6K on Thr*?'/Ser*?* or against p70S6K (E); or with antibodies
against the phosphorylated forms of 4E-BP1 on Thr*”/#¢ or against GAPDH
(F), as indicated.
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FIGURE 2. IFNA-dependent activation of RSK1 and mTOR pathways in
ARPE-19 cells. A-C, serum-starved ARPE-19 cells were pretreated with ra-
pamycin or U0126 as indicated and then treated with IFNA for the indicated
times. Total cell lysates were resolved by SDS-PAGE and immunoblotted
with anti-phospho-Thr3>9/Ser®® RSK1, anti-RSK1, anti-phospho-Ser*??-
elF4B, or anti-elF4B antibodies (A); with anti-phospho-Thr*”/46-4E-BP1 or
anti-GAPDH antibodies (B); or with antibodies against the phosphorylated
form of p70S6K on Thr*?'/Ser*** or against p70S6K or anti-GAPDH (C), as
indicated.

binding of translation initiation factors to the 7-methyl-
guanosine cap complex. IFNA treatment resulted in dissocia-
tion of 4E-BP1 and enhanced binding of eIF4E, elF4G, and
elF4A to the 7-methylguanosine cap complex (Fig. 34). Such
dissociation of 4E-BP1 upon IFNA-treatment and binding of
the different eukaryotic initiation factors was also seen in ra-
pamycin-pretreated cell lysates (Fig. 3A4), consistent with the
partial resistance of IFNA-inducible 4E-BP1 phosphorylation
to rapamycin seen in these cells (Fig. 1F). Surprisingly, in cells
pretreated with U0126, 4E-BP1 did not dissociate from the
complex upon IFNA treatment, raising the possibility that
another protein whose activity is inhibited by U0126 is in-
volved in the process (Fig. 34).

Because RSK1 is a known target and effector of the MEK/
ERK pathway, we determined whether non-phosphorylated
RSK1 binds to the 7-methylguanosine cap complex. As shown
in Fig. 3B, RSK1 was present in the complex and, upon IFNA
treatment, dissociated from it (Fig. 3B). However, RSK1 re-
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mained in the complex when cells were treated with IFNA in
the presence of U0126 (Fig. 3B). Because U0126, but not rapa-
mycin, inhibits RSK1 phosphorylation in these cells (Fig. 14),
these data suggested that phosphorylation of the protein is an
event that ultimately results in its dissociation from the com-
plex. Consistent with this, RSK1 dissociated from the complex
in an IFNA-dependent manner in the presence of rapamycin
(Fig. 3B). Notably, RSK1 followed a similar pattern as 4E-BP1,
being detectable in the 7-methylguanosine cap complex at
base line and dissociating after IFNA treatment (Fig. 34). Such
dissociation was reversed by U0126 but not rapamycin (Fig.
3B), suggesting that RSK1 and 4E-BP1 associate with each
other in a complex that binds to m7GpppN. IFNA treatment
of HT29 cells also resulted in enhanced binding of eIF4G,
elF4A, and eIF4E to the 7-methylguanosine cap complex, and
this correlated with 4E-BP1 phosphorylation and dissociation
from the complex (Fig. 3C). However, in cells pretreated with
SL0101-1, an inhibitor of the RSK N-terminal kinase domain
(NTKD) (40, 42, 43), there was no dissociation of 4E-BP1 and
RSK1 from the complex upon IFNA treatment (Fig. 3C).

To directly determine whether 4E-BP1-RSK1 complexes are
formed and to determine the effects of IFNA on the formation
and binding capacities of such complexes, co-immunoprecipi-
tation experiments were carried out. HT-29 cells were treated
with IENA in the presence or absence of U0126 or rapamycin,
and lysates were immunoprecipitated with an anti-4E-BP1
antibody, followed by immunoblotting with an antibody
against RSK1. RSK1 protein was co-immunoprecipitated by
the anti-4E-BP1 antibody at base line, but IFNA treatment
resulted in a decrease in the levels of 4E-BP1-associated RSK1
(Fig. 3D). Such IFNA-dependent dissociation of the RSK1-
4E-BP1 complex was not seen when the cells were pretreated
with U0126 but was still noticeable in cells treated with rapa-
mycin (Fig. 3D). Similarly, the 4EBP1-RSK1 interaction was
reversed by treatment with SL0101-1 (Fig. 3E), suggesting that
the NTKD of RSK1 is important for this interaction.

To better define the mechanisms of RSK1 interaction with
elF4E and 4E-BP1 and confirm the findings with SL0101-1,
experiments were performed in which 4E-BP1 was knocked
down using specific siRNA (Fig. 3F). As expected, such knock-
down increased elF4E and eIF4G binding (Fig. 3G), but at the
same time it also reduced RSK1 binding to the 5’ cap complex
(Fig. 3G).

Altogether, our data suggested that 4E-BP1 constitutively
associates with RSK1 in HT29 and ARPE-19 cells, but such
complexes are only stable when the RSK1 kinase is in the in-
active/unphosphorylated state. To further confirm such a hy-
pothesis, protein binding assays were employed. GST-RSK1
or GST-RSK1 (activated) was annealed with His-4E-BP1 and
applied to the His60 Ni superflow resin column. Immunoblot-
ting of eluted fractions demonstrated the presence of GST-
RSK1 and His-4E-BP1, whereas preactivated GST-RSK1 was
not captured in the column together with His-4E-BP1 (Fig.
4A). As shown in Fig. 4B, the inability to bind His-4E-BP1
correlated with phosphorylation of RSK1 at Ser**! in the
NTKD (Fig. 4B). To further confirm that the NTKD of RSK1
is required for binding to 4E-BP1, wild type (not activated)
RSK1 was used as a substrate for the active ERK1 and active
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FIGURE 3. Binding of 4E-BP1 and RSK1 to the 7-methylguanosine cap complex prevents recruitment of elF4G, elF4A, and elF4E to the cap complex.
A, serum-starved HT-29 cells were pretreated for 60 min with U0126 or rapamycin and were either left untreated or treated with IFNA, in the continuous
presence or absence of rapamycin or U0126, as indicated. Cell lysates were bound to the cap analog m’GTP conjugated to beads, and bound proteins were
resolved by SDS-PAGE and immunoblotted with the indicated antibodies. B, HT-29 cells were treated as indicated and assayed as described in A. Bound
proteins were immunoblotted with the indicated antibodies. C, serum-starved HT-29 cells were pretreated for 6 h with SL0101-1 and were subsequently
treated with IFNA, as indicated. D, serum-starved HT-29 cells were pretreated for 60 min with U0126 or rapamycin and then treated with IFNA, in the contin-
uous presence or absence of rapamycin or U0126, as indicated. Equal amounts of cell lysates were immunoprecipitated (/P) with an anti-4E-BP1 antibody,
and immune complexes were resolved by SDS-PAGE and immunoblotted with anti-RSK1 or anti-4E-BP1 antibodies, as indicated. E, HT-29 cells were pre-
treated for 6 h with SL0101-1 and were left untreated or treated with IFNA, in the continuous presence or absence of inhibitor, as indicated. Equal amounts
of cell lysates were immunoprecipitated with anti-4EBP1 antibodies, and immune complexes were resolved by SDS-PAGE for analysis of 4E-BP1 and RSK1,
as indicated. F, HT-29 cells were transfected with either control siRNA or siRNA specifically targeting 4E-BP1 and treated with IFNA, as indicated. Total cell
lysates were resolved by SDS-PAGE and immunoblotted with antibodies, against 4E-BP1 or GAPDH, as indicated. G, cells were transfected with either con-
trol siRNA or siRNA specifically targeting 4E-BP1 and treated with IFNA, as indicated. Cell lysates were bound to the cap analog m’GTP conjugated to beads,

and bound proteins were resolved by SDS-PAGE and immunoblotted with the

PDK]1, in the presence or absence of the SL0101-1 inhibitor.
Upon activation in the kinase assay, GST-RSK1 was no longer
retained on the column together with His-4E-BP1 (Fig. 4C).
However, concomitant treatment with SL0101-1 reversed the
binding of RSK1 to 4E-BP1, allowing elution from the column
(Fig. 4C). In other studies, we examined whether dephosphor-
ylation of RSK1 enhances its binding to His-4E-BP1. The sta-
tus of its binding after in vitro dephosphorylation in phospha-
tase assays using PP2A was examined. As shown in Fig. 4D, in
vitro dephosphorylation of preactivated GST-RSK1 resulted
in its binding to His-4E-BP1, further demonstrating that only
the unphosphorylated form of RSK1 binds to 4E-BP1 (Fig. 4,
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indicated antibodies.

D and E). The activated form of GST-RSK1 was dephosphor-
ylated after PP2A treatment and had the ability to bind to
His-4E-BP1 (Fig. 4E).

There has been previous evidence from studies using 12-O-
tetradecanoylphorbol 13-acetate that, beyond mTOR, engage-
ment of the MEK/ERK pathway can ultimately result in phos-
phorylation of 4E-BP1 at multiple sites (44). However, the
identity of the kinase that directly phosphorylates 4E-BP1
downstream of MEK/ERK has been unknown. We examined
whether RSK1 acts as a kinase for 4E-BP1, during its engage-
ment by the IFNA receptor. Initially, we determined whether
RSK1 phosphorylates 4E-BP1 in vitro and in intact cells. Ini-
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FIGURE 4. Binding of inactive RSK1 to 4E-BP1. A, equal amounts of GST-RSK1 or GST-RSK1 (activated) were annealed with 4E-BP1-His and then bound to
the His affinity column. Equal amounts from fractions collected from the affinity column were resolved by SDS-PAGE and immunoblotted with antibodies
against GST or 4E-BP1, as indicated. B, input protein levels from the experiment shown in A for GST-RSK1 (sample A) or GST-RSK1 activated (sample B). Im-
munoblotting with anti-GST or the anti-phospho-Ser??' RSK1 or anti-4E-BP1 (to detect His-4E-BP1) is shown. C, equal amounts of GST-RSK1 were subjected
to in vitro kinase assays using active ERK1 and active PDK1, in the presence or absence of the SL0101-1 inhibitor, and then were annealed with 4E-BP1-His
and bound to the His affinity column. After extensive washing, proteins were eluted from the column, and equal amounts from each eluted sample were
resolved by SDS-PAGE and immunoblotted with antibodies against GST and 4E-BP1, as indicated. D, equal amounts of GST-RSK1 (activated) or GST-RSK1
(activated) that was subjected to an in vitro phosphatase (PP2A) assay were annealed with 4E-BP1-His. After binding to the His affinity column and extensive
washing, proteins were eluted from the column, and equal amounts of eluted samples were resolved by SDS-PAGE and immunoblotted with antibodies
against GST or 4E-BP1, as indicated. E, input protein levels from the experiment shown in D (panel A) for activated GST-RSK1 (sample A) or activated GST-
RSK1 after subjected to in vitro phosphatase (PP2A) assay (sample B) or GST (sample C). Inmunoblotting with anti-GST, anti-phospho-Ser??' RSK1 or

anti-4E-BP1 (to detect 4E-BP1-His) is shown.

tially, the effects of SL0101-1 on 4E-BP1 phosphorylation on
Thr®”/*¢ were examined. As shown in Fig. 54, IFNA-depen-
dent phosphorylation of RSK1 on Ser**' and 4E-BP1 on
Thr®”/%¢ was blocked by SL0101-1. On the other hand, phos-
phorylation of RSK1 at Thr®”? in the C-terminal kinase do-
main was not affected by SL0101-1 (Fig. 5A4). We also deter-
mined the effects of RSK1 knockdown on IFNA-dependent
phosphorylation of 4E-BP1. Knockdown of RSK1 blocked the
phosphorylation of 4E-BP1 on Thr®”/*¢ (Fig. 5B), demonstrat-
ing that RSK1 is essential for such 4E-BP1 phosphorylation.
On the other hand, as expected, RSK1 knockdown did not
abrogate IFNA-dependent phosphorylation/activation of
S6K (Fig. 5B). To further establish whether IFNA-activated
RSK1 phosphorylates 4E-BP1, immune complex kinase as-
says were carried out on anti-RSK1 immunoprecipitates
from HT-29 cells using GST-4E-BP1 or 4E-BP1-His as an
exogenous substrate. 4E-BP1 was phosphorylated in an
[FNA-activated RSK1 (Fig. 5, C and D), whereas such phos-
phorylation was selectively blocked by the MEK inhibitor
U0126 (Fig. 5C) or RSK inhibitors SL0101-1 and BI-D1870
(Fig. 5D), suggesting that the protein acts as a substrate for
RSK1 activity.

Altogether, our data suggested a model in which the in-
active form of RSK1 is associated with 4E-BP1 in a complex
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that negatively controls eIF4F formation and in which,
upon treatment with IFNA, the kinase is activated and
phosphorylates 4E-BP1, resulting in its deactivation and
dissociation from eIF4E. To further establish the validity of
such a model, experiments were performed using MEFs
with targeted disruption of the 4e-bpI gene (25, 31). Due to
the cell type specificity of IFNA receptor expression, such
studies were performed using mouse IFNa. 4E-BP1*/* and
4E-BP1~/~ MEFs were treated with mouse IFNa, and ly-
sates were used in a 7-methylguanosine cap binding assay
(Fig. 6A). Abundant amounts of non-phosphorylated RSK1
were detectable in the 7-methylguanosine cap complex in
untreated 4E-BP1*/" but not in 4E-BP1~/~ MEFs (Fig.
6A). Consistent with our findings in IFNA-sensitive cells,
IFNa treatment resulted in dissociation of RSK1 from the
complex in parental 4E-BP1"/* MEFs (Fig. 6A). Moreover,
binding of eIF4E to the 7-methylguanosine cap complex
increased in an IFNa-dependent manner and correlated
with phosphorylation and release of 4E-BP1 (Fig. 6A).
There were no significant differences in the overall eIF4E
levels before or after [IFN« treatment in either 4E-BP1
knockouts or parental MEFs, whereas IFNa-inducible
phosphorylation of RSK1 was detectable in the presence or
absence of 4E-BP1 (Fig. 6B).
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FIGURE 5. RSK1 activity is required for IFNA-dependent phosphorylation of 4E-BP1 on Thr37/45, A, serum-starved HT-29 cells were pretreated with
SLO101-1 or diluent for 6 h and then treated with IFNA for the indicated times, in the continuous presence or absence of SL0101-1, as indicated. Total cell
lysates were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. Equal cell lysates from the same experiment were analyzed sepa-
rately by SDS-PAGE and immunoblotted with an anti-phospho-RSK1 (Ser??") and anti-RSK1. B, HT29 cells were transfected with either control siRNA or
siRNA targeting RSK1 and treated with IFNA, as indicated. Total cell lysates were resolved by SDS-PAGE and immunoblotted with the indicated antibodies.
C, serum-starved HT-29 cells were pretreated with U0126 for 1 h and then treated with IFNA for 90 min. The cells were lysed, and equal amounts of protein
were immunoprecipitated (/P) with an anti-RSK1 antibody. /n vitro kinase assays to detect RSK activity were subsequently carried out on the immunoprecipi-
tates, using a 4E-BP1-His protein as an exogenous substrate. D, serum-starved HT-29 cells were pretreated with SL0101-1 for 6 h or BI-D1870 for 1 h and
then treated with IFNA for the indicated times. The cells were lysed, and equal amounts of protein were immunoprecipitated with an anti-RSK1 antibody. In
vitro kinase assays to detect RSK activity were subsequently carried out on the immunoprecipitates, using a GST-4E-BP1 protein as an exogenous substrate.

A : 4E-BP1+/+I 4E-BP1-/I-
Time(min) 0 15 30 0 15 30
— <+RSKI1
Blot: anti-RSK1
Pull-down: 4 . <+4E-BP1
m’GTP ) N
Blot: anti-4E-BP1
[ - < cIFAE
Blot: anti-eIF4E
B ; 4EBP1+/+I 4EBP1-/-

T 1
Time (min) 0 15 30

A 0 15 30
- RSK1

Blot: anti-phospho-RSK1 (Thr360/Ser364)

T e e <« 4E-BP1
Blot: anti-phospho-4E-BP1 (Thr37/46)

—— ————— CIF4E
~ Blot: anti-eIFAE

FIGURE 6. RSK1 associates with 4E-BP1 in the 7-methylguanosine cap com-
plex. A, serum-starved 4E-BP1%/* and 4E-BP17/" cells were treated with
mouse IFN« for the indicated times. Equal amounts of cell lysates were incu-
bated with cap analog beads, and after intensive washing, the retained proteins
were resolved by SDS-PAGE and immunoblotted with antibodies against RSK1,
4E-BP1, or elF4E. B, total cell lysates from the same experiment shown in A were
resolved by SDS-PAGE and immunoblotted with the indicated antibodies.

Lysate

We subsequently sought to directly determine the func-
tional relevance of IFNA-dependent engagement of RSK1, as
it relates to generation of growth-inhibitory responses. Sev-
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eral studies have previously established that IFNA suppresses
the growth of several tumor cell lines and intestinal epithelial
cells (13, 16, 45). It has been previously shown that growth-
inhibitory activity of type I IFN toward HT29 results from the
prolongation of cell cycle via the induction of p21 WA <1
and this effect of IFN was suppressed when p21 expression
was down-regulated (46). Recent studies have also demon-
strated that the growth-suppressive activity of IFNA1 in hu-
man esophageal carcinoma cell lines is accompanied by up-
regulation of p21 (45). We sought to determine whether
activation of RSK1 is required for p21 ¥ AFY/<P1 protein ex-
pression. IFNA treatment resulted in induction of p21¥AF!
protein expression (Fig. 7A), and this expression was sup-
pressed by treatment of cells with the RSK inhibitor SL0101-1
(Fig. 7A). On the other hand, the transcriptional activation of
p21WAFI/CIPT yas not inhibited by SL0101-1 treatment (Fig.
7B). Thus, engagement of RSK1 by IFNA is required for
p21WAFL/CIPL hrotein expression but not p21¥AF/<"1 gene
transcription, suggesting a mechanism by which RSK1 may
mediate generation of IFNA-dependent growth-inhibitory
responses via control of mRNA translation of p21 WA/ <P,

DISCUSSION

The family of RSK kinases includes four isoforms, all of
which share significant structural homology with each other
(47-49). All kinases have in their structure two unique kinase
domains, an NTKD that is responsible for phosphorylation of
RSK substrates and an autophosphorylation C-terminal ki-
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FIGURE 7. Requirement of RSK1 activity in IFNA-dependent p21WAF!
expression. A, serum-starved HT29 cells were either not pretreated or pre-
treated with SLO101-1 and then treated with IFNA for 24 h. Cell lysates were
resolved by SDS-PAGE and immunoblotted with antibodies against p21WA™
or GAPDH, as indicated. B, HT29 cells were either not pretreated or were
pretreated with SL0101-1 and then treated with IFNA for 6 h. Expression of
mRNA for the p21 gene was assessed by quantitative real-time RT-PCR. The
GAPDH transcript was used for normalization. Data are expressed as -fold
increase over IFNA-untreated samples and represent means = S.E. (error
bars) from three experiments.

nase domain (47-59). The regulation of RSK activation is
complex and involves a series of signaling events that lead to
phosphorylation of six conserved sites in the structure of
RSKs, including Ser??!, Thr?*?, Ser®®?, Ser®*°, Thr*’3, and
Ser”*? (48). The phosphorylation of such sites requires the
coordinated functions of both the MEK/ERK and the phos-
phoinositide-dependent protein kinase 1 (PDK1) pathways
(43, 48 -54).

Several substrates for RSK activity have been previously
identified. A major substrate is eIF4B, which regulates the
helicase activity of e[F4A (22, 48, 55). RSK-mediated eIF4B
phosphorylation also enhances its association with elF3, re-
sulting in enhanced cap-dependent mRNA translation (48, 56,
57). There is also evidence that RSK1 phosphorylates TSC2
on Ser'”?®, resulting in its inactivation and enhanced mTOR
signaling to S6K (58). RSK1/2 activity is also required for
phosphorylation of Raptor at the RXRXXp(S/T) motif (where
p(S/T) represents phosphoserine/phosphothreonine) that
results in enhanced mTORCI1 activity (59), providing further
evidence for coordinated regulation and action of the Ras/
MAPK and mTOR pathways.

There is extensive interest in defining the mechanisms of
signaling by the Type III IEN (IFNA) receptor. The specific
cellular patterns of expression of IFNA receptors in different
cell types have raised the possibility that this recently discov-
ered family of cytokines may provide a unique approach for
the treatment of certain viral infections and malignancies
with minimal toxicities. Recent work has demonstrated that a
key mechanism for transcriptional activation of IFN-regulated
genes is engagement of Jak-Stat pathways, but the mecha-
nisms that regulate mRNA translation of IFNA-regulated
genes have been largely unknown. In the present study, we
examined whether IFNA engages the mTOR and MEK/ERK
pathways and whether the coordinated activities of these sig-
naling cascades regulate downstream events that may ulti-
mately mediate initiation of mRNA translation of IFNA-sensi-
tive genes. In initial studies, we found that treatment of
sensitive cells with IFNA results in phosphorylation of mMTOR
at Ser***® and downstream engagement of effectors known to
be regulated by mTORC1 complexes in other systems, includ-
ing S6K and its effector S6 ribosomal protein. Moreover,
IFNA was found to induce phosphorylation of the transla-
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tional repressor 4E-BP1 on sites required for its deactivation
and dissociation from the eukaryotic initiation factor 4E
(eIF4E). In parallel studies, we found that IFNA stimulation
results in activation of the MEK/ERK pathway and down-
stream engagement of RSK1. As expected, phosphorylation of
S6K was found to be rapamycin-sensitive, consistent with
regulation by mTORC1 complexes. On the other hand, the
phosphorylation of e[F4B was mediated by RSK1 downstream
of ERK, consistent with previous work from our laboratory in
the Type I IEN system that had demonstrated that eIF4B can
be a substrate for the kinase activities of either RSK1 or S6K,
depending on the cellular context (28). Taken together, these
studies suggest that IFNA engages both the mTOR and MEK/
ERK pathways for the regulation of events required for the
initiation of mRNA translation.

Beyond regulation of elF4B phosphorylation, RSK activity,
downstream of ERK1/2 and PDK1, has previously been shown
to regulate, under certain circumstances, rpS6 phosphoryla-
tion (11), suggesting a mechanism by which RSK activity reg-
ulates mRNA translation. Our current studies in the IFNA
system identify and define another important link between
RSK and the translation machinery. Our findings demonstrate
that IFNA-dependent RSK1 activity is required for recruit-
ment of translation initiation factors to the 7-methyl-
guanosine cap complex. Surprisingly, inactive RSK1 was
found to be associated with the active form of 4E-BP1 that
binds to eIF4E and prevents the recruitment of elF4G, elF4E,
and elF4A to the 7-methylguanosine cap complex. Upon
IFNA treatment of sensitive cells, RSK1 is activated and phos-
phorylates 4E-BP1, and such kinase activity is required for
optimal phosphorylation and deactivation of 4E-BP1. Notably,
we found that the RSK1 is not present in the 7-methyl-
guanosine cap complex in 4E-BP1 knock-out MEFs. Similarly,
the levels of RSK1 present in the complex were diminished in
HT?29 cells in which 4E-BP1 expression was partially knocked
down by specific siRNAs.

Altogether, our studies propose a model in which the inac-
tive form of RSK1 and 4E-BP1 form a complex that binds to
elF4E and prevents initiation of mRNA translation in some
cell types. Upon activation of RSK1 by the IFN-regulated
MEK/ERK pathway, 4E-BP1 is phosphorylated on Thr®”/#¢, an
event required for its deactivation, and, at least in some cell
types, such phosphorylation is RSK1-dependent. Thus, RSK1
may play a key role in the initiation of IFNA-inducible cap-de-
pendent mRNA translation by its presence in 7-methyl-
guanosine cap complex and its ability to phosphorylate and
deactivate associated 4E-BP1, possibly in a cell type-specific
manner. Although RSK1 is known to be involved in growth
factor pathways, it is possible that IFNA engages the pathway
for selective translation of growth-inhibitory genes whose
transcription is induced during engagement of the IFNA re-
ceptor. At the same time, engagement and utilization of RSK1
by the IFNA receptor may result in diminished amounts of
RSK1 that are available for growth factor receptor pathways
that utilize it for the generation of mitogenic responses.

Although additional studies will be required in the future to
precisely define the mechanisms of RSK1-4E-BP1 interaction
and the motifs in the structures of the proteins that mediate
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such complex formation, such effects of RSK1 appear to have
important functional implications. Based on our studies,
RSK1 activity appears to be required for IFNA-dependent

p21WAF1/CIP1

expression, an event implicated in the genera-

tion of antiproliferative responses by IFNA (46), providing a
direct link between the coordinated functions of the mTOR
and ERK/RSK pathways and the generation of growth-regula-
tory and antineoplastic activities by this cytokine.
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