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Abstract Numerous studies have demonstrated a link
between genetic markers on chromosome 13 and
schizophrenia, bipolar affective disorder, and other psy-
chiatric phenotypes. The G72/G30 genes (transcribed in
opposite directions) are located on chromosome 13q33, a
region demonstrating strong evidence for linkage with
various neuropsychiatric disorders. G72/G30 was identified
in 2002 as a schizophrenia susceptibility locus; however,
subsequent association studies did not reach consensus on
single SNPs within the locus. Simultaneously, a new vision
for the genetic architecture of psychiatric disorders sug-
gested that schizophrenia was a quantitative trait, therefore
ascribable to potentially hundreds of genes and subjected to
the vagaries of the environment. The main protein product
of G72 gene is named pLG72 or p-amino acid oxidase
activator DAOA (153 amino acids) and its function is still
debated. Functional analyses, also showing controversial
results, indicate that pLG72 contributes to N-methyl-p-as-
partate receptor modulation by affecting activity of the

P4 Loredano Pollegioni
loredano.pollegioni @uninsubria.it

Dipartimento di Biotecnologie e Scienze della Vita,
Universita degli studi dell’Insubria, via J. H. Dunant 3, 21100
Varese, Italy

The Protein Factory, Centro Interuniversitario di
Biotecnologie Proteiche, Universita degli studi dell'Insubria
and Politecnico di Milano, Milano, Italy

flavoprotein p-amino acid oxidase, the enzyme responsible
for degrading the neuromodulator p-serine. In this review
we, for the first time, summarize findings from molecular
genetic linkage and association studies concerning G72
gene, cellular and molecular studies on pLG72, and
investigations performed on G72/G30 transgenic mice.
This will help elucidate the role of psychosis susceptibility
genes, which will have a major impact on our under-
standing of disease pathophysiology and thus change
classification and treatment.
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Abbreviations
BAC Bacterial artificial chromosome

BOLD Blood oxygen level-dependent

CNS Central nervous system

CPZ Chlorpromazine

DAAO D-Amino acid oxidase

FA Fractional anisotropy

fMRI Functional magnetic resonance imaging

GWAS Genome-wide association studies

hDAAO Human p-amino acid oxidase

MRSB2 Mitochondrial methionine-R-sulfoxide
reductase B2

MTG Middle temporal gyrus

NLS N-Lauroylsarcosine

NMDAR  N-Methyl-p-aspartate type glutamate receptor

ORF Open-reading frames

PCP Phencyclidine

PPI Pre-pulse inhibition

SNP Single nucleotide polymorphism

ToM Theory of mind
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Introduction

In 2002, a case—control study of French-Canadian families
by single nucleotide polymorphisms (SNP) linkages, found
a link between schizophrenia and a 5-Mb region on the
long arm of chromosome 13, where the new genes G72 and
G30 were identified [1]. G72 encodes pLG72 (153 amino
acids), a rare case of primate-specific protein. The best-
known SNP in G72 rs2391191 (M15) induces Arg30Lys
substitution: this mutation has been correlated with the
decreased thickness of the brain cortex in schizophrenic
patients [2] and with poorer episodic memory function [3].
An association of polymorphisms in G72 with
schizophrenia could not be confirmed in a recent study,
however [4]. pLG72 was identified as an interacting partner
of the flavoenzyme p-amino acid oxidase (DAAQ), which
degrades D-serine [5, 6], a key endogenous coagonist of the
N-methyl-p-aspartate type glutamate receptor (NMDAR)
[7-9] which is critically involved in synaptic plasticity,
learning, memory, and excitotoxicity [10, 11]. Abnormal
variations in pLG72 levels might affect DAAO activity and
thus, by altering D-serine levels, NMDAR function at
synapsis (Fig. 1). Indeed, pLG72 is present in mitochon-
dria and thus was also reported to be responsible for
mitochondrial dysfunction and fragmentation [12].
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In this paper, we aim for the first time to summarize the
results of 15 years of investigations on the biological
function of pLG72 as obtained by a number of different
approaches.

G72 transcript and protein distribution

G72 represents a rare case of primate-specific gene which
encodes a protein characterized by a rapidly changing
structure during evolution [1]. No orthologs were identified
in rodents or other species and the deduced open-reading
frames (ORFs) in ape genomes differ from their human
counterparts.

In humans, the longest G72 ORF was detected at low
levels in the amygdala, caudate nucleus, spinal cord, brain,
and testis [1, 13]. However, the full-length pLG72 has
never been detected in these tissues. This could reflect a
complex splicing history: in 2003 Hattori and colleagues
[13] proposed that up to nine exons could be recognized in
the G72 gene, resulting in different proteins due to dif-
ferential splicing. Actually, current annotation of the gene
suggests a maximum of seven exons and three predicted
proteins (Fig. 2). The picture is still fuzzy indeed, also
because the only isoform identified endogenously
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Fig. 1 Proposed role of hDAAO-pLG72 interaction in the modula-
tion of p-serine availability at glutamatergic synapses [16]. b-Serine is
released by astrocytes, either from a cytosolic pool by a transporter, or
from a vesicular pool by a calcium-dependent mechanism. Once in
the synaptic cleft, p-serine binds to NMDAR concomitantly with
glutamate, activating the receptors at the membrane of postsynaptic
neurons [7-9]. In glial cells cytosolic hDAAO can interact with
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pLG72 on the mitochondrial outer membrane. pLG72 binding
negatively affects the amount of active hDAAO, thus preventing an
excessive degradation of p-serine. Under pathological conditions,
alterations in pLG72 expression levels would result in an overacti-
vation of hDAAO and a consequent decrease in D-serine cellular
concentration yielding an NMDAR hypofunctionality [16]
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Fig. 2 Gene structure and differential splicing of G72. The exon—
intron structure of the G72 gene (fop) and the mRNA products of
differential splicing (bottom). Ten different splicing products are
reported by ASPicDB [53], coding for six different protein isoforms.
We chose to present only the mRNA coding for the three protein

corresponds to the 153 amino acids protein (RefSeq
NM_172370) we discuss in this review.

Notably, upregulated levels of G72 gene transcription and
protein expression were detected in schizophrenic patients
compared to healthy controls [14] as well as higher pLG72
plasma content in affected individuals [15]. Further western
blot analyses and immunohistochemical studies revealed
that pLG72 is present in human prefrontal cortex, in primary
astrocytes [16], and in the membrane fraction (enriched in
mitochondria) from human amygdala and caudate nucleus
[12]. However, the presence of both G72 transcript and
pLG72 protein has repeatedly been questioned [17].

In the near future accumulating expression data from
tissue/primary cells [18] and individuals [19], as well as
resources allowing analysis across tissues and individuals
simultaneously, e.g., the Genome-Tissue Expression project,
GTEx [20, 21] will assist researchers on this subject.
Unfortunately, very few data on G72 gene expression is
currently available on the GTEx portal (at http://www.
gtexportal.org), due to the low number of samples processed.

pLG72 protein and its interaction with hDAAO
Recombinant expression

The untagged 18-kDa full-length pLG72 containing the
R30K substitution was initially expressed in a soluble

isoforms present in GenBank (accession nos. NP_758958.3,
NP_001155284.1 and NP_001155286.1). Out of these, isoform 1
(NP_758958.3) is the one corresponding to the full-length 153 amino
acids protein. Coding exons are in white, non-coding exons in grey.
PTC: predicted termination codon

form in E. coli cells (and COS-7 cells) [1]. Unexpectedly,
two products at 24 and 13.5 kDa were detected by
western blot analysis (consistently observed by using
different expression systems): the authors supposed they
arose from a particular secondary structure and from
proteolytic cleavage of the full-length protein,
respectively.

A dramatic increase in pLG72 production (>95 mg/L of
fermentation broth) was obtained by designing a synthetic
gene to optimize codon usage for E. coli expression [22].
Here, the recombinant R30K pLG72 was recovered from
the inclusion bodies by a refolding process using 0.5 % N-
lauroylsarcosine (NLS, an anionic detergent) at alkaline pH
and in the presence of a reducing agent, producing a sol-
uble pLG72 preparation with a >90 % purity and the
expected molecular mass. SDS-PAGE analysis of the
refolded recombinant pLG72 shows two bands with a
unique and identical N-terminal sequence (MLEKLM-
GADSL...), corresponding to the intact protein. Mass
spectroscopy analysis showed that both bands correspond
to the full-length sequence (18,079.4 Da), the heavier one
to a complex with one molecule of NLS. Indeed, two
tagged pLG72 variants carrying a 6xHis sequence at either
the N- or C-terminal were also expressed [22].

In our opinion, the quality of the recombinant pLG72
produced by employing different procedures can explain
the discrepancy observed in functional experiments (see
below).
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Biochemical properties

Presently no three-dimensional structure of pLG72 is
available. Near- and far-UV CD spectra of the refolded
pLG72 clearly demonstrate that it contains a high content
of a-helices and acquired the tertiary structure [22].
Notably, the absorbance spectrum of pLG72 is a useful
probe for protein conformation: an absorbance maximum
at <267 nm indicates alterations in protein fold, negatively
affecting its functional properties. The oligomerization
state of pLG72 strongly depends on the added detergent
concentration: in the absence of detergent, soluble pLG72
forms oligomers [1] while at an NLS concentration
>0.025 % refolded pLG72 is monodispersed [22].

Soluble pLG72 binds B-p-galactopyranoside residues [1]
and large, hydrophobic molecules such as FAD, FMN, and
riboflavin (K4 values of 25-65 uM), as well as chlorpro-
mazine (CPZ, K4 ~5 pM), an aliphatic phenothiazine
widely used as an antipsychotic drug to treat schizophrenia
[16, 22].

The hDAAO-pLG72 interaction

A nearly full-length clone of p-amino acid oxidase
(DAAO) was isolated from a human brain cDNA library
using a two-hybrid yeast system and G72 as bait [1]. The
ability of pLG72 to specifically interact with human
DAAO (hDAAO) was subsequently demonstrated using
purified recombinant proteins [16] by: (1) far western blot
analysis using both denaturing and native conditions; (2)
quantitative pull-down experiments; (3) spectroscopic
methods; and (4) size-exclusion chromatography. By the
latter, a complex of ~200 kDa containing two pLG72
monomers and two hDAAO homodimers
(2 x 18 kDa + 2 x 80 kDa) was produced. Surface plas-
mon resonance using the BIAcore technology yielded an
apparent Ky of 8.3 uM for the hDAAO-pLG72 complex.
Notably, pLG72 interacts with both the holoenzyme, active
hDAAO, and the apoprotein, inactive form of the enzyme:
recognition is strictly specific for the mammalian DAAO
[16].

Although there is common agreement that pLG72 and
hDAAO interact, the effect of the complex formation on
flavoenzyme functionality has long been debated, and two
opposite effects were reported.

(a) pLG72 acts as a DAAO activator. This assumption is
based on the data reported by Chumakov et al. [1]
who measured p-serine oxidation by porcine DAAO,
which significantly differs from the human counter-
part [23], in the presence of increasing concentrations
of pLG72, showing activation at a 5:1 pLG72:DAAO
molar ratio. However, these results were not
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reproduced employing similar experimental condi-
tions and our pLG72 preparation [16].

(b) pLG72 negatively affects hDAAO activity. In detail,
by mixing a fixed amount of hDAAO with increasing
concentrations of pLG72 (at 0.06 % NLS) a time-
dependent inactivation was apparent (Fig. 3a, b), an
effect not due to proteolysis or protein precipitation
[16]. Neither the apparent kinetic parameters of
hDAAO on Dp-serine nor coenzyme binding were
altered by adding pLG72 [16, 24]. Instead, pLG72
binding decreased the amount of active hDAAO
holoenzyme, i.e., the form that can be reduced by the
substrate (Fig. 3c, d). The regulatory role of pLG72
was confirmed at the cellular level in a human
glioblastoma cell line (U87 cells): decreased p-serine
levels were observed in U87 cells overexpressing
hDAAOQO, while cotransfection with pLG72 decreased
the hDAAO activity and restored D-serine levels
(Fig. 3e, ) [16].

In contrast, the observation that pLG72 failed to modify
basal enzymatic activity when human U251 glioma cells,
endogenously expressing DAAO, were transfected with
G72 and incubated in a buffer containing p-proline was
used to suggest that pLG72 likely does not regulate DAAO
activity [12]. However, this conclusion is biased by over-
looking the fact that p-proline is also a substrate of human
D-aspartate oxidase [25].

Additional studies using physiological levels of pLG72
(and hDAAO) protein will be required to conclusively
determine whether pLG72 is a hDAAO-positive or -nega-
tive modulator.

Subcellular localization and turnover studies

Several lines of experimental evidence suggest that pLG72
is a mitochondrial protein. Its cellular distribution was
investigated in several cell types transfected with G72:
immunocytochemical studies in COS-7 cells transfected
with a myc-tagged pLG72 expression construct showed
distinct punctuate and tubular staining localized to mito-
chondria, a result confirmed by western blotting [12]. No
alteration in the observed cellular localization was apparent
using the R30K pLG72 variant. Mitochondrial targeting
sequences are usually located at the N-terminal end of a
protein: accordingly, pLG72 variants lacking the first 25 or
35 amino acids showed a diffuse cytoplasmic distribution
of the corresponding signal, although partial localization to
mitochondria was still observed (in ~40 % of the cells).
pLG72 mitochondrial localization was confirmed by
confocal microscopy in U87 cells co-transfected with
pLG72-ECFP or pLG72-FLAG constructs and EYFP-
hDAAO or untagged hDAAO vectors: hDAAO was mainly
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Fig. 3 Effect of pLG72 binding on hDAAO activity and p-serine
cellular concentration [16]. a Effect of pLG72 on the time course of
hDAAO enzymatic activity. A slow inactivation is evident in the
presence of a twofold molar excess of pLG72 (filled squares) in buffer
containing 0.06 % NLS. b Effect of pLG72 on hDAAO activity
following 30 min of incubation of a fixed amount of hDAAO
(0.1 nmol/mL) with increasing amounts of pLG72. ¢, d Effect of
pLG72 on the substrate-induced FAD reduction in hDAAO. Flavin
reduction was monitored spectroscopically in anaerobic conditions by
detecting the change in absorbance at 455 nm after the addition of
1 mM p-serine to hDAAO solutions (15 M) containing free FAD
and different amounts of pLG72 (hDAAO:pLG72 molar ratio 1:0,
1:1, 1:2, 1:4). d Spectral changes at 455 nm at higher magnification.

targeted to peroxisomes, thus indicating that EYFP-
hDAAO and pLG72-ECFP fusion proteins localized to
distinct cellular compartments [26]. However, fluorescence
signals of both proteins colocalized in the perinuclear

100
75
50
25
1.0 1:05 11 12 14
hDAAO:pLG72
hDAAO:pLG72
0.4 12 111 1:0
Pl
(1]
Qo
c
3
0.3 g
=]
<
3
@
02 /\ \\\ 100% <
1 \ | J
400 500 600
Wavelength (nm)
15¢
10
5 b
0 Qv 17 o 17
A [ [
(@) Q\’ ‘\o?} O'Q\’

Y

The percentage of hDAAO flavin reduction (i.e., the amount of active
hDAAO) at different concentrations of pLG72 is reported on the
right. e DAAO activity was assayed in control U87 cells (CTRL, fixed
as 100 %) and in the same transfected cells expressing hDAAO,
pLG72 or both proteins. A significant increase in activity was evident
in hDAAO transfected cells with respect to the control (p = 0.012)
while a decrease was observed when pLG72 was overexpressed. f p-
Serine concentration in control and transfected U87 cell extracts. p-
and L-serine cellular content was determined by HPLC analysis. A
significant decrease in the p-/L-serine ratio is apparent in hDAAO
transfected cells with respect to controls (p = 0.004) while no
difference is observed in pLG72 and hDAAO-pLG72 co-transfected
cells

region at 24 h from transfection, after which hDAAO
distribution becomes targeted to peroxisomes. FRET
analysis confirmed that the overexpressed pLG72 binds the
newly synthesized hDAAO [26]. Notably, the time course
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of p-serine cellular concentration following hDAAO tran-
sient expression was different in U87 control vs. U87
pLG72-ECFP cells since the binding of pLG72 inactivates
the newly synthesized hDAAO, thus preventing D-serine
degradation [26].

According to this evidence and that from [12, 17], we
suggest that pLG72 and hDAAO could (transiently) inter-
act on the mitochondrial surface.

Cellular studies in U87-transfected cells indicated that
pLG72 is a short-lived protein with an estimated half-life of
~ 30 min, while hDAAO is a long-lived protein (half-life of
~60 h). Moreover, pLG72 is largely degraded via the pro-
teasome pathway, although the protein is not ubiquitinated
[27], while hDAAO degradation is mainly mediated by the
lysosome/endosome system, likely via autophagy processes.
However, ubiquitin can label newly synthesized cytosolic
hDAAO, which is then degraded through the ubiquitin—
proteasome system. pLG72 speeds up hDAAO degradation
by significantly decreasing its half-life (from ~ 60 to 6 h)
[26, 27]. In this regard, we suggested that pLG72 might
trigger degradation of the cytosolic form of hDAAO via the
ubiquitin—proteasome system, thus contributing to the reg-
ulation of p-serine cellular levels [27].

Additional hypothesis about the physiological role
of pLG72

In addition to its role in regulating DAAO activity, pLG72
might represent a primate-specific protein involved in
modulating the morphology of the mitochondrial network,
indirectly affecting key mitochondrial functions. Following
prolonged expression of wild-type or K30R pLG72 in COS-
7 cells, U251 human glioblastoma cells, or human astro-
cytes, mitochondria were vesicular and more fragmented at
the expense of tubular and mixed mitochondrial shapes,
while maintaining their functionality [12]. In primary rat
hippocampal neurons transfected with pLG72, mitochon-
drial fragmentation was accompanied by an increase in
dendritic complexity: the number of mitochondria/mm of
the dendritic tree increased along the dendritic shafts, and
the vesicular mitochondria were more mobile, possibly
delivered more rapidly to sites of intense growth. Impor-
tantly, pLG72 overexpression seemed to promote dendritic
branching only within the period of active dendritogenesis in
synaptically immature neurons [12]. Furthermore, the
mitochondrial ~ methionine-R-sulfoxide reductase B2
(MRSB?2, responsible for the elimination of cellular ROS)
was identified as a binding partner of pLG72 [28]. pLG72
was thus suggested to impair MRSB2 function in oxidative
stress defense—a link with ROS production was also
recently suggested by Wang et al. [29]—although functional
analyses were not provided.
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Indeed, subcellular localization of pLG72 is of utmost
importance since the presence of NMDAR was reported on
the inner membrane of mitochondria [30]. These receptors
were insensitive to glycine as coagonist (pointing to a role
of D-serine as the physiological modulator) and might
represent a further conduit for calcium entry in mitochon-
dria. In a paper on rare genetic variants affecting
schizophrenia [31], an effect on the membrane-associated
guanylate kinase family of proteins was detected. These
proteins are responsible among others for the correct
assembly of NMDAR and other calcium channels and it is
suggested that the following possible alteration of the
calcium-dependent signaling network is connected to
schizophrenia.

G72 transgenic mice

To address pLG72 in vivo function, the consequences of its
expression were evaluated for behavior in “humanized”
transgenic mice carrying the bacterial artificial chromosome
(BAC) RP11-111A8 of the entire human G72/G30 locus [32]
and, recently, a different BAC clone RP11-166E2 [33]. Two
different mouse strains, CD1 and B6CBAF1/J, were used,
thus establishing two transgenic lines, G72TgA and G72TgB,
respectively. Mice of both lines appeared healthy and showed
stable transgene transmission between generations and sig-
nificant levels of transcripts corresponding to the reported
human pLG72 splice variants. In G72TgA three further novel
splice variants encoding for N-terminally truncated forms of
pLG72 were detected. The highest G72/G30 transcripts levels
were apparent in the brain, in particular in cerebellum and
hippocampus (a significant amount was also detected in cor-
tex) [32]. In the cerebral cortex of G72TgB mice, 19 splice
variants were detected [33], suggesting that in the transgenic
mice G72 has a more complex splicing profile than that
reported in humans [13]. Moreover, differently from G72TgA
animals, the highest levels of the G72 mRNA in G72TgB mice
were observed in testis followed by brain, where G72 tran-
script was enriched in cerebral cortex, striatum, and
hippocampus, while barely detectable in the cerebellum. The
stability of the cortical G72 transcript content at different
postnatal stages in G72TgB mice, not showing significant sex-
related differences, suggested that G72 transcription is not
developmentally regulated [33].

Consistently with G72 transcript distribution, low
expression of pLG72 in the cerebellum, hippocampus, and
cerebral cortex of G72TgA mice was apparent; pLG72
could also be detected in the dentate gyrus and olfactory
bulb [32]. In contrast, no evidence was found for the
presence of the protein in the mitochondrial fraction or
total tissue lysates of G72TgB mice, probably because of
the intrinsic instability, see above and [27].
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In light of these findings, it is not clear whether pLG72
expression levels in the generated transgenic mice might
reflect those in humans.

On the one hand, multiple BAC integration was observed
in the G72TgA mouse model; therefore, pLG72 content is
likely elevated, thus reproducing the increased levels
reported in the brain of schizophrenia-affected individuals
[14]. The mice expressing the human G72/G30 locus dis-
played several behavioral alterations relevant to psychiatric
disorders, e.g., G72TgA mice were characterized by an
abnormal motor coordination phenotype depending on
cerebellum deficit [32]. Moreover, sensorimotor gating was
affected since a significant deficit in pre-pulse inhibition
(PPI) was evident in G72TgA mice that was normalized by
administering the antipsychotic haloperidol, a D2 receptor
antagonist. G72TgA mice were also more sensitive to
treatments with drugs affecting glutamatergic neurotrans-
mission (i.e., phencyclidine, PCP) and displayed increased
compulsive behaviors [32]. On the other hand, the G72TgB
mice exhibit different phenotypes: an altered locomotor
activity and a higher base startle reactivity, and no genotype-
dependent effect on PPI was reported [33].

A proteomics analysis of G72TgA mice showed that
expression levels of several proteins involved in myelina-
tion-related processes (i.e., Mog, Plp, and Cldl1),
mitochondrial function, oxidative stress, cytoskeletal
organization, and calcium transport were altered in the
transgenic mice cerebellum [34]. The downregulation of
such altered proteins components of the CNS myelin has
been reported in schizophrenic patients [35-37] that also
showed elevated cortical levels of sphingolipids and plas-
malogens in the cortex: these results suggest that myelin is
dysfunctional in schizophrenia [38].

Schizophrenia is highly comorbid with tobacco smok-
ing, and nicotine is assumed to improve cognitive
symptoms in individuals affected by the disease [39].
Notably, chronic administration of high doses of free-base
nicotine (24 mg/kg a day for 24 days) completely restored
working memory deficits in G72Tg mice, a process prob-
ably mediated via upregulation of o7nACh receptor density
in the dentate gyrus [40].

According to the role of pLG72 in regulating mito-
chondrial functions [12], G72Tg mice showed reduced
activity of aconitase and complex I of the respiratory chain,
increased oxidative stress with elevated cerebellar peroxi-
dation and expression of detoxifying glutathione
transferases, and reduced levels of glutathione [41]. The
increased oxidative stress likely contributes to some of the
behavioral abnormalities reported in this mouse model, as
they were rescued by the increase in glutathione levels
induced by treatment with N-acetyl cysteine.

Genetic studies

Genome-wide association studies (or GWAS) and the
search for variation in candidate genes, or association
mapping, have been studied investigating association
genotype—phenotype in humans and in plant and animal
species for several decades already; however, none of the
mapping techniques have come to terms with psychiatric
disorders yet. This is partially due to the inherent com-
plexity of psychiatric disorders.

Starting from the linkage between schizophrenia and the
G72 locus found by Chumakov et al. [1], the association
between this gene and the disorder was investigated by
genotyping 16 SNPs on more than 500 persons from two
pedigrees characterized by bipolar disorder [13]. Trans-
mission/disequilibrium testing gave significant results in
both pedigrees, finding a haplotype associated to affected
individuals and encompassing the G72 region. However,
no single SNP was significantly associated with the dis-
order in this analysis.

In 2006, the search was extended to normal controls by
analyzing a large number of families to detect a relationship
between cognitive measures (attention, working, and epi-
sodic memory) and a set of G72 SNPs [42]. Mixed-model
ANOVA failed to identify a significant association between
genotype and any cognitive variable. However, a significant
genotype x diagnosis interaction regarding those cognitive
variables assessing working memory was found for G72
SNP10 and a strong genotype effect at this locus was
recorded for activation of the hippocampus by fMRI, func-
tional magnetic resonance imaging, suggesting that
mutations in G72 may be particularly penetrant “at the level
of brain information processing implicated in cognitive
impairments” [42].

A meta-analysis published in 2006 [43] concluded that
the evidence of an association between several markers
used and schizophrenia was highly significant, with a less
significant effect for bipolar disorder. However, only the
SNP rs1421292 (M24) was consistently found to be asso-
ciated with the phenotype in all studies. At that time, the
number of studies on the association between schizophre-
nia, bipolar disorder, and other psychiatric disorders and
genetic factors was skyrocketing: the availability of
SzGene database [44] spurred even more research. In an
association mapping study on progression from prodromal
syndromes to schizophrenia, nine common SNPs in the
G72 gene were genotyped on 82 persons showing prodro-
mal states [45]. The genotype at two SNPs, rs1341402 and
rs778294 (M19), was significantly associated with pro-
gression using y” test. Interestingly, the previous SNP did
not show linkage disequilibrium with the character studied.
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The use of GWAS by high-multiplexed SNPs arrays or
deep sequencing produced another burst in genetic studies
of psychiatric disorders so that in 2011 a two-stage meta-
analysis based on total of about 9400 cases and 12,500
controls (8400 and 21,400 in the second stage) over
1,252,901 autosomal SNPs [46] identified seven significant
SNP loci for schizophrenia, plus an additional three for the
composite phenotype schizophrenia—bipolar disorder. None
of the significant SNPs is, however, localized close to G72,
actually not even on chromosome 13. Sullivan [4] listed 14
SNPs for schizophrenia (among them the seven previously
mentioned), but still no connection to G72 or chromosome
13 (where G72 localizes) was present.

Now it seems that schizophrenia is influenced by genetic
variation at hundreds of different loci [47].

In the effort to obtain more statistical power, the Psychi-
atric Genomics Consortium launched a second multi-stage
meta-GWAS based on case—control and parent—offspring
data, reinforced by results from deCODE genetics, with a
grand total of about 37,000 cases and 113,000 controls. In
this largest of the studies 108 genomic regions were found
associated with the character, 75 % of which contain at least
one protein-coding gene [48]. Eighty-three of these regions
were newly found connected to schizophrenia, thus shaping a
picture in which all chromosomes harbor many loci relevant
for the character, with the notable exception again of chro-
mosome 13. In this study, however, many genes involved in
glutamatergic neurotransmission are present in the signifi-
cant genomic regions (such as GRM3, GRIN2A, SRR,
GRIAI). The main issue here is that if schizophrenia is
influenced by genetic variation at hundreds of different loci,
even the most powerful GWAS will unveil only those genes
showing variability in the population studied among all the
genes contributing to the character, because each population
will display a different genetic structure for the loci involved
and will cope with different environmental conditions.
Besides, if the frequency of the causative allele at an
important locus is low in a population, the locus will not be
identified. Thus, even though GWAS are very important
tools to shed light on the causative pathways of a multi-
factorial pathology, they will not always be conclusive.
Several studies have identified G72 as involved in
schizophrenia, therefore the interest in the availability of
pLG72 for functional analyses.

Genetic/MRI studies

Functional magnetic resonance imaging has been used by
various groups to investigate the effect of G72 SNPs on
brain functionality for many years. Initially, study of 61
subjects at high risk of schizophrenia showed that genetic
variation in the G72 gene (SNP M23—rs3918342, and
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M24—rs1421292) modulates both hippocampal and fron-
tal lobe functions [49]. Concerning the M23 genotype, the
blood oxygen level-dependent (BOLD) signal in the
imaging analysis exhibited a significant cluster of activa-
tion in the left hippocampus by contrasting sentence
completion versus rest and increased activation in the right
inferior frontal gyrus/sub-gyral region with increasing
difficulty in completing sentences. Healthy subjects were
also genotyped for the same SNPs and recorded speech was
analyzed [50]. The fMRI group analysis of the contrast
“semantic verbal fluency” > “reading aloud” revealed
activations in the left inferior frontal gyrus, left middle
temporal gyrus (MTG), and the cingulate gyrus and
showed a linear effect of minor alleles in M24 in the right
MTG and the right precuneus, i.e., regions which are
prominent areas for speech and psychosis. Regression
analysis showed a relationship between increase in BOLD
response in verbal fluency and reading aloud and the
number of minor alleles in M24: a linear increase in acti-
vation was found in the MTG, showing hyperactivations in
patients with schizophrenia. These findings imply that
brain activation is altered in the right MTG in all tested
individuals with a G72 genotype that has been found to be
associated with schizophrenia.

Most recently, the R30K pLG72 variant was reported to
significantly impact on cortical thickness in schizophrenia
but not in healthy controls: carriers with schizophrenia had
a thinner cortex in an area covering the temporoparietal
junction and lateral occipital regions in both hemispheres
[2]. The temporoparietal junction has been indicated to be
an anatomical node of the theory of mind (ToM) network
[51, 52]: impairments in the ToM network can be regarded
as a trait marker for schizophrenia; therefore, individuals
showing G72 risk allele carriers might be predominantly
vulnerable to developing ToM deficits.

Later on, four G72 polymorphisms previously associ-
ated with  schizophrenia (753696165, rs3696167,
rs2391191, and rs778294) were genotyped in 110 subjects
with schizophrenia or schizoaffective disorder from whom
two brain MRI scans on average 3 years apart were
recorded [53]. The four polymorphisms captured three
haplotypes, one of which was strongly associated with an
increased rate of frontal lobe volume decrement, and with
more severe psychotic symptoms at the time of the second
scan. Schizophrenic individuals homozygous for haplotype
1 experienced an accelerated rate of frontal lobe tissue loss
(4.1 %) compared to subjects with other G72 haplotypes
and, at the time of the second scan, showed more severe
psychotic symptoms. Previous meta-analyses by Detera-
Wadleigh and McMahon [43] and Li and He [54] sup-
ported the findings of a detrimental effect of haplotype 1 on
brain structure volumes in schizophrenia. The main limi-
tations of these studies were that only individuals with
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schizophrenia were examined; thus, whether the identified
associations are specific to schizophrenia or are more
generalized was not investigated [53].

Very recently, the Kircher’s group for the first time
reported an association between a G72 haplotype and fiber
tract anomalies [55]. Forty-seven healthy subjects under-
went diffusion tensor imaging, a technique useful to
evaluate changes in white matter architecture: the frac-
tional anisotropy (FA) index, which quantifies the
directional level of the local tract structure, was evaluated.
Higher FA values in right peninsular region and in the right
inferior parietal lobe were found in subjects homozygous
for the M23 risk T allele or for the M24 risk A allele;
notably, both regions have been implicated in schizophre-
nia and bipolar disease. Increased FA values might indicate
alterations in dendritic morphology, in good agreement
with the observations from [12].

Caution is required in considering imaging genetics
studies [56]. Actually, even the robust association reported
between the VI158M substitution in catechol-O-methyl-
transferase (affecting the enzymatic activity and altering
the hippocampal gray matter volume) and many psychiatric
traits is biased because numerous studies have low statis-
tical power or misconsidered the gender contribution [57].
Indeed, brain volume may be altered by environmental
factors, e.g., medications [56]. As stated by Medland et al.
[58] “genetic analyses of brain images still require thou-
sands of individuals to find credible genetic associations
that replicate across cohorts”: the combination of a large
sample size and appropriate statistical techniques might
overcome the problem in identifying a true signal of small
effect.

Conclusions

In the last few years, a new paradigm has emerged: as in
other psychiatric disorders, schizophrenia is a complex trait
[59]. Actually, when analyzing a quantitative trait we study
the average value for the trait in the population; thus, we
can expect that truly relevant alleles will be rare because
the phenotype would be distant from the population mean.
If the frequency of the causative allele at an important
locus is low in a population, the locus will not be identified.
Therefore, linking a single, albeit important gene, to a
complex disease such as schizophrenia can be a bold
assumption indeed. In particular, for schizophrenia no
Mendelian forms have ever been found [47], with few
exceptions (neurexin-1 and vasoactive intestinal peptide
receptor-2) [59, 60, 61].

However, owing to the correlation with schizophrenia
and other psychiatric disorders, the novel mammalian G72
gene and the encoded pLG72 protein have been the object

of multidisciplinary investigations for the past 15 years.
Genetic analyses did not reach a conclusion concerning
association of G72 with schizophrenia susceptibility.
However, fMRI findings on minor alleles in SNP M24
reported alteration in brain activation in the right MTG in
all tested individuals with a G72 genotype associated with
schizophrenia [50]. Furthermore, the SNP M15, resulting
in Arg30Lys substitution, significantly impacted on cortical
thickness in schizophrenia but not in healthy controls [2],
pointing to M15 as a novel marker to determine memory
performance in patients with schizophrenia.

The longest G72 transcript was detected at low levels in
the amygdala, caudate nucleus, spinal cord, brain, and
testis although the full-length pLG72 protein has never
been detected in these tissues. Notably, upregulated levels
of G72 gene transcription and protein expression were
reported in schizophrenic patients compared to healthy
controls [14, 15]. pLG72 is a small-size mitochondrial
protein that we suggest could (transiently) interact with
hDAAO on the mitochondrial surface: the binding nega-
tively affects hDAAO activity and in turn its ability to
degrade p-serine [5, 6], an NMDAR ligand required for the
receptor activation [7-9]. pLG72 expression might also
modulate the morphology of the mitochondrial network (its
overexpression seemed to promote dendritic branching
within the period of active dendritogenesis in synaptically
immature neurons) [12], thus indirectly affecting key
mitochondrial functions.

In order to elucidate the role of G72, two distinct
transgenic mice carrying the entire human G72/G30 locus
were generated: the two strains showed the highest tran-
scripts levels in the testis and in different regions of the
brain [32, 33]. In G72TgA transgenic mice, the pLG72
content is likely elevated, thus reproducing the increased
levels reported in the brain of schizophrenia-affected
individuals: actually, the G72TgA mice displayed several
behavioral alterations relevant to psychiatric disorders,
such as an abnormal motor coordination phenotype
depending on cerebellum deficit [32].

We now know more details about this system, although
a number of open issues hamper our efforts to define its
physiological role. Among the still unanswered questions
are:

e Does NMDAR modulation represent the connection
between pLG72 and p-serine metabolism?

e Since NMDAR is critical for the development and
modifiability of neuronal contacts, are G72 and DAAO
expressed during both prenatal and postnatal
development?

e What targeting process brings pLG72 to mitochondria?

Notably, the studies so far performed on G72 did not
identify a definite correlation with schizophrenia as well as
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with physio-pathological processes related to such a dis-
ease. Facing the need to address individual risk, which is
not a task for genetics alone [62], availability of the protein
might represent a feasible starting point. On this side,
resolving the pLG72 three-dimensional structure will give
more detailed knowledge of its structure—function rela-
tionships: by identifying the residues involved in the
interaction between pLG72 and hDAAO we can begin to
design molecules affecting cellular p-serine levels by act-
ing on pLG72 [63, 64].
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