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MicroRNAs (miRNAs) are small regulatory RNAs that regulate gene expression posttranscriptionally by base pairing to the tar-
get mRNAs in animal cells. KRas, an oncogene known to be repressed by let-7a miRNAs, is expressed and needed for the differ-
entiation of mammalian sympathetic neurons and PC12 cells. We documented a loss of let-7a activity during this differentiation
process without any significant change in the cellular level of let-7a miRNA. However, the level of Ago2, an essential component
that is associated with miRNAs to form RNP-specific miRNA (miRNP) complexes, shows an increase with neuronal differentia-
tion. In this study, differentiation-induced phosphorylation and the subsequent loss of miRNA from Ago2 were noted, and these
accounted for the loss of miRNA activity in differentiating neurons. Neuronal differentiation induces the phosphorylation of
mitogen-activated protein kinase p38 and the downstream kinase mitogen- and stress-activated protein kinase 1 (MSK1). This in
turn upregulates the phosphorylation of Ago2 and ensures the dissociation of miRNA from Ago2 in neuronal cells. MSK1-medi-
ated miRNP inactivation is a prerequisite for the differentiation of neuronal cells, where let-7a miRNA gets unloaded from Ago2
to ensure the upregulation of KRas, a target of let-7a. We noted that the inactivation of let-7a is both necessary and sufficient for
the differentiation of sympathetic neurons.

PC12 cells derived from the pheochromocytoma of the rat ad-
renal medulla are widely used for studying cell signaling in

response to numerous growth factors, neurotrophins, and hor-
mones. These cells serve as a useful model to study the prolifera-
tion, differentiation, and survival of sympathetic neurons (1).
PC12 cells stop dividing and differentiate to cells with neuronal
extensions when cultured in the presence of nerve growth factor
(NGF) and low levels of serum (2). Differentiated PC12 cells show
changes in their electrical excitability, sensitivity to acetylcholine,
and choline acetyltransferase activity (3). NGF-, brain-derived
neurotrophic factor (BDNF)-, or cyclic AMP-treated, differenti-
ated PC12 cells are connected to each other, although it is not clear
whether newly formed neuronal extensions or neurites form func-
tional synapses or not (4). The paradoxical finding that the Src and
Ras oncogene products enhanced rather than blocked NGF-in-
duced differentiation led to the identification of signaling path-
ways involving both Ras and Src as part of the total differentiation
response to NGF (5). In PC12 cells, Ras accounts for the immedi-
ate effects of NGF, mediated through extracellular signal-regu-
lated kinase (ERK) (1).

MicroRNAs (miRNAs), a class of 21-nucleotide-long noncod-
ing RNAs, can reversibly repress the translation of their target
messages by binding the mRNA with imperfect complementari-
ties in metazoan cells. miRNA-targeted messages and the compo-
nents of the miRNA machinery, including the Argonaute (Ago)
proteins and miRNAs, accumulate in mammalian P bodies (6–8).
miRNAs can control neuronal differentiation (9). Determination
of the temporal expression patterns of 138 miRNAs in mouse
brain revealed changes in the expression of 66 miRNAs during
neuronal development (10). miRNA-9 (miR-9) controls the dif-
ferentiation of embryonic stem cells to neurons (11), whereas
miR-124a, a well-conserved abundant miRNA expressed
throughout the embryonic and adult central nervous system,
plays an important role in neuronal differentiation and synaptic

function (12, 13). Fragile mental retardation protein (FMRP)-
associated miR-125b stimulates the dendritic branching of neu-
rons (14), whereas miR-132 enhances dendritic complexity (15)
and miR-128 increases dendritic growth (16).

Ago proteins play a major role in the regulation of miRNAs.
They are crucial in determining small RNA-dependent gene si-
lencing in eukaryotes. Recent reports suggest that in mammalian
cells, Argonaute proteins regulate the expression of the majority of
protein-encoding genes through posttranscriptional mechanisms
(17). Posttranslational modification of Argonaute proteins can
modulate RNA-induced silencing complex (RISC) formation
and/or activity. Modifications like hydroxylation or methylation
are known to increase Argonaute stability and, consequently, gene
silencing functions (18, 19). Many eukaryotic proteins are regu-
lated by different protein kinases. Like many such proteins in eu-
karyotic cells, Argonaute proteins are also the substrates for mul-
tiple protein kinases (20–23). There are four members of the Ago
subfamily in mammalian cells, but of these members, Ago2 is the
most widely expressed and predominant Argonaute isoform in
mammalian somatic cells and the only member that can cleave
targeted mRNAs (24).

Of the different posttranslational modifications, Argonaute
phosphorylation is known to affect small RNA-based gene silenc-
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ing through multiple mechanisms (25). One such example is the
phosphorylation of tyrosine-393, which negatively impacts the
interaction between Ago2 and Dicer, which in turn affects miRNA
maturation (22). Once pre-miRNAs are processed into mature
duplexes, the middle (MID) domains of Argonaute proteins an-
chor the 5= phosphates of guide RNA strands in RISC. On the
other hand, loading of small RNAs onto RISC is prevented by the
phosphorylation of tyrosine-529 in this domain of Ago2 (21). This
indicates that the regulated phosphorylation of tyrosine-529 may
be a critical step in RISC activation. In addition, the endonucleo-
lytic cleavage activity of Ago2 is reported to be suppressed by the
phosphorylation status of serine-387, while it enhances the silenc-
ing of the targeted mRNAs by translational repression (20). The
phosphorylation of serine-387 reportedly stimulates Ago2 inter-
action with GW182, a P-body-resident protein and critical com-
ponent of the ribonucleoprotein (RNP) complex, and this in-
creased interaction between phosphorylated Ago2 and GW182
may underlie the change of the silencing mechanism for this pro-
tein. Therefore, the phosphorylation of serine-387, tyrosine-393,
and tyrosine-529 regulates Argonaute activity by three different
mechanisms (25).

A specific tyrosine residue, Y529, in human Ago2, located in
the small RNA 5=-end-binding pocket of the MID domain, has
some degree of predicted surface availability, and increasing evi-
dence indicates that it is phosphorylated in vivo (21, 26). By struc-
tural modeling and a number of biochemical approaches, it was
found that placement of a negative charge in the position of the
tyrosine side chain interferes with the binding of the 5= phosphate
of the small RNA. The phosphotyrosine sterically hinders the
docking of a second phosphate, and the negative charge generates
a repulsive force against another negatively charged group. Thus,
the phosphorylation of the highly conserved Y529 within the 5=-
end-binding pocket of the MID domain of Ago2 might function as
a molecular switch that promotes or inhibits small RNA binding
to Argonaute proteins (21). A recent report indicates that a tran-
sient reversal of miRNA-mediated repression occurs through
Ago2 phosphorylation and that this results in impaired binding of
Ago2 to miRNAs and to the corresponding target mRNAs during
the early phase of the inflammatory response in macrophages
(26).

In the study described in this report, the regulation of miRNA
activity by neuronal differentiation in mammalian cells was inves-
tigated. We found that the reduced activity of let-7a miRNA due to
the phosphorylation-driven inactivation of existing RNP-specific
miRNAs (miRNPs) results in increased expression of the KRas
protein, augments the p38 signaling pathway in rat sympathetic
neurons, and is both necessary and sufficient for the differentia-
tion of sympathetic neurons.

MATERIALS AND METHODS
Cell culture. Rat pheochromocytoma (PC12) cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 2
mM L-glutamine, 10% heat-inactivated horse serum (HS), and 5% heat-
inactivated fetal bovine serum (FBS). Cells were differentiated in medium
containing DMEM supplemented with 0.25% heat-inactivated FBS,
0.75% heat-inactivated HS, and 100 ng/ml nerve growth factor (Pro-
mega). SB203580, a p38 mitogen-activated protein kinase (MAPK) inhib-
itor, was used at a concentration of 10 �M and was added to the cell
culture medium overnight to inhibit p38 MAPK in PC12 cells (27).

Primary culture. Neonatal Sprague-Dawley rat pups (age, postpar-
tum day 0 [P0] or P1) were collected. They were rapidly decapitated under

sterile conditions. The superior cervical ganglia were isolated from each
pup, and a primary sympathetic neuron culture was established according
to an established protocol (28).

Ethics statement. The use of rat pups was approved by the Institu-
tional Animal Ethics Committee of CSIR-Indian Institute of Chemical
Biology, Kolkata, India. All the experimentations were performed accord-
ing to the national regulatory guidelines issued by the Committee for the
Purpose of Supervision of Experiments on Animals, Ministry of Environ-
ment and Forest, Government of India. All the experiments involving
animals were carried out with prior approval of the institutional animal
ethics committee.

Plasmid constructs. Plasmids containing a humanized renilla lucifer-
ase (RL) coding region (pRL-Con), three let-7a binding sites (pRL-
3�Bulge-let-7a), and a perfect let-7a binding site (pRL-Perfect) down-
stream of the RL-coding region were kind gifts from Witold Filipowicz. A
plasmid expressing firefly luciferase (FL) under the control of a simian
virus 40 promoter (PGL3-FF) was from Promega. Plasmid RL HMGA2-
3=UTR containing 3 kb of the wild-type 3= untranslated region (UTR) of
the HMGA2 gene with intact miRNA binding sites cloned downstream of
the pRL-Con plasmid was from Anindya Dutta. Plasmid FLAG-HA-
Ago2, expressing FLAG- and hemagglutinin (HA)-tagged human AGO2,
along with its mutants, FLAG-HA-AGO2 Y529E (phosphor dead) and
FLAG-HA-AGO2 Y529F (phosphor mimetic), expressing FLAG- and
HA-tagged human AGO2 with a mutation from tyrosine to glutamic acid
and phenylalanine at position 529, respectively, was obtained from
Gunter Meister. Plasmid FLAG-HA-Ago2 stably expressing FLAG- and
HA-tagged human AGO2 in HEK293 cells was received from Tom Tuschl.
A plasmid expressing the pre-let-7a and the let7-a coding region, which
was amplified and cloned in the pCIneo vector (pCIneo-let-7a), was gen-
erated as described by J. G. Belasco. Construction of a plasmid encoding
pre-miR-122 under the control of a constitutive U6 promoter, pmiR-122,
was described by J. Chang. Sense and antisense primers specific for small
interfering RNA (siRNA) against RL (siRL) were synthesized with Eu-
rogentec, and si AllStars negative-control siRNA was purchased from
Qiagen.

Cell transfection. To express HA-tagged Ago2 and its mutants, cells
were transfected with 1 �g expression plasmid DNA in a 12-well format.
For the luciferase assay, cells were transfected with 20 ng of a plasmid
expressing RL and 200 ng of a plasmid expressing FL in a 24-well format.
Anti-let-7a, anti-miR-122 (Ambion), and siRNAs were transfected at a
100 nM concentration. ON-TARGETplus SMARTpool siRNA against
mitogen- and stress-activated protein kinase 1 (MSK1) was obtained from
Dharmacon. PC12 cells were transfected using the Lipofectamine LTX
reagent (Invitrogen). The Fugene HD reagent (Roche) was used as the
transfection reagent for primary neurons. All transfections were done
following the manufacturers’ protocols.

Luciferase assay. RL and FL activities were measured using a dual-
luciferase assay kit (Promega) following the supplier’s protocol on a Vic-
tor X3 plate reader with injectors (PerkinElmer). Before the luciferase
activity was measured, cells were lysed with 1� passive lysis buffer (Pro-
mega). FL-normalized RL expression levels for the reporter and the con-
trol were used to calculate the fold repression.

Western blotting. After cell lysis, quantification was done using the
Bradford reagent (Thermo Scientific). A stipulated amount of the sample
was diluted in 5� sample loading buffer (312.5 mM Tris-HCl, pH 6.8,
10% SDS, 50% glycerol, 250 mM dithiothreitol [DTT], 0.5% bromophe-
nol blue) and heated for 10 min at 95°C. Following SDS-polyacrylamide
gel electrophoresis of the extracts, proteins were transferred to a polyvi-
nylidene difluoride membrane (Millipore). The membranes were blocked
in Tris-buffered saline (TBS) containing 0.1% Tween 20 and 3% bovine
serum albumin (BSA). Primary antibodies in 3% BSA were added for a
minimum of 16 h at 4°C, followed by washing of the membranes at room
temperature thrice for 5 min each time with TBS containing 0.1% Tween
20, and the membranes were incubated at room temperature for 1 h with
secondary antibodies conjugated with horseradish peroxidase (1:8,000
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dilution). Excess antibodies were washed three times with TBS–Tween 20
at room temperature. Signals were detected with the West chemilumines-
cent substrate using the manufacturer’s protocol (Thermo-Scientific).
Imaging of all Western blots was performed using a UVP Bio-Imager 600
system equipped with VisionWorks Life Science software (v6.80; UVP).
Bands were quantified using QuantOne software. Antibody against HRS
was obtained from Bethyl; phosphotyrosine-specific antibody 4G10 and
antibody against phosphoserine were obtained from Millipore; antibodies
against HA, KRas, and �-actin were obtained from Roche; antibody
against Alix and GAP43 were obtained from Santa Cruz; Ago2 (EIF2C2)
antibody was obtained from Novus Biologicals; and antibodies against
calnexin, LAMP1, MSK1, phospho-p38, phospho-mTOR, and phospho-
MSK1 (p-MSK1) were obtained from Cell Signaling.

IP and cell fractionation. Cell fractionation using OptiPrep density
gradient centrifugation was carried out as described previously (26). For
immunoprecipitation (IP) reactions, cells (transfected in the case of
tagged proteins) were lysed in 1� lysis buffer (20 mM Tris-HCl, pH 7.5,
150 mM KCl, 5 mM MgCl2, and 1 mM DTT with 1% Triton X-100,
40 U/ml RNase inhibitor [Fermentas], and 1� EDTA-free protease inhib-
itor cocktail [Roche]) for 30 min at 4°C. The lysates were clarified by
centrifugation, followed by incubation with antibody-bound recombi-
nant protein G-agarose beads, obtained by preincubation of antibody to
the recombinant protein G-agarose beads (Invitrogen) for 4 h at 4°C on a
rotator. The beads were initially blocked with 5% BSA in 1� lysis buffer.
For immunoprecipitation of FLAG-tagged proteins, lysate was incubated
with anti-FLAG M2-agarose antibody (Sigma). After that, the beads were
washed thrice with IP buffer (20 mM Tris-HCl, pH 7.5, 150 mM KCl, 5
mM MgCl2, 1 mM DTT), and the beads were separated into two parts.
One-half of the beads were boiled at 95°C for 10 min, centrifuged at
13,000 � g, and used for protein estimation, and the other half of the
beads were used for RNA extraction.

In vitro kinase assay. FLAG-HA-Ago2 was immunoprecipitated from
FLAG-HA-Ago2 stable HEK293 cells using FLAG-tagged beads and then
eluted from the bead with FLAG peptide in the presence of elution buffer.
Phospho-MSK1 was immunoprecipitated from naive and differentiated
PC12 cells, and the beads were incubated with the eluates for 30 min at
37°C in the presence of 1 mM ATP. The reaction mix was centrifuged at
13,000 � g for 2 min, and the supernatant was used for Western blotting.

RNA isolation and quantification. Total RNA was isolated by using
the TRIzol reagent (Invitrogen) according to the manufacturer’s protocol.
One-step reverse transcription (RT)-PCR was done with specific primers
and by following the manufacturer’s protocol (Invitrogen). For quantita-
tive RT-PCR of miRNAs, the let-7a, let-7b, let-7e, miR-122, miR-9, miR-
128a, and U6 levels were quantified with a TaqMan-based miRNA assay
kit (Applied Biosystems) following the manufacturer’s instructions, while
let-7f, RL, RL3XB, and 18S rRNA levels were quantified with target-spe-
cific primers using a SYBR green-based RT-PCR detection kit (Eurogen-
tec) following the manufacturer’s instruction. One hundred nanograms
of total RNA was used for miRNA quantification in the RT reaction. The
RT reaction mixture was diluted twice in water, and equal volumes of
aliquots were subsequently used for amplification according to the man-
ufacturer’s instructions (Applied Biosystems). The RT reaction condi-
tions were 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min, and the
mixture was then held at 4°C. The PCR conditions were 95°C for 5 min,
95°C for 15 s, and 60°C for 1 min for 40 cycles.

Northern blotting of miRNA. For detection by Northern blotting,
RNA was extracted by using the TRIzol reagent according to the manu-
facturer’s protocol (Invitrogen). A designated amount of total RNA was
separated on a 15% urea–polyacrylamide gel, which was transferred to an
Immobilon Nylon� membrane (Millipore). The RNA was cross-linked
to the membrane with UV radiation. Hybridization was carried out by a
standard protocol. The probe sequence was complementary to the mature
form of the miRNA of interest and was labeled with �-32P. After being
washed, the membranes were imaged by using a phosphorimager
(PerkinElmer).

Immunofluorescence. Cells on coverslips were fixed using 4% para-
formaldehyde in phosphate-buffered saline (PBS) in the dark at room
temperature for 30 min. Coverslips were washed thrice with 1� PBS,
blocked, and permeabilized using 1� PBS containing 10% goat serum
(Gibco), 1% bovine serum albumin (Affymetrix; USB), and 0.1% Triton
X-100 (Calbiochem) for 30 min at room temperature. Primary antibody,
diluted in 1� PBS with 1% BSA, was added to cells on coverslips at 4°C
overnight in a humid chamber, followed by three washes with 1� PBS for
5 min each time. Alexa Fluor-labeled secondary antibody (1:500; Invitro-
gen), diluted in 1� PBS with 1% BSA, was added to cells on coverslips.
The coverslips were placed in a humid chamber at room temperature for
1 h, and the cells were washed three times with 1� PBS for 5 min each and
mounted with Vectashield mounting medium with DAPI (4=,6-di-
amidino-2-phenylindole; Vector).

Image capture and postcapture image processing. Cells were imaged
with an inverted Eclipse Ti Nikon microscope equipped with a Plan Apo
VC 60� oil objective (numerical aperture, 1.40) and a Nikon Qi1MC
camera for image capture. z-stack images were captured with am IXON3
electron-multiplying charge-coupled-device camera. All images captured
on the Nikon Eclipse Ti microscope were deconvoluted, analyzed, and
processed with Nikon NIS Element AR (v3.1) software.

Statistical analysis. All graphs and statistical analyses were generated
in Prism (v5.00) software (GraphPad, San Diego, CA). Nonparametric
unpaired and paired t tests were used for analysis. P values of �0.05 were
considered statistically significant, and P values of �0.05 were not signif-
icant. Error bars indicate means 	 standard deviations (SDs).

RESULTS
Increased expression of KRas and decreased let-7a miRNA ac-
tivity during NGF-induced differentiation of rat sympathetic
neurons and PC12 cells. KRas is an oncogene that is involved in
NGF-induced PC12 cell differentiation (1). It was observed that
with an increasing time of treatment with NGF, there was a grad-
ual increase in the level of the KRas protein (Fig. 1A). The level of
KRas mRNA in undifferentiated cells and cells that had been dif-
ferentiated for 72 h was also checked, and an increase in the
mRNA level in differentiated cells was noted (Fig. 1B). KRas is a
let-7a miRNA-regulated molecule (29). Thus, we were interested
to determine the effect of differentiation on let-7a. Interestingly,
the activity of let-7a miRNA dropped significantly upon differen-
tiation of PC12 cells without a change in the mature let-7a miRNA
level (Fig. 1C to E). Not only was the activity decrease true for
let-7a miRNA, but a similar decrease in the activity of exogenously
expressed miR-122 was also noted in differentiating PC12 cells
(Fig. 1E). A decrease in let-7a activity without a change in the
mature let-7a level was also observed in rat primary sympathetic
neurons with the progression of differentiation ex vivo (Fig. 1F
and G). Since the Ago2 protein is the other major constituent of
miRNPs, a reduction in the level of Ago2 could account for the
reduced miRNA activity in differentiated PC12 cells. Unlike the
expected result, however, with differentiation we noted the in-
creased expression of Ago2 at both the mRNA and protein levels
(Fig. 1H and I). A similar increase in the expression of Ago2 was
also documented in NGF-treated rat primary neurons obtained
from the superior cervical ganglion (SCG) (Fig. 1J and K). In each
case, the differentiation status of the cells after NGF treatment was
confirmed by the enhanced expression of GAP43 at both the
mRNA and protein levels.

The decreased activity of miRNA in differentiated PC12 cells
is caused by the loss of miRNA from phosphorylated Ago2. To
test whether a reduction in the level of miRNPs in differentiated
neuronal cells could account for the reduced miRNA activity, we
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immunoprecipitated Ago2 and measured the amount of miRNA
present with each unit of immunoprecipitated Ago2. We detected
a reduction in the amount of miRNAs bound to Ago2 in differen-
tiated PC12 cells, which could account for the low let-7a activity in
differentiated PC12 cells (Fig. 2A). The phosphorylation of Ago2
can cause the deregulation of miRNA binding to Ago2 (21). Ago2
phosphorylated at Tyr-529 showed reduced miRNA binding both

in vivo and in vitro. The increased phosphorylation of immuno-
precipitated Ago2 was detected with a phosphotyrosine-specific
antibody (Fig. 2B). Differentiated PC12 cells showed an increase
in phosphorylation level compared to undifferentiated PC12 cells.
The increased Ago2 phosphorylation correlates with the reduced
miRNA binding of Ago2 immunologically isolated from differen-
tiated PC12 cells. This phenomenon was also observed in vivo

FIG 1 Upregulation of KRas and loss of let-7a activity with neuronal differentiation. (A) Expression of KRas with increasing time of differentiation in PC12 cells
was checked by Western blotting (WB) using �-actin as a loading control. (B) RT-PCR of undifferentiated and differentiated PC12 cells to check the Ras level
using Rpl19 as a loading control. (C) (Top) Northern blotting detection of miRNA let-7a and U6 in naive PC12 cells and NGF-differentiated PC12 cells. U6
snRNA was used as a loading control. (Bottom) The intensities of the signals in the blots were quantified, and the relative level of let-7a was plotted. (D) Schematic
representation of luciferase reporters showing the respective miRNA binding sites. (E) Fold repression of miRNA reporters with either one perfect let-7a miRNA
binding site or multiple bulged let-7a miRNA binding sites in undifferentiated (Non-Diff.) and differentiated (Diff.) PC12 cells. The reporter RLHMGA2
contains the 3=UTR of the HMGA2 gene, an endogenous let-7a target. RL mRNA with no let-7a binding sites in the 3=UTR was used as a control. For the miR-122
activity assay, PC12 cells exogenously expressing miR-122 by transfection of phosphorylated miR-122 were used. (F) Decrease in let-7a activity in rat SCG
primary neurons upon differentiation with NGF. The fold repression of let-7a miRNA reporters with multiple imperfect sites or one perfect let-7a site was
measured and plotted. (G) Real-time PCR-based quantification to estimate the changes in the level of let-7a miRNA with differentiation of SCG primary neurons.
U6 snRNA was used as a loading control. (H to K) Expression of Ago2 in PC12 cells differentiated by NGF treatment (H, I) or in rat primary neurons (J, K) was
checked. Western blotting-based (H, J) and RT-PCR-based (I, K) assays were used to estimate the expression of the neuronal differentiation marker gene GAP43
and the Ago2 protein in undifferentiated and differentiated PC12 cells and in rat primary neurons. �-Actin and Rpl19 were used as loading controls. The data are
from four biological replicates and represent means 	 SEMs. ns, nonsignificant; *, P � 0.05; **, P � 0.001; ***, P � 0.0001.
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during the differentiation of neurons in rat brain. Ago2 expression
also increased with time both in the brain cortex and in the SCG
(Fig. 2C). Interestingly, human Ago3, which lacks a Tyr at position
529, did not show any significant loss of miRNA binding com-
pared to that of the Ago2 protein (Fig. 2D). Although the total
level of miR-128a, a neuronal miRNA, increased both in the SCG

and in the cortical regions of brain, the total let-7a level remained
unchanged in the SCG region but increased in the cortical region
of the brains of 7-day-old rat pups compared to the total let-7a
level in the cortical region of the brains of newborn rat pups (Fig.
2E). The level of association of let-7a and miR-128a with immu-
noprecipitated Ago2 decreased in the SCG region and increased in

FIG 2 The loss of miRNA binding to Ago2 during differentiation of sympathetic neurons causes a reduction of miRNA activity in differentiated cells. (A) Loss
of miRNAs from immunoprecipitated Ago2 isolated from NGF-differentiated PC12 cells. The relative levels of the miRNAs in total and Ago2-immunoprecipi-
tated RNAs were estimated by real-time RT-PCR, and Ago2 was detected by Western blot analysis. (B) Increased phosphorylation of Ago2 in differentiating PC12
cells. (Left) The phosphorylated form of Ago2 (p-Ago2) was detected with a phosphotyrosine-specific antibody (4G10) in affinity-purified Ago2 materials
isolated from naive and differentiated PC12 cell extracts. (Right) Relative levels of phosphorylated Ago2 in naive and differentiated PC12 cells. (C) Western
blotting was done to determine the Ago2 expression level in the sympathetic and cortical regions of newborn and 7-day-old rat pup brains. (D) (Top) Western
blots indicate the input and HA-immunoprecipitated levels of NHA-LacZ (control), NHA-Ago2, and NHA-Ago3 (fusion proteins with viral N peptide and
hemagglutinin [HA] epitopes at their N termini). (Bottom) NHA-Ago2- and NHA-Ago3-associated let-7a miRNA levels, along with NHA-LacZ-associated
let-7a miRNA levels as a control, in PC12 cells. (E) Levels of miR-128a (left) and let-7a (right) in total RNA isolated from the SCG and cortical regions of rat brain
were estimated. (F) Relative amounts of miR-128a (top) and let-7a (middle) associated with endogenous Ago2 in the sympathetic and cortical regions of newborn
and 7-day-old rat pup brains. (Bottom) Western blotting indicates the amount of immunoprecipitated Ago2 or its phosphorylated form in the sympathetic and
cortical regions of newborn and 7-day-old rat pup brains. The data are from three biological replicates for PC12 cells and four biological replicates for rat pups.
The relative level of phosphorylated Ago2 is shown. Data represent means 	 SEMs. ns, nonsignificant; *, P � 0.05; **, P � 0.001; ***, P � 0.0001.
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the cortical region of the brains of 7-day-old rat pups compared to
the level of association found in the brains of newborn rat pups.
Consistent with the phosphorylation-related reduction of Ago2
binding of miRNA in rat brain, the levels of Ago2 phosphorylation
were higher in the SCG region but were lower in the cortical
region of the brains of 7-day-old rat pups in comparison to the
levels of phosphorylation found in the brains of newborn rat
pups (Fig. 2F).

Phosphorylation of Ago2 is necessary for neuronal differen-
tiation. The Tyr at position 529 of Ago2 has previously been
shown to play a major role in the miRNA binding of Ago2 (21).
Immunofluorescence data obtained with phosphor-dead and
phosphor-mimetic mutants of Ago2 along with a wild-type vari-
ant of Ago2 indicated that expression of phosphor-mimetic
(Y529E) and wild-type Ago2 leads to increased PC12 differentia-
tion, as indicated by the increase in the lengths of neurites com-
pared to the lengths of the neurites in PC12 cells with the phos-
phor-dead (Y529F) variant of Ago2 (Fig. 3A and B). Consistent
with the increased phosphorylation and the increased level of
Ago2 in differentiated PC12 cells, incubation of immunoprecipi-
tated FLAG-tagged Ago2 with the lysate of differentiated PC12
cells led to the preferential degradation of unphosphorylated
Ago2, suggesting that phosphorylated Ago2 has greater stability in
differentiated PC12 cells (Fig. 3C). To understand the subcellular
distribution of Ago2 and miRNA, cell fractionation was done.
Cellular organelles were separated on an OptiPrep density gradi-
ent by ultracentrifugation. The fractionation and subsequent
analysis indicated the predominant association of Ago2 with
multivesicular bodies (MVBs) and the endoplasmic reticulum
(ER)/polysomes, and these results were confirmed by the dis-
tribution patterns of markers for the different organelles (Fig.
3D). The fractions enriched for MVBs and endosomes (marked
by the Alix and HRS proteins) harbored more phosphorylated
Ago2 than the ER-enriched fractions (marked by calnexin) of
differentiated PC12 cells. A relatively larger amount of Ago2-
associated let-7a miRNA was present within the endosomal
fraction than in the ER fraction of nondifferentiated cells. On
the other hand, a relative decrease in the amount of Ago2-
associated miRNA in the endosomal fractions of differentiated
PC12 cells was noted (Fig. 3E and F).

Neuronal differentiation activates the p38 signaling neces-
sary for the phosphorylation of Ago2. How does Ago2 get phos-
phorylated? With the application of NGF, PC12 cells differentiate
into sympathetic neuron-like cells, and this differentiation is me-
diated by the NGF receptor TrkA. The activated TrkA tyrosine
kinase triggers signaling cascades that include the activation of the
small guanine nucleotide binding protein Ras, followed by the
sequential phosphorylation and activation of Raf, MEK, the ERKs
(a subgroup of the MAPK superfamily), and ribosomal S6 kinases
(30). NGF induces the sustained activation of classical MAPK
(also known as ERK) in PC12 cells. This leads to the sustained
activation of p38, a subfamily member of the MAPK superfamily,
and inhibition of the p38 pathway blocks neurite outgrowth in
PC12 cells. NGF treatment induces the rapid and relatively long
activation of p38, and inhibition of p38 by a specific inhibitor or
by expression of dominant negative constructs of the p38 pathway
blocks neurite outgrowth in PC12 cells. Thus, p38 is known to
have an essential role in neuronal differentiation (31). Hence, the
upregulation of Ras by NGF treatment leads to p38 activation,

which in turn leads to activation of its downstream kinase, MSK1,
resulting in PC12 cell differentiation.

We observed an increase in phospho-p38 and phospho-mTOR
levels upon differentiation of PC12 cells and SCG neurons (Fig.
4A), and this increase was reverted by application of SB203580,
a specific inhibitor of p38 (Fig. 4B). In differentiated PC12
cells, inhibition of the p38 pathway by the application of
SB203580 resulted in an increase in the let-7a level, let-7a ac-
tivity, and Ago2-associated let-7a and a relative reduction in
Ago2 Tyr phosphorylation levels (Fig. 4C to F). Consistent with
our prediction of the existence of a connection between the p38
pathway, Ago2 miRNP inactivation, and PC12 cell differentia-
tion, we also observed a reduction in PC12 cell differentiation
with the application of this drug (Fig. 4G).

p38 downstream kinase MSK1 is required for Ago2 phos-
phorylation. Interestingly, association of phosphorylated MSK1,
a downstream kinase of the p38 pathway, but not other compo-
nents of the p38 pathway increased with an increase in Ago2 levels
in differentiated PC12 cells. More Ago2 was also associated with
immunoprecipitated p-MSK1 in differentiated PC12 cells (Fig.
5A). The total level of cellular p-MSK1 was decreased and the
association of Ago2 with p-MSK1 and Ago2 phosphorylation
were inhibited in differentiated PC12 cells treated with
SB203580, whereas the level of total MSK1 remained unaf-
fected (Fig. 5B). This indicates that the changes in p-MSK1
noted with neuronal differentiation were due to changes in the
level of MSK1 phosphorylation and were not due to changes in
its cellular level.

MSK1 is a downstream kinase of the MAPK and p38 MAPK
pathways and is important in stress and mitogen-induced CREB
phosphorylation in fibroblasts, PC12 cells, and embryonic stem
cells (32). Inhibition of MSK1 has a negative effect on the differ-
entiation of PC12 cells, evident by the relatively short length of
neurites observed in cells treated with MSK1-specific siRNA
(siMSK1) in the absence or presence of NGF in the medium (Fig.
5C). This observation was consistent with the low Ago2 level and
the level of GAP43 expression in siMSK1-treated cells and was
substantiated by the low level of Ago2 phosphorylation, the higher
level of miRNA binding to Ago2, and the higher level of miRNA
activity in cells treated with siMSK1 (Fig. 5D to F). MSK1 is a
Ser-Thr kinase, and with differentiation, we detected an increase
in the level of Ser phosphorylation of Ago2, as detected with a
phosphorylated Ser (p-Ser)-specific antibody, in p-Ser material
immunoprecipitated from differentiated PC12 cells (Fig. 5G).
Conversely, immunoprecipitated Ago2 showed an increase in the
p-Ser level with PC12 cell differentiation (Fig. 5H). Does p-MSK1
directly influence Ago2 phosphorylation? We incubated FLAG-
HA-tagged Ago2 taken from HEK293 cells with an equal amount
of p-MSK1 immunoprecipitated from undifferentiated and dif-
ferentiated PC12 cells. Interestingly, only p-MSK1 from differen-
tiated cells showed increased Tyr phosphorylation and Ser phos-
phorylation of FLAG-HA-tagged Ago2 (Fig. 5I), suggesting that
the p-MSK1-dependent Tyr phosphorylation of Ago2 is specific
for differentiated cells and it may be dependent on the Ser phos-
phorylation of Ago2.

A loss of miRNA let-7a activity is sufficient to cause differen-
tiation of PC12 cells. During differentiation, the level of expres-
sion of the KRas protein increases in PC12 cells. KRas is required
to be upregulated during the differentiation of PC12 cells and
primary sympathetic neurons (1). KRas mRNA is a target of let-7a
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FIG 3 Phosphorylation of Ago2 is necessary for differentiation of PC12 cells. (A) Images of PC12 cells transfected with FLAG-HA (FHA)-tagged versions of Ago2
(wild type) and two different mutants, Ago2 Y529E (phosphor mimetic) and Ago2 Y529F (phosphor dead), obtained by microscopy. Transfected cells were
detected by HA (green) expression, and cells were costained with Rck/p54 (red). Merged images and images obtained by differential interference contrast (DIC)
are given. (B) Lengths of neurites of transfected PC12 cells. (C) Scheme of the experiment showing incubation of FLAG-tagged Ago2 purified from HEK293 cells
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miRNA, and therefore, it is possible that KRas activation due to
the downregulation of let-7a miRNP causes the differentiation of
PC12 cells. With the depletion of KRas by the use of siRNA against
it, a lowering of the Ago2 level, along with a reduction in the level
of GAP43 expression, was observed. In addition, p-MSK1 and
phospho-p38 (p-p38) kinase were downregulated (Fig. 6A). KRas
is also important for the differentiation of PC12 cells, as observed
by statistical analysis of the length of the neurites of PC12 cells
without and with KRas knockdown in cells treated or not treated
with NGF (Fig. 6B). KRas is a let-7a-regulated gene that shows
elevated levels of expression in lung cancer cells depleted of let-7a
(29). In the experiments described above, we documented the
downregulation of let-7a activity in differentiating PC12 cells. The
loss of miRNA activity was coupled with the differentiation of
PC12 cells. let-7a miRNA is one of the most abundant miRNAs
and is known to play a central role in developmental stage switch-
ing in nematodes and also in mammalian embryonic stem cells
(33, 34). Inactivation of let-7a miRNA by an anti-let-7a molecule

in naive PC12 cells resulted in the increased differentiation of
PC12 cells, even in the absence of exogenously added neuronal
growth factors (Fig. 6C and D). The differentiation of let-7a-com-
promised PC12 cells was further confirmed by the elevated expres-
sion of the let-7a target (KRas) and the differentiation marker
GAP43 in cells treated with a let-7a inhibitor (Fig. 6E). On the
contrary, excess expression of the let-7a precursor, pre-let-7a, in-
hibited the differentiation of NGF-treated PC12 cells and reduced
the length of neurites and the level of expression of the differenti-
ation marker protein GAP43 (Fig. 6F and G). Therefore, it is likely
that a reduction of let-7a miRNA activity causes the differentia-
tion of PC12 cells and a lowering of let-7a activity is both necessary
and sufficient for PC12 cell differentiation. Therefore, in a possi-
ble working model, neuronal differentiation increases the level of
KRas expression, which subsequently enhances p38 and MSK1
phosphorylation, which induces neuronal differentiation and the
further inactivation of miRNPs by phosphorylating Ago2 and

with the lysates of differentiated PC12 cells. (Left) The end product, indicating the degradation of unphosphorylated Ago2 and the stability of the phosphorylated
form of Ago2. (Right) In vitro kinase assay with FLAG-HA-Ago2 and lysates obtained from undifferentiated and differentiated PC12 cells, along with a buffer
control, to check the phosphorylated Ago2 (P-Ago2) level after a reaction detected by phospho-Tyr-specific 4G10 antibody. (D) Cell fractionation assay to detect
the distribution of let-7a miRNA and Ago2 along with various organellar markers. Alix and HRS (MVB/endosome markers), LAMP1 (a lysosomal marker), and
calnexin (an endoplasmic reticulum marker) were used as marker proteins. (E and F) Lighter fractions (fractions 2, 3, and 4) and heavier fractions (fractions 7,
8, and 9) of the OptiPrep density gradient were fractionated and were pooled separately, and endogenous Ago2 was immunoprecipitated to check the Tyr
phosphorylation level using phosphotyrosine-specific 4G10 antibody (E) and the associated let-7a level (F). The data are from four biological replicates and
represent means 	 SEMs. *, P � 0.05; ***, P � 0.0001.

FIG 4 Neuronal differentiation activates the p38 MAPK pathway for the phosphorylation of Ago2 and inactivation of miRNPs. (A) Expression levels of
phospho-mTOR (p-mTOR), phospho-p38 (p-p38), and phospho-MSK1 (p-MSK1) in undifferentiated and differentiated PC12 cells and in rat primary neurons.
�-Actin was used as a loading control. (B) Effect of 16 h of treatment of differentiated PC12 cells with 1 �M SB203580 (SB), an inhibitor of the p38 signaling
pathway, on the expression of Ago2, GAP43, phospho-mTOR, phospho-MSK1, and phospho-p38. �-Actin was used as a loading control. (C) Real-time
PCR-based quantification of let-7a miRNA levels in undifferentiated and differentiated PC12 cells without and with application of 1 �M p38 inhibitor for 16 h.
(D to F) In sets of experiments similar to those described for panel B, a luciferase assay was done to check the effect of the p38 inhibitor on let-7a activity (D),
endogenous Ago2 was immunoprecipitated and 4G10 levels were checked (E, top) and quantified (E, bottom), and real-time PCR was performed to measure the
relative level of immunoprecipitated Ago2-associated let-7a miRNA in PC12 cells (F). (G) Distribution of the lengths of neurites of green fluorescent protein
(GFP)-positive PC12 cells upon treatment as described in the legend to panel B without and with application of the p38 inhibitor SB203580 in the absence or
presence of NGF in the medium. DMSO, dimethyl sulfoxide. The data are from four biological replicates and represent means 	 SEMs. *, P � 0.05; **, P � 0.001;
***, P � 0.0001.
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subsequently induces more KRas activation due to the lowering of
the let-7a miRNP level (Fig. 7).

DISCUSSION

The activity-induced degradation of specific miRNAs in neuronal
cells was reported earlier (35). It was also noted in another report
that the inactivation of specific miRNAs is required for the differ-
entiation of fibroblasts to neurons (36). Here, we report that neu-
ronal differentiation leads to a reduction of let-7a miRNA activity
caused by uncoupling of the miRNA from Ago2.

let-7a miRNA is known to have an antiproliferative effect (37),
and in neuronal stem cells, let-7a is expressed and upregulated

during differentiation (38). The importance of let-7 for the differ-
entiation of several cell lines, such as mouse neocortical cells (39)
and neuronal stem cells (40), has been illustrated. Similarly, we
have also observed the upregulation of let-7 miRNA with the dif-
ferentiation of rat cortical neurons. However, we observed an op-
posite function of let-7a miRNA in the differentiation of PC12
cells. In these cells, let-7a has an antidifferentiation property, and
its downregulation leads to the increased differentiation of PC12
cells. However, this is consistent with the paradoxical role of the
Ras oncogene in the differentiation of PC12 cells (1). Ras, in gen-
eral, has a proliferative role but is essential in the differentiation
signaling pathway of PC12 cells. This could explain the paradox-

FIG 5 Involvement of p38 downstream factor MSK1 on Ago phosphorylation upon neuronal differentiation. (A) Immunoprecipitation of endogenous Ago2
from PC12 cells followed by detection of phospho-mTOR, phospho-p38, and phospho-MSK1 to find their association with Ago2 in naive and differentiated
PC12 cells. Immunoprecipitation of endogenous p-MSK1 from PC12 cells followed by detection of endogenous Ago2 in naive and differentiated PC12 cells was
used to document the changes in the association of p-MSK1 with Ago2 upon differentiation. (B) Immunoprecipitation of Ago2 in differentiated PC12 cells
without and with application of the p38 inhibitor to detect endogenous Ago2, its phosphorylated form (as detected by the phosphotyrosine-specific 4G10
antibody), and the associated MSK1 and phospho-MSK1 by Western blotting. Input samples denote the change in the levels of MSK1 and p-MSK1 without and
with the use of the p38 inhibitor SB203580. (C) Lengths of neurites of green fluorescent protein-positive PC12 cells treated with control siRNA (siCon) and
siRNA against MSK1 in the absence and presence of NGF in the medium (n 
 15 cells). (D) Western blotting to detect the effect of MSK1 knockdown by siMSK1
transfection compared to the effect of control siRNA on differentiated PC12 cells to detect changes in the levels of endogenous Ago2 and the differentiation
marker GAP43. Immunoprecipitation of endogenous Ago2 from the lysates of siMSK1- and control siRNA-transfected PC12 cells was done to check the levels
of tyrosine and serine phosphorylation of Ago2 by using a phosphotyrosine-specific antibody (4G10) and phosphoserine-specific antibody (P-Ser). (E) The
relative level of let-7 associated with immunoprecipitated Ago2. Values were normalized to the amount of immunoprecipitated Ago2. (F) A luciferase assay was
done to check the effect of siRNA-mediated MSK1 knockdown on let-7a activity compared to that of control siRNA in PC12 cells. (G) Immunoprecipi-
tation with phosphoserine antibody to detect changes in the amount of Ser-phosphorylated Ago2 protein in naive and differentiated PC12 cells. On
immunoprecipitation with phosphoserine antibody, two bands for Ago2 were observed. The lower band of 95 kDa was that of Ago2 (reconfirmed with
Ago2-specific antibody) and is marked with an arrow. (H) Immunoprecipitation of Ago2 from undifferentiated and differentiated cells was done, and phos-
phoserine levels were detected with a specific antibody. (I) In vitro kinase assay with p-MSK1 isolated from PC12 cells. Lysates from undifferentiated and
differentiated PC12 cells were immunoprecipitated with p-MSK1 antibody, the immunoprecipitate was incubated with an equal amount of immunologically
isolated FLAG-HA-tagged Ago2 from HEK293 cells, and a kinase assay was performed. The blots indicate the change in the levels of tyrosine and serine
phosphorylation of FLAG-HA-tagged Ago2 in naive and differentiated PC12 cells. The data are from four biological replicates and represent means 	 SEMs. *,
P � 0.05; **, P � 0.001.
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ical role of let-7a in the differentiation of sympathetic neurons, as
Ras is a well-known target of let-7a miRNA. A recent paper re-
ported that inhibition of let-7a miRNAs increased the level of
NGF secretion by primary cultured Schwann cells and enhanced
axonal outgrowth from a coculture of primary stem cells and dor-
sal root ganglion neurons. In addition, some members of the let-7
family are predicted to target NGF (41). An earlier report (42) also
indicated a similar mechanism, in which brain-derived neu-
rotrophic factor (BDNF) rapidly increased the Lin28 level in hip-
pocampal neurons, causing a selective loss of Lin28-regulated
miRNAs and a corresponding upregulation of translation of their
target mRNAs. These observations correlate with our finding that
inhibition of let-7a activity leads to the differentiation of mamma-
lian sympathetic neurons.

It seems that the inactivation of let-7a miRNPs is sufficient for
the differentiation of PC12 cells and sympathetic neurons. Expres-
sion of KRas, a let-7a miRNA-targeted gene, is known to play an
important role in the differentiation of PC12 cells. Therefore,
let-7a inactivation induces sympathetic neurons to differentiate
via KRas upregulation, which leads to the transcriptional activa-
tion of NGF and the differentiation of sympathetic neurons and
PC12 cells. It may be important to identify the other targets that
let-7a and NGF reciprocally regulate in differentiating neurons.

MSK1 is a downstream kinase of the MAPK and p38 MAPK
pathways, is important in stress and mitogen-treated cells, and
induces CREB phosphorylation in fibroblasts, PC12 cells, and em-
bryonic stem cells (32). Argonaute proteins bind miRNAs and
repress miRNA target genes. It has already been documented that

FIG 6 let-7a-mediated downregulation of KRas is necessary for differentiation of PC12 cells. (A) Effect of KRas downregulation on neuronal differentiation.
PC12 cells were transfected with control siRNA and siRNA against KRas (siKRas), and the cells were allowed to differentiate. Western blotting was done to detect
endogenous Ago2, the differentiation marker GAP43, and the signaling molecule KRas to check its downregulation. The phosphorylated forms of MSK1 and p38
were also checked. �-Actin was used as a loading control. (B) Effect of KRas knockdown on differentiation of PC12 cells. The lengths of neurites of green
fluorescent protein-positive cells in a KRas-downregulated background were measured in the absence and presence of NGF in the medium. A similar measure-
ment was done with control siRNA-transfected cells. (C and D) Differentiation status of cells treated with anti-let-7a or anti-miR-122 compared to that of
undifferentiated and NGF-differentiated green fluorescent protein-positive cells (n 
 20 cells). (C) Images of representative cells obtained by differential
inference contrast. (D) Distribution of cells depending on their neurite length (n 
 20 cells). (E) Effect of differentiation or anti-miRNA treatment on expression
of KRas and the differentiation marker GAP43 determined by Western blotting. �-Actin was used as a loading control. (F and G) Effect of pre-let-7a expression
on PC12 cells undergoing differentiation. PC12 cells grown in low-serum medium with NGF were cotransfected either with a control vector or with a pre-let-7a
expression plasmid along with a green fluorescent protein expression vector. (F) Images of representative cells obtained by differential interference contrast
(DIC). (G) The distribution of transfected cells (green fluorescent protein positive) on the basis of their neurite length in control or pre-let-7a-expressing PC12
cells (n 
 20 cells). The data are from three biological replicates.
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human Argonaute proteins are phosphorylated at different amino
acid sites. Phosphorylation of a specific tyrosine residue, Y529,
prevents docking of the 5=-phosphate of small RNA and thus acts
as a molecular switch that regulates small RNA binding to Argo-
naute proteins (21, 26). We observed that differentiation leads to
the phosphorylation and activation of the serine kinase MSK1.
Phosphorylation of a serine residue in Ago2 might have a role in
the phosphorylation of Y529 and the consequent loss of miRNA
binding. It is also possible that Y529 phosphorylation is indepen-
dent of the serine phosphorylation of Ago2, as pointed out earlier
(26). The exact mechanism and the subcellular site of Ago2 phos-
phorylation are unknown. It is also unclear how MSK1-mediated
serine phosphorylation leads to the Y529 phosphorylation of the
Argonaute protein.

It is possible that the miRNA-uncoupled Ago2 has a different
role to play in differentiating sympathetic neurons. It is also pos-
sible that the deactivation of miRNP allows the packaging of un-
coupled miRNA and phosphorylated Ago2 into P bodies indepen-
dently, before they are cotransported to the distal end of neurites,
where functional miRNPs may re-form upon Ago2 dephosphor-
ylation by a putative phosphatase locally. These newly formed
miRNPs may repress the target mRNAs required for growth cone
formation in differentiating neurons. This may have similarities
with the reversible phosphorylation-dephosphorylation of
Ago2 during macrophage activation that allows the inactiva-
tion of miRNA activity in a regulated manner during the mac-
rophage activation process and that is necessary for the proin-
flammatory response (26).

Experiments with phosphor-dead and phosphor-mimetic mu-
tants of Ago2 have confirmed the importance of Ago2 phosphor-
ylation and the consequent miRNA unbinding of Ago2 during
neuronal differentiation. The phosphor-dead mutant that could
not lose miRNA due to a mutation at position 529 failed to induce
differentiation in PC12 cells expressing this mutant form. The
predominant localization of phosphorylated Ago2 and uncoupled
miRNA in the late endosome/MVB fraction raised a question
about the fate of the uncoupled miRNAs. Whether miRNAs are

packaged inside vesicles that are destined to become exosomes
and either exported or transported to the other end of the cell is a
pertinent question. Similarly, whether the phosphorylated Ago2
found to be localized with late endosomes/MVBs is targeted to
lysosomes and degraded is another unanswered question. It may
be noted that a similar observation has also been reported for
lipopolysaccharide (LPS)-treated macrophages, where the phos-
phorylation of Ago2 ensured the activation of macrophages (26).

Thus, our report highlights a mechanism by which Ago2-asso-
ciated miRNA let-7a is uncoupled upon p-MSK1-induced phos-
phorylation of Ago2 and thereby leads to the upregulation of
KRas, a molecule involved in neuronal differentiation.
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