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Polyglutamine (polyQ)-related diseases are dominant late-onset genetic disorders that are manifested by progressive
neurodegeneration, leading to behavioral and physical impairments. An increased body of evidence suggests that chromatin
structure and epigenetic regulation are involved in disease pathology. PolyQ diseases often display an aberrant transcriptional
regulation due to the disrupted function of histone-modifying complexes and altered interactions of the polyQ-extended proteins
with chromatin-related factors. In this review we describe recent findings relating to the role of chromatin in polyQ diseases. We
discuss the involvement of epigenetic-related factors and chromatin structure in genomic instability of CAG repeats; we describe
changes in the expression and regulation of chromatin-related enzymes and in the levels and patterns of histone modifications in
disease state; weillustrate the potential beneficial effects of different histone deacetylase (HDAC) inhibitors for the treatment of polyQ
diseases, and we end by describing the potential use of human pluripotent stem cells and their differentiated derivatives for modeling
polyQ diseases in vitro. Taken together, these accumulating studies strongly suggest that disrupted chromatin regulation may be
directly involved with the pathophysiology of polyQ-related diseases.

Introduction

Polyglutamine-expansion disease family encompasses at least nine
heritable disorders, including Huntington’s disease (HD) and
the spinocerebellar ataxias SCA1, SCA2, SCA3, SCA6, SCA7
and SCA17 (reviewed in ref. 1). Each of these disorders results
from the expansion of a CAG repeat, coding for a glutamine
tract (polyQ) that is present in the wild-type protein. While in
healthy individuals the polyQ tract varies between 35-50 repeats,
depending on the disease, in patients or carriers, the polyQ tract
reaches above 40 and often over 100 glutamines. These repeat
expansion mutations are unstable, resulting in changes in repeat
length between generations as well as between different cells and
tissues of the same person. Curiously, polyQ-containing proteins
are ubiquitously expressed throughout the body, while the pathol-
ogy is primarily restricted to neuronal tissue. The mechanisms
that are responsible for this specificity are largely unknown.

Recent studies provided strong evidence for the involvement
of chromatin in the etiology of polyQ neurodegenerative patho-
genesis. Chromatin, the eukaryotic scaffold for gene regulation,
is primarily regulated by chemical modifications of histones,
which are the basic structural proteins around which the genomic
DNA is wrapped (see Box 1 for details). Histone modifications
play essential roles in the regulation of chromatin structure by
preventing or facilitating transcription. Notably, accumulating
data suggest a potential therapeutic role for drugs that target
chromatin, such as histone deacetylase (HDAC) inhibitors, in a
number of polyQ models.
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In this review we discuss different aspects of epigenetic-
related mechanisms involved in the etiology of polyQ-related
diseases: epigenetics of genomic instability; the histone milieu of
the expanded repeat tract, changes in histone modifications and
histone-modifying complexes, potential use of drugs that target
chromatin, and finally, human pluripotent stem cell models as
promising tools to study polyQ diseases in vitro.

Instability and Chromatin Structure
in polyQ Diseases

Genomic instability is triggered by the tendency of trinucleo-
tide repeats to form alternative structures, such as hairpins and
slipped-strand duplexes. These abnormal structures, which lead
to changes in repeat length, can occur during DNA replication,
repair, recombination and transcription.?

CAG repeat expansions occur during multiple stages of human
development, both in the germline and in the soma. Long CAG
repeats, resulting in long polyQ tracts disrupt neuronal function
and exacerbate disease pathology. The dynamics of instability
often differs in the male and female germline, and typically var-
ies from tissue to tissue. In HD for example, large expansions
occur mostly through paternal transmissions. The repeat length
will usually determine the age of onset and disease severity, a cor-
relation known as “anticipation.”

What are the mechanisms that affect repeat instability?
Multiple studies in recent years suggest the involvement of bidi-
rectional transcription (simultaneous sense and antisense tran-
scription, a.k.a., convergent transcription), RNA interference
(RNAI) machinery, and chromatin structure. Bidirectional tran-
scription, through a long CAG tract, produces double stranded
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Box 1. Chromatin structure and function. The genome in eukaryotic
cells is packaged in the form of chromatin. Chromatin consists primarily
of DNA and histone proteins. The fundamental unit of chromatin is the
nucleosome, which is comprised of 146 bp of DNA wrapped around

an histone octamer made up of 2 copies each of the core histones,

H2A, H2B, H3 and H4. Protruding from the nucleosome are the histone
N-terminal tails, which can be modified on multiple residues. The
control of eukaryotic gene expression largely depends on histone tail
modifications. These include (but not limited to) acetylation, methyla-
tion, phosphorylation, ubiquitination and sumoylation, all of which play
important roles in the regulation of gene expression by influencing
chromatin structure and by recruiting regulatory proteins and enzymes.
Some modifications, such as histone acetylation, are strongly associ-
ated with gene activation, while others (e.g., H3 lysine 9 methylation)
are associated with heterochromatin and gene suppression.

repeat RNA, which can be processed by the DICER pathway into
single strand short CAG repeat RNAs (sCAGs). These sCAGs
can form RNA hairpins, which can inhibit transcription by pro-
moting formation of heterochromatin, which, in turn, can affect
instability.>* Alchough the exact mechanism of RNAi-mediated
silencing in human cells is not entirely clear, it was shown pre-
viously to involve promoter DNA methylation’ and the action
of Argonaute-1,° which likely also participate in the case of tri-
ple nucleotide repeat silencing. Bidirectional transcription that
produces double stranded RNA of a long CAG repeat was also
shown to induce stress response that leads to apoptosis” and was
proven pathogenic in animal models of expanded polyQ dis-
eases.® Together, these studies suggest that a complex interplay
between bidirectional transcription, RNAI, and chromatin struc-
ture influences repeat instability.

Repeat instability is also affected by cis-regulatory elements
and trans-acting factors. One example is the binding of CTCF
to its target sequence (CCCTC). In SCA7 (see below) trans-
genic mice with CTCF binding-site mutations, CTCF bind-
ing is impaired, leading to increased somatic repeat instability.
Instability was associated with DNA hypermethylation around
the CTCF binding site at CpG loci, implying a role for epigenetic
regulation in repeat instability’ (Fig. 1).

The involvement of DNA methylation in polyQ-related repeat
instability was further demonstrated by knocking out one allele of
the DNA methyltransferase Dnmtl in a SCAL1 (see below) mouse
model. Partial Dnmtl deficiency caused a significant increase in
intergenerational expansions in the germline, without affecting
somatic tissues. In addition, these mice displayed aberrant DNA
methylation and elevated H3 lysine 9 (H3K9) methylation at
sites within the CpG island around the expanded repeat tract,
demonstrating a connection between local chromatin environ-
ment and repeat instability."

Repeat instability is also affected by the histone acetyltrans-
ferase (HAT) CBP, which was shown to interact with polyQ
proteins in several polyQ diseases."! CBP depletion or inhibition
contributes to polyQ pathology, and enhances repeat instability
in SCA3 (see below) and HD fly models. Treatment with the
HDAC inhibitor (HDACI) trichostatin A (TSA) suppressed
repeat instability by resumption of acetylation levels.'* Along
the same lines, a screen for proteins involved in repeat expan-
sion instability identified several HDACs, including HDAC3
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that promoted expansion. HDAC3 inhibition, using either small
molecules or RNAI, was able to partially relieve the expansion-
associated gene silencing in vitro in both yeast and human cells,
and to suppress somatic expansions that contribute to disease
progression.'?

Taken together, these studies demonstrate the involvement of
epigenetic regulation, both locally and globally, in repeat insta-
bility vis-a-vis disease pathology and progression.

Histone Modifications in polyQ Diseases

As indicated above, chromatin structure is greatly influenced
by histone modifications. Histones can be methylated, acety-
lated, phosphorylated, ubiquitinated and sumoylated on mul-
tiple residues through the action of specialized enzymes. Several
modifications, such as H3 acetylated on lysine 9 (H3K9ac) or
H3K4me3, are correlated with active chromatin, while other
modifications, e.g., H3K9me3 or H4K20me3 are associated
with inactive chromatin.'* The interplay between the different
histone modifier complexes determine chromatin structure and
function (Box 1).

Huntington disease. HD is a late-onset autosomal dominant
neurodegenerative disorder, characterized by involuntary move-
ments, progressive cognitive decline and emotional lability. The
disorder is caused by an expanded CAG repeat (> 36) in the first
exon of the HTT gene. Despite the expression of the mutant
HTT protein in essentially all brain regions, there is a spe-
cific progressive loss of cortical and striatal neurons. Although
neuronal death mechanisms are not entirely understood, tran-
scriptional dysregulation and aberrant chromatin remodeling
are central features in HD pathology,” and may provide some
explanations. In support, the WT HTT protein interacts with
a number of transcription factors and histone modifiers, includ-
ing CBP, SP1, TBP, p300, Sin3a, and REST/NRSE.!*"

Most of what we know about HD in general, and particu-
larly about the involvement of chromatin modifiers, comes from
studies in animal models. Animal models, especially mouse and
fly, recapitulate to a large extent, the behavioral, biochemical and
neuropathological phenotypes that are characteristic of HD.'#Y
Two of the most widely characterized HD transgenic mice are
the R6/2 and N171-82Q (82Q) models, which express different
lengths of the Htt N-terminal gene, containing 150 and 171 CAG
repeats respectively.??! As noted above, CBP plays an important
role in HD. The stronger interaction of CBP with the mutant
HTT leads to CBP depletion and to hypoacetylation of histones
H3 and H4 in brains of R6/2 mice.?*?* This hypoacetylation is
considered to occur late in HD pathology.* Moreover, monoal-
lelic deletion of CBP triggers the induction of the H3K9 histone
methyltransferase ESET and an increase in H3K9me3, leading to
condensation of pericentromeric heterochromatin in neurons.”
CBP depletion was also shown to be associated with cognitive
dysfunction and long-term memory deficiency in HD.? In agree-
ment, in a Drosophila model of HD, which contains the first
548 amino acids of the human H77T gene with a pathogenic 128
polyQ repeat tract,” upregulation of CBP expression rescued
HD phenotypes.?® However, partial depletion of CBP in HD
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Figure 1. Chromatin involvement in repeat instability. Some chromatin-related mechanisms that lead to repeat instability are depicted. Bidirectional
transcription of long CAG repeats generates double stranded RNA, which is processed by the RNAi machinery into short RNAs that form hairpins.

induce apoptosis, leading to polyQ-related pathology.”® Perturbed CTCF binding and low Dnmt1 expression levels were also reported to promote

nscription inhibition.>* Double stranded RNA of CAG repeats can also

transgenic mice did not contribute to HD pathogenesis, show-
ing no clear impact on striatal degeneration, motor impairment,
mutant HT'T aggregation, or global levels of acetylated histones
H3 or H4 in the brain.?” Therefore, further studies are required
to delineate the role of CBP in HD and decipher whether the
different models used in these studies account for the seemingly
contrasting results.

Aberrant histone modifications in HD are not restricted to
acetylation and methylation. Monoubiquitination of histone
H2A (uH2A), which is associated with gene repression,*® was also
shown to be implicated. Mutant HT'T has been shown to mediate
H2A monoubiquitination through a disrupted interaction with
Bmil, a component of the hPRCIL E3 ubiquitin ligase complex.
This disrupted interaction leads to increased uH2A levels in a
cell culture model system of HD and in R6/2 mice. Promoters of
repressed genes in these mice show increased uH2A levels, while
expressed genes display the opposite trend.” However, crossing
the R6/2 mice with mice heterozygous for the polyubiquitin gene
(Ubc), prevented uH2A accumulation, and no transcriptional
and neurological improvements were recorded.’? These data sug-
gest a complex involvement of the ubiquitin system in the pathol-
ogy of HD, which warrants further investigation.

Finally, an important factor that was implicated in the tran-
scriptional dysregulation in HD is REST, which represses neu-
ronal genes in non-neuronal tissues including undifferentiated
neuronal progenitors, by binding to a DNA sequence element
known as RE1.*** Intriguingly, in HD neurons, REST translo-
cates from the cytoplasm to the nucleus, where it recruits several
chromatin-modifying enzymes, inducing the repression of key
target genes such as BDNF.>38

Taken together, these data demonstrate the important role
that histone modifying enzymes and histone modifications play
in different stages of HD.

www.landesbioscience.com Nucleu

Ataxias. Spinocerebellar ataxia type 1 (SCAI) is a domi-
nant neurodegenerative disease resulting from polyQ expansion
(> 39) in the ataxin-1 (ATXN1) gene. ATXNI interacts directly
with Tip60, the catalytic subunit of a HAT complex, which is
involved in transcriptional activation by acetylating H4 and
H2A. Pardial loss of Tip60, obtained by crossing SCA1-82Q
transgenic mice with Tip60*" mice, delayed ATXNI-mediated
cerebellar degeneration during mid-stage disease progression.”
These results suggest that Tip60 plays a transient role during
SCA1 disease progression, although the exact mechanisms are
not entirely understood.

Machado-Joseph disease (MJD; SCA3) is a dominantly
inherited late-onset neurodegenerative disorder caused by polyQ
expansion in the deubiquitinating enzyme ATXN3. Expanded
polyQ fragments promote the generation of ATXN3-containing
aggregates in brains of MJD patients and MJD mouse models.
The formation of early aggregation intermediates is thought to
have a critical role in disease initiation, but the precise patho-
genic mechanism operating in MJD has remained largely elu-
sive. Interestingly, ATXN3, both wild-type and mutant, was
shown to interact with the histone acetyltransferases CBP,
p300 and PCAF, and to inhibit transcriptional activation by
these proteins,” linking it directly with chromatin regula-
tion. It should also be noted that ATXN3 binds HDACG,?
but since HDACG is a cytoplasmic HDAC which acts mostly
on tubulin and does not bind histones in vivo, the relation to
chromatin is indirect, and is perhaps confined to its inhibition
by HDACL.

SCA7, caused by ATXN7 expansion, is characterized by
cone-rod retinal degeneration, progressive neuronal dysfunc-
tion and cerebellar cell death. ATXN7 protein, both normal
and polyQ-expanded, is a component of the mammalian

SAGA and SLIK HAT complexes.*® PolyQ-expanded ATXN7
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Figure 2. Chromatin involvement in spinocerebellar ataxia type 7 (SCA7). CTCF binding at the promoter region of the ATXN7 gene promotes H3K27
methylation and antisense transcription from an alternative promoter. Impaired binding of CTCF abolishes H3K27 methylation and suppresses
antisense transcription, along with induced polyQ-ATXN7 sense transcription, leading to disease phenotypes.* In addition, the ATXN7 protein (blue)
is a component of both the SAGA and the SLIK HAT complexes. PolyQ-ATXN7 protein disrupts HAT activity of those complexes, resulting in chromatin

Table 1. Beneficial effects of HDAC inhibition or suppression in polyQ disease models

HDACi/ treatment PolyQ model Effect Refs.
Improvement of motor skills
SAHA HD R6/2 mice Reduction of HTT aggregates 57,58
Restoration of BDNF levels
SAHA Human HTT in yeast Inhibition of neurotoxic metabolites 59
NaBu SCA3 mice Restoration of histone acc?tylatlon level 60
Improvement of neurological symptoms

NaBu HD R6/2 mice Improvement of neurological symptoms 22
4b HD R6/2 mice Improvement of motor, body-weight and brain symptoms 61
4b-related compounds HD R6/2 mice Neuroprotection 62
Sir2 / Rpd3 reduction HD flies Neuroprotection 63
Sirt1 increase HD mice Improvement of motor skills and decreased neurodegeneration 64

disrupts the HAT activity of its associated complexes,** leading
to retinal degeneration in SCA7 transgenic mice models.*
In addition, in a transgenic mouse model expressing polyQ-
expanded ATXN7 in rod photoreceptors, the rod cells nuclei
showed chromatin decondensation due to altered distribu-
tion of the linker histone Hlc.” The loss of SAGA function
by polyQ-ATXN7 can affect the time of onset and severity of
SCA7 phenotypes* (Fig. 2).

As noted above, the ATXN7 gene contains binding sites for
CTCEF. In addition to its effect on repeat instability as discussed
earlier, CTCF binding promotes transcription of antisense non-
coding RNA from an alternative promoter and mediates high
levels of the repressive histone mark H3K27me3. Mice harbor-
ing mutations in the CTCF-recognition region of polyQ-Azxn/
demonstrated that the loss of antisense transcription induced
Atxn7 sense transcription accompanied by reduced H3K27me3
and increased H3K9/H3K14 acetylation levels, leading to disease
formation.”” These data show the multifaceted contribution of
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the mutated ATXN7 to the pathology of SCA7, involving bidi-
rectional transcription, altered chromatin regulation, distorted
SAGA activity and dysregulated transcription of target genes
in the nervous system. It also warrants investigation of poten-
tial similar mechanisms in other polyQ diseases, such as HD,
in which a CTCEF binding site in the H77 gene was identified,”
and where an HT7T antisense transcript was shown to regulate
HTT transcription.®

SCAS is a late onset slowly progressing ataxia. The patho-
genesis of SCA8 is complex and the clinical symptoms are
broad. SCAS8 involves a (CAG), repeat in the ATXNS8 gene
(80-250 repeats), generating the rogue polyQ ATXNS8 pro-
tein, and a (CTA) (CTG), trinucleotide repeat expansion in
the ATXNS8OS gene on the opposite strand, producing a non-
coding RNA 52 The ATXNS large triplet expansions (> 157)
trigger H3K9 hypermethylation, H3K14 hypoacetylation and
accumulation of repeat-expanded RNA in nuclear foci. These
data demonstrate the intricate interplay between coding and
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non-coding transcription, and suggest the involvement of
altered chromatin conformation in the regulation of ATXNS
expression. This example joins the growing list of cases, a few
of which are depicted above, in which chromatin structure and
epigenetic mechanisms are involved in the regulation of polyQ-
expanded protein function. It was therefore natural to consider
chromatin-directed compounds as potential drugs for polyQ-
related diseases.

HDAC Inhibitors as Potential Therapy
for polyQ Diseases

HDAC enzymes are divided into four different classes: class I
(HDACI, 2, 3 and 8), class IIa (HDAC4, 5, 7 and 9), class I1Ib
(HDACG6 and 10), class III (SIRT1-7) and class IV (HDACI11).
Classes I, II and IV are zinc-dependent, while the class III
Sirtuins use NAD* as a cofactor for their catalytic activity.”
HDAC inhibitors (HDACI) block HDAC activity, resulting in
increased histone acetylation, although much like the HDACs
themselves, the selectivity of the HDAC are relatively poor and
most available HDACi target a mixture of different HDACs. Of
these, several have been examined for their potential beneficial
effects in polyQ disease models (Table 1). Below we provide
some notable examples.

Suberoylanilide hydroxamic acid (SAHA) is a potent HDAC
inhibitor which targets class I HDACs, as well as the class 11
HDACG6, and which crosses the blood-brain-barrier (BBB).4>¢
In the R6/2 HD mouse model, SAHA was shown to increase his-
tone acetylation in the brain, and improve motor impairments.”’
Interestingly, SAHA chronic administration into the drinking
water of R6/2 HD mice leads to HDAC2 and HDAC4 protein
degradation, although their transcript levels remain unaltered.
Moreover, in the same mouse model, Htt aggregation in the
cortex and brain stem is reduced, along with normalization of
Bdnf cortical transcript levels.’® In another study, SAHA inhib-
ited the HDAC3-dependent generation of neurotoxic metabolites
by mutant Htt in both yeast and in microglia of R6/2 mice.”
In light of these findings, SAHA seems to be a promising agent
for the treatment of polyQ diseases, although because of its poor
selectivity, it is not clear which of the different HDAC:s is respon-
sible for the effects.

The HDACi Sodium Butyrate (NaBu), which inhibits
HDACI, 2, 4, 5 and 7, and akin to SAHA, also crosses the
BBB, was shown to have beneficial effects in an HD and SCA3
mouse models. In SCA3 transgenic mice, NaBu was shown to
reverse polyQ-ATXN3-mediated histone hypoacetylation and to
improve neurological symptoms and survival of the mice.®® In
R6/2 HD mice, NaBu treatment increased life-expectancy and
improved motor and neural symptoms. NaBu increased acetyla-
tion of histones and of the Spl transcription factor and restored
the otherwise reduced expression of a and B globins as well as
MKP1 in R6/2 mice.”? This suggests that HDACi-mediated
increased acetylation may relieve polyQ-mediated suppression
of target genes. However, global changes in the levels of histone
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acetylation affect many other genes, likely causing additional,
less beneficial effects.

Supporting this notion, several studies demonstrate the com-
plexity of the relationship between histone modifications and
gene expression changes. The HDAC inhibitor 4b shows thera-
peutic effects of motor, body-weight, brain and striatal degenera-
tion in HD R6/23%° transgenic mice. As expected, 4b reversed
histone H3 hypoacetylation in association with restoration of
expression levels of many transcripts, although interestingly, it
also decreased the expression of specific genes associated with cell
death, cell cycle, and the immune response.® Moreover, the non-
toxic selective HDAC] 4b-related compounds were found lately
to specifically inhibit HDAC3 and HDACI effectively. This
specific targeting led to an improvement of neurodegenerative
effects in various cell culture, fly and mouse HD models.®

In a Drosophila HD model, in which an N-terminal frag-
ment of the human mutant (93Q) HTT is expressed in all neu-
rons, Sir2 and Rpd3 (the mammalian HDAC3 ortholog) were
found, among all the HDAC:s, to contribute to HD pathology.
Reducing their levels individually in heterozygous flies, exerted
neuroprotection effects, and their combined reduction aug-
mented this observed protective effect further.®® In contrast, in
a mouse model of HD, mutant Htt binds Sirtl (the mamma-
lian Sir2 ortholog), inhibits its deacetylase activity, and leads
to hyperacetylation of Sirtl targets. Thus, increased Sirtl level
ameliorate motor impairment and neurodegeneration in mouse,
and reduction of Sirtl exacerbates mutant HT'T toxicity.** This
discrepancy is likely due to the different HD model systems used,
and calls for investigating Sirtl function in human models.

In addition to HDAC inhibitors, which have limited specific-
ity and may have pleiotropic effects, the effects of targeting spe-
cific HDACs were also examined. Reducing the levels of HDAC3
or HDAC?7 in R6/2 mice by crossing them with HDAC3*" and
HDAC7*" heterozygous mice respectively, did not ameliorate
HD neurodegenerative symptoms, although both HDAC3 and
HDACY7 were shown to be affected by SAHA administration in
the brains of R6/2 mice.®>* Full knockout of HDACG in R6/2
mice also had no beneficial effects.” Thus, while SAHA and
other HDACi may be promising agents in the treatment of polyQ
diseases, their direct targets are usually still largely unknown,
although as mentioned above, HDAC2 and HDAC4 are prime
suspects in the case of HDAC inhibition by SAHA

Taken together, these data demonstrate that although target-
ing HDAC: in polyQ diseases is a promising avenue (Table 1),
the lack of selective agents and the limited effect of targeting a
specific HDAC diminish the overall initial enthusiasm.

To circumvent these issues, it may be necessary to exam-
ine a combinatorial approach of specific HDAC-targeting, or
to develop more selective HDACI in order to fine-tune neu-
roprotection and improve neurodegenerative symptoms. In
addition, the recently emerging human pluripotent model sys-
tems (see below) for studying neurodegenerative diseases are
an important novel resource for studying disease mechanisms and
ultimatelyforscreeningpotential HDACiandotheroptionaldrugs.
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Table 2. Phenotypes of polyQ-iPSC models

iPSC model Phenotype Ref.
HD Rhesus monkey model Aggregation of mutant HTT, formation of intraneural inclusions in differentiated neurons 77
HD R6/2 mice Increased lysosomal activity, altered cholesterol metabolic pathway 79
(heterozygoHuIs)ahr:ZShComozygous) Increased lysosomal activity, altered cholesterol metabolic pathway 78

HD hiPSC Enhanced caspase activity 80
HD hiPSC Progressive vaccuolization upon astrocyte differentiation in vitro and in vivo 81
HD hiPSC Behavioral improvements of HD symptoms upon neuronal precursors transplantation into HD rat brain 82
MJD hiPSC Excitation-dependent accumulation of ATXN3 aggregates; calcium-induced proteolysis of ATXN3 83

Human Pluripotent Models
for polyQ-Related Diseases

Studies of chromatin structure, repeat instability, RNA toxic-
ity, polyQ function, neurodegeneration and disease phenotype
improvement by chromatin-modifying enzymes have so far been
performed, by and large, on other organisms than humans. The
experimental models for neurodegenerative diseases based on
other-than-human organisms such as flies and transgenic mice
have many limitations in relation to disease mode characteristics,
and often the results obtained in one model may not be recapitu-
lated in another, let alone in humans. However, human tissue
is a scarce reagent. Biopsies of human brain tissue are not easily
accessible, and when available, neurons do not divide in vitro.
Therefore, pluripotent, disease-bearing human cell lines offer
great promise over existing models (Table 2).

Pluripotent stem cells (PSCs) are defined by their ability to
self-renew indefinitely in culture and to generate any cell type
in vitro or in vivo. Human PSCs (hPSCs) can be derived from
human in vitro fertilized (IVF) embryos®® or reprogrammed from
somatic cells using Oct4, Sox2 and Klf4 (with or without c-Myc)
into so-called induced pluripotent stem cells (iPSC).® Both these
pluripotent cellular systems can also be derived from patient
cells. In the former case by using embryos which were found to
contain a mutation in the now routine procedure of pre-implan-
tation genetic diagnosis (PGD), and in the latter case using skin
fibroblasts or lymphocytes (or any cell type that is available)
from patients. Since polyQ diseases are late onset, and most of
the polyQ diseases are dominant, and eventually lethal, there
is a growing list of existing polyQ-containing PGD embryos,
providing a powerful tool to model and study polyQ diseases in
the lab. iPSCs offer a unique complementary platform, which is
significantly easier to obtain, although changes between hESCs
and iPSCs have been described at least for the fragile X (FX)
syndrome.”” In FX-hESCs derived from PGD embryos the FMR1
gene is active, and is silenced by promoter methylation and sup-
pressive histone modifications upon differentiation. In contrast
in FX-iPSCs derived from patient fibroblasts in which the FMRI
gene is heterochromatinized and silenced, FMRI is not activated,
and promoter methylation persists. These results suggest that
while human pluripotent models offer unprecedented opportuni-
ties, each system must be carefully scrutinized to ensure that it
properly recapitulates the relevant disease.
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In addition, in order to study disease mechanisms in pluripo-
tent cell models, they first must be differentiated into the rel-
evant mature, post-mitotic, functional neuronal subtypes. Based
on knowledge of embryogenesis and developmental studies, we
can now use combinations of morphogens and neurotrophins
to induce specific lineage committed cells, including neurons,
from PSCs.”' In HD, for example, loss of cortical and striatal
neurons is the main pathological feature as disease progresses.
Differentiation of pluripotent cells into striatal neurons has
already been achieved, and their function was examined upon
transplantation into rat or mouse brains.”? The field of in vitro
differentiation is continuously growing, and protocols for selec-
tive neuronal induction are constantly being established.”>7¢

iPSCs from a Rhesus monkey model of HD have recently
been generated, characterized and differentiated into neurons.
These monkey HD-iPSCs displayed characteristic features of
HD, including the accumulation of mutant Htt aggregates and
the formation of intranuclear inclusions upon neural differentia-
tion in vitro,”” suggesting that iPSC-derived neurons can be used
successfully to model polyQ diseases.

More recently, several iPSC lines from HD patients and R6/2
transgenic mice were generated. Although CAG repeat expan-
sion had no effect on reprogramming efficiency, proliferation
rate, BDNF level, or neurogenic potential, the R6/2 derived
iPSCs as well as their neuronal differentiated progeny showed
increased lysosomal activity and altered cholesterol biosynthe-
sis pathway, which are hallmarks of HD.”*” In another study,
human HD-iPSCs were differentiated into striatal neurons in a
step-wise manner. The differentiating neurons showed enhanced
caspase activity upon growth factor deprivation compared with
normal differentiating cells.®* In both these studies, the repeat
length was shown to be stable and similar to that of the patients,
and was not affected by the reprogramming or the differentiation
process. In another recent study, HD-iPSCs displayed normal
neuronal differentiation both in vitro and in vivo upon mouse
brain transplantation, but interestingly, when differentiated into
astrocytes, they showed progressive vacuolization, characteristic
of HD astrocytes.® Finally, transplantation of neuronal precur-
sors generated from HD-hiPSCs into the brain of an HD rat
model, improved behavioral impairments associated with HD.2

MJD has also been recently successfully modeled using
iPSCs. Neurons generated from iPSCs of M]D patients revealed
excitation-dependent accumulation of the ATXN3 aggregates.
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Glutamate-mediated neuronal induction caused calcium-induced
proteolysis of ATXNB3, leading to the formation of ATXN3
insoluble aggregates.® Taken together, these studies strongly sup-
port the idea that iPSCs can successfully model polyQ disorders
(Table 2) despite the late onset phenotypes observed in humans.

Despite the justified overwhelming enthusiasm for the
use of pluripotent cell models to model and study diseases in
vitro, caution should be practiced. Patient cell biopsies may
differ significantly between one another; the passage of the
cells may greatly influence the reprogramming process and
the end result; additionally, since the iPSC derivation process
itself is cumbersome, many variations among different lines
70,74,84-87 and it
is therefore essential to compare several different lines; also, as
is the case with the Fragile X example discussed above, hESCs
and iPSCs may display major differences in chromatin struc-

may occur, including chromosomal aberrations,

ture and disease-related phenotypes; the passage of the plu-
ripotent cells themselves may also create significant variation
between experiments and lead to epigenetic instability, and
finally, the lengthy neuronal differentiation process can also
be a major cause for experimental variation and heterogeneity.
Careful measures are therefore essential to ensure the creation
of proper, reproducible pluripotent models.

Recently, several studies have demonstrated the ability to
directly convert human fibroblasts into functional neurons
without the need for pluripotent intermediates. In these studies,
an expression of a combination of a small set (usually around
3) of defined transcription factors or microRNAs were suf-
ficient to convert fibroblasts to neurons at an efficiency that

greatly exceeds that of reprogramming fibroblasts to pluripo-
tency.®2 Since the pluripotent state is the Achilles heel of cell
therapy, holding the terrifying potential to proliferate in vivo,
the direct conversion approach (beyond the scope of this review)
provides a promising alternative approach for regenerative medi-
cine, and will no doubt attract significant attention is the years
to come.

The use of human PSCs for regenerative medicine still
faces some significant challenges in the clinical field, including
safety, efficacy, and the establishment of the exact differentia-
tion stage suitable for transplantation.” Regardless, human PSCs
are already providing a unique and unmatched source for basic
science. They are also gradually gaining momentum for the use
of high-throughput drug screens, and for testing specific com-
pounds, as demonstrated in several studies which focused on
neuronal disorders.”>?¢ With the current pace, we anticipate that
such reprogrammed or converted cells will become standard pro-
cedure for the treatment of neurodegenerative diseases in general
and for polyQ disorders in particular.
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