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Abstract

Lay Abstract—Autism is a complex developmental disability characterized by abnormalities in
spoken language, socialization and repetitive behaviors. In recent years, an increase in the number
of autism cases worldwide has been reported. Researchers have found evidence that autism is
caused by multiple genetic factors, and a number of potential risk genes have been identified.
Earlier we have found an increased frequency in subject with autism of a form of the enzyme
glyoxalase | (Glol) that has glutamic acid at position 111. By using lymphoblastoid and neuronal
cells in culture, we now present evidence that this form of Glo1 is reduced in function, and
consequently accumulates a toxic metabolite called methylglyoxal (MG). MG can form conjugates
with cellular proteins, thereby compromising their function. We propose that an increase in
conjugated proteins causes over-expression of receptors that bind these altered proteins, which in
turn can initiate cascades of potentially harmful events. These studies suggest that in a subset of
individuals with autism, the occurrence of the Glo1 polymorphism may precipitate changes in
cellular structure and function that support risk for autism.

Scientific Abstract—Autism is a pervasive, heterogeneous, neurodevelopmental disability
characterized by impairments in verbal communications, reciprocal social interactions, and
restricted repetitive stereotyped behaviors. Evidence suggests the involvement of multiple genetic
factors in the etiology of autism, and extensive genome-wide association studies have revealed
several candidate genes that bear single nucleotide polymorphisms (SNPs) in non-coding and
coding regions. We have shown that a non-conservative, non-synonymous SNP in the glyoxalase |
gene, GLOI, may be an autism susceptibility factor. The GLOI rs2736654 SNP is a C—A change
that causes an Alal11Glu change in the Glol enzyme. To identify the significance of the SNP, we
have conducted functional assays for Glo1. We now present evidence that the presence of the A-
allele at rs2736654 results in reduced enzyme activity. Glo1 activity is decreased in
lymphoblastoid cells that are homozygous for the A allele. The Glu-isoform of Glo1 in these cells
is hyperphosphorylated. Direct HPLC measurements of the glyoxalase | substrate, methylglyoxal
(MG), show an increase in MG in these cells. Western blot analysis revealed elevated levels of the
receptor for advanced glycation end products (RAGESs). We also show that MG is toxic to the
developing neuronal cells. We suggest that accumulation of MG results in the formation of AGEs,
which induce expression of the RAGE that during crucial neuronal development may be a factor
in the pathology of autism.
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Introduction

Autism (OMIM 209850) is a highly heterogeneous, neurodevelopmental disability
characterized by impairments in social interactions, deficits in verbal and non-verbal
communication, and stereotyped and repetitive patterns of behavior [Lord et al., 2000].
There is a wide variation in the symptoms and severity of autism, with about 30% of autism
subjects showing cognitive decline, and a significant proportion experiencing epileptic
seizure [Chakrabarti and Fombonne, 2005; Muhle et al., 2004; Tuchman and Rapin, 2002].
According to the most recent and comprehensive report from the Centers for Disease
Control and Prevention, the prevalence of autism spectrum disorder (ASD) in the general
population is 1 in 110 children [MMWR, 2009]. Evidence from concordance in twins and
family studies has pointed towards high heritability with no significant shared environmental
influences [Ronald et al., 2006]. High-density genotyping studies in a large number of
autism samples have so far implicated over 25 different genetic loci [Abrahams and
Geschwind, 2008]; the physiological significance of these loci and actual aberration remains
to be elucidated.

Pathological findings in autism subjects show increased brain weight, reduced maturation of
neurons in the limbic system of the forebrain, reduced Purkinje cells in the cerebellar cortex,
and smaller and lesser numbers of neurons in the fusiform gyrus [Courchesne et al., 2003;
Bauman and Kemper, 2005; van Kooten et al., 2008]. On the basis of these reports, the
pathology of autism is considered to be consistent with deficits in certain brain areas and in
specific cellular populations.

Using proteomics as an alternative approach to genome wide DNA analyses, we have earlier
shown that a non-conservative single nucleotide polymorphism (SNP) in the glyoxalase I,
(Glo1; lactoylglutathione lyase, EC 4.4.1.5) gene (GLOI) may be an autism susceptibility
factor [Junaid et al, 2004]. The GLOI rs2736654 SNP is a C—A change in exon 4 that
results in Alal11Glu in the mature protein. The GLOI rs2736654 SNP and the existence of
multiple isoforms of Glo1 were recognized and used earlier in determining allele
frequencies in the population [Thornalley, 1991]. Association studies of the involvement of
GLOI in autism have been controversial possibly due to variation in the allele frequency of
the rs2736654 SNP across populations. In a Finnish combined population comprising
individuals with ASD and Asperger syndrome, a weak linkage for the rs2736654 SNP was
found [Rehnstrom et al., 2008]. In the Han ethnic group of Chinese subjects, no significant
differences were found in the allelic and genotypic frequency distributions of C419A
between the autism and control groups [Wu et al., 2008]. In another study, a protective
effect of the A419 allele was reported for unaffected siblings of subjects with autism [Sacco
et al., 2007]. There are other reports of GLOI involvement in various psychiatric disorders
[Politi et al., 2006; Fujimoto et al., 2008]. On the basis of studies carried out in mice, GLO1
has been shown to be involved in anxiety and depression-like symptoms [Hovatta et al.,
2005; Kromer et al., 2005].

Glol, acting in the glycolytic pathway, is a cytosolic, ubiquitously expressed, zinc
metalloenzyme involved in scavenging toxic a-oxoaldehydes, such as methylglyoxal (MG)
that are formed during cellular metabolic reactions [Thornalley, 2003]. The Allen Brain
Atlas [http://human.brain-map.org/ish/human/brain/GLO1.html] shows high levels of Glo1
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expression in Purkinjie, hippocampal pyramidal, and dentate gyrus cells. MG reacts non-
enzymatically with reduced glutathione to form hemithioacetal, which is converted by Glo1
to S-D-lactoylglutathione. A second enzyme, glyoxalase I, catalyzes the conversion of S-D-
lactoylglutathione to lactate, regenerating the reduced glutathione. Dysfunction of the
glyoxalase system results in accumulation of the substrate, MG, which is highly reactive.
MG, in turn, reacts with proteins, carbohydrates, and nucleic acids, forming stable covalent
adducts called advanced glycation endproducts (AGES).

We are evaluating the biochemical basis of Alal11Glu change in the Glol1 sequence to link
the occurrence of particular polymorphisms with phenotypes. In the present study, we have
investigated the functional significance of the autism-associated SNP in lymphoblastoid cell
lines bearing different rs2736654 alleles. We now present evidence that point to a possible
conformational aberration in the Glo1 structure due to the SNP, which ultimately leads to
altered downstream mechanisms that may affect gene expression and may explain the
adverse effects associated with the SNP.

Experimental

Cell Culture

Lymphoblastoid cells for the study were obtained from the Autism Genetic Resource
Exchange, Los Angeles, CA. Fifteen different cell lines were used in the present study: each
of these cell lines has different alleles with respect to the rs2736654 SNP (Table I). Normal
human neural progenitor (NHNP) cells and maintenance and differentiation media were
purchased from Cambrex Bio Sciences, Walkersville, MD. Recombinant human brain—
derived neurotropic factor (BDNF) was purchased from R and D Systems, Minneapolis,
MN. Primary antibody for receptor for AGE (RAGE), a rabbit polyclonal, was purchased
from Santa Cruz Biotechnologies, Santa Cruz, CA, whereas the antibody for Glo1, a rabbit
polyclonal was a kind gift from Dr. Kenneth Tew, Medical University of South Carolina,
Charleston, SC. Secondary antibodies conjugated to Alexa Fluor 488 and Alexa Fluor 555
were from Molecular Probes (Invitrogen Corp, Carlsbad, CA), and secondary antibodies
conjugated to Cy3 were from Jackson ImmunoResearch (West Grove, PA). Other reagents
and chemicals are from various vendors.

Cells were grown in RPMI-1640 medium (GIBCO) supplemented with 15% heat-
inactivated fetal calf serum and the antibiotics penicillin (100 units/ml) and streptomycin
(100 pg/ml). Cells were grown and maintained at 37°C in a humidified incubator with 5%
CO> in air. In the 32P-labeling experiment, DMEM medium was used under similar
conditions. Prior to incubation of the label, cells were depleted of endogenous phosphate by
growing in phosphate-free media supplemented with dialyzed fetal calf serum.

Electrophoresis and Western blotting

Total cellular proteins (50 ug) were resolved by sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on a 10-20% gradient gel. After completion of
electrophoresis, the separated proteins were transferred onto nitrocellulose membrane filters
as described previously [Junaid et al., 2009]. After the non-specific sites were blocked with
2% BSA and 4% normal goat serum in PBST, appropriately diluted primary antibody in
blocking solution was incubated for either 2 h (for anti-RAGE) at room temperature or
overnight (for anti-Glol) at 4°C. Secondary antibody (anti-rabbit 1gG coupled to alkaline
phosphatase or horse radish, Sigma Chemical Co, St. Louis, MO) was used at a dilution of
1:1000 (alkaline phosphatese) or 1:2000 (horse radish peroxidase), and incubations were
done at room temperature for 1h [Chen et al., 2009]. Protein bands were visualized by the
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formation of insoluble formazan complex following incubation with the substrate, NBT/
BCIP, or by ECL detection using x-ray film.

Particulate and soluble extracts from lymphoblastoid cells were prepared by repeated freeze/
thaw cycles in 50 mM Tris.HCI buffer, pH 7.4, containing 10 ug/ml of leupeptin, pepstatin-
A, and PMSF. The extracts were resolved into particulate and soluble fractions following
centrifugation at 12,000 x g at 4°C, and stored frozen until further use. Protein
concentrations were measured by the Lowry method [1951].

Glyoxalase | Enzyme Assay

Glo1 activity was measured according to Kester and Norton [1975] with slight
modifications. The reaction mixture contained 14.4 mM MG, 0.72 mM reduced glutathione,
and 16 mM MgSOy in 100 mM imidazole buffer, pH 6.8. The reaction mixture was
preincubated at 22°C for 4 h to ensure non-enzymatic hemithioacetal formation before
adding cell extracts. The enzymatic production of S-lactoylglutathione (e = 3.37 mM™1
cm~1) was monitored at 240 nm in a spectrophotometer at 15-sec interval for 2 min. The
rate of change under these conditions is found to be linear. Each assay was done in triplicate
and averaged. Specific activity is expressed as umol S-lactoylglutathione formed/h/mg
protein.

Phosphorylation of Glol in Lymphoblastoid Cells

Radiolabeling of Glol in cultured lymphaoblastoid cells was done according to the protocol
of Wang et al. [1995] with slight modifications. Lymphoblastoid cells (approximately 1.0 x
107) were cultured in DMEM medium (20 ml) supplemented with 15% dialyzed fetal bovine
serum and the antibiotics penicillin (100 units/ml) and streptomycin (100 pg/ml). Cultures
were grown at 37°C in a humidified incubator with 5% CO, in air for 24 h, after which the
cells were washed free of phosphate medium and incubated for another 2 h in phosphate-
free medium. This was done to deplete the endogenous phosphate prior to radiolabeling.
Pulse labeling was initiated by adding 2 mCi [32P]orthophosphate (NEN) to the medium (1
ml), and incubation was continued for another 4 h. After radioactive tracer incubation, the
cells were washed three times with PBS, suspended in 150 pl lysis solution (50 mM Tris.Cl,
pH 7.4, 150 mM NacCl, 2.5% Triton X-100, 2.5% SDS, 1% mercaptoethanol, 5 mM EDTA,
1 mM sodium fluoride, 1 mM sodium vanadate, and 10ug each of leupeptin, pepstatin-A and
PMSF), and boiled for 4 min. The radiolabeled proteins were analyzed by autoradiography
and Western blotting, following resolution on a 10-20% gradient SDS-PAGE, and
transferred onto nitrocellulose membrane filter.

Methylglyoxal Assay

MG was measured according to the procedure described by Chaplen et al. [1996] with slight
modifications. The proteins in cell extracts were precipitated by adding perchloric acid to a
final concentration of 5 mM. The samples were incubated on ice for 10 min and then
centrifuged (12,000 x g, 10 min) to remove the PCA-precipitated material. The supernatant
was passed through a Spice C18 cartridge (Analtech, Newark, DE), primed by washing with
6 ml acetonitrile and then with 6 ml H,O. A total of 1.25 nmol of 5-methylquinoxaline (5-
MQ) was added as an internal standard to the samples in which MG was derivatized with
125 nmol of o-phenylenediamine (OPD) at 20°C for 3.5 to 4 h. Derivatives were
concentrated by passing through Spice C18 cartridges (prepared as described before) at a
rate of 1 ml/min. The cartridges were then washed with 2 ml H,O, followed by the elution of
the bound materials with 2 ml acetonitrile.

The quinoxaline derivatives of MG, namely, 2-methylquinoxaline (2-MQ) and the
quinoxaline internal standard (5-MQ) in the acetonitrile eluate, were measured by reversed-
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phase HPLC using a Shimadzu liquid chromatography system, equipped with variable
wavelength detector, and integrator. The reversed-phase analytical column, Microsorb-MV
C18 (0.46x10 cm, 3um, 100A), was used for separation (Varian, Walnut Creek, CA). The
isocratic mobile phase comprised 27% acetonitrile in 10 mM potassium dihydrogen
phosphate (pH 2.5). The running conditions were as follows: flow rate, 0.5 ml/min; detector
wavelength, 315 nm; and column temperature, 20°C. Duplicate injections of each sample
were made. Samples were calibrated by comparing with a 2-MQ standard. The retention
times of 2-MQ and 5-MQ under these conditions were 10.25 and 21.74 min, respectively.

Neuronal Cell Differentiation

NHNP cells received as cryopreserved neurospheres from primary cultures were grown as
described by the supplier. Briefly, the NHNP neurospheres (2.6 x 108 cells) were transferred
to 40 ml NPMM maintenance media in a T-75 flask (Falcon) for 24 h. Cells were
centrifuged at 100 x g for 5 min and resuspended gently in differentiation medium (NPDM)
at a density of 30,000 cells/0.5 ml followed by transferring 30,000 cells per well into Falcon
12-well culture vessels that had circular glass cover slips coated with mouse laminin. To
induce differentiation, the differentiation medium (NPDM) was supplemented with BDNF at
a final concentration of 25 ng/ml. MG was added at various concentrations (range 0-8 uM)
to the individual wells, and cells were allowed to differentiate for 2 weeks. Fresh NPDM
media containing BDNF and MG was replaced after every 3 days. At the end of 2 weeks,
cover slips were processed for immunocytochemistry and were stained with different
antibodies to identify cellular processes.

Immunofluorescence Microscopy

Results

Cells were fixed with methanol for 20 min at 4°C. Non-specific sites were blocked by
incubating with blocking solution (10% FCS in PBS) for 1 h. The cells were incubated first
with a monoclonal mouse antibody against nestin (1:100, Chemicon) for 45 min at 37°C and
then rinsed with blocking solution (2 x 10 min). The slide was then incubated with a rabbit
polyclonal antibody against Bl11 tubulin (1:1000, Covance) overnight at 4°C. After rinsing
with PBS (3 x 10 min), cells were incubated simultaneously with Alexa 488—conjugated
goat anti-mouse antibody and Alexa 594-conjugated goat anti-rabbit antibody (Molecular
Probes, Eugene, OR), each at a final dilution of 1:500 for 1 h at room temperature. Cells
were also treated with 50 pug/ml 4,6-diamidino-2-phenylindole (DAPI; Sigma) for 10 min.
The cover slips were mounted with Vectashield medium and viewed with a Nikon Eclipse
E600 laser scanning confocal microscope. All images of immunostained cells were taken
using a high-resolution digital camera.

In order to identify the functional consequences of the GLO1 rs2736654 SNP, Glol enzyme
activity was measured in extracts prepared from lymphoblastoid cells that are homozygous
for either A- (Glu-Glol) or C-alleles (Ala-Glol) at rs2736654 SNP. The Glo1-specific
activity in cells homozygous for A-allele is 32.75+ 4.74 umol h™1 mg™1 protein (Table I1).
In comparison, the Glol1-specific activity in cells homozygous for the C-allele is 41.23+ 5.62
umol h™2 mg™1 protein. The results show a subtle but statistically significant decrease
(unpaired t-test with Welch correction, P < 0.03) in Glo1 activity in lymphoblastoid cells in
which the Glu-isoform encoded by the homozygous A-allele at rs2736654 is present. Glol
activity in cells in an heterozygous condition was not statistically different from Glo1
activity in cells in either of the homozygous conditions. A more direct proof of altered Glo1
consequent to the rs2736654 polymorphism would be to show differences in the kinetic
properties of the two isoforms. We have tried to evaluate the kinetic properties of partially
purified Glo1 isoforms; however, our efforts were unsuccessful, mainly because the Glo1
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assay is not sensitive enough to allow measurements made at very dilute substrate
concentrations.

A reduction in Glol activity is expected to result in accumulation of the substrates for this
enzyme. Direct HPLC measurements of one of the Glo1 substrates, namely, MG showed
increased levels in cells expressing Glu-isoform (Table I11). MG was measured after
derivatization with OPD, which forms 2-methylquinoxaline, which was assayed by HPLC
using a reversed-phase separation system, with spectrophotometric detection. The entire
derivatization procedure was performed under acidic conditions to prevent the spontaneous
formation of MG from inter-conversion of endogenous glyceraldehydes-3-phosphate and
dihydroxyacetone phosphate. The concentration of MG in cells (1 x 107) expressing the Ala-
isoform of Glo1 was 10.13 + 2.72 pmol, whereas that in cells expressing the Glu-isoform of
Glol was 15.91 + 3.84 pmol, which is significantly higher (P < 0.03). The MG
concentration in cells in an heterozygous allelic condition was not significantly different
from that in cells in the two homozygous conditions.

Since the activity of Glol is reported to be modulated by phosphorylation/dephosphorylation
[van Herreweghe et al., 2002], we evaluated the status of Glo1 phosphorylation by
metabolic radiolabeling with 32P-labeled inorganic phosphate. Lymphoblastoid cells
expressing different isoforms of Glo1 were grown in DMEM media, depleted of endogenous
phosphate, and pulse-labeled with 32P-labeled inorganic phosphate. The protein extracts
from these cells were resolved by 10-20% gradient SDS-PAGE, followed by transfer onto
nitrocellulose membrane filter. The proteins on the membrane were probed with anti-Glo1 (a
generous gift from Dr. Kenneth Tew) and were subjected to autoradiography on an X-ray
film. The Western blot shows equal amounts of Glo1l in all three cell line extracts (Figure 1).
The same blot, upon autoradiography, shows that the Glu-isoform of Glo1 is
hyperphosphorylated when compared to the Ala-isoform. Cells that express both Glu- and
Ala-isoforms due to heterozygous allelic conditions have intermediate levels of 32P labeling.
The densities in the bands were quantified from digital images using NIH ImageJ software
(Table IV). These results demonstrate that Glo1 is hyperphosphorylated when the rs2736654
SNP is homozygous A-allele.

Reduced Glo1l activity is associated with an accumulation of AGE products in autism brain
[Junaid et al., 2004]. The accumulating AGE induces expression of the cell surface
membrane-bound receptor, RAGE, which binds AGE and other ligands [Tanaka et al.,
2000]. To extend our earlier observation, we have evaluated whether lymphoblastoid cells
expressing different Glol isoforms affect expression of the RAGE, thereby initiating a
downstream signaling cascade. The RAGE levels were analyzed in the lymphoblastoid cells
by Western blot analysis using a polyclonal RAGE antibody (Figure 2a, b). Upon SDS-
PAGE, the RAGE resolves into two bands of apparent molecular mass of 50 kDa and 48
kDa. Our results showed that cells expressing the Glu-isoform have the higher—molecular
mass form of the RAGE isoform expressed in these cells (Figure 2a). Three of four cell
liness expressing the Glu-isoform showed the additional isoform in the particulate fraction,
while only one of the four cell lines expressing the Ala-isoform showed evidence of this
isoform. The higher—-molecular mass RAGE had diminished expression in cells that harbors
the Ala-Glu isoform of Glol. Such a difference in RAGE expression was not observed in the
soluble form of the RAGE (Figure 2b).

NHNP cells, when grown on lamin-coated cover slips in the presence of BDNF, developed
neuronal processes. We used this system to evaluate the effect of exogenously added MG on
the development of neuronal processes in NHNP cells. NHNP cells were able to
differentiate in the presence of BDNF, as evidenced by BlII tubulin (a neuronal specific
protein) staining (Figure 3A, top panel). MG inhibited both the growth and the development
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of the neuronal cells in a concentration-dependent manner. The growth inhibition is
evidenced in the neurospheres themselves, as well as differentiated neuronal cells (Figure
3A-D), which establishes the strong toxicity associated with MG if it is not metabolized
rapidly.

Discussion

We had shown earlier that a significant proportion of individuals with autism are
homozygous for the A-allele at rs2736654 SNP in the GLO1 gene [Junaid et al., 2004]. In
the present study, we evaluated the functional consequences of the GLO1 rs2736654 SNP
and its significance in relation to autism pathophysiology. The SNP causes a
nonconservative Alal11Glu change in the mature protein that is a drastic change in the side-
chain structure in the primary sequence. Structure- and sequence-dependent eukaryotic
protein phosphorylation software NetPhos v 2.0 [Blom et al., 1999] showed an increased
probability of phosphorylation of Ser114 in Glol when the SNP causes an Alal11Glu
change. Indeed, the metabolic 32P-labeling experiment does confirm that the Glu-isoform of
Glol is hyperphosphorylated. Together, the presence of an acidic amino acid and
hyperphosphorylation is responsible for the acidic mobility of the Glo1 seen in autopsied
autism brain [Junaid et al., 2004].

The presence of A-allele at rs2736654 SNP encoding the Glu-isoform is responsible for the
reduced enzymatic activity of the Glo1. The lymphoblastoid cells expressing the Glu-
isoform have a slight but statistically significant reduction in the Glo1-specific activity in
comparison to the Ala-isoform. The presence of either alleles at rs2736654 did not cause
any change in the Glol protein levels. Thus, the reduction in enzyme activity of the Glo1
could arise as a result of both conformational change resulting from amino acid replacement
and hyperphosphorylation of a yet undetermined Ser/Thr residue. One of the regulatory
mechanisms of enzymatic activities is through phophorylation/dephosphorylation of specific
amino acid side chains. Although the phosphorylation of Glo1 has not been reported, as
many as four Ser/Thr phosphorylation sites have been predicted from the primary structure
[Ranganathan et al., 1993]. The real biological function of phosphorylated Glo1 is still
unknown, but there is evidence of its involvement in a pathway that leads to the formation of
MG-derived AGE. Van Herreweghe et al. [2002] have demonstrated that TNF induces
protein kinase A—mediated phosphorylation of Glo1 in the fibrosarcoma cell line. These
cells accumulate MG-derived AGEs. In our earlier report, we had demonstrated an
accumulation of AGE in autism brains [Junaid et al., 2004]. Thus, the Glu-isoform of Glo1,
by virtue of the presence of acidic Glu111 as well as hyperphorphorylation of a Ser/Thr,
possesses reduced enzymatic activity when compared to the Ala-isoform. As a result, the
cells are unable to metabolize MG completely. Consequently, MG levels increase in cells;
being a reactive metabolite, MG combines with side-chain residues of the amino acids in
proteins, resulting in the formation of covalent adducts, AGE. Moreover, Glo1 is a Zn2*-
containing enzyme that functions as a dimer. The zinc atoms are held by electrostatic forces
with acidic amino acid residues that also include GIu99, and functions in enediolate
intermediate formation and stabilization during catalysis [Ridderstrom et al., 1998]. This
residue is close to the Glul111 that is replaced by the SNP and may interfere with
electrostatic interactions with Zn2*. The 3D structure of Glo1 with Glu111 has shown that
the active Glol functions as a dimer with the two zinc atoms, two active sites, as well as two
glutathione-binding sites formed at the interface [Cameron et al., 1997]. The Glul11 in this
structure occurs at the interface of the two Glo1 molecules and close to the substrate cleft.
However, these studies have not shown direct interaction of Glu111 in Zn2* binding; any
chemical interactions that change the 3D structure or disrupt electrostatic bonds are expected
to affect enzyme activity.
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Normally, cells are able to withstand a 40-60% reduction in enzyme activities as shown in
parents of autosomal recessive disorders such as late-infantile neuronal ceroid lipofuscinosis
(LINCL) [Junaid et al., 1999; Junaid et al., 2000]. Whereas a homozygous allele condition
causes a debilitating fatal disorder in early childhood, in LINCL, heterozygous carriers
(parents and normal siblings) live a normal life without any pathological changes. Under
normal conditions, we believe that a reduction in Glo1 enzyme activity in a homozygous A-
allele condition may not be deleterious. However, in the presence of other aberrant
interacting genes that may number as many as 10-15 in autism [Pickles et al., 1995; Risch et
al., 1999], a reduction in Glo1 exacerbates an already challenged developing neuronal
system. High expression of Glo1 has been reported in the embryonic stages of life
[Amicarelli et al., 1998], pointing to its essential role during this phase of life. MG is
continuously formed during cellular metabolism of sugars, amino acids, and fatty acids [Ray
and Ray, 1983; Reichard Jr. et al., 1992; Lyles and Chambers, 1992] and must be detoxified
by the glyoxalase system. Experiments with developing neuronal processes from
neurospheres have shown that exogenously added MG is deleterious to developing neurons,
and such a situation in vivo may result in loss of neuronal connectivity. Aberrant neuronal
connectivity is an important aspect of autism brain pathology [Casanova et al., 2002;
Buxhoeveden et al., 2006; Monk et al., 2009]. Moreover, the higher expression of Glol in
Purkinjie cells reflects on its critical role in the detoxification of MG in these cells. The loss
of Purkinjie cells in autism pathology is the most consistent pathological finding thus far
[Bauman and Kemper, 2005]. Identification of factors leading to altered neuronal
development will provide insights into the molecular mechanisms.

Reduction in Glo1 activity beyond a threshold will accumulate MG and lead to the
formation of AGE that ultimately induces the RAGE-mediated downstream signaling
cascade. The deleterious effects of both MG and RAGE have been reported in the literature.
MG has been proposed as a neurodegenerative agent [Ahmed et al., 2003; Kuhla et al.,
2006], and was shown to induce oxidative stress—mediated cell apoptosis in neuronal culture
systems [Kikuchi et al., 1999; DiLoreto et al., 2004]. Our results from exogenously added
MG confirm this finding in developing neuronal cultures. In individuals with autism, the
levels of secretory RAGE were reported to be reduced, whereas those of its endogenous
ligands, S100A9 and HMGB1, were increased [Emanuele et al., 2010; Boso et al., 2006].
Over-activation of RAGE-mediated signaling has been reported to inhibit neurite outgrowth
[Rong et al., 2004]. Thus, a dysfunction of the Glol system can set in motion two different
effects on cell growth and differentiation mechanisms. Another possibility of a Glo1-
mediated effect is by the formation of AGE of certain crucial proteins. MG is a potent
protein-glycating agent, and this modification of protein is a sort of signal for protein
degradation [Thornalley, 1996]. AGE formation has been reported for several crucial
proteins involved in cell growth and differentiation [Sakamoto et al., 2002; Speer et al.,
2003]. AGEs are also formed in diabetes and uremia and are responsible for microvascular
dysfunction and atherosclerosis. The neurotoxicity of specific AGEs in cultured cortical
neuronal cells has been reported [Takeuchi et al., 2000]. More recently, loss of
triosephosphate isomerase function was shown to cause paralysis, mutation, and early death
in Drosophila [Gnerer et al., 2006]. Deficiency of this enzyme causes accumulation of MG,
leading to accumulation of AGEs, and causes neuromuscular degeneration [Ahmed et al.,
2003]. These AGE-modified proteins may themselves have compromised functions.
Because autism is an early developmental disorder, molecules that affect cell growth and
differentiation at the early neurogenesis stage can be possible sites of biological defects. It is
unclear to what degree exogenous MG addition mirrors the effects of endogenously
produced MG, given issues of dose comparison and enzyme compartmentalization.

Environmental and genetic factors are intimately related in the etiology of heterogeneous
disorders such as autism. It is unlikely that these disorders are caused by common mutations
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that drastically alter gene expression or protein function. Rather, complex disorders may be
a culmination of minor changes in gene expression and functions due to a number of
polymorphisms occurring concurrently. Polymorphisms that generally have a modest effect
individually can pose a high risk when present in high frequency in the population.
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Figure 1.

Western blot analysis and 32P labeling of different isoforms of Glo1 in lymphoblastoid cells
in culture. Equal amounts of proteins (50 ug) were resolved on a 10-20% gradient SDS-
PAGE and transferred onto a nitrocellulose membrane. The nitrocellulose membrane was
probed with anti-Glo1 (rabbit polyclonal) antibody (1) or by autoradiography on an X-ray
film (I1). The cell lines used and the corresponding genotype are indicated.
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Figure 2.

Western blot analysis for the RAGE in lymphaoblastoid cells expressing different isoforms of
the Glol. Equal amounts of proteins (50 pg) from particulate (a) and soluble (b) fractions
were resolved on a 10-20% gradient SDS-PAGE followed by transfer onto a nitrocellulose
membrane. The nitrocellulose membrane was probed with an anti-RAGE (rabbit polyclonal)
antibody, and the blot was also probed with actin as a loading control.
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Figure 3.

Effect of MG on developing neurons. NHNP cells were grown on lamin-coated cover slips
in the presence of BDNF. MG was added at the indicated concentrations and cells were
allowed to differentiate for two weeks, following which cells were fixed and stained with
primary antibodies for Bl tubulin (A), nestin (B), and DAPI (C). Panel (D) is a phase-
contrast image.

Autism Res. Author manuscript; available in PMC 2012 August 1.



1duasnue Joyiny vd-HIN

Barua et al. Page 16

Table 1

Immortalized Lymphoblastoid Cell Lines Used, Alleles with Respect to rs2736654 SNP and the
Corresponding Glo1 Isoforms Encoded

Cell line ID | Family code | rs2736654 allele | Glol isoform
HI 0963 AU 0469 CIA Ala/Glu11l
HI 0960 AU 0469 CIA Ala/Glulll
HI 0996 AU 0364 CIA Ala/Glu11l
HI 0556 AU 0453 CIA Ala/Glulll
HI 0557 AU 0453 CIA Ala/Glulll
HI 0961 AU 0469 CIC Alalll
HI 0648 AU 0419 C/C Alalll
HI 0872 AU 0110 CIC Alalll
HI 0955 AU 0180 C/C Alalll
HI 0964 AU 0364 CIC Alalll
HI 0150 AU 0203 A/A Glul1l
HI 0558 AU 0453 AIA Glulll
HI 0560 AU 0453 A/A Glul1l
HI 1004 AU 0545 AIA Glulll
HI 1028 AU 0467 AIA Glul1l
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Glol Enzyme Activity in the Lymphoblastoid Cell Lines Encoding Different Isoforms due to rs2736654 SNP

Table 2

Allele | Glol isoform | Activityl pmol hrt mg
cic Ala-Glol 4123 +5.62"
AA | Glu-Glol 32.75+4.74"
CIA Ala/Glu-Glol 37.52+4.57

1 . .
Values are mean + SD for n = 5 independent cell lines.

*
Means are statistically significant according to unpaired t-test with Welch correction applied (P < 0.03).
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Methylglyoxal Levels in Lymphoblastoid Cells Expressing Different Glo1-Isoforms

Table 3

Allele | Glol-isoform | Methylglyoxal concentration® pmol/107 cells
cic Ala-Glol 10.13+2.72°
AIA Glu-Glol 15.91+3.84"
CIA Ala/Glu 13.24 +3.04

1 . .
Values are mean + SD for n = 5 independent cell lines.

*
Means are statistically significant according to unpaired t-test with Welch correction applied (P < 0.03).
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Table 4

Relative Intensities of the Protein Bands from Western Blots and 32P Labeling
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wduosnue Joyiny vd-HIN

Relative band intensity1
Cell line ID | rs2736654 allele | Gloi staining | 32P labeling
HI 0963 CIA 13 (37) 11.3 (35)
HI 0961 cic 10 (29) 0.8 (3)
HI 0150 AA 12 (34) 19.9 (62)

The densities of the bands were quantified using the NIH ImageJ software from a standard curve using the Kodak stepladder for intensity

calibration. Numbers in parentheses represent percentage of the area.
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