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Abstract
Background—Prenatal exposure to ethanol elicits a range of neuro-developmental
abnormalities, microcephaly to behavioral deficits. Impaired protein synthesis has been connected
to pathogenesis of ethanol-induced brain damage and abnormal neuron development. However,
mechanisms underlying these impairments of protein synthesis are not known. In this study, we
illustrate the effects of ethanol on programmed cell death protein 4 (PDCD4), a tumor and
translation repressor.

Methods—Primary cortical neurons (PCNs) were treated with ethanol for 2.5mg/ml and 4mg/ml
for different time points (4h to 24h) and PDCD4 expression was detected by Western blotting.
Protein synthesis was determined using [35S] methionine incorporation assay. Methyl cap pull
down assay was performed to establish the effect of ETOH on association of eIF4A with capped
mRNA. Luciferase assay was performed to determine the in vivo translation. A 2-day acute 5-dose
binge model with ethanol (4 g/kg body wt, 25% v/v) was performed in Sprague Dawley rats at 12h
intervals and analyzed for PDCD4, eukaryotic initiation factor 4A (eIF4A) and eIF4A-methyl cap
association.

Results—Ethanol increased PDCD4 expression in a time- and dose-dependent manner in PCNs
which inhibited the association of eIF4A with methyl-cap. Ethanol and ectopic PDCD4 expression
suppressed in vivo translation in PCNs and RNAi targeting of PDCD4 blocked the inhibitory
effect of ethanol on protein synthesis. In utero exposure of pregnant rats to ethanol resulted in a
significant increase of PDCD4 protein in fetal cerebral cortex along with inhibition of methyl-cap
associated eIF4A, compared to iso-caloric controls. Increased PDCD4 also occurred in pooled
fractions of remaining brain regions.
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Conclusions—Our data for the first time, illustrate that PDCD4 mediates inhibitory effects of
ethanol on protein synthesis in PCNs and developing brain.
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Introduction
Fetal alcohol syndrome (FAS) expresses developmental aberrations in cerebral cortex and
often severe memory, learning and behavior abnormalities (Mattson et al., 1996; Roebuck et
al., 1999) all of which are largely dependent on either global or local protein synthesis.
Arrays of physiological phenomena such as growth, differentiation, or programmed cell
death are governed by protein synthesis (Morley et al., 2005). Gestational exposure to
alcohol impairs protein synthesis, protein turnover and proteasome activity in developing
brain and fetal cortical neurons (Gutala et al., 2004; Rawat, 1985). Protein synthesis is
obligatory in neurons engendering long-term synaptic plasticity (Klan and Deverm, 2004;
Pfeiffer and Huber, 2006), lengthening of spines (Vanderklish and Edelman, 2002),
transcription independent forms of memory (Sutton et al., 2001). Notably, alcohol-induced
deficiency in protein synthesis-dependent anomalies in utero is not typically restored
postnatally by “catch up” phenomena even when dietary protein intake is adequate. This
underscores the physiological importance of translational regulation underlying
developmental abnormalities elicited by prenatal alcohol exposure.

Protein translation is a precisely orchestrated and energy consuming process (Klan and
Deverm, 2004; Proud, 2007). mRNA predominantly undergoes translation by cap-dependent
scanning mechanisms (Gingras et al., 1999), while 10% of cellular mRNAs are translated by
internal ribosomal entry site (IRES) mechanisms (Komar and Hatzoglou, 2005). In general,
cap-dependent translation initiation (key rate-limiting step) commences with binding of the
eIF4F complex to 5’ cap of mRNA (Pestova et al., 1996; Sonenberg, 2008) leading to
assembly of ribosomes to mRNA start codon (AUG). In order for preinitiation complex to
locate the first AUG, the complex secondary structure in 5’ UTR must be relaxed by eIF4A,
an RNA helicase. Mutations or sequestration of eIF4A impede translation initiation (Pause
and Sonenberg, 1992; Yang et al., 2003a). A transformation suppressor protein, PDCD4
interacts with eIFs, eIF4A and eIF4G (Göke et al., 2002; Kang et al., 2002) and inhibits
helicase activity of eIF4A thereby cap-dependent translation (Yang et al., 2003a). PDCD4
regulates several essential processes ranging from embryonic development and
metamorphosis to normal tissue turnover (Lankat-Buttgereit and Göke, 2009). Since PDCD4
exerts its action chiefly at the translational level, it is a promising target for controlling
cancer cell progression (Göke et al., 2004), tumor cell invasion and metastasis (Leupold et
al., 2007) and cellular differentiation (Ozpolat et al., 2007). Yet, the availability and
modulation of certain factors involved in translation cannot solely influence translation of all
mRNAs equally. This warrants a greater understanding of eukaryotic protein synthesis. The
data presented in this manuscript confirm that ETOH upregulates PDCD4 expression in a
cultured neuron model and in an animal binge model. We also report that ETOH-induced
PDCD4 sequesters eIF4A and prevents the in vivo translation thereby protein synthesis in
PCNs. Further, PDCD4 silencing reversed ETOH-induced impairment in protein synthesis
in cerebral cortical neurons. Consequently, our studies identified for the first time that
“PDCD4” could be a novel therapeutic target for mitigation of fetal abnormalities associated
with ETOH exposure.
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Experimental Procedures
Materials

Smart Pool siRNA against PDCD4 and non-targeting siRNA pool were purchased from
Dharmacon Inc., (Lafayette, CO). Antibodies for PDCD4 (Rockland Immunochemcials Inc.,
Gilbertsville, PA), luciferase, lamin-B, GAPDH (Santa Cruz Biotechnologies, Santa Cruz,
CA), eIF4A (Cell Signaling Technology, Beverly, MA), actin, tubulin were from Sigma-
Aldrich (St. Louis, MO). 7-methyl-GTP Sepharose-4B beads were obtained from GE
Healthcare Biosciences (Piscataway, NJ). 35S Methionine was bought from PerkinElmer
Life Sciences (Boston, MA). All other reagents were purchased from Sigma-Aldrich (St.
Louis, MO). pcDNA-Luc and pcDNA-SL Luc was provided by Dr. Nancy Colburn
(Bethesda, MD). pcDNA3-HA-PDCD4 expression construct was a kind gift from Dr.
Michele Pagano (New York, NY).

Primary Cortical Neuron (PCN) Cultures
PCNs were prepared from E16-E17 Sprague Dawley rats as described earlier
(Ramachandran et al., 2003). Fetal cortices were mechanically dissociated in HBSS and
cells suspended in MEM containing 10% FBS and 10% HS. Neurons were maintained in a
humidified atmosphere of 95% air and 5% CO2 on poly-D-lysine coated plates. After 1DIV,
cultures were enriched for neurons by inhibiting astrocytic growth with 5-fluoro-2'-deoxy
uridine (4mg/ml) and uridine (10mg/mL) containing 10% HS supplemented MEM media.
Following 48h, fresh media was added and PCNs were treated on 4th and 5th days of culture
for transfection experiments and ETOH exposure, respectively. This is a well-established
primary neuronal culture system from our laboratory reproducibly yielding ~95% enriched
neurons (Narasimhan et al., 2011; Rathinam et al., 2006).

In Vivo Model
Sprague Dawley rats were intubated with ethanol (4 g/kg body wt, 25% v/v) at 12 h intervals
on days 16 and 17 of gestation. On day 18, 1 h before sacrifice, a final dose was
administered. This 2-day acute ethanol exposure regimen is a very well established animal
model that mimics an alcohol binge in humans (Henderson et al., 1995). Pair-fed, weight
matched control dams received isocaloric dextrose. All animals were maintained in
accordance with Institutional Animal Care and Use Committee-approved procedures. Both
isocaloric dextrose administered control and ethanol-fed dams had full access to standard
laboratory chow and water ad libitum, whereas pair-fed controls had full access to water but
received the weight of chow consumed by the corresponding ethanol dam during the
previous 24 h period. The gestational age of the pair-fed control and ethanol rats were
staggered by a day, in order to ensure that animals from the pair-fed control received chow
at the same stage of gestation as did the corresponding ethanol-treated dams. At the end of
treatment, animals were sacrificed; Blood alcohol levels were determined using Analox
AM1 analyzer. Fetal brain cortices and rest of the brain were carefully isolated and stored in
−80° C until use.

Ethanol treatment
On 5 DIV, PCNs were treated with ETOH (2.5 mg/mL media, 4 mg/mL media) which
corresponds to a final concentration of ~54mM and 86mM respectively for 4h, 8h, 12h, or
24h in an incubator pre-saturated with ETOH for 24h to maintain ETOH concentrations
(monitored using Analox AM1 alcohol analyzer) in the culture media by placing a beaker
filled with ETOH (Narasimhan et al., 2011). Control cells were maintained in the normal
incubator. ETOH levels used in the in vitro experiments were clinically relevant, which were
at or below those used in other studies to elicit a range of neurotoxic responses in various
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mouse and rat models (Dong et al., 2011; Narasimhan et al., 2011; Olney et al., 2002;
Rathinam et al., 2006).

Reverse transcription-PCR
1.5 µg of total RNA divested of genomic DNA was reverse transcribed by Quantitect reverse
transcription kit (Qiagen). 1/10th of cDNA was used in PCR reaction using primers spanning
Exon-1 and Exon-2 region of rat PDCD4 (For: 5'-actcggagaactttcagtacc-3'; Rev: 5'-
tggagcaaagtagagtggt-3'). After an initial denaturation at 95°C/3 min, PCR was performed for
35 cycles under following conditions: 95°C/30 s, 53°C/30 s, 72°C/60 s, with an extension at
72°C/5 min. The PCR product was run on 1% agarose gel, visualized and photographed
using UVP gel documentation system.

Immunoblotting
PCNs, cerebral cortices, or rest of the brain were lysed in RIPA at 4°C, sonicated and
centrifuged at 15,000 g for 15 min at 4°C. Equal amounts of protein were separated by SDS-
PAGE, transferred onto PVDF membrane and immunoblotted with PDCD4, eIF4A,
luciferase, GAPDH, tubulin, actin as previously described (Narasimhan et al., 2011). Both
GAPDH and tubulin were used to normalize loading in in vivo samples. The intensity of
PDCD4, eIF4A, eIF4G bands were quantified using Image J and normalized to GAPDH.

Cytosolic and nuclear protein fractionation
Neurons seeded at a density of 9 × 106 cells/100mm petri dish were treated with ETOH as
mentioned above. At the end of the experiment, nuclear and cytosolic protein fractions were
isolated according to manufacturer’s instructions (Pierce, IL). Following protein estimation,
equal amounts of protein were used for immunoblotting experiment as described above.
Purity of the extracts was confirmed by immunoblotting for Lamin B1 (nuclear) and actin,
carbonic anhydrase-II (CA-II), GAPDH (cytosol).

Small interfering RNA (siRNA) transfection
100 nM of siGenome smartpool mix of four PDCD4 specific siRNAs, or non-targeting
siRNA pool were transfected into 4DIV neurons using siPort Amine (Ambion). PDCD4
silencing was observed by Western analysis after 24h and 48h. For protein synthesis
determinations, 24h post-transfection of siRNA, the cells were exposed to ETOH for
additional 24hs and processed for 35S methionine incorporation.

Protein synthesis measurement
Protein synthesis measurements were as previously described (Mahimainathan et al., 2006).
Control and ETOH treated PCNs were labeled with 10 µCi/ml [35S] methionine for the
terminal 2hs. Cells were washed in PBS, lysed in RIPA and 20 µg of protein was spotted
onto 3-mm Whatman filter paper. Filters were washed thrice by boiling for 1 min in 10%
TCA containing 0.1g/l methionine. The incorporation of [35S]-aminoacid into TCA-
insoluble cellular components was quantified using a Beckman scintillation counter.

Methyl cap pull down assay
Association of eIF4A with the cap mRNA-eIF4F complex was assessed using 7-methyl-
GTP Sepharose beads which simulate cap mRNA pool in vivo (Pyronett et al., 2001). 5 DIV
PCNs were treated with ETOH for 24hs and lysed in buffer A (50mM Tris-HCl at pH 7.4,
50mM KCl, 1mM EDTA, 0.5% NP-40, and protease inhibitors). Equal amount of protein
were used in pull down assays using 7-Methyl-GTP Sepharose-4B beads for 4h at 4°C.
Sepharose associated eIF4A depleted supernatant was collected and assessed for PDCD4-
eIF4A and PDCD4-eIF4G association following PDCD4 immunoprecipitation. The resin
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was washed thrice with buffer A and immunoblotted for eIF4A and eIF4G along with
PDCD4 immunoprecipitates.

In vivo translation assay
This technique determines in PCNs, if the reporter RNAs in question are synthesized and
translated into protein products. 4 DIV PCNs were transfected with either pcDNA-Luc (non-
structured) or pcDNA-SL Luc (stem loop structured) using fugene HD to assess in vivo
translation. pcDNA-SL Luc reporter construct was engineered to generate an mRNA with 97
nucleotides downstream of the 5’ cap end and an internal 24-bp stem-loop structure that was
introduced in the 5’ leader sequence of a luciferase gene. Stem loop in pcDNA-SL Luc was
introduced to evaluate the role of eIF4A’s ability to unwind the loop and determine the
efficiency of translation process (Gray and Hentze, 1994; Yang et al., 2004). The non-
structured pcDNA-Luc reporter construct lacks stem loop. Further, the inclusion of
secondary structure to the 5′UTR of a luciferase mRNA (pcDNA-SL Luc) enables the
assessment of indirect susceptibility of translational process to PDCD4 or any other mode
that can inactivate eIF4A helicase (Fig. s1). 24h post-transfection, cells were treated with or
without ETOH (4.0mg/ml) for 24h. In a parallel experiment, pcDNA3-HA-PDCD4
expression plasmid was co-transfected with pcDNA- Luc or pcDNA-SL Luc for 48h.
Luciferase activity was determined using Dual Luciferase assay system (Promega, WI) in a
Glomax (20/20) luminometer and normalized to protein concentration. Equal amounts of
protein were immunoblotted for luciferase and GAPDH. One step RT-PCR was performed
as above using luciferase primers (For: 5'-ctgcatccggctatgaagagatacg-3'; Rev: 5'-
cccaactgcaactccgataaataacgc-3'); GAPDH primers (For: 5'-agacagccgcatcttcttgt-3'; Rev: 5'-
tactcagcaccagcatcacc-3').

Statistical analysis
Data are presented as mean ± s.e.m. Statistical differences were determined using one-way
ANOVA followed by Student-Newman-Keuls post-hoc analysis when experiments involved
more than two groups. Student’s t-test was used for experiments involving only two groups.
P<0.05 was considered as statistically significant.

Results
Ethanol inhibits protein synthesis in PCNs. PDCD4, a translation repressor is expressed in
fetal brain cortex and PCNs

Impaired protein synthesis is associated with pathogenesis of alcohol-induced brain damage
(Bonner et al., 2003). However, mechanisms underlying this are poorly understood. We
therefore determined ETOH-induced changes in protein synthesis by measuring [35S]-
methionine incorporation into proteins in PCNs. ETOH exposure for 24h resulted in 40%
reduction in incorporation of [35S]-methionine in TCA precipitates indicating that ETOH
inhibits de novo protein synthesis (Fig. 1A). Protein translation is regulated either at
initiation or elongation steps and the initiation phase is the predominant rate-limiting step in
cap-dependent protein synthesis (Miron and Sonenberg, 2001; Thornton et al., 2003). ETOH
could potentially influence several key events that trigger translation initiation viz.
phosphorylation of p70S6K, 4EBP1 and eIF2α. ETOH exerted little or no significant
changes in phosphorylation levels of these factors in PCNs (Fig. 1B and Fig.1C). Therefore,
we posit that ETOH may exert its effects on protein synthesis by blocking eIF4A- associated
events. Yang et al. (2003a) reported that PDCD4 suppresses cap dependent translation by
binding to eIF4A and inhibiting its helicase activity. Therefore, we determined whether
PDCD4 transcript and protein are expressed in fetal brain cerebral cortices and PCNs. RT-
PCR analysis using primers spanning exon 1 & 2 of PDCD4 yielded a 291 bp product as
predicted (Fig. 1D). Immunoblot analysis showed a major ~55kDa band corresponding to
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the molecular mass of PDCD4 protein in both cerebral cortex (CC) and PCNs (Fig. 1E). As
we detected multiple bands in immunoblot besides the predicted ~55kDa specific PDCD4,
we further confirmed the authenticity of bands by employing siRNA knockdown in cultured
fetal PCNs. Our results showed that ~55kDa immunoreactive band was specifically
suppressed following PDCD4 siRNA treatment, while the other immunoreactive band
remained unchanged (Fig. 1F). Together, these data confirm that the immunoreactive band
at or around ~55kDa is indeed PDCD4 and that PDCD4 is expressed in fetal rat brain cortex
and PCNs.

Ethanol induces PDCD4 expression in PCNs
We next determined whether ETOH could modulate PDCD4 which subsequently affects
translation by interacting with eIF4A helicase. PCNs treated with 2.5 mg/ml and 4 mg/ml
ETOH for 24h showed a ~1.5 fold and ~1.7 fold increase in PDCD4 expression normalized
to GAPDH (Fig. 2A). PCNs treated with 4mg/ml ETOH for different time points showed a
steady increase in PDCD4 protein (~50%) during first 8h which maximized to 75% at 24h
(Fig. 2B). These data indicate a positive correlation between ETOH exposure and PDCD4
increases. To confirm whether PDCD4 upregulation is an ETOH-specific effect, we
performed withdrawal experiments in PCNs by replacing ETOH containing culture media
with normal media for 12h and 24h after initial 24h of ETOH exposure. ETOH withdrawal
reduced PDCD4 expression as early as 12h which tends towards control at 24h (Fig. 2C),
suggesting that PDCD4 regulation is alcohol-specific. It is unclear how PDCD4 expression
is lowered upon ETOH withdrawal. Nevertheless, these data illustrate that ethanol exposure
to cortical neurons upregulates PDCD4 expression and could interfere with downstream
events.

Ethanol promotes both cytoplasmic and nuclear expression of PDCD4
Depending on growth state and cell type, PDCD4 localizes in cytoplasm and inhibits eIF4A-
dependent translation. Therefore, we assessed cytoplasmic and nuclear PDCD4 expression
following ETOH treatment. Immunoblot analysis showed that ETOH increased both
cytosolic PDCD4 (~1.5 fold) (Fig. 3A) and nuclear PDCD4 (~2 fold) (Fig. 3B). We
observed GAPDH expression in both the fractions which was unchanged upon ETOH
exposure (Fig. 3B) and GAPDH is reported to be both nuclear as well as cytosolic in viable
PCNs (Sawa et al., 1997). Purity of the cytosolic fraction was further confirmed by two
other specific markers, actin and carbonic anydrase-II (CA-II). We did not observe any
compensatory elevation of eIF4A levels. This is the first report where PDCD4 has been
shown to localize in both the compartments in post-mitotic neurons, while the ETOH
induced (a) cytosolic PDCD4 could impair protein translation events and (b) the nuclear
increase could interfere with RNA metabolism and events related to prosurvival (Böhm et
al., 2003; Palamarchuk et al., 2005; Yoshinaga et al., 1999).

ETOH inhibits eIF4A association with methyl cap mRNA by inducing PDCD4-eIF4A
sequestration

Translation initiation requires binding of methyl-cap of mRNA to eIF4E and unwinding by
eIF4A. We next determined whether ETOH influences the association of eIF4A with capped
mRNA using a pull-down assay involving 7-methyl-GTP Sepharose-4B beads (mimic of
capped mRNA) and assessed for cap-associated eIF4A by immunoblotting. A dramatic
reduction in eIF4A associated with 7-methyl-GTP was observed in 24h ETOH treated
lysates (~4 fold; Fig. 4A). Importantly, this reduction did not result from decreased eIF4A
expression, as eIF4A levels remain unchanged in both control and ETOH treatment (Fig.
4A) suggesting that eIF4A association with capped mRNA could be inhibited by ETOH.
Since negligible eIF4A-7-methyl cap analog binding was observed, we next determined if
it's sequestration by PDCD4 is increased by ETOH. To evaluate this, supernatant depleted of
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cap-associated eIF4A was immunoprecipitated with anti-PDCD4 and immunoblotted for
eIF4A. ETOH significantly (p<0.05) enhanced PDCD4 binding to eIF4A (Fig. 4B). The
supernatants devoid of methyl cap-eIF4A displayed higher levels of PDCD4 and as
expected, PDCD4 levels in ETOH-treated samples were increased (Fig. 4B).

Scaffolding protein, eIF4G assembles the translation initiation complex constituting eIF4E,
eIF4A, PABP1 and others. Hence, we assessed whether the altered association of eIF4A-
methyl cap is a result of perturbation in eIF4G binding to methyl cap. Fig. 4C demonstrates
that ethanol did not prevent eIF4G binding with cap mimic and in fact, the binding was
significantly (p<0.05) increased. Notably, the endogenous levels of eIF4G were unaltered
(Fig. 4C). The reason for increased eIF4G association to cap analog under ETOH exposed
condition could be to compensate the loss of eIF4A to cap structure (Fig. 4A; Ln 1 vs Ln 2).
In spite of increased eIF4G-methyl cap association, we detected increased association of
eIF4G to PDCD4 in the methyl cap-depleted supernatant. Taken together, our findings
suggests that (a) ETOH-induced inhibition of translation initiation is not a result of
perturbing eIF4G’s association with methyl cap and (b) ETOH induced translation
suppression appears to be a highly specific event related to unavailability of eIF4A for the
capped mRNA structure which is prompted by PDCD4 sequestration of eIF4A.

ETOH and forced expression of PDCD4 inhibits translation in PCNs
Having shown that ETOH induces eIF4A sequestration by PDCD4 and subsequently affects
eIF4A association with methyl cap, we next determined if the reporter RNAs in question are
synthesized and if this is translated into protein products. To address this, we examined the
effect of ETOH on reporter activity of unstructured luciferase construct (pcDNA-Luc) or a
structured construct with a 24 bp stem loop and 97 nucleotides downstream of the cap of
mRNA (pcDNA-SL-Luc) driving luciferase gene in the "in vivo translation assay" (Yang et
al., 2004). This classical assay involving stem-loop based luciferase construct is to evaluate
the “translation in vivo” wherein the endogenous eIF4A would unwind the stem-loop under
“normal translation” allowing the translation of luciferase mRNA to protein which is
reflected in a relatively high luciferase readout. On the contrary, when translation process is
hampered due to inactivation of eIF4A, the stem-loop remains unwound resulting in less
efficient translation of luciferase mRNA that can be observed from a relatively decreased
luminescence output. Pause and Sonenberg (1992) reported that helicase activity of eIF4A is
critical for efficient translation of mRNAs with secondary structure in 5’ UTR and any
interference of eIF4A helicase activity by PDCD4 suppresses translation (Yang et al.,
2003a). Thus the use of a hairpin structured (stem loop) reporter construct in this assay
facilitates the reliable measurement of translational efficiency in intact cells. Further the
relative increase/decrease in luciferase readout in this assay could serve as an indirect
measure of eIF4A’s helicase activity (Fig. s1). Translation of stem-loop luciferase only
ranged between 3% and 6% as efficient as that of non-stem-loop luciferase transcript (col. 1
of Fig. 5A vs 5B; Fig. 5C vs 5D). In response to ETOH, PCNs transfected with non-
structured luciferase construct displayed a 10 fold reduction in translation (Fig. 5A). In
addition, a significant (p<0.05) 3-fold reduction in the translation of luciferase gene in
pcDNA- SL-Luc transfected neurons was observed on ETOH treatment (Fig 5B). Further,
Western blotting confirmed the ETOH-induced relative decrease in luciferase protein in both
structured and non-structured transfected PCNs (Fig. 5E) substantiating the repressed
translation of luciferase mRNA constructs (Fig. 5A and 5B). As ETOH induced translation
could be a result of inhibition of eIF4A helicase activity by PDCD4, overexpression of
PDCD4 would be expected to produce an equivalent effect as that of ETOH. To test this,
pcDNA3-HA-PDCD4 was co-transfected with non-stem-loop or stem-loop luciferase
mRNA constructs in PCNs and the translation efficiency was determined by luciferase
activity. As expected, PDCD4 overexpression blocked translation of both the unstructured
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and structured mRNA constructs significantly (p<0.05) by about 2.5 and 2 fold respectively
(Fig. 5C and 5D). Similarly, immunoblotting using the same lysates confirmed that PDCD4
overexpression significantly inhibited the luciferase protein level (Fig. 5F). RT-PCR
analysis showed that neither ETOH treatment nor PDCD4 overexpression resulted in
luciferase mRNA changes in PCNs overexpressed with stem-loop or non-stem loop
constructs (Fig. 5G, 5H) suggesting the changes are only due to translation. These results
suggest that ETOH induced PDCD4 can inhibit in vivo translation in cerebral cortical
neurons.

PDCD4 silencing mitigates ETOH-induced inhibition of protein synthesis
In order to confirm that the observed effect of ETOH-induced inhibition of protein synthesis
is PDCD4 dependent, we carried out PDCD4 silencing strategy in PCNs. Targeted inhibition
of PDCD4 by siRNA significantly (p<0.05) reduced PDCD4 abundance by about 60% when
compared with scramble siRNA (Fig. 6A; col. 1 vs col. 3). This manipulation further
blocked ETOH-induced PDCD4 expression significantly (p<0.05). Using this siRNA
strategy, we next assessed the effect of PDCD4 silencing on the ETOH-induced reduction of
protein synthesis. When untreated PCNs were exposed to ETOH, [35S]-methionine
incorporation into proteins was reduced significantly by 45% (Fig. 6B). PDCD4 knockdown
by itself enhanced the basal protein synthesis by 40% (p<0.01). Furthermore, this
measurement was more than tripled (3.5 fold, p<0.001) in ETOH-treated PDCD4 depleted
neurons when compared to neurons exposed to ETOH alone (col. 2 vs col. 4; Fig. 6B). As
translation and polysome assembly involving PDCD4-eIF4A dependent regulation has a
stronger preference for mRNA subset that contain secondary structures in 5’UTRs, we did
not rule out that PDCD4 silencing controlled the ETOH-induced protein alterations only
partially. However, these observations demonstrate a definite functional relevance of
ETOH-induced PDCD4 upregulation in neurons, the silencing of which mitigates ETOH-
induced impairment in protein synthesis.

In utero ETOH exposure induces PDCD4 protein expression in brain cortex and rest of the
brain regions of embryos

To assess whether the ETOH-induced PDCD4 changes observed in primary neuronal
cultures, reflect in vivo setting, we assessed PDCD4 protein levels in an in utero binge
model. Similar to in vitro observations, in utero exposure to ETOH resulted in a significant
increase of PDCD4 protein expression by 60% in brain cerebral cortices of embryos when
compared to isocaloric dextrose received groups (Fig. 7A and 7B). As eIF4A level and its
activity can dictate the translation process, we checked whether alcohol influences eIF4A
levels. eIF4A levels were unaltered in ETOH-exposed fetal brain cortices (Fig. 7A and 7C).
Thus, in the current binge alcohol model, significant repression of protein synthesis in fetal
brain cortices might occur in a PDCD4 dependent manner. We also observed a 25% increase
in PDCD4 in "rest of the brain" from fetuses of ETOH group (Fig. 7D), suggesting that
PDCD4 is a player in ETOH-induced inhibition of protein synthesis in other brain regions.
Further, binge alcohol treatment of pregnant dams reduced eIF4A association with methyl
cap in fetal brain cortices (Fig. 7E). This data is consistent with our in vitro observations.

Discussion
We now report a novel molecular mechanism involving PDCD4 by which ETOH suppresses
protein synthesis in PCNs and in intact fetal cerebral cortex. Ontogenic development of
brain begins early in gestation and continues into the postnatal period in humans, nonhuman
primates, rodents and others. Multiple studies documented that maternal alcohol
consumption during the critical periods of fetal brain development disrupt brain architecture
and function in children that can persist throughout life (Archibald et al., 2001; Bookstein et
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al., 2002; Riley et al., 2004; Sowell et al., 2002). The literature to-date has documented that
gestational alcohol interferes with protein synthesis in various brain regions, including
cerebral cortex, however there is a paucity of data on the mechanism(s) underlying this
phenomenon (Bonner et al., 2003; Rawat 1985).

In this study, exposure of PCNs to ETOH resulted in reduction of general protein synthesis
by about 40% (Fig. 1A). ETOH could impair protein translation by impacting on several key
points viz. (a) suppressing mTOR/S6K levels (Hong-Brown et al., 2010; Zargar et al., 2011),
(b) increasing eIF2α phosphorylation (Chen et al., 2006; Karinch et al., 2008), and/or (c)
decreasing levels of elongation factors, eEF1A and eEF2 (Vary et al., 2002). Additionally,
this negative effect of ETOH on activity of mTORC1 and protein synthesis could be
physiologically counterbalanced by mTORC2 (Hong-Brown et al., 2011). However, our
data indicate that the p70S6K-4EBP1 and eIF2α based mechanisms appear not to
significantly contribute in ETOH induced protein translation impairment in neurons. Thus,
based on different alcohol treatments and models, it is evident that the translation process is
controlled by diverse factors. This emphasizes the need for identifying new molecular
candidates to target specific translational checkpoints. PDCD4, a tumor suppressor gene
with RNA binding property acts as a repressor of protein translation in non-neuronal
systems (Yang et al., 2003b; Zargar et al., 2011). To our knowledge there have been no
reports documenting the expression of PDCD4 protein and its message in developing brain.
In this study, we show that PDCD4 mRNA and protein are expressed in developing rat brain
and cultured PCNs (Fig. 1B and 1C) suggesting a role for such an endogenous repressor of
protein synthesis during normal brain development. Additionally, the current study
demonstrates ETOH-related dose and time-dependent enhancements of expression of
PDCD4 in PCNs (Fig. 2A and 2B). Further, the PDCD4 downregulation experiment
demonstrates a causal connection between the ETOH-related decrease in protein synthesis
and the increased PDCD4. An important significance of these responses to ETOH resides in
the potential impact of inhibited protein synthesis on the dynamic developing brain. Even if
these PDCD4-related events are periodic and reverse on withdrawal of ETOH, there are
critical windows of vulnerability of the various brain areas where damage could be inflicted
that would ultimately be reflected in structural anomalies of the mature brain. These are the
sort of apparent heterogeneous, brain-wide adverse responses presented in Fetal Alcohol
Syndrome/Fetal Alcohol Spectrum Disorders.

Our data show that ETOH enhanced the cytoplasmic presence of PDCD4 in PCNs (Fig. 3A),
and interactions of PDCD4 with initiation factors, eIF4A, and eIF4G in cytoplasm are
implicated in suppression of protein translation (Göke et al., 2002; Kang et al., 2002; Yang
et al., 2003a). ETOH also increased PDCD4 localization in the nucleus (Fig. 3A) suggesting
that (a) neither the nuclear export nor the import of PDCD4 is impaired (b) ETOH augments
the expression of PDCD4 in both compartments rather than altering the distribution between
them. This is likely due to a comparable “volume transmission” phenomenon which brain
cells utilize to transmit substances such as ions, transmitters, peptides, neurosteriods etc
(Zoli et al., 1999). Studies by others have also found PDCD4 to be localized to cell nucleus
on overexpression (Schlichter et al., 2001) and interfering with prosurvival events (Yang et
al., 2006). However, the role for nuclear increases in neurons is obscure at present.

Since eIF4A unwinds the complex secondary structure at 5’ cap of mRNA and facilitates the
scanning of ribosomes, inhibition of eIF4A activity may directly correlate with inhibition of
overall translation (Miron and Sonenberg 2001; Thornton et al., 2003). Our studies
demonstrated that ETOH strikingly reduced the interaction of eIF4A to cap analog (Fig. 4A;
Fig. 7E) suggesting the unavailability of eIF4A to initiate translation. Notably, the clear
increase in eIF4A associated with PDCD4 in methyl cap-eIF4A depleted supernatants from
ETOH exposed neurons (Fig. 4B) indicates that eIF4A is in a locked state with PDCD4.
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Thus, the classic cap-dependent translation suppression induced by ETOH in neurons that is
mediated by sequestration of eIF4A, agrees with previous findings (Göke et al., 2002; Yang
et al., 2003a). It has been proposed that DExH/D family of proteins (x - any amino acid) can
reorganize the structure of ribonucleoprotein assemblies that play an important role in
normal development of cerebral cortex (Jankowsky et al., 2001; Thyagarajan and Szaro
2008). Thus, by hampering the activity of eIF4A, a member of DEAD-box RNA helicase,
PDCD4 can affect structural rearrangement of RNPs thereby affecting neuronal
development besides translation during ETOH exposure.

The translation assays demonstrated that both ETOH and enforced PDCD4 overexpression
inhibited translation of non-stem loop and stem-loop luciferase mRNA constructs in PCNs
(Fig.5A–5D). This suggests that increased PDCD4 can hijack and interfere with eIF4A-
methyl cap association thus suppressing translation. Increases in PDCD4 inhibited
translation of non-structured mRNA more efficiently than that of structured mRNA. This
finding is at odds with the observations of Yang et al. (2004), in that PDCD4 has a greater
preference for inhibiting translation of structured luciferase construct than the non-structured
ones. It is possible that when the role for PDCD4 is limited towards an eIF4A-dependent
mechanism as in the case of non-stem loop mRNA translation (Fig. 5A, 5C), it can generate
a strong alternative repression via inhibiting eIF4E (Jiang et al., 2010) in a cell type specific
manner. Different stimuli alter the availability and activity of other accessory factors such as
eIF4E and eIF2 affecting the initiation of cap-dependent translational process (Van Der
Kelen et al., 2009). Notably, ETOH represses mRNA expression of eIF4E and MAPK which
phosphorylates eIF4E in mouse neurons (Gutala et al., 2004). Thus, our results suggest, that
in the setting where unwinding is required (as in stem-loop construct translation), a PDCD4-
eIF4A based mechanism could be favored. To the contrary, when complex structure is not
involved, a PDCD4-eIF4E dependent mechanism could be preferred, with either case
repressing translation.

Blockade of PDCD4 may result in efficient translation in non-neuronal models (Yang et al.,
2003b). Our results suggest that as a parallel process, down regulation of PDCD4 could
result in restoration of protein synthesis and further ETOH induced suppression of protein
synthesis can be restored (Fig. 6B). As the translation process is controlled at several points
which involve different translation factors, we cannot discount other mechanisms that could
have an impact on ETOH-induced protein synthesis aberrations. Although PDCD4 checks
the growth of cancer cells by suppressing translation, to our knowledge, this is the first
report of PDCD4 upregulation eliciting an adverse outcome in fetal brain in a well-
established rat alcohol binge model (Fig. 7A; 7B and 7D). Importantly, PDCD4 acts as a
dominant endogenous inhibitor of eIF4A as one molecule of PDCD4 binds to and
inactivates two molecules of eIF4A (Chang et al., 2009). Although both phosphorylation
status and abundance can dictate the functionality of PDCD4, the latter is sufficient to
regulate mRNA translation (Zargar et al., 2011). Thus, in the context of gestational alcohol
exposure in rats, our data implicate PDCD4 abundance as an inhibitor of protein synthesis in
developing fetal cerebral cortex and cortical neurons (Fig. 8). As during reduced cap-
dependent translation in stress conditions such as hypoxia, ER stress or serum deprivation,
IRES based selective mRNA translation occurs (Holcik and Sonenberg, 2005). Therefore, it
will be interesting and important in the future to understand the role of alcohol responsive
IRES phenomenon in regards to PDCD4 in neurons and developing brain. PDCD4 has been
very recently shown to repress IRES mediated translation (Liwak et al., 2012).

Conclusions
This data, for the first time illustrates that alcohol induced dysregulation of protein synthesis
is mediated by PDCD4. Furthermore, an ETOH-induced PDCD4 upregulation appears to
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influence the translation of selective mRNA subsets which is evident from the upregulation
of other factors involved in alcohol-induced neurotoxic phenomena (Narasimhan et al.,
2011; Xu et al., 2008). Thus, our current report suggests that targeting multiple translational
checkpoints instead of independent regulatory points would be a promising pharmacological
intervention strategy in FAS-related translation impairment.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ethanol inhibits protein synthesis in PCNs. Rat brain and fetal cortical neurons
express PDCD4
(A) De novo protein synthesis measurement by [35S Methionine] incorporation into proteins
in rat PCNs following treatment with ETOH for 24 h. The amount of [35S] radioactivity in
the TCA precipitating material was measured and the percentage incorporation of [35S]
radioactivity over control was represented. (B) 50µg of protein from untreated and ETOH
treated PCN lysates were analyzed using immunoblotting for the extent of phosphorylation
in p70S6K at Thr389 using rabbit phospho specific antibody phospho-p70S6K (Thr389) as
phosphorylation of Thr389 most closely correlates with p70 kinase activity in vivo. The
same blot was stripped and reprobed with total p70S6K which was used as loading control.

Narasimhan et al. Page 15

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The bottom panel represents Threonine389 phospho-p70S6K immunoreactivity that was
normalized to total p70S6K (p70S6K) and was graphed as percent control. In panel B, ns
indicates no significance when compared with untreated control as determined by one way
ANOVA. (C) Western analysis was performed using 50µg of protein from untreated and
ETOH treated PCN lysates to analyze the extent of phosphorylation in 4EBP1 (Thr37/46)
and eIF2α using rabbit phospho specific antibodies. The same blot membrane was stripped
and reprobed with corresponding total antibodies that served as loading control. (D) Total
RNA isolated from rat brain (RB) and PCN was subjected to one step RT PCR analysis with
primers spanning exon1 and exon2 region amplifying a 291 bp product of PDCD4. (E)
Western analysis using rabbit anti-PDCD4 polyclonal antibody was performed on total
protein lysates from the rat fetal cerebral cortex (75µg) and rat primary fetal cortical neurons
(25µg). (F) PCNs were transfected with either non-targeting scrambled siRNA or smart pool
mix of four PDCD4 using siPORT amine. Cells were lysed 48 h post transfection and
immunoblot analysed with anti-PDCD4 and β-actin.
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Figure 2. PDCD4 expression was strongly induced in PCN in response to ETOH
(A) PCNs were treated with ETOH 2.5mg/ml and 4mg/ml for 24 h. PDCD4 protein
expression was determined by immunoblot analyses. Immunoblotting with anti-GAPDH
was used as loading control. Lower panel depicts densitometric scanning analysis ratio of
PDCD4 to GAPDH. Quantification data represents mean ± s.e.m, n=3. (B) PCNs were
treated with 4mg/ml ETOH for different time points as indicated. Western analysis for
PDCD4 and GAPDH was performed. Lower panel indicate the relative intensity of PDCD4
normalized to GAPDH (mean ± s.e.m, n=3). (C) 5 DIV PCNs were treated with ETOH
(4mg/ml) for 24 h and the culture media containing ETOH were replaced with normal
culture media for additional 12 h and 24 h. Equal amount of lysates were analyzed for
PDCD4 and GAPDH protein expression. One way ANOVA was performed to establish
statistical significance. In A, B * - P<0.05, when compared with untreated controls; ns-not
significant compared with untreated control.

Narasimhan et al. Page 17

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Ethanol increases cytoplasmic and nuclear content of PDCD4
Western analysis using PDCD4, eIF4A, GAPDH, actin, CA-II and lamin b1 polyclonal
antibodies was performed on cytosolic extracts (a) and nuclear extracts (b) from control and
ETOH exposed PCNs. In both A & B, the bottom panel depicts the densitometric scanning
ratio of PDCD4/ GAPDH intensities. Student’s t-test determined the significance of
treatment. * - represents P<0.05 vs untreated controls (mean ± s.e.m, n=3).
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Figure 4. ETOH induced PDCD4 sequesters and inhibits eIF4A association with methyl cap
mRNA
(A) PCNs treated with or without ETOH for 24 h were used in a pull-down assay with 7-
methyl-GTP Sepharose 4B beads which simulates cap mRNA in vitro. 600µg of protein was
used to assess the cap-associated eIF4A by immunoblotting. Lower panel depicts the
quantification data and Student’s t test was performed to determine the significance of
treatment. (B) Methyl cap associated eIF4A depleted supernatants from methyl cap assay
were immunoprecipitated with anti-PDCD4 and immunoblotted with antibodies to eIF4A or
PDCD4. Equal loading of input samples was confirmed by measuring GAPDH expression.
Lower panel represent the densitometric scanning ratio of PDCD4/ GAPDH intensities

Narasimhan et al. Page 19

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(mean ± s.e.m, n=6). (C) Methyl cap assay was performed as in Fig. 4A and the cap-
associated eIF4G was assessed by immunoblotting. Lower panel is the quantification data of
cap-associated eIF4G to direct eIF4G and statistical significance was assessed by Student’s t
test. (D) Supernatant from Fig. 4C was immunoprecipitated with anti-PDCD4 and
immunoblotted with eIF4G, PDCD4 and GAPDH. In panels A–C, Student’s t test was
performed to determine the significance of treatment. * - P<0.05, when compared with
untreated controls.
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Figure 5. ETOH and transient overexpression of PDCD4 inhibits in vivo translation in PCNs
(A) PCNs were transfected with non-structured mRNA luciferase construct using Fugene
HD. 24 h post transfection the cells were treated with or without ETOH (4mg/ml) for
additional 24 h. Luciferase activity was measured following normalization to protein levels.
(B) PCNs were transfected with structured mRNA luciferase construct using Fugene HD. 24
h following transfection, the cells were treated with or without ETOH (4mg/ml) for
additional 24 h. Luciferase activity was determined and the activity was expressed as
Luciferase/protein. (C) PCNs were co-transfected with non-stem loop mRNA luciferase
construct and PDCD4 expression construct using Fugene HD. 48 h post transfection the
cells were processed for determination of luciferase activity. The results were plotted as
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luciferase/protein values. (D) PCNs were co-transfected with stem-loop mRNA luciferase
construct and PDCD4 expression construct using Fugene HD. 48 h following transfection
the luciferase activity was determined and the activity was normalized to protein levels. (E)
Equal amount of protein samples from 5A, 5B were resolved in SDS-PAGE electrophoresis
and immunoblotted for luciferase protein and GAPDH expression. (F) Protein lysates from
5C, 5D were analyzed for luciferase protein and GAPDH expression by immunoblotting.
(G) PCNs were transfected and treated as in 5A and 5B. At the end of the experimental
period, one step RT-PCR analysis was performed for luciferase mRNA and GAPDH mRNA
expression. (H) Total RNA from neurons transfected as in 5C and 5D were subjected for one
step RT-PCR analysis with primers specific for luciferase and GAPDH. In Panels A–D,
Student’s t test was performed to determine the significance of treatment. * - P<0.05
compared with untreated control (mean ± s.e.m, n=6).
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Figure 6. RNAi mediated PDCD4 downregulation reversed ethanol induced suppression of
protein translation in PCNs
(A) PCNs were transfected with either non-targeting scramble siRNA or smart pool mix of
four siPDCD4 using siPORT amine. 24 h post transfection of scrambled siRNA or siPDCD4
the cells were treated with or without ETOH (4mg/ml) for additional 24 h. Protein extracts
were then immunoblot analysed with anti-PDCD4 and anti-actin. (B) PCNs were transfected
and treated as in 6A and 2h before the termination of the experiment the cells were labeled
with 10 µCi/ml [35S] methionine and processed for [35S Methionine] incorporation into
proteins. The amount of [35S] radioactivity in the TCA precipitating material was measured
and the percentage incorporation of [35S] radioactivity over control was represented. One
way ANOVA was performed to determine the significance of treatment. * - represents
P<0.05 (mean ± s.e.m, n=6).
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Figure 7. Prenatal ethanol exposure increases PDCD4 expression in fetal brain cortex and rest of
the brain
(A) Pregnant rats (Sprague-Dawley) at embryonic day 16 (E16) were administered ETOH
(4g/kg body weight) or isocaloric dextrose by gastric intubation at 12 h intervals for two
days. At E18 brain cortex from embryos were dissected and processed for PDCD4, eIF4A,
GAPDH, Tubulin protein expression by immunoblotting (n=6). (B) This panel illustrates the
densitometric scanning ratio of PDCD4/GAPDH intensities. Student’s t test was performed
to determine the significance of treatment. * P<0.05 compared with isocaloric dextrose
administered animals (mean ± s.e.m, n=6). (C) Densitometric scanning ratio of eIF4A/
GAPDH intensities. Statistical analysis was determined by Student’s t test. ns - represent not
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significant compared with untreated controls (mean ± s.e.m, n=3). (D) Equal amount of
protein lysates from rest of the brain devoid of cortex was separated by SDS-PAGE
electrophoresis and immunoblotted with PDCD4 and GAPDH. Lower panel show the
densitrometric analysis of PDCD4/GAPDH band intensities. Statistical analysis using
Student’s t test indicates * P<0.05 when compared with isocaloric dextrose administered
animals. (E) 225µg of cortical brain lysates obtained from 7A is processed for methyl cap
analysis as in Fig. 4A and a representative immunoblot is given.
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Figure 8. Schematic showing role of PDCD4 in FAS model
During normal development, when PDCD4 expression is maintained at physiological level,
eIF4A is available to bind to cap structure and unwinds the mRNA enabling normal
translational process. In the event of ETOH abuse during pregnancy, increase in endogenous
PDCD4 levels could sequester eIF4A thus hindering the association of eIF4A to the cap
structure. Thus the complex structure of mRNA 5’ UTR is left unresolved leading to
hampered scanning of ribosomes, inhibiting translation initiation.
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