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SUMMARY

Primary resistance to pathogens is reliant on both
basal and inducible immune defenses. To date,
research has focused upon inducible innate immune
responses. In contrast to resistance via cytokine
induction, basal defense mechanisms are less
evident. Here we showed that the antiviral protein
kinase R (PKR) inhibited the key actin-modifying
protein gelsolin to regulate actin dynamics and
control cytoskeletal cellular functions under homeo-
static conditions. Through this mechanism, PKR
controlled fundamental innate immune, actin-depen-
dent processes that included membrane ruffling and
particle engulfment. Accordingly, PKR counteracted
viral entry into the cell. These findings identify a layer
of host resistance, showing that the regulation of
actin-modifying proteins during the innate immune
response bolsters first-line defense against intracel-
lular pathogens and has a sustained effect on virus
production. Moreover, these data provide proof of
principle for a concept in which the cell cytoskeleton
could be targeted to elicit broad antiviral protection.

INTRODUCTION

In order to mount a sustainable infection, a pathogen must over-

come the host’s defense mechanisms. This initial resistance to

infection is regulated by the innate immune system, which

consists of nonspecific basal and inducible resistance compo-

nents. Through innate immunity the host first resists infection,

then upon breach of the defenses of the cell, rapidly responds

to induce resistance factors that restrain the pathogen and elicit

specific humoral and cell-mediated responses. Our under-

standing of the inducible innate immune response has been

greatly advanced by elucidation of cell signaling pathwaysmedi-

ated by the cytoplasmic helicases retinoic acid-inducible gene I

(RIG-I) and MDA5 and by the Toll-like and NOD-like receptors.

Activation of these pathogen-recognition receptors potently

induces cytokines and inherent inflammatory processes to acti-
vate immune cells, thereby curbing infection. There has not,

however, been an equivalent advance in our understanding of

basal innate immune-resistance processes, because these

cellular resistance factors are not distinguished during an infec-

tion by conspicuous induction. Hence, the specific factors that

instigate this resistance are largely unknown and there is a lack

of detail of the molecular mechanisms that enforce basal resis-

tance to pathogens.

A major component of this basal resistance is structural

defense, established by mechanical features of the cell. The

central component of this is the actin cytoskeleton of the cell.

Not only is the cytoskeleton critical for reorganization of the

cell membrane during pathogen entry to the cell, but it also orga-

nizes host defenses. The actin cytoskeleton arranges pathogen-

recognition receptors and recruits cell-signaling intermediates,

underpins cellular migration and vesicle movements, and medi-

ates membrane movements in processes such as endocytosis

by membrane ruffling and phagocytosis. More than 100 actin-

binding proteins have been identified that regulate nucleation

and polymerization of monomeric actin to form fibers and

higher-order actin structures, or alternatively, sever actin fibers

to remodel the cytoskeleton (dos Remedios et al., 2003).

Processes that regulate the activity of actin-binding proteins,

with resulting consequence to the cytoskeleton, are poorly char-

acterized. Hence, a greater insight into actin dynamics during

host-pathogen interaction is needed. Here we identify that the

innate immune protein kinase R (PKR) has a previously unrecog-

nized role as an actin modifier through control of the actin-

binding protein gelsolin (GSN).

GSN is a constitutively expressed protein that resides in

a closed conformation until activation, whereupon the protein

binds to and severs large actin filaments, altering cell shape

and accelerating retraction of filopodia during motility (Lu et al.,

1997; Safiejko-Mroczka and Bell, 2001). GSN also has the ability

to cap the barbed ends of filaments and trigger actin nucleation,

allowing the formation of lamellipodia and phagocytic cups

(Arora et al., 2005; Groves et al., 2008; Mazur et al., 2010). In

addition, GSN has been implicated in the crosstalk of signaling

events from the membrane to the cytoskeleton, triggered by

phospholipid binding (Lin et al., 1997; Sun et al., 1997). Through

these functions, GSN controls cell morphology, migration, inva-

sion, and movement of the cell membrane. Aberrant expression

of GSN has been correlated with a variety of pathologies (Aidinis
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et al., 2005; Asch et al., 1996; Maury et al., 1990). Ablation of

GSN in mice generates a number of nonlethal physiological

and developmental defects (Chellaiah et al., 2000; Crowley

et al., 2000; Furukawa et al., 1997; Witke et al., 1995). Interest-

ingly, the GSN-deleted mouse has altered inflammatory

processes, most conspicuously via altered platelet and neutro-

phil function (Witke et al., 1995). The activity of GSN has

previously been shown to be regulated by calcium influx ormodi-

fications triggered by protein or lipid interactions with molecules

such as phosphatidylinositol-4,5-biphosphate (PtdIns(4,5)P2). A

role for GSN in the innate immune response has not been inves-

tigated. Intriguingly, another member of the GSN family of actin-

binding proteins, Flightless 1 (FLI1), has been involved in the

innate immune responses via Toll-like receptor (TLR) signaling.

FLI1 contains a leucine-rich repeat domain, in addition to the

six GSN-like domains, which allows this protein to bind to the

TLR adaptor molecule MyD88 (Wang et al., 2006). This function

of FLI1 manifests a link between innate immune cell signaling

and GSN-like proteins that remodel the actin cytoskeleton.

PKR is an effector molecule of the innate immune system that

responds to cellular stress, typically that associated with viral

infection. The protein has been established to function in two

principal manners: as an inhibitor of protein translation, via

control of the eukaryotic initiation factor 2a, and as a cell

signaling molecule, by less-well-determined processes.

Although not previously linked to cellular morphology, we

showed that cells from the PKR-deleted mouse have an altered

actin cytoskeleton. Moreover, PKR-deficient cells were altered in

actin-dependent processes such as morphology and structural

dynamics compared towild-type (WT) cells. Fittingly, we demon-

strated that PKR directly inhibited GSN. Opposing the previously

demonstrated dependence for activation by viral RNA, the effect

of PKR upon GSN occurred at homeostatic condition, was rein-

forced by interferon (IFN), which further induced the constitu-

tively expressed PKR, andwas lost upon activation of the kinase.

Hence, PKR alters the cell cytoskeleton to instigate basal resis-

tance. Consistent with this, PKR was shown to suppress virus

entry to the cell. This observed regulation of actin dynamics by

an innate immune protein provides insight into molecular mech-

anisms of cellular resistance to intracellular pathogens.

RESULTS

Innate Immune Regulation of the Cytoskeleton
In the course of culturing murine embryonic fibroblasts (MEFs)

ablated for the innate immune protein PKR (encoded by Eif2ak2),

we observed differences in features of the cell morphology and

motility of WT compared to PKR-deficient cells (see below).

We attributed this to fundamental changes in the cell cytoskel-

eton, because Eif2ak2�/� cells were found to have altered actin

filaments (Figure 1A). Primary WT and PKR-deficient MEFs were

examined for differences in actin stress fiber formation after

growth in reduced serum. Actin fibers were visualized with Alexa

488-labeled phalloidin and quantitated with the Imaris software.

Figure 1A shows that cells ablated for PKR were devoid of most

large actin protofilaments, had a decrease in the total number of

filaments, and had shorter average filament length and

a decreased total amount of filamentous actin when compared

to WT MEFs. Given the context of the role of PKR in immunity,
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we considered this observation likely to be of significance in

infection.

The actin cytoskeleton is essential to many fundamental cell

processes, including immune processes such as membrane

ruffling. Membrane ruffling is an important endocytic process

in fibroblasts that enables the cell to sample the extracellular

environment. We compared the ability of WT or PKR-deficient

MEFs to form bilateral membrane ruffles in response to serum,

as sections of curvedmembrane folding onto itself, as described

previously (Hedberg et al., 1993; Nobile et al., 2010; Sun et al.,

1995). PKR-deficient MEFs display increased membrane ruffling

in response to serum treatment (Figure 1B). Because membrane

ruffling is inherently linked to particle engulfment, we investi-

gated whether PKR altered endocytic uptake. To this end, cells

were incubated with FITC-conjugated dextran molecules and

then imaged. As Figure 1C shows, PKR-deficient fibroblasts

exhibit increased endocytic uptake of fluorescein isothiocyanate

(FITC)-dextran particles, consistent with their increased mem-

brane ruffling. Because no mechanism has been recognized

that would account for this, we sought to determine the relevant

regulatory processes.

PKR Interacts with the Actin-Binding Protein GSN
To identify proteins that interact with PKR, we performed an

immunoprecipitation of PKR from MEFs and identified coimmu-

noprecipitated proteins by mass spectrometry. The actin-

binding protein GSN was identified through this procedure

(Figure S1A available online). The association between PKR

and GSN was further characterized by Förster’s resonance

energy transfer (FRET) analysis of fluorescent-tagged protein

constructs. GSN was expressed as a cyan fluorescent protein

(CFP) fusion, whereas PKR was fused to the full-length Venus

fluorescent protein and expressed in HEK293T cells. The

observed FRET efficiency demonstrates that a high proportion

of the two proteins associate in the cell (Figure 2A). As a compar-

ison, FRET efficiencies were calculated between GSN-CFP and

actin. This demonstrates that the proportion of GSN associated

with PKR approaches the amount of GSN bound to actin fila-

ments in the cell. The FRET pairing discerned that the associa-

tion between GSN and PKR was uneven throughout the cell,

being highest at regions close to the edge of a cell, though not

in the leading edge, an area where functional GSN is known to

concentrate during migration (Figures 2A and S1B).

To further probe this interaction, we utilized a bimolecule

fluorescence approach. In this method, each protein partner

is expressed as a fusion construct with separate halves of

the Venus fluorophore (as shown in Figure S2). Proteins that

interact allow the two halves of the fluorophore to associate,

thereby producing a fluorescent signal. Toward this, GSN and

WT, or a series of truncated, PKR constructs were fused to

either half of Venus then transfected into HEK293T cells. This

demonstrated that GSN interacts with the kinase domain of

PKR within the region termed the N-lobe (Figures 2B and

S1C). The N-lobe has previously been demonstrated to form

the interaction interface between each monomer in the active

dimeric enzyme (Dey et al., 2005). Consequently, we measured

the interaction between GSN and dimeric PKR by measuring

FRET between GSN-CFP and PKR monomers fused separately

with each half of the split Venus. Because no FRET was



Figure 1. MEFs Ablated for PKR Exhibit

Altered Morphology

(A) A quantitation of the state of actin in primary

WT and PKR-deficient (null) MEFs. Graphs repre-

sent the accumulated data of 50 images for total

number of actin filaments, total amount of fila-

mentous actin, and average filament length as

quantified by volume rendering in the Imaris soft-

ware. Example images of primary MEFs are dis-

played below the graphs as a flattened maximum

intensity projection from z stacks for the entire cell.

(B) Images of WT and PKR-deficient (null) primary

MEFs transfected with mRFP-actin. Cells were

fixed, labeled, and imaged for the presence of

membrane ruffles (indicated by arrows). Ruffles

were visualized in 3D in Imaris as curves of

membrane rising off the surface. The lower panel

contains magnified projected 2D images for

identification of what is considered a ‘‘ruffle’’ and

is quantified in the graph on right. Further visuali-

zation of ruffles can be seen in Movies S1 and S2.

(C) WT and PKR-deficient (null) primary MEFs

treated with a 3 kDa FITC-dextran molecule. The

amount of dextran internalized (mean fluores-

cence), through reference to a CellMask plasma

membrane stain (removed for image clarity) was

quantified with Image J (graphed on the right).

Error is displayed as mean ± SEM.
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detected in any region of the cell, this strongly suggests that

GSN interacts with monomeric, inactive PKR (Figure S1B).

Notably, a mutated kinase-dead PKR, in which dimer formation

is altered by a point mutation (K296R), bound GSN (Figure 2C).

In light of this, we tested the effects of activation stimuli for PKR

on the protein association. HeLa cells were treated with the

double-stranded (ds) RNA mimetic, polyinosinic:polycytidylic

acid (poly(I:C)). Endogenous PKR was immunoprecipitated
Immunity 36, 795–
and coimmunoprecipitation of endoge-

nous GSN was tested by immunoblot.

Consistent with the preceding data,

PKR and GSN associate under homeo-

static conditions but dissociate upon

activation of PKR with poly(I:C) (Figures

2D and S1D). Fluorescence lifetime

imaging (FLIM)-FRET was used to visu-

alize this temporal protein association

between PKR-Venus and GSN-CFP.

Basal FRET efficiency was compared

to cells after activation of PKR with

poly(I:C) or by infection with the herpes

simplex virus type 1 (HSV-1), which has

been demonstrated previously to acti-

vate PKR (Leib et al., 2000). The lifetime

of the GSN interaction with PKR is

shown, in Figure 2E, as a heatmap within

the cell. FLIM-FRET analysis calculated

the efficiency of the interaction averaged

across whole cells between PKR and

GSN to be 11%. This interaction

decreased to 3% or 4% upon treatment
with HSV-1 or poly(I:C), respectively (Figures 2F, S1E, and

S1F). To ensure that the poly(I:C)-mediated decrease in FRET

was a specific result of the kinase activation of PKR, the

FLIM-FRET was repeated with the kinase-dead mutant

K296R PKR. Consistent with the preceding data, poly(I:C) treat-

ment did not decrease FRET between GSN and K296R PKR.

Appropriately, there was no poly(I:C)-induced change in the

association of GSN with its substrate (Figure 2G). Together,
806, May 25, 2012 ª2012 Elsevier Inc. 797



Figure 2. PKR Binds GSN at Homeostatic Conditions

(A) An intensity merged image of CFP-GSN and Venus-PKR transfected HEK293T cells (left) and a heatmap of FRET efficiency, above a 10% cutoff (center), as

measured by Acceptor-photobleaching FRET. In the right panel is a graph of FLIM-FRET efficiencies calculated bymeasuring the shift in donor lifetimewith the LI-

FLIM software of CFP-GSN after the addition of a FRET acceptor with either PKR or actin-Venus fusions, or Venus alone as a control for nonspecific fluorophore

interaction. Additional controls are shown in Figure S1B.

(B) Fluorescence in HEK293T cells formed by interaction of split Venus between GSN fused to V1 and full-length protein (PKR) or constructs lacking the RNA-

binding (DRBD) and linker (DLink) domains, or the N- and C-lobes of the kinase domain (DN-lobe and DC-lobe, respectively) of PKR fused to V2. Venus fluo-

rescence in cells was normalized to the expression of the various PKR constructs, by detecting the V2 peptide with a GFP antibody (shown on left). A quantitation

of approximately 50 images per transfection is graphed on the right.

(C) Fluorescence in HEK293T cells formed by interaction of Venus split betweenGSN fused to V2 and eitherWT or kinase-dead PKR (K296) fused to V1. Cell nuclei

were detected with Hoechst 3342 stain in (B) and (C).

(D) An immunoblot of proteins immunoprecipitated with amonoclonal antibody to PKR (70/10) fromHeLa cell extracts. Cells were untreated (Cont) or treated with

poly(I:C) (10 mg/ml) to activate PKR. Proteins were probed with a mousemonoclonal antibody against GSN and quantified (right) relative to the level of GSN in the

whole cell lysate (input).

(E) FLIM time-scaled average tp-lifetime images (2.2–3.2 ns) in HEK293T cells with GSN-CFP (control) and GSN-CFP and PKR-Venus untreated (GSN-PKR) and

infected with HSV-1, or transfected with poly(I:C). Shorter donor lifetimes indicate the presence of FRET as detected by FLIM.
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this analysis shows that GSN and PKR associate at homeo-

stasis but disassociate upon activation of PKR.

Activity of GSN Is Inhibited by the Association with PKR
Because GSN is known to be phosphorylated by other kinases

(De Corte et al., 1997), we tested whether GSN was a substrate

for PKR in an in vitro kinase assay, as described previously (Sa-

dler et al., 2009). Toward this, glutathione sepharose transferase

(GST) GSN constructs were generated, as shown in Figure S2,

for kinase assays. However, no phosphorylation of the GSN

peptides could be detected (Figures S3A–S3C).

Because our earlier investigations revealed a morphological

defect in Eif2ak2�/� MEFs, notwithstanding the lack of measur-

able phosphorylation of GSN, we investigated whether the asso-

ciation with PKR affected the function of GSN. Toward this, an

in vitro actin polymerization assay was performed as described

elsewhere (Ferjani et al., 2006). In brief, rhodamine-labeled

nonnucleated actinmonomers were incubated with recombinant

functional GSN protein (GSN1-6) or, as a control, a truncated

nonfunctional GSN peptide (GSN3-4). In this assay, polymeriza-

tion of actin monomers induces a fluorescent signal. Figure 3A

shows that GSN1-6 reduced the fluorescent signal in accord

with its actin-severing ability (see also Figure S3D). Appropri-

ately, the inactive peptide GSN3-4 had no effect. Importantly,

the actin-severing activity of GSN1-6 was perturbed by WT re-

combinant PKR. In keeping with the lack of observed phosphor-

ylation of GSN, the kinase-dead variant of PKR (K296R) similarly

inhibited GSN-severing activity (Figure 3A).

To investigate actin dynamics in live cells, fibroblast cell lines

were transfected with actin-red fluorescent protein (RFP) and

actin filament formation was visualized by fluorescence recovery

after photobleaching (FRAP). Fluorescence recovery is depen-

dent upon actin polymerization, which has been established to

be strongly dependent on GSN activity (Campbell and Knight,

2007; Halavatyi et al., 2009). Large actin filaments were photo-

bleached and the fluorescence recovery profiles of filaments

were measured. Consistent with PKR-dependent inhibition of

GSN, MEFs that were ablated for PKR show amarkedly reduced

rate of fluorescence recovery compared toWTMEFs (Figures 3B

and S3E). To confirm that this effect was mediated by PKR, the

human PKR genetic locus was reintroduced into PKR-deficient

MEFs (coded Bac7) and compared to cells containing the locus

but not expressing PKR (Bac10) (Figure S3F). The restoration of

PKR expression reinstated the recovery of actin filaments

(Figures 3B and S3F; Movies S3 and S4).

GSN-dependent severing of actin alters the ratio of filamen-

tous (F) to monomeric (G) actin. Therefore, the proportion of F-

to G-actin was quantitated in WT and PKR-deficient MEFs by

labeling with Alexa 488 phalloidin and tetramethyl rhodamine

isothiocyanate (TRITC)-deoxyribonuclease-I, respectively. In

keeping with the inhibition of GSN activity by PKR shown

in vitro, PKR-deficient cell lines had an increased proportion of

G-actin compared to WT cells (Figure 3C). This was despite

a constant level of GSN expression between cell types (Fig-
(F) A quantitation of the FLIM-FRET efficiencies from (E) representing FRET effic

(G) A quantitation of the FLIM-FRET efficiencies betweenmCherry alone as a contr

each tagged with EGFP. Cells are treated (+) with the PKR activator poly(I:C) to

Error is displayed as mean ± SEM.
ure S3G). As performed previously, restoration of PKR expres-

sion in MEFs ablated for murine PKR (Bac7) restored the

amounts of F-actin compared to the isogenic cells in which the

introduced construct was not expressed (Bac10) (Figure 3C).

To confirm that the effect of PKR on the actin cytoskeleton

was dependent upon GSN, amounts of GSN were reduced in

fibroblasts by RNA interference. WT and PKR-deficient fibro-

blasts were treated with control (lamin A/C) or small interfering

RNAs (siRNAs) targeting GSN and actin filaments were visual-

ized as described previously. Figure 3D shows that reduction

of GSN rescues the formation of actin filaments in the PKR-defi-

cient cells.

The combined data indicate that the presence of PKR alters

the dynamics of actin within a cell by inhibiting GSN-mediated

severing of actin filaments. This activity of PKR is apparently

independent of its kinase activity.

GSN Is Inhibited by Steric Hindrance
To explain these findings, we propose that the effect of PKR

upon actin dynamics is mediated via steric inhibition of the

activity of GSN. At homeostasis, GSN forms a spatial arrange-

ment in which the actin-binding domains are inaccessible. Acti-

vation of GSN instigates a conformational change to expose its

actin-binding domain. We propose that PKR binding prevents

this conformational change or otherwise obscures the critical

actin-binding domains of GSN. To test this, we measured the

proportion of GSN that was bound to actin in the presence or

absence of PKR by FLIM-FRET. Figure 4A shows that titration

of PKR into Eif2ak2�/� cells led to a progressive decrease in

the proportion of GSN that associates with actin, confirming

that binding of PKR prevents the association of GSN with its

substrate.

This was further explored by mutation of GSN. Structural

studies show that an a helix encoded by the C-terminal residues

of GSN contacts an a helix within the second domain of the

molecule, thereby establishing a structural constraint on GSN

activity (Burtnick et al., 1997). Deletion of 19 C-terminal residues

of GSN (coded GSNCT), including an aspartic acid trimer that

has been proposed to mediate the inhibitory intradomain inter-

action, reduced the association with PKR (Figure 4B). Hence,

these data suggest that PKR preferentially associates with the

inactive GSN molecule or directly interacts with the C-terminal

19 amino acids of GSN. However, because PKR retains some

association with this mutant GSN as well as a GSN peptide

that lacked the C-terminal half of the molecule, residues within

GSN N-terminal half are sufficient for the interaction

(Figure S3H).

Our findings predict that increased amounts of PKR will

increase cellular F-actin. In keeping with this, treatment of

MEFs with type I IFN, which induces PKR, increased the number

of filaments (Figures 4C and S4). Notably, this effect occurred

only in the PKR WT cells, demonstrating a strong dependence

on PKR for the IFN-dependent increase in actin filaments. A

second prediction from our preceding experiments is that
iency averaged across the whole cell with the LI-FLIM software.

ol andmCherry tagged toGSNwithWT or kinase-dead (K296R) PKR and actin,

test the dependency of the kinase activity of PKR in the interaction with GSN.
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Figure 3. GSN Activity Is Inhibited by PKR

(A) Actin polymerization, measured by fluorescence, was studied in vitro with recombinant rhodamine-labeled actin in the presence or absence of WT (PKR) or

kinase-dead PKR (K296R) and GSN peptides encompassing all GSN-like domains, or domains 3–4 of GSN (labeled as GSN and G3-4, respectively). Actin

polymerization was quantified as the mean fluorescence intensity for a minimum of 15 fields of view per sample. A representative image of fluorescent actin

fragments on glass slides is presented below the graph.

(B) A comparison of actin polymerization rates visualized by FRAP,withmRFP-actin inWT and PKR-deficientMEFs. The graph displays normalized, accumulated

data for multiple experiments with a minimum of 35 filaments per cell type, per time point. Points represent mean fluorescence intensity for all filaments; curve

indicates one-phase exponential association regressions. This experiment was repeated with PKR-deficient Bac10 cells and the isogenic PKR-reconstituted

Bac7 cells.

(C) A quantitation of the ratio of F- to G-actin in various WT and PKR-deficient MEFs. The graph displayed is an accumulation of three independent experiments

with an example image for each sample shown below the graph.

(D) A quantitation of the number of Alexa 647-Phalloidin-labeled actin filaments in WT or PKR-deficient MEFs treated with siRNAs against GSN (siGSN) or as

a control lamin A/C (siLam1). Representative images shown below the graph are flattenedmaximum intensity projections of 3D deconvolved z stacks captured on

the Deltavision. Constant exposure and contrast settings are used to emphasize differences in filamentous actin staining.

Error is displayed as mean ± SEM.
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Figure 4. Regulation of GSN by PKR

(A) FLIM-FRET between GSN-CFP and YFP-actin was used to quantitate the

association of GSN with actin in PKR-deficient fibroblasts transfected with

increasing amounts of a PKR expression construct (at amounts shown).

(B) FLIM-FRET efficiencies observed for the interaction between PKR-Venus

and eitherWT or a 19 amino acid C-terminal truncatedmutant (codedGSN and

GSNCT, respectively) of GSN-CFP.

(C) Quantified actin filament data, as per Figure 1A, with primary WT or PKR-

deficient MEFs treatedwithmurine IFN-a1 (1000U/ml) and poly(I:C) (10 mg/ml).
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activation of PKR should mitigate this PKR-dependent inhibition

of GSN. Accordingly, treatment of MEFs with the PKR activator

poly(I:C) reduced the actin filaments. Hence, PKR affects actin

structure in cells and this effect is dependent upon both the level

and activation state of the kinase, as well as the state of GSN.

GSN Controls Virus Uptake, Entry, and Production
Taken together, the initial observed differences in endocytic

processes and the preceding results proffer a rationale for the

control of GSN by PKR, namely to bolster innate resistance to

intracellular pathogens by decreasing uptake by the cell. To

test this, we treated fibroblasts with either control or siRNA-tar-

geting GSN, then infected these knockdown cells with human

rhinovirus-16 (HRV-16). RNA interference reduced GSN protein

amounts by approximately 60% (Figures S5A and S5B). Rhino-

virus entry was quantified by probing for the viral VP2 major

capsid protein by immunofluorescence. This reduction in GSN

was paralleled by a 2-fold reduction in HRV-16 entry into cells

(Figure 5A). To ensure that this effect is not limited to the HRV-

16, we tested the sensitivity to a second pathogen, HSV-1. WT

MEFs were treated with siRNAs as before and then infected

with a green fluorescent protein (GFP)-tagged HSV-1 (eGFP-

HSV-1). Virus entry to the cell was quantified by demarcating

the cell boundary and then measuring GFP fluorescence inside

the cell. Figure 5B shows a reduction in the uptake of HSV-1

in the cells treated with an siRNA-targeting GSN. To measure

the effect of GSN on virus production and cell survival, the

permissive A549 cells were treated with siRNA prior to infection

with HRV-16 and HSV-1, cell survival was monitored, and

progeny virus was quantified by titrating supernatants 24 hr

postinfection onto L929 cells. In keeping with a role for GSN in

promoting virus infection, knockdown of GSN reduced HSV-1

production (Figures 5C and S5B–S5D). In addition, HRV-16

produced from GSN knockdown cells exhibited less virus-

induced death (Figures 5D, S5D, and S5E).

The observed control of GSN by PKR argues that PKR should

similarly inhibit virus entry. To directly test this possibility, we in-

fected WT, PKR-deficient, and MEFs expressing catalytically

inactive murine PKR, K271R, equivalent to the K296 of human

PKR, with eGFP-HSV-1. PKR-deficient fibroblasts exhibited

greater than 2-fold higher virus uptake compared to WT cells.

Moreover, the catalytically inactive PKR provided at least

comparable protection to the WT protein, consistent with the

effects of PKR being independent of direct phosphorylation of

GSN and supporting the notion that inactive PKR regulates

GSN (Figures 5E and S5F).

To examine the significance of GSN in an in vivo infection, we

utilized a murine lung infection model (DuPage et al., 2009).

C57BL6/J mice were initially treated by intranasal inhalation of

lentivirus expressing either control nontargeting short hairpin

(sh)RNA or a pool of four shRNAs targeting GSN to reduce

GSN levels in the lung tissue. After 3 days, mice were then simi-

larly infected with a recombinant LacZ adenovirus. After a further

4 days, the lungs were harvested and assessed for the levels of

GSN and virus-specific b-galactosidase. Immunocytochemistry
One of three experiments is representedwith aminimumof 50 cells per sample

counted. Error is displayed as mean ± SEM.
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Figure 5. Control of GSN by PKR Affects Virus Entry and Production

(A) Immunofluorescence performed on HRV-16-infected (MOI = 100) MEFs treated with siRNA against GSN (siGSN) or as a control lamin A/C (siLAM1) (left).

Levels of HRV-16within the cell are quantitated 1 hr after infection by immunocytochemical detection of the HRV-16 VP2 capsid protein (green). Actin was labeled

with Alexa 647-phalloidin (magenta). The graph (on right) represents the average HRV-16 uptake in three experiments. Images are individual confocal planes from

‘‘tile-scanning’’ (n > 50) with the Zeiss LSM780 confocal.

(B) A quantitation of virus uptake, measured as GFP fluorescence intensity, for MEFs infected with eGFP-HSV-1 (MOI = 100) and treated with siRNAs as per (A).

(C) A quantitation of virus production, assayed by secondary infection of L929 cells, from a primary infection of A549 cells treated with siRNAs as per (A) with

eGFP-HSV-1 (MOI = 1). The L929 cells were fixed in formalin and viral load wasmeasured byGFP fluorescence on aGE Typhoon (526 sp filter, 488 nm excitation).

The signal was quantified in NIH ImageJ and graphed.

(D) A graph of the survival of IFNAR1�/� MEFs 24 hr after infection with HRV-16 produced from a primary infection of A549 cells as per (C). MEFs were rinsed,

fixed, and stained with crystal violet and surviving cells were quantitated by measuring absorbance (OD595nm).

(E) A quantitation of virus uptake, measured as GFP fluorescence intensity, for cells expressing WT, catalytically inactive (K271R) PKR, or PKR-deficient (null)

MEFs infected with eGFP-HSV-1 as per (B). The phenotype of the cells is shown in Figure S5F.

Imaris was used to demarcate the cell boundary and quantitate the internalized fluorescent signal. The experiment was performedmultiple times, in triplicate, with

one indicative experiment being displayed. Error is displayed as mean ± SEM.
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confirmed reduction of GSN in epithelial cells surrounding alveoli

(Figure 6A). Synonymous with this, immunocytochemical stain-

ing for the b-galactosidase enzyme directly, or detection of the

blue DiX-Indigo precipitate produced by b-galactosidase

conversion of X-gal, was markedly decreased with reduced

GSN levels (Figures 6B and 6C). These data indicate a significant
802 Immunity 36, 795–806, May 25, 2012 ª2012 Elsevier Inc.
functional role for the regulation of GSN in restricting virus infec-

tion, both in vitro and in vivo.

These results provide a context for the advantage of innate

immune regulation of the actin-modifying protein GSN, by which

the control of GSN by PKR constitutes a mechanical antiviral

mechanism.



Figure 6. GSN Affects Virus Infection of Murine Lung

(A) GSN levels in cells surrounding the alveoli from mice treated with lentivirus expressing control nontargeting (shCONT) or GSN-targeting (shGSN) shRNAs is

graphed at the bottom of the figure, with representative images above. GSN was detected (green) by immunocytochemistry.

(B) A quantitation of the uptake of recombinant adenovirus, asmeasured by immunocytochemistry of b-galactosidase (b-gal) (red) in alveoli frommice treatedwith

either the control or GSN-targeting shRNAs.

Nuclei are stained with Hoechst 3342 (blue) in (A) and (B).

(C) An alternative quantitation of adenovirus infection inwhich b-galactosidase activity ismeasured through the conversion of the colorless X-gal by the enzyme to

the blue precipitate (DiX-indigo). The number of blue pixels per image from whole lung sections was calculated with the Metamorph software. The images above

the graph are RGB merged trans-illumination light images.

A minimum of 30 images was collected from each of five mice for each group for the analysis. Error is displayed as mean ± SEM.
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DISCUSSION

Here we describe an interaction between the actin-binding

protein GSN and the protein kinase PKR. This protein interaction

is demonstrated to have fundamental biological consequence by

regulating the cell cytoskeleton and dependent processes. We

show, by both in vitro assay with recombinant proteins and by

assessing endogenous function in cells, that PKR inhibits GSN

activity. This inhibition occurred with either WT or the kinase-

dead PKR mutant (K296R), indicating a kinase-independent

function for PKR. At homeostasis, GSN forms a spatial arrange-

ment in which the actin-binding domains are inaccessible. Acti-

vation of GSN instigates a conformational change to expose its

actin-binding domain. Regulation of GSN has been previously

shown to occur through activation from calcium influx or inhibi-

tion by PtdIns(4,5)P2 binding, triggering consequent phosphory-

lation by protein kinase Cs (PKCs) or pp60c-src. In the absence of

detected phosphorylation control by PKR, we propose a unique

mechanism whereby PKR affects the cellular cytoskeleton by
binding to GSN and sequestering the protein in an inactive

conformation away from actin. Accordingly, a truncated GSN

with reduced autoinhibition interacted less with PKR. Juxta-

posed to this, analysis of direct protein associations demon-

strated that increased levels of PKR reduce the association of

GSN with actin.

As an expected consequence of the control of GSN by PKR,

a number of actin-dependent functions were altered in cells

ablated for PKR. This was evident by PKR-deficient fibroblasts

having decreased amounts of filamentous actin and reduced

rates of actin polymerization compared to WT cells. A reduction

in actin stress fibers in PKR-deficient cells is a good indicator of

altered lamellipodia and filopodia function and so can be attrib-

uted to elevated GSN activity (Hoffmeister et al., 2001; Mazur

et al., 2010). Importantly, the altered actin state in PKR-deficient

fibroblasts could be rescued by restoring PKR expression or by

siRNA knockdown of GSN and these effects in PKR-deficient

fibroblasts are antithetical to those in GSN-deficient fibroblasts

(Witke et al., 1995). This PKR-dependent control of the actin
Immunity 36, 795–806, May 25, 2012 ª2012 Elsevier Inc. 803
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state altered basic cellular functions. In keeping with the inhibi-

tion of GSN by PKR, ablating PKR in fibroblasts markedly

elevated membrane ruffling. In accordance with increased

membrane ruffling, PKR-deficient fibroblasts showed increased

uptake of dextran sulfate. Together, the data suggest that the

inhibition of GSN by PKR could bolster the immune response

by limiting pathogen entry into uninfected cells. This scenario

was persuasively supported by the demonstration that reduced

expression of GSN also reduced entry and production of both

herpes virus and rhinovirus in cells.

Hence, our findings suggest a role for GSN in the suscepti-

bility of cells to infection. Viruses and bacteria have been

shown to alter the cytoskeleton through regulation of actin-

binding proteins, demonstrating the importance of the cellular

cytoskeleton during infection (Doceul et al., 2010; McGhie

et al., 2004). Previously, GSN was shown to be required for

the transport and release of Parvovirus from infected cells

(Bär et al., 2008). As stated, reduction of GSN suppressed virus

entry into the cell and accordingly reduced virus production

and virus-induced cellular death, supporting the concept that

GSN is an antiviral target. GSN-regulated processes could

also be predicted to be important in formation of the immune

synapse, and so PKR could potentially affect processes such

as antigen presentation. Potentially relevant to this, PKR-defi-

cient mice have been demonstrated to have delayed develop-

ment of virus-specific T cells and diminished protective immu-

nity (Nakayama et al., 2010). Unlike cells of the immune system,

fibroblasts and some epithelial cells have a high dependency

on GSN for regulation of actin during these processes. These

effects on the cell suggest that the benefit of the control of

GSN by PKR may be in the immune response to intracellular

pathogens. It would, therefore, be interesting to measure the

effect of PKR on actin remodeling in other cell types, particu-

larly dendritic and T cells.

Unlike GSN, PKR has a well-established role in innate immu-

nity, particularly in protection against viral infection. However,

the kinase has not previously been linked to control of the cell

cytoskeleton. Other reports have proposed that the innate

immune proteins RIG-I and Bcl2 modify the cell cytoskeleton

(Ke et al., 2010; Mukherjee et al., 2009). In these instances the

proteins directly bind to actin filaments. Although we also found

PKR bound to actin, this association did not alter with stimuli that

activated PKR and so does not account for the activation-

dependent effects of PKR upon actin. Instead, we propose

that PKR-dependent modulation of the cytoskeleton appears

to be via direct control over the actin-regulatory protein GSN.

PKR expression is induced by type I IFNs produced in response

to viral infection. Accordingly, we showed that treatment of fibro-

blasts with IFN-a increased the formation of actin filaments.

Importantly, this effect was significant only in WT and not in

PKR-deficient fibroblasts. Hence, IFN-mediated effects upon

the state of actin in fibroblasts were largely attributable to

PKR. This is informative in light of the previously noted RIG-I-

dependent effects on the actin cytoskeleton. Therefore, part of

the systemic resistance to virus infection induced by IFNs may

be attributable to the control of GSN by PKR in uninfected cells.

Crucially, we also show that the association between PKR and

GSN was disrupted upon activation of PKR and this disruption

was ablated in kinase-dead PKR (K296R). Hence, PKR can act
804 Immunity 36, 795–806, May 25, 2012 ª2012 Elsevier Inc.
as a switch to control GSN, with inhibition of GSN released

upon activation of PKR by virus replication.

In summary, PKR associates with GSN to inhibit its activity.

This effect occurs at homeostatic condition and is reinforced

by IFN (which induces PKR) but is lost upon activation of PKR.

As a consequence of this, PKR was shown to alter actin

dynamics and accordingly the cell cytoskeleton and dependent

processes. Together our data suggest that PKR could bolster

resistance to pathogens by altering mechanical features of the

cell that limit viral infection. This concept, that innate immunity

can regulate actin filament formation, actin-dependent

processes in cells, and feed back to innate immunity through

membrane ruffling, endocytosis, and viral uptake, is an important

advance in our understanding of cell immunity and may have

significant implications for the interplay between different cell

types that subsequently influence the development of acquired

immune resistance. An additional implication of our findings is

that the cell cytoskeleton might be targeted as a method of

achieving broad antiviral protection.

EXPERIMENTAL PROCEDURES

Cell Treatments

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 10% fetal bovine serum (FBS) at 37�C in a 5% CO2 humidified

incubator and plated onto either confocal glass coverslips or Fluorodishes

(WPI Inc.) for imaging. Prior to visualization of actin filaments, serum

(0.05%–1%) was reduced overnight and then removed entirely immediately

prior to FRAP experiments. MEFs, HeLa, A549, or HEK293T cells at approxi-

mately 40%–60% confluency were transfected with plasmid constructs with

Fugene HD/6 (Roche) according to the manufacturer’s instructions. Either

100 ng DNA per 12 mm round coverslip in a 24-well plate (BD Falcon) or

200 ng for a 35 mm Fluorodish was transfected. The Venus constructs were

transfected in equimolar ratios into cells on glass coverslips. A minimum of

16 hr was given for maturation of a fluorescent signal.

Viral infections were conducted at a multiplicity of infection of between 10

and 100 for either human HSV-1 or HRV-16 in full or 2% serum, respectively.

Cells were rinsed with PBS and then fixed in 10% formalin, rinsed again, then

permeabilized in 0.1% Triton X-100 in PBS for 5 min. HRV-16 entry into cells

was quantitated with the monoclonal antibody against VP2 capsid protein,

RV16-7, incubated for 1 hr, followed by the secondary antibody. Virus-infected

cells were prelabeled with Celltracker CMRA or Alexa 647 Phalloidin to detect

the cell boundary. Viral production was measured 24 hr after infection by

titrating the culture supernatant onto L929 cells.

Uptake of dextran particles was visualized in immortalized fibroblast cells al-

lowed to attach overnight prior to reducing the serum levels (1%). Cells were

stained with the plasma membrane stain CellMask, according to the manufac-

turer’s protocol, prior to the addition of FITC-labeled 3 kDa dextran particles at

a concentration of 25 mg/ml. Cells were fixed after 45 min and imaged as

described.

Additional details about the experimental reagents are described in the

Supplemental Information.

Fluorescence Microscopy

F- and G-actin was visualized by staining for 30 min with Alexa 488 phalloidin

and TRITC-deoxyribonuclease-I according to the manufacturer’s guidelines.

The F:G-actin ratio wasmeasured in 96-well format on theCellomics VTi Array-

Scan high content screener with the green fluorescein (FITC, 475 ± 40 nm) and

red (TRITC, 549 ± 9 nm) channels. Cellular F-actin was visualized by fixing,

staining, and mounting on coverslips in Mowiol 4-88 and imaging with the

Nikon C1 with GFP (excitation [Ex] 487 nm, emission [Em] 500–530 nm) and

TRITC (Ex 547 nm, Em 567–642 nm) channels, as well as on the Applied Preci-

sion Deltavision Core System microscope (Semrock, GFP filter set). Particle

engulfment or virus infections were similarly imaged as single confocal plane

images on the Zeiss LSM 780 by overlapping tile-scanning with a minimum
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of 50 fields of view, between 1 and 10 cells per image, or by z stacks collected

on the Deltavision Core system. Cells were modeled for the cell edge in Imaris

to ensure that the fluorescent signal was internal. All Deltavision images under-

went at least 15 rounds of deconvolution with the Deltavision algorithm.

Actin filaments were quantified after staining with phalloidin, as described

previously (Yoshigi et al., 2003). Deconvoluted Deltavision images were pro-

cessed in the Bitplane Imaris software. Built-in surface rendering was used

to model actin stress fibers/cell, using the software to exclude actin filaments

smaller than 1 mm in width and 2–5 mm in length. The edge of the cell was

excluded from calculations. Statistics for average filament length (ellipsoid

length), average number of filaments (objects), and total filament volume

(sum volume) were exported from the modeled actin stress fiber surfaces. A

total of 12 images per cell type (four per coverslip, in triplicate) were modeled

and statistics exported.

FRET and FRAP measurements were performed on the Leica SP5 multi-

channel confocal with a bleach Ex of 40%–50% of a 20 mW laser at 458

(CFP), 514 (Venus), and 561 (RFP) nm to obtain �50% bleaching. To visualize

actin filaments (live cell or recombinant actin), the SP5 was run at 200 mHz,

enhanced mode, and 12/16 bit images were taken. FRAP was performed on

cells transfected with mRFP1-actin and grown in reduced serum overnight to

enhance actin stress fiber formation. Regions of approximately 3 mm were

selected on large actin stress fibers. Measurements of fluorescence intensity

were then recorded every 2.5628 s for 120 s. Low laser intensity was used for

continual measurements to minimize bleaching. Measurements were then

normalized to the maximum and minimum intensity (post-bleach point). Data

were then accumulated from multiple experiments with multiple regions of

interest and up to 50 cells per cell line. FRAP curves were analyzed as per

the EMBL FRAPmanual (Koti Miura). Individual one-phase exponential associ-

ation curves were also plotted in Graphpad Prism software and the t1/2 times of

curveswith anR2 value of greater than 0.25 and anSDof <5were recorded. The

majority of PKR-deficient and Bac10 cells did not reach significant recovery

after bleaching tomodel regression curves. Theminimum number of filaments,

after thresholds, per time point for any cell type was 18, with a maximum of 65.

Acceptor photobleaching FRET was performed between GSN-CFP or

GSNCT-CFP and PKR-Venus, or actin-mRFP1/actin-eYFP. Photobleaching

was optimized to reduce the fluorescent signal after bleaching to approxi-

mately 50% of the original intensity. FRET efficiencies were calculated with

the inbuilt software (Leica LAS Advanced Fluorescence). Images were

acquired sequentially with averaging, and donor/acceptor-only controls

were utilized to ensure no spectral overlap. FLIM experiments were conducted

with a lifetime imaging attachment (Lambert Instruments) mounted on an in-

verted microscope (TE2000U, Nikon Inc, Japan), as described previously

(Clayton et al., 2005). Fixed cells were excited with epi-illumination with

a modulated 455 nm LED at 40 MHz and observed with a 1003 NA 1.25 oil

objective (Nikon Plan-Fluor) through a filter set designed for CFP (Nikon,

EX430-450, DM455, BA465-495) or FITC (Nikon FITC, DM505, Em 515–

555 nm). The mean extent of lifetime quenching was estimated from the

mean fluorescence lifetime (mean of the phase and modulation lifetimes) of

the cells in the absence or presence of an acceptor. Average lifetime from

>25 single cells is plotted on an AB plot, as described previously (Clayton

et al., 2004), to demonstrate lifetime shortening of FRET in the presence of

acceptor. CFP/GFP controls were used to ensure that the lifetime of fusion

proteins resembled that of individual fluorophores.

Split Venus experiments were imaged on the Leica SP5 multichannel under

eYFP conditions and on a Nikon C1 confocal (GFP settings).

Actin polymerization assays were performed with rhodamine-labeled actin

monomers prepared at 5 mM and incubated with or without 0.5 mM GSN1-6,

GSN3-4, PKR, and K296R-PKR in polymerization buffer and used as previ-

ously published (Yin et al., 1980, 1981). The reaction was mixed and spotted

onto 12mmcoverslips for 90min at room temperature prior tomounting inMo-

wiol 4-88. Actin polymers were visualized by the tile-scanning module within

the Leica LAS AF software and collecting continuous images in a 3 3 5 grid.

Images were quantified in NIH Image J by mean fluorescence intensity of

the entire field of view.

In Vivo Experiments

Intranasal inhalationwas used to deliver recombinant lentivirus and adenovirus

into the lung of 6- to 12-week-old C57BL6/J mice according to a previously
published protocol (DuPage et al., 2009). Lentiviruses containing control

(SHC001) or GSN-targeting (SHCLNG-NM_146120) shRNAs were generated

according to the manufacturer’s instructions (Sigma) and infected at 1 3 105

MOI for 3 days to reduce levels of GSN in the mouse airway epithelia. Subse-

quent infection with an MOI of 5 3 106 Adeno-b-Gal-GFP (Gene Transfer

Vector Core) was used to identify differences in viral uptake into the lung. After

4–5 days, lungs were removed and processed (according to DuPage et al.,

2009). GSN was quantitated by immunostaining with the N-18 (Santa Cruz)

primary and Alexa 647 secondary antibodies. b-gal was detected by immunos-

taining with the ZBG1 (Zymed) primary and Dylight 594 (AbCam) secondary

antibodies, as well as by color conversion of X-gal. RGB merged images

were collected under transmitted light and immunostaining collected under

fluorescence imaging on the Deltavision (with predominantly Far-Red/Cy5

filters to minimize autofluorescence). All mice used in experiments were

treated according to practices approved by the Monash University Animal

Ethics Committee as obligated by the Australian Code of Practice for the

Care and Use of Animals for Scientific Purposes, in compliance with standards

mandated by the National Health and Medical Research Council and National

Institutes of Health.

Statistics

Unless otherwise stated, all statistics were performed with the GraphPad

Prism software and displayed as the mean and SEM. If not otherwise stated

in the figure legends, all significance analyses were two-tailed, unpaired,

Student t tests comparing two sets of data. *p < 0.05; **0.05 R p R 0.001;

***p < 0.001; ns, not significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and four movies and can be found with this article online at

doi:10.1016/j.immuni.2012.02.020.
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Abstract 36 

      The precise mechanisms by which the activation of IFN receptors (IFNRs) ultimately 37 

controls mRNA translation of specific target genes to induce IFN-dependent biological 38 

responses remain ill-defined.  We provide evidence that IFN  induces phosphorylation of 39 

programmed cell death 4 (PDCD4) protein on Ser67.  This IFN -dependent 40 

phosphorylation is mediated by either the p70 S6 kinase (S6K) or the p90 ribosomal 41 

protein S6K (RSK) in a cell type-specific manner.  IFN-dependent phosphorylation of 42 

PDCD4 results in down regulation of PDCD4 protein levels, as the phosphorylated form 43 

of PDCD4 interacts with the ubiquitin ligase TRCP and undergoes degradation.  This 44 

process facilitates IFN-induced eukaryotic translation initiation factor 4A (eIF4A) 45 

activity and binding to translation initiation factor eIF4G to promote mRNA translation.  46 

Our data establish that PDCD4 degradation ultimately facilitates expression of several 47 

ISG protein products that play important roles in the generation of IFN-responses, 48 

including ISG15, p21WAF1/CIP1, and SLFN5. Moreover, engagement of the RSK/PDCD4 49 

pathway by the Type I IFNR is required for the suppressive effects of IFNα on normal 50 

CD34+ hematopoietic precursors and antileukemic effects in vitro.  Altogether, these 51 

findings provide evidence for a unique function of PDCD4 in the Type I IFN system and 52 

indicate a key regulatory role for this protein in mRNA translation of ISGs and control of 53 

IFN responses. 54 

 55 

 56 

 57 

 58 
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Introduction 59 

              Interferons (IFNs) are a family of pleiotropic cytokines that inhibit viral 60 

replication and exhibit important immunomodulatory, antiproliferative and antitumor 61 

properties via their regulatory effects on cell cycle progression, cell proliferation and, 62 

under certain circumstances, apoptosis (5, 35, 47).  Because of these activities, IFNs have 63 

been examined extensively in clinical trials over the last 3 decades and have found 64 

applications in the management of various malignancies, viral syndromes and 65 

autoimmune disorders (35, 49, 57, 59).  This broad spectrum of clinical applications for 66 

IFNs is a reflection of the diversity of their biological effects. 67 

             There are three major IFN groups/families: Type I (α, β, ε, κ and ω), Type II (γ), 68 

and Type III ( ) (8, 35, 47).  The mechanisms by which IFNs initiate transcription of 69 

target genes have been excessively studied and precisely defined over the years.  70 

Engagement of IFN receptors (IFNRs) activate Janus kinase (JAK)-signal transducer and 71 

activator of transcription (STAT) signaling pathways, leading to transcriptional induction 72 

of IFN-stimulated genes (ISGs) and ultimately the generation of ISG products which are 73 

critical in order for the IFN-biological responses to occur (6, 29, 39, 47).   Notably, 74 

distinct combinations of JAKs at the receptor complex and inducible STAT-complexes 75 

are differentially regulated by different types of IFNs, allowing for gene expression 76 

specificity via distinct STAT-binding elements in the promoters of ISGs (6, 8, 29, 30, 39, 77 

43, 47).      78 

          In previous work we provided evidence that the AKT/mTOR pathway is activated 79 

during engagement of IFNRs and regulates downstream engagement of various effectors 80 

of the pathway, including S6K/rpS6, 4E-BP1 and eIF4B (19, 20, 22, 23, 27, 28).  81 
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Moreover, we demonstrated that the functions of AKT and the PI3�’K pathway upstream 82 

of AKT are essential for engagement of IFN-regulated mTOR effector elements and 83 

initiation of mRNA translation of certain ISGs (20, 21).   84 

PDCD4 is a translational repressor that blocks the eIF4A helicase activity by 85 

binding to eIF4A and also interfering with eIF4A binding to eIF4G, resulting in negative 86 

effects/control on the initiation of mRNA translation (25, 37, 48, 55).  Recent studies 87 

have shown a function for PDCD4 as a tumor suppressor that is lost in certain aggressive 88 

malignant diseases (11, 12, 24, 31, 33, 44).  Interestingly, emerging evidence also 89 

suggests that the function of PDCD4 can be altered by the co-factor protein arginine 90 

methyltransferase 5 (PRMT5) and that arginine methylation of PDCD4 results in 91 

acceleration of tumor growth (41).  Thus, there is accumulating evidence that PDCD4 92 

plays an important role in the control of tumorigenesis and its deregulation has important 93 

consequences in cell proliferation and neoplastic transformation. 94 

             In the present study we examined whether engagement of the Type I IFNR 95 

results in modulation of PDCD4 phosphorylation and assessed the effects of Type I IFN-96 

treatment on the levels of PDCD4 protein expression.   Our studies provide evidence that 97 

IFN-dependent phosphorylation of PDCD4 on serine 67 results in enhanced interaction of 98 

PDCD4 with βTRCP ( -transducin repeat-containing protein), and this is followed by 99 

PDCD4 degradation.  We also demonstrate that the activity of the S6 kinase (S6K) is 100 

required for phosphorylation of PDCD4 in mouse embryonic fibroblasts (MEFs), while 101 

RSK1 is the kinase responsible for this phosphorylation in U266 and KT1 hematopoietic 102 

cells.  Our data also demonstrate that pharmacological inhibitor of RSK, or siRNA-103 

mediated RSK1 knockdown, results in blocking of IFNα -inducible expression of ISG15, 104 
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p21WAF1/CIP1, and Schlafen 5 (SLFN5), and results in partial reversal of the 105 

antiproliferative effects of IFNα. Altogether, our data provide the first direct evidence 106 

implicating PDCD4 in IFN-signaling and suggest a key regulatory role for the 107 

RSK/PDCD4 pathway in the generation of the biological properties of Type I IFNs. 108 

 109 

 110 

 111 

 112 

                                113 

                                         114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

                                 123 

                             124 
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Materials and Methods 125 

Cells and Reagents The human KT1 and U266 cell lines were grown in RPMI 1640 126 

medium supplemented with 10% fetal bovine serum (FBS) and antibiotics.  In some 127 

experiments, the cells were serum-starved for 24 hours, prior to the indicated treatments.  128 

Immortalized S6K1/2+/+ and S6K1/2-/- MEF cells (38) were grown in or DMEM 129 

medium supplemented with 10% and antibiotics.  In some experiments, the MEF cells 130 

were serum-starved in 0.5% FBS for 24 hours, prior to the indicated treatments. 131 

Antibodies against, p21Waf1/Cip1 and against the phosphorylated form of PDCD4 , and 132 

RSK1 were purchased from Abcam (Cambridge, MA).  An antibody against PDCD4 133 

were purchased from Rockland (Gilbertsville, PA).  Antibodies against eIF4A, βTRCP, 134 

PDCD4 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and were used 135 

in immunoprecipitations. Control siRNA, siRNA targeting PDCD4 or RSK1, control 136 

shRNA, shRNA targeting PDCD4, and puromycin were from Santa Cruz Biotechnology 137 

(Santa Cruz, CA). An antibody against SLFN5 was obtained from Sigma Aldrich 138 

(Steinheim, Germany).  A monoclonal antibody recognizing human ISG15 was kindly 139 

provided by Dr. Ernest Borden (Taussing Cancer Center, Cleveland).  An antibody 140 

against GAPDH was from Chemicon (Billerica, MA). Antibodies against phospho-141 

Thr202/Tyr204-ERK1/2, ERK1/2, phospho-Ser221-RSK1, RSK1, phospho-142 

Thr421/Ser424-p70S6K, anti-p70S6K, phospho-Ser240/244-rpS6, rpS6, eIF4A, eIF4E, 143 

eIF4G, 4E-BP1, HA were obtained from Cell Signaling Technology (Beverly, MA).  144 

Normal CD34+ bone-marrow derived cells were obtained from Lonza (Basel, 145 

Switzerland).  Recombinant human IFN  was provided by Hoffman La Roche, Inc.  The 146 

FRAP/mTOR inhibitor, rapamycin and the MEK1/2 inhibitor U0126, the proteosomal 147 
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inhibitor MG-132, phosphatase, and protease inhibitor were obtained from Calbiochem 148 

Inc. (La Jolla, CA).  The RSK inhibitor SL0101-1-1 was from Symansis (Auckland, New 149 

Zealand).  7-Methyl GTP-Sepharose was from GE Healthcare UK Limited (Little 150 

Chalfont Buckinghamshire, UK). The siRNA transfection reagent TransIT-TKO, and 151 

plasmid DNA transfection reagent TransIT-LT1 was from Mirus Bio Corporation 152 

(Madison, WI).  Nucleofector solution was from Lonza Cologne AG (Cologne, Germa-153 

ny).  Recombinant PDCD4 protein was from Prospec (Rehovot, Israel).  Clean-Blot IP 154 

detection reagent was from Thermo Scientific.  HA-tagged wild type PDCD4 or HA-155 

tagged PDCD4 (S67/71A) (10) were a gift from Dr. Michele Pagano (Department of 156 

Pathology, New York University).  157 

 158 

Immunoprecipitations and Immunoblotting Cells were treated with IFN  for the 159 

indicated times and lysed in phosphorylation lysis buffer (PLB) as in previous studies 160 

(19-23). Cells were serum starved for 24 hours prior to the indicated treatments.  161 

Immunoprecipitations and immunoblotting using an enhanced chemiluminescence (ECL) 162 

method were performed as previously described (19-23).  In some experiments the cells 163 

were pre-incubated with rapamycin (20 nM) or U0126 (10 M) for 60 minutes or 164 

SL0101-1 (60 M) for 3 hours prior to IFN-treatment. 165 

 166 

Cap Binding assays These studies were performed as previously described (22).  Briefly, 167 

KT1 cells were incubated for 24 hours in serum-free medium and then pre-treated for 60 168 

minutes with rapamycin (20 nM) or SL0101-1 (60 M), followed by IFN -treatment for 169 

the indicated times. Cell lysates were incubated with 7-methyl-GTP Sepharose 170 
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(Amersham) for 4 hours and then washed with lysis buffer.  Proteins were resolved by 171 

SDS-PAGE electrophoresis, transferred onto immobilon (Millipore), and probed with the 172 

indicated antibodies.  173 

 174 

In vitro kinase assays Immune complex kinase assays to detect RSK1 kinase activity in  175 

anti-RSK1 immunoprecipitates were performed essentially as previously described (23).  176 

PDCD4 was used as an exogenous substrate.    177 

 178 

Isolation of polysomal RNA and quantitative RT-PCR KT1 cells transduced with 179 

control shRNA or shRNA targeting human PDCD4 were serum starved for 24 hours  and 180 

then left untreated or treated with IFN-  for 24 hours.  Isolation of polysomal RNA and 181 

quantitative RT-PCR on the polysomal fractions were performed as previously described 182 

(16). Real-time PCR for the Isg15, p21 and slfn5 genes was conducted using 183 

commercially available FAM-labeled probes and primers (Applied Biosystems), and 184 

gapdh was used for normalization.  mRNA amplification was determined as previously 185 

described (15, 16), and relative quantitation of mRNA levels was plotted as fold increase 186 

as compared to untreated samples. 187 

 188 

Hematopoietic progenitor assays in methylcellulose Clonogenic assays in methyl-189 

cellulose, to detect leukemic CFU-blast (CFU-L) colony formation from KT1 cells were 190 

performed essentially as previously described (4).  The effects of IFNα on CFU-L colony 191 

formation from KT1 cells transfected with control siRNA or siRNAs specific for PDCD4 192 

or HA-tagged PDCD4 (S67/71A) were performed essentially as previously described (4).  193 
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Myeloid progenitor (CFU-GM) colony formation from normal CD34+ cells was assessed 194 

in clonogenic assays in methylcellulose, as previously described (45). 195 

                                                     196 

                                                                  197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 
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                                              Results 217 

              There is evidence that PDCD4 is a target for the kinase activity of S6K in other 218 

systems (9) and our previous work has demonstrated that S6K is phosphorylated/ 219 

activated in a Type I IFN-dependent manner in different cell types (23, 28, 36).  We 220 

examined whether IFN  induces phosphorylation of PDCD4 and, if so, whether such 221 

phosphorylation occurs in an S6K-dependent manner.  For this purpose, experiments 222 

were performed using immortalized MEFs with targeted disruption of both the S6k1 and 223 

S6k2 genes (38).  Serum-starved MEFs were incubated in the presence or absence of 224 

mouse IFNα and total cell lysates were resolved by sodium dodecyl sulfate-225 

polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with an antibody 226 

against the phosphorylated form of PDCD4 on serine 67.  IFN -treatment resulted in 227 

induction of phosphorylation of PDCD4 on Ser67 in S6k1+/+S6k2+/+ MEFs, but this 228 

phosphorylation was defective in S6k1/S6k2 double-knockout MEFs (Fig. 1A).   229 

Notably, when wild-type MEFs were pre-incubated with the mTOR inhibitor rapamycin, 230 

the phosphorylation of PDCD4 on Ser67 was blocked (Fig.1B), consistent with the lack 231 

of phosphorylation seen in the S6k1/S6k2 double-knockout MEFs. On the other hand, 232 

IFN -dependent PDCD4 phosphorylation was still detectable in cells treated with the 233 

MEK inhibitor U0126 (Fig. 1B). 234 

  PDCD4 phosphorylation on Ser67 results in the degradation of the protein via the 235 

ubiquitin ligase βTRCP, as reported in other systems (9, 10).  Accordingly, we examined 236 

the effects of IFN  on PDCD4 protein expression in the S6K1/2 double knockout cells.  237 

Serum starved S6k1+/+ S6k2+/+ or S6k1-/-S6k2-/- MEFs were treated with IFN  for 6 238 

hours and PDCD4 expression was assessed.  After 6 hours of IFN-treatment, detectable 239 
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PDCD4 protein levels decreased in S6k1+/+S6k2+/+ MEFs, while they remained 240 

unchanged in S6k1-/-S6k2-/- cells (Fig. 1C).  Similarly, pre-treatment of the cells with 241 

rapamycin, which blocks PDCD4 phosphorylation, reversed the IFN -dependent 242 

decrease in PDCD4 expression (Fig. 1D).  In contrast, the addition of the MEK inhibitor 243 

U0126 did not reverse these suppressive effects of IFN  (Fig. 1D).  It should be noted 244 

that the down regulation of PDCD4 was time-dependent, commencing after 120 min of 245 

IFN-treatment and reaching a maximum at 180 min (Fig. 1E).  To directly examine 246 

whether the decrease in protein levels seen after IFN-treatment reflects degradation of the 247 

protein, the effects of the proteasomal inhibitor MG132 were assessed.  MG132-248 

treatment of the cells resulted in reversal of the IFNα-dependent suppression of PDCD4 249 

(Fig. 1E), suggesting a mechanism involving proteasomal degradation.  Altogether, these 250 

studies establish that IFNα-induces S6K-mediated phosphorylation of PDCD4 and that 251 

this phosphorylation ultimately promotes degradation of PDCD4 protein.     252 

To further define the mechanisms of the IFN-dependent regulation of PDCD4 253 

phosphorylation, similar studies were performed in cells of hematopoietic origin.   In 254 

previous work we have shown that IFN-inducible phosphorylation of the mTORC1 255 

effector eIF4B is differentially regulated by p706SK or RSK in a cell-type specific 256 

manner, with RSK1 being the predominant kinase in cells of hematopoietic origin (23).   257 

As there is also evidence by others that RSK and p70S6K can phosphorylate substrates at 258 

the RxRxxS/T motif (26, 32, 52), we examined whether PDCD4 phosphorylation can be 259 

regulated in hematopoietic cells by RSK, whose activation in the IFN-system is 260 

MEK/ERK-dependent (23).  As shown in Fig. 2A, IFN -dependent phosphorylation of 261 

PDCD4 and ERK in KT1 cells was blocked by the MEK inhibitor U0126 (Fig. 2A), 262 
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which regulates upstream IFN-dependent engagement of RSK1 in these cells.  Next, the 263 

effects of RSK inhibition on IFN-dependent phosphorylation of PDCD4 and 264 

downregulation of PDCD4 protein levels were determined in these cells.  When KT1 265 

cells were treated with the RSK1 inhibitor SL0101-1 we found that phosphorylation of 266 

PDCD4 on Ser67 and phosphorylation of RSK1 on Ser221 were blocked (Fig. 2B), while 267 

phosphorylation of p70S6K and rpS6 were not (Fig. 2B).  Addition of the RSK inhibitor, 268 

but not rapamycin, also prevented the decrease in PDCD4 protein levels seen in these 269 

cells after prolonged IFN-treatment (Fig. 2C).  Similar results were obtained when studies 270 

were performed using the U266 hematopoietic cell line.  As in the case of KT1 cells, 271 

IFNα also induced phosphorylation of PDCD4, and this phosphorylation was SL0101-1-272 

sensitive, but rapamycin-insensitive (Fig. 2D). In addition, the suppression of PDCD4 273 

protein levels seen after IFN-treatment was reversible by concomitant SL0101-1 274 

treatment of cells (Fig. 2E). 275 

To further define the involvement of RSK1 in PDCD4 phosphorylation in 276 

hematopoietic cells, experiments were carried out in which RSK1was knocked down in 277 

KT1 cells.  As shown in Fig. 3A, siRNA-mediated inhibition of RSK1 expression 278 

blocked PDCD4 phosphorylation, indicating that in these cells IFNα-induced RSK1 is 279 

the dominant kinase controlling PDCD4 phosphorylation (Fig. 3A).  In studies in which 280 

immune complex kinase assays were conducted on anti-RSK immunoprecipitates, using 281 

PDCD4 as an exogenous substrate, we found strong IFNα-inducible phosphorylation of 282 

PDCD4, which was blocked by SL0101-1, suggesting that PDCD4 is a substrate for the 283 

kinase activity of RSK1 (Fig. 3B). 284 
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 Previous studies have suggested a model in which after undergoing S6K-285 

mediated phosphorylation on Ser67, PDCD4 interacts with the ubiquitin ligase βTRCP 286 

and undergoes proteolytic degradation (9, 10).  To determine whether IFN-treatment 287 

results in the formation of βTRCP/PDCD4 complexes, co-immunoprecipitation 288 

experiments were carried out.  Serum starved KT1 cells were treated with IFN  in the 289 

presence or absence of SL0101-1 and lysates were immunoprecipitated with an anti- 290 

βTRCP antibody, followed by immunoblotting with an antibody against PDCD4.  As 291 

shown in Fig. 4A, IFNα-treatment induced an association of βTRCP with PDCD4 (Fig. 292 

4A).  This IFNα-dependent βTRCP/PDCD4 interaction was not detectable in cells pre-293 

treated with the RSK inhibitor, or in cells transfected with siRNA targeting RSK1 (Fig. 294 

4B).  In parallel studies, we examined whether IFN-dependent phosphorylation of 295 

PDCD4 modulates its interaction with eIF4A.  Cells were treated with IFN , in the 296 

presence or absence of SL0101-1, lysates were immunoprecipitated with an anti-eIF4A 297 

antibody and immunoblotted with an anti-PDCD4 antibody.  IFN -treatment resulted in 298 

decreased amounts of detectable PDCD4 in association with eIF4A, but this decrease was 299 

reversed by treatment of cells with SL0101-1 (Fig. 4C).  IFN - treatment resulted in a 300 

significant increase in the amount of eIF4G interacting with eIF4A, but the association 301 

was suppressed by treatment of cells with SL0101-1 (Fig. 4C), suggesting involvement 302 

for RSK1 activity in the process.  In other studies, lysates from cells transfected with 303 

control siRNA, or siRNA specifically targeting RSK1, were immunoprecipitated with an 304 

anti-eIF4A antibody and immunobloted with anti-PDCD4, anti-eIF4G or anti-eIF4A 305 

antibodies (Fig. 4D).  IFN  treatment did not decrease the amount of PDCD4 associated 306 

with eIF4A in cells in which RSK1 was knocked down (Fig. 4D, E).   307 
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As the recruitment of eIF4F to the 5�’ cap structure of mRNA is an important step 308 

in the translation-initiation process, we sought to determine the regulatory effects of 309 

IFN -dependent engagement of RSK and mTOR pathways in KT1 cells on binding of the 310 

translation initiation factors to the 7-methylguanosine cap complex. Cells were pre-311 

treated with rapamycin or SL0101-1 and the IFN-inducible recruitment of eIF4G and 312 

eIF4A to the complex was assessed.   IFN - inducible binding of eIF4G, eIF4A and 313 

eIF4E was clearly detectable (Fig. 5A). As expected, there was no dissociation of 314 

unphoshorylated 4E-BP1 in rapamycin-pretreated cell lysates, leading to decreased levels 315 

of eIF4G and eIF4A in the complex, reflecting decreased eIF4E binding to eIF4G and 316 

associated eIF4A.  Interestingly, in cells pre-treated with RSK inhibitor there was normal 317 

4E-BP1 dissociation, but also decreased levels of eIF4A and eIF4G in the complex as 318 

compared to cells not pre-treated with the inhibitor (Fig. 5A).   Similarly, in experiments 319 

in which RSK1 was knocked down (Fig. 5B), we found reversal of IFN-dependent 320 

enhanced binding of eIF4G, eIF4A and eIF4E to the 7-methyguanosine cap complex 321 

(Fig. 5C), raising the possibility that phosphorylation of PDCD4 mediated by RSK1 322 

increases IFN-inducible eIF4F assembly.  To further define the potential role of PDCD4 323 

in the process, we used lysates from cells transfected with control siRNA or siRNA 324 

specifically targeting PDCD4 (Fig. 5D).  IFNα-treatment resulted in enhanced binding of 325 

eIF4G, eIF4A and eIF4E to the 7-methyguanosine cap complex (Fig. 5E), but 326 

knockdown of PDCD4 further increased eIF4G, eIF4A and eIF4E binding.  Moreover, 327 

ectopic expression of a PDCD4 S67/71A mutant (Fig. 5F), which cannot undergo 328 

phosphorylation at Ser67 and subsequent degradation (9), decreased the binding of eIF4A 329 

and eIF4G to the 5�’ cap complex (Fig. 5G). 330 
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To further delineate the involvement of PDCD4 in eIF4F complex formation, co-331 

immunoprecipitation experiments were carried out.  Serum starved KT1 cells were 332 

treated with IFN  in the presence or absence of SL0101-1 and lysates were 333 

immunoprecipitated with an anti-eIF4E antibody, followed by immunoblotting with 334 

antibodies against eIF4G, eIF4A, and eIF4E.  As shown in Fig. 5H, IFN -treatment 335 

induced an association of eIF4E with eIF4G and eIF4A.  This IFN-dependent interaction 336 

was less pronounced in cells pre-treated with SL0101-1 (Fig. 5H).   We also performed 337 

similar analyses using lysates from cells transfected with control siRNA or siRNA 338 

specifically targeting RSK1.  As expected, IFN -treatment resulted in enhanced binding 339 

of eIF4G and eIF4A with eIF4E in lysates from cells transfected with control siRNA, but 340 

knockdown of RSK1 decreased the amount of eIF4G and eIF4A binding to the eIF4E 341 

(Fig. 5I).    Consistent with a role for PDCD4 downstream of RSK1 in the process, IFN -342 

treatment resulted in enhanced binding of eIF4G and eIF4A with eIF4E, but knockdown 343 

of PDCD4 further increased the amount of eIF4G and eIF4A binding to the eIF4E (Fig. 344 

5J).  On the other hand, there was no effect on the dissociation of 4E-BP1 from eIF4E in 345 

cells treated with IFNα, suggesting that PDCD4 exhibits negative effects in IFN-346 

inducible eIF4F complex formation in a 4E-BP1-independent manner (Fig. 5J).   347 

Consistent with these findings, ectopic expression of a PDCD4 S67/71A mutant, also 348 

decreased the association of eIF4G and eIF4A with eIF4E (Fig. 5K).   349 

As our data suggested a negative regulatory effect of PDCD4 on IFN  - activated 350 

eIF4F complexes, likely via inhibitory effects on eIF4A, we sought to determine whether 351 

this mechanism participates in the control of IFN-inducible gene (ISG) - protein products 352 

that mediate generation of IFN  - responses.  For this purpose, serum starved KT1 cells 353 



 16

were treated with IFN  in the presence or absence of the proteasomal inhibitor MG132.   354 

As expected, treatment with MG132 stabilized PDCD4 and reversed IFN -inducible 355 

degradation of the protein (Fig. 6A).   This stabilization of PDCD4 protein correlated 356 

with suppression of induction of gene-products with important roles in the generation of 357 

the biological effects of IFNs, including ISG15 (58), p21WAF1/CIP1 (17), and SLFN5 (18) 358 

(Fig. 6A).  To determine whether RSK1-mediated phosphorylation of PDCD4 is 359 

important for these responses, we assessed the effects of RSK inhibitor SL0101-1 on 360 

IFN-inducible expression of ISG15, p21WAF1/CIP1, and SLFN5.  IFN -dependent 361 

induction of expression of ISG15 (Fig. 6B), p21WAF1/CIP1 (Fig.6C) and SLFN5 (Fig. 6D) 362 

was partially reversed by pre-treatment of cells with SL0101-1.  This defective ISG15, 363 

p21WAF1/CIP1 and SLFN5 protein expression in cells pretreated with SL0101-1 was not 364 

associated with decreased IFN-dependent mRNA induction/transcription of the Isg15 365 

(Fig. 6E), p21WAF1/CIP1 (Fig.6F) or Slfn5 (Fig. 6G) genes, suggesting that this may be the 366 

result of defective mRNA translation/protein expression.  In experiments in which RSK1 367 

expression was knocked down using siRNAs, there was also defective IFN-dependent 368 

ISG15 protein expression (Fig. 6H).  Altogether, these studies suggest that the IFN -369 

induced RSK1 kinase activity is required for phosphorylation and subsequent degradation 370 

of PDCD4, possibly by promoting initiation of cap-dependent mRNA translation of ISGs.  371 

We also performed studies in which a PDCD4 wild type or mutant for the RSK1 372 

phosphorylation site (PDCD4-S67/71A) was overexpressed in KT1 cells and IFN -373 

dependent ISG protein expression was examined.   As shown in Fig. 7A, induction of 374 

ISG15, p21WAF1/CIP1, and SLFN5 protein was defective in cells in which PDCD4-375 

S67/71A was expressed, establishing potent negative regulatory effects of 376 
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unphosphorylated PDCD4 on ISG-expression.  Thus, IFNα-dependent, RSK1-mediated, 377 

phosphorylation of PDCD4 on Ser67 is essential for proteasomal degradation of the 378 

protein and this regulatory mechanism is critical for expression of ISG proteins that 379 

mediate the biological effects of IFNs.   Notably, in experiments in which PDCD4 was 380 

knocked down by specific siRNAs, IFN-dependent expression of several key ISG 381 

proteins, including ISG15 (Fig. 7B), p21WAF1/CIP1 (Fig. 7C), as well as SLFN5 (Fig. 7C) 382 

was further enhanced.  In addition, an increase in the basal levels of expression of SLFN5 383 

and p21WAF1/CIP1 was noticeable (Fig. 7C). 384 

In subsequent studies, we sought to directly determine whether mRNA translation 385 

for ISG15, p21WAF1/CIP1 and SLFN5 genes is enhanced in cells in which PDCD4 is 386 

knocked down. For this purpose, polysomal mRNA from KT1 cells transduced with 387 

control shRNA, or shRNA specifically targeting human PDCD4, was isolated and Pdcd4 388 

mRNA expression prior to and after IFN-treatment was assessed in polysomal fractions. 389 

The polysomal profiles from KT1 cells transduced with control shRNA or with shRNA 390 

targeting the PDCD4, before and after IFN  treatment, are shown in Fig. 8A.  There was 391 

a significant increase of Isg15 (Fig. 8B) and Slfn5 (Fig.8C) mRNA in polysomes isolated 392 

from cells that were IFN  treated and transduced with shRNA targeted against PDCD4, 393 

as compared to cells that were IFN  treated and transduced with control shRNA (Fig. 8 B 394 

and C), establishing regulatory effects of Pdcd4 on ISG mRNA translation. 395 

       We have previously shown that RSK1 plays an essential role in the generation of the 396 

suppressive effects of IFNα on primitive leukemic precursors (CFU-L), and have 397 

identified eIF4B as a downstream phosphorylation target and mediator of these effects 398 

(23). We examined whether phosphorylation of PDCD4 by activated RSK1 plays a role 399 
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in the generation of the anti-leukemic effects of IFN .  For this purpose, the effects of 400 

PDCD4 knockdown or expression of mutant PDCD4 (S67/71A) on the generation of the 401 

effects of IFN  on primitive KT1-derived leukemic progenitors were assessed by 402 

clonogenic assays in methylcellulose.  Suppression of CFU-L growth after IFN  403 

treatment was further enhanced in PDCD4 knockdown cells, as compared to control 404 

siRNA transfected cells (Fig. 9A).  On the other hand, expression of the PDCD4 405 

(S67/71A) mutant significantly reversed the inhibitory effects of IFN  on CFU-L colony 406 

formation as compared with control empty vector, or ectopic expression of WT PDCD4 407 

(Fig. 9B).  In other studies, we assessed the potential regulatory roles of RSK1 and 408 

PDCD4 on normal bone marrow-derived (CFU-GM) progenitor colony formation.  As 409 

shown in Fig. 10A, siRNA-mediated PDCD4 knockdown resulted in enhancement of the 410 

suppressive effects of IFN  on normal CFU-GM colonies, while RSK1 knockdown had 411 

opposing effects and partially reversed the inhibitory effects of IFN  (Fig. 10A).  These 412 

findings suggest that RSK1-mediated phosphorylation and subsequent degradation of 413 

PDCD4 relieves the inhibitory effects of the protein on the generation of IFN-biological 414 

responses.  Consistent with this, expression of the PDCD4 S67/71 mutant in CD34+ 415 

cells, resulted in reversal of the effects of IFN  on normal CFU-GM (Fig. 10B), 416 

underscoring the functional relevance of IFN-dependent PDCD4 phosphorylation. 417 

 418 

 419 

 420 

 421 
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Discussion 422 

  IFNs are pleiotropic cytokines with important biological properties that were 423 

originally defined as key elements of the host defense against viral infections (35, 47).  424 

Beyond eliciting antiviral responses, IFNs exhibit important immuno-modulatory and 425 

antineoplastic activities and play key roles in the immune surveillance against 426 

malignancies (35, 47). IFNs generate their biological effects by engaging JAK-STAT 427 

signaling pathways, leading to the transcriptional activation of ISGs and the expression of 428 

their protein products, which promote diverse IFN-responses (29, 30, 39, 43, 47).  429 

Beyond activation of classical JAK-STAT pathways by IFNs, there has been emerging 430 

evidence in recent years for the existence of several additional �“non-classical�” IFNR-431 

activated cellular cascades which complement the function of JAK-STAT pathways and 432 

optimize expression of ISGs (40).  Engagement of the p38 MAPK pathway is required 433 

for optimal ISG transcription and induction of IFN-responses (50), while members of the 434 

PKC-family of proteins play key roles in complementing transcriptional activation of 435 

ISGs via modulating STAT serine phosphorylation and and/or acting as regulators of 436 

other IFN-induced cellular responses (42, 51).  We previously demonstrated that the PI3�’-437 

kinase/Akt/mTOR/S6K pathway activated by IFNs is essential for IFN-dependent mRNA 438 

translation of key ISGs (19-23).  Importantly, we recently provided evidence for co-439 

ordination between the mTOR pathway and MAPK regulated cascades in ISG mRNA 440 

translation, as shown by the requirement for IFN-induced, MEK/ERK-dependent MNK 441 

kinases in eIF4E phosphorylation and mRNA translation of ISGs (15, 16).  Such co-442 

ordination of MAPK and mTOR pathways in the regulation of mRNA translation of IFN-443 

induced genes is also evident by the cell type-specific involvement in the process of the 444 
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kinase RSK1, an effector of the MEK/ERK cascade (23).  In previous work we 445 

demonstrated that phosphorylation/activation of eIF4B in the IFN-system occurs either 446 

by the activity of the S6K downstream of mTOR or via RSK1, an effector of the 447 

MEK/ERK cascade (23).   In addition, in the Type III (IFNλ) system, RSK1 appears to 448 

be the primary kinase that controls 4E-BP1 phosphorylation in HT-29 colorectal cells 449 

(22). 450 

         PDCD4, a tumor suppressor protein for which the human gene is located on 451 

chromosome band 10q24 (46), has important regulatory functions in mammalian cells (3, 452 

14, 24, 25, 33, 54, 56).  This protein interacts with eIF4A (25, 48, 53, 55) and negatively 453 

controls the helicase activity of eIF4A and cap-dependent translation (37, 48, 55).  454 

Notably, beyond free eIF4A, PDCD4 inhibits the function of eIF4F-bound eIF4A (24, 53, 455 

55), providing a mechanism by which it may be acting as a suppressor of mRNA 456 

translation (48, 55).  There is also evidence that PDCD4 binds RNA and interacts with 457 

eIF4G in vitro (2, 48, 55).    PDCD4 expression is regulated by multiple mechanisms 458 

(25). Previous studies have shown that increase in miR-21 (microRNA-21) results in 459 

PDCD4 down-regulation (7).  Another mechanism for regulation of the PDCD4 involves 460 

its phosphorylation by Akt and S6K1, leading to proteosomal degradation (9, 34).   This 461 

mechanism may also apply in the context of constitutive mTOR/S6K activation, as seen 462 

in response to transformation of cells by oncogene proteins such as BCR-ABL (4).   463 

 As IFNRs are known to activate the mTOR/S6K pathway, we sought to determine 464 

the effects IFN-treatment on PDCD4 phosphorylation.  Our data demonstrate that 465 

treatment of cells with IFN  results in phosphorylation of PDCD4 on serine 67.  466 

Importantly, this IFN-dependent phosphorylation of PDCD4 results in an association of 467 
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the protein with the ubiquitin ligase SCF TrCP (9, 10), ultimately leading to its 468 

degradation.  IFN-dependent phosphorylation of PDCD4 occurred in an S6K-dependent 469 

manner in MEF cells, but it was found to be MEK/ERK-dependent and RSK1-mediated 470 

in the malignant hematopoietic cell lines KT1 and U266.  Thus, as in the case of eIF4B 471 

(23), RSK1 appears to be the dominant kinase that regulates phosphorylation of PDCD4 472 

in hematopoietic cells.  Remarkably, our data demonstrate that PDCD4 exhibits negative 473 

regulatory effects on the eIF4F complex, and on the expression of ISGs with important 474 

functions in the generation of IFN-responses, including ISG15, p21Waf1/Cip1 and SLFN5 475 

(17, 18, 58).   Such PDCD4-mediated effects on the expression of these ISG products 476 

appears to reflect inhibitory effects of PDCD4 on cap-dependent mRNA translation, 477 

which, based on previous work, is required for ISG expression.  In studies to define the 478 

functional relevance of PDCD4 in the generation of the biological effects of IFN , we 479 

found that siRNA-mediated knockdown of PDCD4 enhanced the suppressive effects of 480 

IFN  on primitive hematopoietic precursors from normal marrows and leukemic CFU-L 481 

progenitors.   On the other hand, ectopic expression of the PDCD4 S67/71A mutant 482 

reversed the suppressive effects of IFN  on normal myeloid and leukemic progenitor 483 

colony formation, suggesting that PDCD4 inhibits IFN-responses, likely via suppressive 484 

effects on ISG mRNA translation. 485 

            There is extensive previous work demonstrating that PDCD4 is a tumor 486 

suppressor (3, 12, 53) and that its expression is decreased in several malignancies (11, 12, 487 

14, 31, 33, 44, 53).  PDCD4 has also been shown to regulate cell-cycle progression in a 488 

cell type specific manner and to inhibit cell proliferation (13).  The finding that this 489 

protein antagonizes and negatively controls generation of the growth suppressive effects 490 
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of IFNα is at first glance surprising and somewhat unexpected.  However, it should be 491 

noted that there is previous evidence for some opposing cellular regulatory roles of 492 

PDCD4, depending on the cell type and context. For instance, PDCD4 increases 493 

p21Waf1/Cip1 and suppresses CDK1 and CDC2 expression in neuroendocrine cells (13), 494 

while in HCT116 colon adenocarcinoma cells appears to negatively control p21Waf1/Cip1 495 

levels (1). The findings of the current study indicate that in the case of Type IFNs, 496 

PDCD4 negatively controls mRNA translation/protein expression of several IFN-induced 497 

genes with antiproliferative properties, including p21Waf1/Cip1, SLFN5 and ISG15.   498 

Importantly, such a role for PDCD4 in the IFN-system is consistent with the positive 499 

regulatory effects of mTOR- and RSK-mediated signals in the mRNA 500 

translation/expression of ISG products (19-23).  In future studies it will be important to 501 

define the functional role of PDCD4 in the signaling pathways of other cytokines with 502 

antineoplastic properties, as this may lead to the identification of unexpected novel 503 

targets and new approaches to block malignant cell growth with potentially important 504 

therapeutic implications. 505 

 506 

 507 
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Figure Legends 737 

Figure 1: Effects of IFNα on phosphorylation and degradation of PDCD4 in MEFs. 738 

(A) (Upper panel) Serum starved S6k1+/+S6k2+/+ (WT) and S6k1-/-S6k2-/- MEFs, 739 

were treated with IFN  for the indicated times.  Total cell lysates were resolved by SDS-740 

PAGE and immunoblotted with antibodies against the phosphorylated form of PDCD4 on 741 

Ser67 or against PDCD4 as indicated.  (Lower panel)  Signals were quantified by 742 

densitometry and used to calculate the intensity of phosphorylated PDCD4 relative to that 743 

of total PDCD4.  Data are expressed as ratios of phospho-PDCD4 to PDCD4 for each 744 

experimental condition and represent means + SE of the results of three experiments, 745 

including the one shown in the upper panel. (B) Serum starved wild-type (WT) MEFs 746 

were pre-treated for 60 minutes with rapamycin or U0126 and were subsequently treated 747 

with IFN  for the indicated times.  Cell lysates were resolved by SDS-PAGE and 748 

immunoblotted with anti-phospho-Ser67-PDCD4, anti-PDCD4, anti-phospho-749 

Thr202/Tyr204-ERK1/2 or anti-ERK1/2 antibodies, as indicated. (C) Serum starved 750 

S6k1+/+S6k2+/+ (WT) or S6k1-/-S6k2-/- MEFs were incubated with IFN  for 6 hours, 751 

as indicated.  Total cell lysates were resolved by SDS-PAGE and immunoblotted with 752 

antibodies against PDCD4 or against GAPDH, as indicated.  (D) Serum starved WT 753 

MEFs were pre-treated for 60 min with rapamycin or U0126 and were subsequently 754 

treated with IFNα in the continuous presence or absence of rapamycin or U0126 for 6 755 

hours as indicated.  The cells were lysed, and total cell lysates were resolved by SDS-756 

PAGE and immunoblotted with antibodies against PDCD4 or against GAPDH, as 757 

indicated.  (E) Serum starved S6k1+/+S6k2+/+ MEFs were treated with IFN  for the 758 

indicated times in presence or absence of the proteasome inhibitor MG132.  Total cell 759 
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lysates were resolved by SDS-PAGE and immunoblotted with anti-PDCD4 or anti-760 

GAPDH antibodies, as indicated. 761 

 762 

Figure 2: IFN-dependent regulation of PDCD4 phosphorylation and protein expres-763 

sion in KT1 hematopoietic cells.  (A) Serum starved KT1 cells were pretreated for 60 764 

min with rapamycin or the MEK inhibitor U0126  and were subsequently treated with 765 

IFN  in the continuous presence or absence of rapamycin or U0126, for the indicated 766 

times.  Cell lysates were resolved by SDS-PAGE and immunoblotted with anti-phospho-767 

Ser67-PDCD4, anti-PDCD4, anti-phospho-Thr202/Tyr204-ERK1/2, anti-ERK1/2, anti-768 

phospho-S6K, and S6K, antibodies as indicated. (B) Similar experiment as in (A), except 769 

that cells were pre-treated for 60 min with rapamycin or for 180 min with SL0101-1.  770 

Total cell lysates were resolved by SDS-PAGE and immunoblotted with anti-phospho-771 

Ser67-PDCD4, anti-phospho-Ser221-RSK1, anti-RSK1, anti-S6K, as indicated. Equal 772 

cell lysates from the same experiment were analyzed separately by SDS-PAGE and 773 

immunoblotted with anti-PDCD4, anti-phospho-Thr421/Ser424-S6K, anti-phospho-774 

Ser240/244-S6rp, and anti-S6rp.  (C) (Upper panel) Similar experiment as in (B), except 775 

that the cells were treated for 6 hours as indicated. Protein lysates were analyzed by 776 

immunoblotting with antibodies against PDCD4 or against GAPDH.  (Lower panel) 777 

Signals were quantified by densitometry and used to calculate the intensity of expression 778 

of PDCD4 relative to that of GAPDH.  Data are expressed as ratios of PDCD4 to 779 

GAPDH for each experimental condition and represent means + SE of the results of three 780 

experiments, including the experiment shown in the upper panel. (D) Serum starved 781 

U266 cells were pre-treated for 60 min with rapamycin or 3 hours with SL0101-1 and 782 
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were subsequently treated with IFN  in the continuous presence or absence of rapamycin 783 

or SL0101-1, as indicated.  Cell lysates were resolved by SDS-PAGE and immunoblotted 784 

with anti-phospho-Ser67-PDCD4, anti-PDCD4, anti-phospho-Ser240/244-S6rp, or anti 785 

S6rp, as indicated.  (E) Serum starved U266 cells were pretreated for 60 min with 786 

rapamycin or 3 hours with SL0101-1, as indicated and were subsequently treated with 787 

IFN  in the continuous presence or absence of the indicated inhibitors for 6 hours. Cell 788 

lysates were resolved by SDS-PAGE and immunoblotted with anti-PDCD4 or anti-789 

GAPDH antibodies, as indicated.  790 

 791 

Figure 3: RSK1 activity mediates IFN -dependent PDCD4 phosphorylation in 792 

hematopoietic cells. (A) KT1 cells were transfected with either control siRNA or 793 

siRNAs specifically targeting RSK1, and after serum starvation were treated with IFN , 794 

as indicated.  Total cell lysates were resolved by SDS-PAGE and immunoblotted with 795 

anti-RSK1, anti-phospho-Ser67-PDCD4, anti-PDCD4, or anti-GAPDH antibodies, as 796 

indicated. (B) Serum-starved KT1 cells were pretreated with SL0101-1 for 3 hours and 797 

then treated with IFN  for the indicated times.  The cells were lysed and equal amounts 798 

of protein were immunoprecipitated with an anti-RSK1 antibody.  In vitro kinase assays 799 

to detect RSK1 activity were subsequently carried out on the immunoprecipitates, using  800 

PDCD4 protein as an exogenous substrate.    801 

 802 

Figure 4:  IFN -inducible Ser67 PDCD4 phosphorylation results in its interaction 803 

with βTRCP.   (A) Serum starved KT1 cells were pre-treated for 3 hours with SL0101-1 804 

and were left untreated or treated with IFN , in the continuous presence or absence of 805 
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SL0101-1, as indicated.  Equal amounts of cell lysates were immunoprecipitated with an 806 

anti-βTRCP antibody, or control non-immune rabbit IgG (RIgG).  Immune complexes 807 

were resolved by SDS-PAGE for analysis of PDCD4, and βTRCP, as indicated.  (B) KT1 808 

cells were transfected with either control siRNA or RSK1 siRNA, and after serum 809 

starvation were either left untreated or treated with IFN  for 30 min as indicated.  Equal 810 

amounts of cell lysates were immunoprecipitated with an anti-βTRCP antibody, or 811 

control RIgG.  Immune complexes were resolved by SDS-PAGE for analysis of PDCD4, 812 

and βTRCP, as indicated.  (C) Similar experiment as in (A), except that, equal amounts 813 

of cell lysates were immunoprecipitated with an anti-eIF4A antibody, or control non-814 

immune goat IgG (GIgG).  Immune complexes were resolved by SDS-PAGE for analysis 815 

of PDCD4, eIF4G, and eIF4A, as indicated.  (D) Similar experiment as in (B), except 816 

that, equal amounts of cell lysates were immunoprecipitated with an anti-eIF4A antibody, 817 

or control GIgG.  Immune complexes were resolved by SDS-PAGE for analysis of 818 

PDCD4, eIF4G, and eIF4A, as indicated.  (E)  Lysates for the different experimental 819 

conditions from the experiment shown in D were resolved by SDS-PAGE and 820 

immunoblotted by anti-RSK1 or anti-GAPDH antibodies to establish RSK1 knockdown 821 

in cells transfected with siRNA against RSK1.  822 

 823 

Figure 5: Regulation of Type I IFN-inducible binding of eIF4G and eIF4A to the 7-824 

methylguanosine cap complex by PDCD4.  (A) Serum starved KT1 cells were pre-825 

treated for 60 min with rapamycin or for 3 hours with SL-0101-1 and were subsequently 826 

treated with IFN  in the continuous presence or absence of SL-0101-1, for the indicated 827 

times.  Total cell lysates were bound to the cap analog m7GTP conjugated to beads and 828 
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bound proteins were resolved by SDS-PAGE and immunoblotted with the indicated 829 

antibodies.  The lysates used were the same from the experiment shown in Fig. 2, panel 830 

C.  (B) KT1 cells were transfected with either control siRNA or RSK1 siRNA, and after 831 

serum starvation were either left untreated or treated with IFN  for 6 hours as indicated.  832 

Total cell lysates were resolved by SDS-PAGE and immunoblotted with the indicated 833 

antibodies.  (C) Cell lysates from the experiment shown in panel B were bound to the cap 834 

analog m7GTP conjugated to beads, and after extensive washing bound proteins were 835 

resolved by SDS-PAGE and immunoblotted with the indicated antibodies. (D) KT1 cells 836 

were transfected with either control siRNA or PDCD4 siRNA, and after serum starvation 837 

were either left untreated or treated with IFN  for 6 hours as indicated.  Total cell lysates 838 

were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. (E) Cell 839 

lysates from the experiment shown in panel D were bound to the cap analog m7GTP 840 

conjugated to beads, and after extensive washing bound proteins were resolved by SDS-841 

PAGE and immunoblotted with the indicated antibodies.  For the anti-eIF4G blot, two 842 

different exposures of the same blot (a shorter and a longer exposure) are shown in the 843 

upper 2 panels.  (F) (Upper panel) KT1 cells were transfected with HA-tagged PDCD4 844 

wt or S67/71A PDCD4 mutant or empty vector as indicated, serum starved and treated 845 

with IFN  as indicated.  Total cell lysates were resolved by SDS-PAGE and immuno-846 

blotted with the indicated antibodies. (Lower panel) Signals were quantified by 847 

densitometry and used to calculate the intensity of expression of HA-PDCD4 relative to 848 

that of GAPDH.  Data are expressed as ratios of HA-PDCD4 to GAPDH for each 849 

experimental condition and represent means + SE of the results of three experiments, 850 

including the one shown in the upper panel. 851 
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 (G) Cell lysates from the experiment shown in F were bound to the cap analog m7GTP 852 

conjugated to beads, and after extensive washing bound proteins were resolved by SDS-853 

PAGE and immunoblotted with the indicated antibodies.  (H) (Upper panel) Similar 854 

experiment as in (A), except that, equal amounts of cell lysates were immunoprecipitated 855 

with an anti-eIF4E antibody, or control mouse IgG1 (mIgG1).  Immune complexes were 856 

resolved by SDS-PAGE for analysis of eIF4G, eIF4A, and eIF4E as indicated.  (Lower 857 

panel) The signals were quantified by densitometry and used to calculate the intensity of 858 

binding of eIF4G, and eIF4A to eIF4E.  Data are expressed as ratios of eIF4G or eIF4A 859 

to eIF4E for each experimental condition and represent means + SE of the results of three 860 

experiments, including the one shown in the upper panel. (I) Similar experiment as in 861 

(C), except that, equal amounts of cell lysates were immunoprecipitated with an anti-862 

eIF4E antibody.  Immune complexes were resolved by SDS-PAGE for analysis of eIF4G, 863 

and eIF4A, and eIF4E as indicated. (J) Similar experiment as in (E), except that, equal 864 

amounts of cell lysates were immunoprecipitated with an anti-eIF4E antibody, or control 865 

mIgG1.  Immune complexes were resolved by SDS-PAGE for analysis of eIF4G, and 866 

eIF4A, 4E-BP1, and eIF4E as indicated. (K) Similar experiment as in (G), except that, 867 

equal amounts of cell lysates were immunoprecipitated with an anti-eIF4E antibody, or 868 

control mIgG1.  Immune complexes were resolved by SDS-PAGE for analysis of eIF4G, 869 

and eIF4A, and eIF4E as indicated.   870 

 871 

Figure 6: Effects of RSK1-mediated phosphorylation and degradation of PDCD4 on 872 

IFN  dependent expression of ISG protein products. (A) Serum starved KT1 cells 873 

were either left untreated or were treated with IFN  for the indicated times, in the 874 
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presence or absence of MG132 or diluent for MG132 (DMSO).  Cell lysates were 875 

resolved by SDS-PAGE and immunoblotted with anti-PDCD4, p21WAF1/CIP1, ISG15, 876 

SLFN5, or anti-GAPDH antibodies. (B-D) Serum-starved KT1 cells were pretreated with 877 

SL0101-1 for 3 hours and then treated with IFN  for the indicated times.  The cells were 878 

lysed and equal amounts of protein were resolved by SDS-PAGE and immunoblotted 879 

with the indicated antibodies. (E-G) Serum-starved KT1 cells were treated with IFN  for 880 

6 hours in presence or absence of SL0101-1. Expression of mRNA for Isg15 (E), 881 

p21WAF1/CIP1 (F), and Slfn5 (G) genes was assessed by quantitative real-time RT-PCR. 882 

The GAPDH transcript was used for normalization. Data are expressed as fold increase 883 

over IFN  untreated samples and represent means + S.E. of 3 experiments. (H) KT1 cells 884 

were transfected with either control siRNA or siRNA specifically targeting RSK1, and 885 

after serum starvation were either left untreated, or treated with IFN , as indicated.   The 886 

cells were lysed and equal amounts of protein were resolved by SDS-PAGE and 887 

immunoblotted with anti- RSK1, anti-PDCD4, anti-ISG15, or anti-GAPDH antibodies, as 888 

indicated.   889 

 890 

Figure 7: Phosphorylation of PDCD4 on Ser67 is required for expression of ISG 891 

protein products by IFN .  (A): KT1 cells were transfected with either empty vector, or 892 

HA-tagged wild-type PDCD4, or HA-tagged PDCD4 S67/71A mutant, serum starved and 893 

treated or untreated with IFN .  Total cell lysates were resolved by SDS-PAGE and 894 

immunoblotted with the indicated antibodies. (B-C) KT1 cells were transfected with 895 

either control siRNA or siRNA specifically targeting PDCD4, and after serum starvation 896 
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were either left untreated or were treated with IFN  for the indicated times. Total cell 897 

lysates were resolved by SDS-PAGE and immunoblotted with the indicated antibodies.  898 

 899 

Figure 8: Regulatory effects of PDCD4 ISG mRNA translation.  (A) KT1 cells 900 

transduced with control shRNA or shRNA targeted human PDCD4 were either left 901 

untreated or treated with IFN  for 24 hours. Cell lysates were separated on 10-50% 902 

sucrose gradient, and OD at 254 nm was recorded. The OD at 254 nm is shown as a 903 

function of gradient depth for each treatment.  (B-C)  Polysomal fractions were collected 904 

as indicated in A and RNA was isolated. Quantitative real-time RT-PCR assays to 905 

determine Isg15 (B), and slfn5 (C) mRNA expression in polysomal fractions was 906 

conducted using Gapdh for normalization. Data are expressed as fold increase over IFN -907 

untreated samples and represent means + SD of 3 independent experiments.    908 

 909 

Figure 9: Regulatory effects of PDCD4 in the generation of the antileukemic effects 910 

of IFN .  (A) KT1 cells were transfected with either control siRNA or siRNA 911 

specifically targeting PDCD4, as indicated. The cells were subsequently plated in 912 

methylcellulose, in the absence or presence of IFN , and leukemic CFU-L colony 913 

formation was assessed. Data are expressed as percentage of control colony formation of 914 

untreated samples for each condition and represent means + S.E. of 4 experiments. (B) 915 

KT1 cells were transfected with the empty vector, PDCD4 wt, or PDCD4 S67/71A 916 

mutant, as indicated. The cells were subsequently plated in methylcellulose, in the 917 

absence or presence of IFN , and leukemic CFU-L colony formation was assessed.  Data 918 
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are expressed as percentage of control colony formation of untreated samples for each 919 

condition and represent means+ S.E. of 6 experiments. 920 

 921 

Figure 10: Regulatory effects of RSK1 and PDCD4 in the inhibitory properties of 922 

IFN  on normal bone marrow-derived myeloid precursors.  (A) Normal CD34+ bone 923 

marrow-derived cells were transfected with either control siRNA or siRNA specifically 924 

targeting PDCD4, or siRNA specifically targeting RSK1 as indicated. The cells were 925 

subsequently plated in methylcellulose, in the absence or presence of IFN .  CFU-GM 926 

progenitor colonies were scored after 14 days in culture.  Data are expressed as % control 927 

colony formation from untreated cells and represent means + S.E. of 3 independent 928 

experiments. (B) Normal CD34+ bone marrow-derived cells were transfected with either 929 

the plasmid PCDNA3, or HA-tagged PDCD4 wt or, PDCD4 S67/71A mutant, and 930 

incubated in the absence or presence of IFN in clonogenic assays in methylcellulose, as 931 

indicated. CFU-GM progenitor colonies were scored after 14 days in culture. Data are 932 

expressed as % control colony formation from untreated cells and represent means + S.E. 933 

of 4 independent experiments. 934 
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