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Familial amyotrophic lateral sclerosis is associated
with a mutation in D-amino acid oxidase
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We report a unique mutation in the D-amino acid oxidase gene
(R199W DAO) associated with classical adult onset familial amyotro-
phic lateral sclerosis (FALS) in a three generational FALS kindred, after
candidate gene screeningin a 14.52 cM region on chromosome 12q22-
23 linked to disease. Neuronal cell lines expressing R199W DAO
showed decreased viability and increased ubiquitinated aggregates
compared with cells expressing the wild-type protein. Similarly, len-
tiviral-mediated expression of R199W DAO in primary motor neuron
cultures caused increased TUNEL labeling. This effect was also ob-
served when motor neurons were cocultured on transduced astro-
cytes expressing R199W, indicating that the motor neuron cell death
induced by this mutation is mediated by both cell autonomous and
noncell autonomous processes. DAO controls the level of D-serine,
which accumulates in the spinal cord in cases of sporadic ALS and in
amouse model of ALS, indicating that this abnormality may represent
a fundamental component of ALS pathogenesis.

motor neuron disease | neurodegeneration | linkage analysis |
ubiquitinated aggregates | apoptosis

myotrophic lateral sclerosis (ALS) is the most common adult-
onset neuromuscular disease, characterized by progressive
muscle weakness, atrophy, paralysis, and death from respiratory
failure. Approximately 5% of ALS cases have an autosomal domi-
nant mode of inheritance, and clinically these cases are indistin-
guishable from sporadic cases of ALS (SALS). One-fifth of FALS
cases are caused by mutations in copper/zinc-dependent superoxide
dismutase (SOD1) (1). Recently, mutations have been detected in
the gene encoding TAR DNA binding protein 43 (2, 3), a major
component of the polyubiquitinated cytoplasmic inclusions charac-
teristic of ALS, and the Fused in sarcoma (FUS) gene, ALS6 (4, 5).
Mutations have also been identified in additional genes, causing rare,
atypical forms of ALS: vesicle-associated membrane protein/ syn-
aptobrevin-associated membrane protein B gene (VAPB), which is
associated both with late-onset spinal muscular atrophy and ALS,
ALSS (6); alsin, associated with juvenile onset recessive ALS, ALS2
(7); and senataxin associated with a slowly progressive form of
juvenile onset ALS, ALS4 (8). Additional FALS loci have been
reported for classical ALS, ALS3 on 18q identified in a single family
(9), ALS with frontotemporal dementia on 9921-g22 (10), ALS with
frontotemporal dementia on chromosome 9p21.3-p13.3 (11, 12),
and ALS7 on chromosome 20p (13). Missense mutations have also
been reported in both sporadic and familial cases in FIG4, a phos-
phoinositide phosphatase, which causes a peripheral neuropathy
(14) and in angiogenin in cases predominantly of Celtic origin (15).
However, at present known genes only account for ~30% of familial
cases of classical ALS and the remaining genes require elucidation.
We carried out a whole genome screen with microsatellite
markers in families with confirmed ALS and lacking known FALS
mutations and identified a unique FALS locus on chromosome 12 in
a single kindred. Candidate genes within the region were screened,
and we report here a unique description of a mutation in the
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D-amino acid oxidase (DAO) gene, located within this locus, which
causes classical adult onset familial ALS (FALS). We also provide
evidence for the pathogenic effects of this mutation on cell viability,
which are associated with the formation of ubiquitinated aggregates.
DAO controls the level of D-serine, which accumulates in the spinal
cord in sporadic ALS and a mouse model of ALS, indicating that
this abnormality may represent a fundamental component of the
pathogenesis of both sporadic and familial cases of ALS.

Results

Clinical Description of FALS Patients in a Chromosome 12-Linked
Family (MB1). A diagnosis of ALS was confirmed clinically in affected
individuals in this family according to the El Escorial World Feder-
ation of Neurology criteria for Diagnosis of ALS with evidence of
both upper and lower motor neuron involvement. Bulbar signs were
also present. In the index case, the patient presented with weakness
in one hand and arm with small muscle wasting. The age at onset was
40 years and the duration of illness was 21 months. A similar rapid
disease progression was seen in other affected family members, with
an average age at death of 44 years (range 42-55 yr from seven cases).
An autopsy was available for individual 3.7, an obligate carrier who
died at 73 years from cardiac failure (previously admitted to inves-
tigate right-sided weakness and speech difficulties), which showed
some loss of motor neurons at the cervical and lumbar level and
degeneration of one of the lateral corticospinal tracts visible at all
levels. Frontal and temporal lobes were well preserved. TDP-43
staining in motor neurons was clearly localized to nuclei with no
TDP-43 positive nuclear or cytoplasmic inclusions (Fig. S1). There
was no evidence of cognitive impairment in cases from which DNA
was sampled. No mutations were detected in SOD1, VAPB, TAR
DNA binding protein, or FUS. This study has been approved by the
Riverside Research Ethics Committee (Hammersmith Hospitals
NHS Trust) with appropriate informed consent from subjects.

Linkage Analysis. We evaluated a whole genome screen on four FALS
kindreds by using microsatellite markers. Multipoint analysis was
performed by using Genehunter v2.1 13 assuming an autosomal dom-
inant model. A maximum logarithm of odds (LOD) score of 2.97 was
identified on chromosome 12 (D12S1706 to D12S79), with most of the
signal deriving from a three generational FALS kindred (MB1). No
LOD scores greater than +0.8 were obtained in chromosomes 1-11
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and 13-22 using this family. After fine mapping of chromosome 12,
multipoint parametric analysis of family MB1 using MERLIN v1.1.2
revealed significant LOD scores within a region flanked by D12S338
and D12S79 that contains 146 RefSeq genes and 148 Ensembl genes.
Maximum LOD scores of 2.70 were obtained at markers D1251646
and D12S354 (Fig. 14). NPL analysis highlighted the same region with
the highest LOD score of 1.94 (P = 1.4 x 10) at marker D12S330.

Initially, a limited number of candidate genes in the region were
sequenced, including thioredoxin reductase-1, ataxin 2, and D-

amino acid oxidase (DAO), which resulted in the identification of a
disease-associated mutation in three affected individuals (3.3, 4.1,
and 4.2; Fig. 1B) plus one confirmed obligate carrier (3.7) trans-
forming a C to T in codon 199 of DAO, resulting in an amino acid
substitution of arginine by tryptophan (R—W) at this position (Fig.
1C). In addition, the mutation was present in three “at risk” indi-
viduals (4.3, 4.5, and 4.6) sharing part of the disease haplotype and
absent from three unaffected individuals (2.7, 3.4, and 3.5) and
spouses (3.9 and 3.6). The ages of the three “at risk” individuals

A wd C ‘
Marker cM Mbp
D12S1716 11043 96.95 CCCTGCTGCAGCCAGGCC/TGGGGGCAGATCATGAAG
D1251671 112.80 98.41
= - 01281706 11291 9837 DAO AG GCCGGGG 6 CAG AG 6C TG 66 6 6C AG
D12S306 114.45 100.59 \
D1251607 11654 102.26
D12S78 119.10 104.26
] D12S338 11957 10454 A A A N n
8 o D1251597 12071 105.75 /A o) A /\}(\
a D12S330 123.76 107.18 : - - - =
e D12S353 124.45 108.03 Normal FALS C>T R199W -
D125S84 12578 109.02 g
DAO 109.27 D Affected NCTGVWAGALQ--RDPLLQPGWGQIMKVDAPW s
D1251645 127.18 110.04 Human NCTGVWAGALQ--RDPLLQPGRGQIMKVDAPW §
- Dnggg"sg Igg-gf: ::‘5‘?; Pig NCTGVWAGVLQ--PDPLLOPGREQI IKVDARH &
o = i N = e P =
D12579 13409 11606 Rabbit ;-:CTEVWASALQ PI_“:PLLQ?E :iIIK”DAPW
D12S366 14013 11857 Rat NCTGVWAGALQ--ADASLOPGRGOIIQVEAPW
Mouse NCTGVWAGALQ--ADASLQPGRGQIIQVEAPW
Rho NATGLGAKSIAGIDDQAAEPIRGOTVLVKSPC
e 1 Fus NATGLGSYKLGGVEDKTMAPARGQIVVVRNES
T T ‘ Strep  NCTGLGARDLV--PDTSVRPVRGOLVVVENEG
50 100 150
cM E 3 K ‘)Tyrzz-a
B J £ 0. yLeust
1.1|12 Phe242 £ < A
o !
Key 24 25(28 27 28| 29 £y

Y

@ FALS affected individual % !
’\‘ Leu316

QO FALs obligate carrier
o
€ Individual of unknown status

$3ig3
T—
LEEREE

FEEEFEE

AN
|

523
388

33 37 38 39
3 " 18 ] 200 [Y] 200

(18 Al1ES % alls 2 A | 1
o ||E A1/l b || B 115
ol (] A ] || A 2%

: 2 [z B ] || B | |k
= ||| 21 O Ic] || Eamed (1P
b (1B A1 | B I ] || B | 1B
A (1EA A | | A | P | I
A (15 11k 2 =gE = 1 1B
Ml =1 ol (1B || BRIk
1 (1E— 1 Y || | |
Ll |l | Z .
A Ik [l H |ERH A Exon 2 4 6 8 10
H * (] s = | 2= 2
=l s s | =hs = Ul %

§

44 45 46
w0 e [ Trk A potassium
W wollEE el
o

" m e
2 10 10 £ ™ e

) It e 1% ) ol |e uptake protein signature

2 P | ] (| | B i X -ami i
w fo i e | |5 ] (| o Aminoacyl-tRNA D-amino acid
it 178 172180 72 178 " 7" b -l Si i i
287 o o 77 E2dl m 2 w3 class-l o oxidases
m 05 a1 w5 s gl

i b1 ] |G (| |

k) 8 a1 o lll |50 & g . T ;

1 15 | | EEE] || E: m FAD binding domain Dimer interface domain

an 3 | T (B (1E:

208 28 e | | PR || (] B

] 1 I K] (1 (1

i 18 s v llvs ] e W el

a i ErE=] NETRNE] BRSNS

Fig. 1. Detection of a R199W mutation in DAO and a protein model. (A) Multipoint analysis of family MB1 (Merlin v1.1.2) showing significant maximum
parametric LOD scores between markers D125338 and D12579. Marker distances (MAP-O-MAT) obtained from http://compgen.rutgers.edu/mapomat/reference.
html and sequence map positions obtained from http://www.ncbi.nIm.nih.gov are given for the region containing significant LOD scores on chromosome 12. (B)
Haplotype analysis of the 12g21-24 region in family MB1. Allele data for 16 markers in the 12921-24 region are shown; inferred genotypes are indicated by italics.
Markers are listed on the far left hand side of each generation within the family. The haplotype associated with the disease for the index case 4.2 has been
indicated by thick solid “boxing.” Cross-over events are indicated by a change in the boxing. Both males and females are indicated by a diamond symbol. A
diagonal line indicates that the individual is deceased. (C) Graphical representation of DAO exons 6-8 showing an expansion of part of exon 7. The R199W point
mutation is indicated in red together with the corresponding “normal” and “mutated” sequence electrograph. (D) DAO amino acid conservation of the mutated
region among eight species. The position of Arg199 (boxed) is indicated in red and variant amino acids in black. Conserved residues are shown in blue. Rho,
Rhodotorula gracilis; Fus, Fusarium Solanii; Strep, Streptomyces Avermitilis. (E) Ribbon representation of porcine DAO homodimer (PDB:1AA8, MMDB:5815) and
an expanded view of the DAO active site showing the position of Arg199 and FAD (arrows) in relation to key residues including Tyr228, His307, Leu51, Phe242,
Arg283, Gly313, and Leu316. (F) DAO protein domains indicating FAD binding and dimer interaction domains together with other potential functional domains.
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carrying the R199W DAO mutation, 4.3, 4.5, and 4.6, at the time of
sampling were 33, 44, and 48 years, respectively, one of whom has
been referred to a neurologist to investigate motor symptomatology.
We screened for the R199W mutation in a total of 1,002 unrelated
individuals (780 controls, 23 sporadic ALS cases, and 199 FALS
cases, all of Caucasian origin residing in the United Kingdom, aswas
the index case and family) to determine its prevalence in the general
population, but no further individuals carried this mutation. The
R199W mutation in exon 7 was found in 0 of 780 unrelated Cau-
casian controls and in one index case representing the 12q linked
ALS kindred (P < 0.001 using Fisher’s exact test). DAO sequencing
of a representative affected individual from 196 different FALS
families lacking SOD1 mutations (at least 100 individuals per exon)
was carried out but no other coding alterations were found. A total
of 13 unique and 6 known variants were detected, 17 were intronic/3’
flanking and 2 were exonic (one synonymous SNP and one in the 3’
UTR) (Table S1). Ten of the unique polymorphisms detected were
present at low frequencies (<2%).

Other genes and ORFs in the region known to be expressed in
spinal cord were also sequenced to investigate the possibility that a
second gene mutation in linkage disequilibrium with the DAO
mutation was present. The genes sequenced included a serine
dehydratase-like enzyme (SDSL) involved in serine metabolism,
regulatory factor x4 (RFX4), a transcription factor involved in
transcriptional repression, RNA binding motif protein 19 (RBM19),
a nucleolar protein containing six RNA-binding motifs, BRAP,
which encodes a protein that binds to the nuclear signal of BRCA1
and other proteins preventing nuclear targeting, glycolipid transfer
protein (GLTP) that facilitates glycolipid transfer between mem-
branes, and a vacuolar sorting protein (VPS29) (Table S2), but no
further disease-associated mutations were found. Although this
sequencing did not yield mutations in genes expressed in spinal cord,
other genes present in this chromosomal region cannot be excluded.

DAO (EC.1.4.3.3) is a peroxisomal flavin adenine dinucleotide
(FAD)-dependent oxidase present in most organisms and mamma-
lian tissues, which catalyses the oxidative deamination of D-amino
acids such as D-alanine, D-serine, and D-proline to their corre-
sponding keto-acids. In the mammalian CNS, DAO is enriched in
brainstem and spinal cord. It was only recently recognized that D-
amino acids are not only synthesized in the CNS, but also serve
essential physiological functions as exemplified by D-serine, which is
an activator/coagonist at the N-methyl-D-aspartate (NMDA) glu-
tamate receptor subtype (16). Human DAO is a 39.4-kDa protein
consisting of 347 amino acids. Arg199 is highly conserved between
mammalian and lower organisms such as yeast, fungi, and bacteria
(Fig. 1D). Arg199 lies close to the FAD binding site (Fig. 1E) and
between residues Tyr228 and His307, which play a key role in enzyme
activity (17). The regions containing FAD binding and dimer inter-
face domains are shown in Fig. 1F. DAO is found in both neuronal
and glial cells, the most intense labeling being seen in hindbrain
within gigantocellular reticular and facial nuclei, Bergmann glial cells
and Purkinje cells of the cerebellum (ref. 18; and confirmed in Fig.
S2).In addition, we show here the presence of DAO in gray matter of
spinal cord including motor neurons (Fig. 24).

The effect of the R199W mutation on enzyme activity was
examined in post mortem spinal cord available from individual 3.7,
an obligate carrier, expressing the R1I99W mutation, compared with
four controls and seven sporadic ALS cases. cDNA amplified from
spinal cord mRNA yielded a similar size product present in all spinal
cord samples, indicating that DAO mRNA was generated in the
individual heterozygous for the R199W mutation (Fig. S3). DAO
enzyme activity assayed in control and ALS spinal cord was similar
but was markedly reduced in the case expressing the R199W
mutation (measured twice by using two different tissue samples)
(Table 1), despite normal levels of mRNA expression, which reflects
the potent effect of this mutation on the function of the wild-type
enzyme. DAO enzyme activity and mRNA levels were much lower
in motor cortex than the spinal cord for all cases including individual
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3.7. Immunohistochemistry of DAO in multiple regions from this
individual confirmed the presence of DAO protein in cell regions
both affected (spinal cord) and unaffected (cerebellum and ventral
reticular nucleus) by the pathology (Fig. S1).

GFP-tagged DAO constructs for wild-type and R199W DAO
transfected into COS-7 cells yielded sharply delineated punctate
staining, indicative of peroxisomal localization (Fig. 2B). The per-
oxisomal localization was confirmed by transduction with a fluo-
rescent marker containing a peroxisomal signal peptide. Both wild-
type and mutant GFP-tagged DAO proteins colocalized with the
peroxisomal marker (Fig. 2B). A similar peroxisomal distribution
was found for an untagged DAO construct by using a DAO antibody
and fluorescently labeled secondary antibody (Fig. S44). We also
evaluated the effect of the mutation on DAO enzyme activity in cell
lysates from COS-7 cells transfected with GFP-tagged wild-type
DAO, which yielded an activity of 0.29 + 0.06 mU/100 pg of cell
lysate protein (mean + SD) from three independent experiments.
There was no detectable enzyme activity in lysates from untrans-
fected cells, cells transfected with the empty GFP vector, or GFP-
tagged R199W DAO, as found in the spinal cord analysis of the
autopsy case expressing the R199W mutation.

DAO has been shown to exist as a homodimer in man, being the
major form of both the apoenzyme and holoenzyme. To determine
whether heterodimers were formed between wild-type and R199W
DAO and whether this interaction affected enzyme activity, GFP-
tagged wild-type DAO and untagged R199W DAO were cotrans-
fected in COS-7 cells. Cell lysates from these cotransfections were
immunoprecipitated with anti-GFP antibody and blotted with anti-
DAO antibody. As expected, GFP immunoprecipitation pulled
down the 67-kDa GFP-tagged protein, whether wild-type or
R199W, but in addition the 37-kDa untagged protein was also
pulled down (Fig. 2C). As the wild-type and mutant DAO coim-
munoprecipitated, we investigated whether wild-type protein
enzyme activity was affected by coexpression with R199W DAO.
COS-7 cells were cotransfected with untagged wild-type and
R199W DAO, and enzyme activity was measured in the resulting
lysates. Cotransfection caused a significant attenuation in enzyme
activity compared with wild-type DAO, despite the presence of
similar levels of DAO protein in the double transfection compared
with the combined single transfections (Fig. S4B), indicating that
DAO was not exclusively present as homodimers but that hetero-
dimers were also formed, which contributed to the reduced enzyme
activity, suggesting a potential dominant negative effect of the
mutation on the wild-type protein (Fig. 2D).

To determine whether R199W DAO affected cell survival, we
assayed TUNEL labeling in primary rat motor neuron cultures
transduced with lentiviral vectors expressing wild-type and R199W
DAO (Fig. S5). Motor neurons expressing R199W DAO showed a 5-
fold increase in the proportion of TUNEL-positive cells compared
with untransduced motor neurons. Motor neurons expressing either
wild-type DAO or the control marker gene, delta. NGFR (ALNGFR)
showed a 2- to 2.5-fold increase in TUNEL-positive cells, which was
not significantly different from untransduced cells (Fig. 34). However,
the number of TUNEL-positive cells expressing R199W was sig-
nificantly increased compared with cells expressing wild-type DAO
and control cells expressing the vector (Fig. 34 and Fig. S5). Because
DAO is known to be abundantly expressed in astrocytes as well as
motor neurons, primary astrocytes were transduced with lentiviral
vectors expressing wild-type DAO, R199W DAO, or ALNGFR and
primary motor neurons were layered above. Fewer TUNEL-positive
cells were detected in cocultures compared with motor neuron cul-
tures, (2.56% and 3.81%, respectively, in uninfected cells). However,
as with motor neuron cultures, a significant increase in the number of
TUNEL-positive cells was detected in cocultures with astrocytes
infected with R199W compared with wild-type DAO (Fig. 34). The
reason for the lack of difference between the vector and the mutant
in the coculture experiment despite obtaining a significant difference
in infected motor neurons alone, where the effect of mutation is
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Fig. 2. Localization of DAO and functional characterization of WT and
R199W DAO. (A) Localization of DAO in mouse lumbar spinal cord. DAO
immunoreactivity is widespread in gray matter including motor neurons
(arrowheads in the enlarged image). DAPI nuclear counterstain is shown in
blue. (Scale bars: Left, 500 um; Right, 50 pm.) (B) Localization of GFP-tagged
wild-type (WT) and R199W DAO in peroxisomes. COS-7 cells were transiently
transfected with GFP-tagged DAO and transduced with peroxisomal
organelle lights. GFP-tagged WT and R199W DAO (GFP), peroxisomal (Perox)
OFP organelle lights and merged (Merge) images with DAPI nuclear staining.
(Scale bars: 20 pm.) (C) WT and R199W DAO coimmunoprecipitate. COS-7 cell
lysates were cotransfected with untagged and GFP-tagged WT or R199W
DAO and immunoprecipitated with anti-GFP antibody. Blotting for DAO
identified bands at ~37 kDa and ~67 kDa in size, corresponding to untagged
and GFP-tagged DAO protein, respectively. (D) Effect of mutation on WT
DAO enzyme activity determined using untagged DAO constructs. DAO
enzyme activity in COS-7 cells cotransfected with WT and R199W DAO (2 pg
of each DNA compared with single transfections using 2 pg of DNA). One-
way ANOVA P < 0.0001 with Bonferroni post hoc test indicated. **, P < 0.01.
Values are means + SEM, n = 6. Inset shows a representative experiment
using GFP-tagged constructs. Note that higher levels of enzyme activity
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significant over both wild-type DAO and ALNGFR, is unknown.
One possible reason might be that expressing ALNGFR molecules
on the surface of astrocytes might interfere with motor neuron/
astrocyte interactions.

The present results clearly indicate that the disease-associated
mutation R199W reduces cell viability. To explore these mecha-
nisms further we analyzed the effect of the mutation on protein
aggregation, ubiquitination, response to ER stress, and cell mor-
phology by using the motor neuron cell line NSC-34. At 72 h after
transfection, cells expressing R199W DAO showed a variety of
abnormal features including atrophied or shrunken cells and loss of
projections affecting the pattern of DAO staining (Fig. S6), com-
pared with cells expressing wild-type DAO. A prominent feature of
R199W cells was the presence of ubiquitinated protein aggregates
(0.5 pm or greater in diameter) (Fig. 3B) and significant increases
were detected between wild-type and R199W DAO expressing cells
when aggregate-containing cells were quantified (Fig. 3C). After
application of tunicamycin, an ER stress inducer, the significant
increase in the number of ubiquitin positive aggregates was main-
tained in cells expressing R199W DAO compared with controls
(Fig. 3C). The number of atypical shrunken atrophic cells lacking
projections (under control conditions) was also increased in R199W
DAO compared with wild-type and control cells (Fig. 3C).

Discussion
The kindred described in this paper predominantly exhibits a severe
phenotype with death occurring in the early 40s in 75% of cases.
Incomplete penetrance was also evident in an obligate carrier, but
neuropathological assessment of this case at autopsy demonstrated
motor neuron loss and corticospinal tract degeneration at multiple
levels. We identified a mutation in DAO in the chromosomal region
segregating with disease and screened for mutations in other genes in
this region that are expressed in spinal cord but found no variants
associated with disease. However, we cannot exclude the possibility
that another mutation may be in linkage disequilibrium with the
R199W DAO mutation. Although a causal role for the R199W
mutation in DAO in ALS remains to be established unequivocally,
increasing evidence supports the involvement of D-serine in ALS. We
have demonstrated here that this disease-associated mutation in
DAO, R199W, not only causes almost total loss of enzyme activity but
also impairs cell viability, promotes the formation of ubiquitin
aggregates, and increases apoptosis in neuronal cells. Increased
apoptosis was also observed when motor neurons were cocultured on
transduced astrocytes expressing R199W, indicating that motor neu-
ron cell death induced by this mutation can be mediated by both cell
autonomous and noncell autonomous processes. We have also found
evidence of the interaction of the mutant protein with the wild-type
protein. It is not possible at present to determine whether the neu-
rotoxic effect of R199W DAO results from the accumulation of the
aberrant protein or whether the impaired enzyme activity contributes
to pathogenesis. The major consequence of this loss of enzyme activity
is the buildup of D-amino acids, of particular interest being D-serine,
a coagonist at the glycine site of the NMDA glutamate receptor en-
hancing glutamate transmission. Animals lacking DAO activity (a
spontaneous mutant G181R DAO, ddY/DAO™) have elevated levels
of D-serine in the CNS and show enhanced hippocampal LTP, im-
proved performance in spatial learning tests (19), enhanced NMDA-
receptor-mediated excitatory postsynaptic currents in spinal cord
dorsal horn neurons (20), and reduced locomotor activity (21).

In ALS spinal cord and in the G93A SOD1 mouse model of
ALS, levels of D-serine and serine racemase (SR), which converts
L-serine into D-serine (22), are markedly elevated (23). D-serine is

relative to lysate protein were obtained with the untagged constructs
compared with the GFP-tagged constructs because of the greater trans-
fection efficiency.
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Table 1. DAO enzyme activity in spinal cord

Tissue sample

DAO enzyme activity, units/mg of protein

Control spinal cord

Sporadic ALS spinal cord

FALS spinal cord (Individual 3.7)
Rat spinal cord (reference sample)

1.501 + 0.213 x 1073 (4)
1.721 + 0.295 x 1073 (7)
0.065 x 1073 (two separate samples)
1.473 x 1073

DAO enzyme activity was assayed in spinal cord in 4 controls [mean age, 53 yr (range: 20-87 yr) and mean post
mortem interval, 27.38 h (range: 14.5-41 h)], seven sporadic ALS cases [mean age, 67 yr (range: 49-89 yr) and
mean post mortem interval, 15.29 h (range: 5-30 h)] and individual 3.7 who is heterozygous for the R199W
mutation, using a peroxidase coupled method modified from Nagata et al. (26). A rat spinal cord sample was also
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assayed in parallel. Values are means + SEMs for the number of cases given in parentheses.

detected early in disease in G93A SODI1 mice, accumulating
around vacuolated motor neurons. Subsequently, D-serine levels
increase substantially, initially in astrocytes and towards the end
stage in activated microglia, where SR is mainly localized. The
initial trigger for induction of SR in the mouse model may be the
accumulation of mutant SOD1 protein and/or local inflammatory
conditions, which are known to induce SR through the c-Jun-N-
terminal kinase pathway (24). Glutamate action at AMPA recep-
tors also induces SR and D-serine release from astrocytes (25).
Interestingly, enzymes involved in D/L serine metabolism (e.g.,
phosphoserine phosphatase and 3-phosphoglycerate dehydrogen-
ase) are among the earliest transcriptional changes detected in
motor neurons in the G37R SOD1 mouse (26).

D-serine plays a key role in ALS pathogenesis, indicating the
contribution of astrocytes and microglia to disease progression,
the effects of which would be potentiated through the R199W
DAO mutation. It is also likely that protein aggregation in motor

Fig. 3. Effect of R199W DAO on
cell viability. (A) Effect of R199W L' e
DAOQ in lentiviral vector transduced
motor neurons and cocultures of
untransduced motor neurons with
lentiviral vector transduced astro-
cytes. Motor neurons or astrocytes
were transduced with the follow-
ing lentiviruses at DIV1: WT DAO,
R199W DAO or a negative control,
ALNGFR and TUNEL-positive cells
quantified at DIV3 (fold change
over TUNEL-positive cells in untrans-
duced cells). One-way ANOVA for
motor neurons alone (n = 4) and
coculture of untransduced motor
neurons plated on transduced
astrocytes (n = 3) was P = 0.043
and P = 0.0241, respectively, with
Bonferroni post hoc test value
indicated. *, P < 0.05. Values
are means + SEM. (B) Effect of
R199W DAO on ubiquitin aggre-
gates. NSC-34 cells expressed GFP-
tagged WT or R199W DAO 72 h
after transfection. Ubiquitin (UBQ)
staining with aggregates in GFP-
positive cells are indicated by ar- U ANGFR  WTDAD  RISIW
rows and merged (Merge) images e
with DAPI nuclear staining. (Scale
bars: 20 pm.) (C) Effect of R199W
DAO on number of ubiquitin ag-

>

AT T

Increase in TUNEL positive cells.

(fold change above untransfected celis)

ALNGFR  WTDAD R199W
DAO

Infected primary
motor neuron culture

rease in TUNEL po
(fold change above untra
m

P

Infected astrocytes co-cultured
with uninfected motor neurons

Ubiquiin aggregate postive cells / 100 cells

neurons (seen in this study) would occur before glial activation and
play a significant role in the initiation of disease in familial cases.
The role of different cell types in disease progression is also clearly
seen in the SOD1 mouse model of ALS where onset and pro-
gression of disease are determined by motor neurons and micro-
glia, respectively (27). Future studies should focus establish the
role of R199W DAO in the pathogenesis of ALS by using in vivo
models in order to determine the potential of DAO as a molecular
target in ALS and other age-related neurodegenerative disorders.

Materials and Methods

Linkage Analysis. For all individuals used in the linkage study, genomic DNA was
extracted from whole blood or buffy coat by standard techniques. The whole
genome screen was performed with a total of 378 microsatellite markers spaced
~10 cM apart. Multipoint parametric linkage analysis of genotyping data were
performed by using Genehunter version 2.1 r3. Subjects were classified as affec-
ted (2), unaffected (1), and unknown (0). The analysis was carried out by using an
affected only model assuming that FALS was inherited in an autosomal dominant

R199W DAO

R199W DAO

C NsC-34 motor neuron cell line

=

Ubstin 3ggregate pasiive cells./ 100 cells
Number of atypical cells / 100 cells

gregates and NSC-34 cell morphol- : e owe W R O asees ool wWr Risew ConOIGFP | WTDAD  R19WDAD
Py . g NS FP Dao Dad
ogy. Cells containing ubiquitin ag- Vehicle Tunicamyeln Morphology

gregates (>0.5 pm in diameter)

were quantified after treatment with DMSO vehicle control (n = 4) (Vehicle) and 1 pg/mL tunicamycin (n = 3) (Tunicamycin), giving one-way ANOVA values of P=0.0057
and P=0.044, respectively. Cells with atypical morphology (rounded, shrunken, and with fewer processes) were quantified (Morphology). One-way ANOVA P=0.0128 (n=
4) with Bonferroni post hoc test indicated. *, P < 0.05; **, P < 0.01. Values are means + SEM.
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manner. The frequency of the mutant allele was taken as 0.0001. Simple counting
estimates were used to determine marker allele frequencies from at least 52
individuals. A total of 33 microsatellite markers spanning 104.37 ¢cM were used
to fine map the linked region on chromosome 12. Simulation calculations by
using SIMLINK version 4.12 were used to demonstrate the statistical power of
the family to detect genetic linkage. Multipoint parametric and nonparametric
linkage (NPL) analysis of the fine-mapped region was conducted by using
MERLIN (see S/ Text for additional details). NPL linkage analysis used all of the
affected individuals including the obligate carrier (3.3, 4.1, 4.2, and 3.7), unaf-
fected individuals >63 years (2.7, 3.4, and 3.5), unaffected spouses (3.6 and 3.9),
and 6 at risk. A reduced pedigree was used for the parametric linkage analysis
with one less at risk individual.

Mutation Analyses. See S/ Text for additional details.

DAO Enzyme Activity of Human Spinal Cord, Human Motor Cortex, and Rat
Spinal Cord. Tissue was homogenized in 0.02 M sodium pyrophosphate pH 8.3
containing 1.4 x 10~ M FAD, centrifuged for 1 min at 4 °C and supernatant
was removed for DAO enzyme assay determination by using a peroxidase
coupled system modified from Nagata et al. (28). One enzyme unit is defined
as the amount of enzyme required to oxidize one micromole of D-serine per
min at 37 °C and pH 8.3 (see S/ Text for additional details).

DAO Constructs and Lentiviral Vectors. See S/ Text for additional details (29, 30).
Cell Culture of COS-7 and NSC-34 Cells. See S/ Text for additional details.

Tissue Immunohistochemistry. See S/ Text for additional details.
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Motor Neuron and Motor Neuron-Astrocyte Cocultures. See S/ Text for addi-
tional details (31).

Immunostaining and TUNEL assay of Primary Cultures. See S/ Text for
additional details.

Western Blotting and Immunoprecipitation. See S/ Text for additional details.

DAO enzyme activity in cell lysates. Enzyme activity was determined by using
transfected COS-7 cell lysates, and the protocol was developed by Gabler et al.
(32) by using D-proline as substrate (see S/ Text for additional details).

Statistical Analysis. Cell culture data (mean + SEM) was tested for normality
before analysis. Statistical differences between groups were established by
using one-way ANOVA followed by the Bonferroni post hoc test. In all cases
differences were considered significant if P < 0.05.
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