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A signaling pathway AKTing up in schizophrenia
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The serine/threonine protein kinase AKT (also known as PKB) signaling 
pathway has been associated with several human diseases, including schizo-
phrenia. Studies in preclinical models have demonstrated that impaired 
AKT signaling affects neuronal connectivity and neuromodulation and have 
identified AKT as a key signaling intermediary downstream of dopamine 
(DA) receptor 2 (DRD2), the best-established target of antipsychotic drugs. 
A study by Tan et al. in this issue of the JCI strengthens links among AKT 
signaling, DA transmission, and cognition in healthy individuals and offers 
potential avenues to explore in an effort to find more effective pharmaco-
therapies for schizophrenia and related disorders (see the related article 
beginning on page 2200).
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AKT (also known as PKB) is a key mediator 
of signal transduction processes mediated by 
protein phosphorylation and dephosphory-
lation (1) and a central node in cell signaling 
downstream of growth factors, cytokines, 
and other external stimuli. The AKT gene 
family includes three members (AKT1, AKT2, 

AKT3), which possess partially redundant 
functions and contribute to several cellular 
functions including cell growth, survival, 
and metabolism. AKT has several substrates, 
most notable among them glycogen syn-
thase kinase 3α (GSK-3α) and GSK-3β, both 
of which are inhibited by AKT in response to 
various external cellular stimuli (1).

AKT signaling and susceptibility  
to schizophrenia
Gain or loss of AKT activity has been asso-
ciated with several human diseases, includ-
ing cancer and type 2 diabetes (1). Since the 
initial report in 2004 from Emamian et al. 

(2), accumulating evidence suggests that 
impaired AKT signaling also plays a role in 
the pathogenesis of schizophrenia. First, 
an association between schizophrenia and 
AKT1 genetic variants (Figure 1A) has been 
reported in several case/control samples 
and family cohorts (an updated compila-
tion of such studies is now available; see 
ref. 3). Second, a number of studies have 
provided convergent evidence of a decrease 
in AKT1 mRNA, protein, and activity levels 
(reflected by changes in substrate phos-
phorylation) in brains of some individu-
als with schizophrenia (2, 4, 5). Negative 
findings have also been reported in some 
patient cohorts (3), but overall, an increas-
ingly strong link between a dysregulation of 
AKT signaling and schizophrenia is emerg-
ing. Importantly, pharmacological evidence 
indicates that drugs used in the manage-
ment of psychosis, such as the typical anti-
psychotic haloperidol as well as several 
atypical antipsychotics, can act as enhanc-
ers of AKT signaling in vivo or in vitro by 
directly activating AKT or by increasing the 
phosphorylation of its substrates GSK-3α 
and GSK-3β (reviewed in ref. 6).



commentaries

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 118      Number 6      June 2008	 2019

AKT signaling and dopamine 
transmission
In elucidating the molecular basis of the 
link between AKT signaling and schizo-
phrenia, one of the first clues came from 
the observation that mice lacking the 

Akt1 gene show enhanced sensitivity to 
disruption of sensory motor gating by 
amphetamine (2). One action of this drug 
is to cause the release of dopamine (DA) 
at nerve terminals and thus increase DA 
transmission via G protein–coupled DA 

receptors. The two major classes of DA 
receptors, the DA receptor 1 (DRD1) class 
and the DA receptor 2 (DRD2) class, signal 
through increases and decreases, respectively, 
in cAMP levels within nerve cells. Sensitiv-
ity to amphetamine is widely used to model 
psychosis in rodents and is efficiently pre-
vented by blocking DRD2, the best-estab-
lished target of antipsychotic drugs (6–9). 
Moreover, Akt1-knockout mice show a 
more pronounced deficit in response to 
DRD2 class but not DRD1 class agonists 
in working memory tests that depend on 
proper function of prefrontal cortex (PFC) 
(10). In a series of elegant experiments, 
Caron and colleagues have established that 
AKT is a novel and key signaling interme-
diary downstream of DRD2 class receptors 
(6, 8, 11). These experiments demonstrate 
that DRD2 class receptors are essential for 
the inhibition of AKT by DA and that AKT 
function is important for normal dopami-
nergic transmission and expression of DA-
associated behaviors in a manner distinct 
from cAMP-dependent signaling. Thus, a 
hypothesis has been formulated according 
to which a partial loss of function of AKT1 
in schizophrenia, mimicking DA overac-
tivity, results in exacerbated responses to 
DRD2 class receptor stimulation (Figure 
1B). Antipsychotics acting by blocking 
DRD2 class receptors could correct this 
imbalance by preventing further reductions 
of AKT activity by these receptors (10, 11).

AKT signaling and neuronal 
connectivity
AKT signaling has also been implicated in 
the downstream cellular effects of GABA 
and glutamate released at nerve termi-
nals (12, 13). In addition, AKT signaling 
is known to modulate the development of 
neuronal connectivity in vitro (14) as well 
as in the human brain (15). Notably, Akt1-
deficient mice show changes in neuronal 
connectivity of PFC layer V neurons (10), 
the output neurons of the cortex. Tran-
scriptional profiling in the PFCs of these 
mice identified concerted changes in genes 
controlling synaptic function, neuronal 
development, myelination, and actin 
polymerization. Thus, impaired AKT and, 
in particular, AKT1 signaling may have an 
additive effect on the properties of neural 
networks, resulting in neuronal disconnec-
tivity as well as aberrant neuromodulation. 
How these effects interact at the circuit 
level and neural systems levels to modulate 
the input/output function of specific brain 
areas is the focus of active investigation.

Figure 1
AKT1 genetic variation and its impact on multiple levels of neuronal function. (A) Indicated are 
the 5 SNPs within the AKT1 locus that were examined by Emamian et al. (2), as well as by 
Tan et al. in their current study in this issue of the JCI (16). The rs1130233 SNP that reduces 
expression of AKT1 appears in red. AKT1 has 16 exons (boxes). Coding sequence (blue boxes) 
flanked by the start (ATG) and stop (TGA) codons as well as expressed noncoding sequence 
(white boxes) are indicated. (B) AKT is a key node for various signaling systems. DA in the 
cortex is inactivated by COMT and activates DRD1-coupled cAMP signaling whereas DRD2 
decreases cAMP levels and inhibits AKT activity via β-arrestin2. GABA, glutamate (GLU), and 
various growth factors (GFs) also modulate AKT activity via PI3K, resulting in alterations in 
synaptic growth and transmission. (C) These combined effects on DA modulation and syn-
aptic connectivity may alter the function of cells (circles) within neuronal circuits important for 
cognitive function. The caudate of the basal ganglia plays a critical role in gating information 
and restricting access to working memory, which relies on proper connections among cortical 
neurons in the PFC. The gating of information itself is heavily dependent on DA transmission, 
which originates from the ventral tegmental area (VTA). One possible, although probably over-
simplified, scenario is that sensitization to DA via DRD2 may lead to psychotic symptoms and, 
coupled with altered neuronal connectivity and decreased DRD1 signaling, also contribute to 
cognitive dysfunction. Dashed lines represent the functional impairments resulting from the 
SNP4-dependent attenuation of AKT1 expression and signaling.
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From neurons to neural systems  
and cognition
Along these lines, in the current issue of 
the JCI, Tan and colleagues report on their 
investigations of whether genetic variation 
in the AKT1 gene influences structural and 
functional measures sensitive to changes in 
cortical DA signaling (16). This approach 
investigated discrete and diagnostically 
independent disease components rather 
than clinical entities. The authors started 
with 5 AKT1 SNPs previously associated 
with schizophrenia and investigated in 
healthy human subjects which of these 
markers was associated with a cognitive 
test battery designed to measure a wide 
range of cognitive processes such as atten-
tion, memory, language comprehension, 
and processing speed. They found the 
strongest associations with the A allele of 
the AKT1 SNP rs1130233 (Figure 1A) and 
certain indices of frontal lobe function, 
such as IQ and executive function. In line 
with animal research implicating reduced 
AKT function in cognitive deficits (10), the 
A allele of rs1130233 was also associated 
with reduced AKT1 expression in B lym-
phoblasts of healthy individuals. Examin-
ing AKT1 expression in these peripheral 
cells offers a compromise because it is not 
possible to directly assess the impact of 
genetic variants in live human brain tissue. 
These observations thus provide a possible 
link between reduced AKT1 function and 
cognition in humans.

In order to examine more closely how 
AKT may influence cognition, the authors 
administered an explicit task of work-
ing memory and executive function, the  
N-back task, which measures the ability to 
remember and manipulate information in 
short-term memory. Healthy human sub-
jects who varied in their genotypes at the 
AKT1 locus completed the N-back task while 
undergoing functional MRI (16). Impor-
tantly, optimal execution of this task criti-
cally depends on proper levels of DA within 
the PFC: either too much or too little DA 
can impair performance (17). Interestingly, 
those individuals who carried the AKT1 
rs1130233 A allele had relatively inefficient 
information processing in the PFC. Thus, 
in order to achieve the same level of perfor-
mance, these volunteers required increased 
activation of their PFCs. This may result 
from the impact of AKT on DA function, its 
role in establishing cortical connections, or 
both. To begin addressing this question, the 
authors also examined a functional poly-
morphism (Val158Met) of the catechol-

O-methyltransferase (COMT) gene, which 
is responsible for breaking down DA, par-
ticularly within the PFC; the presence of the 
Val158 allele leads to lower DA levels. Previ-
ous work in preclinical models has shown 
that variation in the activity of this gene can 
modulate the effects that other schizophre-
nia susceptibility loci have on cortical DA 
transmission and related behaviors (18). Tan 
et al. (16) found that carriers of the AKT1 
rs1130233 A allele and two COMT Val158 
alleles had disproportionately inefficient 
prefrontal cortical processing, suggesting 
perhaps a genetic interaction between these 
two DA-related genes. Interestingly, they 
also found AKT1 rs1130233 A allele carri-
ers had reduced gray matter volumes of the 
caudate nucleus of the basal ganglia and the 
right PFC, with the latter again dispropor-
tionately reduced in those individuals also 
carrying two COMT Val158 alleles. These 
results may indicate how genetic variation 
of AKT1 may increase risk for psychiatric 
disorders, such as schizophrenia, which is 
linked to DA and PFC dysfunction. Indeed, 
the authors provide further evidence for 
association of the AKT1 rs1130233 A allele 
and the diagnosis of schizophrenia.

Unresolved questions and 
therapeutic prospects
Several questions remain, however, as to 
exactly how impaired AKT signaling leads 
to impaired cognition. There is a clear link 
between DA and AKT signaling (11), and 
the current study links AKT-dependent DA 
signaling with working memory in humans 
(16). However, AKT requires a timescale of 
minutes to achieve its effects on DRD2 
signaling, whereas working memory oper-
ates on a timescale of seconds (11). It is 
interesting that the basal ganglia play a 
critical role in regulating information flow 
within working memory networks (19), 
but this gating is also rapid, much faster 
than the immediate influence of AKT on 
DRD2 signaling in either the caudate or 
PFC. It is possible, however, that long-
term AKT deficiency reorganizes cortical 
and even perhaps basal ganglia networks 
and their functional modulation by DA. 
Indeed, DRD2 sensitization resulting 
from reduced AKT function coupled with 
decreased cortical DRD1 signaling result-
ing from increased COMT activity may 
alter the DRD1/DRD2 activation ratio and 
affect how information is processed in the 
PFC (Figure 1C) (17). This may ultimately 
contribute to cognitive deficits and predis-
position to schizophrenia.

The observation that both typical and 
atypical antipsychotics can compensate 
for impaired AKT signaling in schizo-
phrenia coupled with the more recent 
observation that lithium (a pharmaco-
logical agent used for the management 
of bipolar disorder, schizophrenia, and 
depression) also directly regulates AKT 
signaling (7) suggest that this pathway 
may be a prime target for the design of 
effective targeted therapies for patients 
with specific genetic predisposition to 
schizophrenia or related disorders. How-
ever, it also highlights concerns regarding 
current schizophrenia pharmacothera-
pies, which primarily target DRD2 class 
receptors yet are inadequate in improving 
cognition (20) and produce serious side 
effects. At this point, it remains unclear 
how therapies that target AKT signaling 
will benefit the schizophrenia-associated 
cognitive measures linked to this pathway 
(16). On the other hand, the gene expres-
sion changes associated with AKT1 risk 
variants are low and the development 
of serious side effects due to the multi-
functionality of the AKT pathway may 
be avoided if directed therapies only need 
to provide relatively modest functional 
enhancement in order to reach an effec-
tive threshold. Moreover, because the 
AKT1 risk variants are common, a low 
disease risk corresponds to a large popu-
lation attributable risk (if the population 
were monomorphic for the nonrisk allele, 
the prevalence of the disease would be 
considerably lower). Therefore, AKT sig-
naling pathway–directed therapies may be 
beneficial to a large group of patients.
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Is CD133 a marker of metastatic colon cancer 
stem cells?
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The concept of the so-called cancer stem cell (CSC) holds that only a minor-
ity of cells within a tumor have the ability to generate a new tumor. Over the 
last decade, a large body of literature has implicated the protein CD133 as a 
marker of organ-specific adult stem cells and in some cancers as a bona fide 
CSC marker. In this issue of the JCI, Shmelkov et al. challenge the view that 
CD133 is a marker of CSCs in colon cancer (see the related article begin-
ning on page 2111). CD133 was thought previously to have a very restricted 
distribution within tissues; the authors have used genetic knock-in models 
to demonstrate that CD133 in fact is expressed on a wide range of differen-
tiated epithelial cells in adult mouse tissues and on spontaneous primary 
colon tumors in mice. In primary human colon tumors, all of the epithe-
lial cells also expressed CD133, whereas metastatic colon cancers isolated 
from liver had distinct CD133+ and CD133– epithelial populations. Intrigu-
ingly, the authors demonstrate that the CD133+ and CD133– populations 
were equally capable of tumor initiation in xenografts. In light of these new 
findings, the popular notion that CD133 is a marker of colon CSCs may 
need to be revised.

Until now, there has been little controversy 
over whether the protein CD133 is a marker  
of cancer stem cells (CSCs). Originally 
described as a marker of normal hemato-
poietic stem cells (1, 2), it has gained more 
prominence as a marker of CSCs in solid 
primary tumors such as medulloblastomas 
and glioblastomas (3, 4) and subsequently 

of CSCs in a growing number of cancers 
of epithelial tissues. In their study in this 
issue of the JCI, Shmelkov et al. challenge 
this increasingly influential dogma; first, 
on the basis of CD133’s wide distribution 
in many epithelial tissues, and second, 
because CD133 expression does not nec-
essarily correlate with the ability of colon 
tumors to metastasize (Figure 1) (5).

Normal distribution of CD133 in vivo
CD133 (also known as prominin-1) is a 
surface protein with five transmembrane 
domains. Still mysterious in its function, 
this pentaspan has drawn a lot of atten-

tion since its discovery in 1997 on normal 
human hematopoietic stem cells (1, 2). 
The simultaneous discovery of the mouse 
homolog and its implications in neurogen-
esis opened up new directions for studying 
human neural stem cells (6, 7); CD133 has 
been linked in several reports to multiple 
organ-specific stem cells and referred to as 
“the molecule of the moment” (8).

Prior to the current report by Shmelkov 
et al. in this issue of the JCI (5), studies of 
CD133 as a normal stem cell marker or a 
CSC marker have used primarily one mono-
clonal antibody against CD133, the clone 
known as AC133, which marks an epitope of 
CD133 at the cell surface (1, 2). Using a single 
monoclonal antibody to define a stem cell 
marker is usually not sufficient, and it is not 
clear to us why such a practice was so widely 
accepted. The current study by Shmelkov et 
al. is, to our knowledge, the first that uses a 
knock-in reporter mouse to track expression 
of CD133, both temporally and spatially, in 
normal tissues and during tumorigenesis 
in vivo. In their previous studies, Shmelkov 
et al. dissected the regulatory region of the 
human CD133 gene, demonstrating that 
CD133 expression was regulated in a tis-
sue-specific manner by multiple alternative 
promoters (9). Importantly, they identified 
similarities among the mouse and human 
regulatory regions of CD133, which paved the 
way for the design of their CD133 reporter  

Nonstandard abbreviations used: CSC, cancer stem 
cell; EpCAM, epithelial cell adhesion molecule.
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