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Coexpression profiles reveal hidden gene networks
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The large-scale automation of neuroscience has en-
abled the construction of genome-wide atlases, of
which the Allen Brain Atlas (ABA), which allows the 3D
visualization of the expression profile of 21,500 genes
in the male mouse brain down to single-cell level
resolution, is the most comprehensive (1). In PNAS,
Mahfouz et al. (2) use the ability of the ABA to pinpoint
the anatomical locations of expressed genes to uncover
transcripts whose expression profiles correlate with
those of steroid receptors, to begin to understand their
function and specificity of action in different brain re-
gions. This study shows that mapping combinatorial
interactions among specific sets of genes represents a
significant leap forward in our understanding of how
tissue specificity for a given signaling pathway is de-
termined, and in identifying the potential relationship
between otherwise unrelated brain areas in terms
of the adaptive response to specific biological and
environmental challenges.

Steroid receptors are pleiotropic transcription
factors belonging to the superfamily of nuclear
receptors, whose activity is induced by steroid
hormones: lipophilic signaling molecules derived
from cholesterol and primarily produced by the
gonads and the adrenal cortex. In the mammalian
brain, steroid hormones mediate the feedback from
these steroid-generating organs on the neuroendocrine
hypothalamus to control bodily functions (reproduc-
tion, metabolism, stress, inflammation, osmoregula-
tion), but also play a fundamental organizational role
during brain development, trigger adult brain plas-
ticity, and are involved in cognitive and emotional
regulation (3–10).

The idea of having an anatomical map com-
bined with a quantitative expression map of nu-
clear receptor genes dates back to 2007, when
Gofflot et al. created an interactive database of 49
nuclear receptor genes spanning more than 100
different regions of the mouse brain (11). These
researchers used two complementary approaches
to meet the challenge of obtaining both cell-level
resolution and an unbiased expression profile of
large anatomical regions: real-time PCR provided

a broad estimate of nuclear receptor expression
levels in selected brain regions, and spatial expres-
sion patterns were more closely studied using high-
resolution in situ hybridization (ISH). The study by
Mahfouz et al. (2) significantly extends this ap-
proach to identify novel aspects of steroid hormone
action via the spatial correlation of the expression
patterns of steroid receptors with those of genes
that could potentially be steroid hormone targets
or even downstream receptor coregulators.

Six well-studied steroid receptors were chosen
by Mahfouz et al. (2) to costar in the “guilt by asso-
ciation” play; their expression profiles, although al-
ready reported in the literature, were validated
using 3D spatial gene-expression data from the
ABA (1). Based on the “guilt by association” princi-
ple, genes with similar spatial expression profiles
are assumed to share similar biological functions,
forming a neighborhood network of potential part-
ners (12). Hence, for each receptor, Mahfouz et al.
(2) ranked potential partner genes based on their
spatial coexpression in various brain structures in differ-
ent parts of the brain, and tested the assumption that

Fig. 1. Three-dimensional gene expression in the human brain. The model shows
the expression of ESR1 andMAGEL2mapped onto a ventral view of a 3D-reference
atlas reconstruction. The expression of these genes is indicated by the dots. The
color of the dots indicates the expression level: green (low expression) through red
(high expression). Images were produced by the Brain explorer 2 software
application, an interactive version of the Allen Human Brain Atlas.
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genes strongly coexpressed within a given brain region are
related to a localized functional role of the steroid receptor.
Genome-wide coexpression analyses indeed showed the
strong coexpression of known glucocorticoid receptor (GR)
transcriptional targets in the hippocampus and known estro-
gen receptor-α (ESR1) transcriptional targets in the hypothala-
mus. Interestingly, these analyses revealed an unexpected
coexpression of Esr1-related genes with Esr1 outside known
sites of action of estrogens, calling into question our under-
standing of the coordinated response of the brain to this go-
nadal steroid. Equally intriguing is the finding that among the
top 10 genes coexpressed with Gr, as well as known gluco-
corticoid-responsive genes across the whole brain, none were
strongly coexpressed in the hypothalamus, indicating that GR
signaling in the hypothalamus is distinct from GR signaling in
the rest of the brain. These results show that spatial coexpres-
sion analysis has great potential for the identification of novel
steroid receptor targets and putative region-specific path-
ways or gene networks. One should, however, be very careful
when interpreting these unanticipated coexpression patterns;
these representations do not necessarily reflect a causal
relationship, but rather a likelihood of the association of
certain genes that could indeed identify an actual functional
relationship after further validation via expression measurement
techniques.

Alternatively, the coexpression patterns described by Mahfouz
et al. (2) could pinpoint potential steroid receptor coregulators
rather than target genes, because each correlation merely
indicates a possible associative, rather than causative, link be-
tween expressed genes. To explore this possibility, the authors
analyzed the coexpression patterns of each and every steroid
receptor as well as a set of published nuclear receptor coregu-
lators. The results reveal a great heterogeneity of coexpression
patterns across distinct brain regions, pointing toward selec-
tive, region-specific coregulation. For example, Pias2 and Ncoa4,
two coactivators of GR and of the androgen receptor (AR), were
found to be highly coexpressed with Gr in midbrain and hypo-
thalamic regions, respectively, but not with Ar, although the
relative abundance of its transcript is higher than that of Gr in
these regions. Conversely, the authors uncovered the high
coexpression of the mineralocorticoid receptor (Mr) with sev-
eral nuclear receptor coregulators not thought to regulate MR
function in the hippocampus, thus identifying putative novel
coregulators of the MR pathway in this brain region. These
results highlight the region-specific actions of coregulators
and support Mahfouz et al.’s notion that a brain-wide qualita-
tive approach measuring mRNA levels using ISH could indeed
be used to identify the spatially restricted regulation of steroid
receptor function.

An important limitation of this approach, however, lies in the
fact that it relies on the quality of the ISH, which is insufficient for
some genes and datasets. Consequently, there is a risk of false-
negative results that goes hand in hand with the use of a
genome-wide approach to identify region-specific targets and
coregulators. This is something that Mahfouz et al. (2) do not

neglect to underline. However, their findings constitute a rich
resource for the further prediction and validation of upstream or
downstream genes using quantitative approaches, like quantita-
tive PCR (qPCR) or ChIP analysis.

The strength and utility of the approach proposed by Mahfouz
et al. (2) is further demonstrated by the prediction of Magel2 as a
transcriptional target for ESR1. Brain estrogen receptors α were
selectively activated using the synthetic estrogen diethylstilbestrol

Mapping combinatorial interactions among
specific sets of genes represents a significant
leap forward in our understanding of how tissue
specificity for a given signaling pathway is
determined.

(DES) in castrated male mice; this resulted in an increase in mRNA
expression for estrogen-responsive genes. Among the 10 genes
most significantly coexpressed with Esr1, they identified Magel2,
a previously unidentified ESR1 target that shows strong coex-
pression with Esr1 in the hypothalamus according to the ABA
database. The measurement of Magel2 expression using qPCR
and quantitative double ISH in the hypothalamus after DES-
induced activation revealed a significant increase inMagel2mRNA
levels after DES treatment, predicting that Magel2 could be a
target of ESR1. The loss of Magel2 expression has been shown to
contribute to several aspects of Prader-Willi syndrome (13), in-
cluding hypogonadotropic hypogonadism (13, 14), providing
support for a link with estrogen regulation. As noted above,
though, coexpression analyses remain a rather indirect measure-
ment of interaction, and ChIP assays followed by next-generation
sequencing to identify ESR1 binding sites in theMagel2 promoter
region will be required to fully validate this hypothesis.

The findings of Mahfouz et al. (2) convincingly show that the
spatial correlation of steroid receptors with genome-wide mRNA
expression across different regions of the mouse brain using web-
based repositories provides a novel in silico assay with which to
explore novel aspects of steroid hormone action and obtain a
glimpse of how the brain, by integrating ever-fluctuating combi-
natorial levels of circulating steroid hormones, orchestrates the
adaptive response of the organism. Could this study be the step-
ping-stone to deciphering even more unknown steroid receptor
pathways and networks not only in the mouse brain but also in the
human brain (Fig. 1)? Certainly one could envision that this
method will act as a catalyst for the elucidation of the molecular
mechanisms underlying steroid actions, but also for more efficient
drug production against neuroendocrine disorders. Clearly, as ex-
citing as this possibility is, there is a great deal of work yet to be
done to overcome its limitations in terms of the sensitivity of
the high-resolution ISH, and improve its predictive power. Still,
as neuroscientists we cannot but acknowledge the unparalleled
opportunity for prediction that this technique represents, and that
too of using data already available in the literature and online
databases, to explore uncharted territories in brain function.
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