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Oleic acid regulates hippocampal neurogenesis as a TLX ligand

Yanhong Shi?, Ronald M. Evans®®, and Fred H. Gage®'

Neural stem cells exist in the adult brain of mammals, and
these stem cells can differentiate into neurons in specific
regions like the dentate gyrus of the hippocampus through
a process called adult neurogenesis (1). In the hippocam-
pus, these newly born neurons play a critical role in learn-
ing and memory. In particular, they are critical for our
ability to distinguish between objects, places, emotions,
and events that are similar to each other, a process called
pattern separation. There is a decline in adult neurogene-
sis with age, and this decline correlates with a decline in
learning, memory, and emotional balance (2-4). Since neu-
rogenesis is a process, measuring it can be complicated. In
PNAS, Kandel et al. (5) make substantial progress. The
experimental “gold standard” has been to pulse neural
stem cells with cell cycle indicators like BrdU or EdU or
radiocarbon to label dividing neural stem cells and then to
double-label postmortem brains at a subsequent time with
a mature neuronal marker (6, 7). This approach allows
determination of whether the BrdU or EdU has colocalized
with the mature neuronal marker, indicating that neuro-
genesis has occurred. A less precise approach and one
prone to contradictions is the use of antibodies to a pro-
tein or RNA transcripts that are thought to be specific for a
particular state of adult neurogenesis (2-4, 8-10).

A better approach would be to identify an indicator of
neurogenesis that can be detected in vivo, so the process
of neurogenesis can be monitored in a living organism. In
2007, the authors (5) identified an NMR spectroscopy
signal that correlates with neurogenesis in mice and
humans (11). This signal resonates at 1.28 ppm, a fre-
quency that corresponds to the saturated hydrocarbon
groups that characterize all fatty acids in mice and
humans. They also showed that blocking fatty acid synthe-
tase blocked running-induced adult neurogenesis in the
hippocampus. In ref. 5, the authors identify oleic acid
(18:1w9 monounsaturated fatty acid [MUFA]) as the 1.28-
ppm signal, and, importantly, they reveal that oleic acid
(18:1w9 MUFA) is the long-sought-after endogenous ligand
that binds the previous orphan nuclear receptor TLX/
NR2E1 (12). What makes this finding particularly interest-
ing is that TLX has previously been repeatedly shown to
regulate adult neurogenesis in the hippocampus (13-16).
In vertebrates, TLX is specifically localized to the neuro-
genic regions of the forebrain, including the dentate gyrus
of the hippocampus and retina, throughout development
and adulthood. TLX regulates the expression of genes
involved in multiple pathways such as the cell cycle, DNA
replication, and cell adhesion. These roles are primarily
performed through the intricate and elegantly timed
switch between transcriptional repression and activation
of downstream target genes that regulate proliferation of
neural stem cells, as well as the initiation of maturation.

Kandel et al. (5) demonstrate that MUFAs are enriched
in neural stem and progenitor cells and are critical for their
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proliferation and survival. Blocking MUFA generation by
inhibition of stearoyl-CoA desaturases, which are enzymes
required for the production of MUFAs from saturated fatty
acids, reduced the proliferation and/or survival of human
neural progenitor cells. Remarkably, supplementing oleic
acid (18:1w9 MUFA) but not 18:0 saturated fatty acids res-
cued the neural progenitor population, providing strong
evidence that MUFAs play an important role in neural pro-
genitor cell proliferation and/or survival. Consistent with
the in vitro study, a high concentration of MUFAs was
detected in the dentate gyrus of mouse hippocampus.
Inhibition of stearoyl-CoA desaturases led to a substantial
reduction in neural stem and progenitor cell proliferation
in the hippocampus.

How do MUFAs regulate neural stem and progenitor
cell proliferation and neurogenesis? Because the nuclear
receptor TLX has been shown to be an essential regulator
of neural stem cell proliferation/self-renewal and hip-
pocampal neurogenesis (13, 14), the authors (5) asked
whether MUFAs could bind to TLX to regulate its activity
and, in turn, modulate neural stem cell proliferation and
neurogenesis. Molecular docking revealed that fatty acids
could fit into the presumed binding pocket of the TLX
ligand-binding domain. Encouraged by the virtual analysis
result, the authors (5) next tested the physical interaction
of fatty acids with the TLX ligand-binding domain, using
biolayer interferometry, a biosensing technology designed
for detection of ligand-receptor interaction, and they
detected saturable binding of oleic acid (18:1w9 MUFA)
to the TLX ligand-binding domain, with a K4 of 7.3 uM.
In contrast, no specific binding of saturated fatty acids (e.g.,
stearic acid, 18:0) or polyunsaturated fatty acids (e.g., linolenic
acid, 18:3w3) to the TLX ligand-binding domain could be
detected in the same assay. These results from Kandel et al.
provide evidence that MUFAs such as oleic acid fulfill the
prerequisite of being a TLX ligand, by having the ability to
physically interact with the TLX ligand-binding domain.

To qualify as a ligand, oleic acid needs to be able to mod-
ulate TLX activity upon binding to the TLX ligand-binding
domain. Because TLX has been shown to function as a
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transcriptional repressor by interacting with corepressors
(17-19), Kandel et al. (5) tested whether oleic acid could
modulate TLX-corepressor interactions. Indeed, they found
that oleic acid could inhibit the interaction of the TLX ligand-
binding domain with a peptide of atrophin, a corepressor for
TLX (17), in a dose-dependent manner. Accordingly, the
authors demonstrated that oleic acid could also promote
coactivator recruitment to the TLX ligand-binding domain in
a dose-dependent manner. Moreover, the authors cotrans-
fected a TLX expression vector and a TLX-responsive lucifer-
ase reporter into Hela cells and showed that TLX repressed
the luciferase reporter activity, consistent with previous stud-
ies (13, 14, 17-19). Interestingly, treatment with oleic acid led
to a modest activation of the luciferase reporter in TLX-
expressing cells, resulting in derepression of the reporter
activity. These results together demonstrate that oleic acid
could serve as a TLX ligand by binding to the TLX ligand-
binding domain and could facilitate the dissociation of
transcriptional corepressors from and the recruitment of
transcriptional coactivators to the TLX ligand-binding domain
to derepress or activate TLX-responsive genes (Fig. 1).

To determine the effect of oleic acid treatment on neu-
ral stem cell proliferation and hippocampal neurogenesis
in vivo, Kandel et al. (5) treated young (2-mo-old) and old
(24-mo-old) mice with oleic acid by stereotactic injection to
the dentate gyrus. Treatment with oleic acid led to
increased numbers of neural stem cells in both young and
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Fig. 1. Oleic acid binding to the nuclear receptor TLX promotes hippocam-
pal neurogenesis. (A) In the absence of oleic acid, TLX is associated with
corepressors; thus, transcription at its target genes is repressed, and
neural stem cells are maintained in a quiescent state. (B) When oleic acid is
bound to TLX, corepressors are dissociated from TLX; instead, transcrip-
tional coactivators are recruited to promote transcription at TLX target
genes, leading to cell cycle progression and neurogenesis. The figure was
created with BioRender.com.
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old mice. Oleic acid treatment also increased the number
of newborn neurons in young mice. Of note is that the
increase of proliferating neural stem cells induced by oleic
acid is TLX dose dependent, with the highest increase in
wild-type mice that carry two copies of the TLX gene, an
intermediate increase in heterozygous mice with one copy
of the TLX gene, and no effect in TLX knockout (KO) mice.

Consistent with the role of oleic acid in promoting neu-
ral stem and progenitor cell proliferation and neurogene-
sis, the authors (5) detected up-regulated expression of
genes in cell cycle progression and neurogenesis/gliogene-
sis (collectively referred to as neurogenesis). To evaluate
the TLX-dependent effect of oleic acid, the authors gener-
ated an elegant mouse model (by crossing Lfng-CreER™;
RCL-tdT mice with TLXOP9P mice, and then with
Lfng-eGFP mice) that carried both wild-type and TLX KO
neural stem cells in the same dentate gyrus. Moreover, the
wild-type and TLX KO neural stem cells were labeled by
fluorescent reporters differentially. These mice were mock
treated or injected with oleic acid, and neural stem cells
were isolated from the dentate gyrus of the treated mice.
Comparing the expression profile of the wild-type with the
TLX KO neural stem cells isolated from the treated mice
revealed that 32 cell cycle-related and 32 neurogenesis-
related genes were induced by oleic acid in a TLX-
dependent manner. The induction was seen in wild-type
but not in TLX KO neural stem cells. Together, these results
support a key role for TLX in regulating neural stem cell
proliferation and hippocampal neurogenesis as well as
the potential of oleic acid in modulating neurogenesis
through TLX.

Of interest is that both PAX6 and SOX2 expression are reg-
ulated by TLX and oleic acid, reinforcing the idea that TLX is
a master regulator of neural stem cells (13), acting upstream
of PAX6 and SOX2. It is worth noting that a higher induction
of neurogenesis-related genes was achieved by TLX KO as
compared to oleic acid-induced TLX activation, suggesting
that oleic acid can only partially derepress neurogenesis-
related genes. On the other hand, a weaker induction of cell
cycle-related genes was attained by TLX KO as compared to
oleic acid-induced activation, indicating that oleic acid can
activate cell cycle-related genes beyond derepression. How
many of these genes are direct TLX targets remains to be
verified. How oleic acid regulates TLX target genes in a
context-dependent manner will be of interest for future
mechanistic studies. It will also be important to understand
how oleic acid and/or other endogenous TLX ligands regu-
late the transitions from quiescent neural stem cells to rap-
idly amplifying progenitor cells and then to differentiated
neurons and glia. Finally, uncovering the mechanisms that
establish intracellular and extracellular oleic acid concentra-
tion gradients to fine-tune TLX activity and neural progenitor
cell fate may shed light on the role of the neurogenic niche
in adult neurogenesis.

While the discovery of the ligand for TLX is important in
and of itself, knowing what the ligand is will allow for more
detailed experiments to reveal the mechanism for how TLX
orchestrates adult neurogenesis. In addition, this study
validates oleic acid (18:1w9 MUFA) as a constituent of the
1.28-ppm signal, thus providing a valuable tool to monitor
adult neurogenesis in vivo in mice and nonhuman primates
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as well as humans. This method of in vivo monitoring of adult acid is now a meaningful target for discovering drugs
neurogenesis will be particularly valuable in clinical trials for designed to increase or decrease neurogenesis in disease.
drugs that are designed to target neurogenesis for neurode-

generative diseases where neurogenesis has been shown to ACKNOWLEDGMENTS. We thank M. Gage and J. Cerneckis for editing, and
be dysregulated (20). Finally, as the authors (5) point out, oleic  J. Cemeckis for preparing the figure and legend.
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