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differentiation while showing alterations in the lysosomal pathway
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Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder caused by an excessive ex-
pansion of a CAG trinucleotide repeat in the gene encoding the protein huntingtin, resulting in an elongated
stretch of glutamines near the N-terminus of the protein. Here we report the derivation of a collection of 11
induced pluripotent stem (iPS) cell lines generated through somatic reprogramming of fibroblasts obtained
from the R6/2 transgenic HD mouse line. We show that CAG expansion has no effect on reprogramming ef-
ficiency, cell proliferation rate, brain-derived neurotrophic factor level, or neurogenic potential. However,
genes involved in the cholesterol biosynthesis pathway, which is altered in HD, are also affected in HD-iPS
cell lines. Furthermore, we found a lysosomal gene upregulation and an increase in lysosome number in
HD-iPS cell lines. These observations suggest that iPS cells from HDmice replicate some but not all of the mo-
lecular phenotypes typically observed in the disease; additionally, they do not manifest increased cell death
propensity either under self-renewal or differentiated conditions. More studies will be necessary to trans-
form a revolutionary technology into a powerful platform for drug screening approaches.

© 2011 Elsevier Inc. All rights reserved.
Introduction

Huntington's disease (HD) is an untreatable, progressive genetic
neurodegenerative disorder caused by an unstable expansion of the
CAG repeat within the coding region of the IT-15 gene. This gene en-
codes for the huntingtin (HTT) protein and the mutation results in an
elongated stretch of glutamines in the N-terminus of the protein (HD
Collaborative Research Group, 1993). This HTT mutation is responsi-
ble for massive brain neurodegeneration characterized by the preva-
lent loss of efferent medium spiny neurons in the striatum, the main
input station of the basal ganglia circuit, but progressively involves
cortical neuronal structures as well (Reiner et al., 1988; Rosas et al.,
2003, 2005, 2008).

HD is characterized by chorea, cognitive abnormalities, and psy-
chiatric disturbances that manifest in mid-adulthood and progress in-
exorably toward death. The CAG expansion in HTT is the triggering
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trophic factor; PH3, phospho-
cid protein; MAP2ab, microtu-
protein 43; Hmgcr, 3-hydroxy-
rocholesterol reductase; Cyp51,
B, Transcription Factor EB; Ctsf,
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event that endows the protein with new toxic functions that are del-
eterious to striatal and cortical neurons. At the same time, the speci-
ficity of the neuronal loss may be due to the protein context in
which the CAG is expanded (Cattaneo, 2001); the mutation also af-
fects the ability of normal HTT to exert beneficial activities for the
neurons that degenerate in HD (Zuccato et al., 2010).

While our understanding of HD pathophysiology is advancing rap-
idly, our knowledge is still incomplete. Since HD is caused by a single
mutation, introduction of the mutant gene into non-human primates,
mice, flies, fishes, and worms has generated disease models that have
been extremely valuable in the identification of pathways affected by
the mutation and as validation tools for ex vivo-identified targets
(Zuccato et al., 2010). In parallel, since the year 2000 we and others
have reported the generation of a large collection of brain-derived
cell lines from rodents, including the first clones of immortalized
ST14A cells carrying the full length or truncated normal or mutant
HTT gene (Rigamonti et al., 2000), their inducible variants (Sipione
et al., 2002), knock-in cell lines (Trettel et al., 2000), and, more re-
cently, rodent- and human-derived neural stem cell lines carrying
the mutant HTT gene (unpublished results).

Collectively, these and other cell lines have been instrumental in
providing the first indications of a loss-of-HTT-function mechanism
operating in HD, and were used to deliver the first evidence of losses
in BDNF mRNA and protein levels and reduced transcription of other
NRSE-RE1-controlled neuronal genes (Rigamonti et al., 2007; Zuccato
et al., 2003, 2007). In addition, gene expression profiling of ST14A cell
line stably expressing an inducible mutant HTT construct revealed a
defect in the cholesterol biosynthesis pathway that was confirmed
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in multiple mousemodels; that study is currently the focus of both in-
vestigations and debate (Valenza and Cattaneo, 2011; Valenza et al.,
2010).

Importantly, somatic reprogramming technology (Blelloch et al.,
2007; Takahashi and Yamanaka, 2006; Takahashi et al., 2007) has
yielded iPS cells with the potential to bridge clinical knowledge in pa-
tients with the molecular and biological expertise in genetically pre-
cise human cell lines that, upon differentiation, should more closely
resemble the neurons affected by neurodegenerative disease. The
generation of patient-specific cell models offers a number of advan-
tages for neurological diseases research (Abeliovich and Doege,
2009; Brennand et al., 2011; Dimos et al., 2008; Ebert et al., 2009;
Park et al., 2008; Soldner et al., 2009), although this technology may
be limited by the difficulty of recapitulating disease progression in a
dish.

Here we report the generation of a collection of 40 mouse iPS cell
clones derived from two fibroblast lines obtained from R6/2 mice
(HD-iPS cell lines) and 20 iPS cell lines from one wild type fibroblast
line (the wt-iPS cell line). R6/2 mice were generated by insertion of a
1.9-kb DNA fragment containing the human HTT promoter and exon 1
of the human HTT gene bearing 144 CAG repeats (Mangiarini et al.,
1996). These mice exhibit severe behavioral and anatomical symp-
toms, including widespread nuclear inclusions of mutant HTT in neu-
rons (Davies et al., 1997; Morton, 2000) and typical gene expression
dysregulation (Apostol et al., 2008; Conforti et al., 2008; Luthi-
Carter et al., 2000, 2002; Sadri-Vakili et al., 2007; Sipione et al.,
2002; Tarditi et al., 2006; Valenza et al., 2007; Zuccato et al., 2001,
2005, 2010). We analyzed these wt- and HD-iPS cells and found
that while somatic reprogramming is not affected by the HD muta-
tion, typical HD cellular features are present in HD-iPS cells but not
in the wt-iPS lines, mainly involving transcriptional dysregulation in
cholesterol biosynthetic genes and lysosomal pathway activation.

Materials and methods

iPS cell generation

The day before transfection, PLAT-E cells (Morita et al., 2000) were
seeded at a density of 4×106 cells/100-mm dish. The next day, pMXs-
based retroviral vectors (Klf4, Sox2, c-Myc, and Oct4, Addgene plasmid
13370, 13367, 13375, 13366, respectively) were introduced into
PLAT-E cells using Lipofectamine 2000 (Invitrogen) according to the
manufacturer's recommendations. Six hours after transfection, the
medium was replaced with PLAT-E medium without selection.

TTFs were seeded at 1.2×105 cells/6-well plate. After 24 h, virus-
containing supernatants derived from PLAT-E cultures were filtered
through a 0.45 μm cellulose acetate filter (Millipore). Equal amounts
of viral supernatants were mixed and supplemented with 4 μg/ml of
polybrene (Millipore). TTFs were incubated in the virus/polybrene-
containing supernatants for 48 h, then restored to fibroblast medium
for 24 h. Three days after infection the fibroblast medium was
replaced with mouse ES cell medium; 48 h later, infected TTFs were
transferred on mitomycin C-treated CD1 feeder layer. The medium
was replaced every two days. The described iPS cell lines can be
requested from the cell repository at Biorep S.r.l. (http://www.
biorep.it/eng/).

Cell culture

PLAT-E cells were used to produce retroviruses and were main-
tained in DMEM containing 10% FBS (Euroclone), 1 μg/ml puromycin
(Sigma), and 10 μg/ml blasticidin S (Sigma). iPS and mES R1 cells
were cultured in GMEM (Sigma) supplemented with 10% heat-
inactivated FBS, 1× Penicillin/Streptomycin (Euroclone, Italy), 2 mM
L-Glutamine (Euroclone, Italy), 1× non-essential amino acids (Gibco),
1 mM sodium pyruvate (Gibco), 0.1 mM β-mercapto-ethanol (Gibco),
and 1000 U/ml murine leukemia inhibitory factor (LIF-ESGRO, Milli-
pore). Mitomycin C-inactivated CD1 mouse embryonic fibroblasts
were used as a feeder layer for the expansion of iPS cells.

To establish TTFs, the tails from adult micewere peeled,minced into
1 cm pieces, and placed onto gelatin-coated culture dishes in fibroblast
medium (DMEM, 10% FBS, 1× Penicillin/Streptomycin (Euroclone,
Italy)), 2 mM L-Glutamine (Euroclone, Italy) for five days. Cells thatmi-
grated out of the graft pieces were transferred into new plates and
maintained in fibroblast medium. We infected TTFs at passage 3 for
iPS cell induction.

Alkaline phospatase staining

Three weeks after infection wt- and HD-iPS cells were stained for
alkaline phosphatase using SIGMA FAST™ BCIP/NBT (Sigma) accord-
ing to the manufacturer's instructions.

Embryoid bodies

iPS and ES cells were detached using a 0.025% trypsin (Gibco) so-
lution at 37 °C and plated onto bacterial culture dishes at a density of
1×106 cells/plate in supplemented GMEM without leukemia inhibi-
tory factor. After five days, cell aggregates were plated onto gelatin-
coated culture dishes for another six days and then fixed for analysis.

Lysotracker® staining

Proliferating wt- and HD-iPs cells were incubated with Lyso-
tracker® dye for 30 min at 37 °C according to the manufacturer's in-
structions. Lysotracker®-positive dots were counted using ImageJ
software (Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda). Three fields per clone were counted. *pb0.05, **pb0.01,
***pb0.001, as calculated by one-way ANOVA followed by Dunnett
post-hoc test.

Monolayer neural differentiation of mouse iPS and ES cells

Cells were detached using a 0.025% trypsin solution at 37 °C and
plated onto gelatin-coated 6-well plates or T25 flasks in N2B27
serum-free medium. N2B27 consists of 1:1 DMEM/F12 (Gibco) and
Neurobasal (Gibco) media supplemented with 0.5% N2 (Gibco), 1%
B27 (Gibco), and 0.2% β-mercapto-ethanol. The mediumwas changed
every two days. At day 7–10, cells were replated onto laminin (Invi-
trogen)-coated 6-well plates at a density of 6×105 cells/well. Mono-
layer cultures were kept under differentiation until day 21.

Cell genotyping

DNA was extracted from cells using NucleoSpin kit (Macheray–
Nagel) according to themanufacturer's instructions. The CAGexpansion
was amplified by PCR using primer 31329 (5′-ATGAAGGCCTTC-
GAGTCCCTCAAGTCCTTC-3′) and primer 33934 (5′-GGCGGCTGAG-
GAAGCTGAGGA-3′ in AM buffer (67 mM Tris–HCl [pH 8.8], 16.6 mM
NH4SO4, 2 mM MgCl4, 0.17 mg/ml bovine serum albumin, 10 mM
β-mercapto-ethanol), 10% dimethylsulfoxide, 200 μM dNTPs, 8 ng/μl
primers, and 0.5 U/μl Taq polymerase (FINNZYMES). Cycling conditions
were 95 °C for 3 min, 45 cycles of 30 s at 95 °C, 30 s at 65 °C, 90 s at
72 °C, and 7 min at 72 °C.

RNA isolation

Total RNA was extracted from iPS cells with Trizol reagent (Invi-
trogen) according to the manufacturer's recommendations. Before re-
verse transcription, RNA was treated with DNase I (Qiagen) and
purified using the RNeasy kit (Qiagen). After DNase treatment, 1 μg
of total RNA was reverse transcribed to single-stranded cDNA using

http://www.biorep.it/eng/
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SuperScript III reverse transcriptase and random primers in a total vol-
ume of 20 μl according to the manufacturer's instruction (Invitrogen).

RT-PCR

RT-PCR was performed in a total volume of 25 μl containing 25 ng
cDNA, 50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTPs, 0.4 μM of each
primer, and 1 U Taq polymerase (Invitrogen). RT-PCR was performed
for 30 cycles for all markers as follows: denaturing for 30 s at 94 °C,
annealing for 30 s (Table S1), and extension for 45 s at 72 °C. PCR
products were resolved on a 2% agarose gel. Primer sequences,
annealing temperatures, and product sizes are listed in Table S1.

Quantitative real-time RT-PCR

Two independent reverse transcriptase reactions were set up for
every RNA sample. Quantitative real-time RT-PCR (RT-qPCR) was per-
formed in triplicate for the analyzed genes using the iCycler Thermal
Cycler with the Multicolor RT-PCR Detection System (Biorad). All re-
actions were performed in a total volume of 25 μl containing 50 ng
cDNA, 50 mM KCl, 20 mM Tris–HCl [pH 8.4], 0.2 mM dNTPs, 25 U/ml
iTaq DNA polymerase, 3 mM MgCl2, SYBR Green I (Biorad), 10 nM
fluorescein, stabilizer iQ™ SYBR Green Supermix (Bio-Rad), and
0.3 mM forward and reverse primers. Amplification cycles consisted
of a first denaturating cycle at 95 °C for 3 min, followed by 45 cycles
of 30 s at 95 °C and 30 s at 60 °C. The amounts of target gene mRNA
were normalized to β-actin levels. Primer sequences, annealing tem-
peratures, and product sizes are listed in Table S1. Statistical analysis
was performed by means of one-way ANOVA and Dunnett post-hoc
test.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 15 min. For labeling
intracellular antigens, cells were permeabilized for 15 min with 0.5%
Triton X-100 (Euroclone). After washing in PBS, cells were blocked
with 5% FBS in PBS for 1 h and incubated overnight at 4 °C in 3% FBS
in PBS with the following primary antibodies: anti-Nanog, 1:500,
(Novus Biological); anti-OCT4, 1:100, (Santa Cruz); anti-E-cadherin,
1:500 (Sigma); anti-βIII-tubulin, 1:1000, (Sigma); anti-βIII-tubulin,
1:1000, (Covance); anti-α smooth muscle actin, 1:800, (Sigma);
anti-GATA4, 1:200, (Santa Cruz); anti-nestin, 1:200, (Millipore);
anti-N-cadherin, 1:500, (BD Bioscience); anti-MAP2ab, 1:350, (BD
Bioscience); anti-GAP43, 1:500, (Chemicon); anti-HTT protein, clone
mEM48, 1:50, (Chemicon); anti-Ki-67, 1:500, (Abcam); anti-PH3,
1:100, (Cell Signaling). After two washes in PBS, appropriate secondary
antibodies conjugated to Alexa fluorophores 488 or 568 (Molecular
Probes, Invitrogen) were diluted 1:500 in blocking solution and mixed
with Hoechst 33258 (5 μg/ml; Molecular Probes, Invitrogen) to coun-
terstain the nuclei. Images were acquired with a Leica DMI 6000B mi-
croscope (20× objective) with LAS-AF imaging software and then
processed using Adobe Photoshop.

Western blotting

Cells were homogenized in RIPA buffer (tris HCl pH8 50 mM, NaCl
150 mM, SDS 0.1%, NP40 1%, Sodium deoxycholate 0.5%) with PMSF
1 mM, DTT 0.5 mM and protease inhibitor cocktail (Sigma). Protein
was quantified using the BCA kit. 50 μg of protein was loaded per
track onto a 7.5% SDS-PAGE gels. Protein were transferred onto a ni-
trocellulose membranes that were blocked in TBS-T with 5% non fat
dry milk and immunoprobed with 3B5H10 (Sigma, 1:1000) and
MAb2167 (Millipore, 1:3000) at 4 °C overnight. Washes were in
TBS-T. Secondary antibody probing and detection was by use of the
ECL kit (Pierce).
MTT analysis

Cells were plated in triplicate into 24-well plates at a density of
2×104 cells/well in supplemented GMEM as indicated above. All
cells were then incubated at 37 °C for 6, 12, 24, 36, 48, 60 and 72 h.
At each time point the cells were exposed to Thiazolyl Blue Tetrazolium
Bromide (Sigma), and formazan releasewas quantified at 560 nmusing
a plate reader (Synergy HT, BIOTEK).

Flow cytometry

Cells were propagated in an undifferentiated state on gelatin-
coated dishes. Cells were detached using a 0.025% trypsin solution
at 37 °C and centrifuged 3 min at 1200 rpm. Cells were fixed in
0.875 ml cold PBS and 0.125 ml cold 2% paraformaldehyde for
30–60 min at 4 °C. Cells were permeabilized for 15 min with a 0.2%
Tween 20 solution at 37 °C. Before incubation with primary anti-
bodies, the pellet was resuspended in 50 μl FBS and incubated for
1 min. A 50 μl solution containing primary antibodies (1:500 anti-
Nanog, 1:200 anti-OCT4, 1:500 anti-Ki-67, and 1:100 anti-PH3) was
added to the FBS-containing cell solution and incubated for 2 h at
room temperature. Before incubation with secondary antibodies, the
pellet was resuspended in 50 μl FBS and incubated for 1 min. Fifty
microliters of secondary antibodies (1:1000 AlexaFluor 488 and
AlexaFluor 647) were added to the FBS solution and incubated for
30 min at room temperature. Cells incubated with primary isotypic
antibody were used as a control. Flow cytometrywas carried outwith
a FACS Canto II (BD Bioscience) and analyzed with BD FACSDiva v6.1.3
software.

Propidium iodide analysis

Cells were propagated in an undifferentiated state on gelatin-
coated dishes. Cells were detached using a 0.025% trypsin solution
at 37 °C, pelleted, and then resuspended in 1 ml 0.1% sodium citrate
containing 0.1% Nonidet P40, 6.2 μg/ml RNase, and 50 μg/ml PI (Invi-
trogen) and incubated in the dark for 4–12 h. Flow cytometry was
carried out with a FACS Canto II and analyzed with BD FACSDiva
v6.1.3.

Results

Generation and pluripotency evaluation of mouse HD-iPS cells

TTFs were obtained from 10-week-old R6/2 mice and transduced
with four reprogramming factors (Klf4, Sox2, c-Myc, and Oct4) in a
single retroviral infection. After three weeks under mouse ES cell-
supporting conditions, compact mouse ES-like colonies emerged
from a background of fibroblasts, as previously described (Blelloch
et al., 2007; Nakagawa et al., 2008; Takahashi and Yamanaka, 2006).
HD-iPS cells were generated from two HD fibroblasts cell lines, HD2
and HD4, obtained from two different mice. In parallel, somatic repro-
gramming was carried on wt fibroblasts obtained from a single
mouse. No differences in reprogramming efficiency or in clone mor-
phology were observed between the two genotypes (Fig. 1A); in
both cases, ~1000 colonies positive for alkaline phosphatase activity
emerged after 20 days from 5×104

fibroblasts transduced with the
four factors. A total of 60 iPS cell lines were subsequently isolated
and grown, and among these11 HD-iPS (six lines derived from HD2
fibroblasts and five from HD4 fibroblasts) and 7 wt-iPS cell clones
were randomly selected and further characterized for expression of
pluripotency markers. Immunofluorescence revealed that the wt-
and HD-iPS cell clones were positive for nanog, OCT4, and E-
cadherin protein expression (Fig. 1A). This antigenic profile was
retained among passages (25 passages tested so far) and after adapta-
tion to gelatin-coated dishes (data not shown).
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Next, we analyzed the mRNA expression of a panel of typical plur-
ipotency genes via RT-PCR. All of the tested wt- and HD-iPS cell lines
expressed Nanog, Fgf-4, E-cadherin, Cripto, and Rex1, as expected for
fully reprogrammed iPS cells (Fig. 1B). Retroviral transgenes were
largely silenced in all of the analyzed clones, with the exception of
clones HD2-13 and HD2-16, which continued to exhibit transgene ex-
pression (Fig. 1B). The endogenous loci of the four reprogramming
factors Klf4, Sox2, c-Myc, and Oct4 were reactivated in all clones
analyzed (Fig. 1B). Out of our total set of 18 selected miPS cell clones,
we performed flow cytometry on six wt- and six HD-iPS gelatin-
adapted iPS cell lines. We confirmed that >95% of the cells were pos-
itive for nanog and OCT4 (Fig. 1C) protein expression, with no differ-
ences among the HD- and wt-iPS cell clones (Fig. 1C, Table S2).

In order to assay pluripotency, all 7 wt- and 11 HD-iPS cell lines
were differentiated in vitro into embryoid bodies for 11 days
(Fig. 1D). Embryoid bodies of similar size were obtained regardless
of CAG expansion. In addition, immunofluorescence demonstrated
that all wt- and HD-iPS cell lines were able to generate progeny of
the three germ layers, as shown by the presence of cell derivatives
positive for α-smooth muscle actin (mesoderm), βIII-tubulin (ecto-
derm), and GATA-4 (endoderm; one representative example for
each genotype appears in Fig. 1D).

Reprogramming did not grossly affect the length of the HD muta-
tion in iPS cell clones, since an amplicon corresponding to 144 CAG
repeats was retained in all lines (Suppl. Fig. 1) throughout passage
(data not shown). RT-PCR and western blotting confirmed that HD-
iPS clones expressed normal and mutant HTT (Suppl. Figs. 1A and B).

Mutant HTT does not impair proliferation and cell cycle progression

We asked whether the CAG expansion affected cell division and
cell cycle rate in self-renewing HD-iPS cells. We carried out the MTT
assay to analyze the proliferation/survival rates of four HD-iPS cell
lines in comparison to two wt-iPS cell lines and one mouse ES cell
line. There were no substantial differences between the wt- and
HD-iPS cells, which exhibited the same proliferation rate as the mES
cells (Fig. 2A). To further investigate the cell-cycle distribution in
populations of wt- and HD-iPS cells, we performed flow cytometry
for markers specific to the cell cycle phases. The percentage of PH3-
labeled cells in M phase did not differ significantly (p>0.05, one-
way ANOVA) between one wt- and one HD-iPS cell line (Fig. 2B), an
observation that was confirmed in another five lines for each of the
two genotypes (Table S3). In both cases, >96% of the cells were also
positive for Ki-67, a marker of all active phases of the cell cycle (G1,
S, G2, and M), demonstrating a coherent proliferative state (Fig. 2B).
Finally, PI incorporation did not differ between wt- and HD-iPS cell
lines in the various phases of the cell cycle (Fig. 2B, Table S3). Taken
together, these observations demonstrate that the HD mutation has
no effect on the cell cycle kinetics of self-renewing iPS cells.

HD-iPS cells exhibit transcriptional dysregulation of some cholesterogenic
and lysosomal genes

R6/2 mice are characterized by wide expression dysregulation of
genes encoding neuronal receptors such as adenosine A2a receptor,
N-Methyl-D-aspartic acid (NMDA) receptors, dopamine receptors
D1 and D2, metabotropic glutamate receptors mGluR1 and mGluR2
(Cha et al., 1998; Luthi-Carter et al., 2003), BDNF, and cholesterogenic
genes (Leoni et al., 2011; Valenza et al., 2010; Zuccato et al., 2001,
2005). We evaluated the relative expression of Bdnf in wt- and HD-iPS
Fig. 1. Characterization of wt- and HD-iPS cells generated from 10-week-old wt and R6/2
mouse fibroblasts, respectively. A) Randomly selected iPS cell clones exhibit typical ES cell
morphology and express the specific pluripotent markers Nanog, E-cadherin, and OCT4.
B) RT-PCR of diagnostic pluripotency markers in six wt and 11 HD-iPS cell lines (six
from HD2 and five from HD4 fibroblasts) showed a consistent gene expression profile.
Retroviral transgenes (TG) were largely silenced in all analyzed clones (with two excep-
tions), while the endogenous loci (endo) of the four reprogramming factors were reacti-
vated. Plasmid DNA was used as positive control (+CTRL); -RT indicates the negative
control for retrotranscription. C) Flow cytometry did not reveal differences in the percent-
age of OCT4- andNanog-positive cells in thewt- andHD-iPS cell lines (C). D) Bothwt- and
HD-iPS cells lines were able to differentiate into derivatives of all three germ layers, as
demonstrated by the expression of neuroectodermal (βIII-tubulin), mesodermal (α-
SMA), and endodermal (GATA-4) markers (D).
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cell clones, but we failed to detect any significant differences between
the two genotypes under self-renewal conditions (P>0.05, one-way
ANOVA and Dunnett post-hoc test; Fig. 3A). On the other hand, repro-
gramming led to an increase in the expression of cholesterogenic
genes in the reprogrammed cells with respect to their parental fibro-
blasts (Suppl. Fig. 2). The finding of more prominent activity in the cho-
lesterogenic pathway in pluripotent versus fibroblast cells (Suppl. Fig.
2) may reflect the known higher need for cholesterol synthesis in the
early phases of embryonic development (Valenza and Cattaneo,
2011). In particular, compared to the fibroblasts from which they
were derived, our iPS cell lines expressed higher mRNA levels for the
genes encoding the rate-limiting enzymes of the cholesterol biosynthe-
sis cascade: HMGCR, Cyp51 (an intermediate enzyme), and 7-DHCR
(the last enzyme in the pathway; Valenza and Cattaneo, 2011)
(Pb0.05, one-way ANOVA and Dunnett post-hoc test; Suppl. Fig. 2).
These measurements further confirm that reprogramming reschedules
subtle biological activities in iPS cells.

We next pooled the seven wt-iPS and 11 HD-iPS cell clones into
two groups according to the line of HD fibroblasts from which they
were derived. RT-qPCR demonstrated a significant reduction in the
mRNA levels of 7dhcr in all HD-iPS cell groups compared to the wt-
iPS cells (Pb0.05, one-way ANOVA and Dunnett post-hoc test;
Suppl. Fig. 2A; Fig. 3D), with very little intragroup variability. On the
other hand, Cyp51 and Hmgcr mRNA levels in the HD-iPS cells were
similar to the wt-miPS cells (Figs. 3B, C and Suppl. Figs. 3A and B).

Recently, it has been demonstrated that a relationship exists be-
tween lysosomal activity and HTT (Sardiello et al., 2009). The tran-
scription factor EB (TFEB) was identified as a master regulator of a
set of genes involved in autophagy and lysosomal biogenesis and
function (Sardiello et al., 2009; Settembre et al., 2011), cellular pro-
grams that participate in macromolecule clearance (Ravikumar et al.,
2002). Accordingly, TFEB overexpression in HD cells was found to in-
crease the degradation of the mutant protein (Sardiello et al., 2009).
We asked whether HD-iPS cells manifested altered mRNA levels of
Tfeb and TFEB-regulated genes such as Tpp1, Ctsf, and Lamp1 versus con-
trol lines. RT-qPCR indicated that overall this pathway is more activated
in HD-iPS cells, since a significant increase in the mRNA levels of Tpp1,
Ctsf, and Tfeb were present in iPS cells carrying the HD mutation
(Pb0.05, one-way ANOVA and Dunnett post-hoc test; Figs. 3E–G and
Suppl. Figs. 2A and B). This transcriptional alteration was reflected by
a significant increase in lysosome number in HD-iPS cells compared to
wt-iPS cells, as demonstrated by staining with the lysosome-specific
dye Lysotracker (Figs. 3I and J).

Taken together, these data demonstrate that HD-iPS cells recapit-
ulate some HD phenotypes linked to transcriptional alteration of
genes involved in cholesterol biosynthesis and lysosomal biogenesis.
However, not all genes were coherently affected, since Cyp51,
Hmgcr, and Lamp1 were not modulated. Surprisingly, Bdnf mRNA
levels did not differ between the two genotypes, and although in
most assays the HD2- and HD4-derived iPS cell lines behaved similar-
ly, some differences, for example in Ctsf and Tpp1mRNAs levels, were
noted (Fig. 3F).

Neuronal derivatives of HD-iPS cells show altered lysosomal gene
expression

To investigate whether the CAG expansion impacted in vitro neu-
ronal differentiation potential and survival, we exposed wt- and HD-
iPS cells to a monolayer differentiation protocol able to efficiently
neuralize pluripotent stem cells under serum-free conditions
(Onorati et al., 2010; Ying et al., 2003). iPS cells and control mouse
ES cells were plated at low density on gelatin-coated dishes; starting
from day 8, neural progenitors appeared in the dish and were orga-
nized into neural rosettes. The latter were then dissociated and
replated onto laminin-coated dishes for terminal differentiation
until day 21 (Fig. 4). Individual wt- and HD-iPS cell lines exhibited a
variable propensity to differentiate, with a delay in neural conversion
of approximately two days compared to ES cells. This observation is in
accordance with previous reports that various iPS cell lines have dif-
ferent neuronal differentiation properties and differentiation timing
(Kim et al., 2010).

We selected two wt- and five HD-iPS cell lines with good neuro-
genic potential and further tested them for potential differences;
however, three differentiation trials did not reveal major abnormali-
ties in the ability of the HD-iPS cell clones to undergo neural conver-
sion compared to the wt-iPS cells, as demonstrated by the parallel
appearance of nestin-positive neural precursors and N-cadherin-
stained rosettes at day 10 in both genotypes (Fig. 4). Both wt- and
HD-iPS cell lines differentiated toward βIII-tubulin-, MAP2ab-, and
GFAP-positive cells in a comparable manner at days 10, 15, and 21
(Fig. 4 and Suppl. Fig. 4). We confirmed that the mutant HTT gene
was efficiently transcribed during neural differentiation of the HD-
iPS cells, as demonstrated by RT-PCR of RNA samples from days 15
and 21 of the monolayer differentiation protocol (Suppl. Fig. 5).
These observations suggest that the CAG expansion does not influ-
ence the neurogenic and gliogenic potential of cultured HD-iPS cells.

At day 0, 15 and 21 of neuronal differentiation we also analyzed
the expression profile of the same set of HD-related genes previously
evaluated in self-renewal condition. We observed that the BdnfmRNA
levels significantly increased in both wt and HD clones during the
neuronal differentiation with higher levels at day 21 respect to day
0 (Pb0.05, one-way ANOVA and Bonferroni post-hoc test), but we
did not observe differences among the wt and HD analyzed clones
(Suppl. Fig. 6A). Furthermore, we did not observe differences among
wt and HD iPS cell clones in the expression levels of CYP51, HMGCR
and 7DHCR (Suppl. Figs. 6B–D). Finally, we analyzed the expression
of Tfeb and TFEB-regulated genes during neuronal differentiation
finding a significant increase in the mRNA levels of Tfeb, Ctsf and
Tpp1 in the HD iPS cell clones at day 21 (Pb0.05, one-way ANOVA
and Bonferroni post-hoc test; Figs. 5A–C). On the other hand, we
did not detect any difference in the mRNA levels of Lamp1 (Fig. 5D),
as observed also in self-renewal condition.

HTT inclusions appear during neuronal differentiation

One of the characteristics of HD is the appearance of widespread
nuclear and cytoplasmic inclusions of mutant HTT in neurons that in-
crease in number, size, and distribution as the disease progresses
(Davies et al., 1997; Morton, 2000). We tested whether similar aggre-
gates were present in the HD-iPS cells during differentiation. We next
used immunofluorescence to evaluate the appearance of EM48-
positive HTT inclusions in HD-iPS cells during neuronal differentia-
tion at days 0, 10, 15, and 21. Although the wt and HD fibroblasts as
well as the proliferating wt- and HD-iPS cells did not display immu-
nopositive HTT aggregates, we occasionally detected EM48-positive
HTT inclusions in GAP-43 positive mature neurons in three HD-iPS
cell clones starting from day 10 of neuronal differentiation (Figs. 6A
and B). The observation that cultured fibroblasts and pluripotent
cells were devoid of aggregates while differentiating cells began to
manifest this phenotype implies that a cell-specific process allows re-
tention of the mutant protein in an aggregate-prone state.

Discussion

The advent of iPS cell technology (Takahashi and Yamanaka,
2006) has opened the door to generating patient-specific sources of
donor cells for transplantation approaches that may preclude immu-
norejection, although a cautionary note to this aspect was recently
raised (Zhao et al., 2011). More realistic hopes lie in the unprecedent-
ed opportunity to recapitulate pathological tissue formation in vitro,
thereby enabling the investigation of complex questions related to
neurobiology, disease-specific processes, and drug development.



Fig. 2. Mutant HTT did not affect the cell cycle in self-renewing HD-iPS cells. A) MTT analysis failed to detect differences in proliferation rate among wt-iPS, HD-iPS, and ES cells.
B) Flow cytometry of the cell-cycle markers PH3 and Ki-67, as well as DNA content analysis using PI, reflected similar percentages of cells in the various cell cycle phases in wt-
and HD-iPS cells.
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Several disease-specific iPS cell lines have been generated from
patients suffering various neurological disorders, such as amyo-
trophic lateral sclerosis (Dimos et al., 2008), spinal muscular atrophy
(Ebert et al., 2009), familial dysautonomia (Lee and Studer, 2009),
Parkinson's disease, Down syndrome (Park et al., 2008; Seibler et al.,
2011; Soldner et al., 2009), Rett syndrome (Marchetto et al., 2010),
and schizophrenia (Brennand et al., 2011). One iPS cell line was gener-
ated from a single HD patient (Park et al., 2008), but no phenotypes
were investigated; more recently, neural stem cells derived from
that single HD-iPS line displayed altered levels of caspase activity
after serum withdrawal compared to normal neural stem cells
(Zhang et al., 2010). HD-iPS cells have also been obtained from
monkeys and the presence of HTT aggregates was detected in iPS
cell neural derivatives (Chan et al., 2010).

Here we report the first generation and characterization of a large
number of iPS cell lines from fibroblasts derived from the R6/2 HD
mouse model. The HD- and wt-iPS cells are characterized by similar
behaviors in terms of expression profile, proliferation, and differenti-
ation potential. CAG expansion had no detectable effect on the timing
and efficiency of the reprogramming process in HD lines compared to
the wt lines, leading to a similar number of iPS cell colonies three
weeks after viral infection. No differences were observed in iPS cell
colony morphology or in the expression of pluripotency markers in
all the wt- and HD-iPS cell lines tested, up to 25 passages in vitro.
These observations are in agreement with previous studies of human
and monkey HD-iPS cell lines that reported no alterations in the repro-
gramming process or in the maintenance of pluripotency traits (Chan
et al., 2010; Zhang et al., 2010).

Our wt- and HD-iPS lines did not differ in terms of their growth
rates, cell-cycle progression, or neuronal and glial differentiation.
This scenario may not be unexpected for a disease characterized by
late onset and slow progression, although a major expectation of iPS
cell technology is the possibility to generate disease-specific cellular
tool that mirrors the neurodegeneration observed in the brain. A re-
cent investigation of Parkinson's disease iPS cells reported that the
PTEN induced putative kinase 1(PINK1) genetic mutation did not af-
fect the ability of mutant iPS cells to differentiate into neuronal prog-
eny (Seibler et al., 2011).

Analyses of the transcription of Bdnf and certain cholesterogenic
genes affected in a large number of disease models also resulted in
variable outcomes. For example, we did not observe differences be-
tween self-renewing wt- and HD-iPS cells, although the 7dhcr
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Fig. 3. Transcriptional alteration in HD-iPS cell lines under self-renewal conditions. A) The seven wt-iPS clones and the 11 HD-iPS clones were pooled into two groups according to
their line of derivation and evaluated for Bdnf expression under self-renewal conditions. Key genes in the cholesterol biosynthetic pathway (B–D) and in the lysosomal biogenesis
and function pathways (E–G) were also assessed. RT-qPCR revealed reduced expression of 7dhcr (D) and increased mRNA levels of the lysosomal genes Tpp1 (E), Ctsf (F), and Tfeb
(G). No significant differences in the mRNA levels of Bdnf (A), Cyp51 (B), Hmgcr (C), and Lamp1 (H) were detected. I) Representative images of wt- and HD-iPS cells stained with
Lysotracker. J) Quantification of Lysotracker-stained dots on total counted wt- and HD-iPS cells (n=1666 for wt; n=1706 for HD2; n=1587 for HD4). Columns represent the av-
erage of three experiments±standard deviation. Data in panels A–H were normalized to β-actin mRNA levels. *pb0.05, **pb0.01, ***pb0.001, as calculated by one-way ANOVA
followed by Dunnett post-hoc test.
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mRNA level was reduced in HD-iPS cells compared to wt-iPS cells. On
the other hand,we detectedHTT aggregates inmature neurons, another
main feature of HD, starting from day 10 of neuronal differentiation in
HD-iPS cells; no detectable aggregates were observed in undifferen-
tiated HD-iPS cells or primary fibroblasts, a finding that is in agreement
with Chan et al. (2010).
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Fig. 4. The HDmutation did not affect the neurogenic potential of iPS cells. Wt- and HD-iPS cells were exposed to a monolayer neural differentiation protocol and analyzed at days 5,
10, 15, and 21. No differences were found between these cell lines regarding their ability to generate N-cadherin+ and Nestin+ neural precursors, βIII-tubulin+, MAP2ab+, GAP-43+

neurons, and GFAP+ astrocytes.
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Fig. 5. Transcriptional alteration in HD-iPS cell lines during neural differentiation. A) wt and HD iPS cell clones at day 0, 15 and 21 of neuronal differentiation were evaluated for
genes in the lysosomal biogenesis and function pathways (A–D). RT-qPCR revealed increased mRNA levels of the lysosomal genes Tfeb (A), Ctsf (B) and Tpp1 (C). No significant
differences in the mRNA levels of Lamp1 were detected (D). Data in panels A-D were normalized to β-actin mRNA levels. *pb0.05, **pb0.01, ***pb0.001, as calculated by one-
way ANOVA followed by Bonferroni post-hoc test.
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Autophagy, a cellular catabolic process that relies on TFEB-
mediated cooperation between autophagosomes and lysosomes
(Sardiello et al., 2009; Settembre et al., 2011), also increases in HD
(Ravikumar et al., 2004). We observed upregulation in the mRNA ex-
pression of Tfeb and TFEB target genes (Ctsf, Tpp1) in HD-iPS cells ver-
sus wt-iPS cells both in self-renewal condition and during neuronal
differentiation. This observation suggests that mutant HTT in HD-iPS
cells is able to solicit, directly or indirectly, the transcription of Tfeb,
the master gene of the autophagic and lysosomal pathways, thus in-
creasing lysosome number. Taken together, these observations suggest
that amolecular link betweenmutant HTT and the transcriptional upre-
gulation of Tfeb and the lysosomal response is present in HD-iPS cells
even if additional studies are needed to elucidate the underlyingmolec-
ular mechanism. Future efforts in the derivation of a collection of
human HD-iPS cell lines from various patients could be focused into a
platform for the screening of compounds that influence the autophagic
and lysosomal processes.

Although the in vitro generation of cell entities reflecting exact
human disease phenotypes is not obvious, intriguing cases for iPS
cells derived from schizophrenia- (Brennand et al., 2011), familial
dysautonomia- (Lee and Studer, 2009), and cardiac syndromes-
(Moretti et al., 2010) affected patients have been reported. In our ex-
periments, all lines were derived from the same genetic background,
possibly increasing the consistency of our data. However, cell
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Fig. 6. Appearance of HTT aggregates during neuronal differentiation of HD-iPS cells. A) Immunofluorescence revealed the presence of occasional EM48-positive mutant HTT ag-
gregates in HD-iPS cells only at days 10, 15, and 21 of neuronal differentiation. B) EM48- positive inclusions are present in GAP-43 positive neurons (images were digitally
magnified).
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variability and the background genetic diversity of the iPS cell lines
are aspects that must be considered and implemented when assaying
the potential of iPS cell technology for the study of pathogenic
mechanisms.

Conclusions

iPS cells can be generated through somatic reprogramming of
readily accessible tissue from patients with any condition. The obvi-
ous advantage of such an approach is that patient-specific iPS cells
carry the precise genetic variants, both known and unknown, in-
volved in the disease. Additionally, patient-specific iPS cells may
eventually serve as a customizable resource for personalized regener-
ative medicine, drug testing, and predictive toxicology studies. Here
we have reported a proof-of-principle application of iPS cell technol-
ogy by modeling the Corea of Huntington, an untreatable neurological
disease. We investigated a variety of aspects using this HD-iPS cell
lines, including cell proliferation, pluripotency-marker expression,
neurogenic and gliogenic differentiation potential, and the appear-
ance of HTT aggregates in a large number of wt and HD mouse iPS
cell lines. While some relevant features of the disease were recapitu-
lated, others were not, suggesting that HD-iPS cells may represent a
suitable tool for targeted cellular and molecular investigations of HD
mechanisms and screening opportunities, provided that a thorough
assessment of the genetic and random variable behavior of multiple
lines is fully considered.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.nbd.2011.12.032.

Supplementary data to this article can be found online at doi:10.
1016/j.nbd.2011.12.032.
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