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Abstract
Transforming growth factorβ (TGFβ)-induced canonical signal transduction is involved in
glomerular mesangial cell hypertrophy; however, the role played by the noncanonical TGFβ
signaling remains largely unexplored. TGFβ time-dependently stimulated eIF4E phosphorylation
at Ser-209 concomitant with enhanced phosphorylation of Erk1/2 (extracellular signal regulated
kinase1/2) and MEK (mitogen-activated and extracellular signal-regulated kinase kinase) in
mesangial cells. Inhibition of Erk1/2 by MEK inhibitor or by expression of dominant negative
Erk2 blocked eIF4E phosphorylation, resulting in attenuation of TGFβ-induced protein synthesis
and mesangial cell hypertrophy. Expression of constitutively active (CA) MEK was sufficient to
induce protein synthesis and hypertrophy similar to those induced by TGFβ. Pharmacological or
dominant negative inhibition of phosphatidylinositol (PI) 3 kinase decreased MEK/Erk1/2
phosphorylation leading to suppression of eIF4E phosphorylation. Inducible phosphorylation of
eIF4E at Ser-209 is mediated by Mnk-1 (mitogen-activated protein kinase signal-integrating
kinase-1). Both PI 3 kinase and Erk1/2 promoted phosphorylation of Mnk-1 in response to TGFβ.
Dominant negative Mnk-1 significantly inhibited TGFβ-stimulated protein synthesis and
hypertrophy. Interestingly, inhibition of mTORC1 activity, which blocks dissociation of
eIF4E-4EBP-1 complex, decreased TGFβ-stimulated phosphorylation of eIF4E without any effect
on Mnk-1 phosphorylation. Furthermore, mutant eIF4E S209D, which mimics phosphorylated
eIF4E, promoted protein synthesis and hypertrophy similar to TGFβ. These results were confirmed
using phosphorylation deficient mutant of eIF4E. Together our results highlight a significant role
of dissociation of 4EBP-1-eIF4E complex for Mnk-1-mediated phosphorylation of eIF4E.
Moreover, we conclude that TGFβ-induced noncanonical signaling circuit involving PI 3 kinase-
dependent Mnk-1-mediated phosphorylation of eIF4E at Ser-209 is required to facilitate mesangial
cell hypertrophy.
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Progressive renal disease is characterized by mesangial expansion. Mesangial cells comprise
approximately 2% of kidney cells and represent an integral component of glomerular
capillaries (Abboud, 2012). During glomerular disease process a myriad of soluble growth
factors and cytokines including transforming growth factorβ (TGFβ) are secreted by
infiltrating macrophages and resident kidney cells (Eddy and Neilson, 2006). Transgenic
mice overexpressing TGFβ exhibit nephropathy (Kopp et al., 1996). Glomerular
upregulation of TGFβ has been demonstrated in both experimental and human kidney
disease (Iwano et al., 1996; Bottinger, 2007). Moreover, neutralization of TGFβ ameliorates
renal complications of diabetes (Ziyadeh et al., 2000). Glomerular mesangial cells undergo
hypertrophy and produce matrix proteins in response to TGFβ. Accumulation of matrix
proteins in the mesangium encroaches on and decreases the surface area available for
glomerular filtration, leading to progressive mesangial expansion, glomerulosclerosis and
end stage renal disease (Abboud, 2012).

TGFβ binds to its high affinity type II receptor, which forms an oligomeric complex with the
type I receptor; the latter is constitutively bound to the FK506 binding protein FKBP12.
Upon ligand binding type II receptor phosphorylates type I receptor at the GS domain to
release FKBP12; this opens the L45 loop permitting interaction with the L3 loop of the
receptor-specific Smad 3 and Smad 2 (Shi and Massague, 2003). The FYVE domain
containing protein SARA facilitates the binding of Smad to the receptor (Tsukazaki et al.,
1998). Activated type I receptor then phosphorylates the C-terminal SVXX motif of Smads
2 and 3, resulting in their release from the receptor complex (Shi and Massague, 2003).
Phosphorylated Smads heterodimerize with common Smad, Smad 4, and translocate to the
nucleus to recruit transcriptional coactivators or corepressors to regulate target gene
transcription. We have shown that TGFβ-stimulated noncanonical phosphatidylinositol (PI)
3 kinase/Akt signaling contributes to the canonical Smad 3-dependent gene transcription in
mesangial cells, indicating cooperation of between the two pathways (Das et al., 2008b).
Furthermore, we have demonstrated a role of mechanistic target of rapamycin (mTOR) in
regulating proteins that take part in initiation of mRNA translation necessary for mesangial
cell hypertrophy (Das et al., 2008a).

4EBPs bind to eIF4E and negatively regulate the formation of eIF4F complex.
Phosphorylation of 4EBP-1 by mTORC1 induces its dissociation from eIF4E (Sonenberg
and Hinnebusch, 2007). Free eIF4E then binds to the scaffolding protein eIF4G and RNA
helicase eIF4A to form eIF4F complex. Mitogenic and stress signaling activates
phosphorylation of eIF4E by Mnk serine/threonine kinase at Ser-209 (Waskiewicz et al.,
1999). Two predominant isoforms of mitogen-activated protein kinase signal-integrating
kinase-1 (Mnk-1) and Mnk-2 are ubiquitously expressed. Mnk-1/2 double knock out mice
show lack of phosphorylation of eIF4E in all organs studied, suggesting that these kinases
represent the only eIF4E kinase in mammals (Ueda et al., 2004). Although extracellular
signal regulated kinase1/2 (Erk1/2) signaling regulates phosphorylation of eIF4E, certain
cytokines and stresses use p38 MAPK to induce its phosphorylation (Morley and
McKendrick, 1997). We have recently shown that TGFβ-stimulated mTORC1
phosphorylates 4EBP-1 resulting in its dissociation from eIF4E (Das et al., 2008a). No
information is available on the regulation of phosphorylation of eIF4E by TGFβ.
Furthermore, the role of eIF4E phosphorylation at Ser-209 in TGFβ-induced mesangial cell
hypertrophy has not been investigated. In the present study, we investigated the role of
TGFβ-induced eIF4E Ser-209 phosphorylation in mesangial cell hypertrophy. We find that
TGFβ activates Mnk-1 via a signaling cascade involving PI 3 kinase and Erk1/2 to increase
phosphorylation of eIF4E. We show that dissociation of eIF4E from 4EBP-1 is necessary for
its phosphorylation at Ser-209 and an essential step for TGFβ-induced mesangial cell
hypertrophy.
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Materials and Methods
Reagents

Tissue culture materials and fetal bovine serum were purchased from Invitrogen (Grand
Island, NY). Recombinant TGFβ was purchased from R & D Systems (Minneapolis, MN).
NP-40, phenylmethylsulfonylfluoride, protease inhibitor cocktail, Na3VO4, and actin
antibody were purchased from Sigma (St. Louis, MO). Antibodies against phospho-eIF4E
(Ser-209), eIF4E, phospho-MEK1/2 (Ser-217/221), MEK1/2, phospho-Mnk-1
(Thr-197/202), phospho-S6 kinase (Thr-389), phospho-c-Raf (Ser-259), phospho-Erk1/2
(Thr-202/Tyr-204), Erk1/2, phospho-Akt (Ser-473), S6 kinase, 4EBP-1, and Akt antibodies
were obtained from Cell Signaling (Boston, MA). Raf-1, Mnk-1, p85, and Myc antibodies
were purchased from Santa Cruz Biotechnology (Delaware, CA). HA antibody was obtained
from Covance (Princeton, NJ). Mitogen-activated and extracellular signal-regulated kinase
kinase (MEK) inhibitor U0126 was purchased from Promega (Madison, WI). PI 3 kinase
inhibitor Ly294002 and mTORC1 inhibitor rapamycin were obtained from Calbiochem (San
Diego, CA). Fugene HD transfection reagent was purchased from Roche Molecular Biology
(Indianapolis, IN). 35S-methionine was purchased from PerkinElmer (Boston, MA).
Adenovirus vector expressing a deletion mutant of the p85 regulatory subunit of PI 3 kinase,
which acts as dominant negative enzyme (Ad DN PI 3 K), and adenovirus vector expressing
dominant negative Akt (Ad DN Akt) were described previously (Das et al., 2008a, b).
Plasmid vectors expressing shRNAs against two independent regions of raptor mRNA and
scrambled RNA were described previously (Das et al., 2012). Constitutively active (CA)
MEK expression vector was purchased from Stratagene (Santa Clara, CA). Dominant
negative Mnk-1 (DN Mnk-1) plasmid was a gift from Dr. J. Cooper, Fred Hutchinson
Cancer Research Center, Seattle, WA. Expression vectors containing HA-tagged eIF4E
S209A and untagged eIF4E S209D were kindly provided by Dr. H.-G. Wendel, Memorial
Sloan-Kettering Cancer Center, NY.

Cell culture and adenovirus infection
Rat and human glomerular mesangial cells were grown in DMEM with 17% and 10% fetal
bovine serum, respectively (Das et al., 2008a, b). The cells were infected in serum free
medium with respective adenovirus vectors essentially as described previously (Das et al.,
2008a, b). Ad GFP, which expresses green fluorescence protein, was used as control for
adenovirus vector infection.

Immunoblotting and immunoprecipitation
At the end of incubation, the cells were harvested and lysed in RIPA buffer (20 mM Tris–
HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, 1 mM Na3VO4, 0.1% protease
inhibitor cocktail, and 1% NP-40) at 4°C for 30 min. The cell extracts were centrifuged at
10,000g for half an hour at 4°C. The supernatant was used to determine protein
concentration using BioRad reagent. Equal amounts of proteins were immunoprecipitated
with indicated antibody. The immunebeads or the cell lysates were separated by SDS–
polyacrylamide gel electrophoresis followed by transfer to the PVDF membrane. Proteins
present in the membrane were immunoblotted with indicated antibodies as described
previously (Das et al., 2008a, b).

Transfection
Mesangial cells were seeded at 80% confluency. The following day the cell monolayer was
transfected with indicated plasmid expression vector or empty vector using Fugene HD
transfection reagent as described previously (Das et al., 2008a, b). The cells were serum-
starved for 48 h. 2 ng/ml TGFβ was added for indicated times.
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Protein synthesis and hypertrophy
The cells were incubated with 35S-methionine and protein synthesis was determined
essentially as described previously (Mahimainathan et al., 2006; Das et al., 2008a). To
determine hypertrophy, mesangial cells were trypsinized after incubation, counted using a
hemocytometer, then lysed and total protein content determined. Hypertrophy was measured
as a ratio of total protein to cell number (Das et al., 2008a).

Statistics
The significance of the data was determined by ANOVA followed by Student–Newman–
Keuls analysis as described previously. The means ± SE of indicated measurements are
shown. A P-value of <0.05 was considered significant.

Results
TGFβ-stimulated Erk1/2 regulates eIF4E phosphorylation and hypertrophy of mesangial
cells

We previously showed that TGFβ increases protein synthesis leading to mesangial cell
hypertrophy (Das et al., 2008a). Because phosphorylation of eIF4E is required for initiation
of cap-dependent mRNA translation (Sonenberg and Hinnebusch, 2007), we tested the effect
of TGFβ on eIF4E phosphorylation. TGFβ increased phosphorylation of eIF4E at Ser-209 in
a time-dependent manner (Fig. 1A). Mitogen-activated protein kinases including Erk1/2
regulate eIF4E phosphorylation (Morley and McKendrick, 1997). The time course of eIF4E
phosphorylation in response to TGFβ correlated with Erk1/2 phosphorylation (Fig. 1A).
Because activation of Erk1/2 depends upon its upstream kinase MEK, we tested activation
of this kinase using a phospho-specific (Ser-217/221) antibody. TGFβ increased
phosphorylation of MEK in a time-dependent manner, which coincided with Erk1/2
activation (Fig. 1B). Moreover, inhibition of MEK with U0126 blocked TGFβ-induced
phosphorylation of eIF4E concomitant with attenuation of Erk1/2 phosphorylation (Fig. 1C).
Expression of dominant negative Erk2 also prevented phosphorylation of eIF4E
(Supplementary Fig. S1).

Next, we tested the involvement of MEK/Erk1/2 in TGFβ-induced protein synthesis.
Inhibition of MEK by U0126 decreased TGFβ-induced protein synthesis (Fig. 1D). Since
protein synthesis is necessary for hypertrophy of cells, we tested the requirement of MEK in
mesangial cell hypertrophy. U0126 significantly inhibited TGFβ-stimulated hypertrophy
(Fig. 1E). CA MEK confirmed this observation, where expression of CA MEK increased
protein synthesis and hypertrophy of mesangial cells similar to treatment with TGFβ
(Supplementary Fig. S2A, B). Because MEK activates Erk1/2, we investigated the role of
Erk1/2 in the regulation of mesangial cell hypertrophy. Expression of dominant negative
Erk2 suppressed protein synthesis and hypertrophy of mesangial cells in response to TGFβ
(Fig. 1F, G, and Supplementary Fig. S3A and B). Collectively the above results suggest that
Erk1/2 MAPK regulates phosphorylation of eIF4E and TGFβ-induced mesangial cell
hypertrophy.

TGFβ-stimulated PI 3 kinase regulates MEK/Erk-mediated phosphorylation of eIF4E
independent of Akt

It has been established that PI 3 kinase controls mesangial cell hypertrophy in response to
TGFβ (Mahimainathan et al., 2006). Therefore, we tested the role of PI 3 kinase in MEK/
Erk signal transduction. Our results showed that inhibition of Pi 3 kinase by Ly294002
abrogated TGFβ-stimulated phosphorylation of MEK (Fig. 2A). These observation was
confirmed by dominant negative PI 3 kinase (Supplementary Fig. S4A). Similarly, both
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Ly294002 and dominant negative PI 3 kinase suppressed phosphorylation of Erk1/2 and
eIF4E (Fig. 2B, C and Supplementary Fig. S4B, C). These results demonstrate that PI 3
kinase-dependent MEK/Erk1/2 circuit regulates TGFβ-induced phosphorylation of eIF4E in
mesangial cells.

MEK/Erk activation is mediated by the upstream kinase Raf-1. Phosphorylation of Raf-1 on
Ser-259 by PI 3 kinase target Akt kinase inhibits MEK/Erk pathway (Zimmermann and
Moelling, 1999). Since TGFβ activates Akt (Das et al., 2008b), we tested phosphorylation of
Raf-1. TGFβ increased phosphorylation of Raf-1 at Ser-259, which was inhibited by
Ly294002 and dominant negative PI 3 kinase expression (Fig. 3A and Supplementary Fig.
S5). Note that increased Akt-mediated phosphorylation of Raf-1 at Ser-259 by TGFβ did not
have any inhibitory effect on MEK/Erk phosphorylation (Figs. 2A, B and 3A). To directly
examine the involvement of Akt, we used dominant negative Akt kinase. Although
expression of dominant negative Akt inhibited TGFβ-induced Raf-1 phosphorylation (Fig.
3B), it had no effect on TGFβ-stimulated MEK and Erk1/2 phosphorylation (Fig. 3C, D).
Furthermore, dominant negative Akt did not affect TGFβ-stimulated phosphorylation of
eIF4E (Fig. 3E). These results suggest that in TGFβ-incubated mesangial cells PI 3 kinase-
dependent Akt/Raf-1 does not contribute to MEK/Erk1/2 activation and eIF4E
phosphorylation.

TGFβ increases phosphorylation of Mnk-1 in PI 3 kinase-dependent manner: Mnk-1 has
been shown to be the only kinase that inducibly phosphorylates eIF4E at Ser-209 (Fukunaga
and Hunter, 1997; Waskiewicz et al., 1999). We examined the phosphorylation of Mnk-1 in
response to TGFβ. TGFβ increased phosphorylation of Mnk-1 in a time-dependent manner
(Fig. 4A). MEK inhibitor U0126 blocked TGFβ-stimulated Mnk-1 phosphorylation (Fig.
4B). Also, expression of dominant negative Erk2 significantly suppressed phosphorylation
of Mnk-1 in response to TGFβ (Fig. 4C), indicating that Erk 1/2 regulates Mnk-1. As we
have shown above that PI 3 kinase regulates MEK/Erk1/2 signal transduction, we tested the
sequential role of this lipid kinase in TGFβ signaling. The results showed that inhibition of
PI 3 kinase by Ly294002 blocked TGFβ-induced phosphorylation of Mnk-1 (Fig. 4D);
similar results were obtained with dominant negative PI 3 kinase (Supplementary Fig. S6).

Mnk-1 regulates TGFβ-induced mesangial cell hypertrophy: Because PI 3 kinase/MEK/
Erk1/2 signal transduction regulates mesangial cell hypertrophy and our results above show
that this same kinase cascade controls Mnk-1 phosphorylation at Thr-197 and Thr-202 in
response to TGFβ, we examined the role of Mnk-1 in hypertrophy of mesangial cells.
Expression of dominant negative mutant of Mnk-1 in which Thr-197 and Thr-202 are
mutated to alanine (Mnk-1-T2A2) significantly inhibited TGFβ-induced protein synthesis
and hypertrophy (Fig. 5A, B). Together our results demonstrate a requirement of Mnk-1 in
promoting TGFβ-induced mesangial cell hypertrophy.

Dissociation of eIF4E-4EBP-1 complex is necessary for eIF4E phosphorylation:
Phosphorylation of 4EBP-1 by mTORC1 is necessary for its dissociation from eIF4E
(Sonenberg and Hinnebusch, 2007). Because TGFβ increases phosphorylation of 4EBP-1 in
an mTORC1-dependent manner (Das et al., 2008a), we tested the role of 4EBP-1
dissociation on phosphorylation of eIF4E. Rapamycin suppressed phosphorylation of eIF4E
at Ser-209 and inhibited dissociation of eIF4E from 4EBP-1 in TGFβ-treated cells (Fig. 6A,
B). Use of two independent shRNAs to downregulate raptor, which is an exclusive
component of mTORC1, also suppressed TGFβ-stimulated phosphorylation of eIF4E (Fig.
6C, D). Decreased raptor levels inhibited phosphorylation of S6 kinase at Thr-389,
suggesting inhibition of mTORC1 activity (Fig. 6C, D). However, neither rapamycin nor
downregulation of raptor inhibited TGFβ-stimulated Mnk-1 phosphorylation (Fig. 6E–G).
These data indicate that dissociation of 4EBP-1 is required for Mnk1-mediated
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phosphorylation of eIF4E because inhibition of mTORC1 prevented this phosphorylation in
the presence of Mnk-1 activation. These data also show that mTORC1 does not affect
TGFβ-induced phosphorylation of Mnk-1.

Ser-209 phosphorylation of eIF4E is required for mesangial cell hypertrophy: Dissociation
of eIF4E from 4EBP-1 and its phosphorylation may represent a concomitant event in
mTORC1 signal transduction for cap-dependent mRNA translation (Sonenberg and
Hinnebusch, 2007). However, the requirement of this eIF4E phosphorylation has not been
tested in protein synthesis. Therefore, we examined the effect of an eIF4E CA mutant in
which the Ser-209 is changed to phospho-mimetic aspartic acid (eIF4E S209D) (Wendel et
al., 2007). Mesangial cells transfected with this mutant were treated with TGFβ. Expression
of eIF4E S209D by itself significantly increased protein synthesis in a pattern similar to
TGFβ (Fig. 7A); however, the extent of increase was greater upon adding TGFβ. Similarly,
eIF4E S209D promoted hypertrophy of mesangial cells analogous to that seen with TGFβ
(Fig. 7B). To confirm this observation, we used a dominant negative mutant of eIF4E in
which the Ser-209 is changed to alanine. Expression of this mutant markedly inhibited
TGFβ-stimulated protein synthesis and hypertrophy of mesangial cells (Fig. 7C, D). These
results conclusively demonstrate a significant role of eIF4E phosphorylation in TGFβ
induction of mesangial cell hypertrophy.

Discussion
In the present study we show that TGFβ increases phosphorylation of eIF4E using a
signaling cascade involving PI 3 kinase, MEK and Erk1/2. We demonstrate that this kinase
circuit regulates phosphorylation/activation of Mnk-1, which in turn phosphorylates eIF4E
at Ser-209, in response to TGFβ. Moreover, we highlight that dissociation of 4EBP-1-eIF4E
complex is crucial for Ser-209 phosphorylation of eIF4E. Finally, we demonstrate a
requirement of TGFβ-stimulated phosphorylation at Ser-209 residue of eIF4E for mesangial
cell protein synthesis and hypertrophy (Fig. 8).

TGFβ enhances protein synthesis by controlling the translational machinery including the
rate-limiting initiation step to induce mesangial cell hypertrophy (Das et al., 2008a). eIF4G
and 4EBP-1 compete with each other to bind to the same site present in the concave dorsal
site of eIF4E (Marcotrigiano et al., 1997). Interestingly, binding of eIF4G with eIF4E
increases its capacity to associate with 5′cap structure of the mRNA to initiate translation.
TGFβ increases phosphorylation of 4EBP-1 by mTORC1 to release eIF4E to bind eIF4G
and form eIF4F complex (Sonenberg and Hinnebusch, 2007; Das et al., 2008a). The Ser-209
phosphorylation site of eIF4E is located in the region of cap-interaction (Marcotrigiano et
al., 1997). The requirement of Ser-209 phosphorylation for eIF4E binding to mRNA cap is
controversial. For example, eIF4E mutant with acidic residues at Ser-209 showed increased
affinity for cap binding (Shibata et al., 1998). In contrast, Scheper et al. found a decrease in
binding of Ser-209 phosphorylated eIF4E to the cap analog. Similarly, an acidic mutation of
this site showed reduced interaction (Scheper et al., 2002). However, we demonstrate that
TGFβ rapidly increased phosphorylation of eIF4E at Ser-209 (Fig. 1A). This
phosphorylation is associated with TGFβ-induced dissociation of eIF4E from 4EBP-1 and
increase in protein synthesis (Figs. 1D and 6B) (Das et al., 2008a).

Mnk-1 and Mnk-2, which are under the control of Erk1/2, were identified as the direct
kinases for eIF4E Ser-209 phosphorylation (Fukunaga and Hunter, 1997). The basal
phosphorylation of eIF4E was abolished in mouse embryonic fibroblasts lacking Mnk-2.
Similarly, eIF4E phosphorylation was attenuated in various organs in Mnk-2 null mouse
(Ueda et al., 2004). In contrast, studies with Mnk-1 null mouse fibroblasts and different
tissues from Mnk-1−/− mouse showed that this kinase was required for inducible
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phosphorylation of eIF4E (Ueda et al., 2004). In conjunction with these results we
demonstrate that TGFβ increased eIF4E Ser-209 phosphorylation by Mnk-1 in an Erk1/2-
sensitive manner (Figs. 1 and 4A–C).

Growth factor receptors and cytokines activate two signal transduction pathways: PI 3
kinase/Akt and Ras/MAPK. We and others have shown previously that TGFβ activates both
these kinase cascades (Bakin et al., 2000; Ghosh Choudhury and Abboud, 2004). Although
independent mechanisms exist for activation of these kinase pathways, a cross-talk between
Ras and PI 3 kinase has been previously reported (Rodriguez-Viciana et al., 1996). In
mesangial cells, we found that PI 3 kinase regulated MEK/Erk activation in response to
TGFβ (Fig. 2). MEK/Erk pathway is regulated by its upstream kinase Raf-1. But PI 3 kinase/
Akt-mediated phosphorylation of Raf-1 at Ser-259 negatively regulates MEK/Erk
(Zimmermann and Moelling, 1999). Accordingly, we show increased phosphorylation of
Raf-1 by TGFβ. This may be due to activation of Akt via PI 3 kinase, which we reported
previously (Ghosh Choudhury and Abboud, 2004). In fact we show attenuation of Raf-1
phosphorylation by PI 3 kinase inhibition (Fig. 3A). Interestingly, inhibitory
phosphorylation of Raf-1 did not affect activation of MEK and Erk1/2 in the presence of
TGFβ (Figs. 2 and 3C, D). Furthermore, our results demonstrate that downstream of PI 3
kinase, Akt does not contribute to activation of MEK/Erk, which regulates phosphorylation
of eIF4E (Fig. 3C–E).

Mnk-1-mediated eIF4E phosphorylation is concomitant with mTORC1-phosphorylated
4EBP-1 and its dissociation from 4EBP-1-eIF4E complex (Sonenberg and Hinnebusch,
2007). Mnk has high affinity for C-terminal region of eIF4G. Therefore, it was postulated
that phosphorylation of eIF4E may occur after eIF4E-eIF4G binding (Hay, 2010). In fact,
we show that rapamycin, which inhibits TGFβ-induced dissociation of eIF4E from the
4EBP-1-eIF4E complex, blocked phosphorylation of eIF4E at Ser-209 (Fig. 6A, B). Since
Mnk-1 phosphorylates eIF4E at this site, one possibility is that rapamycin may block
phosphorylation/activation of Mnk-1. Our results with rapamycin and sh-raptor do not
support this notion as indicated by the failure of inhibition of mTORC1 to block TGFβ-
stimulated Mnk-1 phosphorylation (Fig. 6E–G). These data conclusively demonstrate that in
the context of TGFβ-induced protein synthesis in mesangial cells, dissociation of eIF4E is
necessary for TGFβ-stimulated increase in phosphorylation of eIF4E.

The functional consequences of Mnk-mediated phosphorylation of eIF4E have been
debated, as Mnk-1/2 double knock out mouse is viable with normal cap-dependent protein
synthesis (Ueda et al., 2004). It is possible that function of Mnk may be necessary under
conditions of cellular insult. In support of this notion, our data demonstrate that expression
of dominant negative Mnk-1 significantly inhibited protein synthesis and cellular
hypertrophy in response to TGFβ (Fig. 5).

The biological significance of phosphorylation of eIF4E is debated as unphosphorylated
eIF4E could increase mRNA translation in vitro and could form eIF4F complex in insulin-
stimulated cells (Scheper and Proud, 2002). However, when the mammalian equivalent of
eIF4E serine phosphorylation site in Drosophila eIF4E (Ser-251) was mutated to alanine,
the transgenic fly showed reduced viability and 35% lethality (Lachance et al., 2002).
Although increased phosphorylation of eIF4E at Ser-209 is linked to development of cancer,
its requirement was studied indirectly using lethally irradiated mouse model with
hematopoietic stem cell-transduced mutant eIF4E Ser-209A, which showed reduced
tumorigenicity in these animals (Wendel et al., 2007). More recently, using a specific knock-
in mouse model of nonphosphorylatable eIF4E S209A mutant showed requirement of eIF4E
phosphorylation for prostate cancer development, which required upregulation of mRNA
translation (Furic et al., 2010). In the present study, using the same mutant, we demonstrate
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a requirement of eIF4E Ser-209 phosphorylation for TGFβ-stimulated protein synthesis and
hypertrophy (Fig. 7C, D). We further validate this observation using phospho-mimetic
eIF4E S209D mutant (Fig. 7A, B). To our knowledge, these results represent the first
demonstration of Mnk-1-mediated phosphorylation of eIF4E in mediation of cellular
hypertrophy. Recent data demonstrated beneficial effects of rapamycin in models of renal
disease such as diabetes, where TGFβ significantly contributes to kidney hypertrophy.
Targeting Mnk-1 and/or eIF4E may produce major impact on progression of the disease
process.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
TGFβ increases phosphorylation of eIF4E and mesangial cell hypertrophy in Erk1/2-
dependent manner. A, B: Serum-starved (48 h) mesangial cells were incubated with 2 ng/ml
TGFβ for the indicated times. The cell lysates were immunoblotted with phospho-eIF4E,
eIF4E, phospho-Erk1/2, Erk1/2 (part A), and phospho-MEK and MEK (part B) antibodies.
C: Mesangial cells were treated with 5 μM U0126 for 1 h prior to incubation with 2 ng/ml
TGFβ for 15 min. The cell lysates were immunoblotted with the indicated antibodies. D, E:
Serum-starved (24 h) mesangial cells were incubated with 5 μM of U0126 for last 1 h. TGFβ
was added for 24 h. Protein synthesis (part D) and hypertrophy (part E) were determined as
described (Das et al., 2008a). In part E, cell hypertrophy was determined as increase in the
ratio of total protein to cell number as described (Das et al., 2008a). In part D,*P < 0.01
versus control; **P < 0.05 versus TGFβ-stimulated. In part E,*P < 0.05 versus control; **P <
0.05 versus TGFβ-stimulated. F, G: Mesangial cells were transfected with dominant
negative Myc Erk2. Transfected cells were serum starved for 24 h and then incubated with 2
ng/ml TGFβ for 24 h. Protein synthesis (part F) and hypertrophy (part G) were determined
as described above. Mean ±SE of triplicate measurements is shown. For part F, *P < 0.05
versus control; **P < 0.05 versus TGFβ-stimulated. For part G, *P < 0.01 versus control; **P
< 0.05 versus TGFβ-stimulated. Bottom parts show expression of Myc Erk2 and actin in one
representative samples.
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Fig. 2.
PI 3 kinase regulates Erk1/2 dependent phosphorylation of eIF4E. Forty hours serum-
starved mesangial cells were treated with 25 μM Ly294002 prior to incubation with 2 ng/ml
TGFβ for 15 min. The cell lysates were immunoblotted with antibodies against phospho-
MEK, MEK (part A), phospho-Erk1/2, Erk1/2 (part B), and phospho-eIF4E, eIF4E (part C).
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Fig. 3.
PI 3 kinase regulates Raf-1 phosphorylation in the absence of Akt-mediated Erk1/2 and
eIF4E phosphorylation. A: Mesangial cells were serum-starved for 48 h and treated with 25
μM Ly294002 for 1 h followed by incubation with 2 ng/ml TGFβ for 15 min. The cell
lysates were immunoblotted with phospho-Raf-1 (Ser-259) and Raf-1 antibodies. B–E:
Mesangial cells were infected with adenovirus vector expressing dominant negative Akt (Ad
DN Akt) for 24 h in serum-free medium. The infected cells were further serum-starved for
24 h and incubated with 2 ng/ml TGFβ for 15 min. The cell lysates were immunoblotted
with indicated antibodies.
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Fig. 4.
Erk1/2 and PI 3 kinase regulate TGFβ-stimulated phosphorylation of Mnk-1. A: Forty-eight
hours serum-starved mesangial cells were incubated with 2 ng/ml TGFβ for the indicated
times. The cell lysates were immunoblotted with phospho-Mnk-1 and Mnk-1 antibodies.
B,D: Mesangial cells were incubated with 5 μMU0126 (part B) and 25 μMLy294002 (part
D) for 1 h. The cells were then incubated with 2 ng/ml TGFβ for 15 min. The cell lysates
were immunoblotted with phospho-Mnk-1 and Mnk-1 antibodies. Part C: Mesangial cells
were transfected with empty vector or dominant negative Myc-tagged Erk2 (DN Myc Erk2).
The serum-starved cells were then incubated with 2 ng/ml TGFβ for 15 min. The cell lysates
were immunoblotted with phospho-Mnk-1, Myc, Mnk-1 antibodies as indicated.
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Fig. 5.
Requirement of Mnk-1 for TGFβ-induced protein synthesis and hypertrophy. Mesangial
cells were transfected with dominant negative Mnk-1 plasmid or empty vector (control) and
serum-starved for 24 h. To these cells2 ng/ml TGFβ was added for 24 h. Protein synthesis
(part A) and hypertrophy (part B) were measured as described (Das et al., 2008a). The
bottom parts show expression of Mnk-1 and actin in representative samples.
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Fig. 6.
Dissociation of eIF4E-4EBP-1 complex is necessary for eIF4E phosphorylation. A, E:
Serum-starved mesangial cells were treated with 25 nM rapamycin prior to incubation with
2 ng/ml TGFβ for 15 min. The cell lysates were immunoblotted with phospho-eIF4E,
phospho-S6 kinase, eIF4E, S6 kinase (part A), phospho-Mnk-1, and Mnk-1 (part E)
antibodies as indicated. B: Lysates of mesangial cells treated with rapamycin and TGFβ
similar to as described in parts A and E were immunoprecipitated with 4EBP-1 antibody
followed by immunoblotting with eIF4E antibody. C, D, F, G: Mesangial cells were
transfected with vector expressing scrambled RNA or shRNA against raptor (shRaptor 1,
parts C and F) (shRaptor 2, parts D and G). The transfected cells were serum-starved for 48
hand incubated with 2 ng/ml TGFβ for 15 min. The cell lysates were immunoblotted with
phospho-eIF4E, phospho-S6 kinase, eIF4E, S6 kinase, phospho-Mnk-1, Mnk-1, raptor, and
actin antibodies as indicated.
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Fig. 7.
Phosphorylation of eIF4E is required for protein synthesis and hypertrophy. A, B: Mesangial
cells were transfected with eIF4E S209D phospho-mimetic mutant. The transfected cells
serum-starved for 24 h and then incubated with 2 ng/ml TGFβ for 24 h. Protein synthesis
(part A) and hypertrophy (part B) were measured as described in Figure 2. Mean ±SE of
triplicate measurements is shown. In part A, *P < 0.001 versus control; **P < 0.05 versus
control. In part B, *P < 0.05 versus control; **P < 0.01 versus control. C, D: Mesangial cells
were transfected with eIF4E S209A phospho-deficient mutant. The transfected cells were
starved and incubated with 2 ng/ml TGFβ as described above. Protein synthesis (part C) and
hypertrophy (part D) were measured as described in Figure 2. Mean ±SE of triplicate
measurements is shown. In part C, *P < 0.01 versus control; **P < 0.01 versus TGFβ-
stimulated. In part D, *P < 0.001 versus control; **P < 0.05 versus TGFβ-stimulated.
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Fig. 8.
Schematic summarizing our results.
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