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Activation of methionine synthase by insulin-like growth
factor-1 and dopamine: a target for neurodevelopmental

toxins and thimerosal
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Methylation events play a critical role in the ability of growth factors to promote normal
development. Neurodevelopmental toxins, such as ethanol and heavy metals, interrupt growth
factor signaling, raising the possibility that they might exert adverse effects on methylation.
We found that insulin-like growth factor-1 (IGF-1)- and dopamine-stimulated methionine
synthase (MS) activity and folate-dependent methylation of phospholipids in SH-SY5Y human
neuroblastoma cells, via a PI3-kinase- and MAP-kinase-dependent mechanism. The stimula-
tion of this pathway increased DNA methylation, while its inhibition increased methylation-
sensitive gene expression. Ethanol potently interfered with IGF-1 activation of MS and blocked
its effect on DNA methylation, whereas it did not inhibit the effects of dopamine. Metal ions
potently affected IGF-1 and dopamine-stimulated MS activity, as well as folate-dependent
phospholipid methylation: Cu®>* promoted enzyme activity and methylation, while Cu*, Pb**,
Hg?* and AI** were inhibitory. The ethylmercury-containing preservative thimerosal inhibited
both IGF-1- and dopamine-stimulated methylation with an IC5, of 1nM and eliminated MS
activity. Our findings outline a novel growth factor signaling pathway that regulates MS activity
and thereby modulates methylation reactions, including DNA methylation. The potent
inhibition of this pathway by ethanol, lead, mercury, aluminum and thimerosal suggests that
it may be an important target of neurodevelopmental toxins.

Molecular Psychiatry advance online publication, 27 January 2004; doi:10.1038/sj.mp.4001476

Keywords: autism; attention deficit hyperactivity disorder; P13-kinase; D4 dopamine receptor;
DNA methylation; phospholipid methylation; lead; mercury

Introduction

Developmental disorders include a spectrum of
neurological conditions characterized by deficits in
attention, cognition and learning, frequently accom-
panied by abnormal behaviors. Severe deficits may be
recognized at birth, but a failure to achieve standard
milestones during initial years of life remains the
primary basis of diagnosis in most cases. While
the underlying cause(s) remains obscure for many
developmental disorders, metabolic abnorma-
lities involving purine synthesis (eg Lesch—Nyhan
Syndrome and adenylsuccinate lyase deficiency)'?
or impaired methylation-dependent gene silencing
and/or imprinting (Rett and Fragile-X syndromes)®*
suggest biochemical mechanisms that may be in-
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volved. The development disorders can also be
caused by exposure to toxins (eg ethanol, in
fetal alcohol syndrome; heavy metals, in lead
poisoning),”® although the precise mechanisms un-
derlying their toxicity are not known. The recent
increase in the incidence of autism has led to
the speculation that environmental exposures includ-
ing vaccine additives (ie aluminum and the ethylmer-
cury-containing preservative thimerosal) might
contribute to the triggering of this developmental
disorder.”

Normal development is closely related to cellular
differentiation, and growth factor-initiated signaling
promotes differentiation of pluripotent cells.?
Furthermore, altered patterns of DNA methylation
and associated gene silencing underlie phenotypic
differences between undifferentiated and differen-
tiated cells.® Together, these observations suggest
that growth factors promote cellular differentiation
by producing effects on DNA methylation. This
suggestion is reinforced by the observation that
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blocking methylation interferes with growth factor
response.'>!!

Methylation reactions, including DNA methylation,
are generally controlled by the ratio of the methyl
donor S-adenosylmethionine (SAM) to its demethy-
lated product S-adenosylhomocysteine (SAH), since
SAH retains considerable affinity for methyltransfer-
ase enzymes.'>'® Methionine synthase (MS) exerts an
important influence on the [SAM] to [SAH] ratio by
efficiently converting homocysteine to methionine,
using 5-methyltetrahydrofolate as the methyl donor.
This prohibits the reversion of homocysteine to SAH,
which is otherwise thermodynamically favored.'* In
some tissues, but not the brain, homocysteine can also
be converted to methionine by a betaine-dependent
methyltransferase. Thus methylation reactions in the
brain are highly dependent on MS activity.

In addition to the methylation of homocysteine, MS
is also essential for folate-dependent methylation of
membrane phospholipids carried out by the D4
dopamine receptor.”>” Dopamine activation of the
D4 receptor initiates a four-step cycle of phospholipid
methylation (PLM) in which the side chain of a
methionine residue in the receptor is adenosylated,
enabling transfer of its methyl group to the head
group of an adjacent phospholipid. Following the
removal of the adenosyl group by SAH hydrolase, MS
provides a new, folate-derived methyl group to the
side chain, thereby supporting dopamine-stimulated
PLM. In light of studies linking attention-deficit
hyperactivity disorder (ADHD) to genetic variants of
the D4 receptor found only in primates,'® we have
proposed that dopamine-stimulated PLM might play
an important role in attention and in attention-
initiated learning."®

In the current study, we investigated the ability of
dopamine and insulin-like growth factor-1 (IGF-1) to
regulate MS activity and folate-dependent PLM in
SH-SY5Y human neuroblastoma cells, and found that
they stimulated activity via a PI3-kinase- and MAP-
kinase-dependent signaling pathway. Furthermore,
we examined the ability of several neurodevelop-
mental toxins to interfere with this novel mode of
regulation. Their potent inhibitory effects raise the
possibility that impaired MS activity may contribute
to developmental disorders and to disorders of
attention.

Materials and methods

Phospholipid methylation

SH-SY5Y cells were grown in six-well plates in «-
MEM supplemented with 10% FBS and 1% penicil-
lin/streptomycin/fungizone. After a wash with Hank’s
balanced salt solution, cells were incubated for
30min in 600 ul of Hank’s solution containing 1 uCi/ml
[**Clformate (or [*H-methyllmethionine), in the pre-
sence of IGF-1 or dopamine. Drugs or metal salts were
added 30min prior to the period of radiolabeling. The
reaction was terminated by an initial wash with ice-
cold unlabeled Hank’s solution followed by 500 ul
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ice-cold 10% TCA. After scraping, cells were soni-
cated and an aliquot was removed for protein assay.
Following centrifugation, the pellet was dispersed in
1.5ml of 2N HCI/MeOH/CHCI, (1: 3:6), vortexed and
allowed to separate. The lower CHCl; layer was
washed twice with 400 ul of 0.1 N KCI in 50% MeOH
and an aliquot counted for radioactivity after evapora-
tion.

MS activity

SH-SY5Y cells were scraped, pelleted and frozen at
—80°C prior to assay for MS activity. Approximately
10® cells were resuspended in 1ml of 100mM
phosphate buffer (pH 7.4) containing 0.25M sucrose.
Cells were disrupted by sonication on ice and the
homogenate centrifuged at 4°C. Assays were per-
formed under anaerobic conditions, as described
previously.?® The reaction mixture contained
100mM potassium phosphate, pH 7.2, 500 uM homo-
cysteine, 152 uM SAM, 2 mM titanium citrate, 250 uM
(6R,S)-5-"*CH;-H,folate and enzyme in a final volume
of 1ml. The reaction was initiated by the addition of
CH,-H.,folate, incubated for 60min at 37°C and
terminated by heating at 98°C for 2 min. Radiolabeled
methionine was separated on a Dowex 1-X8 column,
which was eluted with 2ml of water. Control assays,
in which sample enzyme was omitted, served as
blanks.

[**C] Formate Autoradiography

SH-SY5Y cells in six-well plates were incubated with
Hank’s solution containing [**C] formate (5 4Ci/ml) for
30min and the reaction terminated by the addition of
1ml of ice-cold lysis buffer. After scrapping, the
lysate was centrifuged at 30 000 x g for 30 min and the
pellet resuspended in 1ml of PBS after which an
aliquot was dissolved in sample buffer and separated
by SDS-PAGE. A blot containing [**C]-labeled mem-
brane proteins was subsequently analyzed by phos-
phorimaging.

Global DNA methylation

As described previously*’ DNA was extracted from
cultured cell pellets using a phenol:chloroform:i-
soamyl alcohol protocol. DNA (1 ug) was enzymati-
cally hydrolyzed by sequential digestion with
nuclease P1, venom phosphodiesterase I and alkaline
phosphatase, and 20 pl of the digest was injected onto
a reversed-phase analytical HPLC column (Suplex
pKb 100). Isocratic elution was carried out with a
mobile phase of ammonium acetate (7 mM; pH=6.7)
and methanol (5% v/v) in water. For mass spectro-
metry, stable isotopes 15N3 2’-deoxycytidine and
methyl-D3, ring-6-D1 5-methyl-2’-deoxycytidine were
used as internal standards. Ions of m/z 126 and 130
were used to detect 5-methyl-2’-deoxycytidine and its
isotopomer, and ions of m/z 112 and 115 were used to
detect 2’-deoxycytidine and its stable isotope, respec-
tively. DNA methylation status was computed as the
amount of 5-methylcytidine/ug DNA.



Methylation-sensitive PCR

MDA-MB-231, MDA-MB-435 and MCF-7 cells
(1.5 x 10°) were plated onto 10 cm dishes and allowed
to attach overnight prior to treatment with wortman-
nin or LY 294002 for either 16 h or 30h. Cells were
then scraped, divided into two aliquots and pelleted.
One pellet was extracted with TRI REAGENT, to
isolate RNA (for RT-PCR), and the other was lysed in
500 ¢l TNES (10mM Tris pH 8, 150 mM NaCl, 2mM
EDTA, 0.5% SDS), for DNA extraction (for methyla-
tion-sensitive PCR). RNA samples were reverse
transcribed by an initial reaction with dNTPs and
oligo-DT at 65°C followed by the addition of DTT,
RNase inhibitor and Superscript II at 42°C for 50 min
and subsequently 72°C for 15 min to yield cDNA. RT-
PCR was performed on the cyclin D2 gene using
primers 5-CATGGAGCTGCTGTGCCACGG (sense) and
5'-CCGACCTACCTCCAGCATCC (antisense) and, as a
control, the 36B4 primers 5-GATTGGCTACC-
CAACTGTTGCA (sense) and 5-CAGGGGCAGCAGC-
CACAAAGGC (antisense) as described previously.**
For methylation-sensitive PCR, samples in TNES
were incubated with proteinase K (20ul of 20mg/
ml) overnight at 55°C prior to DNA extraction and
resuspension in TE buffer. DNA samples were then
treated with sodium bisulfite and subsequently
extracted using a Wizard DNA cleanup kit, followed
by ethanol precipitation and resuspension in ddH,O.
Methylation-sensitive PCR studies were then per-
formed on cyclin D2 using primers specific for
methylated and unmethylated DNA. Products were
resolved on 2% agarose gels and visualized by
ethidium bromide staining.

Results

IGF-1 stimulates MS
MS utilizes 5-methyltetrahydrofolate as a required
cofactor, so it is possible to assess its activity in intact
cells by labeling the single-carbon folate pool with
[**Clformate and measuring the subsequent appear-
ance of label in methylated products (Figure 1). Using
this strategy, we evaluated the effect of IGF-1 on
folate-dependent PLM in SH-SY5Y human neuroblas-
toma cells. Exposure to IGF-1 produced a dose-
dependent increase in folate-dependent PLM with
an EC;,=0.4nM, but insulin and IGF-2 did not share
this activity (Figure 2a). However, when PLM was
measured using [*H-methyllmethionine, which by-
passes MS (Figure 1), IGF-1 had no effect, although
cycloleucine, an inhibitor of methionine adenosyla-
tion, reduced methylation (Figure 2b). This specifi-
city of IGF-1 for the stimulation of folate-dependent
PLM suggests an action at the level of MS. The
tyrosine kinase inhibitor genistein blocked IGF-1
stimulation of folate-dependent PLM (Figure 2c),
consistent with an essential role for receptor autopho-
sphorylation.

IGF-1 activates both PI3-kinase and MAP-kinase
signaling in SH-SY5Y cells.”® The selective PI3-kinase
inhibitors wortmannin and LY294002 caused dose-
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Figure 1 Folate-dependent and folate-independent PLM.
SAM provides methyl groups to numerous acceptors,
including phospholipids and DNA. Its methyl group
originates from either the folate pathway in the form of 5-
methyltetrahydrofolate (5-methylTHF), via MS-dependent
methylation of homocysteine (HCY) or from methionine
(MET). SAH, an inhibitor of methyl transfer reactions, is
reversibly hydrolyzed to homocysteine and adenosine. By
decreasing homocysteine levels, MS can promote methyla-
tion.

dependent decreases in the basal level of MS-
dependent PLM and blocked the IGF-1-induced
increase (Figure 2d). PD98059, a specific inhibitor of
MEK (MAP-kinase kinase), also inhibited the IGF-1-
induced increase of PLM (Figure 2e). In contrast,
inhibition of PI3-kinase or MAP-kinase pathways did
not affect folate-independent PLM, measured with
[*H-methyllmethionine (Figure 2f). Thus, both PI3-
kinase and MAP-kinase activities are required for the
IGF-1 stimulation of folate-dependent PLM.

To assess the influence of IGF-1 on MS, SH-SY5Y
cells were treated identically to PLM studies and
assayed for enzyme activity, measured as the conver-
sion of homocysteine to methionine. As shown in
Table 1, IGF-1 increased MS activity to 212% of the
basal level. Remarkably, wortmannin and PD98059
each not only blocked the IGF-1-induced increase but
also eliminated basal enzyme activity. These effects
are in close accord with PLM results and indicate a
critical role for PI3-kinase and MAP-kinase signaling
pathways in regulating MS.

Dopamine stimulates MS

Dopamine caused a dose-dependent increase of
folate-dependent PLM in SH-SY5Y cells with an
EC;, of 0.8 uM (Figure 3a). Similar to IGF-1, dopa-
mine-stimulated PLM was dependent on both PI3
kinase and MAP kinase, as indicated by the inhibitory
effects of wortmannin, LY294002 and PD98059
(Figures 3b and c).
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IGF-1 stimulates folate-dependent PLM. (a) Folate-dependent PLM, measured with [**Clformate, +IGF-1, IGF-2 or
insulin. (b) Folate-independent PLM, measured with [*H-methyllmethionine,

+IGF-1 (10nM) or the methionine

adenosyltransferase inhibitor cycloleucine (2mM). (c) Folate-dependent PLM+IGF-1 (10nM) or genistein (10 uM). (d)
Folate-dependent PLM + PI3-kinase inhibitors wortmannin and LY294002. (e) Folate-dependent PLM + the MEK inhibitor
PD98059. (f) Folate-independent PLM + wortmannin (1 uM) or LY294002 (1 uM).

To confirm direct D4 receptor involvement in
folate-dependent PLM, cells were labeled with
[*Clformate for 30 min and cell membrane proteins
were separated via SDS-PAGE and then transferred to
a blot for autoradiography. As shown in Figure 3d,
only a single 41 kDa protein, corresponding to the D4
receptor, was radiolabeled under these conditions.
Dopamine increased receptor labeling, while labeling
was reduced by clozapine, a D4 receptor antagonist,
and by cycloleucine, an inhibitor of methionine
adenosyltransferase. IGF-1 increased D4 receptor-
associated radiolabel, consistent with its activation
of MS, while wortmannin and PD98059 blocked both
dopamine- and IGF-1-stimulated labeling (Figure 3e).
Dopamine increased MS activity 2.5-fold and the
increase was blocked by wortmannin (Table 1). When
added in combination, dopamine and IGF-1 increased
MS activity 4.5-fold, indicative of separate but
additive mechanisms of PI3-kinase activation. Thus
IGF-1 and dopamine both regulate MS activity, and
IGF-1 promotes folate-dependent methylation of the
D4 dopamine receptor.
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Effects of ethanol

Ethanol inhibits PI3-kinase-dependent IGF-1 signal-
ing in SH-SY5Y cells,** and we evaluated its effect on
basal, IGF-1- and dopamine-stimulated, folate-depen-
dent PLM. Ethanol potently reduced folate-dependent
PLM activity, and at the highest concentration tested
(0.5% v/v), basal- and IGF-1-stimulated PLM were
reduced by 67 and 65%, respectively (Figure 4a). The
IG5, for the inhibition of folate-dependent PLM
(0.04% or 8.8mM) reflects one of the most highly
ethanol-sensitive responses reported to date. Conver-
sely, ethanol had no effect on folate-independent
PLM, measured with [*H-methyllmethionine, at con-
centrations up to 0.5% (Figure 4b). When combined
with wortmannin or LY294002, ethanol produced no
additional decrease in PLM (Figure 4c). In MS assays,
a 60min exposure to 0.1% ethanol reduced the
activity to an undetectable level and there was no
response to IGF-1 (Table 1). Thus, ethanol potently
interferes with the ability of the IGF-1/PI3-kinase
system to augment MS activity directed toward
homocysteine.



Table 1 MS activity in SH-SY5Y human neuroblastoma

cells

Treatment MS activity® (pmol/
min/mg)

Basal 29.1+2.7 (100%)

IGF-1 (10nM; 30 min)
Wortmannin (0.1 uM; 60min)
IGF-1 + wortmannin

Dopamine (10 pM; 30 min)
Dopamine + wortmannin
Dopamine + IGF-1

PD98059 (1 uM; 60 min)
IGF-1 +PD98059
Dopamine + PD98059

Ethanol (0.1%; 60 min)
IGF-1 + ethanol
Dopamine + ethanol

CuCl, (10 uM; 60 min)
IGF-1 + CuCl,
Dopamine + CuCl,

CuCl (10 uM; 60 min)
IGF-1+ CuCl
Dopamine + CuCl

HgCl, (10 uM; 60 min)
IGF-1 + HgCl,
Dopamine + HgCl,

PbNO; (10 uM; 60 min)
IGF-1 + PbNO,

61.94+2.6 (212%)
ND
ND

74.1+2.6 (254%)
ND
132.1+7.7 (454%)

37.0+3.4 (127%)
56.6+4.7 (194%)
71.2+5.8 (244%)

1.94+1.6 (7%)
33.143.5 (114%)
32.343.3 (111%)

ND
ND
ND

2.740.1 (9%)
26.4+0.1 (90%)

Dopamine + PbNO, 35.4+2.5 (122%)
Thimerosal (10 nM; 60 min) ND
IGF-1 + thimerosal ND
Dopamine + thimerosal ND

“Results are the mean +sem of replicate measurements from
two to four separate experiments. ND=no detectable
enzyme activity.

In contrast to its inhibition of basal- and IGF-1-
stimulated, folate-dependent PLM, ethanol did not
reduce dopamine-stimulated PLM, but instead caused
a modest increase (Figure 4d). Since dopamine-
stimulated PLM involves the methylation of the D4
receptor, not homocysteine, this implies that ethanol
impairs the methylation of homocysteine, but not the

N

v
Figure 3 D4 dopamine receptor-mediated, folate-depen-
dent PLM. (a) Dopamine-stimulated PLM measured with
[**Clformate. (b) Folate-dependent PLM +dopamine
(10 uM) + wortmannin and LY294002. (c) Folate-dependent
PLM +dopamine (10 uM)+PD98059. (d, e) Autoradiograms
of SH-SY5Y membrane proteins after a 30 min incubation
with [*Clformate. (d) Dopamine (DA) (10 uM), clozapine
(1uM), cycloleucine (2mM). (e) Wortmannin (1 M),
PD98059 (1 uM), dopamine (10 uM) and IGF-1 (10nM).
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methylation of the D4 receptor. Indeed, after exposure
to 0.1% ethanol, dopamine no longer stimulated
homocysteine methylation (Table 1). Ethanol there-
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fore diverts folate-derived methyl groups toward
D4R-mediated PLM, away from homocysteine
methylation.

Effects of metal ions and thimerosal

Heavy metal exposure during early development is
associated with impaired neurological and cognitive
function,**?® and Cu®* has been previously shown to
increase PI3-kinase activity.*® To evaluate a possible
effect of metal ions on MS-dependent PLM, SH-SY5Y
cells were incubated with Cu®**, Cu*, Hg>* and Pb**
at a concentration of 10 M for 30min prior to and
during [**Clformate labeling in the presence or
absence of IGF-1. As shown in Figure 5a, Cu®**
increased basal PLM while other metal ions had no
effect. All metals, with the exception of Cu®**,
inhibited the stimulatory action of IGF-1. Pretreat-
ment with penicillamine, which binds Cu®*, com-
pletely eliminated the IGF-1 response. None of the
metal ions affected PLM measured with [*H-methyl]-
methionine (Figure 5b), indicating their specificity for
MS-related methylation events. Cu* blocked radi-
olabeling of the D4 receptor, while Cu®** was without
effect (Figure 5g).

In dose-response studies, Hg** and Pb®** potently
inhibited IGF-1-stimulated, folate-dependent PLM
with IC;, values of 15 and 100nM, respectively
(Figure 5¢). Aluminum inhibited IGF-1-stimulated
PLM in a biphasic manner, with ICs, values of 0.1 and
200nM (Figure 5d). Against dopamine-stimulated
PLM, however, AI’* exhibited monophasic inhibition
with an ICs, of 150 nM.

Molecular Psychiatry

It has been suggested that increases in the inci-
dence of ADHD and autism might be linked to the
ethylmercury-containing  preservative  thimero-
sal,”***" a component of vaccines formulated in
multidose containers. Thimerosal potently inhibited
basal, IGF-1- and dopamine-stimulated, folate-depen-
dent PLM, with a threshold of approximately 10 pM
and an IC;, of 1nM (Figure 5e), and also blocked
folate-dependent radiolabeling of the D4R (Figure 5h).
Similar to metal ions, thimerosal had no effect on
folate-independent PLM (Figure 5b). When Cu**
(1 uM) was added, the extent of thimerosal inhibition
was reduced (Figure 5e), suggesting that heavy metals
compete with Cu®* in the PI3-kinase pathway leading
to MS activation.

Thimerosal is composed of ethylmercury bound to
thiosalicylate, a metal chelator that is similar in
structure to penicillamine. Thiosalicylate inhibited
IGF-1-stimulated, folate-dependent PLM, albeit with
500- to 100-fold lower potency than thimerosal, but
did not affect basal PLM (Figure 5f). This effect of
thiosalicylate was greatly reduced in the presence of
1M Cu**, suggesting that the chelation of Cu®** may
underlie its inhibitory effect.

Cu?* modestly increased MS activity and did not
interfere with stimulation by IGF-1 and dopamine
(Table 1). Cu* and Pb** reduced the basal activity by
more than 90%, but allowed nearly normal increases
by IGF-1 and dopamine. Thimerosal and Hg** each
reduced MS activity to an undetectable level and
completely blocked stimulatory effects of IGF-1 and
dopamine (Table 1). Based on these results, the
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Figure 5 Effects of heavy metal ions and thimerosal on PLM. (a) Folate-dependent PLM +IGF-1 (10 nM) in the presence of
CuCl,, CuCl, HgCl, or PbCl, (10 uM), or penicillamine (1 mM). *Significant increase from control (P<0.05); **Significant
decrease from IGF-1 only (P<0.01). (b) Folate-independent PLM +cycloleucine (2mM), CuCl,, CuCl, HgCl,, thimerosal
(10 uM). *Significant decrease from control (P<0.01). (c—f) Folate-dependent PLM in the presence of IGF-1 (10nM) or
dopamine (10 uM)+mercury, lead, aluminum, Cu®* (1uM), thimerosal or thiosalicylate. (g) Radiolabeling of the D4
dopamine receptor in the presence of dopamine (10 uM), IGF-1 (10 nM), CuCl (1 uM), CuCl, (1 uM). (h) Dopamine (10 uM),

thimerosal (10nM) and IGF-1 (10 nM).

inhibitory effects of metal ions and thimerosal on
folate-dependent PLM can be attributed to the
inhibition of MS activity.

DNA methylation

Since increased MS activity can lower the levels of
SAH, an inhibitor of methylation reactions, we
examined the influence of IGF-1 and dopamine on
global DNA methylation status. After a 6 h exposure,
IGF-1 increased global DNA methylation by 107%,
while dopamine caused an increase of 41% (Table 2).
Wortmannin caused a modest increase in DNA
methylation, and blocked IGF-1- and dopamine-

induced increases. Ethanol had no effect on its own
but, similar to wortmannin, blocked the ability of IGF-
1 to increase DNA methylation. In contrast, ethanol
did not block the stimulatory effect of dopamine.
Thus the ability of both IGF-1 and dopamine to
increase MS activity is associated with substantial
increases in DNA methylation, suggesting that PI3-
kinase signaling may alter gene expression via this
mechanism. Moreover, changes in DNA methylation
parallel the effects of these agents on folate-depen-
dent PLM.

To evaluate the ability of PI3 kinase to affect DNA
methylation and gene expression, we used methyla-
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Table 2 Global DNA methylation in SH-SY5Y cells

Global DNA
methylation®
(ng MeCyt/ug DNA)

Drug treatment

Control 1.38 (100%)
IGF-1 (0.1 nM)
Wortmannin (0.1 pM)
IGF-1 + wortmannin

2.87 (207%)
1.69 (123%)
1.23 (89%)

1.94 (140%)
1.39 (101%)

Dopamine (10 pM)
Dopamine + wortmannin

Ethanol (0.1% v/v)
IGF-1 + ethanol
Dopamine + ethanol

1.40 (102%)
0.91 (66%)
2.78 (201%)

“Each data point is the mean of replicate determinations
from duplicate samples.
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Figure 6 Methylation-specific PCR (MSP) and RT-PCR
analysis of cyclin D2 following wortmannin and LY 294002
treatment. Cells (MDA-MB-231 and MDA-MB-435) were
treated with 0-5 uM wortmannin (W) or LY 294002 (LY) for
16 h. The MSP analysis of cyclin D2 was performed using
primers specific for unmethylated (U) or methylated (M)
DNA amplification (a). RT-PCR was performed to detect
cyclin D2 expression and, as a control, the housekeeping
gene 36B4 (b). MDA-MB-435 cells were treated with 0-
10 uM of Wortmannin and LY-294002 for the longer time
period of 30h. MSP analysis (c) and RT-PCR (d) was then
performed as above on the cyclin D2 gene. WBC: white
blood cell control that is unmethylated and expresses cyclin
D2. Untreated MCF-7 cells are hemimethylated for cyclin
D2 (a).
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tion-sensitive PCR to determine the methylation
status of the cyclin D2 gene, which contains a
methylation-sensitive promoter.*>** As illustrated in
Figure 6a, a 16 h treatment with LY294002, but not
wortmannin, increased the proportion of demethy-
lated cyclin D2 promoter in the breast cancer-derived
MDA-MB-231 and MDA-MB-435 cell lines. RT-PCR
showed that both wortmannin and LY294002 in-
creased gene expression in MDA-MB-435 cells (Fig-
ure 6b). After a 30h incubation, wortmannin and
LY294002 both caused demethylation of the cyclin D2
promoter in MDA-MB-435 cells, along with an
increase in transcription (Figures 6¢ and d). This
confirms the ability of PI3 kinase to regulate DNA
methylation and gene expression in a non-neural cell
line.

Discussion

MS links the single-carbon folate pathway to the
methionine cycle, and is a potentially important site
for metabolic control. Nonetheless, there have been
no prior reports of its regulation by extracellular
signaling pathways. Our studies demonstrate the
ability of IGF-1 and dopamine to increase MS activity
via a mechanism that requires the activity of both PI3-
kinase and MAP-kinase pathways. MS activity is a
major determinant of both homocysteine and SAH
levels, and the efficiency of methylation reactions is
governed by the [SAM] to [SAH] ratio.'®'® These
relationships imply that growth factors, by increasing
PI3- and MAP-kinase activity, can facilitate trans-
methylation reactions, via activation of MS. Conver-
sely, agents interfering with this mechanism will
impair methylation.

Our studies also provide evidence that ethanol,
heavy metals and the vaccine preservative thimerosal
potently interfere with MS activation and impair
folate-dependent methylation. Since each of these
agents has been linked to developmental disorders,
our findings suggest that impaired methylation,
particularly impaired DNA methylation in response
to growth factors, may be an important molecular
mechanism leading to developmental disorders.

DNA methylation is a crucial regulator of gene
expression that has been linked to several develop-
mental disorders. The majority of Rett syndrome
cases are caused by MeCp2 mutations that interfere
with MeCP2 to binding to methylated CpG sites in the
genome.” As a consequence, the protein complex
necessary for histone modification and gene silencing
fails to form, leading to dysregulated gene expression.
Fragile-X syndrome is associated with localized
hypermethylation of unstable CGG repeats at fragile
sites on the X-chromosome (Xq27.3).* Impaired MS
activity could therefore contribute to developmental
disorders via altered patterns of DNA methylation.

Growth factors (eg nerve growth factor, brain-
derived neurotrophic factor and IGF-1) promote
development of the neuronal phenotype and support
the function and survival of differentiated nerves.**-3¢



The capacity to activate simultaneously both PI3-
kinase and MAP-kinase pathways is a feature of many
growth factors.®”~*° Blocking the methionine cycle (eg
with inhibitors of SAH hydrolase) interferes with
neurotrophic responses,'®'! indicating an essential
role for methylation in growth factor action. Since
differences in cellular phenotype reflect varied
patterns of methylation-dependent gene silencing, it
is reasonable to hypothesize that growth factors might
directly or indirectly modulate genomic methylation
status during development.

IGF-1 exerts trophic and antiapoptotic effects on a
wide variety of cell types, and its involvement in
brain development is well documented.***' In addi-
tion to its neurotrophic action, IGF-1 promotes
differentiation and survival of myelin-producing
oligodendrocytes,* an action in which divalent
copper plays an integral role. Thus the chelation of
copper causes demyelination and an upregulation of
IGF-1.*® Vitamin B12 deficiency** and chronic nitrous
oxide exposure,*® both of which impair MS, also
cause demyelination. We found that Cu®* promotes
MS activity (Table 1) and protects against the
inhibitory effects of other metals (Figure 5e), while
Cu?* chelation has an opposite effect (Figures 5a and
f). Thus oligodendrocytes provide a specific example
of how IGF-1, metal ions and methylation can
combine to affect cellular differentiation and brain
development.

During postnatal development, myelination is
critical for the specification of fixed connections
between brain regions (ie hard-wiring), and there
have been a number of reports of abnormal white
matter (ie myelination) in autism.**~** Neurodevelop-
mental insults affecting myelination could lead to
abnormal neural connections, resulting in the en-
hancement of certain relationships, but deficiencies
in others, as is frequently observed in autism.
Reduced IGF-1 levels have been reported in autism,*’
which may also contribute to impaired myelination.

Fetal ethanol exposure, consequent to maternal
alcohol use, leads to the complex disorder known as
fetal alcohol syndrome.® In humans and animal
models, IGF-1 levels are reduced after fetal ethanol
exposure, and the decrease is sustained through
postnatal development.®>*" Ethanol increases homo-
cysteine levels in animals and man,**®® in association
with impaired MS activity.** Ethanol potently inhibits
basal- and IGF-1-stimulated MS activity (Table 1),
reduces folate-dependent methylation (Figure 3a),
and blocks the ability of IGF-1 to increase DNA
methylation (Table 2). The ICs, for ethanol inhibition
of methylation (8 mM) corresponds to blood levels
produced by only one or two drinks, indicating a
potential for adverse effects on methylation events
from only moderate drinking. In a related finding,
IGF-1 has been shown to promote recovery from
carbon tetrachloride-induced cirrhosis, by increasing
DNA methylation and normalizing gene expression.*®

As illustrated in Figure 7, MS has two substrates,
homocysteine and the dopamine D4 receptor in its
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Figure 7 IGF-1 and dopamine regulate MS. Formate
provides carbon atoms to the folate pathway that are used
for purine and thymidine synthesis or are irreversibly
reduced by 5,10-methylenetetrahydrofolate reductase
(MTHFR) to 5-methylTHF. MS utilizes 5-methylTHF for
the methylation of homocysteine (HCY; right) and the D4
dopamine receptor during dopamine-stimulated PLM (D4R;
left). D4R-mediated PLM requires the active receptor
conformation (indicated by *) and is promoted or inhibited
by receptor agonists or antagonists, respectively. IGF-1 and
dopamine augment MS activity via a PI3-kinase- and MAP
kinase-dependent mechanism, increasing methionine
synthesis and lowering SAH levels. Cu** promotes MS
activity, while Pb**, Hg®*, AlI’*, Cu* and thimerosal
reduce activity. ATP-dependent adenosylation of methio-
nine by methionine adenosyltransferase (MAT) forms SAM,
the universal methyl donor for many reactions, including
DNA methylation. SAH hydrolase reversibly catalyzes
adenosine removal from SAH. Abnormalities involving
purine synthesis (eg ASL mutations) or adenosine metabo-
lism (increased 5’-nucleotidase (5'-Ntase) or decreased
adenosine deaminase (ADA) activity) can adversely affect
the capacity for methylation and thereby synergize with
reduced MS activity.

homocysteine state. Dopamine-stimulated PLM, mea-
sured with [*C]formate, reflects D4 receptor-directed
MS activity and ethanol increases dopamine-stimu-
lated PLM (Figure 4d), in contrast to its inhibition of
homocysteine-directed MS activity (Table 1). These
results indicate that ethanol promotes the ability of
MS to utilize the D4 receptor as a substrate, while
simultaneously decreasing homocysteine methyla-
tion.

Dopamine increases MS activity and folate-depen-
dent PLM in SH-SY5Y cells via a mechanism
requiring both PI3-kinase and MAP-kinase activation
(Table 1, Figures 3b and c), and this increase will
promote the efficiency of the D4 receptor-mediated
PLM cycle. Although the functional role of dopamine-

O
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stimulated PLM is not fully understood, the incidence
of ADHD is linked to genetic variations within the D4
receptor gene,"® and it has been proposed that
dopamine-stimulated PLM plays a central role in
attention.’ Impairment of MS could therefore ad-
versely affect the capacity for attention and could
contribute to the risk of ADHD.

Lead exposure, particularly early in life, causes
growth retardation along with impairments in atten-
tion and cognitive development,® and government
guidelines establish blood concentrations exceeding
500nM as indicative of lead poisoning.°® An increase
in blood lead levels from 1 to 10 ug/dl (120—-1200 nM)
is associated with an IQ decrease of 7.4 points.?®
Since lead inhibits IGF-1-stimulated methylation
with an IG;, value of 100nM (Figure 5c¢), impaired
MS could contribute to developmental delay and
impaired cognition associated with lead poisoning.

Mercury exposure has been suggested as a possible
cause of autism’ and methylmercury is a well-
recognized neurotoxin.”” A blood mercury level of
29nM has been recommended by the Environmental
Protection Agency as a reference value for defining
toxic exposure.”® We found that inorganic mercury
inhibits IGF-1-stimulated methylation with an IC;, of
15nM (Figure 5c).

Aluminum salts are used as vaccine adjuvants,
based on their ability to improve dendritic cell
response to presented antigens. The aluminum con-
tent of vaccines varies from 0.125 to 0.85 mg/dose,
which would produce concentrations of approxi-
mately 0.7 to 4.5 uM, if uniformly distributed in the
body water of a 7kg infant. These concentrations
produce greater than 50% inhibition of both IGF-1-
and dopamine-stimulated methylation, raising the
possibility that aluminum concentrations produced
by vaccination might adversely affect methylation
events. In light of the importance of MS in regulating
DNA methylation®** and the central role of DNA
methylation in development,® we propose that metal
exposures, including lead, mercury and aluminum,
may contribute to developmental syndromes via their
inhibitory effects on signaling pathways that regulate
MS activity.

Thimerosal is an ethylmercury derivative of thio-
salicylate, widely used as a preservative to block the
growth of contaminating organisms in biological
products. It was included in most vaccines in the
US until 1999, when the FDA initiated a precau-
tionary program calling for ‘thimerosal-free’ vaccines.
Most, but not all, vaccines are now ‘thimerosal-free’,
meaning that they contain less than 0.5 ug thimerosal/
dose.®® Thimerosal inhibits IGF-1 and dopamine-
stimulated methylation with an ICs;, near 1nM,
(Figures 5e and f), indicating its potential for
disrupting normal growth factor control over methy-
lation. Thiosalicylate itself also inhibited methyla-
tion, presumably by chelating Cu®*, but was more
than 100-fold less potent than thimerosal (Figure 5f),
indicating that the ethylmercury in thimerosal is
responsible for its inhibitory effect. The presence of
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added Cu®*, however, significantly offsets thimero-
sal-induced inhibition, reflecting competition be-
tween promotional and inhibitory effects of metals
on the PI3-kinase MS pathway. Thus, the toxicity of
thimerosal in the body may depend upon the
concentrations of metal ions that provide either
additive toxicity or protective effects on PI3-kinase
signaling. Thimerosal has been reported to activate
apoptosis in lymphocytes®® and in cultured human
cortical neurons,®® consistent with the inhibition of
the PI3-kinase signaling pathway.

A single thimerosal-containing vaccination p
roduces acute ethylmercury blood levels of 10—
30nM,"** and blood samples in 2-month-old infants,
obtained 3-20 days after vaccination, contain
3.8-20.6 nM ethylmercury.®® Our studies therefore
indicate the potential for thimerosal to cause adverse
effects on MS activity at concentrations well below
the levels produced by individual thimerosal-contain-
ing vaccines.

If impaired MS activity does indeed contribute to
neurodevelopmental toxicity, limitations in other
pathways that support homocysteine methylation
could predispose individuals to higher risk. Since
SAH hydrolase is reversible, the concentration of
adenosine determines the probability that homocys-
teine will be reconverted to SAH (Figure 7). Adeno-
sine deaminase activity is reduced in autism,®® which
would lead to higher adenosine levels and enhanced
SAH formation. A polymorphism in the adenosine
deaminase gene, that gives rise to a lower activity
enzyme, is over-represented in autism.®”*® Adenosine
is formed by the action of 5-nucleotidase on AMP,
and Page et al’® found eight- to 10-fold higher 5'-
nucleotidase activity in association with an ‘autism-
like’ developmental disorder. Each of these autism-
associated metabolic abnormalities could synergize
with reduced MS activity to impair methylation.

Mutations in the adenylosuccinate lyase (ASL) gene
are a rare but penetrant cause of autism.”> Lower
enzyme activity blocks de novo purine synthesis in
conjunction with a massive buildup of preblock
intermediates that are ultimately excreted in the
urine. As illustrated in Figure 7, increased flux of
folate-derived single-carbon groups to purine synth-
esis restricts the availability of 5-methylTHF for MS.
Moreover, increased flux of single-carbon groups
toward de novo purine synthesis is common in
autism,”® as well as in Lesch—-Nyhan Syndrome,”
and this may increase sensitivity to neurodevelop-
mental toxins acting on MS.

A recent rise in autism incidence’ has triggered
concerns that an environmental factor might be
promoting developmental disorders. Attention has
been directed towards vaccines as a possible cause of
the rise, since there has been a significant increase in
the number of required vaccinations since the early
1980s.7?%? Depending on infant weight and vaccina-
tion schedule, the wvaccine-associated dosage of
ethylmercury during the initial 24 months of life
approached or exceeded federal guidelines for



methylmercury exposure.®* A recent analysis of data
from the Vaccine Adverse Event Reporting System,
maintained by the Centers for Disease Control, found
a significant correlation between the use of the
thimerosal-containing formulation (vs the thimero-
sal-free formulation) of the Diphtheria, Tetanus and
acellular Pertussis (DTaP) vaccine and autism.?* The
discovery of the PI3-kinase/MAP-kinase/MS pathway,
and its potent inhibition by developmental neurotox-
ins, including vaccine components thimerosal and
aluminum, provides a potential molecular explana-
tion for how increased use of vaccines could promote
an increase in the incidence of autism. The increased
incidence of ADHD, which preceded the more recent
rise in autism, could represent an alternative mani-
festation of vaccine-associated neurodevelopmental
toxicity, since the D4 dopamine receptor is linked to
ADHD" and its PLM function depends on MS."

There are important limitations to our findings. We
utilized a transformed cell line, and molecular events
in tumor-derived cells might not mirror those in
normal cells. SH-SY5Ycells are undifferentiated neu-
ronal precursor cells, so it remains unclear whether
growth factors and/or dopamine modulate MS activ-
ity and DNA methylation in fully differentiated cells.
On the other hand, undifferentiated cells may provide
a particularly appropriate model system for the study
of developmental disorders. It is obvious that bio-
chemical studies under cultured cells conditions do
not replicate the complex in vivo environment, in
terms of ambient metal ion concentrations, redox
conditions and other factors that could influence
methylation events. Further investigation of the in
vivo and in vitro effects of heavy metals on growth
factor-induced cellular differentiation is needed.
While our studies focused exclusively on MS- and
methylation-related events, we can speculate that
other PI3-kinase signaling pathways may also be
affected by metal ions.

In summary, IGF-1 and dopamine activate methio-
nine kinase in SH-SY5Y human neuroblastoma cells
via a PI3-kinase and MAP-kinase-dependent mechan-
ism, and the activation is associated with increased
DNA methylation. Several neurodevelopmental tox-
ins inhibit this newly recognized pathway with
remarkable potency, suggesting that their pathological
effects might result from interruption of growth
factor-initiated increases in DNA methylation and
normal epigenetic regulation of gene expression.
Further studies are needed to establish the functional
significance of regulated MS activity and to evaluate
the possibility that vaccine components (ie thimerosal
and aluminum) may have contributed to the risk of
autism, ADHD and other developmental disorders.

References

1 Sweetman L, Nyhan WL. Excretion of hypoxanthine and
xanthine in a genetic disease of purine metabolism. Nature 1967;
215: 859-860.

IGF-1 and dopamine regulate methionine synthase
M Waly et al

2 Stone RL, Aimi J, Barshop BA, Jaeken J, Van den Berghe G, Zalkin

H et al. A mutation in adenylosuccinate lyase associated with

mental retardation and autistic features. Nat Genet 1992; 1: 59—-63.

Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi

HY. Rett syndrome is caused by mutations in X-linked MECP2,

encoding methyl-CpG-binding protein 2. Nat Genet 1999; 23:

185-188.

4 Rousseau F, Heitz D, Mandel JL. The unstable and methylatable
mutations causing the fragile X syndrome. Hum Mutat 1992; 1:
91-96.

5 Olney JW, Wozniak DF, Farber NB, Jevtovic-Todorovic V, Bittigau
P, Ikonomidou C. The enigma of fetal alcohol neurotoxicity. Ann
Med 2002; 34: 109-119.

6 Lidsky TI, Schneider JS. Lead neurotoxicity in children: basic

mechanisms and clinical correlates. Brain 2003; 126: 5—-19.

Bernard S, Enayati A, Redwood L, Roger H, Binstock T. Autism:

a novel form of mercury poisoning. Med Hypotheses 2001; 56:

462—471.

8 Vaudry D, Stork PJ, Lazarovici P, Eiden LE. Signaling pathways for
PC12 cell differentiation: making the right connections. Science
2002; 296: 1648—-1649.

9 Ehrlich M. Expression of various genes is controlled by DNA
methylation during mammalian development. | Cell Biochem
2003; 88: 899-910.

10 Acheson A, Thoenen H. Both short- and long-term effects of nerve
growth factor on tyrosine hydroxylase in calf adrenal chromaffin
cells are blocked by S-adenosylhomocysteine hydrolase inhibitors.
J Neurochem 1987; 48: 1416—1424.

11 Cimato TR, Ettinger MJ, Zhou X, Aletta JM. Nerve growth
factor-specific regulation of protein methylation during
neuronal differentiation of PC12 cells. J Cell Biol 1997; 138:
1089-1103.

12 Cantoni GL. The role of S-adenosylhomocysteine in the biological
utilization of S-adenosylmethionine. Prog Clin Biol Res 1985; 198:
47-65.

13 Yi P, Melnyk S, Pogribna M, Pogribny IP, Hine RJ, James S]J.
Increase in plasma homocysteine associated with parallel in-
creases in plasma S-adenosylhomocysteine and lymphocyte DNA
hypomethylation. J Biol Chem 2000; 275: 29318-29323.

14 de la Haba G, Cantoni GL. The enzymatic synthesis of S-adenosyl-
L-homocysteine from adenosine and homocysteine. | Biol Chem
1959; 234: 603—-608.

15 Sharma A, Kramer ML, Wick PF, Liu D, Chari S, Shim S et al. D4
dopamine receptor-mediated phospholipid methylation and its
implications for mental illnesses such as schizophrenia. Mol
Psychiatry 1999; 4: 235-246.

16 Zhao R, Chen Y, Tan W, Waly M, Sharma A, Stover P et al.
Relationship between dopamine-stimulated phospholipid methy-
lation and the single-carbon folate pathway. ] Neurochem 2001; 78:
788-796.

17 Sharma A, Waly M, Deth RC. Protein kinase C regulates dopamine
D4 receptor-mediated phospholipid methylation. Eur J Pharmacol
2001; 427: 83-90.

18 LaHoste GJ, Swanson JM, Wigal SB, Glabe C, Wigal T, King N et al.
Dopamine D4 receptor gene polymorphism is associated with
attention deficit hyperactivity disorder. Mol Psychiatry 1996; 1:
121-124.

19 Deth RC. Molecular Origins of Human Attention. Kluwer Aca-
demic Publishers: Boston, 2003.

20 Banerjee R, Chen Z, Gulati S. Methionine synthase from pig liver.
Methods Enzymol 1997; 281: 189-196.

21 Friso S, Choi SW, Dolnikowski GG, Selhub J. A method to assess
genomic DNA methylation using high-performance liquid chro-
matography/electrospray ionization mass spectrometry. Anal
Chem 2002; 74: 4526—4531.

22 Evron E, Umbricht CB, Korz D, Raman V, Loeb DM, Niranjan B
et al. Loss of cyclin D2 expression in the majority of breast cancers
is associated with promoter hypermethylation. Cancer Res 2001;
61: 2782-2787.

23 Kurihara S, Hakuno F, Takahashi S. Insulin-like growth factor-I-
dependent signal transduction pathways leading to the induction
of cell growth and differentiation of human neuroblastoma cell
line SH-SY5Y: the roles of MAP kinase pathway and PI 3-kinase
pathway. Endocr ] 2000; 47: 739-751.

w

N

Molecular Psychiatry



IGF-1 and dopamine regulate methionine synthase
M Waly et al

“|@

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Seiler AE, Ross BN, Rubin R. Inhibition of insulin-like growth
factor-1 receptor and IRS-2 signaling by ethanol in SH-SY5Y
neuroblastoma cells. | Neurochem 2001; 76: 573-581.

Strong M]J, Garruto RM, Joshi JG, Mundy WR, Shafer T]. Can the
mechanisms of aluminum neurotoxicity be integrated into a
unified scheme? J Toxicol Environ Health 1996; 48: 599-613.
Mendola P, Selevan SG, Gutter S, Rice D. Environmental factors
associated with a spectrum of neurodevelopmental deficits. Ment
Retard Dev Disabil Res Rev 2002; 8: 188—-197.

Bellinger D, Dietrich KN. Low-level lead exposure and cognitive
function in children. Pediatr Ann 1994; 23: 600-605.

Canfield RL, Henderson Jr CR, Cory-Slechta DA, Cox C, Jusko TA,
Lanphear BP. Intellectual impairment in children with blood lead
concentrations below 10 microg per deciliter. N Engl ] Med 2003;
348: 1517-1526.

Ostrakhovitch EA, Lordnejad MR, Schliess F, Sies H, Klotz LO.
Copper ions strongly activate the phosphoinositide-3-kinase/Akt
pathway independent of the generation of reactive oxygen species.
Arch Biochem Biophys 2002; 397: 232-239.

Bernard S, Enayati A, Roger H, Binstock T, Redwood L. The role of
mercury in the pathogenesis of autism. Mol Psychiatry 2002; 7:
S542-43.

Geier MR, Geier DA. Thimerosal in childhood vaccines, neurode-
velopment disorders and heart disease in the United States. ] Am
Physicians Surg 2003; 8: 6—11.

Sinclair AJ, Palmero I, Holder A, Peters G, Farrell PJ. Expression of
cyclin D2 in Epstein—Barr virus-positive Burkitt’s lymphoma cell
lines is related to methylation status of the gene. J Virol 1995; 69:
1292-1295.

Evron E, Umbricht CB, Korz D, Raman V, Loeb DM, Niranjan B
et al. Loss of cyclin D2 expression in the majority of breast cancers
is associated with promoter hypermethylation. Cancer Res 2001;
61: 2782-2787.

Conover JC, Yancopoulos GD. Neurotrophin regulation of the
developing nervous system: analyses of knockout mice. Rev
Neurosci. 1997; 8: 13-27.

Arsenijevic Y, Weiss S, Schneider B, Aebischer P. Insulin-like
growth factor-I is necessary for neural stem cell proliferation and
demonstrates distinct actions of epidermal growth factor and
fibroblast growth factor-2. ] Neurosci 2001; 21: 7194-7202.

Riaz SS, Jauniaux E, Stern GM, Bradford HF. The controlled
conversion of human neural progenitor cells derived from foetal
ventral mesencephalon into dopaminergic neurons in vitro. Brain
Res Dev Brain Res 2002; 136: 27—34.

Jaboin J, Kim CJ, Kaplan DR, Thiele CJ. Brain-derived neurotrophic
factor activation of TrkB protects neuroblastoma cells from
chemotherapy-induced apoptosis via phosphatidylinositol 3'-
kinase pathway. Cancer Res 2002; 62: 6756—6763.

Zheng WH, Kar S, Quirion R. Insulin-like growth factor-1-induced
phosphorylation of transcription factor FKHRL1 is mediated by
phosphatidylinositol 3-kinase/Akt kinase and role of this pathway
in insulin-like growth factor-1-induced survival of cultured
hippocampal neurons. Mol Pharmacol 2002; 62: 225-233.

Nusser N, Gosmanova E, Zheng Y, Tigyi G. Nerve growth factor
signals through TrkA, phosphatidylinositol 3-kinase, and Rac1 to
inactivate RhoA during the initiation of neuronal differentiation of
PC12 cells. J Biol Chem 2002; 277: 35840-35846.

D’Ercole AJ, Ye P, O’Kusky JR. Mutant mouse models of insulin-
like growth factor actions in the central nervous system.
Neuropeptides 2002; 36: 209—220.

Ye P, Li L, Richards RG, DiAugustine RP, D’Ercole AJ. Myelination
is altered in insulin-like growth factor-I null mutant mice.
J Neurosci 2002; 22: 6041-6051.

Komoly S, Hudson LD, Webster HD, Bondy CA. Insulin-like
growth factor I gene expression is induced in astrocytes during
experimental demyelination. Proc Natl Acad Sci USA 1992; 89:
1894-1898.

Jurevics H, Largent C, Hostettler J, Sammond DW, Matsushima GK,
Kleindienst A et al. Alterations in metabolism and gene expres-
sion in brain regions during cuprizone-induced demyelination
and remyelination. /] Neurochem 2002; 82: 126—136.

Surtees R. Biochemical pathogenesis of subacute combined
degeneration of the spinal cord and brain. J Inherit Metab Dis
1993; 16: 762-770.

Molecular Psychiatry

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Scott JM, Dinn JJ, Wilson P, Weir DG. Pathogenesis of subacute
combined degeneration: a result of methyl group deficiency.
Lancet 1981; 2: 334-337.

Courchesne E, Karns CM, Davis HR, Ziccardi R, Carper RA, Tigue
ZD et al. Unusual brain growth patterns in early life in patients
with autistic disorder: an MRI study. Neurology 2001; 57: 245-254.
Carper RA, Moses P, Tigue ZD, Courchesne E. Cerebral lobes in
autism: early hyperplasia and abnormal age effects. Neuroimage
2002; 16: 1038—-10351.

Herbert MR, Ziegler DA, Deutsch CK, O’Brien LM, Lange N,
Bakardjiev A et al. Dissociations of cerebral cortex, subcortical and
cerebral white matter volumes in autistic boys. Brain 2003; 126:
1182-1192.

Vanhala R, Turpeinen U, Riikonen R. Low levels of insulin-like
growth factor-I in cerebrospinal fluid in children with autism. Dev
Med Child Neurol 2001; 43: 614—616.

Halmesmaki E, Valimaki M, Karonen SL, Ylikorkala O. Low
somatomedin C and high growth hormone levels in newborns
damaged by maternal alcohol abuse. Obstet Gynecol 1989; 74:
366-370.

Breese CR, D’Costa A, Ingram RL, Lenham J, Sonntag WE. Long-
term suppression of insulin-like growth factor-1 in rats after in
utero ethanol exposure: relationship to somatic growth. J Pharma-
col Exp Ther 1993; 264: 448—456.

Stickel F, Choi SW, Kim YI, Bagley PJ, Seitz HK, Russell RM et al.
Effect of chronic alcohol consumption on total plasma homo-
cysteine level in rats. Alcohol Clin Exp Res 2000; 24: 259-264.
Bleich S, Spilker K, Kurth C, Degner D, Quintela-Schneider M,
Javaheripour K et al. Oxidative stress and an altered methionine
metabolism in alcoholism. Neurosci Lett 2000; 293: 171-174.
Barak AJ, Beckenhauer HC, Tuma D], Badakhsh S. Effects of
prolonged ethanol feeding on methionine metabolism in rat liver.
Biochem Cell Biol 1987; 65: 230—233.

Mirpuri E, Garcia-Trevijano ER, Castilla-Cortazar I, Berasain C,
Quiroga J, Rodriguez-Ortigosa C et al. Altered liver gene expres-
sion in CCl4-cirrhotic rats is partially normalized by insulin-like
growth factor-1. Int | Biochem Cell Biol 2002; 34: 242-252.
Toxicological Profile for Lead. US Department of Health and
Human Services, P.H.S., Agency for Toxic Substances and Disease
Registry; Washington, DC, 1999.

Sanfeliu C, Sebastia ], Cristofol R, Rodriguez-Farre E. Neurotoxi-
city of organomercurial compounds. Neurotoxicol Res 2003; 5:
283-305.

Mercury Study Report to Congress: Volume I Environmental
Protection Agency, Washington DC, 1997.

Alonso-Aperte E, Ubeda N, Achon M, Perez-Miguelsanz J, Varela-
Moreiras G. Impaired methionine synthesis and hypomethylation
in rats exposed to valproate during gestation. Neurology 1999; 52:
750-756.

Paz MF, Avila S, Fraga MF, Pollan M, Capella G, Peinado MA et al.
Germ-line variants in methyl-group metabolism genes and
susceptibility to DNA methylation in normal tissues and human
primary tumors. Cancer Res 2002; 62: 4519-4524.

Immunization Safety Review: Thimerosal-containing Vaccines and
Neurodevelopmental Disorders. Stratton K, Gable A, McCormick
MC (Eds.), Institute of Medicine, Washington, DC, 2001 pp 51-54.
Makani S, Gollapudi S, Yel L, Chiplunkar S, Gupta S. Biochemical
and molecular basis of thimerosal-induced apoptosis in T cells: a
major role of mitochondrial pathway. Genes Immun 2002; 3: 270—
278.

Baskin DS, Ngo H, Didenko VV. Thimerosal induces DNA breaks,
caspase-3 activation, membrane damage, and cell death in
cultured human neurons and fibroblasts. Toxicol Sci 2003; 74:
361-368.

Stajich GV, Lopez GP, Harry SW, Sexson WR. Iatrogenic exposure
to mercury after hepatitis B vaccination in preterm infants.
J Pediatr 2000; 136: 679-681.

Pichichero ME, Cernichiari E, Lopreiato J, Treanor J. Mercury
concentrations and metabolism in infants receiving vaccines
containing thiomersal: a descriptive study. Lancet 2002; 360:
1737-1741.

Stubbs G, Litt M, Lis E, Jackson R, Voth W, Lindberg A, Litt R.
Adenosine deaminase activity decreased in autism. ] Am Acad
Child Psychiatry 1982; 21: 71-74.



67

68

69

Persico AM, Militerni R, Bravaccio C, Schneider C, Melmed R,
Trillo S et al. Adenosine deaminase alleles and autistic disorder:
case—control and family-based association studies. Am ] Med
Genet 2000; 96: 784-790.

Bottini N, De Luca D, Saccucci P, Fiumara A, Elia M, Porfirio MC
et al. Autism: evidence of association with adenosine deaminase
genetic polymorphism. Neurogenetics 2001; 3: 111-113.

Page T, Yu A, Fontanesi J, Nyhan WL. Developmental disorder
associated with increased cellular nucleotidase activity. Proc Natl
Acad Sci USA 1997; 94: 11601-11606.

IGF-1 and dopamine regulate methionine synthase @
M Waly et al

13

70 Page T, Coleman M. De novo purine synthesis is increased in the
fibroblasts of purine autism patients. Adv Exp Med Biol 1998; 431:
793-796.

71 Nyhan WL. The recognition of Lesch-Nyhan syndrome as an
inborn error of purine metabolism. J Inherit Metab Dis 1997; 20:
171-178.

72 Yeargin-Allsopp M, Rice C, Karapurkar T, Doernberg N, Boyle C,
Murphy C. Prevalence of autism in a US metropolitan area. JAMA
2003; 289: 49-55.

Molecular Psychiatry



