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The relative activity of theAKTkinasehas beendemonstrated
to be a major determinant of sensitivity of tumor cells to mam-
malian target of rapamycin (mTOR) complex 1 inhibitors. Our
previous studies have shown that the multifunctional RNA-
binding protein heterogeneous nuclear ribonucleoprotein
(hnRNP) A1 regulates a salvage pathway facilitating internal
ribosome entry site (IRES)-dependent mRNA translation of
critical cellular determinants in anAKT-dependentmanner fol-
lowing mTOR inhibitor exposure. This pathway functions by
stimulating IRES-dependent translation in cells with relatively
quiescent AKT, resulting in resistance to rapamycin. However,
the pathway is repressed in cells with elevated AKT activity,
rendering them sensitive to rapamycin-induced G1 arrest as a
result of the inhibition of global eIF-4E-mediated translation.
AKTphosphorylation of hnRNPA1 at serine 199 has been dem-
onstrated to inhibit IRES-mediated translation initiation. Here
we describe a phosphomimetic mutant of hnRNP A1 (S199E)
that is capable of binding both the cyclin D1 and c-MYC IRES
RNAs in vitro but lacks nucleic acid annealing activity, resulting
in inhibition of IRES function in dicistronic mRNA reporter
assays. Utilizing cells in which AKT is conditionally active, we
demonstrate that overexpression of this mutant renders quies-
cent AKT-containing cells sensitive to rapamycin in vitro and in
xenografts. We also demonstrate that activated AKT is strongly
correlatedwith elevated Ser(P)199-hnRNPA1 levels in a panel of
22 glioblastomas. These data demonstrate that the phosphory-
lation status of hnRNPA1 serine 199 regulates the AKT-depen-
dent sensitivity of cells to rapamycin and functionally links
IRES-transacting factor annealing activity to cellular responses
to mTOR complex 1 inhibition.

A broad range of tumor types have been reported to exhibit
hypersensitivity tomTORC12 inhibitionwith rapalogs depend-
ing on their degree of AKT activation (1–3). The cells that have
elevated AKT activity as a result of dysregulated PI3K activity,
AKT gene amplification, or a loss of PTEN display markedly
increased G1 arrest following rapamycin exposure relative to
cells having quiescent AKT (2, 3). Our previous studies have
demonstrated that this differential sensitivity can be explained,
in part, by continued IRES-initiatedmRNA translation of cyclin
D1 and c-MYC in the face of mTOR inhibitionmediated by the
ITAF hnRNP A1 (4). We have also demonstrated that direct
phosphorylation of the ITAF hnRNP A1 on serine 199 by AKT
regulates differential cyclin D1 and c-MYC IRES activity (5).
The ability of IRES-mediated protein synthesis to contribute

to aberrant gene expression in cancer and during integrated cell
stress responses is well documented (6–8); however, the pro-
cesses regulating IRES function are poorly defined. Cellular
IRESs require ITAFs to recruit the 40 S small ribosomal subunit
leading to the formation of a competent preinitiation complex
(9). Some ITAFs have been shown to directly interactwith com-
ponents of the ribosome to facilitate IRES-mediated initiation
(10–13). However, these factors may also contribute to cellular
IRES activities by promoting the formation of critical RNA-
RNA interactions required for the formation of a productive
IRES (14, 15).
The multi-functional RNA-binding protein hnRNP A1 has

several established roles in mRNAmetabolism (16). hnRNPA1
binds nascent pre-mRNAs in a sequence-specificmanner and is
known to promote RNA annealing (17–19). hnRNP A1 is also
known to be involved in the export of mature transcripts from
the nucleus, as well as in mRNA turnover and both cap-depen-
dent and IRES-mediated translation (20–23). Although pri-
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between the nucleus and the cytoplasm. This shuttling activity
is dependent on ongoing RNA polymerase II transcription and
the integrity of a 38-amino acid C-terminal domain (M9
domain) (24).
Previously, we demonstrated that in IRES reporter assays uti-

lizing translation competent cell extracts, the phosphorylation
of hnRNP A1 at serine 199 specifically governed cyclin D1 and
c-MYC IRES activities (5). To understand how this phosphor-
ylation event may regulate the biochemical activities of hnRNP
A1 and to further explore whether this particular phosphory-
lation event is critical and sufficient for AKT-dependent hyper-
sensitivity to mTORC1 inhibition, we examined a substitution
mutant of hnRNP A1. Additionally, because AKT activity is
known to broadly affect many signaling pathways including
MAPK signaling (25, 26), which is known to influence IRES-de-
pendent translation initiation, wewere interested in identifying
mutants of hnRNPA1 that would circumvent hnRNPA1-inde-
pendent effects of AKT on IRES activity.
In the present study, we describe a phosphomimetic mutant

of the ITAF hnRNP A1 (S199E), which is able to bind to the
cyclin D1 and c-MYC IRESs normally but is deficient in nucleic
acid annealing activity. The mutant inhibits IRES activity in
vitro, and overexpression of this mutant in cells inhibits cyclin
D1 and c-MYC IRES activity in an AKT-dependent manner.
Ectopic expression of the mutant also confers rapamycin
hypersensitivity to quiescent AKT-containing cells both in cul-
ture and in xenograft experiments. Moreover, in primary glio-
blastoma samples, elevated levels of serine 473-phosphorylated
AKT directly correlated with high levels of serine 199-phos-
phorylated hnRNP A1, supporting its applicability as a predic-
tive biomarker for mTORC1 inhibitor therapies.

EXPERIMENTAL PROCEDURES

Cell Lines, Constructs, and Transfections—The glioblastoma
line LN229 was obtained from ATCC (Manassas, VA), and
mouse embryonic fibroblasts (MEFs) were generously provided
by Dr. HongWu (Department of Molecular andMedical Phar-
macology, UCLA). These lines were transfected with a myris-
toylated AKT-estrogen receptor ligand-binding domain fusion
(myr-AKT-MER) cloned into pTracer-SV40 and stably ex-
pressing clones isolated (2). Control lines were transfected with
empty vector (EV). Constructs expressing native and S199E
mutated full-length hnRNP A1 as GST fusions, cloned into
pcDNA3.1, have been described previously (5). The GFP-
tagged hnRNP A1 construct was a gift from Claudio Sette
(Department of Cell Biology, University of Rome Tor Ver-
gata, Rome, Italy) (27). This construct was then subjected to
site-directed mutagenesis to introduce the S199E mutation
using the QuikChange mutagenesis kit (Stratagene, La Jolla,
CA). Transfections were performed using X-treme GENE
Q2 transfection reagent (Roche Applied Science) and then
cultured in the presence of G418. The dicistronic reporter
plasmid pRF contains the Renilla and firefly luciferase ORFs
separated by an intercistronic region and has been described
(4). pRCD1 and pRmycF contain the minimal cyclin D1 and
c-MYC IRES sequences, respectively, cloned into the inter-
cistronic region of pRF (4).

Recombinant Proteins, Antibodies, and Reagents—Full-
length native and S199E hnRNP A1-GST, which had been
cloned into pGEX-2T, were expressed in Escherichia coli and
purified as described previously (5). Antibodies were from
the following sources. Anti-Ser(P)473)-AKT, anti-AKT, anti-
Thr(P)389-S6K, anti-S6K, anti-mTOR, anti-cyclin D1, anti-
MYC, anti-GST, anti-ERK, and anti-Thr(P)202/Tyr(P)204-ERK
were from Cell Signaling (Danvers, MA); actin antibody was
from Sigma. Anti-hnRNPA1 was fromAbcam. Anti-Ser(P)199-
hnRNP A1 antibody was generated in rabbits immunized with
the phosphorylated peptide SQRGRSGpSGNFGGGR (where
pS represents phosphoserine) and subsequently affinity-puri-
fied (5). The Ser(P)473-AKT and Thr(P)202/Tyr(P)204-ERK
blocking peptides were obtained from Cell Signaling, and con-
trol peptides were synthesized by GenScript (Piscataway, NJ).
Rapamycin and CCI-779 were obtained from LC Laboratories
(Woburn, MA), and 4-hydroxy-tamoxifen was from Sigma.
Rapamycinwas used at a concentration of 100�M for 24h for all
treatments.
Dicistronic IRES Reporter Assays—The indicated dicistronic

reporters were co-transfected into cells with pSV�-galactosid-
ase to normalize for transfection efficiency as described previ-
ously (5). The cells were harvested 18 h after transfection, and
Renilla, firefly, and �-galactosidase activities were determined
(Dual-Glo luciferase and �-galactosidase assay systems;
Promega).
Filter Binding Assays and ELISA—The indicated amounts of

GST-hnRNP A1 and GST-S199E-hnRNP A1 were added to in
vitro transcribed 32P-labeled RNAs corresponding to either the
cyclin D1 or c-MYC IRESs in separate reactions in a volume of
10 ml in buffer containing 5 mMHEPES (pH 7.6), 30 mM KCl, 2
mMMgCl2, 200 mMDTT, 4% glycerol, and 10 ng of yeast tRNA
for 10 min at room temperature (5). 8 �l of each binding reac-
tion was applied to nitrocellullose membranes on a slot blot
apparatus (Minifold II; Schleicher & Schuell). The membranes
were washed and dried, and signals were quantified using a
PhosphorImager. Binding curves of three independent experi-
mentswere fitted by using SigmaPlot to determine the apparent
dissociation constants. ELISAs were performed as described
(28). Briefly, in vitro transcribed biotinylated cyclin D1 or
c-MYC IRES RNAs in binding buffer containing 25mMHEPES
(pH 7.5), 500 �M EGTA, 100 mM NaCl, 500 �M DTT, 4 mM

MgCl2, 20mMKCl, 0.05%Nonidet P-40, 0.5mg/ml yeast tRNA,
0.05 mg/ml poly(A) RNA, 0.125 mg/ml BSA, 0.4 mM vanadyl
ribonucleoside complexes, and 80 units/ml RNasin weremixed
with various concentrations of recombinant hnRNP A1 S199E
and immediately added to ELISA plates containing adsorbed
native hnRNPA1. Following a 30-min incubation at room tem-
perature, the plates were washed, and the amount of bound
RNA was quantified via colorimetry by the addition of alkaline
phosphatase-streptavidin and the substrate p-nitrophenyl
phosphate. Absorbances were determined using a microplate
reader using a 405-nm filter.
Cell Cycle Analysis—Cell cycle distributions were deter-

mined by propidium iodide staining of cells, followed by flow
cytometry as described previously (2).
In Vitro Translation of Dicistronic mRNA Reporters—The

dicistronic plasmids were linearized using BamHI and capped
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RNA transcribed in vitro (mMESSAGE T7 transcription kit;
Ambion). Capped RNA transcripts were used to program
extracts of LN229 cells as described (5).
hnRNP A1 in Vitro Annealing Assays—Reactions were

performed as described previously by Kumar and Wilson
(29). Briefly, a 19-mer oligonucleotide 5�-ACGGCCAGTG-
CCAAGCTTG-3� complementary to positions 6280–6298
on M13amp18(�) strand DNA was used as template in the
annealing reactions. The oligonucleotide was 5�-end labeled
and mixed with equimolar amounts (0.2 nM) of M13mp18
single-stranded DNA in the presence of native or S199E
hnRNP A1 as indicated. Annealing reactions were allowed to
proceed at 25 °C for 5 min and subsequently electrophore-
sed, and the gels were exposed to film.
Immunohistochemistry of Primary Glioblastoma Samples—

Flash-frozen normal brain and glioblastoma samples were
obtained from the Cooperative Human Tissue Network,
National Cancer Institute (Western Division, Vanderbilt Uni-
versity Medical Center) under an institutional review board-
approved protocol. Each glioblastoma sample was histopatho-
logically reviewed, and those containing greater than 95%
tumor were utilized in this analysis. Sections of paraffin-em-
bedded tumors on slides were processed for immunohisto-
chemistry and scored on a scale of 0–2 (0, no staining; 1, mild
intensity staining; and 2, strong staining). Staining scores of 1
and 2 were considered positive. Correlation analysis used the
Spearman nonparametric correlation test. Differences were
considered significant when p � 0.05. For additional multivar-
iate analysis, we used a logistic regression model. The samples
were also homogenized in radioimmune precipitation assay
(lysis) buffer using a Polytron homogenizer (Fisher) to generate
protein extracts for Western blot analysis.
Xenograft Studies—Male SCID mice were injected subcuta-

neously with single cell suspensions of the LN229EV and
LN229AKT-MER as described previously (30). AKT activity was
induced by intraperitoneal maintenance injections of 4-hy-
droxy-tamoxifen (4OHT) in peanut oil. Tumor growth was
measured, and mice were randomized to CCI-779 versus vehi-
cle when tumors reached 200 mm3. Treatment (eight mice/
experimental group) was given via intraperitoneal injection for
five consecutive days. Tumor growth was assessed on day 8 or
12 after initiation of CCI-779 treatment. Tumor volume was
determined using the formula L � W2 � 0.5, where L is the
longest length, and W is the shortest length. IC50 was deter-
mined by extrapolation of plots of percent growth inhibition by
CCI-779 versus log concentration. Statistical analysis was done
with Student’s t test and analysis of variance models using
Systat 13 (Systat Software, Chicago, IL).

RESULTS

Conditional Regulation of Rapamycin Sensitivity and IRES
Function by a myr-AKT-MER Fusion Protein—To investigate
AKT-dependent rapamycin sensitivity, our previous studies
have utilized a panel of isogenic cell lines in which AKT activity
had been modulated via stable expression of a myristoylated
constitutively active allele of AKT or via ectopic expression of
PTEN inPTEN-null lines. To determinewhetherwe could con-
ditionally regulate rapamycin sensitivity in an AKT-dependent

manner, we engineered either LN229 glioblastoma cells (PTEN
wt) or MEFs to express myr-AKT-MER, which is a fusion pro-
tein consisting of the active form of AKT fused to the ligand-
binding domain of the estrogen receptor (MER). In both of
these cell lines, myr-AKT-MER (subsequently referred to as
AKT-MER) was expressed at levels comparable with endoge-
nous AKT (Fig. 1A). The activity of the AKT-MER fusion pro-
tein has been demonstrated to be induced following exposure
to the MER ligand 4OHT and inactive in its absence (31). To
determine whether expression of the AKT-MER fusion con-
ferred differential sensitivity to rapamycin in these cells, we
exposed LN229AKT-MER, LN229EV, MEFAKT-MER, and MEFEV
cells to 4OHT in the absence or presence of rapamycin and
determined the relative cell cycle distributions by flow cyto-
metry. As shown in Fig. 1B, both the LN229 andMEF paired lines
were relatively insensitive to rapamycin under these conditions;
however, upon stimulation of AKT activity by 4OHT, both
LN229AKT-MER andMEFAKT-MER cells weremarkedly sensitive to
rapamycin and displayed significant reductions in S phase cell
numbers as compared with controls. To determine whether con-
ditional activation of AKT activity would also lead to differential
cyclin D1 and c-MYC IRES activity as demonstrated in our previ-
ous studies (4), we transiently transfected LN229AKT-MER,
LN229EV, MEFAKT-MER, and MEFEV with the indicated dicis-
tronic reporter constructs (Fig. 1C, top panel) containing either
the cyclin D1 or c-MYC IRESs within the intercistronic regions
of the constructs. The relative amount of firefly luciferase activ-
ity is indicative of IRES-mediated protein synthesis directed by
either the cyclinD1 or c-MYC IRESs, whereasRenilla luciferase
activity is a readout of cap-dependent initiation (4). As shown in
Fig. 1C, in both the LN229 andMEFpaired cell lines, expressing
themyr-AKT-MER fusion stimulation of AKT activity strongly
inhibited cyclin D1 and c-MYC IRES activity in LN229AKT-MER
andMEFAKT-MER cells following rapamycin treatment, consist-
ent with our previous studies showing that AKT activity nega-
tively regulates cyclin D1 and c-MYC IRES function (4). Renilla
luciferase activity was not significantly affected by differential
AKT activity but was reduced by �70–90% following rapamy-
cin treatment compared with values obtained in its absence
consistent with the effects of the drug on eIF-4E-mediated ini-
tiation (data not shown). Finally, we also examined the steady-
state levels of various proteins (supplemental Fig. S1), including
cyclin D1 and c-MYC, in these lines following AKT induction
and exposure to rapamycin. As demonstrated previously, these
lines exhibited theAKT-dependent alterations in cyclinD1 and
c-MYC protein levels following rapamycin treatment and
reflected the changes in IRES-mediated protein synthesis.
These data demonstrate that the relative activity of the myr-
AKT-MER fusion governs cyclin D1 and c-MYC IRES activities
and rapamycin sensitivity in these lines.
The hnRNP A1 S199E Mutant Does Not Support IRES Activ-

ity in Vitro—Initially we investigated whether the phosphomi-
metic mutant would support cyclin D1 and c-MYC IRES activ-
ity in vitro. Translation-competent cell extracts were prepared
from cells in which hnRNP A1 had been knocked down via
RNA interference (supplemental Fig. S2A) and programmed
with in vitro transcribed dicistronic mRNAs containing either
the cyclin D1 or c-MYC IRES within the intercistronic region.
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siRNA-mediated knockdown of hnRNP A1 resulted in unde-
tectable levels as determined by immunoblotting, relative to a
nontargeting scrambled sequence siRNA that had no apprecia-
ble effect on expression. The knockdown was also specific for
hnRNPA1 because actin levels were unchanged in cells follow-

ing treatment with the targeting siRNAs. The reduction in
hnRNPA1 expression also did not significantly affect the ability
of these extracts to support cap-dependent protein synthesis of
exogenous Renilla mRNAs (supplemental Fig. S2B). These
extracts were then supplemented with a negative control ITAF,

FIGURE 1. Conditionally active AKT regulates rapamycin hypersensitivity and cyclin D1 and c-MYC IRES activities. A, immunoblot analysis of LN229 and
MEF cells expressing the myr-AKT-MER fusion protein or EV control transfectants. The indicated cells were treated with the ligand 4OHT (1 �M, 24 h), and the
extracts were prepared and separated by SDS-PAGE. The blots were incubated with anti-AKT, anti-Ser(P)473-AKT, and anti-�-actin antibodies. The black and
gray arrowheads represent the myr-AKT-MER and endogenous AKT, respectively. B, LN229AKT-MER and LN229EV (left panel) and MEFAKT-MER and MEFEV (right
panel) were treated in the presence or absence of 4OHT and rapamycin as shown and subjected to propidium iodide staining followed by flow cytometry. The
means � S.D. are shown for three independent experiments. C, AKT-dependent differential cyclin D1 and c-MYC IRES activities in myr-AKT-MER-expressing cell
lines following 4OHT and rapamycin treatment as shown (LN229AKT-MER and LN229EV, left bottom panel; MEFAKT-MER and MEFEV, right bottom panel). The top
panel depicts schematic diagrams of the dicistronic vectors. The relative fold change in firefly luciferase activity is shown as compared with activities obtained
in the absence of rapamycin and normalized to values obtained for pRF in each cell line. The means � S.D. are shown for three independent experiments.

hnRNP A1 Phosphorylation Regulates Rapamycin Sensitivity

MAY 6, 2011 • VOLUME 286 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 16405

http://www.jbc.org/cgi/content/full/M110.205096/DC1


glyceraldehyde-3-phosphate dehydrogenase, which binds the
HAV IRES, native hnRNP A1, or hnRNP A1 S199E. The integ-
rity and purity of the recombinant hnRNP A1 proteins were
confirmed (supplemental Fig. S2C). As can be seen in Fig. 2,
adding recombinant hnRNP A1 markedly stimulated both
cyclinD1 (left panel) or c-MYC (right panel) in vitro IRES activ-
ity, whereas the addition of the hnRNP S199E mutant or the
negative control glyceraldehyde-3-phosphate dehydrogenase
was unable to stimulate IRES activity. These data demonstrate
that the addition of native hnRNP A1 is sufficient to support
IRES activity and strongly suggest that the siRNA-mediated
knockdown does not have apparent off target effects, while also
confirming that the inhibition of IRES activity in these extracts
is due to a direct effect of hnRNP A1. Additionally, these data
demonstrate that the phosphomimeticmutant is unable to sup-
port cyclin D1 or c-MYC IRES activity in these cell extracts.
Phosphomimetic Mutation of hnRNP A1 Ser199 Does Not

Impede IRES RNA Binding and Can Compete with Native
hnRNP A1—To begin to address the mechanism by which the
hnRNP A1 S199E mutant inhibited IRES activity, we initially
sought to determine whether thismutant would bind the cyclin
D1 and c-MYC IRESs normally. As shown in Fig. 3 (A and B),
the hnRNPA1mutant bound to both the cyclin D1 and c-MYC
IRES RNAs, respectively, with equilibrium dissociation con-
stants (Kd) that were comparable with native hnRNPA1 (�200
nM) as determined in filter binding assays. These values were
consistent with our previous apparent Kd measurements (5) as
well as those obtained for other hnRNP A1-IRES RNA interac-
tions (23). Based on these findings, we alsowanted to determine
whether the hnRNP A1 S199E mutant could compete with
native hnRNP A1 for cyclin D1 and c-MYC IRES binding. To
investigate this, we utilized an ELISA-based RNA binding assay
(28). In this assay, hnRNP A1 was affixed to the ELISA well and
subsequently allowed to bind biotinylated cyclin D1 or c-MYC
IRES RNAs and hnRNP A1 S199E. Cyclin D1 or c-MYC IRES
RNAs that bound the mutant are inaccessible for hnRNP A1
binding and are removed during washing procedures. The

amount of retained RNA was quantified using streptavidin-
conjugated alkaline phosphatase and a colorimetric substrate.
As shown in Fig. 3 (C andD), there was a concentration-depen-
dent reduction of hnRNP A1 binding to the cyclin D1 and
c-MYC IRESs, respectively, in the presence of the hnRNP A1
S199E mutant. An ITAF that binds specifically to the HAV
IRES, GAPDH, was included as a negative control and did not
display significant IRES RNAbinding (32, 33). These data taken
together suggest that the phosphomimetic mutant of hnRNP
A1 S199E is competent to bind both the cyclin D1 and c-MYC
IRES RNAs and additionally can compete for binding with
native hnRNP A1.
hnRNP A1 S199E Mutation Suppresses Strand Annealing

Activity—To further investigate a possible mechanistic basis
for the reduced IRES activities observed, we determined
whether the S199E mutation affected the ability of hnRNP A1
to promote strand annealing. hnRNP A1 is known to facilitate
strong RNA or DNA strand annealing comparably (19, 29), and
a critical function of this property may be to provide required
structural elements that favor the formation of a productive
IRES conformation capable of ribosome recruitment. Addi-
tionally, in vitrophosphorylation of serine 199 of hnRNPA1has
been reported to inhibit its native annealing activity (18). As
shown in Fig. 4A, native hnRNP A1 efficiently promoted rean-
nealing of single-stranded M13 mp18 plus strand DNA and a
base pair complementary 19-mer oligonucleotide in a concen-
tration-specificmanner in an in vitro annealing assay.However,
under identical experimental conditions, the S199E mutation
completely abolished the reannealing activity of hnRNP A1.
Because hnRNP A1 also has demonstrated roles in mRNA

trafficking, which may play a role in the regulation of IRES
activity (34), we examined whether the mutant hnRNP A1
exhibited altered localization patterns relative to the native
protein. As shown in Fig. 4 (B and C), native GFP-hnRNP A1
showed similar localization patterns as compared with GFP-
S199E-hnRNP A1 under basal and post-rapamycin-treated
conditions, being primarily localized to the nucleus and perinu-

FIGURE 2. Recombinant hnRNP A1 S199E does not support IRES activity in vitro. Translation-competent extracts were prepared from LN229 cells in which
hnRNP A1 expression had been knocked down via siRNA exposure, and the indicated proteins were added to the extracts prior to programming the extracts
with either in vitro transcribed dicistronic cyclin D1 (left panel) or dicistronic c-MYC (right panel) reporter mRNAs. Translations were performed at 30 °C for 40
min. An irrelevant ITAF, GAPDH was added as a negative control. Renilla (black bars) and firefly (open bars) luciferase activities were determined and normalized
to values obtained for extracts alone. The means � S.D. are shown for three independent experiments.
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clear regions under basal conditions and found mostly in the
cytoplasm with a high degree of membrane-association follow-
ing rapamycin exposure (35). These GFP fusions were ex-
pressed and remained intact prior to and following rapamycin
treatments (supplemental Fig. S3A). Although it is likely that
hnRNPA1 redistribution following rapamycin exposure plays a
role in IRES-mediated translation, these data taken together
strongly suggest that the S199E mutation in hnRNPA1 affects
its ITAF function via suppressing RNA annealing activity.
Expression of hnRNPA1S199E Inhibits CyclinD1and c-MYC

IRES Activity in Cells—We subsequently determined whether
forced expression of the hnRNP A1 S199E mutant would have
effects on AKT-dependent cyclin D1 and c-MYC IRES activity
in cells. The conditionally active AKT LN229 andMEF cell line
pairs were stably transfected with an empty mammalian
expression vector alone (pCDNA3.1�), the vector containing a
full-length GST-tagged hnRNP A1, or the vector containing
GST-tagged hnRNP A1 S199E. G418-resistant clones were
isolated and screened for stable expression of the respective
transgene (supplemental Fig. S3B). We then tested whether
rapamycin-stimulated cyclin D1 or c-MYC IRES activity was
influenced in cells expressing the hnRNP A1 S199E mutant by
transient transfection of the indicated lines in Fig. 5 with dicis-
tronic mRNA reporter constructs as before. As shown in Fig.
5A, in the absence of 4OHT, rapamycin stimulated cyclin D1

and c-MYC IRES activity in both LN229AKT-MER and LN229EV
cells transfected with the vector only control or GST-A1. A
modestly higher degree of rapamycin-stimulated cyclin D1 and
c-MYC IRES activity was observed in GST-A1-expressing cells
consistent with the ability of A1 to facilitate IRES activity. How-
ever, in LN229AKT-MER and LN229EV cells, which expressed the
GST-A1-S199Emutant, both cyclinD1 and c-MYC rapamycin-
stimulated IRES activity was blunted. In the presence of the
AKT inducer 4OHT (Fig. 5B), LN229EV (quiescent AKT-con-
taining cells) cells exhibited a 5–6-fold stimulation of rapamy-
cin-induced cyclin D1 and c-MYC IRES activity in vector only
or GST-A1-expressing cells, whereas in LN229AKT-MER cells
(active AKT-containing cells) little or no stimulation of cyclin
D1 or c-MYC IRES activity, relative to control pRF transfected
cells, was observed following rapamycin exposure. In LN229EV
cells expressing the phosphomimetic hnRNPA1mutant (GST-
A1-S199E), however, a marked reduction in rapamycin-stimu-
lated cyclin D1 and c-MYC IRES activity was observed as com-
pared with identically treated LN229AKT-MER cells expressing
GST-A1-S199E. Similar resultswereobtained in theMEFAKT-MER
andMEFEV paired lines shown in Fig. 5 (C andD). Again, in the
absence of 4OHT, rapamycin exposure led to a significant stim-
ulation of IRES activity inMEFAKT-MER andMEFEV cells trans-
fected with the vector only or GST-A1, which was inhibited in
lines expressing the GST-A1-S199E mutant (Fig. 5C). In the

FIGURE 3. Phosphomimetic hnRNP A1 S199E mutant in vitro IRES RNA binding characteristics and ability to compete with native hnRNP A1 for IRES
binding. A and B, hnRNP A1 (closed circles) and S199E mutant (open circles) binding curves for the cyclin D1 (165 nucleotides) (A) and c-MYC (233 nucleotides)
(B) IRES RNAs. C and D, mutant hnRNP A1 (open circles) competes with native protein for binding to cyclin D1 (C) or c-MYC (D) IRES RNAs. Native hnRNP A1 was
adsorbed to the ELISA well and the binding reaction initiated by the addition of biotinylated IRES RNA and mutant hnRNP A1. IRES RNA binding was determined
via colorimetry. The irrelevant ITAF, GAPDH (closed circles in C and D, was included as a negative control and did not bind either the cyclin D1 or c-MYC IRES
RNAs. The results are expressed as percentages of the value obtained in the absence of competitor. The means � S.D. are shown (n � 3).
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presence of 4OHT, MEFEV (quiescent AKT-containing cell)
displayed significant rapamycin-stimulated cyclin D1 and
c-MYC IRES activity relative to MEFAKT-MER cells, consistent
with the AKT-dependent regulation of IRES activity. However,
in MEFEV cells expressing the GST-A1-S199E mutant, a
marked reduction in rapamycin-stimulated cyclin D1 and
c-MYC IRES activitywas observed (Fig. 5D). These results dem-
onstrate that forced expression of the phosphomimetic hnRNP

A1 S199E mutant is sufficient to inhibit rapamycin-stimulated
and AKT-dependent cyclin D1 and c-MYC IRES activity and
suggest that the mutant protein has significant dominant neg-
ative effects on IRES activity.
Ectopic Expression of the Phosphomimetic Mutant of hnRNP

A1 S199E Confers Rapamycin Sensitivity—To address whether
forced expression of the phosphomimetic hnRNP A1 mutant
was sufficient to result in rapamycin sensitivity of resistant cells
with relatively quiescent AKT, we treated the conditionally
active AKT LN229 and MEF paired lines expressing the GST-
hnRNP A1-S199E mutant with rapamycin and determined cell
cycle distributions by flow cytometry as before. As shown in Fig.
6A, LN229AKT-MER and LN229EV cells, in the absence of 4OHT,
which expressed vector only sequences or GST-A1, were rela-
tively resistant to rapamycin. However, both LN229AKT-MER
and LN229EV cells expressing the GST-hnRNP A1-S199A
mutant were markedly sensitive to rapamycin. We then exam-
ined the sensitivity of these cells in the context of differential
AKT activity. As shown in Fig. 6B, in the presence of 4OHT,
LN229AKT-MER (active AKT-containing) cells either expressing
the vector only or GST-A1 demonstrated marked sensitivity to
rapamycin, whereas LN229EV (quiescent AKT-containing
cells) expressing vector only and GST-A1 were relatively resis-
tant. In LN299AKT-MER and LN229EV cells stably expressing the
GST-hnRNP A1-S199E mutant, however, the AKT-dependent
differential sensitivity of the cells was abrogated, because both
active and quiescent AKT-containing lines were equally sensi-
tive to rapamycin. Similar rapamycin sensitivities were ob-
served in the MEFAKT-MER and MEFEV paired lines, which
expressed the phosphomimetic hnRNP A1mutant as shown in
Fig. 6 (C and D). In the absence of 4OHT, both MEFAKT-MER
and MEFEV lines expressing either vector sequences only
or GST-hnRNP A1 were relatively resistant to rapamycin.
MEFAKT-MER andMEFEV cell lines expressing the GST-hnRNP
A1-S199E mutant were sensitive to rapamycin as observed in
the LN229 transfectants. In MEFAKT-MER and MEFEV cells
treated with 4OHT to differentially activate AKT and stably
expressing vector or GST-hnRNP A1, we observed AKT-de-
pendent rapamycin sensitivity, which was abolished in these
lines expressing the GST-hnRNP A1-S199E mutant (Fig. 6D).
Collectively, these data demonstrate that overexpression of the
phosphomimetic mutant of hnRNP A1 is sufficient to confer
rapamycin sensitivity and strongly suggest that this phosphor-
ylation event is capable of regulating the cellular response to
mTORC1 inhibitors.
The hnRNP A1 S199E Mutant Confers mTORC1 Inhibitor

Sensitivity in GBM Xenografts—To determine whether the
phosphomimetic hnRNP A1 mutant would have effects on
rapamycin sensitivity in vivo, we utilized the conditionally
active AKT LN299AKT-MER and LN229EV cell line pair stably
expressing the mutant hnRNP A1 in a series of murine xeno-
graft studies. Mice were injected with either LN229AKT-MER or
LN229EV lines expressing either vector, GST-hnRNPA1, or the
phosphomimetic mutant GST-hnRNP A1-S199E pretreated
with or without 4OHT. Mice injected with 4OHT-treated cells
were given daily intraperitoneal maintenance injections of
4OHT. Upon tumors reaching a mean volume of 200 mm3, all
of the mice were additionally given CCI-779 (vehicle, 0.01, 0.1,

FIGURE 4. hnRNP S199E mutant displays reduced annealing activity.
A, recombinant native or S199E hnRNP A1 was purified and analyzed for rean-
nealing activity. The amount of protein used in the annealing reactions is
shown above the panel, and the migration positions of the indicated species
are also displayed. B and C, subcellular localization of GFP-tagged native (B)
and S199E hnRNP A1 (C) in LN229 cells following the indicated treatments.
The cells were transfected with GFP-hnRNP A1 or GFP-hnRNP A1 S199E plas-
mids and treated with 10 nM rapamycin (rap) for 24 h and GFP visualized using
fluorescence microscopy.
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and 4 mg/kg) for 5 consecutive days and at 8 and 12 days after
initiation of treatment tumor growthwas assessed. As shown in
Fig. 7, CCI-779 inhibited growth of all the cell lines in a dose-
dependent manner. In the absence of 4OHT, LN229AKT-MER

and LN229EV tumors expressing vector sequences or GST-
hnRNP A1 were relatively refractory to CCI-779 except at the
highest dose. However, LN229AKT-MER and LN229EV tumors
that expressed the phosphomimetic hnRNP A1 S199E mutant
showedmarked inhibition of tumor growth in response toCCI-
779 consistent with the previous data with cell lines (Fig. 6). In
mice in which 4OHT was administered, LN229AKT-MER that
expressed vector sequences or GST-hnRNPA1was sensitive to
CCI-779 and demonstrated significant inhibition of tumor
growth at all concentrations tested. In contrast, LN229EV cells
expressing either vector only sequences or GST-A1 were rela-
tively resistant to CCI-779, corroborating previous studies
demonstrating AKT-dependent sensitivity tomTORC1 inhibi-
tion (2). In LN229AKT-MER and LN229EV tumors that expressed
theGST-hnRNPA1-S199Amutant, however,markedCCI-779
sensitivity was observed in both lines. These results support our
previous experiments and demonstrate that overexpression of

the GST-hnRNP A1-S199E mutant results in mTORC1 inhib-
itor sensitivity in tumor cell xenografts.
Primary GBM Tumors Containing Elevated AKT Activity

Display High Levels of Phosphorylated Ser199 hnRNP A1—To
determine whether the signaling relationship between AKT
and hnRNP A1 could be detected in clinical samples, we evalu-
ated a panel of 22 GBM samples determined previously to har-
bor elevated levels of Ser473-phosphorylatedAKT (30).We ana-
lyzed these samples for Ser(P)199 hnRNP A1 (predominantly
localized in nuclei) ands Ser(P)473 AKT and Thr(P)202/
Tyr(P)204 ERK kinase using phosphorylation-specific antibod-
ies via immunohistochemical analysis shown in Fig. 8A. Total
protein levels for AKT, ERK, and hnRNP A1 were also deter-
mined, and no significant differences were found relative to
normal brain expression levels (data not shown), consistent
with the results of other studies (36, 37). The specificity of stain-
ing was also confirmed in a series of antibody blocking experi-
ments in which samples were stained either with antibodies
preabsorbed with phosphorylated or nonphosphorylated pep-
tides (Fig. 8B). Specific staining was only observed in samples
stained with antibodies preabsorbed with the relevant non-

FIGURE 5. The hnRNP A1 S199E mutant inhibits IRES activity in cells. Rapamycin stimulated IRES activity is inhibited in LN229AKT-MER, LN229EV, MEFAKT-MER,
and MEFEV cells expressing the hnRNP A1 S199E mutant. The indicated cell lines expressing empty vector, GST-hnRNP A1 (GST-A1), or GST-hnRNP A1 S199E
were transfected with the dicistronic reporter plasmids shown in the absence or presence of rapamycin. A, without 4OHT; B, with 4OHT. C and D are identical
to A and B, respectively, except using the MEFAKT-MER and MEFEV lines as indicated. Relative fold change in firefly activity is shown as compared with activities
obtained in the absence of rapamycin and normalized to values obtained for pRF in each cell lines. The means � S.D. are shown (n � 3).
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phosphorylated peptides. In statistical analysis of the scoring
data, Ser(P)199 hnRNP A1 was significantly correlated with
Ser(P)473 AKT phosphorylation (p � 0.0005) but not with
Thr(P)202/Tyr(P)204 ERK activation (p � 0.61).We then also fit
a regression model with Ser(P)199 hnRNP A1 as the outcome
and Ser(P)473 AKT andThr(P)202/Tyr(P)204 ERK as co-variates.
A significant independent association was identified between
Ser(P)199 hnRNP A1 and Ser(P)473 AKT (p � 0.0015), whereas
the association between Ser(P)199 hnRNP A1 and Thr(P)202/
Tyr(P)204 was not significant (p � 0.78). To corroborate these
results, we also performed immunoblotting experiments on
those tumors where sufficient material was available and was
scored positive for elevated levels of Ser473-phosphorylated
AKT by immunohistochemistry. As shown in Fig. 8C, tumor
samples that displayed elevated levels of Ser473-phosphorylated
AKT also contained high levels of Ser199-phosphorylated
hnRNP A1. The results from these analyses are consistent with
the known ability of AKT to phosphorylate hnRNPA1 at serine
199 aswell as the evident inability of hnRNPA1 to be phosphor-
ylated via ERK on this residue.

DISCUSSION

Our previous studies have indicted the multi-functional
RNA-binding protein hnRNPA1 as a critical factor in theAKT-
dependent regulation of cyclin D1 and c-MYC IRES activity (5).
Serine 199 phosphorylation of hnRNP A1 by AKT inhibits its
ability to promote IRES-mediated translation initiation, and
this phosphorylation event also confers rapamycin hypersensi-
tivity. In this report, we have identified a phosphomimetic
mutant of hnRNP A1, which we demonstrate is specifically
deficient in nucleic acid annealing activity, resulting in mark-

edly reduced ITAF function in vivo. Forced expression of this
mutant abrogated both cyclin D1 and c-MYC IRES activity in
quiescent AKT-containing cells and resulted in rapamycin sen-
sitivity. We have proposed a model in which hnRNP A1 is con-
stitutively associated with the cyclin D1 and c-MYC IRESs and
promotes translation initiation of these determinants in the
face of mTORC1 inhibition in cells harboring relatively quies-
cent AKT activity. However, in cells with elevatedAKT activity,
hnRNP A1 is phosphorylated at serine 199, rendering it unable
to act as an ITAF and promote protein synthesis, resulting in
rapamycin hypersensitivity.
There is significant experimental evidence supporting the

role of secondary and tertiary structure generated by RNA-
RNA interactions for the function of cellular and viral IRESs
(14, 15). It has also been proposed that ITAFs may function
as RNA chaperones that promote the formation of a compe-
tent IRES structure that can facilitate ribosomal small sub-
unit binding (8, 12). An important biochemical activity of
hnRNP A1 is its ability to enhance the renaturation of single-
stranded nucleic acids in vitro (18, 19, 29). A possible impli-
cation for this activity in IRES-mediated initiation is that it
may promote both localized RNA secondary structure for-
mation as well as long range intramolecular RNA-RNA
interactions critical for IRES activity. The observation that
the S199E mutant of hnRNP A1 appears to be specifically
deficient in annealing activity and also displays dominant
negative ITAF function supports this concept. It is also con-
ceivable that hnRNP A1-mediated annealing may addition-
ally regulate the activity of a microRNA involved in cyclin D1
and c-MYC IRES-dependent initiation.

FIGURE 6. Overexpressing the hnRNP A1 S199E mutant confers sensitivity to TORC1 inhibition. The indicated lines were stably transfected with vector
alone, GST-hnRNP A1, and GST-hnRNP A1 S199E and treated without or with rapamycin (rapa) as shown. The percentage of cells in the S phase of the cell cycle
was subsequently determined on propidium iodide-stained cells by flow cytometry. A, without 4OHT; B, with 4OHT in LN229AKT-MER and LN229EV cells. C and D
are identical to A and B, respectively, except using the MEFAKT-MER and MEFEV lines. The means � S.D. are shown (n � 3).
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Previous in vitro data have shown that phosphorylation of
hnRNP A1 at serine 199 is sufficient to inhibit annealing
activity (18, 19). Additionally, circular dichroism spectro-
scopic analyses (19) demonstrated a marked change in sec-
ondary structure of hnRNP A1 upon phosphorylation of this
residue, consistent with the generation of a more ordered

structure in its C-terminal domain. This mostly disordered
domain confers nucleic acid binding cooperativity to hnRNP
A1 molecules and is required for annealing activity.
Although the precise mechanism of strand annealing is
unknown, it is tempting to speculate that the phosphomi-
metic mutant may also exhibit structural alterations mim-

FIGURE 7. The hnRNP A1 S199E mutant confers TORC1 inhibitor sensitivity in GBM xenografts. Inhibition of tumor growth by CCI-779 in xenografts of
LN229AKT-MER and LN229EV cells overexpressing the hnRNP A1 mutant in SCID mice. The mice were treated with CCI-779 for 5 days with the indicated doses of
drug and tumor growth assessed at day 8 (D8) or day 12 (D12) after initial treatment. The mice were treated with 4OHT as indicated via daily maintenance
injections of 4OHT. The horizontal bars indicate 50% reduction in control tumor growth (vehicle-treated). The data represent tumor volumes (means � S.D. of
three experiments).
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icking the in vitro phosphorylation of hnRNP A1. However,
our RNA binding data demonstrated that the S199E mutant
displayed normal cooperative IRES-RNA binding similar to
native hnRNP A1, suggesting that the RNA binding and
annealing properties of hnRNP A1 are separable. Further
study of this mutant may provide mechanistic insights into
hnRNP A1-based strand annealing activity.
Our previous studies utilizing translation-competent cell

extracts revealed that AKT negatively regulates cyclin D1 and
c-MYC IRES activity in vitro. The present data utilizing the
hnRNP A1 S199E phosphomimetic mutant in vivo closely
mimic and support our in vitro findings. The simplest mecha-
nism by which the mutant exerts its dominant negative effects
in cells likely involves competing with endogenous hnRNP A1
for cyclin D1 and c-MYC IRESs, rendering them inactive,
resulting in rapamycin sensitivity in quiescent AKT-containing
cells. The RNA binding ELISA experiments utilizing native
hnRNP A1 and the phosphomimetic mutant support this
notion (Fig. 3,C andD). However, it is also possible that in cells
the phosphomimetic mutant may additionally affect interac-
tions among endogenous hnRNP A1 molecules as to alter the
RNA-strand annealing properties of hnRNP A1, resulting in a
IRES structure that is not formed properly and is markedly less
efficient or nonfunctional.

The observation that rapamycin induces a dramatic relocal-
ization of both native and the mutant hnRNP A1 (Fig. 4, B and
C) is consistent with reports demonstrating cytoplasmic accu-
mulation of this factor following stress (38). The subcellular
localization of ITAFs may participate in the regulation of IRES
activity (34). However, the current data suggest that hnRNPA1
can negatively or positively influence IRES-mediated transla-
tion initiation depending on the specific mRNA. Cytoplasmic
localization of hnRNP A1 was demonstrated to promote
human rhinovirus-2 IRES activity, whereas it was found to
repress IRES-dependent initiation of the APAF-1 transcript
(39).We envision amodel in which hnRNPA1 accumulation in
the cytoplasmmay enhance cyclin D1 and c-MYC IRES activity
and in which phosphorylation at serine 199 via AKT inactivates
the RNA annealing function of this ITAF. However, our previ-
ous studies utilizing a dominant negative shuttling-defective
mutant of hnRNP A1, which predominantly remains nuclearly
localized, demonstrated that cells expressing this mutant
exhibited partially reduced cyclin D1 and c-MYC IRES activi-
ties following rapamycin exposure (5), suggesting a role for
hnRNP A1 trafficking in its ITAF function. It is possible that
both the subcellular localization and annealing properties of
hnRNP A1 are subject to regulation and that each contributes
to the overall ability of hnRNP A1 to support IRES activity.

FIGURE 8. GBM displaying elevated levels of AKT activity harbor high levels of phosphorylated Ser199 hnRNP A1. A, representative immunohistochem-
ical analysis of Ser(P)199-hnRNP A1, activated AKT, and activated ERK in a panel of 22 human glioblastoma samples. The sections were prepared and stained with
antibodies to the indicated proteins followed by an appropriate secondary antibody. The sections were subsequently incubated with streptavidin-horseradish
peroxidase and developed with 3,3�-diaminobenzidine reagent. Magnified images of the indicated regions are shown to the right. NB, normal brain. The arrows
indicate regions of significant staining. Bar, 10 �m. B, glioblastoma samples stained with the indicated antibodies following preabsorption with the relevant
reacting phosphorylated peptide (left panels) or corresponding nonphosphorylated peptide (right panels). The arrows indicate areas of significant staining in
samples stained with antibodies preabsorbed with the corresponding nonphosphorylated peptides. C, representative immunoblot analysis of glioblastoma
samples displaying elevated Ser(P)473-AKT levels. Normal brain and tumor lysates were analyzed using antibodies against the indicated proteins.
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Additional studies are being performed to address the mecha-
nisms bywhich rapamycin induces hnRNPA1 redistribution to
the cytoplasm and what role this may play in IRES-dependent
initiation.
In summary, we have characterized a phosphomimetic

mutant of hnRNP A1 that is specifically deficient in single-
strand annealing. Cells overexpressing this mutant demon-
strated reduced AKT-dependent cyclin D1 and c-MYC IRES
activities in response to mTORC1 inhibition, resulting in
increased sensitivity of quiescentAKT-containing cells to rapa-
mycin in vitro and in xenograft experiments. Furthermore, in a
panel of glioblastomas, elevated AKT activity directly corre-
lated with increased Ser199 hnRNPA1 phosphorylation. There-
fore, monitoring this phosphorylation event may have utility as
a surrogate biomarker to stratify those tumors thatmay bemost
sensitive to mTORC1 inhibitor therapy.
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