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Abstract

The length of the CAG repeat tract is the major determinant of age of onset (AO) of
Huntington’s Disease (HD) However, there remains a significant variance in AO when the
expanded repeat size is ruled out. The search for genetic modifiers has revealed various
candidate loci; however, many reports have been contradictory. The N-methyl-p-aspartate
receptors (NMDAR) have been proposed as an important putative modifier. We aimed to
determine whether polymorphisms in NMDAR-coding genes have an effect on the AO.
We analyzed the association between GRIN1 (rs6293), GRIN2A (rs1969060), and GRIN2B
(rs1806201, rs890) polymorphisms and AO of Turkish HD patients. According to our find-
ings, expanded CAG repeat size explains 41.8% of the variance in AO. Upon classification
of genotypes into CAG repeat length intervals, 156293 can be considered as an AO modifier
for Turkish HD patients with 50 or higher CAG repeats. In addition to that, we found a sig-
nificant association of this polymorphism to HD, with the GG genotype constituting a risk
factor. Candidate genetic modifiers should be tested in different populations since their
effects may exist only in groups of specific ethnic origins. Defining such modifiers will
help in complete understanding of HD pathogenesis and in designing therapeutic targets.

Keywords: Huntington’s disease, polyglutamine repeats, age of onset, NMDA
receptors, GRIN

1. Introduction

Huntington’s disease (HD) is a progressive neurodegenerative disorder of the central ner-
voussystem characterized by involuntary movements, cognitiveimpairment, and emotional
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disturbances [1]. The prevalence of the disease is about 1/10,000 among individuals of
European descent [2]. The disease follows an autosomal dominant pattern of inheritance
and is associated with an expanded block of CAG repeats in exon 1 of the IT15 gene [3].
The CAG repeats are translated into a polyglutamine (polyQ) tract near the N-terminus
of the huntingtin (htt) protein, which acquires a deleterious gain of function in the mutant
protein. This ubiquitously expressed protein is shown to be essential for development
[4-6]. Analysis of htt-interactors revealed that htt may function in intracellular traffick-
ing, neurotransmission, retrograde transport, cytoskeletal function, and transcriptional
regulation [7-9].

Four CAG repeat size intervals associated with varying disease risks were defined. The alleles
with up to 35 repeats are considered normal. However, repeats in the range of 29-35 have
been shown to exhibit meiotic instability. Rare alleles with 36-39 repeats are in the reduced
penetrance range, since some people with repeats in this range develop HD and others do
not. On the other hand, alleles with 40 or more CAG repeats definitely cause HD in a normal
life span [10].

HD usually strikes in the third to fourth decade of life and gradually worsens over a course
of 10-20 years until death. The patients may differ in the type and severity of their symp-
toms, age of onset (AO), and disease duration. The number of CAG repeats in the IT-15
gene is the most important factor determining the AO. There is a significant inverse cor-
relation between the AO and the CAG repeat length [11, 12]. However, the number of the
CAG repeats does not allow an accurate prediction of AO, only 30-70% of the variance in
AOQO can be explained by the repeat size alone [13-20]. The AO varies significantly among
individuals with the same CAG size, and even monozygotic HD twins may show pheno-
typic discordance for the disease [21, 22]. This has led to a search for genetic modifiers and
environmental factors that influence the AO. Diverse modifier candidate loci have been sug-
gested to be associated with AO in HD such as GRIN, TP53, hCAD, UCHL1, BDNF, ASK1,
and MTHER [14, 17, 23-32]. However, many reports from different research groups have
been contradictory.

The NMDA glutamate receptors (GRIN: glutamate receptor, ionotropic, N-methyl-p-aspartate)
have been proposed as an important putative modifier, since glutamate (Glu) mediates fast
excitatory neurotransmission in the brain. Neurodegeneration in HD is highly selective for
striatal GABA-ergic medium-sized spiny neurons (MSNs) that project to the substantia nigra
(S5N) and globus pallidus [33]. The underlying mechanisms are poorly understood; neverthe-
less, models of neurodegeneration suggested excitotoxicity, oxidative stress, and impaired
energy metabolism as relevant to selective pathogenesis in HD [34]. Excitotoxicity may play
a major role in the pathogenesis of HD, because Glu is the principal excitatory neurotrans-
mitter in the mammalian central nervous system (CNS) and its excessive extracellular lev-
els for prolonged periods can lead to excitotoxicity [35]. Glutamate activates two classes of
receptors in neurons: metabotropic glutamate receptors (mGluRs) coupled to G-proteins
and ionotropic glutamate receptors (iGluRs) controlling ion channels. The most intensely
studied subclass related to excitotoxicity is the NMDARSs, since intrastriatal injections of an
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NMDA receptor agonist, quinolinic acid, produce lesions similar to the HD neuropathology,
selectively affecting the striatal projection neurons [36-38]. Upon activation, the NMDAR
channel becomes permeable to Ca** and Na*, and NMDAR overactivity results in excessive
Ca? loads. As homeostatic Ca?* mechanisms are overwhelmed, a number of intracellular
mechanisms are induced, leading to cellular damage by degradative enzymes [39].

Individual NMDARs are multimeric assemblies of subunits and the combination of NR1
with different NR2 subunits alters the characteristics of the NMDAR ion channel. NR2A-
containing receptors are generally expressed at synapses and they are associated with
developmental regulation and synaptic maturation; NR2B-containing receptors seem to be
predominant at extrasynaptic sites. Therefore, the expression patterns of NR2A- and NR2B-
containing NMDARs may have differential roles in mediating excitotoxic neuronal death [40].
The striatum, the most vulnerable region of the brain in HD, appears to express higher levels
of NR2B subunit relative to other NR2 subunits when compared to other brain regions [41].
Studies with postmortem HD brains showing losses of striatal NMDAR-binding sites indicate
that MSNs with higher levels of NMDAR expression are at particular risk [42]. A number of
studies have demonstrated enhancement of the NMDAR currents in several transgenic HD
mouse models [42—46]. Furthermore, an NR2B-selective hypothesis of mutant htt-mediated
enhancement has been suggested [47]. Mutant protein caused an increase in the responses of
NMDARs composed of NR1/NR2B, whereas NR1/NR2A NMDARs were not differentially
affected by normal or mutant htt [48]. YAC72 MSNs were shown to be more susceptible to
NMDA-induced toxicity than wild-type MSNs, and additionally, the enhancement of apop-
tosis by mutant htt in YAC46 and YAC72 MSNs was proportional to the length of the polyQ
repeat, arguing a relationship of altered NMDAR signaling and mutant htt polyQ length
[49]. These findings strongly support the hypothesis of excitatory amino acid-mediated and
particularly NMDAR-induced cell death in HD. Therefore, NMDAR activity and/or subunit
composition may have effects not only in the downstream effector pathways but also on the
AQO in HD patients.

Recent analysis by Arning and coworkers [17] indicated that variations of the NR2A and
NR2B genes could explain the variance in AO especially in HD patients with CAG repeat
lengths in the high 30s to the low 40s. In a replication study with Venezuelan kindreds, no
evidence was obtained for the association of NR2B single nucleotide polymorphisms (SNPs);
however, they found evidence for association of an NR2A SNP [24]. In an expanded HD
cohort, Arning and coworkers confirmed the results of the previous study [14]. In addition to
that, gender stratification of patients revealed differences in the variability in AO attributable
to the CAG repeat number and highly significant differences in the AO association with the
NR2A and NR2B variations [14].

In this study, we aimed to investigate the modifier effects of GRIN1, GRIN2A, and GRIN2B
SNPs (rs6293, rs1969060, rs1806201, rs1042339, and rs890) on AO in Turkish HD patients.
Defining genetic modifiers of AO in different ethnic populations is of great importance, since
they may provide further clues to explain disease pathology and to construct neuroprotective
strategies.

23
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2. Materials and methods

2.1. Subjects and patient diagnosis

DNA samples of 102 unrelated HD patients (46 men and 56 women) were included in the
study. Clinical examination and determination of motor AO was performed by experienced
neurologists. The CAG repeat sizes of the patients were ascertained by polymerase chain reac-
tion (PCR) using primers 5FAM-HD3: 5-GGCGGTGGCGGCTGTTGCTGCTGCTGCTGC-3'
and P3F: 5-TCTGCTTTTACCTGCGGCC-3/, followed by capillary electrophoresis and frag-
ment analysis using PeakScanner v.1.0 software (Iontek, Turkey). One hundred and two
healthy age- and sex-matched controls were also genotyped for comparison. The control
subjects and their families were free of neurological disorders. All subjects provided written
informed consent for genotyping. The experiments performed comply with the current laws
of Turkey, and the study was approved by the Halic University Human Researches Ethics
Committee.

2.2. SNP genotyping

All studied SNPs were checked from the single nucleotide polymorphism database
(dbSNP). Genotyping of GRIN1, GRIN2A, and GRIN2B polymorphisms was performed by
PCR-RFLP analysis [17]. PCR was carried out in a final volume of 25 ul with 50 ng of DNA,
2.0 mM Mg*, 0.8mM dNTP, 10 pmol of each primer, and 1 U Taq polymerase. The cycling
conditions for each polymorphism included an initial denaturation step at 94°C for 5 min,
followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 48—60°C for 1 min,
extension at 72°C for 1 min, and a final extension at 72°C for 10 min (Table 1). PCR products
were digested with 2 U of the appropriate restriction enzymes under optimal reaction con-
ditions (Table 1) for 2 h and visualized on 2% agarose gels stained with ethidium bromide.
Genotypes were confirmed with Sanger sequencing (Iontek, Istanbul) sequence analysis of
25 randomly selected samples.

2.3. Statistical analysis

Hardy-Weinberg (HW) test statistics was computed for each SNP. In order to compare allele
frequencies between cases and controls, a standard case-control association analysis was
performed using PLINK (http://pngu.mgh.harvard.edu/~purcell/plink/). The dependence
of AO on the expanded CAG repeat size was assessed by linear regression. The effects
of the GRIN1, GRIN2A, and GRIN2B genotypes on AO were analyzed by multiple linear
regression approach. The CAG repeat number and the respective genotypes were used as
independent variables, and AO was used as the dependent variable. The CAG repeat size
was considered as numerical, modifying genotypes were considered as nominal variables
and they were encoded as “0, 1, 2.” The odds ratios (OR) and independent-samples T-tests
for genotypes were computed for the association of genotypes with AO. All the statistical
analyses were performed with Statistical Package for Social Sciences (SPSS) version 17.0 for
Windows.



Gene/polymorphism

Primer sequences 5" — 3’

Annealing temperature

Restriction enzyme

Allele sizes (bp)

GRIN1/rs6293

GRIN2A/rs19690600

GRIN2B/rs1806201

GRIN2B/rs890

GRIN2B/rs1042339

NR1F: CGTTCTTGCCGTTGATGA
NRIR: GTAAGAGCCAGCAACGGAG

2Ars1969060F:
GGTTTTAAGATTTGTGCCAGG
2Ars1969060R:
CTTAGACCGAGTTGGCAACA

2Brs1806201F:
AGACTATTCGCTTCATGC
2Brs1806201R:
GTGTGTTGTTCATGGCTG

2Brs890F: GCTGTCAGCCATTCCTGTT
2Brs890R:
CATGAATTTAGCCAGAGCCTC

2Brs1042339F:
GACCACAAGCGCTACTTCAG
2Brs1042339R:
TGTCATACAGGTTGCCTGCT

60.3°C

60.3°C

48.3°C

57.1°C

53.7°C

Mspl

Ddel

Pstl

Psul

Psyl

G allele: 138 + 113 +59 + 114

A allele: 251 +173

T allele: 280 + 45
C allele: 166 + 114 + 45

C allele: 210
T allele: 194 + 16

G allele: 283
T allele: 194 + 89

G allele: 263 + 146
A allele: 409

Table 1. PCR and RFLP conditions of the studied polymorphisms.

99//9/2/150L/bI010pXP//:d1y
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3. Results

The patients were given the clinical diagnosis of HD upon neurological examination and
thereafter clinical diagnosis was ascertained with molecular test results. The clinical symp-
toms of the patients included choreic movements, intellectual and cognitive impairment,
dementia, and depression.

In the studied patient cohort, 22 different mutant alleles carrying 39-75 CAGs were deter-
mined; the most frequent range was between 42 and 47 repeats. The disease AO ranges
between 16 and 80 years, the mean AO (+SD) being 40.75 (£12.97) years (Table 2). There are
wide variations in ages of onset for a given CAG repeat length in our patient population,
which is a strong indicative of other genetic or environmental modifiers.

CAG repeat length AOQ range (years) AO mean (years)
39 69 69
40 42-73 55.25
41 20-75 43.71
42 35-60 50.27
43 40-80 52.25
44 28-48 41.58
45 24-57 38.88
46 37-52 42
47 30-62 40.23
48 26-36 32.8
49 28-45 37.6
50 27 27

51 25-39 30
52 25-36 31.17
53 25-32 28.5
54 23-35 29
55 23 23
56 19-23 21

58 22 22
59 16 16
67 22 22

75 16 16

Table 2. CAG repeat sizes of the patients and corresponding AO ranges and means.
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Allele and genotype frequencies were deduced in HD cases and controls according to HW
principles and evaluated with chi-squared goodness-of-fit test. In patients and controls, allele
and genotype frequencies were found in HW equilibrium. All genotypes except the 3501A
variant (rs1042339) in the GRIN2B gene were observed in the patient and control groups;
therefore, this polymorphism was excluded from the analyses. Genotype frequencies of stud-
ied SNPs among HD patients and controls are summarized in Table 3.

Linear regression analysis has shown that 41.8% of the variance in AO could be attributed
to the expanded CAG repeat size in the studied population (R*= 0.418, p < 0.0001). In order
to evaluate the contributions of the studied SNPs to the AO, R*values were determined for
each SNP in conjunction with the effect of the expanded CAG repeat size. The R*-values of
the SNP genotypes and the CAG repeats alone were compared to determine the change in R?
(AR?) (Table 4). In our HD patient cohort, the studied genotype variations at GRIN1, GRIN2A,
and GRIN2B did not show any significant increase in the R*-values; therefore, they do not
contribute to the variation in AO. Gender stratification of patients did not reveal any differ-
ences in the variability in AO attributable to the CAG repeat number and putative modifier
polymorphisms. Upon classification of the CAG repeat sizes into four groups (40-45, >45,
40-50, and >50 CAGs) to expand the findings, a significant regression model was obtained
only for GRIN1 rs6293 (p = 0.016) in the >50 CAGs group. The other groups did not reveal
any significant regression models. The power of the analysis reached 99.9%, and at least 42

Gene polymorphism GRIN11rs6293 GRIN2A GRIN2B GRIN2B rs890 GRIN2B
151969060 rs1806201 151042339
Genotypes AA CcC CcC GG AA
AG CT CT GT AG
GG TT 1T TT GG
Patients % 42.16 1.96 44.12 26.47 0
48.04 30.39 48.04 46.08 0
9.8 67.65 7.84 27.45 100
n 43 2 45 27 0
49 31 49 47 0
10 69 8 28 102
Controls % 52.94 6.86 41.18 24.51 0
43.14 27.45 49.02 54.90 0
3.92 65.69 9.80 20.59 100
n 54 7 42 25 0
44 28 50 56 0
4 67 10 21 102

Table 3. Genotype frequencies among patients and control subjects.

27
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patients were essential to detect a significant effect with GRIN2A rs1969060, analysis of the
other SNPs required 44 patients. With a sample population of 102 patients, we are beyond the
minimum number of required patients.

Although there is no significant finding, the multiple linear regression data for GRIN2A
rs1969060 could be regarded as a trend (p = 0.132) (Table 4). Moreover, HD patients with
genotype CC had higher mean AO (50 years) than that of remaining HD patients (40 and
57 years) (Figure 1). The risk estimation analysis have shown that, compared to combined
genotypes CT and TT, genotype CC can be regarded as protective (OR = 0.271). However, the
observed differences in AO did not prove to be significant according to the results of indepen-

dent samples t-test (p = 0.31).

R? AR? % additional variance p-value
HD CAG 0.418 - - 0.000
HD CAG + GRIN1 0.418 0.000 0 0.917
(rs6293)
HD CAG + GRIN2A 0431 0.013 2.22 0.132
(rs1969060)
HD CAG+GRIN2B  0.422 0.004 0.007 0.406
(rs1806201)
HD CAG+GRIN2B  0.419 0.001 0.002 0.695
(rs890)

Table 4. Multiple linear regression analysis of the SNPs.

Figure 1. The AO distribution among rs1969060 genotypes is represented as box plots. For each genotype, the median
AOQ is represented as a black bar, the quartile is shown as a solid box, and the range is indicated by margins.

Age of onset

40

T T

TT CT
n=69 n=31
rs1969060

CC
n=2
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In addition to that, although GRIN2B rs180620 polymorphism did not reveal an important
regression model, HD patients with genotype TT had lower mean AO (35 years) than those
having the remaining genotypes (41.18 years). However, upon independent samples ¢-test,
this difference was not found to be significant (p = 0.23), either.

The result of simple associations test (Table 5) has shown that the distribution of GRIN1
rs6293 GG genotype was significantly different in patient and control groups (p = 0.01478).
Upon this finding, risk analysis was performed and the OR value was calculated to be 2663,
indicating that the GG genotype could be a risk factor in HD.

SNP Al F_A F U A2 CHISQ P OR L95 U9s

156293 G 0.348 0.2321 A 5.942 0.01478 1.766 1.115 2.796
rs1806201 T 0.3137 0.3333 C 0.171 0.6792 0.9143 0.5979 1.398
rs890 T 0.5049 0.4804 G 0.2452 0.6205 1.103 0.7481 1.626
rs1969060 C 0.1716 0.2059 T 0.7844 0.3758 0.7988 0.4856 1.314

Table 5. Association analysis of SNPs using PLINK (A1: minor allele, A2: major allele, F_A: Frequency of minor allele
in patients (F_U: frequency of minor allele in controls, CHISQ: chi-squared test, L95 and U95: lower and upper bounds
of 95% confidence interval).

4. Discussion

It has been well established that the AO is inversely correlated with the number of CAG
repeats in the mutant HD allele. On the other hand, the negative correlation between AO and
repeat size is stronger for higher repeat numbers (earlier AO) and weaker for lower repeat
numbers (later AO). This indicates that although the CAG size is the major determinant of
onset age particularly in juvenile patients, factors other than the repeat size should contribute
to onset in later ages [50]. Previous studies have shown that the CAG repeat number alone
explained 30-70% of the variance in AO [13-15, 17-20]. In various studies, many gene poly-
morphisms were defined as possible candidates for explaining the remaining variance. The
genes encoding htt-interacting proteins or proteins that are found to be involved in disease
pathology were regarded as the major candidate modifiers. In this study, we aimed to evalu-
ate the hypothesis that polymorphisms in GRIN1, GRIN2A, and GRIN2B genes that code for
NMDAR subunits may contribute to explain the variability in AO in Turkish HD patients.

According to our findings, expanded CAG repeat size explains 41.8% of the variance in AQ,
which is in accordance with the results from other populations. However, when the entire
observed CAG repeat sizes are considered, the remaining variance could not be attributed to
any of the studied SNPs. Classification of SNP genotypes into four CAG repeat length inter-
vals did not reveal any important findings either, except GRIN1 rs6293 in the >50 CAG repeats
group (p =0.016). As a result, rs6293 SNP can be considered as an AO modifier for Turkish HD
patients with 50 or higher CAG repeats in their IT15 gene. Also, the results of the association
test indicated a significant association of this SNP to HD (p = 0.015) and further risk analysis
revealed that the GG genotype constitutes a risk factor (OR = 2.663).

29
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Prior to this study, the effects of the SNPs in NMDAR-coding genes in determining AO in HD
were investigated in the German population [14, 23] and a replication study was performed
with Venezuelan kindreds [24]. In the Arning's work, German HD patients having 41-45 CAG
repeats in their mutant HD alleles were intentionally selected. In this cohort, the contribution
of the expanded CAG repeat size to the AO was calculated to be 30.8%, while variations in
the GRIN2A (rs1969060) and GRIN2B (rs1806201) genes accounted for 4.5 and 12.3% of the
remaining variance, respectively. In addition to that, GRIN2B rs1806201 (C2664T) variation
resulted in a difference of 2.8 years between the genotypes and patients having TT geno-
type that had earlier AO than those having other genotypes [17]. In our sample population,
although GRIN2B rs180620 polymorphism did not reveal an important regression model, TT
genotype did show lower mean AO (35 years) than the remaining genotypes (41.18 years).
Arning and coworkers expanded their findings with 8 additional SNPs and 83 additional HD
patients with repeat sizes varying between 39 and 61 [14]. In that study, when GRIN2A and
GRIN2B genotype variations were considered together in the multiple regression analysis,
7.2% of the additional variance could be explained. Furthermore, the classification of patients
according to sex revealed a significant difference and 5.6% additional variance was attrib-
uted to C2664T genotype variations in women. Female HD patients with the CC genotype
tended to have delayed onset compared to the other two genotypes. In our study, we could
not deduce any significant results out of gender stratification. In the Venezuelan kindreds,
GRIN2B 1806201 association could not be replicated; however, GRIN2A rs1969060 SNP was
found to be associated with AO, with a very slight increase in R* (AR*= 0.003). They found
3.9 year difference in the mean age of onset between the CT and TT genotype classes. They
found that TT genotype was protective. On the contrary, in our population HD patients with
CC genotype have about 10 years higher mean AO than that of the remaining patients, which
may imply toward a protection effect. However, due to very few numbers of patients with the
CC genotype, this result does not reach statistical significance. As mentioned by Andresen et
al. [24], heterozygosity at this polymorphic locus varies greatly by geographical variation and
the results should be evaluated carefully. The C allele frequency was established to be 17% in
European, 52-56% in Asian and African, and 24% in Venezuelan populations. The data from
our population are in accordance with that of the European population (17.2% in HD patients
and 20.6% in control subjects).

Apart from our study, GRIN1 rs6293 was investigated only with the German HD patients
with repeat numbers 4145 [17], which demonstrated a trend for explaining the variance in
AO (p =0.055). On the contrary, we established GRIN1 rs6293 as an AO modifier for Turkish
HD patients with 50 or higher CAG repeats in their IT15 gene.

In summary, the effects of the genetic variations in the GRIN1, GRIN2A, and GRIN2B genes
have been investigated in a very few numbers of populations until now and the results could
not be replicated. The major reason for this discrepancy could be that the effect of these poly-
morphisms on AO may exist only in groups of similar genetic backgrounds or of specific
ethnic origin. Therefore, further investigations involving HD patients of various ethnic popu-
lations with a wide range of CAG repeat sizes are required to clarify the issue. However, these
negative findings are far from ruling out NMDA receptors as an important biological effector
in the pathophysiology of HD. Ample evidence suggests an important role for NMDARs in
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selective vulnerability of MSNs and neuronal cell death in HD. While there is evidence that
NMDARs play an important role in the pathogenesis of HD, their exact roles and the modi-
tying effects of the polymorphism remain to be further investigated. It is clear that numer-
ous supplemental studies are needed to establish a confirmed association of GRIN genes as
genetic modifiers of AO in HD.

Conflict of interest

The authors declare that they have no conflict of interest.

Author details

Aysun Agar Hazer! and Nagehan Ersoy Tunali?*

*Address all correspondence to: nagehan.ersoy@medeniyet.edu.tr

1 Department of Molecular Biology and Genetics, Halic University, Istanbul, Turkey

2 Department of Molecular Biology and Genetics, Istanbul Medeniyet University, Istanbul,
Turkey

References

[4]

[5]

[6]

Gusella JF, MacDonald ME. Huntington’s disease. Semin Cell Biol 1995; 6:21-28.
Harper PS. The epidemiology of Huntington’s disease. Hum Genet 1992; 89:365-376.

Huntington’s Disease Collaborative Research Group. A novel gene containing a trinu-
cleotide repeat that is expanded and unstable on Huntington’s disease chromosomes.
Cell 1993; 72:971-983.

Duyao MP, Auerbach AB, Ryan A, Persichetti F, Barnes GT, McNeil SM, Ge P, Vonsattel
JP, Gusella JF, Joyner AL. Inactivation of the mouse Huntington’s disease gene homolog
Hdh. Science 1995; 269:407-410.

Nasir J, Floresco SB, O’Kusky JR, Diewert VM, Richman JM, Zeisler ], Borowski A, Marth
JD, Phillips AG, Hayden MR. Targeted disruption of the Huntington’s disease gene
results in embryonic lethality and behavioral and morphological changes in heterozy-
gotes. Cell 1995; 81:811-823.

Zeitlin S, Liu JP, Chapman DL, Papaioannou VE, Efstratiadis A. Increased apoptosis and
early embryonic lethality in mice nullizygous for the Huntington’s disease gene homo-
logue. Nat Genet 1995; 11:155-163.

31



32

Huntington's Disease - Molecular Pathogenesis and Current Models

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Harjes P, Wanker EE. The hunt for huntingtin function: interaction partners tell many
different stories. Trends Biochem Sci 2003; 28:425-433.

Bhide PG, Day M, Sapp E, Schwarz C, Sheth A, Kim ], Young AB, Penney ], Golden ],
Aronin N, DiFiglia M. Expression of normal and mutant huntingtin in the developing
brain. ] Neurosci 1996; 16:5523-5535.

Kalchman MA, Graham RK, Xia G, Koide HB, Hodgson ]G, Graham KC, Goldberg YP,
Gietz RD, Pickart CM, Hayden MR. Huntingtin is ubiquitinated and interacts with a
specific ubiquitin-conjugating enzyme. ] Biol Chem 1996; 271:19385-19394.

Wells RD, Warren ST, Sarmiento M. Genetic instabilities and hereditary neurological
disorders. Academic Press: CA; 1998.

Brinkman RR, Mezei MM, Theilmann J, Almqvist E, Hayden MR. The likelihood of
being affected with Huntington disease by a particular age, for a specific CAG size. Am
J Hum Genet 1997; 60:1202-1210.

Stine OC, Pleasant N, Franz ML, Abbott MH, Folstein SE, Ross CA. Correlation between
the onset age of Huntington’s disease and length of the trinucleotide repeat in IT-15.
Hum Mol Genet 1993; 2:1547-1549.

Taherzadeh-Fard E, Saft C, Andrich ], Wieczorek S, Arning L. PGC-1alpha as modifier of
onset age in Huntington disease. Mol Neurodegener 2009; 4:10.

Arning L, Saft C, Wieczorek S, Andrich J, Kraus PH, Epplen JT. NR2A and NR2B recep-
tor gene variations modify age at onset in Huntington disease in a sex-specific manner.
Hum Genet 2007; 122:175-182.

Metzger S, Bauer P, Tomiuk J, Laccone F, Didonato S, Gellera C, Soliveri P, Lange
HW, Weirich-Schwaiger H, Wenning GK, Melegh B, Havasi V, Balik6 L, Wieczorek S,
Arning L, Zaremba ], Sulek A, Hoffman-Zacharska D, Basak AN, Ersoy N, Zidovska ],
Kebrdlova V, Pandolfo M, Ribai P, Kadasi L, Kvasnicova M, Weber BH, Kreuz F, Dose M,
Stuhrmann M, Riess O. The S18Y polymorphism in the UCHL1 gene is a genetic modi-
fier in Huntington’s disease. Neurogenetics 2006; 7:27-30.

Metzger S, Bauer P, Tomiuk ], Laccone F, Didonato S, Gellera C, Mariotti C, Lange HW,
Weirich-Schwaiger H, Wenning GK, Seppi K, Melegh B, Havasi V, Baliko L, Wieczorek
S, Zaremba ], Hoffman-Zacharska D, Sulek A, Basak AN, Soydan E, Zidovska ],
Kebrdlova V, Pandolfo M, Ribai P, Kadasi L, Kvasnicova M, Weber BH, Kreuz F, Dose M,
Stuhrmann M, Riess O. Genetic analysis of candidate genes modifying the age-at-onset
in Huntington’s disease. Hum Genet 2006; 120:285-292.

Arning L, Kraus PH, Valentin S, Saft C, Andrich J, Epplen JT. NR2A and NR2B receptor
gene variations modify age at onset in Huntington disease. Neurogenetics 2005; 6:25-28.

Chattopadhyay B, Baksi K, Mukhopadhyay S, Bhattacharyya NP. Modulation of age at
onset of Huntington disease patients by variations in TP53 and human caspase activated
DNase (hCAD) genes. Neurosci Lett 2005; 374:81-86.



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

NR1 Receptor Gene Variation is a Modifier of Age at Onset in Turkish Huntington'’s Disease Patients
http://dx.doi.org/10.5772/67766

Cannella M, Gellera C, Maglione V, Giallonardo P, Cislaghi G, Muglia M, Quattrone
A, Pierelli F, Di Donato S, Squitieri F. The gender effect in juvenile Huntington disease
patients of Italian origin. Am ] Med Genet B Neuropsychiatr Genet 2004; 125B:92-98.

Rubinsztein DC, Leggo J, Chiano M, Dodge A, Norbury G, Rosser E, Craufurd D
Genotypes at the GluR6 kainate receptor locus are associated with variation in the age of
onset of Huntington disease. Proc Natl Acad Sci USA 1997; 94:3872-3876.

Friedman JH, Trieschmann ME, Myers RH, Fernandez HH Monozygotic twins discor-
dant for Huntington disease after 7 years. Arch Neurol 2005; 62:995-997.

Anca MH, Gazit E, Loewenthal R, Ostrovsky O, Frydman M, Giladi N. Different pheno-
typic expression in monozygotic twins with Huntington disease. Am ] Med Genet 2004;
124A(1):89-91.

Arning L, Monté D, Hansen W, Wieczorek S, Jagiello P, Akkad DA, Andrich ], Kraus
PH, Saft C, Epplen JT. ASK1 and MAP2K6 as modifiers of age at onset in Huntington’s
disease. ] Mol Med 2008; 86:485-490.

Andresen JM, Gayan ], Cherny SS, Brocklebank D, Alkorta-Aranburu G, Addis EA,
US-Venezuela Collaborative Research Group, Cardon LR, Housman DE, Wexler NS.
Replication of twelve association studies for Huntington’s disease residual age of onset
in large Venezuelan kindreds. ] Med Genet 2007; 44:44-50.

Alberch J, Lopez M, Badenas C, Carrasco JL, Mila M, Munoz E, Canals JM. Association
between BDNF Val66Met polymorphism and age at onset in Huntington disease.
Neurology 2005; 65:964-965.

Arning L, Kraus PH, Saft C, Andrich J, Epplen JT. Age at onset of Huntington disease is
not modulated by the R72P variation in TP53 and the R196K variation in the gene coding
for the human caspase activated DNase (hCAD). BMC Med Genet 2005; 6:35.

Chattopadhyay B, Ghosh S, Gangopadhyay PK, Das SK, Roy T, Sinha KK, Jha DK,
Mukherjee SC, Chakraborty A, Singhal BS, Bhattacharya AK, Bhattacharyya NP.
Modulation of age at onset in Huntington’s disease and spinocerebellar ataxia type 2
patients originated from eastern India. Neurosci Lett 2003; 345:93-96.

Wexler NS, Lorimer ], Porter J, Gomez F, Moskowitz C, Shackell E, Marder K,
Penchaszadeh G, Roberts SA, Gayan ], Brocklebank D, Cherny SS, Cardon LR, Gray
J, Dlouhy SR, Wiktorski S, Hodes ME, Conneally PM, Penney JB, Gusella J, Cha JH,
Irizarry M, Rosas D, Hersch S, Hollingsworth Z, MacDonald M, Young AB, Andresen JM,
Housman DE, De Young MM, Bonilla E, Stillings T, Negrette A, Snodgrass SR, Martinez-
Jaurrieta MD, Ramos-Arroyo MA, Bickham J, Ramos JS, Marshall F, Shoulson I, Rey GJ,
Feigin A, Arnheim N, Acevedo-Cruz A, Acosta L, Alvir J, Fischbeck K, Thompson LM,
Young A, Dure L, O’Brien CJ, Paulsen J, Brickman A, Krch D, Peery S, Hogarth P, Higgins
DS Jr, Landwehrmeyer B, U.S.-Venezuela Collaborative Research Project. Venezuelan
kindreds reveal that genetic and environmental factors modulate Huntington’s disease
age of onset. Proc Natl Acad Sci USA 2004; 101:3498-3503.

33



34 Huntington's Disease - Molecular Pathogenesis and Current Models

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Brune N, Andrich J, Gencik M, Saft C, Miiller T, Valentin S, Przuntek H, Epplen JT.
Methyltetrahydrofolate reductase polymorphism influences onset of Huntington’s dis-
ease. ] Neural Transm 2004; Suppl:105-110.

Djoussé L, Knowlton B, Hayden MR, Almqvist EW, Brinkman RR, Ross CA, Margolis
RL, Rosenblatt A, Durr A, Dode C, Morrison PJ], Novelletto A, Frontali M, Trent R],
McCusker E, Gomez-Tortosa E, Mayo Cabrero D, Jones R, Zanko A, Nance M, Abramson
RK, Suchowersky O, Paulsen JS, Harrison MB, Yang Q, Cupples LA, Mysore J, Gusella
JE, MacDonald ME, Myers RH. Evidence for a modifier of onset age in Huntington dis-
ease linked to the HD gene in 4p16. Neurogenetics 2004; 5:109-114.

Li JL, Hayden MR, Almqvist EW, Brinkman RR, Durr A, Dodé C, Morrison PJ,
Suchowersky O, Ross CA, Margolis RL, Rosenblatt A, Gémez-Tortosa E, Cabrero DM,
Novelletto A, Frontali M, Nance M, Trent RJ, McCusker E, Jones R, Paulsen JS, Harrison
M, Zanko A, Abramson RK, Russ AL, Knowlton B, Djoussé L, Mysore ]S, Tariot S,
Gusella MF, Wheeler VC, Atwood LD, Cupples LA, Saint-Hilaire M, Cha JH, Hersch
SM, Koroshetz W], Gusella JF, MacDonald ME, Myers RH. A genome scan for modifiers
of age at onset in Huntington disease: The HD MAPS study. Am ] Hum Genet 2003;
73:682-687.

Nazé P, Vuillaume I, Destée A, Pasquier F, Sablonniere B. Mutation analysis and associa-
tion studies of the ubiquitin carboxy-terminal hydrolase L1 gene in Huntington’s dis-
ease. Neurosci Lett 2002; 328:1-4.

Graveland GA, Williams RS, DiFiglia M. Medium spiny projection neurons, the pre-
dominant neurostriatal cell type, are particularly vulnerable in Huntington’s disease.
Science 1985; 227:770-773.

Petersén A, Mani K, Brundin P. Recent advances on the pathogenesis of Huntington’s
disease. Exp Neurol 1999; 157:1-18.

Lucas DR, Newhouse JP. The toxic effect of sodium L-glutamate on the inner layers of
the retina. AMA Arch Ophthalmol 1957; 58:193-201.

Beal MF, Kowall NW, Ellison DW, Mazurek MF, Swartz KJ, Martin JB. Replication of the
neurochemical characteristics of Huntington’s disease by quinolinic acid. Nature 1986;
321:168-171.

Beal MF, Ferrante R], Swartz KJ, Kowall NW. Chronic quinolinic acid lesions in rats
closely resemble Huntington’s disease. ] Neurosci 1989; 11:1649-1959.

Huang Q, Zhou D, Sapp E, Aizawa H, Ge P, Bird ED, Vonsattel JP, DiFiglia M. Quinolinic
acid-induced increases in calbindin D28K immunoreactivity in rat striatal neurons in
vivo and in vitro mimic the pattern seen in Huntington’s disease. Neuroscience 1995;
65:397-407.

Berliocchi L, Bano D, Nicotera P Ca* signals and death programmes in neurons. Philos
Trans R Soc Lond B Biol Sci 2005; 360:2255-2258.



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

NR1 Receptor Gene Variation is a Modifier of Age at Onset in Turkish Huntington'’s Disease Patients
http://dx.doi.org/10.5772/67766

Sucher NJ, Awobuluyi M, Choi YB, Lipton SA. NMDA receptors: from genes to chan-
nels. Trends Pharmacol Sci 1996; 17:348-355.

Landwehrmeyer GB, Standaert DG, Testa CM, Penney ]B Jr, Young AB NMDA recep-
tor subunit mRNA expression by projection neurons and interneurons in rat striatum. J
Neurosci 1995; 15:5297-5307.

Young AB, Greenamyre JT, Hollingsworth Z, Albin R, D'Amato C, Shoulson I, Penney
JB. NMDA receptor losses in putamen from patients with Huntington’s disease. Science
1988; 241:981-983.

André VM, Cepeda C, Venegas A, Gomez Y, Levine MS. Altered cortical glutamate
receptor function in the R6/2 model of Huntington’s disease. ] Neurophysiol 2006;
95:2108-2119.

Starling AJ, André VM, Cepeda C, de Lima M, Chandler SH, Levine MS. Alterations
in N-methyl-p-aspartate receptor sensitivity and magnesium blockade occur early in
development in the R6/2 mouse model of Huntington’s disease. ] Neurosci Res 2005;
82:377-386.

Cepeda C, Ariano MA, Calvert CR, Flores-Hernandez J, Chandler SH, Leavitt BR,
Hayden MR, Levine MS. NMDA receptor function in mouse models of Huntington dis-
ease. ] Neurosci Res 2001; 66:525-539.

Levine MS, Klapstein GJ, Koppel A, Gruen E, Cepeda C, Vargas ME, Jokel ES, Carpenter
EM, Zanjani H, Hurst RS, Efstratiadis A, Zeitlin S, Chesselet MF. Enhanced sensitivity
to N-methyl-D-aspartate receptor activation in transgenic and knockin mouse models of
Huntington’s disease. ] Neurosci Res 1999; 58:515-532.

Li L, Murphy TH, Hayden MR, Raymond LA. Enhanced striatal NR2B-containing
N-methyl-p-aspartate receptor-mediated synaptic currents in a mouse model of
Huntington disease. ] Neurophysiol 2004; 92:2738-2746.

Chen N, Luo T, Wellington C, Metzler M, McCutcheon K, Hayden MR, Raymond LA.
Subtype-specific enhancement of NMDA receptor currents by mutant huntingtin. ]
Neurochem 1999; 72:1890-1898.

Zeron MM, Hansson O, Chen N, Wellington CL, Leavitt BR, Brundin P, Hayden MR,
Raymond LA. Increased sensitivity to N-methyl-p-aspartate receptor-mediated excito-
toxicity in a mouse model of Huntington’s disease. Neuron 2002; 33:849-860.

Myers RH. Huntington’s disease genetics. NeuroRx 2004; 1:255-262.

35



ntechOpen

ntechOpen



