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Abstract

Heterozygous Gigyf2*’~ mice exhibits histopathological evidence of neurodegeneration such as motor dysfunction. Several
lines of evidence have demonstrated the important role of insulin-like growth factor-1 receptor (IGF1R) signaling pathway in
the neuropathogenic process of cognitive impairment, while decreased Grb10-Interacting GYF Protein 2 (GIGYF2)
expression can alter IGF1R trafficking and its downstream signaling pathways. Growth factor receptor-bound protein 10
(Grb10), a suppressor of IGF1R pathway, has been shown to play a critical role in regulating diabetes-associated cognitive
impairment. It remains unknown whether endogenous GIGYF2 expression contributes to the development of diabetes-
associated cognitive impairment. Using streptozotocin (STZ)-induced diabetic mice model, we first demonstrated that a
significantly increased level of GIGYF2 expression was correlated with a significant decrease in the expression of
phosphorylated IGF1R as well as the phosphorylation of AKT and ERK1/2, two signaling pathways downstream of IGF1R, in
the hippocampus of diabetic mice. On the contrary, in situ knockdown of GIGYF2 expression in hippocampus resulted in
increased expression of phosphorylated IGF1R expression and correspondingly reversed the down-regulation of ERK1/2
phsophorylation but had no obvious effect on Grb10 expression. Functionally, knockdown of GIGYF2 expression markedly
ameliorated diabetes-associated cognitive dysfunction as well as the ultrastructural pathology and abnormal
neurobehavioral changes. These results suggest that increased expression of GIGYF2 might contribute to the development
of diabetes-associated cognitive disorder via negatively regulating IGF1R signaling pathway. Therefore, down-regulation of
GIGYF2 expression may provide a potential novel approach to treat diabetes-associated cognitive impairment caused by
aberrant IGF1R signaling pathway.
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IGF1R signaling [9,10]. The interaction between BPS domain of
Grbl0 and IGFIR could directly inhibit IGFIR substrate
phosphorylation [11], and decreased the levels of Grbl0
expression below normal levels resulted in augmented IGF1
activation of Akt and ERK1/2 [9]. However, the N-terminally
truncated Grbl0 (BPS-SH2) shows no effect on receptor
phosphorylation or glucose uptake, implying that the N-terminal

Introduction

Numerous studies have shown that diabetic patients present a
high risk of developing cognitive disorders [1,2]. Nowadays,
diabetic encephalopathy is recognized as one of the most
important complications of diabetes, which encompasses function-
al impairment of cognition, cerebral signal conduction, neuro-

transmission and synaptic plasticity, and underlying structural
brain abnormalities [1,2].

Accumulating evidence indicates that insulin-like growth factor-
1 (IGF1) acts as a homeostatic modulator for normal brain
functionality and synaptic plasticity [3-5], and the loss of IGF1
activity caused by diabetes may contribute to cognitive impair-
ment [6]. Most biological functions of IGF1, including its anti-
apoptotic function, are mediated by the insulin-like growth factor-
1 receptor (IGF1R) [7,8]. Studies have shown that growth factor
receptor-bound protein 10 (Grbl0) can interact with tyrosine-
phosphorylated growth factor receptors such as IGF1R and insulin
receptor (IR) and serve as an endogenous negative regulator of
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domains of Grbl0O is essential to its regulatory effect on IR
signaling [12]. Recent studies via yeast two-hybrid screening have
demonstrated that the N-terminus of Grb10 interacts with GYF
proteins (GIGYF1 and GIGYF2), which are two novel and
homologous proline motif binding proteins. The GIGYF1 protein
can be recruited to the activated imnsulin and IGF1 receptors
through binding to the N-terminus of Grb10 [13]. Subsequent
studies using GIGYF2 null mice models showed that GIGYF2
gene disruption in mice led to inhibition of IGFI-stimulated
IGF1R tyrosine phosphorylation and consequently, the manifes-
tation of neurodegeneration [14]. Those findings suggest that
Grb10 and GIGYF2 may act cooperatively to regulate IGFIR
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signaling. In addition, a high level of GIGYF2 expression is
presented in the pancreas and testis as well as brain (including the
hippocampus) of adult mouse, thus supporting a vital role of
GIGYF2 in the regulation of IGFIR signaling in the central
nervous system (CNS) [15]. Most recently, several lines of evidence
have shown that GIGYF2 gene mutations are closely linked to
human familial Parkinson’s disease [16—-18], one of the most
common neurodegenerative disorders, thus further supporting the
notion that GIGYF2 may play a critical role in neuronal
degradation in CNS.

We have recently reported that a continuous hyperglycemia
condition led to an increased expression of endogenous GRB10 in
the hippocampus of rats with diabetic encephalopathy, which
might cause damages to nerve function such as cognitive
impairment [19]. In addition, Saenger et al. have reported that
the insulin/IGF1 signaling pathways were implicated in dysreg-
ulated synaptic maturation and might play a key role in brain
ageing and dementia as well as in learning and cognitive functions
in rodent models [20]. However, the pathophysiological function
of GIGYF?2, particularly its role in the aberrant IGF1R signaling
pathway in diabetes, remains largely unknown. In the current
study, we first examined the level of GIGYF2 expression in
hippocampus of diabetic mice and then used lentiviral vector-
mediated delivery of short hairpin RNA (shRNA) to knockdown
GIGYF2 expression to observe changes in animal behavior and
ultrastructural pathology. The results suggest that altered GIGYF2
expression in the hippocampus of diabetic mice might affect
IGFIR signaling pathway and subsequently improve cognitive
performance.

Materials and Methods

Ethics Statement

All animals used in the study were handled according to the
International Guiding Principles for Biomedical Research Involv-
ing Animals of the Council for International Organizations of
Medical Sciences. Animal experiments were approved by the
Committee on the Ethics of Animal Experiments of Chongqing
Medical University. In brief, animals were fed with a nutritious
standardized diet and with unrestricted access to the distilled water
under clean circumstances at the Laboratory Animal Centre of
Chongqing Medical University (Chongqing, China), and main-
tained on a constant 12 h: 12 h light/dark cycle. All mice were
deeply anesthetized with an intraperitoneal injection of 3% chloral
hydrate before sacrifice by decapitation.

Animal models

Male C57BL/6 mouse (6-7 weeks old, weighing 2022 grams)
were purchased from the Third Military Medical University
Animal Center (Chongqing, China). After a week of acclimation,
all animals were starved for 8 hours, and then three-fifths of the
mice were randomly selected for a single intraperitoneal injection
of streptozotocin (STZ, 180 mg/kg; Sigma-Aldrich, USA) to
induce diabetes as experiment group. STZ was dissolved in 0.1 M
sodium citrate-hydrochloric acid buffer solution (pH 4.5). The
remaining mice were injected with an equal volume of buffer
solution without STZ as control group. Three days later, glucose
in fasting blood collected from the tail vein was measured using a
strip-operating blood glucose sensor (Accu-Check Aviva, Roche
Diagnostics, Basel, Switzerland). Mice with a blood glucose level of
16.7 mmol/L. or above were diagnosed as diabetes [21].
Afterwards, the blood glucose and body weight were measured
once a week. Those mice in the experiment group were further
randomly divided into three groups: diabetes mellitus (DM), sham-
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knocked down (DM+0), and the test (DM + shRNA) groups.
Those mice in the control group were randomly divided into two
groups: control (con) and con + shRNA group. Each group had 12

mice.

GIGYF2-shRNAconstructs and Lentiviral vector

production

GIGYF2-shRNA is a Mouse pGreenPuro lentiviral shRNA
clone [22] obtained from System Biosciences (California, USA).
The shRNA was packaged into pseudoviral particles and stored at
—80°C to keep stability and full biological activity. The classic
lentiviral vectors (RSV.cPPT.hCMV.cGFP.Wpre) carried a built-
in green fluorescent protein (GFP), which was used as a tracer in
the neurons. It was packaged using calcium phosphate transfection
of 293 T cells [23]. Viral particles were collected and concentrated
with a titer no less than 1x10'" transducing units (TU)/ml. For
the i vivo experiments, 8% glycerol is required for long-term
storage, which can be omitted from the media during plasmid
preparation [24].

Stereotaxic surgery

One week after STZ injection, the mice were anaesthetized with
an intraperitoneal injection of 1% pentobarbital sodium (Sigma)
(5 mg/100 g). To knockdown GIGYF2 expression in the hippo-
campus, the lentivirus expressing GIGYF2-shRNA was implanted
mto Cornu Ammonis area 1 (CAl) region on each side of the
hippocampus. The stereotaxic coordinates were determined from
a mouse brain atlas [25] as —2.3 mm posterior to bregma, —
2.0 mm or 2.0 mm lateral to the midline and 1.8 to 2.0 mm
ventral of the dorsal surface of the skull. The sham-knockdown
group of mice was also injected with the same dose of lentivirus
without GIGYF2-shRNA. All mice received an intrahippocampal
injection of 1.0 ul virus per side delivered over 4 minute (0.25 pl/
min). The syringe was left in place for 1 min after each injection
and then was slowly withdrawn [26].

Morris Water Maze (MWM)

The MWM was adapted from Barron et al. [27] and Gupta el
al. [28]. Each step of the test was performed in a circular pool
(diameter 120 cm) with a circular platform (diameter 10 cm). The
maze was surrounded by a black curtain. There were four markers
on the edge for location, and the pool was divided into four
quadrants according to the entrance markers. Milk powder was
used to make the water opaque, and the water temperature was
kept between 23%+1°C [29]. The platform was placed in one
quadrant of the pool (1 cm below the water surface) and unaltered
throughout the pre-training trials.

In the spatial acquisition trials, the mice were put to face the
wall and then into the water at four starting positions and given 90
seconds (sec) to find the hidden platform. Each mouse was trained
with four trials per day. Latency to find the platform (escape
latency) was recorded on each trial. Mice were allowed to remain
on the platform for 10 sec after reaching. If mice failed to find the
platform within 90 sec, the trial was terminated and mice were
guided to the platform and remained on it for 10 sec, and then put
back into cages.

In the probe trial, the platform was removed. This trial was
designed with a cut-oft time of 60 sec. The frequency of mice
swimming across the site where the platform was placed (platform
crossings), and the time spent in the target quadrant was recorded
[30]. After finishing one classical MWM test, the location of the
platform was changed.
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HemateinEosin and Immunohistochemistry stain

Ten weeks after STZ injection, the mice were deeply
anaesthetized with an intraperitoneal injection of 3% chloral
hydrate and then transcardially perfused with 4% paraformalde-
hyde in phosphate buffer saline (PBS). The brains were removed
and immersed into 4% paraformaldehyde for 24 hour at 4°C and
then embedded in the paraffin. Paraffin-embedded sections of
hippocampus were cut on vibratome at a nominal thickness of
5 um. Tissue sections were subjected to dewaxing, dewatering and
washed in PBS, and then treated with 10 mmol/L sodium citrate
buffer (pH 6.0-6.3), heated in a microwave oven for 20 min at 92—
98°C. for antigen retrieval and incubated in 0.3% hydrogen
peroxide for 15 min. After washing in PBS, tissue sections were
blocked in 5% normal goat serum and 0.3% Triton X-100 in PBS
for 30 min at 37°C, followed by incubation with the primary
antibody solution (GIGYF2 antibody, 1:150 dilution) (Santa Cruz
Biotechnology Inc., CA, USA) overnight at 4°C. After washing
extensively in PBS, tissue sections were incubated with a solution
of 0.1% BSA containing biotinylated goat anti-rabbit secondary
antibody (dilution 1:200) at 37°C for 60 min, followed by
incubation with in avidin-biotin horseradish peroxidase complex
(Vector Laboratories, Burlingame, CA, USA) at 37°C for 30 min.
After extensive washing with PBS, tissue sections were incubated
in a 3, 30-diaminobenzidine solution (Sigma) until the develop-
ment of a brown color [31]. At last, tissue sections were re-stained
with haematoxylin, air dried and mounted with mounting
medium. The pictures were collected on Olympus PM 20
(Olympus, Tokyo, Japan), and the density was measured by
Image-Pro Plus, version 6.0 (Media Cybernetics, Inc., Silver
Spring, MD, USA).

Transmission electron microscopy (TEM)

Brain tissues were perfused with 2% glutaraldehyde perfusate
(25% glutaraldehyde and 0.2 M phosphate buffer with 3 mM
MgCl,, pH 7.4), followed by fixation with 4% glutaraldehyde
perfusate. To observe the possible changes in synaptic and other
ultrastructures, the sections for electron microscopy contained
either the upper or the middle third of the CAl stratum radiatum
of the hippocampus [32]. The quantity of the spine density was
determined by stereological techniques using the Physical Disector
(Disector Countor, version 1.0; Department of Mechanics and
Engineering Science, Peking University, Peking, China) [33].

Real-time gRT-PCR

Ten weeks after STZ injection, the mice were deeply
anaesthetized with an intraperitoneal injection of 3% chloral
hydrate and then directly decollated on the ice to obtain
hippocampus, which was rapidly separated and stored in liquid
nitrogen. Total RNA from the hippocampus tissues was extracted
using RNeasy Mini kit (Qiagen, Mississauga, ON, Canada)
according to manufacturer’s instructions. The RNA concentration
and purity was measured using a NanoDrop 2000 ¢ (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Pure RNA had an
A260/A280 ratio of 1.8 and 2.0. cDNA was synthesized from
mRNA using the PrimeScript RT Reagent kit (Takara Bio Inc.,
Otsu, Japan). Real time RT-PCR was performed using primer set
for mouse target gene. The primers for real time RT-PCR were
designed and synthesized by Sangon Biotech (Shanghai, China).
Gene sequences of primers were as follows: GIGYF2 (forward
primer, 5'-CTGTCGCCTCCTGTTCCTACT-3'; reverse prim-
er: 5'- CTCTTCATCATCTGGCTCTGTG-3"); Grb10 (forward
primer, 5'- GTGAAAGAGGTAGGACGCAAGT-3'; reverse
primer:  5'-TCCAGCAATCAGGTAGAAGATG-3"); IGFIR
(forward primer, 5'-GACTCGGATGGCTTCGTTATC-3'; re-
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verse primer: 5'- CGATGGTTTTCGTTTTCTTCTC-3"). Each
real-time PCR reaction was amplified with SYBR Premix Ex
TaqTM II (Takara Bio Inc., Otsu, Japan) using a Bio-Rad CFX
96 Real Time System (Bio-Rad, Hercules, CA). The reaction
mixtures contained: 200 ng of template, 0.8 ul of forward primer,
0.8 ul of reverse primer, and 10 pl of SYBR Premix Ex Taq
(Tli RNaseH Plus). These mixtures were heated at 95°C for
3 min, 40 cycles of 95°C for 5 sec, 58°C for 30 sec, and 72°C for
30 sec. The comparative threshold cycle (Ct) for quantitative
gene expression between target gene and B-actin was analyzed by
Bio-Rad CFX Manager software (Bio-Rad, Hercules, CA). The
relative change of gene expression was calculated with the g AACt
equation.

Western blot analysis

The hippocampus tissues from mice were homogenized using a
protein extraction kit (Beyotime Institute of Biotechnology, China)
in 50 mM Tris (pH 7.4), 1% Triton X- 100, 1% sodium
deoxycholate, 150 mM NaCl, 0.1% SDS, I mM PMSF and
protease inhibitors. The tissue lysates were centrifuged at
12,000 rpm for 20 min at 4°C and the supernatant were collected
to determine the protein concentrations by a bicinchoninic acid
protein assay (Beyotime Institute of Biotechnology, China).
Western blotting was performed as described previously [34].
Membranes were reprobed with an antibody specific against -
actin as an internal control. The semi-quantitative analysis of the
bands was performed using Quantity One software version 4.6.2
(Bio-Rad, Hercules, CA, USA). The specific primary antibodies
included: a rabbit polyclonal antibody for GIGYF2 (1:150; Santa
Cruz Biotechnology Inc., CA, USA), Grb10 (1:200; Santa Cruz
Biotechnology Inc.), IGF1R (1:1000; ImmunoWay Biotechnology
Inc., Newark, DE, USA), phospho-IGFIR (Y1161) (1:1000;
ImmunoWay Biotechnology Inc.), Akt (1:1000; ImmunoWay
Biotechnology Inc., Newark, DE, USA, YTO0176), Phospho-Akt
(S473) (1:1000; ImmunoWay Biotechnology Inc., Newark, DE,
USA, YP0864), ERK1/2 (1:1000; ImmunoWay Biotechnology
Inc., Newark, DE,USA,;YT1623), and Phospho-ERK1/2(T202/
Y204) (1:1000; ImmunoWay Biotechnology Inc., Newark, DE,
USA, YP1197), and a mouse monoclonal antibody for B-actin
(1:3500; Anbo Biotechnology Inc., San Francisco, USA).

Statistical analysis

All results were analyzed using SPSS 19.0 (SPSS Inc.,
Chicago, IL, USA) and presented as the mean * SEM. One-
way analysis of variance (one-way ANOVA) was conducted. If a
significant difference was found, a Bonferroni or Tamhane’s T2
post-hoc analysis was conducted to determine which groups
differed significantly according to the equal variance criterion.
Repeated measure analysis of variance was used in Morris water
maze test. All statistical tests were two-sided with significance set

at p<<0.05.

Results

Since operative wounds can also influence animal behaviors, we
did then performed the classic MWM test to assess the parameters
associated with animal behavior changes such as exploratory
activity, spontaneous locomotion, anxiety and reference memory
performance. The results indicated that surgery did not have any
obvious effects on those indices, thus suggesting that such changes
in these indices might be due to the chronic hyperglycaemic
conditions.
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Effect of hyperglycemia and GIGYF2-shRNA on body
weight

Different groups of mice had similar body weight and blood
glucose levels before STZ injection. One week after STZ injection,
the level of blood glucose was significantly increased in diabetic
groups (DM, DM +0 and DM + shRNA) (p<<0.01, Fig. 1B),
suggesting the successful induction of diabetes in those mice.
During the whole experiment, the hyperglycemia condition in
diabetes was persisted (Fig. 1B), and typical symptoms of diabetes
(disproportionate thirst, intense hunger, frequent urination and
unusual weight loss) were occurred. Diabetic mice were fatigue,
irritability or indifference. One week after STZ injection, the
weight of diabetic mice was significantly lower than that of non-
diabetic groups (con and con + shRNA) ($<<0.01, Fig. 1A). All
diabetic groups showed a slow weight gain during the whole
experiment, and had a significant lower body weight than that of
non-diabetic groups in ten weeks after STZ injection ($<<0.01,
Fig. 1A). Even though DM + shRNA group gained more weight
than that of DM and DM +0 groups during the whole experiment,
the difference was non-statistically significant (p =0.142).
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Figure 1. Body weight (A) and blood glucose levels (B). The body
weight (A) and blood glucose levels (B) of C57BL/6 mice were measured
once a week. Blood samples were collected from the tails of mice under
fasting condition. The body weight was measured in gram, and the
blood glucose was measured using a strip-operating blood glucose
sensor. The data expressed as the mean = SEM (n=12). Abbreviations:
con: normal control group; DM: diabetes mellitus group; DM +0:
diabetes mellitus sham-knocked down group; con + shRNA/DM +
shRNA: control/diabetes mellitus GIGYF2-knockdown group.
doi:10.1371/journal.pone.0108559.g001
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Viral-mediated GIGYF2 knockdown and its effect on

IGF1R signaling

The levels of GIGYF2 expression and its related genes (Grbl0,
IGF1R) in hippocampus tissue were detected by real time- PCR
and Western blotting, respectively. We found that DM and DM +
0 group, but not DM + shRNA group, had a significant increase in
the level of GIGYF2 expression compared to control group (p<<
0.05, Fig. 2A and 3A). These results demonstrated that GIGYF2
expression was specifically knocked down at both mRNA and
protein levels by site-application of special GIGYF2-shRNA. As
for Grb10 expression, there were no obvious differences among
the three diabetic groups (p =0.172, Fig. 2B and 3B), but it was
higher than that of two non-diabetic groups ($<<0.05). Similarly,
the levels of IGFIR expression in the three diabetic groups were
not obviously different (p=0.651, Fig. 2C and 3C), but were
significantly decreased compared to two non-diabetic group (p<
0.05). Nevertheless, the expression level of IGF1R phosphorylation
(phosph-IGF1R, the phosphorylation site of Tyrll61) was
significantly increased in DM + shRNA group as compared with
that in DM and DM +0 groups ($<<0.05, Fig. 3D).

To further elucidate the mechanism of GIGYF?2 involved in the
regulation of IGF1R-mediated signaling pathways, the levels of
total and phosphorylated serine/threonine kinase (phosph-Akt, the
phosphorylation site of Ser473), extracellular signal-regulated
kinase (phosph-ERK1/2, the phosphorylation site of Thr202/
Tyr204) were examined by Western blot analysis. As shown in
Fig. 4A, the total levels of either Akt or ERK1/2 were similar
between control and diabetic mice. Nevertheless, the phosph-AKT
to AKT ratios was significantly decreased among the three
diabetic groups as compared to control group (p<<0.01), and no
obvious differences existed between DM + shRNA group and DM
group (p=0.307), nor between DM +0 group and DM group
(p=0.999). The phospho-ERK1/2 to ERK1/2 ratio was also
decreased in the DM group ($<<0.01) and DM +0 group (p<<0.01)
(Fig. 4B) as compared to control, but disruption of GIGYF2 gene
expression in hippocampus of diabetic mice resulted in a
significant increase in the levels of phosphorylated ERK1/2 as
compared to DM group ($<<0.05), and the ratio was comparable
to that of normal control mice (p =0.823).

Effect of decreased expression of GIGYF2 on cognitive
function

Effect of STZ and stereotaxic surgery on the MWM was
negligible (Fig. 5A, 1, B and C). No significant differences in the
mean escape latency (Fig. 5A, 1), platform crossing (Fig. 5B) and
time in target quadrant (Fig. 5C) among the groups were observed
when the diabetes was induced just one week after STZ injection.
The water maze experiment was executed once more at one week
after surgery, and there were no significant differences among
different groups, too. Ten weeks after surgry, the mean escape
latency of DM and DM +0 groups was apparently increased and
both had a significant difference compared to control group (both
$<0.05, Fig. 5A.). The results indicate that the spatial memory
was impaired in diabetic mice, which could be used as an indicator
of diabetic encephalopathy. Meanwhile, the mean escape latency
of DM + shRNA group was not increased and showed no obvious
difference compared to control group (p=0.376), but significant
lower than that of DM and DM +0 groups (p<<0.05). These
findings suggest that GIGYF2-shRNA or specific knockdown of
GIGYF2 could attenuate the spatial learning impairment associ-
ated with diabetes. Regarding probe trials, the time in target
quadrant of DM and DM +0 group was declined and had a
similarly significant difference compared to the control and DM +
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doi:10.1371/journal.pone.0108559.g002

shRNA groups (p<<0.01, Fig. 5C). However, no differences were
observed between DM + shRNA group and control group
(p=0.978, Fig. 5C). In addition, platform crossing was not
significantly different between DM group and DM + shRNA
group (p =0.062, Fig. 5B). This might be due to the limitation of
platform crossings, e.g. variable and often a low frequency of
occurrence. In addition, crossover undercounting might occur
depending on tracking software [30].

HemateinEosin and Immunohistochemical staining in the
hippocampus

Continuous exposure to hyperglycemia (DM and DM +0 group)
led to changes in cell morphology, including a decrease in neuron
numbers, an increase in neuron apoptosis and disordered cell
arrangement in the pyramidal cell layer of hippocampus. The
morphology of cell was not significantly altered in the hippocam-
pus of GIGYF2-knockdown diabetic mice (Fig. 6A). Immunohis-
tochemical staining showed that GIGYF2 was located in
cytoplasm or on membrane as reported in a recent study [15].
Quantitative analysis showed that the level of GIGYF2 protein
expression in DM + shRINA group was significant lower than that
of DM and DM +0 groups ($<<0.05, Fig. 6B and C), but had no
significant difference compared to the control group (p =0.289).
The level of GIGYF2 expression of DM and DM +0 group was
comparable (p=0.161).

Changes of tissue ultrastructure in the hippocampus

As expected, the results of electron microscopy indicated that
the number of spine synapses in the CAl region of hippocampus
of DM + shRNA group was significant greater than that of the
DM group ($<<0.05, Fig. 7) because of a significant loss in the
number of spine synapses in DM group. And there was no obvious
difference between DM + shRNA group and control group
(p=0.177).

Discussion

In the present study, we investigated the effects of GIGYF2 on
cognitive function using streptozotocin (STZ)-induced diabetic
mice. Our results revealed that the level of GIGYF2 expression
was significantly up-regulated in hippocampus tissue of diabetic
mice (Fig. 2A and 3A), which is correlated with manifestations of
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diabetes-associated cognitive impairment (Fig. 5). Moreover,
diabetic mice with hippocampus-specific knockdown of GIGYF2
expression (DM + shRNA group) showed less cognitive impair-
ment and less pathological ultrastructure changes than other
diabetic mice (DM and DM +0 groups), thus supporting the notion
that GIGYF2 plays an important role in the development of
diabetic encephalopathy. Meanwhile, we found that the level of
total IGFIR expression (Fig. 2C and 3C) was significantly
decreased, but the level of phosphorylated IGFIR and the level
of phosphorylated ERK1/2 was significantly increased in DM +
shRNA group. These findings suggest that GIGYF2 may
contribute to cognitive disorder development possibly by nega-
tively modulating the level of phosphorylated IGFIR and its
downstream signaling pathways, and hippocampus-specific down-
regulation of GIGYF?2 is beneficial for neuroprotection in diabetic
encephalopathy.

Over-expression of GIGYF2 reduces cognitive function
A previous study has reported that GIGYF2 might also play a
role in the regulation of trafficking of IGF1R in specific neuronal
populations of the mammalian brains, including hippocampal
pyramidal neurons [15]. The hippocampus is a brain area known
to be important for learning and memory, especially vulnerable in
Alzheimer’s disease [35]. As a result of the unique localization of
GIGYF?2 expression in brain, we transduced GIGYF2-shRNA
lentiviral vectors into the hippocampus by stereotaxic injections,
aiming to achieve organ-specific knockdown of the target gene in
the brain of mice. The efficiency of hippocampus-specific
knockdown of GIGYF2 expression was verified by real time-
PCR and western blotting analysis, showing that the stereotaxic
injection of GIGYF2-shRNA lentiviral vectors significantly abro-
gated the expression of endogenous GIGYF2 in diabetic mice.
In the water maze test, all groups exhibited a normal spatial
memory when the surgery had just been executed. However, when
the test was performed again nine weeks later, the diabetic mice
without shRNA injection (DM and DM +0 groups) performed
more poorly than DM + shRNA and control groups (Fig. 5A. and
B), which was in accordance with the level of GIGYTF?2 expression
in each group (Fig. 2A and 3A) and the changes in behavior and
cognitive impairment in the experimental diabetes [36]. These
findings suggest that the decline of temporal memory and learning
abilities during continued exposure to high glucose [37] is
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Figure 3. The expression levels of target protein. The protein levels of Grb10 Interacting GYF Protein 2 (GIGYF2) (A), growth factor receptor-
bound protein 10 (Grb10) (B), insulin-like growth factor-1 receptor (IGF1R) (C) and phosphorylated IGF1R (D) were measured by using western
blotting and quantified from three independent experiments, and average levels in septum of each group mice were showed in the graphs. Band
intensities of phosphorylated IGF1R were normalized to total IGF1R. Except of phosphorylated IGF1R, band intensities were normalized to B-actin.
The data expressed as the mean = SEM (n =3). (*p<<0.05, **p<<0.01) Abbreviations: con, normal control group; DM, diabetes mellitus group; DM +0:
diabetes mellitus sham-knocked down group; con + shRNA/DM + shRNA: control/diabetes mellitus GIGYF2-knockdown group.

doi:10.1371/journal.pone.0108559.g003

significantly alleviated after the down-regulation of GIGYF2 in
brain. Moreover, our results showed that down-regulation of
GIGYF2 could reduce changes of cell morphology such as
neuronal apoptosis and disordered arrangement (Fig. 6A). Addi-
tionally, the improvement in pathological ultrastructure changes in
the hippocampus suggests that the low expression level of GIGYF2
in diabetic mice is beneficial to the homeostatic regulation of
synaptic functions.

PLOS ONE | www.plosone.org 6

Over-expression GIGYF2 inhibited IGF1R signaling
pathway in the brain

IGFIR is known to be a membrane-associated multifunctional
tyrosine kinase (TK) receptor implicated in several basic biological
events, such as cell proliferation, differentiation and protection
from apoptosis [38-40]. In the brain, IGF1R is activated by two
ligands (IGF1 and 1GF2), and IGF1 has been shown to play a role
in synaptic plasticity and acts as a potential treatment target for the
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Figure 4. The expression levels of Akt and ERK1/2. The protein levels of serine/threonine kinase (Akt) (A), extracellular signal-regulated kinase
(ERK1/2) (B) were measured by Western blotting. The graphs showed the relative density of phosphorylated AKT or ERK1/2 to the total AKT or ERK1/2.
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cognitive dysfunction [5]. The dysregulation of synaptic matura- Giovannone et al have reported that the level of phosphorylated

tion and disruption of IGF1 downstream signaling pathways are
both involved in some of these cognitive disorders, including
diabetic encephalopathy [20,41].

IGFIR was decreased in the mice that had decreased expression
level of GIGYF2 gene [14]. However, our present studies showed
that the level of total IGFIR (Fig. 2C and 3C) and phosphorylated
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Figure 5. The results of Morris water maze (MWM) test. Morris water maze (MWM) test was performed before intrahippocampal injection
surgery, 1 week after surgery and 10 weeks after surgery in adult male mice. Learning acquisition curve showing the effects of streptozotocin and a
single surgery on spatial learning (A, ) and the protective effects of Grb10 Interacting GYF Protein 2 (GIGYF2)-short hairpin (sh) RNA (A.) using the
mean escape time to reach the hidden platform (escape latency) over consecutive trials in the MWM task. For the probe trials, the platform crossings
(B) and time spent in the target quadrant (C) was recorded. Data are expressed as the mean = SEM (n= 12 per group). (*p<<0.01 vs con; #p<0.01 vs
DM + shRNA) Abbreviations: con: normal control group; DM: diabetes mellitus group; DM +0: diabetes mellitus sham-knocked down group; con +
shRNA/DM + shRNA: control/diabetes mellitus GIGYF2-knockdown group.

doi:10.1371/journal.pone.0108559.9005
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Figure 6. Haematoxylin and eosin staining (HE) of hippocampal tissue. Arrows show senescent neurons (A, inset windows) and cell disorder
arrangement (A) in the DM group compared to the healthier hippocampal neurones in the DM + shRNA group and the normal ones in the con group.
Immunohistochemistry of hippocampus tissue indicated the place and expression levels of Grb10 Interacting GYF Protein 2 (GIGYF2). Integrated
optical density (IOD) values were measured by Image-Pro Plus, version 6.0, and expressed as the mean * SEM (n=3) of two independent
experiments. (*p<<0.05 vs con; #p<0.05 vs DM + shRNA) Abbreviations: con: normal control group; DM: diabetes mellitus group; DM +0: diabetes
mellitus sham-knocked down group; DM + shRNA: diabetes mellitus GIGYF2-knockdown group.

doi:10.1371/journal.pone.0108559.g006

IGF1IR (Fig. 3D) was significantly decreased in hippocampus of
diabetic mice that had significantly increased expression level of
GIGYF2 (Fig. 3A). In another group of diabetic mice that received
shRNA injection (DM + shRNA group), the phosphorylated
IGFIR level (Fig. 3D) and GIGYF2 expression (Fig. 3C) were
both comparable to normal level in hippocampus, but the level of
total IGF1R in hippocampus of these mice was still significantly
decreased (Fig. 2C and 3C). These results indicate that both the

PLOS ONE | www.plosone.org

increased and decreased expression level of GIGYF2 may lead to
altered levels of phosphorylated IGFIR, then possibly inhibit
IGF1R signaling pathway.

It is well established that IGF1 receptor phosphorylation
mediated by IGF1 stimulation leads to the activation of two
distinct downstream signaling pathways, which are the src
homology 2/mitogen-activated protein kinase (Shc/MAPK) path-
way and the phosphatidylinositide 3-kinase/serine/threonine
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Figure 7. Morphology and spine synapse density. Morphologically intact synapse (arrows) are indicated and do not change by the effect of
Grb10 Interacting GYF Protein 2 (GIGYF2)-short hairpin (sh) RNA. By contrast, in the DM group, hyperglycaemia results in a significant decrease in
synapse density and swollen axons at 10 weeks after streptozotocin injection. Values of the quantity of the spine density are determined by pictures
of 8000 times amplification using stereological technique in the Disector Countor, version 1.0 software, and the data are expressed as the mean *=
SEM (n=3). (*p<<0.05 vs con; #p<0.05 vs DM + shRNA) Abbreviations: con: normal control group; DM: diabetes mellitus group; DM +0: diabetes
mellitus sham-knocked down group; DM + shRNA, diabetes mellitus GIGYF2-knockdown group.

doi:10.1371/journal.pone.0108559.9g007

kinase (PI3K/Akt) pathway. Previous studies have demonstrated
that the expression level of IGF1 and IGFIR decreased in brain
tissue of diabetes [42,43], and disruption of the GIGYF2 gene in
mice led to a decrease in IGFl-stimulated IGFIR tyrosine
phosphorylation but an augmentation in ERK1/2 phosphoryla-
tion [14]. However, the increased expression of GIGYF2 in
HEK293T cells augmented IGF-1-induced ERK1/2 activation,
but did not modulate IGF1R or Akt activation [15]. Herein, we
further examined the effects of downregulation of GIGYF2
expression in diabetic mice on the activation of AKT and
ERK1/2 (Fig. 4) and found that the decreased levels of
phosphorylated Akt and ERKI1/2 were correlated with the
decreased level of phosphorylated IGFIR in diabetic mice, while
down-regulation of GIGYF2 expression to normal endogenous
levels in hippocampus of diabetic mice augmented ERK1/2
activation (Fig. 4B), but did not modulate Akt activation (Fig. 4A).
These results suggest that GIGYF2 may have a role in the
regulation of IGFIR and its downstream ERKI1/2 signaling
pathway, but not Akt signaling pathway.

Relationship between GIGYF2 and cell apoptosis

Of note, recent studies have demonstrated that IGF1 resistance
in the central nervous system reduces Amyloid-f accumulation
and prevents premature death in a model of AD [44]. Postmortem
investigations have revealed a decreased expression of cerebral
IGFIR and insulin receptor substrate (IRS) proteins in patients
with AD [45]. Similar changes in IGFIR signaling have been
described in diabetes [46], suggesting that decreased IGF1/IGF1R
signaling might be involved in the pathogenesis of both diabetes
and AD. The conformational changes caused by the binding of
IGF1 or IGF2 to IGFIR lead to autophosphorylation of the
receptor. Then this autophosphorylationy of IGF1R leads to the
phosphorylation of its downstream signaling intermediates such as
msulin receptor substrate (IRS) and Shc [47], and activates the
AKT and ERK1/2 signaling [48]. Activation of IGF1R signaling
pathways protects cells from apoptosis via activiting IGFIR
downstream signaling, with an associated increase in IGFI-
mediated DNA synthesis [49,50]. Our results showed that down-
regulating the increased GIGYF2 expression to the normal level
restored the decreased phosphorylation of IGFIR and the
decreased phosphorylation of ERK1/2 to the normal level. This
finding indicates that over-expression of GIGYF2 might lead to
downregulation of IGF1R phosphorylation, and such effects could
be abolished when the expression level of GIGYF2 was reduced to
a normal level. Our current results showed that the over-
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expression GIGYF2 is correlated with an increase neuron
apoptosis (Fig. 6 and 7). On the other hand, Giovannone et al
have reported that the decreased expression level of GIGYF2 in
mice resulted in neurodegeneration [14]. Together, these findings
suggest that GIGYF2 may play a role in the regulation of cell
apoptosis. However, further studies are warranted to explore the
detailed mechanisms.

Relatively independent effect of GIGYF2 and Grb10 on
IGF1R signaling

It has been demonstrated that endogenous Grbl0 might
prevent phosphatase from accessing to the activated IGF1R [9].
GIGYF2, as an endogenous regulator of IGFIR signaling, was
initially identified through its interaction with the N-terminus of
Grb10 [11]. Interacting and co-localizing between GIGYF2 and
Grb10 could promote ligand-induced ubiquitination of IGFIR,
and then resulted in IGFIR degradation [15,51]. Our previous
studies have proved that the over-expression of Grbl0 was
harmful to cognitive function in diabetic rats, and a regulatory axis
composed of IGF1/IR and the downstream Grb10 regulator had
a role in regulating biological functions of the hippocampus [20].
In present study, we found that the level of Grb10 expression was
significantly increased in the hippocampus of diabetic mice, which
was consistent with our previous report [20]. However, disruption
of GIGYF2 expression in hippocampus had no obvious effects on
Grb10 abundance (Fig. 2B and 3B), indicating that GIGYF?2
expression might have no obvious relationship with Grbl0
expression. Previous observations showed that GIGYF2 may
function at endosomes where the traffic and recycling are
regulated by Rab4, a protein belonging to Rab protein family of
small guanosine-5'-triphosphate (GTP)-binding proteins [15]. The
Ridaifen B (RID-B), a tamoxifen derivative that potently inhibits
breast tumor growth, can directly bind to GIGYF2 and
subsequently inhibit GIGYF2-induced Akt phosphorylation [52].
Based on these findings, we can speculate that, in diabetic
encephalopathy, the effect of GIGYF2 on IGFI1R signaling is not
only mediated by cooperation with Grb10, but also by interaction
with some other molecules. Therefore, future studies are needed to
further explore the molecular mechanisms underlying GIGYF2-
mediated regulation of IGFIR and its downstream signaling
pathway.

It is noteworthy that STZ-induced DM model in mice is not an
optimal model, especially as the influence of STZ cannot be fully
excluded. In the present study, the water maze experiment was
executed when the acute diabetes was induced just one week after
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STZ injection in order to exclude the effect of STZ on cognitive
function, and no significant differences in the mean escape latency,
platform crossings and time in target quadrant were noticed
among different groups (Fig. 5). These results have shown that all
mice presented a normal spatial memory soon after STZ injection.
Meanwhile, previous studies have successfully used this experi-
mental diabetes model to investigate cognitive impairment and
changes in behavior of diabetic animals [36,53,54].

Conclusion

In conclusion, we have demonstrated that the level of GIGYF2
expression was significantly increased in the hippocampus under a
continuous hyperglycemic condition and could be efficiently
down-regulated by directly applying lentiviral vector-delivered
GIGYF2 shRNA to the hippocampus in vivo using stereotactic
technology. Our findings suggest that GIGYF2 may play an
important role in the development of diabetes-associated cognitive

References

1. Northam EA, Rankins D, Cameron FJ (2006) Therapy insight: the impact of
type 1 diabetes on brain development and function. Nat Clin Pract Neurol 2:
78-86.

2. Brismar T, Maurex L, Cooray G, Juntti BL, Lindstrom P, et al. (2007) Predictors
of cognitive impairment in type 1 diabetes. Psychoneuroendocrino 32: 041-051.

3. Aberg ND, Brywe KG, Isgaard J (2006) Aspects of growth hormone and insulin-
like growth factor-I related to neuroprotection, regeneration, and functional
plasticity in the adult brain. Sci World J 6: 53-80.

4. D’Ercole A, Ye P (2008) Expanding the mind: insulin-like growth factor I and
brain development. Endocrinology 149: 5958-5962.

5. Aleman A, Torres Al (2009) Circulating insulin-like growth factor I and
cognitive function: neuromodulation throughout the lifespan. Prog Neurobiol
89: 256-265.

6. Lupien SB, Bluhm EJ, Ishii DN (2003) Systemic Insulin-Like Growth Factor-I
Administration Prevents Cognitive Impairment in Diabetic Rats, and Brain IGF
Regulates Learning/Memory in Normal Adult Rats. J Neurosci Res 74: 512—
523.

7. Kooijman R (2006) Regulation of apoptosis by insulin-like growth factor (IGF)-1.
Cytokine Growth F R 17: 305-323.

8. Efstratiadis A (1998) Genetics of mouse growth. Int J Dev Biol 42: 955-976.

9. Dufresne AM, Smith RJ (2005) The adapter protein GRBI0 is an endogenous
negative regulator of insulin-like growth factor signaling. Endocrinology 146:
4399-4409.

10. Langlais P, Dong L.Q), Ramos EJ, Hu D, Li Y, et al. (2004) Negative regulation
of insulin-stimulated mitogen-activated protein kinase signaling by Grb10. Mol
Endocrinol 18: 350-358.

11. Stein EG, Gustafson TA, Hubbard SR (2001) The BPS domain of Grbl0
inhibits the catalytic activity of the insulin and IGF1 receptors. FEBS Letters
493: 106-111.

12. Mori K, Giovannone B, Smith RJ (2005) Distinct Grb10 domain requirements
for effects on glucose uptake and insulin signaling. Mol Cell Endocrinol 230: 39—
50.

13. Giovannone B, Lee E, Laviola L, Giorgino F, Cleveland KA, et al. (2003) Two
novel proteins that are linked to insulin-like growth factor (IGF-I) receptors by
the Grbl0 adapter and modulate IGF-I signaling. J Biol Chem 278: 31564—
31573.

14. Giovannone B, Tsiaras WG, Monte S, Klysik J, Lautier C, et al. (2009) GIGYF2
gene disruption in mice results in neurodegeneration and altered insulin-like
growth factor signaling. Hum Mol Genet 18: 4629-4639.

15. Higashi S, Iseki E, Minegishi M, Togo T, Kabuta T, et al. (2010) GIGYF2 is
present in endosomal compartments in the mammalian brains and enhances
IGFl-induced ERK1/2 activation. J Neurochem 115: 423-437.

16. Lautier C, Goldwurm S, Durr A, Giovannone B, Tsiaras WG, et al. (2008)
Mutations in the GIGYF2(TNRC15) Gene at the PARKI11 Locus in Familial
Parkinson Disease. Hum Gene 82: 822-833.

17. Guella I, Pistocchi A, Asselta R, Rimoldi V, Ghilardi A, et al. (2011) Mutational
screening and zebrafish functional analysis of GIGYF2 as a Parkinson-disease
gene. Neurobiol Aging 32: 1994-2005.

18. Wang L, Guo JF, Zhang WW, Xu Q, Zuo X, et al. (2011) Follow-up study of
variants of the GIGYF?2 gene in Chinese patients with Parkinson’s disease. ] Clin
Neurosci 18: 1699-1701.

19. Ma L, Wei Q, Deng H, Zhang Q, Li G, et al. (2013) Growth Factor Receptor-
Bound Protein 10-Mediated Negative Regulation of the Insulin-Like Growth
Factor-1 Receptor-Activated Signalling Pathway Results in Cognitive Disorder
in Diabetic Rats. J Neuroendocrinol 25: 626-634.

PLOS ONE | www.plosone.org

GIGYF2 Has a Role in Cognitive Impairment

impairment through modulating the phosphorylation of IGFIR
and its downstream ERKI1/2 signaling pathway, but not Akt
signaling pathway. Down-regulation of GIGYF2 expression may
provide a potential novel approach to treat diabetes-associated
cognitive impairment caused by aberrant IGFIR signaling
pathway.

Acknowledgments

We thank the Key Laboratory of Molecular Biology for Infectious Diseases
of the Chinese Ministry of Education and the central Laboratory of the
First Affiliated Hosptial of Chongqing Medical University for providing
laboratory facilities.

Author Contributions

Conceived and designed the experiments: JX QPW. Performed the
experiments: JX LLM HZ. Analyzed the data: JX QPW. Contributed
reagents/materials/analysis tools: HCD GL. Wrote the paper: JX QPW.

20. Saenger S, Goeldner C, Frey JR, Ozmen L, Ostrowitzki S, et al. (2011)
PEGylation enhances the therapeutic potential for insulin-like growth factor I in
central nervous system disorders. Growth Horm IGF Res 21: 292-303.

21. Guo J, Yu CY, Li HZ,Liu FF, Feng R, et al. (2010) Impaired neural stem/
progenitor cell proliferation in streptozotocin-induced and spontaneous diabetic
mice. Neurosci Res 68: 329-336.

22. Heiser WC (2004) Gene delivery to mammalian cells. Methods in Molecular
Biology 246.

23. Jessberger S, Clark RE, Broadbent NJ, Clemenson GD Jr, Consiglio A, et al.
(2009) Dentate gyrus-specific knockdown of adult neurogenesis impairs spatial
and object recognition memory in adult rats. Learn Mem 16: 147-154.

24. Ansaloni S, Lelkes N, Snyder J, Epstein C, Dubey A, et al. (2010) A streamlined
sub-cloning procedure to transfer shRNA from a pSM2 vector to a pGIPZ
lentiviral vector. J RNAi Gene Silencing 6: 411-415.

25. Paxinos G, Franklin KBJ (2001) The Mouse Brain in stereotaxic Coordinates.
Second edn. San Diego, CA: Academic Press.

26. Luikart BW, Schnell E, Washburn EK, Bensen AL, Tovar KR, et al. (2011) Pten
Knockdown In Vivo Increases Excitatory Drive onto Dentate Granule Cells.
J Neurosci 31: 4345-4354.

27. Barron AM, Verdile G, Taddei K, Bates KA, Martins RN (2010) Effect of
chronic hCG administration on Alzheimer’s-related cognition and A beta
accumulation in PSIKI mice. Endocrinology 151: 5380-5388.

28. Gupta R, Gupta LK, Mediratta PK, Bhattacharya SK (2012) Effect of
resveratrol on scopolamine-induced cognitive impairment in mice. Pharmacol
Rep 64: 438-444.

29. Maurice T, Lockhart BP, Privat A (1996) Amnesia induced in mice by centrally
administered-amyloid peptides involves cholinergic dysfunction. Brain Res 706:
181-193.

30. Vorhees CV, Williams MT (2006) Morris water maze: procedures for assessing
spatial and related forms of learning and memory. Nat Protoc 2: 848-858.

31. Pleil KE, Glenn MJ, Williams CL (2011) Estradiol alters Fos-immunoreactivity
in the hippocampus and dorsal striatum during place and response learning in
middle-aged but not young adult female rats. Endocrinology 152: 946-956.

32. Zhou L, Fester L, Blittersdorff B, Hassu B, Nogens H, et al. (2010) Aromatase
inhibitors induce spine synapse loss in the hippocampus of ovariectomized mice.
Endocrinology 151: 1153-1160.

33. Shen L, Zhang L, Huang H, Liu H, Nan Y, et al. (2000) A computeraided
analysis system for counting the synaptic numerical density based on disector
technique. Sheng Wu Yi Xue Gong Cheng Xue Za Zhi 17: 167-169.

34. Colley BS, Cavallin MA, Biju K, Marks DR, Fadool DA (2009) Brain-derived
neurotrophic factor modulation of Kv1.3 channel is disregulated by adaptor
proteins Grb10 and nShe. BMC Neurosci 10: 8.

35. Mu Y, Gage FH (2011) Adult hippocampal neurogenesis and its role in
Alzheimer’s disease. Mol Neurodegener 6: 85.

36. Alvarez EO, Beauquis J, Revsin Y, Banzan MA, Roig P, et al. (2009) Cognitive
dysfunction and hippocampal changes in experimental type 1 diabetes. Behav
Brain Res 198: 224-230.

37. Orduna V, Hong E, Bouzas A (2011) Timing behavior in streptozotocin-induced
diabetic rats. Behav Brain Res 224: 189-194.

38. Baserga R, Sell C, Porcu P, Rubini M (1994) The role of the IGF-I receptor in
the growth and transformation of mammalian cells. Cell Prolif 27: 63-71.

39. Huang Y, Harrison MR, Osorio A, Kim J, Baugh A, et al. (2013) Igf Signaling is
Required for Cardiomyocyte Proliferation during Zebrafish Heart Development
and Regeneration. PLoS One 8: ¢67266.

40. Gualco E, Wang JY, Valle LD, Urbanska K, Peruzzi F, et al. (2009) IGF-IR in
neuroprotection and brain tumors. Front Biosci 14: 352-375.

September 2014 | Volume 9 | Issue 9 | 108559



41.

42,

44.

46.

47.

Lupien SB, Bluhm EJ, Ishii DN (2003) Systemic insulin-like growth factor-I
administration prevents cognitive impairment in diabetic rats, and brain IGF
regulates learning/memory in normal adult rats. ] Neurosci Res 74: 512-523.
Hashizume K (2013) Endocrinological aspects of diabetes mellitus in the elderly.
Nihon Rinsho 71(11): 1941-7.

. Werner H, Leroith D (2014) Insulin and insulin-like growth factor receptors in

the brain: Physiological and pathological aspects. Eur Neuropsychopharmacol.
doi: 10.1016/j.euroneuro.2014.01.020.

Freude S, Hettich MM, Schumann C, Stohr O, Koch L, et al. (2009) Neuronal
IGF-1 resistance reduces Abeta accumulation and protects against premature

death in a model of Alzheimer’s disease. FASEB J 23: 3315-3324.

. Moloney AM, Griffin RJ, Timmons S, O’Connor R, Ravid R, et al. (2010)

Defects in IGF-1 receptor, insulin receptor and IRS-1/2 in Alzheimer’s disease
indicate possible resistance to IGF-1 and insulin signalling. Neurobiol Aging 31:
224-243.

Zemva J, Schubert M (2011) Central insulin and insulin-like growth factor-1
signaling: implications for diabetes associated dementia. Curr Diabetes Rev 7:
356-366.

Huang MH, Lai WP, Wong MS, Yang MS (2001) Effect of receptor
phosphorylation on the binding between IRS-1 and IGFIR as revealed by
surface Plasmon resonance biosensor. FEBS Lett 505: 31-36.

PLOS ONE | www.plosone.org

1

48.

49.

51.

52.

53.

54.

GIGYF2 Has a Role in Cognitive Impairment

Landau D, Eshet R, Troib A, Gurman Y, Chen Y, et al. (2009) Increased renal
Akt/mTOR and MAPK signaling in type I diabetes in the absence of IGF type 1
receptor activation. Endocrine 36(1): 126-134.

Yang SJ, Chen CY, Chang GD, Wen HC, Chen CY, et al. (2013) Activation of
Akt by advanced glycation end products (AGEs): involvement of IGF-1 receptor
and caveolin-1. PLoS One 8: ¢58100. doi: 10.1371/journal.pone.0058100.

. Carson JP, Kulik G, Weber MJ (1999) Antiapoptotic signaling in LNCaP

prostate cancer cells: a survival signaling pathway independent of phosphatidy-
linositol 3’-kinase and Akt/protein kinase B. Cancer Res 59: 1449-1453.
Vecchione A, Marchese A, Henry P, Rotin D, Morrione A (2003) The Grb10/
Nedd4 complex regulates ligand-induced ubiquitination and stability of the
insulin-like growth factor I receptor. Mol Cell Biol 23: 3363-3372.

Tsukuda S, Kusayanagi T, Umeda E, Watanabe C, Tosaki YT, et al. (2013)
Ridaifen B, a tamoxifen derivative, directly binds to Grbl0 interacting GYF
protein 2. Bioorganic Med Chem 21: 311-320.

Duarte JM, Agostinho PM, Carvalho RA, Cunha RA (2012) Caffeine
consumption prevents diabetes-induced memory impairment and synaptotoxi-
city in the hippocampus of NONcZNO10/LT]J mice. PLoS One 7: €21899. doi:
10.1371/journal.pone.0021899.

Popovic M, Biessels GJ, Isaacson RL, Gispen WH (2001) Learning and memory
in streptozotocin-induced diabetic rats in a novel spatial/object discrimination
task. Behav Brain Res 122: 201-207.

September 2014 | Volume 9 | Issue 9 | 108559



