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Abstract
Human antigen R (HuR) is a post-transcriptional regulator of gene expression that plays a key role
in stabilizing mRNAs during cellular stress, leading to enhanced survival. HuR expression is
tightly regulated through multiple transcription and post-transcriptional controls. Although HuR is
known to stabilize a subset of mRNAs involved in cell survival, its role in the survival pathway of
PI3-kinase/Akt signaling is unclear. Here, we show that in renal proximal tubule cells, HuR
performs a central role in cell survival by amplifying Akt signaling in a positive feedback loop.
Key to this feedback loop is HuR-mediated stabilization of mRNA encoding Grb10, an adaptor
protein whose expression is critical for Akt activation. Stimulation of Akt by interaction with
Grb10 then activates NF-κB, which further enhances HuR mRNA and protein expression. This
feedback loop is active in unstressed cells, but its effects are increased during stress. Therefore,
this study demonstrates a central role for HuR in Akt signaling and reveals a mechanism by which
modest changes in HuR levels below or above normal may be amplified, potentially resulting in
cell death or cellular transformation.
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INTRODUCTION
HuR is a ubiquitously expressed regulator of post-transcriptional processing, with effects on
pre-mRNA splicing, mRNA stability, and translation (Lebedeva et al., 2011; Mukherjee et
al., 2011). HuR has been estimated to regulate ~8% of the human transcriptome, with broad
effects on cell cycle, apoptosis, and inflammatory responses (Khabar, 2005). Its best studied
effects are on mRNA stability, in which it binds to uridine- or adenine + uridine-rich
elements in the 3’ untranslated regions of mature mRNAs and slows their rates of
degradation. Regulation of HuR expression must be very tightly controlled, as loss of HuR
expression results in rapid cell death (Ghosh et al., 2009; Katsanou et al., 2009), while
overexpression by only a few-fold can result in tumorigenicity (Danilin et al., 2010; Denkert
et al., 2004a; Denkert et al., 2004b; Lopez de Silanes et al., 2003; Lopez de Silanes et al.,
2005; Mazan-Mamczarz et al., 2008; Nabors et al., 2001). We have demonstrated that in
cultured renal proximal tubule cells, HuR stabilizes mRNAs and prevents apoptosis
resulting from energy depletion (Ayupova et al., 2009; Jeyaraj et al., 2005). We also showed
that regulation of HuR expression is tightly regulated at both transcriptional and post-
transcriptional levels in vitro and in vivo (Ayupova et al., 2009; Jeyaraj et al., 2006; Jeyaraj
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et al., 2010). This is in part due to the expression of two alternate HuR mRNAs with
different translational properties, whose relative levels change following cell stress. In rat
kidneys, ischemia-reperfusion injury results in overall increases in HuR mRNA throughout
the nephron, but HuR protein levels are increased only in proximal tubules (Ayupova et al.,
2009). This distinction is notable, as proximal tubule cells are highly sensitive to ischemic
injury.

HuR’s role as a mediator of cell survival is well-established (Abdelmohsen et al., 2007).
Indeed, HuR’s capacity to bind mRNAs is enhanced during cell stress, when it switches
from a typical nuclear steady-state location to the cytoplasm (Atasoy et al., 1998; Fan and
Steitz, 1998). Stresses that trigger HuR activation include energy depletion (Jeyaraj et al.,
2005), ultraviolet irradiation (Wang et al., 2000), hypoxia (Levy et al., 1998), nutrient
deprivation (Yaman et al., 2002), and heat shock (Gallouzi et al., 2001), among others. HuR
has been shown to promote the mRNA stability and/or translation of several anti-apoptotic
proteins including Bcl-2, Mcl-1, prothymosin-α, and XIAP (Abdelmohsen et al., 2007). In
addition, it was demonstrated that HuR promotes alternative splicing of the mRNA for the
death receptor Fas such that the resulting protein no longer retains its pro-apoptotic
functions (Izquierdo, 2008).

The PI3K/Akt pathway has been demonstrated to be critical to cell survival and repair in
multiple tissue injury models, including the kidney. Renal ischemia/reperfusion (I/R) was
shown to transiently increase Akt activation (Andreucci et al., 2003), which was further
demonstrated to play a protective role in I/R-injured kidney function (Satake et al., 2008).
The PI3K/Akt pathway also has been shown to protect against acute kidney injury induced
by cisplatin toxicity (Kuwana et al., 2008). Akt, a family of highly related serine/threonine
kinases, protects against apoptosis through phosphorylation of multiple proteins involved in
regulating cell survival, including Bcl-2 family members, caspases and caspase inhibitors,
the mTOR signaling pathway, and FoxO transcription factors (Datta et al., 1999). Previous
studies have suggested interaction between Akt signaling and HuR function. In gastric tumor
cells, it was shown that Akt activation could promote HuR expression through stimulation of
an NF-κB element in the HuR promoter (Kang et al., 2008). Conversely, it was suggested
that HuR was required for Akt activation in renal tubule cells (Danilin et al., 2010).
Therefore, the precise interaction of HuR with the PI3K/Akt pathway is unclear.

Grb10 is a member of a family of adaptor proteins (including Grb7 and Grb14) that
functions downstream of multiple receptor tyrosine kinases such as the insulin and insulin-
like growth factor-I receptor (Liu and Roth, 1995; Morrione et al., 1996), growth hormone
receptor (Moutoussamy et al., 1998), and the Ret receptor tyrosine kinase (Pandey et al.,
1995), among others. Grb10 may also interact with a number of non-receptor kinases,
including Akt. It has been proposed that in some cell types, Grb10 stimulates Akt function
by translocating Akt to the plasma membrane where it is phosphorylated and activated by
PI3 kinase (Jahn et al., 2002). Here we show that in renal proximal tubule cells, HuR binds
Grb10 mRNA and promotes its expression, leading to their participation in a positive
feedback loop that amplifies the pro-survival functions of Akt signaling.

MATERIALS AND METHODS
Cell culture and RNA interference

The human proximal tubule cell line HK-2 and the porcine proximal tubule cell line LLC-
PK1 were cultured in Dulbecco’s modified Eagle medium (DMEM) containing fetal bovine
serum (10%) and penicillin/streptomycin at 37°C in a 5% CO2 environment. ATP depletion
of these cells were performed as previously described (Ayupova et al., 2009; Jeyaraj et al.,
2005; Jeyaraj et al., 2006). Briefly, cells were grown to confluence and cultured overnight in
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fresh medium. The cells were rinsed twice with phosphate-buffered saline and the growth
medium was replaced with pre-warmed DMEM base supplemented with L-glucose, sodium
bicarbonate, and 0.1 µM antimycin A. RNAi-mediated knockdown of HuR was performed
as reported using either a previously described siRNA with sequence identity to both human
and porcine HuR (Jeyaraj et al., 2005) or a commercially available human siRNA (Santa
Cruz Biotechnology). RNAi-mediated knockdown of Grb10 was performed by transfecting
100 nM commercially available siRNA (Santa Cruz Biotechnology) into HK-2 cells using
Lipofectamine and Plus reagent (Invitrogen). The PI3 kinase inhibitor LY-294002 (Cell
Signaling) was added to cultures, where appropriate, at a concentration of 50 µM for 16–18
hours prior to ATP depletion experiments. The NF-κB inhibitor BAY11-7082 (Sigma) was
used at a concentration of 2 µM.

Plasmids
Plasmids encoding wild-type and constitutively active Akt were a kind gift of Dr. Michael
Ostrowski (The Ohio State University). The cDNA encoding mouse Grb10 eta was an
I.M.A.G.E. clone obtained from the American Type Culture Collection (accession number
BC016111). Restriction endonuclease XbaI was used to remove 2434 bases (82.4%) of the
Grb10 3’ untranslated region for experiments testing the role of the 3’ UTR in Grb10
expression.

Antibodies and Western analysis
HuR was detected using a mouse monoclonal antibody (3A2) obtained from Santa Cruz
Biotechnology. Rabbit antibodies reacting with total Akt and phospho-Akt were obtained
from Cell Signaling Technology. Antibodies detecting human Grb10 were purchased from
Cell Signaling and Santa Cruz, while a rabbit antibody specific to mouse Grb10 was
purchased from Santa Cruz. A mouse antibody reactive with β-actin was purchased from
Abcam. Secondary antibodies coupled to horseradish peroxidase were purchased from GE
Healthcare. Western analysis was performed by standard methodologies. Proteins were
separated by SDS-PAGE (Bio-Rad), transferred to Hybond P membrane (GE Healthcare),
and after incubations with primary and secondary antibodies, were detected using a
SuperPico detection kit (Pierce).

RT-PCR and immunoRT-PCR
An internal standard for competitive RT-PCR of HuR was previously synthesized (Jeyaraj et
al., 2005). An internal standard for Grb10 was synthesized using the same methodology.
Total RNA from HK-2 or LLC-PK1 cells was isolated using Trizol (Invitrogen) following
the manufacturer’s instructions. A mixture of internal standard RNA and cellular RNA was
reverse transcribed using the Super Script cDNA synthesis system (Invitrogen). The
resulting cDNA was subjected to PCR using Platinum Taq DNA polymerase (Invitrogen).
For HuR, PCR primers were of the sequences 5’-GGTTATGAAGACCACATGGCCG-3’
(sense) and 5’-AAGCCATAGCCCAAGCTGT-3’ (antisense). Human Grb10 primers were
of the sequences 5’-ACAAGGTGGAGCAGACACCTC-3’ (sense) and 5’-
GTAAAGAACCCGGCGGTGAGC-3’ (antisense), while mouse Grb10 primers were of the
sequences 5’- GAATCCAGTGAACTTCTTCCC -3’ (sense) and 5’-
GCGTTGTACTGCTTCTTTCC -3’ (antisense).

Immunoprecipitation of HuR followed by RT-PCR of associated mRNAs was performed as
previously described (Jeyaraj et al., 2005; Yeap et al., 2002). Briefly, HK-2 cells were lysed
in CEB buffer containing protease and RNAse inhibitors, followed by immunoprecipitation
of HuR using mouse monoclonal 3A2 (Santa Cruz Biotechnology) and Protein A/G
(Thermo Scientific). The resulting precipitate was washed with CEB buffer, and RNA was
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extracted using Trizol. Following RNA isolation and cDNA synthesis, the presence of
Grb10 was assessed using the PCR primers described above.

PCR arrays
RT2 Profiler PCR arrays and associated reagents were purchased from SABiosciences/
Qiagen. To compare gene expression between control and HuR-suppressed HK-2 cells, total
RNA was harvested from cells treated with control oligonucleotide or HuR siRNA 48 hours
post-transfection, then subjected to ATP depletion for 6 hours. cDNA synthesis was
performed using an RT2 First Strand kit. PCR arrays were analyzed using a Bio-Rad iCycler
iQ Real-time Detection System in the Plant-Microbe Genomics Facility at The Ohio State
University. Analysis of resulting PCR products was performed using RT2 Profiler PCR
Array Data Analysis software according to SABiosciences/Qiagen protocols.

Apoptosis assays
Assays for apoptosis were performed as previously described (Ayupova et al., 2009), using
the Caspase Glo 3/7 Assay kit (Promega Corp.). To test the role of PI3 kinase signaling,
cells were treated with 50 µM LY-294002 or vehicle for 16–18 hours prior to ATP depletion
and harvesting for caspase assays. In other experiments, Grb10 expression was suppressed
by siRNA for 48 hours prior to ATP depletion and harvesting for caspase assays. Each
treatment was performed in triplicate, and three such independent experiments were
performed.

Immunocytochemistry
For immunolocalization of total Akt, pAkt and Grb10, cells were seeded on glass coverslips
and grown to confluence, at which time the cells were given fresh medium and cultured
overnight prior to use. Following the necessary treatments, cells were fixed and
permeabilized in 2% formaldehyde in stabilization buffer. Cells were then probed with anti-
Akt, anti-pAkt (phosphoserine 473) or anti-Grb10 antibody, and Alexa 488-or Alexa 568-
conjugated goat anti-rabbit secondary antibodies from Molecular Probes. Cells were
visualized with a Nikon Eclipse 80i epifluorescent microscope with SPOT software
(Diagnostic Instruments).

RESULTS
HuR expression is regulated by PI3K/Akt activity in proximal tubule cells

Numerous previous reports have established the importance of PI3K/Akt activity in cell
survival in energy-depleted renal epithelia (Andreucci et al., 2003; Chen et al., 2008; Joo et
al., 2006; Loverre et al., 2004; Sharples et al., 2004; Xie et al., 2006). To confirm these
findings in the HK-2 proximal tubule cell line, cells were subjected to ATP depletion in the
presence or absence of PI3K inhibitor LY-294002, and apoptosis was measured through
assessment of caspase 3/7 activity. Figure 1A demonstrates that over the course of 6 hours,
activity of these caspases increased approximately 7-fold and that the magnitude of this
response was almost doubled by inhibition of PI3K signaling. Similar results were obtained
in the porcine proximal tubule line LLC-PK1 (Supplementary Fig. S1A). Activation of Akt
signaling is also demonstrated in Figure 1B, which shows that ATP depletion resulted in
changes in the distribution of total Akt. Although Akt is most typically a cytosolic protein,
control HK-2 cells demonstrated a primarily nuclear distribution, as has been demonstrated
for a number of cell types including HEK293, HeLa, PC12, and cardiomyocytes (Martelli et
al., 2006; Miyamoto et al., 2009; Wang and Brattain, 2006). In contrast, ATP-depleted cells
demonstrated an accumulation of Akt at the cell periphery (arrows), indicative of Akt
activation at the plasma membrane. ATP depletion also induced an increased in pAkt levels,
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as assessed by Western blots (discussed below). These results confirm a role for PI3K/Akt
signaling in cell survival in HK-2 cells undergoing energy depletion.

PI3K/Akt signaling was previously shown to increase HuR expression in gastric tumor cells
(Kang et al., 2008). Therefore, we performed experiments to determine whether PI3K/Akt
signaling enhanced HuR expression in HK-2 cells. Cells were ATP depleted in the presence
or absence of LY-294002 and HuR expression levels were determined. Figure 1C shows that
by 2 hours of ATP depletion of HK-2 cells there is an approximately 2-fold increase in HuR
protein, as we previously demonstrated in LLC-PK1 cells (Jeyaraj et al., 2006). Inhibition of
PI3K strongly suppressed HuR levels (by 76 ± 6% over all timepoints in three independent
experiments). These results demonstrate that PI3K activity regulates HuR expression in
proximal tubule cells under both normal (timepoint 0) and energy-depleted conditions.

NF-κB activity is critical for HuR expression
To determine whether PI3K/Akt signaling regulates HuR expression through the Akt
downstream effector NF-κB, normally growing HK-2 cells were treated with NF-κB
inhibitor BAY11-7082, and HuR levels were assessed. Both Western blot (Figure 2A) and
competitive RT-PCR (Figure 2B) demonstrate that inhibition of NF-κB activity in normally
growing cells results in decreased HuR protein and mRNA levels (by 31–41% after 60
minutes; n = 3). Inhibition of NF-κB also resulted in decreased HuR expression in LLC-PK1
cells (Supplementary Figure S1B). To demonstrate the relationship between Akt and NF-κB
relative to HuR expression, HK-2 cells were transfected with either wild-type (WT) or
constitutively active (CA) Akt (Figure 2C). Overexpression of WT-Akt, which did not
significantly alter activated Akt levels, induced a mild increase in HuR, although this change
did not reach statistical significance. In contrast, overexpression of CA-Akt increased HuR
(by 62 ± 11%; n = 3). These data confirm that Akt and NF-κB are regulators of HuR
expression. Surprisingly, inhibition of NF-κB also resulted in diminished pAkt in all cells,
including those expressing CA-Akt (Figure 2C, middle panel). NF-κB is a known
downstream effector of Akt signaling; however, these results suggest that NF-κB signaling
may also induce Akt activation, indicative of a regulatory feedback loop.

Akt activity but not Akt expression is regulated by HuR levels in proximal tubule cells
Our data demonstrate that HuR levels are increased by PI3K/Akt signaling in proximal
tubule cells. Conversely, other studies have suggested that this relationship may be reversed;
that is, that HuR modulates Akt activity (Danilin et al., 2010; Meng et al., 2002). Therefore,
we performed Western analysis in our cell model to determine whether siRNA-mediated
suppression of HuR affected Akt expression or activity in HK-2 cells. For these
experiments, we utilized an siRNA that was previously shown to give specific knockdown
in LLC-PK1 cells (Jeyaraj et al., 2005) by binding to an mRNA sequence that is identical
between the human and porcine forms. Figure 3A, top row, illustrates that HuR protein
expression, which increases during ATP depletion, can be strongly inhibited by HuR siRNA
in HK-2 cells (92 ± 7% inhibition over all timepoints in three independent experiments).
Similar results were obtained with a second, independent siRNA against human HuR
(Supplementary Figure S2A). Figure 3A also demonstrates that Akt is activated during ATP
depletion, to 2.0 ± 0.1-fold greater than normal levels at 6 hours (n = 3). Further, HuR
knockdown strongly suppresses this activation, by 72 ± 6% over all timepoints. In contrast,
total Akt expression is unaffected by the knockdown, demonstrating that HuR modulates
activation, rather than the expression, of Akt. Similar results were obtained in LLC-PK1
cells (Supplementary Figure S1C). These results and those in previous figures show that in
proximal tubule cells, HuR levels are regulated by Akt and conversely, HuR regulates Akt
activation.
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Expression of adaptor protein Grb10 is regulated by HuR levels in proximal tubule cells
HuR is a post-transcriptional regulator of gene expression and not a kinase, therefore HuR’s
effects on Akt activity are likely to be a result of alteration in expression of an upstream
activator of Akt. To determine what members of the PI3K/Akt signaling pathway might be
regulated by HuR, PCR array analysis was performed on control HK-2 cells and those in
which HuR expression was suppressed by RNAi. HuR suppression resulted in reduced
expression of 39 out of 84 mRNAs involved in PI3K/Akt signaling (Supplementary Table
SI). In two independent experiments, the mediator of Akt signaling most strongly affected
by HuR suppression was Grb10 (growth factor receptor-bound protein 10), a member of the
Grb7 family of adaptor proteins that was shown to be a key regulator of PI3 kinase activity
downstream of the insulin and insulin-like growth factor-1 receptor tyrosine kinases (Lim et
al., 2004; Riedel, 2004). To confirm the PCR array analysis, Grb10 mRNA and protein
levels were compared in control cells and cells in which HuR was suppressed by RNAi.
Figure 3B demonstrates that Grb10 mRNA and protein levels increase by less than 2-fold in
control cells during ATP depletion. However, knockdown of HuR strongly inhibited
expression of Grb10 (protein levels decreased by 65 ± 4% over all timepoints in two
experiments). Similar results were obtained in LLC-PK1 cells (Supplementary Figure S1C).

This result suggests that Grb10 mRNA may be a target of HuR-mediated post-
transcriptional control. To determine whether HuR binds Grb10 mRNA, HuR from control
or ATP-depleted cells was immunoprecipitated, the co-precipitating mRNAs were isolated,
and the presence of Grb10 mRNA was assessed by RT-PCR. As shown in Figure 3C, under
both normal and stressed conditions, HuR was capable of co-precipitating Grb10 mRNA.
An increase in HuR-associated Grb10 was noted in stressed cells, as is consistent with
HuR’s protective role (in 3 independent experiments, an average increase of 66 ± 21% over
control cells). Further, the 3’ UTR of Grb10 contains multiple regions that conform to
potential HuR binding sites (Lebedeva et al., 2011; Lopez de Silanes et al., 2004; Mukherjee
et al., 2011). To determine whether the 3’ UTR does indeed contain a functional binding
site, full-length mouse Grb10 or a mutant lacking most of the 3’ UTR was transfected into
HK-2 cells in the presence or absence of exogenous HuR. As shown in Figure 3D, the
exogenous mouse Grb10 mRNA and protein were then detected by RT-PCR (top row) or in
Western blots using an antibody specific to the mouse protein (middle row). These
experiments show that intense bands were detected in cells overexpressing wild-type Grb10
(lanes 3 and 5) but not truncated Grb10 (lanes 4 and 6). This result is consistent with a
positive role for the Grb10 3’ UTR in its expression. Additionally, when WT Grb10 was co-
transfected with HuR (lane 5), Grb10 expression was 2.5 ± 0.6-fold higher than when
expressed alone (lane 3, n = 3). These results, coupled with the previous figure showing
HuR’s ability to bind Grb10 mRNA, demonstrate that HuR plays a positive role in
promoting Grb10 expression.

Grb10 stimulates Akt activation and HuR levels
As described above, Grb10 has been implicated in some cell types as a positive regulator of
survival (Lim et al., 2004; Riedel, 2004). To determine whether Grb10 has any effects on
cell survival and the PI3K/Akt signaling pathway in proximal tubule cells, RNAi was used
to knock down its expression. Four alternately spliced Grb10 isoforms with yet unknown
specific functions are present in human cells (Lim et al., 2004; Riedel, 2004). The siRNAs
used in this study were designed to knock down all isoforms. Figure 4A demonstrates that
Grb10 mRNA can be strongly suppressed in HK-2 cells using nanomolar levels of siRNA.
This loss of Grb10 mRNA results in a corresponding loss of Grb10 protein (knockdown of
95 ± 2% over all time points in two experiments; Figure 4B). To determine whether Grb10
has effects on cell survival, HK-2 cells treated with either Grb10 siRNA or a control
oligonucleotide underwent ATP depletion, and apoptosis was measured by assays for
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caspase 3/7 activation. As shown in Figure 4C, ATP depletion in control cells resulted in a
~10-fold increase in caspase 3/7 activity over 6 hours. However, suppression of Grb10
expression increased this response over time, and after 6 hours, caspase 3/7 activity was
~50% higher in the siRNA-treated cells than the control cells. Thus, Grb10 plays an
important role in cell survival during energy depletion.

Grb10 was previously shown to be a positive regulator of Akt signaling downstream of PI3
kinase (Jahn et al., 2002). To test whether Grb10 has a similar effect in proximal tubule
cells, Grb10 was knocked down by RNAi in cells undergoing ATP depletion, and total and
activated Akt levels were assessed by Western blot. As shown in the top row of Figure 5A,
ATP depletion of control cells induced Akt phosphorylation, as previously demonstrated in
Figure 3A. The same blot shows that suppression of Grb10 resulted in a dramatic decrease
in Akt activation at the 0 timepoint and prevented any increase in activation during ATP
depletion (reduction of pAkt by 88 ± 4% over all time points). This was not due to
alterations in total Akt levels, however, as these were unchanged by loss of Grb10 (Figure
5A). Interestingly, siRNA-mediated knockdown of Grb10 also resulted in severe loss of
HuR (by 85 ± 3% over all timepoints; Figure 5A). This siRNA-mediated loss of HuR, as
well as the decrease in Akt activation, could be reversed by rescuing Grb10 levels with
expression of an exogenous cDNA (Supplementary Figure S2B). This result further suggests
that HuR participates in Akt signaling in a positive feedback loop. To determine whether
knockdown of Grb10 diminishes HuR expression at the level of mRNA, control cells or
those treated with Grb10 siRNA were assessed for HuR mRNA levels by competitive RT-
PCR. As shown in Figure 5B, suppression of Grb10 did indeed result in the loss of HuR
mRNA, suggesting that Akt and NF-κB signaling are likely to regulate HuR transcription, as
previously described.

Finally, we examined the relative distributions of Grb10 and phosphorylated Akt, as Grb10
has been suggested to aid in Akt activation through their association (Jahn et al., 2002).
Figure 5C demonstrates an almost complete overlap of pAkt and Grb10 in the nucleus under
normal growth conditions. In addition, ATP depletion results in Grb10, along with pAkt,
being re-distributed to the cell periphery. Similar effects were seen in LLC-PK1 cells
(Supplementary Figure S1D). As expected from the findings in Figure 5A, knockdown of
Grb10 resulted in an almost complete loss of pAkt along with an inability of pAkt to
translocate to the cell periphery (Figure 5C). These results are consistent with a role for
Grb10 in assisting activation of pAkt in renal epithelia.

In summary, the studies described here suggest a central role for HuR within a positive
feedback loop that amplifies Akt signaling in proximal tubule cells. A schematic of this
proposed feedback loop, which is based both on the data presented here as well as work
published in the literature, is shown in Figure 6. We hypothesize that this feedback loop
plays a key role in maintaining pAkt activity under both normal growth conditions and
during stress.

DISCUSSION
Regulation of HuR expression must necessarily be under close cellular control to permit cell
survival while preventing cellular transformation. Yet, our previous results suggest that cells
must maintain the ability to temporarily upregulate HuR levels in order to survive certain
injuries and prepare for future stresses (Ayupova et al., 2009; Jeyaraj et al., 2005; Jeyaraj et
al., 2006; Jeyaraj et al., 2010). The necessity for precision in HuR expression is reflected in
the existence of numerous levels of regulation, including transcriptional and translational
control of HuR during cell stress (Ayupova et al., 2009; Jeyaraj et al., 2010). Sequences in
the 3’ untranslated region of HuR mRNA are also critical for its expression. HuR has been
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shown to be translationally repressed by multiple microRNAs whose suppression appears to
lead to tumor growth and resistance to chemotherapy (Abdelmohsen et al., 2010; Guo et al.,
2009; Kojima et al., 2010; Xu et al., 2010). Interestingly, HuR mRNA is also expressed as
alternate polyadenylation variants that contain or lack HuR binding sites, allowing for auto-
regulation of expression (Al-Ahmadi et al., 2009; Dai et al., 2011). Here we introduce
another level of regulation, in which HuR joins with Akt signaling pathways in a positive
feedback loop.

HuR’s central role in PI3K/Akt signaling is evident in the results of our PCR array analysis,
in which HuR knockdown resulted in decreased expression of almost half of the tested genes
that contribute to this signaling. Indeed, our initial examinations of HuR’s role in PCR
arrays of genes involved in general apoptosis revealed the PI3K/Akt pathways to be
particularly influenced by HuR levels relative to other apoptotic pathways (not shown). We
have identified the adapter protein Grb10 as a target of HuR regulation and have shown its
importance in mediating cell survival during stress. Consistent with this study, two very
recent transcriptome-wide analyses of HuR targets identified Grb10 as containing HuR
binding sites with both 3’ UTR and intronic sequences (Lebedeva et al., 2011; Mukherjee et
al., 2011). Interestingly, both HK-2 and LLC-PK1 cells under normal conditions
demonstrate a primarily nuclear localization of pAkt and Grb10, which have more typically
been considered cytoplasmic proteins. Energy depletion results in the appearance of these
proteins at the plasma membrane, although the nuclear versions still remain the great
majority. The consequences of this distribution are unclear. Nuclear pAkt (and PI3K) has
been demonstrated in multiple cell types (Martelli et al., 2006), and indeed, the nuclear form
was shown to be as effective as the plasma membrane form in protecting cardiomyocytes
from stress-induce apoptosis (Shiraishi et al., 2004). It seems likely that alterations in
distribution would allow Akt access to different downstream targets, which include both
cytoplasmic (e.g. BAD, caspase 9) and nuclear (e.g. transcription factor FoxO3a) proteins
(Datta et al., 1999). Nonetheless, our results show that Grb10 is critical for Akt activation in
renal epithelia, both under normal and stressed conditions.

Although our studies indicate that Grb10 promotes cell survival in renal epithelia, it is a
negative regulator of growth, as its disruption in mice leads to overgrowth and heightened
signaling in insulin-sensitive tissues (Charalambous et al., 2003; Wang et al., 2007). Very
recently, this was shown to be due to Grb10’s role as a downstream target of serine/
threonine kinase mTOR complex 1 (mTORC1), a potent negative regulator of insulin
signaling. Briefly, it was shown that Grb10 is phosphorylated by mTORC1, which increases
Grb10’s stability, allowing it to negatively regulate insulin signaling and subsequent PI3K/
Akt activation (Hsu et al., 2011; Yu et al., 2011). This scenario is in distinct opposition to
our findings in renal epithelia, where we find that Grb10 is a positive regulator of cell
survival and Akt activation. These discrepancies may be attributable in part to tissue- and
cell-specific differences, such as cellular expression of insulin and insulin-like growth factor
receptors or other regulators of PI3K signaling. An anti-apoptotic role for Grb10 has been
demonstrated in several other cell models (Hu et al., 2010; Jahn et al., 2002; Kebache et al.,
2007). Further, Grb10 expression has been shown to be upregulated in some tumor types
(Casas et al., 2003; Mirmohammadsadegh et al., 2004; Okino et al., 2005) and
downregulated in others (Yu et al., 2011). Perhaps relevant to these studies, disruption of a
maternally-imprinted allele of Grb10 resulted in a general overgrowth of resulting mice,
although the kidney was spared (Garfield et al., 2011). These results suggest that Grb10’s
effects vary within different cellular contexts. In addition, Grb10 mRNA is expressed as
multiple alternately spliced transcripts (3 in mice, 4 in humans) whose functions may or may
not differ. Whether alternately spliced forms play unique roles in activation of Akt signaling
or other pathways remains to be determined. Finally, the subcellular distribution of Grb10
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and pAkt may play a role, as we have shown that their presence is highest in the nuclear
compartment in proximal tubule cells.

These studies provide evidence to show that HuR plays a central role in Akt signaling in
renal epithelia, as its expression is both enhanced by Akt activation and is required for Akt
activation through its effects on Grb10. These findings therefore reveal another level of
control to HuR expression, and elucidate its role in a key pathway that has implications not
only for cell survival under stress, but also for HuR’s role in promoting tumor growth.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HuR levels are regulated by PI3K/Akt signaling
(A) Apoptosis levels were assessed by measurements of caspase 3/7 activity in HK-2 cells
treated either with vehicle or PI3K inhibitor LY-294002. *, P< 0.05; **, P<0.005. (B)
Control or ATP-depleted HK-2 cells were immunolabeled with an antibody against total
Akt. Arrows indicate plasma membrane distribution of Akt, which is indicative of its
activation. Scale bars = 20 µm. (C) The effects of PI3K inhibition on HuR levels were
measured by Western blot. β-actin was detected as a loading control.
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Figure 2. HuR levels are regulated by NF-κB signaling
The effects of NF-κB inhibition on HuR expression were demonstrated by treatment of
HK-2 cells with BAY11-7082. (A) HuR protein levels were assessed by Western analysis. A
representative blot is shown that also detects β-actin as a loading control. (B) Competitive
RT-PCR demonstrates that inhibition of NF-κB suppresses HuR mRNA levels. (C) HK-2
cells overexpressing wild-type (WT) or constitutively active (CA) Akt1 were treated with
vehicle or BAY11-7082, as were untransfected controls. HuR levels were assessed by
Western analysis, along with β-actin as a loading control. A Western of pAkt levels
indicates Akt activation levels. Below, data from three independent experiments are
represented graphically. *, P= 0.01.
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Figure 3. HuR regulates Akt activation and Grb10 expression
(A) Western analysis demonstrates that ATP depletion increases HuR protein levels and Akt
phosphorylation. siRNA-mediated knockdown of HuR strongly inhibits Akt activation
without affecting total Akt levels. β-actin is shown as a loading control. (B) Competitive
RT-PCR (top row) demonstrates that Grb10 mRNA levels increase during ATP depletion,
but are diminished by HuR knockdown. Western analysis, below, shows similar results for
Grb10 protein. β-actin is shown as a loading control. (C) HuR was immunoprecipitated from
ATP-depleted or control cells, and associated RNA was purified. The presence of Grb10
mRNA was assessed by RT-PCR. Controls demonstrate specificity by showing that a lack of
HuR antibody or reverse transcriptase (RT) in the procedure fails to produce Grb10 cDNA.
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(D) (top) A murine Grb10 cDNA used for overexpression is shown schematically, including
the 174 bp 5’-UTR, 1626 bp coding region, and the 2954 bp 3’ UTR. For generation of a
mutant cDNA, 3’ UTR sequences downstream of the XbaI site were deleted. Asterisks
indicate potential regions of HuR binding, based on sequence analysis. (bottom) The role of
the Grb10 3’ UTR in controlling its expression was demonstrated by both RT-PCR and
Western blot. β-actin levels are included as a loading control for the Western blot. Lane 1:
untransfected; lane 2: empty expression vector; lane 3: full-length murine Grb10; lane 4:
murine Grb10 lacking 3’ UTR sequences; lane 5: full-length murine Grb10 + HuR; lane 6:
murine Grb10 lacking 3’ UTR sequences + HuR.
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Figure 4. siRNA-mediated knockdown of Grb10 increases apoptosis in ATP-depleted HK-2 cells
(A) Competitive RT-PCR demonstrates efficient knockdown of Grb10 mRNA with
nanomolar levels of siRNA. (B) Western analysis demonstrates efficient knockdown of
Grb10 protein during ATP depletion. β-actin levels are assessed as a loading control. (C)
Caspase 3/7 assays show that knockdown of Grb10 increases apoptosis during ATP
depletion. *, P < 0.05; **, P< 0.01.

Singh et al. Page 17

J Cell Physiol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Knockdown of Grb10 inhibits Akt activation and HuR expression
(A) Western analysis of HK-2 cells treated with control oligonucleotides or Grb10 siRNAs
show that suppression of Grb10 results in strongly diminished Akt activation and HuR
protein expression. (B) Competitive RT-PCR demonstrates that knockdown of Grb10
decreases HuR expression at the mRNA level. (C) Under normal growth conditions (top
row), Grb10 and pAkt demonstrate almost complete overlap in the nucleus but show no
discernable distribution at the plasma membrane (arrow). ATP depletion (middle row)
results in movement of a subset of both proteins to the plasma membrane (arrow). SiRNA-
mediated knockdown of Grb10 (bottom row) results in a marked loss of pAkt and no clear
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plasma membrane distribution of either protein. The periphery of a single cell is outlined
and the plasma membrane of a second cell is indicated with an arrow. Scale bars = 20 µm.
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Figure 6. Schematic of HuR’s role in promoting a positive feedback loop of Akt signaling
Based on data presented here and in the literature, we propose the following positive
feedback loop for HuR in Akt signaling. (1) NF-κB promotes HuR expression, most likely
through transcriptional control; (2) HuR binds to and stabilizes Grb10 mRNA, resulting in
increased Grb10 expression; (3) Grb10 activates Akt by aiding in its transport to the plasma
membrane where it is activated by PI3K; and (4) Akt activation stimulates NF-kB activity.

Singh et al. Page 20

J Cell Physiol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


