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Abstract Huntington’s disease (HD) is an inherited neurode-
generative disease caused by a polyglutamine repeat expan-
sion in the huntingtin protein. Mitochondrial dysfunction as-
sociated with energy failure plays an important role in this
untreated pathology. In the present work, we used lympho-
blasts obtained from HD patients or unaffected parentally
related individuals to study the protective role of insulin-like
growth factor 1 (IGF-1) versus insulin (at low nM) on signal-
ing and metabolic and mitochondrial functions. Deregulation
of intracellular signaling pathways linked to activation of
insulin and IGF-1 receptors (IR,IGF-1R), Akt, and ERK was
largely restored by IGF-1 and, at a less extent, by insulin in
HD human lymphoblasts. Importantly, both neurotrophic
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factors stimulated huntingtin phosphorylation at Ser421 in
HD cells. IGF-1 and insulin also rescued energy levels in
HD peripheral cells, as evaluated by increased ATP and phos-
phocreatine, and decreased lactate levels. Moreover, IGF-1
effectively ameliorated O, consumption and mitochondrial
membrane potential (A,,) in HD lymphoblasts, which oc-
curred concomitantly with increased levels of cytochrome c.
Indeed, constitutive phosphorylation of huntingtin was able to
restore the A, in lymphoblasts expressing an abnormal
expansion of polyglutamines. HD lymphoblasts further exhib-
ited increased intracellular Ca>" levels before and after expo-
sure to hydrogen peroxide (H,0O,), and decreased mitochon-
drial Ca®" accumulation, being the later recovered by IGF-1
and insulin in HD lymphoblasts pre-exposed to H,O,. In
summary, the data support an important role for IR/IGF-1R
mediated activation of signaling pathways and improved mi-
tochondrial and metabolic function in HD human
lymphoblasts.

Keywords Huntington’s disease - Insulin - IGF-1 -
Intracellular signaling - Mitochondria - Energy metabolism

Introduction

Huntington’s disease (HD) is an autosomal progressive neu-
rodegenerative disorder, characterized by an age-dependent
loss in motor coordination, cognitive impairment, psychiatric
disturbances and dementia, affecting about 10 in 10,000 indi-
viduals [1, 2]. HD neuropathology involves the selective death
of striatal medium-sized spiny neurons due to an expansion of
CAG repeats, encoding for a polyglutamine stretch at the N-
terminus of the huntingtin (Htt) protein, which results in the
formation of intranuclear aggregates [3, 4]. The current
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hypothesis suggests that the disease arises from the combined
effects of a gain of function in the mutated form of Htt (mHtt),
along with a loss of function of wild-type Htt [5]. Despite
these well-defined molecular alterations, many factors have
been implicated in HD, including excitotoxicity, oxidative
stress, alterations in Ca®" handling, as well as a deregulation
in transcription and intracellular signaling pathways [1, 6].
Importantly, impaired energy metabolism and mitochondrial
function also play a central role in HD pathogenesis [7, §].
Nevertheless, currently there is no neuroprotective treatment
to prevent HD onset, disease progression, or patients’ death.

Although HD affects mostly the central nervous system,
growing evidence describes changes in peripheral tissues,
such as lymphocytes [9], erythrocytes [10], fibroblasts [11],
or platelets [12]. Abnormalities in weight loss and glucose
homeostasis are also common clinical features among HD
patients [13]. Furthermore, several studies in HD patients
corroborated metabolic and mitochondrial dysfunction, show-
ing (i) decreased mitochondrial complexes II, III, and IV
activities in post-mortem brain samples and platelets [12, 14]
and increased lactate levels in striatum and cortex [15]; (ii)
reduced phosphocreatine/inorganic phosphate ratio in skeletal
muscle [16]; and (iii) abnormal mitochondrial membrane po-
tential in lymphoblasts [9, 11], and mitochondrial fragmenta-
tion in fibroblasts from HD patients [17]. In addition, previous
studies performed in HD human cybrids (derived from HD
human platelets) demonstrated an increase in mitochondrial
Bim and Bak levels, and a slight release of cytochrome c,
suggesting increased susceptibility to mitochondrial-
dependent apoptosis [18]. More recent data evidenced mito-
chondrial dysfunction through decreased pyruvate dehydro-
genase protein levels and activity, with consequent boosting of
glycolysis in HD human cybrids [19], supporting bioenergetic
disturbances in these cells.

Several studies have identified compounds that might be of
therapeutic interest in HD. Neurotrophic factors such as insu-
lin or insulin-like growth factor 1 (IGF-1) have been consid-
ered as potential therapeutic agents in neurodegenerative dis-
orders [20, 21]. Previously, we demonstrated that insulin
prevented the increase in both apoptotic and necrotic neuronal
death associated with oxidative damage [22]. Moreover, insu-
lin stimulated neuronal glucose uptake and subsequent me-
tabolism into pyruvate, restoring intracellular ATP levels [23].
Besides regulating neuronal metabolism, insulin was shown to
be neuroprotective against oxidative stress mediated by insu-
lin receptor (IR)- and/or IGF-1 receptor (IGF-1R)-induced
activation of phosphoinositide 3-kinase (PI3K)/Akt, inhibition
of glycogen synthase kinase-3 3 (GSK-3f3) [24] and forkhead
box O1 (FoxOl1) signaling pathways [25]. Other studies
showed the beneficial effect of IGF-1, which regulates the
size of neuronal populations during brain development [26,
27]. Moreover, the increase in IGF-1 and IGF-1R expression
was associated to increased Akt (or protein kinase B) and
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extracellular signal regulated kinase (ERK)1/2 phosphoryla-
tion [28]. Indeed, IGF-1 appears to be neuroprotective in the
brain of ischemic rats, since it decreased neuronal apoptosis
and improved motor function [29]. Furthermore, IGF-1
prevented neuronal death and protein aggregation induced
by expression of mHtt; importantly, phosphorylation of Htt
at Ser421 by Akt was shown to be essential for mediating this
neuroprotective effect [21]. Recently, IGF-1 intranasal admin-
istration enhanced brain cortical IGF-1 levels and ameliorated
Akt and Htt phosphorylation at Ser421, energy metabolic
features, and motor function in YAC128 mice [30]. In addi-
tion, Pouladi et al. [31] described reduced IGF-1 expression in
caudate and skin-derived fibroblasts from HD patients; more-
over, proteomics profiling of plasma demonstrated that levels
of the IGFALS, a component of the IGF-1 ternary binding
complex, are reduced in HD patients [32]. Conversely, Saleh
et al. [33, 34] detected elevated plasma levels of IGF-1 asso-
ciated with the severity of cognitive impairment in HD pa-
tients. Moreover, another study showed an increase in neuro-
nal oxidative stress and mitochondrial dysfunction in trans-
genic R6/2 mice overexpressing insulin receptor substrate 2
(Irs2), a cytoplasmic molecule that mediates the effects of
insulin and IGF-1 [35].

In light of these conflicting results, in this study, we ex-
plored how IGF-1 versus insulin (at low nM), acting through
activation of IR,IGF-1R-mediated intracellular signaling,
modulate HD-related mitochondrial and metabolic dysfunc-
tion, using human HD and family-related control lympho-
blasts. This peripheral cell model derived from HD patients
was previously shown to share several abnormalities related to
mHtt, such as mitochondrial dysfunction, increased apoptosis,
and transcriptional abnormalities [13]. Herein, we demon-
strate reduced Akt and ERK activation and Htt phosphoryla-
tion, associated with reduced energy metabolism and mito-
chondrial dysfunction in HD human lymphoblasts, which are
efficiently prevented by IGF-1 and, to a less extent, by insulin.

Material and Methods
Materials

Fetal bovine serum (FBS) and penicillin/streptomycin were
from Gibco (Paisley, Scotland, UK). Insulin from porcine
pancreas, IGF-1, glucose-6-phosphate, NADP, ADP,
G6PDH, hexokinase, creatine kinase, protease inhibitor cock-
tail, oligomycin, CCCP, RPMI-1640 medium, and anti-
tubulin were from Sigma Aldrich (St. Louis, MO, USA).
enhanced chemifluorescence reagent, anti-rabbit IgG (from
goat), and anti-mouse IgG+IgM (from goat) were from GE
Healthcare (Little Chalfort, UK). Hoechst 33342, Alexa Fluor
488 goat anti-rabbit [gG, anti-complex (Cx) I (20 kDa) sub-
unit, and anti-Cx IV (57 kDa) subunit were obtained from
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Invitrogen (Carlsbad, CA, USA). Fura-2/AM, tetramethyl
rhodamine methyl ester (TMRM"), MitoTracker Red
CMXRos, anti-Cx I (30 kDa), and anti-Cx II (70 kDa) sub-
units were obtained from Molecular Probes/Invitrogen (Eu-
gene, OR, USA). Lactate and pyruvate kits and anti-Tfam
were from Abcam (Cambridge, UK). Amaxa cell line
nucleofector Kit V was from Lonza (Basel, Switzerland).
Bio-Rad Protein Assay was from Bio-Rad (Hemel Hemp-
stead, UK). Anti-P-Akt (Ser473), anti-Akt, anti-p44/42 ERK
(Thr202/Thr204), anti-p44/42 ERK, anti-IR/IGF-1R, anti-P-
Foxol (Ser256), anti-Foxol, anti-P-mTor (Ser2448), anti-
mTor, anti-Bax, anti-p65, and anti-p53 were from Cell Sig-
naling (Beverly, MA, USA). Polyvinylidene fluoride (PVDF)
membrane and anti-P-IR/IGF-1R (Y1158/Y1162/Y1163)
were from Millipore (Billerica, MA, USA). Anti-P-GSK-3f3
(Tyr216), anti-GSK-3f3, anti-prohibitin, anti-TOM20, anti-
TOMA40 and anti-apoptosis-inducing factor (AIF) were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
Hsp60 and anti-Htt (MAB1266) were obtained from
Chemicon (Hampshire, UK). Anti-cytochrome ¢ was from
BD Biosciences Pharmingen (San Diego, CA, USA). Anti-
P(Ser421)Htt was produced at Institute Curie (Orsay, France).
Dako fluorescent mounting medium was from Palex Medical
(Barcelona, Spain).

Cell Lines Culture and Treatment

Human lymphoblastoid cell lines, obtained from Coriell Insti-
tute for Medical Research (USA), were derived from HD-
affected patients containing heterozygous expansion muta-
tion, four males (43/15, 45/15, 42/18, and 49/17) and one
female (47/18), or from unaffected voluntary control siblings,
three males and one female, defined in this work as control
(CTR) lymphoblasts. Lymphoblasts were maintained at a
density of 400,000—-600,000 cells/mL and cultured in RPMI-
1640 medium supplemented with 15 % (v/v) non-inactivated
FBS, 2 mM L-glutamine and 50 pg/mL streptomycin plus
100 IU/mL penicillin in T25 or T75 flasks, in upright position,
using an incubator chamber containing 5 % CO,, 95 % air,
and 100 % humidity, at 37°C. In these conditions,
lymphoblastoid cell lines grow in suspension with cells
clumped in loose aggregates. When used, these aggregates
were dissociated by gently agitating the culture or by gentle
trituration with a pipette. In 3—4 days, the cultures were either
re-fed with fresh medium or split according to the rate of cell
growth or the required number of cells needed for the exper-
iments. For each experiment, HD or CTR cells were plated at
500,000 cells/mL in fresh RPMI medium and incubated for
24 h, in the absence (basal) or presence of 0.1 nM insulin or
0.1 nM IGF-1. For immunocytochemistry studies, lympho-
blasts were left to adhere on poly-D-lysine glass coverslips
(50,000 cells/cm?) for 1 h and then processed as described in
“Fluorence Imaging.”

Constructs and Transfection

The wild-type and polyQ-Htt constructs, 480-17Q, 480-68Q,
480-68-S421D, and 480-68-S421A, have been previously
described [21]. CTR lymphoblasts were transiently
transfected with 2 pug plasmid DNA using Amaxa cell line
nucleofector kit V 48 h before the experiment. Electroporation
was carried out using the Lonza Nucleofector 2b device
(Lonza, Switzerland) adjusted for E-032 program. Four hours
after electroporation, RPMI medium was replaced by fresh
medium to reduce the toxicity associated to the transfection
medium.

Preparation of Total, Mitochondrial, and Cytosolic-Enriched
Fractions and Western Blotting

HD and CTR lymphoblasts non-treated or treated with insulin
or IGF-1 were centrifuged at 145xg, for 5 min, and washed
with phosphate-buffered saline (PBS) solution containing (in
mM): 137 NaCl, 2.7 KCl, 1.4 K,HPO,, and 4.3 KH,PO,, at
pH 7.4.

Total Fractions Extracts were prepared in ice-cold lysis buffer
(in mM: 20 Tris, 100 NaCl, 2 EDTA, 2 EGTA, 50 NaF, 1
Naz;VOy, 1 % Triton; pH 7.4) supplemented with 1 mM 1,4-
dithiothreitol (DTT), 100 uM phenylmethylsulfonyl fluoride
(PMSF), 100 nM okadaic acid and 1 pg/mL protease inhib-
itor cocktail (chymostatin, pepstatin A, leupeptin, and
antipain). The homogenates (total fractions) were then
frozen/thawed three times in liquid nitrogen and centrifuged
at 20,800xg for 10 min (4°C) in order to remove cell debris;
the resulting supernatant was collected and stored at 80 °C for
later use.

Mitochondrial and Cytosolic-Enriched Fractions Cells were
re-suspended in ice-cold sucrose buffer (in mM: 250 sucrose,
20 HEPES/KOH (pH 7.5), 100 KCl1, 1.5 MgCl,, 1 EGTA, and
1 EDTA), supplemented with 1 mM DTT, 100 uM PMSEF,
100 nM okadaic acid, and 1 pg/mL protease inhibitor cocktail.
Lysates, obtained after homogenization, were centrifuged at
560xg for 12 min (4 °C) to pellet the nuclei and cell debris.
The supernatant was further centrifuged at 12,000xg for
20 min (4 °C) and the resulting pellet (mitochondrial-
enriched fraction) resuspended in supplemented sucrose buft-
er. TCA (15 %) was added to the supernatant, and precipitated
proteins were centrifuged at 16,300xg for 10 min (4 °C). The
resulting pellet (cytosolic-enriched protein fraction) was re-
suspended in supplemented sucrose buffer and brought to
pH 7 with KOH (as in [36]). Both fractions were stored at
80 °C for later use.

For Western blotting, equivalent amounts of protein were
subjected to sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel (10 or 12 %), transferred onto
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PVDF membranes, and incubated for phosphorylated proteins
with anti-P-Akt (Ser473) (1:1,000), P-p44/42 ERK (Thr202/
Tyr204) (1:1,000), P(Tyr1158/Tyr1162/Tyr1163)-IR/IGF-1R
(1:1,000), P-GSK-33 (Tyr216) (1:500), P-mTor (Ser2448)
(1:1,000), P-Foxol (Ser256) (1:500), and P-Htt (Ser421)
(1:200) antibodies. These phosphorylated proteins were fur-
ther normalized using the following antibodies: Akt (1:1,000),
p44/42 ERK (1:1,000), IR/IGF-1R (1:1,000), GSK-3(3
(1:500), mTor (1:1000), Foxol (1:750), and Ht(MAB2166)
(1:250). For analysis of total proteins, membranes were incu-
bated with TOM20 (1:200), TOM40 (1:500), prohibitin
(1:2,000), Tfam (1:1,000), Bax (1:1,000), p65 (1:500), p53
(1:2,000), AIF (1:1,000), and cytochrome ¢ (1:500) antibod-
ies, overnight at 4°C. These proteins were normalized using
anti-tubulin (1:20,000) or Hsp60 (1:1,000) antibodies. Mem-
branes were then incubated with anti-rabbit IgG and anti-
mouse IgG+IgM secondary antibodies (1:20,000), for
90 min at room temperature, and immunoreactive bands vi-
sualized using VersaDoc Imaging System (BioRad, Hercules,
USA). Fluorescence signal was analyzed using the
QuantityOne software, and the results were given as percent-
age of control.

Measurement of Intracellular Accumulation of Adenine
Nucleotides, Phosphocreatine and Pyruvate Levels

HD or CTR lymphoblasts, treated or not with insulin or IGF-
1, were washed with ice-cold PBS and centrifuged at 145xg,
for 5 min (4°C). Extracts were performed with 0.6 M
perchloric acid supplemented with 25 mM EDTA-Na" and
then centrifuged at 20,800xg for 2 min at 4 °C to remove cell
debris. The resulting pellet was solubilized with 1 M NaOH
and further analyzed for total protein content by the Bio-Rad
Protein assay. After neutralization with 3 M KOH/1.5 M Tris,
samples were centrifuged at 20,800xg for 5 min, at 4 °C. The
resulting supernatants were assayed for:

1. ATP, ADP, and AMP determination by separation in a
reverse-phase high-performance liquid chromatography,
with detection at 254 nm, as described previously [37].
The chromatographic apparatus used was a Beckman-
System Gold controlled by a computer. The detection
wavelength was 254 nm, and the column used was a
Lichrospher 100 RP-18 (5 um). An isocratic elution with
100 mM phosphate buffer (KH,PO,), pH 6.5, and 1 %
methanol was performed with a flow rate of 1 mL/min.
Peak identity was determined by following the retention
time of standards.

2. Intracellular phosphocreatine levels, by following
NADP" reduction at 339 nm, mediated by ATP produc-
tion by creatine kinase, in the presence of hexokinase and
glucose-6-phosphate dehydrogenase (G6PD), using a Mi-
croplate Spectrophotometer SpectraMax Plus 384
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(Molecular Devices, USA), according to a previously
described method [38]. The results were expressed in
picomole phosphocreatine/milligram protein.

3. Intracellular pyruvate levels using the Pyruvate Assay Kit
(Abcam). In this assay, pyruvate is oxidized by pyruvate
oxidase, further generating a fluorescent compound. The
fluorescence was measured by fluorimetry (E/E,,=535/
587 nm), and the intensity was proportional to pyruvate
content.

Assessment of Intracellular Lactate

Treated or untreated HD and CTR lymphoblasts were washed
with ice-cold PBS and extracted with 0.6 M perchloric acid
supplemented with 25 mM EDTA-Na'. Cell extracts were
centrifuged at 20,800xg for 5 min at 4 °C to remove cell
debris (as in [18]). Intracellular lactate levels were determined
using the Lactate Assay Kit (Abcam). In this assay, lactate is
oxidized by lactate dehydrogenase to generate pyruvate and
NADH, which in turn reacts with WST to produce a colored
product (formazan; OD=450 nm).

O, Consumption

HD or CTR lymphoblasts, incubated in the absence or in the
presence of 0.1 nM insulin or 0.1 nM IGF-1, were washed and
re-suspended in Krebs buffer containing (in mM): 132 NaCl, 4
KCl, 1 CaCl,, 1.2 NaH,PO,, 1.4 mM MgCl,, 6 glucose, 10
HEPES, and aliquots containing 5% 10° cells placed in an
oxygen electrode chamber (DW 1, Clark electrode, Hansatech,
UK), after calibration for dissolved oxygen. After recording
the basal rate of oxygen consumption (in nmol mL ™ min™"),
maximum respiration was assessed by adding 2.5 uM carbon-
yl cyanide 3-chlorophenylhydrazone (CCCP) plus 2 pg/mL
oligomycin to the reaction medium. KCN (700 uM) was
added at the end of the experiment to confirm O, consumption
by mitochondria.

Assay of Enzymatic Activities of Mitochondrial Electron
Transport Chain

Mitochondrial crude fractions prepared from treated versus
non-treated HD or CTR lymphoblasts were obtained as de-
scribed in “Preparation of Total, Mitochondrial, and
Cytosolic-Enriched Fractions and Western Blotting” (without
supplementation with DTT, PMSF, or protease inhibitor cock-
tail) and used for further analysis of enzymatic activities of
mitochondrial electron transport chain complexes.

NADH-Ubiquinone Oxidoreductase Assay Complex I activ-
ity was determined at 340 nm by following the decrease in
NADH absorbance due to ubiquinone reduction to ubiquinol
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[39]. Complex I activity was expressed in nanomoles per
minute per milligram protein and corresponds to the rotenone
sensitive rate.

Succinate—Ubiquinone Oxidoreductase Assay Complex II ac-
tivity was monitored at 600 nm by following the reduction of
6,6-dichlorophenolindophenol (DCPIP) by the ubiquinol
resulting from this reaction [40]. Complex II activity was
expressed in nanomoles per minute per milligram protein
and corresponds to the thenoyltrifluoroaceton (TTFA) sensi-
tive rate.

Ubiquinol-Cytochrome C Reductase Assay Complex III ac-
tivity was monitored at 550 nm by following the ubiquinol
reduction of cytochrome c. The assay was started by adding
the sample to the reaction mixture (in mM: 35 K,HPOy,
pH 7.2, 1 EDTA, 5 MgCl,, 1 KCN, 5 uM rotenone) contain-
ing 15 uM cytochrome ¢ and 15 uM ubiquinol, at 30°C.
Complex III activity was expressed in rate constant (k) per
minute per milligram of protein.

Cytochrome ¢ Oxidase Assay Complex 1V activity was deter-
mined at 550 nm by measuring the oxidation of reduced
cytochrome ¢ by cytochrome ¢ oxidase [41]. Complex IV
activity was expressed in rate constant (k) per minute per
milligram of protein.

All enzyme activity was corrected for citrate synthase (CS)
activity. For citrate synthase assay, CS activity was performed
at 412 nm following the reduction of 5,5'-dithio-bis(2-
nitrobenzoic acid) in the presence of acetyl-CoA and oxalo-
acetate [42]. CS activity was expressed in nanomoles per
minute per milligram protein.

TMRM " Fluorescence

Mitochondrial membrane potential was assessed using the
cationic fluorescent probe TMRM", which accumulates pre-
dominantly in polarized mitochondria. Thus, the variation of
TMRM " retention was studied in order to estimate changes in
mitochondrial membrane potential. Following a washing step,
HD or CTR lymphoblasts, treated or not with insulin or IGF-
1, were incubated in Krebs medium containing 300 nM
TMRM" (quench mode) for 1 h at 37 °C. Basal fluorescence
(540 nm exCitation and 590 nm emission) was measured
using a microplate reader Spectrofluorometer Gemini EM
(Molecular Devices, USA), for 4 min, followed by the addi-
tion of 2.5 uM CCCP plus 2 pg/mL oligomycin to produce
maximal mitochondrial depolarization.

Intracellular Ca®" Recordings

HD or CTR lymphoblasts, incubated in the absence or in the
presence of 0.1 nM insulin or 0.1 nM IGF-1, were incubated

in Krebs medium containing the fluorescent probe Fura-2/AM
(10 uM) in the incubator chamber, at 37°C, for 30 min. After a
washing step, intracellular Ca®" levels were measured in basal
conditions or in response to 1 mM hydrogen peroxide (H,O,)
and/or 2 uM CCCP plus 2 pg/mL oligomycin, using a Spec-
trofluorometer Gemini EM (Molecular Devices, USA), with
340/380 nm excitation and 510-nm emission wavelengths.

Fluorescence Imaging

HD or CTR lymphoblasts, incubated in the absence or pres-
ence of 0.1 nM insulin or 0.1 nM IGF-1, and further adhered
to glass coverslips, as described in “Cell Lines Culture and
Treatment,” were exposed to 500 nM MitoTraker Red
CMXRos (MtT Red) in Krebs medium during 40 min, at
37°C. Cells were fixed with 4 % paraformaldehyde for
20 min and then permeabilized with 0.2 % (v/v) Triton
X-100 in PBS. After a washing step, cells were blocked with
3 % (w/v) bovine serum albumin and then incubated with
TOM-20 (1:200) primary antibody and further with anti-
mouse Alexa Fluor 488 (1:200) secondary antibody. Finally,
the coverslips were mounted using Dako fluorescent mount-
ing medium and examined using a Zeiss LSM S10 META
confocal microscope (Carl Zeiss, Oberkochen, Germany)
equipped with a 63x/1,4 Plan-ApoChromat objective. The
lasers used were argon/2 (488 nm) and DPSS 561-10
(561 nm). The acquisition of images was performed in the
LSM 510 software.

Data Analysis and Statistics

Data were expressed as the mean+=SEM of the number of
experiments indicated in the figure legends. Comparisons
among multiple groups were performed by two-way ANOVA,
followed by Bonferroni post hoc test. Student’s ¢ test was also
performed for comparison between two Gaussian populations,
as described in figure legends. Significance was accepted at
p<0.05.

Results
IGF-1 Stimulates Akt and ERK Signaling Pathways

In previous studies, Akt was shown to be downregulated
through cleavage by caspase-3 in both animal models and
HD patients at late stages of the disease [43]. This was
associated with a deregulation of IGF-1/Akt signaling path-
way caused by mHtt along the course of the disease [21].
Using lymphoblasts cell lines derived from HD patients and
control siblings, we evaluated the insulin/IGF-1 signaling
pathways. Our results demonstrate that IR,IGF-1R phosphor-
ylation at Tyr1158, 1162, and 1163, previously described to
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reflect their activation [24, 44], was significantly decreased in
HD patient’s lymphoblasts (Fig. 1ai), whereas no significant
changes were observed in IR,IGF-1R protein levels (Fig. 1a,
it). Exposure to IGF-1 (0.1 nM) enhanced IR,IGF-1R activa-
tion in HD cells by about 2-fold, whereas no changes in
IR,IGF-1R activation were observed in the presence of insulin
(0.1 nM). In addition, we found a significant decrease in Akt
and ERK42/44 phosphorylation in HD lymphoblasts, which
were prevented by insulin and IGF-1 (Fig. 1b, 1, iii and ¢, 1, iii),
suggesting an activation of PI3K/Akt and Ras/ERK signaling
pathways in HD human lymphoblasts subjected to insulin
and, particularly, IGF-1 treatment. Importantly, at IR, the rank
order of affinity to insulin (~1 nM)>>IGF-I (100-500-fold),
whereas at IGF-1R IGF-1 (~1 nM)>>insulin (100-500-fold)

[45]. Therefore, low nanomolar concentrations of insulin and
IGF-1 may activate each receptor subtype.

Given the decrease in Akt activation in HD lymphoblasts,
we measured phosphorylated and total levels of Akt down-
stream proteins. Mammalian target of rapamycin (mTor) total
protein levels were significantly decreased in HD cells, by
about 50 %, compared to the CTR (Fig. 1d, ii). Interestingly,
mTor activation was significantly increased in HD lympho-
blasts (by 155 %, Fig. 1d, i), but further exposure to insulin or
IGF-1 had no significant additional effect. Moreover, no sig-
nificant differences were observed in Foxo-1 Ser256 phos-
phorylation, a target of Akt (Fig. 1e). In addition, the Ser/Thr
kinase GSK-3[3, which has the potential to modulate blood
glucose levels [46], was not altered in HD lymphoblasts.

ai e a.ii a. iii
i c
(LN ~ L N3 — c -
Z3 200 T 2007 8§ 2 6 % 3 i
2s g 5 S 8 £ O
< 8 £3 EEE S o o
‘u',-"é 1501 # ,§“5 1501 o o o I I =T
—..o\° B\o
Zc _x E-E P-IR,IGF-1R [-- —y e o= -] 95 kDa
5 1007 &, 100
?;% 5% IRIGF-1R ' ' ' [ . | 95kDa
Fc 507 @ c 50
To -3 Tubulin | —— S | 5 /D2
g g o
5 Basal Insulin IGF-1 Basal Insulin IGF-1
£ 0.1 nM 0.1 nM 0.1 nM 0.1nM
b.i b. ii b. iii
—~ —_ p— c
3 1507 3 1507 s £ < _
1] 3 w © = -
38 o 3 EoE g g 4 4
£ 2 1001 £ 2 100 G 6 0o T I =T
Ec Sc =7 =
<5 Fa P-Akt
® o 2o .
%% 501 <% 50 Akt
wn £ £
~o [T} i
as ° Tubulin .
£ o £ o
Basal Insulin IGF-1 Basal Insulin IGF-1
0.1 nM 0.1 nM 0.1 nM 0.1 nM

o
<

o

=

1501

a
o

##
ok

Tl

Basal Insulin IGF-1
0.1 nM 0.1 nM

N
o
=]

=]

(protein levels in % of control)
()
o

Erk (p44, p42)/ Tubulin
(protein levels in % of control)

P(Thr202/Thr204)-Erk (p44, p42)/ Erk
o

Fig. 1 IGF-1 and insulin mediated activation of IR,IGF-1R signaling
pathways. CTR or HD lymphoblasts were untreated (basal) or treated
with 0.1 nM insulin or IGF-1 in culture medium (RPMI-1640) for 24 h at
37°C. Total cell lysates were electrophoresed on 10 % SDS-PAGE and
probed for phosphorylated proteins with anti-P(Y1158/Y1162/Y1163)-
IR,IGF-1R (a, i), anti-P(Ser473)-Akt (b, i), anti-P(Thr202/Thr204)-ERK
(¢, i), anti-P(Ser2448)-mTor (d, i), anti-P(Ser256)-Foxol (e, i), and anti-
P(Tyr216)-GSK3§ (f, i) selective antibodies, followed by reprobing for
total protein with anti-IR,IGF-1R (a, if), anti-Akt (b, ii), anti-ERK (¢, i),
anti-mTor (d, i), anti-FOXO1 (e, ii), and anti-GSK3f (f, i) selective
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INT/mm? as 100 %. Statistical analysis: P<0.05, "P<0.01 vs respective
CTR (Student’s ¢ test); *P<0.05, **P<0.01 vs respective CTR; #p<0.05,
#P<0.01 vs untreated HD (two-way ANOVA, followed by Bonferroni
post hoc test)
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Fig. 1 (continued)

Indeed, their enzymatic activities can the negatively regulated
by Akt-mediated phosphorylation at Ser9, and positively reg-
ulated by Tyr216 phosphorylation [47]; however, we also
found no differences in the levels of P(Tyr216)-GSK-3f3

(Fig. 19).
Insulin and IGF-1 Promote Huntingtin Phosphorylation

Specific neuroprotective effect of IGF-1/Akt in HD appears to
be mediated by direct phosphorylation of Htt by Akt at
Ser421, blocking mHtt-induced cell death and inhibiting
intranuclear inclusion formation [21, 30]. Figure 2 shows that
decreased P(Ser421)-Htt in HD lymphoblasts is completely
rescued by insulin and IGF-1 (both at 0.1 nM) (Fig. 2a).
Although there was a decrease in phosphorylation, Htt protein
levels remained unchanged in HD and CTR cells (Fig. 2b) and
upon exposure to insulin or IGF-1 (data not shown).

Insulin and IGF-1 Prevent Impairment of Energy Metabolism

We further analyzed the effect of insulin and IGF-1 on cellular
adenine nucleotides, ATP, ADP, and AMP. HD lymphoblasts
exhibited a decrease in ATP levels and an increase in ADP and
AMP levels, compared to CTR lymphoblasts (Fig. 3a, i-iii).

Following incubation with 0.1 nM insulin or IGF-1, a signif-
icant increase in ATP levels was observed in HD lympho-
blasts, which appeared to derive from ADP and AMP (Fig. 3a,
i—iii). Concomitantly with ATP decrease, a significant de-
crease in phosphocreatine levels was observed in HD, com-
pared to CTR lymphoblasts, which were completely recov-
ered upon treatment with insulin or IGF-1 (Fig. 3b). More-
over, the amount of lactate was shown to be significantly
higher in untreated HD cells, when compared to CTR cells
(Fig. 3d); insulin or IGF-1 (0.1 nM) caused a decrease in
lactate levels in HD lymphoblasts. The intracellular levels of
lactate in CTR cells were not significantly affected in the
presence of insulin or IGF-1. Although there were significant
alterations in lactate levels in HD cells, no visible changes
were observed in pyruvate levels (Fig. 3c).

IGF-1/P-Htt Pathway Recovers Mitochondrial Function
in HD Lymphoblasts

There are several evidences that mitochondrial dysfunction
plays a critical role in HD pathogenesis [7, 17, 18]. In order to
evaluate whether mitochondrial dysfunction can be the source
of lower ATP levels, we assessed O, consumption in HD and
CTR lymphoblasts (Fig. 4a—c). Under basal conditions, HD

@ Springer



Mol Neurobiol (2015) 51:331-348

338
a. I
3150- HHt
1=
g3 t L T
‘e T
E 2 1004
AL
b}
¥
35 50
ac
L
o
£ o
Basal Insulin IGF-1
0.1 nM 0.1 nM
a. i
© £ Nl c
) > L © = 5
g8 2 9 & 32 &
n:l m' ccl ml E| 1
—= = = o o o
o O (@) T I I

Fig. 2 IGF-1 and insulin promote huntingtin phosphorylation in HD
lymphoblasts. CTR or HD lymphoblasts were untreated (basal) or treated
with 0.1 nM insulin or IGF-1 in culture medium (RPMI-1640) for 24 h at
37°C. Levels of P(Ser421)Htt (a) and Htt (b) were analyzed by Western
blotting. Data are the mean+SEM from four independent experiments,

lymphoblasts showed a lower rate of O, consumption com-
pared to CTR lymphoblasts (Fig. 4a), suggesting decreased
activity of mitochondrial respiratory chain, which was
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Fig. 3 IGF-1 and insulin rescued energy metabolism in HD lympho-
blasts. CTR or HD lymphoblasts were untreated (basal) or treated with
0.1 nM insulin or IGF-1 in culture medium (RPMI-1640) for 24 h at
37°C. Energy metabolism was evaluated by determining levels of ATP
(a.i), ADP (a, ii), AMP (a, iii), phosphocreatine (b), pyruvate (c), and
lactate (d). Data are the mean+SEM from four independent experiments
performed in duplicates, expressed as the % of CTR, considering a 1.3+
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prevented by pre-exposure to 0.1 nM IGF-1, but not by insulin
(Fig. 4a). Maximal O, consumption, defined in the presence
of CCCP (mitochondrial uncoupler) plus oligomycin (ATP
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Fig. 4 1GF-1/P-Htt pathway ameliorates the rate of O, consumption and
mitochondrial membrane potential in HD lymphoblasts. CTR or HD
lymphoblasts were untreated (basal) or treated with 0.1 nM insulin or
IGF-1 in culture medium (RPMI-1640) for 24 h at 37°C. Basal recording
rate of O, consumption (a); maximum respiration was achieved after
addition of CCCP plus oligomycin to untreated (b) or insulin and IGF-1
treated (¢) CTR or HD lymphoblasts. TMRM" fluorescence was recorded
after complete mitochondrial membrane depolarization (d, e). CTR lym-
phoblasts were transfected with plasmid constructs (480-17Q, 480-68Q,
480-68-S421D, and 480-68-S421A) previously described by Humbert
et al. [21] 48 h before the experiment (e). Results were expressed as the

synthase inhibitor), as defined in Fig. 4a (insert) and b, was
largely the same in CTR or HD lymphoblasts, in the absence
or presence of insulin or IGF-1 (Fig. 4c).

We further evaluated mitochondrial membrane potential
(A,,) before and after complete mitochondrial depolariza-
tion with CCCP plus oligomycin (Fig. 4d, insert). HD lym-
phoblasts exhibited a lower mitochondrial retention of
TMRM, largely suggesting lower A,,, compared to CTR
lymphoblasts; however, this decrease became insignificant in
the present of 0.1 nM IGF-1 (Fig. 4d), suggesting an amelio-
ration of mitochondrial function, in accordance with the O,
consumption (Fig. 4a). Under the same experimental condi-
tions, insulin had no significant effects on A,,,. These obser-
vations were further confirmed by qualitative fluorescence
imaging with MtT Red (Fig. 5). MtT Red is an A ,-sensitive

difference between the increase of TMRM " fluorescence upon addition of
CCCP plus oligomycin and basal fluorescence values. Inserts show
representative traces of O, consumption (in a) or TMRM " fluorescence
(in d). The presence of truncated wild-type Htt (17 polyQ) or mHtt (68
polyQ) was detected by Western blotting (f). Data are the mean+SEM of
three to four experiments performed in duplicates or triplicates. Statistical
analysis: 'P<0.05 vs untreated HD (Student’s # test); *P<0.05, **P<0.01
###P<0.001, P<0.01 vs untreated CTR; *P<0.05, ##P<0.001 vs
untreated HD; ®°P<0.01 vs S421D HD (two-way ANOVA, followed
by Bonferroni post hoc test)

positively charged fluorescent probe that is rapidly taken up
into the negatively charged mitochondria [48]. Our results
show a decrease in MtT Red fluorescence in HD compared
to CTR lymphoblasts (Fig. 5), thus reducing its co-
localization with TOM20, a mitochondria marker that remains
unchanged between genotypes (CTR vs HD) (Table 1). More-
over, IGF-1 treatment appears to effectively rescue the de-
crease in A, in HD cells, as observed by the increase in MtT
Red fluorescence, in accordance with TMRM " fluorescence
data. Interestingly, insulin appears to have the same effect as
IGF-1 (Fig. 5), although these results have not been confirmed
with TMRM".

Considering these results, we hypothesized that beneficial
effect of IGF-1 on mitochondrial function might be related
with Htt phosphorylation. Therefore, we transfected CTR
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Fig. 5 IGF-1 and insulin rescue

MITOTRACKER RED MERGE

mitochondrial membrane
potential in HD lymphoblasts.
Representative confocal
microscope images of CTR and
HD lymphoblasts untreated
(basal) or treated with 0.1 nM
insulin or IGF-1 for 24 h, at 37°C.
Lymphoblasts were stained with
MitoTraker Red CMXRos (MtT
Red, 500 nM) (red) and anti-
TOM20 (green). Left
Transmission image, middle left
TOM20 signal, middle right MtT
Red signal, right Merge image.
Scale bar: 10 um

HD Insulin HD Basal CTR IGF-1 CTR Insulin CTR Basal

HD IGF-1

lymphoblasts with 480 amino acid-Htt fragments containing a
stretch of 17 (480-17) or 68 (480-68) glutamines, being the
efficiency of transfection confirmed by Western blotting
(Fig. 4f). Moreover, two more constructs were transfected:
one containing a serine to aspartate mutation at the 421 site,
maintaining Htt constitutively phosphorylated (480-68-
S421D) and another one containing a serine to alanine muta-
tion, thus inhibiting Htt phosphorylation (480-68-S421A). In
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accordance with data obtained in HD lymphoblasts, we ob-
served a significant decrease in A, in lymphoblasts
transfected with 480-68 construct, compared with 480-17
transfected lymphoblasts. Constitutive Htt phosphorylation
(S421D) was able to fully restore A, in lymphoblasts
carrying the mutant stretch; In contrast, serine to alanine
mutation completely deregulated A, (Fig. 4e). These data
largely suggested that amelioration of mitochondrial function
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Table 1 Mitochondrial-relevant proteins in human HD and CTR lymphoblasts

Proteins of interest

CTR (mean+=SEM) (n)

HD (mean+SEM) (n)

Mitochondrial-encoded ETC subunits
Mitochondrial complex I (subunit, 20 kDa)/hsp60 (T)
Mitochondrial complex I (subunit, 20 kDa)/hsp60 (M)
Mitochondrial complex IV (subunit SI)/hsp60 (T)
Mitochondrial complex IV (subunit SI)/hsp60 (M)
Nuclear-encoded ETC subunits
Mitochondrial complex I (subunit, 30 kDa)/hsp60 (T)
Mitochondrial complex II (subunit, 70 kDa)/hsp60 (T)
Mitochondrial translocases and chaperones
Hsp60/tubulin (T)
TOM20/hsp60 (M)
TOM40/hsp60 (M)
Prohibitin (PHB)/hsp60 (M)
Transcription factors
Mitochondrial transcription factor (Tfam)/hsp60 (M)
p65/hsp60 (M)
p53/hsp60 (M)
Apoptotic proteins
Bax/hsp60 (M)
Bax/tubulin (C)
AlF/tubulin (T)
Cytochrome c¢/hsp60 (M)
Cytochrome c/tubulin (C)
Cytochrome c/tubulin (T)

100.0+16.65 (10)
100.0+25.20 (5)
100.0+13.35 (5)
100.0+13.10 (5)

100.0+2.13 (6)
100.0+15.58 (9)

73.24+19.56 (11)
93.72+17.06 (8)
87.73£12.55 (4)
103.66=12.61 (9)

98.03+12.00 (8)
93.00+15.78 (11)

100.0+3.14 (9) 112.949.22 (15)
100.040.11 (3) 97.39+36.98 (3)
100.0+1.58 (3) 99.16+17.86 (3)
100.0+£10.46 (5) 103.02+12.28 (9)
100.08.08 (9) 60.06+6.80 (8)**
100.0+12.78 (3) 95.79+8.06 (6)
100.0+13.19 3) 94.39+15.96 (9)

100.0+3.48 (3) 90.14+27.42 (3)
100.0+5.85 (3) 92.68+10.47 (3)
100.049.161 (5) 82.74+6.74 (4)
100.049.12 (6) 65.97+6.55 (4)*
100.0+6.29 (3) 68.52+14.47 (3)
100.0+0.00 (3) 70.30+0.78 (3)**

Relative changes in the levels of mitochondrial- and nuclear-encoded proteins from total (T), mitochondrial (M) and/or cytosolic (C)-enriched fractions
from human HD or CTR lymphoblasts. Proteins of the mitochondria electron transport chain, mitochondrial translocases of the outer membrane, 20 and
40 subunits (TOM20 and TOM40, respectively) and the mitochondrial chaperones hsp60 and prohibitin (PHB), transcription factors, and apoptotic
proteins. The results are the mean+=SEM of the indicated number of experiments (in brackets) normalized to hsp60 or tubulin (as indicated) and are

represented as the % of the CTR group
*P<0.05; **P<0.01 vs CTR (by the Student’s  test)

induced by IGF-1 in HD lymphoblasts occurs through phos-
phorylation of mHtt at Ser421.

Unchanged Protein Expression or Activity of Mitochondrial
Complexes, But Decreased Cytochrome ¢ in HD
Lymphoblast Mitochondria—Effect of Insulin and IGF-1

After observing the decrease in ATP production and oxygen
consumption in HD lymphoblasts, we sought for changes in
activity and expression of mitochondrial respiratory com-
plexes and proteins. No significant differences in the activity
of mitochondrial respiratory chain complexes [-IV were ob-
served in HD versus CTR lymphoblasts (Fig. 6), corroborat-
ing previous data [11]. Table 1 shows that there are no statis-
tical significant differences in protein levels of both
mitochondrial- and nuclear-encoded subunits from electron
transport chain (Table 1) either.

We also examined the relative changes in other mitochon-
drial proteins, including subunits of transporter outer mem-
brane (TOM) complex, hsp60, and prohibitin, as well as
mitochondrial transcription factors, namely, mitochondrial
transcription factor A (Tfam), p65 and p53, but apart from
Tfam, no statistical differences were found between HD and
CTR cells (Table 1). Tfam is the major transcription factor of
mitochondrial DNA (mtDNA) and also appears to protect
mtDNA since it packages mtDNA into DNA—protein aggre-
gates called mitochondrial nucleoids [49]. Tfam stimulates the
transcription of the majority mitochondrial-encoded subunits
[50]; nevertheless, complex I subunit of 20 kDa and complex
IV subunit SI were not altered in HD lymphoblasts (Table 1).
Despite this, we cannot exclude the hypothesis that this factor
could be a key protein in mitochondrial dysfunction in this
HD cell model.

Previous data in our lab showed mitochondrial-associated
cell death in a peripheral model expressing mHtt, through the
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Fig. 6 Mitochondrial respiratory a.
chain specific activities of

complexes I-IV are unchanged in
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activation of caspases, release of cytochrome ¢ and AIF from
mitochondria, and increased Bcl-2-associated X protein (Bax)
levels [18]. Bearing this in mind, we also analyzed the levels
of the apoptotic proteins Bax, AIF, and cytochrome ¢ in HD
lymphoblasts. A significant decline was detected in cyto-
chrome c protein levels in mitochondria from HD lympho-
blasts, which did not account for by an increase in the protein
in the cytosol (Table 1), precluding any evidence for
mitochondrial-driven apoptosis in these peripheral cells. Ac-
cordingly, cytochrome c total levels were significantly de-
creased in HD cells, largely suggesting that deficits in O,
consumption can be due to decreased shuttling of electrons
at cytochrome ¢ level. Moreover, treatment with 0.1 nM IGF-
1 rescued the decrease in cytochrome ¢ in HD lymphoblasts
(Fig. 7), revealing a protein modification at the electron trans-
port chain that contributes for boosting mitochondrial function
in the presence of this neurotrophic factor.

Altered Mitochondrial Ca>" Accumulation in HD
Lymphoblasts—Role of Insulin and IGF-1

Under the same experimental conditions, we measured the
intracellular free levels of Ca** (Ca®") and the capacity of
mitochondria to retain the ion. HD cells showed increased
intracellular Ca®*, which was exacerbated upon exposure to
IGF-1 (Fig. 8a). Moreover, complete mitochondrial depolari-
zation with CCCP plus oligomycin elicited a decrease in Ca**
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release from mitochondria in HD lymphoblasts compared to
CTR cells, highly suggestive of decreased mitochondria ca-
pacity to retain Ca®" in HD lymphoblasts (Fig. 8b). However,
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Fig. 7 IGF-1 enhances the levels of cytochrome ¢ in HD lymphoblasts.
CTR or HD lymphoblasts were untreated (basal) or treated with 0.1 nM
insulin or IGF-1 in culture medium (RPMI-1640) for 24 h at 37°C. Total
expression levels of cytochrome ¢ were analyzed by Western blotting on
15 % SDS-PAGE and reprobed for tubulin (a 7, ii). Data are the mean+
SEM from three independent experiments, expressed as percentage of
CTR, considering 0.48+0.06 INT/mm?” as 100 %. Statistical analysis:
#P<0.05 vs respective CTR; *P<0.05 vs untreated HD (two-way
ANOVA, followed by Bonferroni post hoc test)
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Fig. 8 IGF-1 and insulin
ameliorate mitochondrial Ca®"
accumulation in HD lymphoblasts
subjected to H,O,. CTR or HD
lymphoblasts were untreated
(basal) or treated with 0.1 nM
insulin or IGF-1 in culture
medium (RPMI-1640) for 24 h at
37°C. Basal intracellular Ca®"
levels (Ca”")) levels were recorded
in cells loaded with Fura-2/AM,
without (a) or upon adding CCCP
plus oligomycin (b) to completely
depolarize the mitochondria in
order to assess mitochondrial Ca®"
retention. Ca®"; were also recorded
in untreated (¢, d) or insulin/IGF-
1-treated (e, f) lymphoblasts
following stimulation with 1 mM
H,0,, in the absence (as in ¢) or
presence (as in d) of CCCP plus
oligomycin. Data are the mean+
SEM of four independent
experiments, performed in
triplicates or quadruplicates.
Statistical analysis: ‘P<0.05,
“P<0.05 vs untreated CTR
(Student’s ¢ test); ¥**P<0.01,
**%P<(0.001 vs respective CTR;
##p<0.001 vs untreated HD
lymphoblasts (two-way ANOVA,
followed by Bonferroni post hoc
test)

)

fiiisid

Basal Fura-2 fluorescence
(340/380 ratio)

Insulin
0.1 nM

1.6
15
1.4
1.3
1.2
1.1
1.0

H,0,

O_O,o—nl/%{m
-~ HD

— T T T
12 3 456 7 8
Time (min)

Fura-2 fluorescence
(340/380 ratio)

0.6

(340/380 ratio)

o

induced by H,0,
N

AFura-2 fluorescence

Insulin
(0.1 nM)

Basal

neither insulin nor IGF-1 augmented the mitochondrial capac-
ity to accumulate Ca®".

We further analyzed the effect of adding H,O, (1 mM) on
Ca”"; levels. HD lymphoblasts exhibited an increase Ca”";
upon incubation with H,O,, as compared to H,O,-treated
CTR lymphoblasts (Fig. 8c). In the presence of insulin or
IGF-1, there were no significant changes between HD and
CTR cells (Fig. 8e). Moreover, H,O,-treated HD cells still
showed decreased mitochondrial Ca** retention, examined
after complete mitochondrial depolarization (Fig. 8d). This
abnormal buffering capacity was partially but significantly
restored following pre-exposure to both insulin and IGF-1 in
H,0,-treated HD lymphoblasts (Fig. 8f), suggesting protec-
tion by IGF-1 under conditions of oxidative stress.

Discussion

Recent evidences suggest that impaired metabolism plays an
important role in the pathogenesis of HD-affected individuals,
in both central and peripheral tissues [1, 8, 51], and the ability
of insulin and IGF-1 to promote cell survival has been in-
creasingly proven [22-24, 52] including in the context of HD
[21, 30]. However, the neuroprotective role achieved by
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insulin and IGF-1 has been questioned. Indeed, some studies
showed that high levels of IGF-1 could increase mitochondrial
and oxidative stress in HD mice [35] and cognitive decline in
HD patients [33, 34]. Despite these observations, in the pres-
ent work, we show that activation of IGF-1/insulin signaling
pathway can rescue mitochondrial function and energy pro-
duction in HD peripheral blood cells. In particular, we de-
scribe that IGF-1 ameliorates mitochondrial function (evi-
denced through increased O, consumption and A,,) in hu-
man HD lymphoblasts derived from HD patients, namely,
through phosphorylation of Htt at Ser421 and increased levels
of cytochrome c.

In previous studies, we showed that insulin, at micromolar
concentrations, was able to activate both IR and IGF-IR in
cortical neurons by stimulation of Tyr kinase activity [24]. In
the present study, IGF-1 (at low nM) completely recovered
IR,IGF-1R activation in HD lymphoblasts to levels observed
in CTR cells, whereas insulin was less efficient when com-
pared to IGF-1. Decreased IR, IGF-1R phosphorylation, due to
the expression of mHtt, has been linked to decreased activa-
tion of ERK and Akt downstream signaling pathways, as
observed in HD patients and mouse models expressing mHtt
[21, 43, 53]. Concordantly, increased IGF-1 and IGF-1R
expression was recently associated to enhanced ERK and
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Akt phosphorylation [28]. The present work demonstrates that
exposure to IGF-1 recovered Akt activation and increased
P(Ser421)Htt levels; this is in accordance with our previous
and more recent studies showing that neuroprotective effects
mediated by IGF-1 require phosphorylation of Htt at Ser421
exerted by Akt, thus increasing neuronal survival and improv-
ing motor performance in HD YAC128 mice [21, 30]. Indeed,
several phosphorylated sites have been identified on Htt pro-
tein; most of them were reported to be protective. According-
ly, phosphorylation at Ser241 by Akt restores Htt function in
anterograde and retrograde axonal transport [54] and reduces
the nuclear accumulation and cleavage of Htt [55]. Moreover,
enhanced P(S421)Htt provided neuroprotection from N-meth-
yl-D-aspartate-mediated excitotoxicity in YAC128 mouse
model [56]. These evidences could be explained since serine
residues phosphorylation in Htt N-terminal can suppress Htt
accumulation by altering protein aggregation properties,
thereby reducing toxicity [57-59].

Increased ERK phosphorylation was also shown to provide
a pro-survival effect, a result already demonstrated before
[28]. Surprisingly, the present work demonstrates that mTor
activation, known to be involved in macroautophagy inhibi-
tion [60], appears to be increased in HD lymphoblasts when
compared to CTR cells, despite presenting decreased total
protein levels, which suggests a downregulation of autophagic
mechanisms in HD cells. Indeed, increased levels of Cazﬂ
under basal conditions in HD lymphoblasts were previously
reported to trigger mTor complex [61]. Moreover, apart from
Akt, S6 kinase 1, a serine/threonine kinase directly activated
by the ERK pathway, may be responsible for mTor activation
[62, 63].

Previous studies performed by Seong et al. [64] demon-
strated decreased ATP levels in lymphoblastoid cell lines
obtained from homozygous HD patients, with 41-50 CAG
repeats. Accordingly, our data also show decreased ATP levels
in HD lymphoblasts, which were restored by IGF-1 and
insulin. Other studies in muscle from HD patients and mHtt-
transfected HeLa cells also showed a significant reduction in
both ATP [65] and phosphocreatine [66] levels. In the present
work, treatment of HD lymphoblasts with insulin or IGF-1 (at
low nM) restored phosphocreatine levels, indicating that acti-
vation of insulin/IGF-1 signaling pathways can rescue energy
levels in human blood cells expressing mHtt. Previously, we
observed that insulin (at M range) completely prevented the
decrease in intracellular ATP levels evoked by oxidative stress
in primary cortical neurons [23].

Besides energetic defects, mitochondrial deregulation
plays an important role in HD pathogenesis [7, 9, 18]. In fact,
expression of mHtt caused loss of mitochondrial function [67]
and altered mitochondrial morphogenesis with increased mi-
tochondrial fission and reduced fusion [7]. In the present
work, impaired mitochondrial function in HD lymphoblasts
was confirmed by decreased O, consumption and reduced
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A, as well as increased lactate levels, which may account
for by a compensatory glycolytic response [68], as previously
reported in the striatum and occipital cortex of HD patients
[15, 69]. Similar increased glycolytic metabolism linked to
moderate mitochondrial dysfunction was recently described
by us in HD cybrid lines [19]. Although some studies advo-
cated increased oxygen consumption, while others showed no
alterations [70, 71], striatal STHdh®'"'" cell lines evidenced
decreased O, consumption and ATP production [72]. In ac-
cordance, studies in yeast expressing a 103Q-Htt exhibited a
significant decrease in O, consumption associated with dys-
functional mitochondrial respiratory chain complexes II and
III activities [73]. Recently, we also showed reduced activity
of complex I in human platelets derived from pre-
symptomatic and symptomatic HD carriers, evidencing mito-
chondrial changes before the onset of HD clinical symptoms
[12]. Unlike these evidences, HD lymphoblasts [11] and
cybrids [18] showed no changes in the activity of mitochon-
drial complexes I-IV or in the protein levels of complex
subunits [74]. Indeed, our study also shows unchanged mito-
chondrial complexes activity and unaltered levels of the mi-
tochondrial respiratory chain subunit proteins; despite this, we
observed decreased levels of cytochrome ¢ in HD lympho-
blast’s mitochondria. This observation and the fact that this
protein uses the heme group as a redox intermediate for the
electron transfer between complexes III and IV [75] may
explain decreased O, consumption without changes in mito-
chondrial complexes expression and activity in HD lympho-
blasts. Accordingly, cytochrome ¢ mouse fibroblasts mutants
were not able to assemble or stabilize cytochrome ¢ oxidase
(complex IV), causing respiratory deficits in the cell [76]. The
loss of A, in HD lymphoblasts, observed in our study,
could be related to disrupted proton translocation, as a conse-
quence of decreased cytochrome c, due to the an interaction of
mHtt with the outer mitochondrial membrane [17, 67]. More-
over, decreased Tfam levels can also contribute for this dys-
function; apart from being a relevant mitochondrial transcrip-
tional factor, Tfam has multiple roles in the maintenance of
mtDNA [77]. Indeed, we previously confirmed the presence
of different patterns of mtDNA variations in human HD
cybrids, despite the lack of differences in mitochondrial com-
plexes activities [18].

Importantly, the role of phosphorylated Htt at Ser421,
previously described to be triggered by the IGF-1/Akt path-
way [21], was further demonstrated to rescue mitochondrial
function in lymphoblasts expressing constitutively phosphor-
ylated Htt with 68 polyQ (480-68-S421D); under these con-
ditions, A, was completely restored to the levels of lym-
phoblasts expressing 17 polyQ. This effect seems to be spe-
cific since inhibition of Htt phosphorylation, following ex-
pression of 480-68-S421A, precluded A, recovering. In-
deed, we previously showed that activation of IGF-1/Akt
pathway was able to inhibit neuronal death induced by mHtt
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[21] and ameliorated brain energy metabolism in
YACI128 mice [30]. The present work further suggests
that neuroprotection achieved by insulin and IGF-1 may
be due to an improvement of mitochondrial function
and consequent rectified cellular energy levels. Of rele-
vance, decreased cytochrome c levels were largely re-
covered by IGF-1 only, supporting increased mitochon-
drial function through normalization of O, consumption
and AY,,.

Bioenergetics is not the only role played by mitochondria,
as the organelle is also a key mediator of apoptosis and can be
linked, directly and/or indirectly, to many common deleterious
processes involved in neurodegeneration. Previous studies in
neuronal cells expressing N-terminal mHtt revealed activation
of caspase-3 with no significant release of apoptotic proteins,
namely, cytochrome ¢ and AIF into the cytosol [78]. However,
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conditions and following exposure to H,O,, suggesting a
deficiency in the mechanisms that underlie the regulation of
Ca®",, in agreement with previous publications [67, 72]. Ac-
cordingly, HD lymphoblasts mitochondria also exhibited re-
duced capacity to take up Ca>", as observed following de-
creased release of Ca”" into the cytosol of HD lymphoblasts
after complete mitochondrial depolarization. Our results also
evidenced that IGF-1 increased basal Ca®"; levels. Indeed,
IGF-1 was previously shown to induce an increase in cytosol-
ic Ca®" mediated by phospholipase C gamma (PLCy)/inositol
1,4,5-triphosphate (IP3)-dependent signaling pathways in pe-
ripheral cells [82, 83], which may justify the observed increase
in intracellular Ca*" in HD lymphoblasts. Interestingly, in
H,0, pre-treated HD cells, IGF-1 and insulin improved mito-
chondrial Ca®" uptake capacity, again pointing out the protec-
tive function of these peptides under oxidative stress condi-
tions. Data suggest that increased Htt phosphorylation evoked
by IGF-1/insulin may exert a protective role in stress-induced
mitochondrial Ca>" defects. In addition, in our lab, insulin and
IGF-1 (also at low nM) improved mitochondrial function and
reduced mitochondrial-driven reactive oxygen species caused
by mHtt in HD knock-in striatal cells (Ribeiro and co-authors,
unpublished data).

Altogether, our findings present strong evidence that mHtt-
mediated disruption of insulin/IGF-1 downstream pathways,
including Htt phosphorylation at Ser421, can lead to mito-
chondrial and metabolic dysfunction in HD human peripheral
blood cells, namely, lymphoblastoid cell lines. Exposure to
IGF-1 (in particular) and insulin play an important role in
rescuing features of mitochondrial abnormalities and energy
deficits, namely, by increasing A, cytochrome ¢ protein
levels and restoring mitochondrial Ca®" uptake capacity upon
an oxidant stress stimulus (Fig. 9). More specifically, we
demonstrate that IGF-1 enhances mitochondrial function in
human HD peripheral cells through increased activation of
intracellular signaling pathways and Htt phosphorylation at
Ser421.
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