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Abstract

Fat mass and obesity-associated gene (FTO) is a member of the Fe (II)- and oxoglutarate-dependent AlkB dioxygenase family
and is linked to both obesity and intellectual disability. The role of FTO in neurodevelopment and neurogenesis, however,
remains largely unknown. Here we show that FTO is expressed in adult neural stem cells and neurons and displays dynamic
expression during postnatal neurodevelopment. The loss of FTO leads to decreased brain size and body weight. We find that
FTO deficiency could reduce the proliferation and neuronal differentiation of adult neural stem cells in vivo, which leads to
impaired learning and memory. Given the role of FTO as a demethylase of N6-methyladenosine (m°A), we went on to perform
genome-wide m°A profiling and observed dynamic m°®A modification during postnatal neurodevelopment. The loss of FTO
led to the altered expression of several key components of the brain derived neurotrophic factor pathway that were marked
by m®A. These results together suggest FTO plays important roles in neurogenesis, as well as in learning and memory.

Introduction and the subgranular zone (SGZ) of the dentate gyrus of the hip-
In adult vertebrate brain, neurogenesis driven by adult neural pocampus (1). The newborn neurons integrate into neuronal cir-
stem cells (aNSCs) produces new neurons in limited regions, cuits and perform physiological functions. Dysfunction of adult
such as the subventricular zone (SVZ) of the lateral ventricles neurogenesis can lead to impaired learning and memory and
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contribute to the pathogenesis of depression, epilepsy and neu-
rodegenerative diseases (2,3). Earlier studies have shown that
adult neurogenesis is regulated by many factors, including
genetics, signaling pathways, growth factors and metabolic
state, as well as epigenetic factors (1,4-8).

Fat mass and obesity-associated gene (FTO) is linked to
human obesity (9,10). Previous studies revealed FTO plays pivo-
tal roles in adipogenesis and energy homeostasis (11). FTO-
deficient mice display postnatal growth retardation and
reduced food intake, with a significant reduction of adipose tis-
sue (10,12), whereas the overexpression of FTO caused obesity
in mice (9). FTO protein is also found to be highly abundant in
brain and is associated with reduced brain volume in adoles-
cents and older people (12-14). FTO gene deficiency enhances
the retention of fear memory (15) and also impairs dopamine
receptor 2- and 3-dependent control of neuronal activity and
locomotor behavioral responses (16). These studies indicate
that FTO plays important roles in normal brain function.

Molecularly, FTO was identified as an RNA demethylase, and its
expression level inversely correlates with N6-methyladenosine
(m°®A) level (17). m®A is a conserved internal modification found in
almost all eukaryotic nuclear RNAs, as well as in some viral RNA,
such as Rous sarcoma virus, which replicates inside host nuclei
(18,19). The discoveries of functionally important methylases and
demethylases, including FTO, together with the recently revealed
m°A distributions in mammalian transcriptomes, are strong indi-
cators of regulatory functions for this dynamic modification (20,21).
m°A is developmentally regulated and increases during postnatal
brain development (22). The role of m®A in neurogenesis remains
to be defined; however, the expression of genes involved in m°A
methylation and demethylation could be differentially regulated
during neuronal differentiation, suggesting a potential role for this
RNA modification in neuronal development (Kang and Jin, unpub-
lished data). As a demethylase of m°A, the role of FTO in the regula-
tion of adult neurogenesis remains largely unknown.

Here we show that FTO is expressed in aNSCs and neurons
and displays dynamic expression during postnatal neurodevel-
opment. The loss of FTO leads to decreased brain size and body
weight. We found that FTO deficiency could reduce the prolifer-
ation and neuronal differentiation of aNSCs in vivo, which leads
to impaired learning and memory. We further performed
genome-wide m°A profiling and observed dynamic m®A modifi-
cation during postnatal neurodevelopment. Interestingly, the
loss of FTO led to the altered expression of several key compo-
nents of the brain derived neurotrophic factor (BDNF) pathway
that were marked by m°A. These results together suggest FTO
plays important roles in neurogenesis, learning and memory.

Results

Dynamic expression of FTO during postnatal
neurodevelopment

To determine whether FTO plays any role in adult neurogenesis,
we first examined the expression of FTO in mouse brain using
immunofluorescence staining. FTO protein was detected in
Nestin® aNSCs (Fig. 1A). Consistent with previous studies
(13,16), we also found that FTO is highly expressed in NeuN"
mature neurons (Fig. 1B). During postnatal development [from
postnatal day 1 (P1) to postnatal 8 weeks (P8W)], western blot
results showed that the expression of FTO increased from post-
natal day 1 (P1) to postnatal 2 weeks (P2W) and adulthood (post-
natal 8 weeks, P8W) (Fig. 1C and D).
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We next examined the FTO knockout (KO) mice generated
previously (12) (Supplementary Material, Fig. S1A). In the brains
of KO mice, Fto transcripts were not detected (Supplementary
Material, Fig. S1B). We found that the constitutive loss of Fto led
to lower body weight in postnatal 3- (weaning time) and
8-week-old female and male mice, respectively (Supplementary
Material, Fig. S1C-F). Furthermore, the loss of FTO could result
in a smaller brain, and distinct brain structures were also
smaller compared to WT mice (Fig. 1E-G and Supplementary
Material, Fig. S1G). Together, these results suggest that FTO
plays important roles in neurodevelopment.

The loss of FTO leads to reduced proliferation of
aNSCs in vivo

To determine the role of FTO in adult neurogenesis, we injected
adult mice with BrdU as illustrated in Figure 2A (50mg/kg,
6 injections with an interval of 4 h, i.p.). Twenty-four hours after
the last BrdU injection, mice were scarified for analyses. BrdU-
positive (BrdU™") cells were detected in the hippocampus of both
WT and KO mice, indicating the proliferation capacity of aNSCs
(Fig. 2B-G). The majority of BrdU* cells were localized in the
subgranular zones (SGZ) of the hippocampus of both WT and
KO mice, suggesting the aNSCs resided mainly in the SGZ and
had not initiated migration yet. Quantification results indicated
that the numbers of BrdU™ cells were significantly decreased in
KO mice compared to WT mice (Fig. 2H).

We further analyzed the effect of the loss of Fto on the prolif-
eration of aNSCs in the subventricular zone (SVZ) of the lateral
ventricles. Similar to the SGZ region, BrdU positive (BrdU") cells
could be also detected in the SVZ region of both WT and KO
mice (Fig. 2I-J). Quantification results indicated that the num-
bers of BrdU" cells were also significantly decreased in KO mice
compared to WT mice (Fig. 2K). Furthermore, the numbers of
BrdU" cells were significantly higher in SVZ regions than in SGZ
regions of both WT and KO mice. Together, these results indi-
cate that the loss of FTO significantly reduced the numbers of
aNSCs in both the SGZ and SVZ regions.

The loss of FTO decreases the neuronal differentiation
of aNSCs

To determine the role of FTO in the neuronal differentiation of
aNSCs, adult WT and KO mice were injected with BrdU as illus-
trated in Figure 3A (50mg/kg, i.p., 2 times/day for 3 days).
The mice were sacrificed 1week after the final BrdU injection.
BrdU-Ki67 double immunofluorescence staining revealed the
existence of aNSCs in the SGZ regions of the hippocampus in
both WT and KO mice (Fig. 3B-I). Quantification results showed
that the numbers of BrdU™" cells were significantly decreased in
KO mice compared to WT mice (Fig. 3R). Since the decreased
proliferation could be due to the lengthened cell cycle of NSCs
or fewer numbers of NSCs, we next performed immunofluores-
cence staining of Ki67, a cell cycle marker. Quantification results
showed that the numbers of Ki67" cells were decreased in KO
mice (Fig. 3S). These results suggest the loss of Fto could reduce
the pool of aNSCs in the SGZ region.

Next we carried out BrdU-DCX double immunofluorescence
staining to study early neuronal differentiation in WT and KO
mice (Fig. 3] and Q). The numbers of total DCX" and BrdU"DCX*
cells were significantly decreased in KO mice (Fig. 3T and U).
Furthermore, the percentage of BrdU"DCX™ in total BrdU™ cells
was also decreased in KO mice (Fig. 3V). We found that the
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Figure 1. Dynamic expression of FTO during postnatal brain development. (A) Immunofluorescence staining shows the expression of FTO in Nestin* adult neural stem
cells (aNSCs). (B) Immunofluorescence staining shows the expression of FTO in NeuN" mature neurons. During postnatal brain development [from postnatal day 1
(P1), postnatal 2-week (P2W), and postnatal 8-week (P8W, adult)], Nestin™ cells gradually decrease, while NeuN" cells and the expression of FTO increase in the hippo-
campus. (C, D) Western blot analysis (C) and quantitative results (D) revealed that the FTO protein level increases during postnatal brain development (n=3). GAPDH
was used as a loading control. Data are presented as mean + S.E.M., unpaired t-test, *P < 0.05; *P < 0.01. (E) Representative images show FTO knockout (KO) led to a
smaller brain size compared to wild-type (WT) mice. (F, G) The brain weights of both female and male FTO KO mice are less than age- and gender-matched WT mice.
N=14WT/16 KO (male); n=12WT/13 KO (female). Data are presented as mean + S.E.M., unpaired t-test, *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar: 100 pm in A and B and
10 um in the far right panels.
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Figure 2. The loss of FTO reduces the proliferation of aNSCs in hippocampus and lateral ventricles. (A) Schematic illustration of the proliferation assay of aNSCs. Adult
WT and KO mice were injected with BrdU (six doses, 50 mg/kg, i.p.) every 4h within a 24-h period. (B-G) Representative images showing the BrdU" aNSCs localized in
the subgranular zone of the dentate gyrus (DG) of the hippocampus in WT and FTO KO mice. Scale bars: 200 um (B-G) and 10pm in highly magnified inserts.
(H) Quantification results show the total numbers of BrdU™ cells significantly decreased in FTO KO mice compared to WT mice. (I-J) Representative images showing the
BrdU" cells in the subventricular zone (SVZ) of WT and FTO KO mice. Scale bars: 200 um in I-J and 10 pm in highly magnified inserts. (K) Quantitative analysis indicated
fewer BrdU™ cells in the SVZ of FTO KO mice compared with WT mice. WT, n=5; KO, n=6. Unpaired t-test, *P < 0.05, **P < 0.001.

length of dendrites was also significantly reduced in KO mice
(Fig. 3W and Supplementary Material, Fig. S2A-H). The loss of
FTO did not alter the soma positioning of aNSCs in the SGZ
region when analyzed 1week post-BrdU injection
(Supplementary Material, Fig. S2L-0O). However, FTO deficiency
significantly reduced the number of cells positioned in the SGZ
and increased the number of cells positioned at the molecular
cell layer when analyzed 4weeks post-BrdU injection
(Supplementary Material, Fig. S2P and Q). In the SVZ region, we
also saw a significant decrease of BrdU single- and BrdU-DCX
double-positive (BrdU'DCX") cells (Supplementary Material, Fig.
S3A-]). Together, these results suggest that the loss of FTO could
reduce immature neuronal differentiation of aNSCs.

To study the mature neuronal differentiation of aNSCs, BrdU-
NeuN double immunostaining was performed 4 weeks after the

final BrdU administration. Immunostaining revealed that the
majority of BrdU™ cells migrated away from the SGZ regions com-
pared to the 1-day time point (Fig. 4A-H). Newborn neurons,
BrdU'NeuN" cells could be found in both WT and KO cells
(Fig. 41-P). Quantification results suggest that the numbers of
BrdU" and BrdU"NeuN" cells were significantly decreased in KO
mice (Fig. 4Q and R). Furthermore, the percentage of newborn
neurons, indicated by BrdU NeuN" in total BrdU" cells, was also
decreased in KO mice (Fig. 4S). There was no significant differ-
ence for the survival rate of aNSCs between WT and FTO KO mice
(Fig. 4T). Consistently, we saw no significant change in the num-
ber of apoptotic cells in WT and KO mice using a TUNEL assay,
suggesting the loss of FTO did not alter apoptosis (Supplementary
Material, Fig. S4). Together, these results suggest the loss of FTO
could lead to reduced mature neuronal differentiation.
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Figure 3. FTO deficiency impairs the immature and mature neuronal differentiation of aNSCs. (A) Schematic illustration of the differentiation assay of aNSCs. WT and
KO male mice received BrdU injections (50 mg/kg, i.p., twice daily with an 8-h interval for three consecutive days) at the age of 8 weeks old. One and four week(s) after
the final BrdU injection, mice were sacrificed for the analysis of immature and mature neuronal differentiation of aNSCs, respectively. (B-I) Representative immuno-
fluorescence staining images showed BrdU" and Ki67* aNSCs in the hippocampus of WT and KO mice. Scale bar: 80 ym in B-I and 10 um in highly magnified panels.
(J, Q Representative immunofluorescence staining images show BrdU" aNSCs differentiated into immature DCX" neurons in WT and KO mice. Scale bar: 50 pm in J-Q
and 10 pm in highly magnified panels. (R, S) Quantitative analysis indicated a significant decrease of BrdU" cells (R) and Ki67" cells (S) in the DG of KO mice compared
to WT mice. (T) Quantification results demonstrate that KO mice had fewer DCX" immature neurons per volume in DG. (U, V) The number and the percentage of new-
born neurons (BrdU" DCX*) were significantly decreased in KO mice compared to WT mice. (W) The main dendrite length of DCX" cells in KO was significantly shorter
compared to WT. WT, n=8; KO, n=9. Unpaired t-test, *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4. The loss of FTO leads to a decrease of newborn neurons in adult mice. (A-H) Representative images showing fewer BrdU™" cells localized in the hippocampus
of KO mice compared to WT mice one month after the final BrdU injection. Scale bar: 200 ym. (I-P) Representative images showing fewer newly born mature neurons
(BrdU"NeuN") in KO mice compared to WT mice. Scale bar: 80 um in I-P and 10 um in highly magnified inserts. (Q) Quantification of BrdU" cells per section showing
that FTO deletion led to decreased neuronal differentiation in DG. (R) Quantitative analysis of BrdU"NeuN" cells per section revealed that the newborn cells in KO mice
obstructively differentiated into NeuN" neurons. (S) Meanwhile, newborn cells of KO mice showed a lower percentage of mature neurons. (T) However, there was no
difference in surviving newborn cells in the DG. WT, n=15; KO, n=13. Unpaired t-test, *P < 0.05; **P < 0.01; ***P < 0.001; ns: no significant difference.

The loss of FTO impairs learning and memory

Since adult neurogenesis has been linked to learning and mem-
ory, we next explored whether the impaired neurogenesis
caused by the loss of Fto could alter learning and memory. We
first performed the Morris water maze and eight-arm maze
tests. Figure 5A shows representative images of the swimming
routes of WT and KO mice. WT and KO mice did not show a sig-
nificant difference in swimming velocity throughout the 4-day
training trials (Fig. 5B). From day 1 to day 3, WT and KO mice
displayed a similar swimming path and escape latency (Fig. 5C
and D). On the fourth day, KO mice exhibited impaired learning
capacity compared to WT mice (Fig. 5C and D). Short-term
memory was tested 24 h after the 4-day training period. The Fto
KO mice displayed longer escape latency, fewer times crossing
the platform, increased time to first reach the platform, and
reduced time in the target quadrant (Fig. 5E-H), suggesting a
deficiency in short-term memory.

We further tested spatial learning and memory with the
eight-arm radial maze (Fig. 5I). During the first 2days of train-
ing, WT and KO mice displayed similar learning capacities.
From the third day to the end of the test (the seventh day), FTO
KO mice exhibited a higher reference error ratio compared to
WT mice (Fig. 5] and K). Meanwhile, the total entries to the arms
of FTO KO mice were significantly higher than WT mice (Fig. S5L).
Together, these results suggest that FTO deficiency impaired the
learning and memory of mice.

The loss of Fto results in the increase of global m6A and
dysregulated gene expression in hippocampus

Considering the demethylase activity of FTO, we speculated
that FTO could regulate adult neurogenesis by modulating RNA
methylation. We then carried out the m°®A dot-blot with hippo-
campal RNA of adult WT and FTO KO mice (Supplementary
Material, Fig. S5A). The dot-blot results showed that the level of
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Figure 5. FTO depletion impairs spatial learning and memory of mice. (A) Representative images showing the swim path of the MWM test of WT and KO mice. (B-D)
The swim velocity (B), swim path (C) and escape latency (D) of WT and KO mice during 4 days’ navigation training. (E) Escape latency of WT and KO mice in the short-
term trial. (F) The number of platform crossings in the short-term trial. (G) Time to arrive at the platform for the first time in the probe trial. (H) The percentage of time
in the target quadrant and other quadrants. (I) Schematic illustration of the eight-arm maze test. (J) The ratio of reference memory error for each day during 7 days of
testing. (K) The mean of the ratio of reference memory error during 7 days of testing. (L) Total entries into the arms. WT, n=10; KO, n=8. Unpaired t-test, *P < 0.05;

P <0.01; **P < 0.001.

m6A was significantly increased in FTO KO mice compared to
WT mice (Supplementary Material, Fig. S5B). Further, we per-
formed m®A RIP-seq using RNA from the hippocampus of both
young (2-week-old) and adult (6-week-old) WT mice. In total,
23,480 and 16,212 m°A peaks were identified in young and adult
mice, respectively (Supplementary Material, Table S1). These
peaks were associated with 8,049 and 6,388 genes in young and
adult mice, respectively: 2,414 unique genes in young mice, 753
unique genes in adult mice and 5,635 genes overlapping
between young and adult mice (Fig. 6A, Supplementary
Material, Table S2). m°A peak analysis showed that the distribu-
tion of m®A peaks across the length of mRNA transcripts was
similar between WT young and adult mice (Supplementary

Material, Fig. S6A). More m°A peaks located in the first exon of
hippocampal transcripts in young mice compared to adult mice
(Supplementary Material, Fig. S6B). The density of m°A peaks
increased more sharply when entering the last exon than when
approaching the stop codon in both young and adult mice
(Supplementary Material, Fig. S6B). It was also found that the
majority of m°A peaks containing transcripts only had one m°A
peak (Fig. 6C). To exclude the possibility that m°A peak distribu-
tion was caused by immunoprecipitation (IP), we then analyzed
the fold enrichment of high-confidence m°®A peaks that were
present in both biological replicates. IP ratio was calculated as
normalized read density within a peak in IP samples divided by
normalized read density within the corresponding regions in

220z 1snbny |z uo1senb Aq $2/ 11 1€/86€2/€ L/92/31o1e/6wy/woo dno-olwspede//:sdjy wolj papeojumoq


Deleted Text: ,

A
Postnatal Postnatal
2 weeks / 6 weeks
méA - mé6A
genes genes
cellular
C
Postnatal 2-week m6A-marked unique genes
-log10 (P Value)
process
process
coll surface receptor signaling pathway
regulation of transport
celiular response to siress
nervous system development
regulation of cell proliferation
from RNA n
regulation of cell migration
positive regulation of cell differentiation
E Genes regulated by FTO

-log10 (P Value)
3 6 9 12
biclogical adhesion
positive regulation of resp to sti
cell migration
glial cell development
of signal ducti
cell proliferation
sensory organ development
positive regulation of cell icati

Human Molecular Genetics, 2017, Vol. 26, No. 13 | 2405

B Postnatal 2- and 6-week m6A-marked
overlapped genes

-log10 (P Value)

RNA metabolic process

id

nervous s;fﬂnm develop;'lanl

neurogenesis
generation of neurons
neuron differentiation

9 of gene exp
cell projection organization
axon development

D
Postnatal 6-week m6A-marked unique genes
-log10 (P Value)

RMNA processing

cellular
establishment of localization in ceil
cellular protein catabolic process
RNA splicing

Golgl vesicle transport
acyl-CoA blosynthetic process
gene expression

15

Genes regulated
by FTO

genes

G Common genes marked by m6A and regulated by FTO
-log10 (P Value)

nervous system development
organ morphogenesis
response to growth factor
cell migration
y organ develop
cell proliferation
brain development
regulation of signaling
negative regulation of cell proliferation
t of cell or subcellul P

Figure 6. m°A-RIP-seq reveals dynamic m°®A modification and its correlation with altered gene expression caused by the loss of FTO. (A) Venn diagram illustrating the
numbers of m6A-modified unique and common mRNA transcripts in the hippocampus of young (postnatal 2 weeks) and adult (postnatal 6 weeks) WT mice, respec-
tively. (B) Gene ontology analysis results of the m°A-modified common genes shared between young and adult mice. (C, D) Gene ontology analysis results of the m°A-
modified unique genes identified in young (C) and adult (D) mice, respectively. (E) Gene ontology analysis results of the altered genes in the hippocampus of FTO KO
mice. (F) Venn diagram illustrating the m°A-modified common genes identified in young and adult mice and genes with altered expression identified in adult FTO KO
mice. (G) Gene ontology analysis results of the overlapping genes between m°A-modified genes and altered genes in KO mice.

input samples. We found that the distribution of IP ration was
similar between young and adult mice, and more than 80% m°A
peaks showed at least 5-fold enrichment, suggesting a bona fide
identity of identified m®A peaks (Supplementary Material, Fig.
S6D, GEO: GSE94098).

Gene ontology (GO) analysis showed 5,635 overlapping genes
(termed as m®A modified common genes) were highly enriched
in pathways related to RNA metabolism, regulation of transcrip-
tion, neurogenesis and neuronal development, among others
(Fig. 6B). Further, 2,414 unique genes identified in young mice
were significantly enriched in pathways related to RNA

metabolism, development, cell proliferation, and differentia-
tion, among others (Fig. 6C), while those 753 unique genes iden-
tified in adult mice were enriched in pathways related to mRNA
processes, cell division, and transport, among others (Fig. 6D).
To determine the effect of FTO on gene expression, we car-
ried out RNA-seq using RNA isolated from the hippocampus of
adult WT and FTO KO mice. We found altered expression of
1,862 genes (termed as Fto modulated genes): 494 genes were
upregulated and 1,368 genes downregulated (Supplementary
Material, Table S3, Fig. 6E). Further analyses revealed that 363
genes overlapped between m°A modified common genes and
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Fto-modulated genes (Fig. 6F), which were highly enriched in
pathways related to neuronal development, cell proliferation,
and migration, among others (Fig. 6G, Supplementary Material,
Table S4). The analysis of a previously published data (16) also
showed in total 1518 specific m®A modification marked genes,
164 genes showed altered expression (Supplementary Material,
Fig. S5C and D).

Previous studies have shown that BDNF plays important
roles in neuronal development, and FTO regulates the expres-
sion of BDNF (23-27). Among m®A modification marked tran-
scripts, we found that transcripts of several components of
BDNF signaling pathway were marked with m°®A at both 2 and
6week (Supplementary Material, Fig. S7A). Consistently, the
reanalysis of previous published data also revealed that these
transcripts were marked with m®A modification in the midbrain
of WT and FTO KO mice (16) (Supplementary Material, Fig. S7B).
Hippocampal RNA-seq data also showed that the expression of
several genes of the nerve growth factor receptor (NGFR)-BDNF
pathway was altered.

Next, we performed western blot analysis and found that
BDNF levels were significantly decreased in the hippocampus
tissues of KO mice (Fig. 7A and B). Akt is a downstream target of
BDNF, and phosphorylated Akt levels (p-Akt, Ser473 and
Thr308) were decreased in KO mice, while the level of total Akt
was not altered (Fig. 7A, C-E). While the total level of p70S6K1,
another component of the BDNF signaling pathway, did not
change, the level of phosphorylated p70S6K1 (p-p70S6K1,
Thr389) was deceased in KO mice (Fig, 7F, G). QRT-PCR results
showed that the mRNA levels of BDNF, PI3K, Akt2, Akt3 and
mTOR were also decreased (Fig. 7H). Considering the decrease
of neurogenesis in the mouse brain from 2-week to 6-week, we
further analyzed m°A modification in a few neurogenesis
related transcripts, including Nestin, Sox2 and NeuroD. We
observed that m®A marked these transcripts both at 2- and 6-
week time point (Supplementary Material, Fig. S7). Interestingly,
m®A modification on these transcripts decreases from 2-week
to 6-week (Supplementary Material, Fig. S8). These results
together suggest the loss of FTO could alter the BDNF signaling
pathway and the alteration of FTO-catalyzed m®A modification
could contribute to impaired adult neurogenesis through modu-
lating BDNF pathway (Fig. 71).

Discussion

FTO is linked to human obesity (9,10), and previous work
revealed that FTO plays pivotal roles in adipogenesis and energy
homeostasis (11). FTO-deficient mice display postnatal growth
retardation, reduced food intake and a significant reduction in
adipose tissue (10,12), while overexpression of FTO can cause
obesity in mice (9). In brain, FTO is widely expressed and highly
enriched in neurons (12,14). FTO variants are associated with
reduced brain volume and affect the activity of brain regions
important for emotion and neural response to food images
(14,28-30). The modulation of FTO can also impact the CREB sig-
naling pathway and alter the neuronal responses to fear and
cocaine (15,16,23). These studies strongly suggest that FTO
could play important roles in modulating brain function. Our
work presented here demonstrates a role for FTO in the regula-
tion of adult neurogenesis. Loss of Fto leads to a smaller sized
whole brain and distinct brain regions in mice. Furthermore,
the loss of FTO not only reduces the proliferation of aNSCs
but also inhibits neuronal differentiation in both the SVZ and
SGZ regions of adult mice. FTO-deficient mice display impaired
spatial learning and memory. We observed dynamic m°A

modification during postnatal neuronal development. m°A
modification distributes across the exons of transcripts with a
dramatic enrichment on the last exon. m°A modification also
marks some neurogenesis-related transcripts, including BDNF.
The expression of a subset of genes, including BDNF, is dysregu-
lated in the absence of FTO, and the altered BDNF signaling
could contribute to the impaired adult neurogenesis associated
with the loss of Fto.

Epigenetic modifications are known to play important
roles in regulating the lineage commitment, specification,
and self-renewal of neural stem cells during adult neurogenesis
(4-8,31,32). In eukaryotes, m°A RNA methylation is deposited by
methyltransferase-like 3 (Mettl3) and 14 (Mettl14) and is
removed by demethylase FTO and ALKBHS, which are abundant
and conserved across different species (33,34). Although an ear-
lier study showed conflicting results (35), recent works have
found that Mettl3-depleted embryonic stem cells failed to
undergo differentiation and lock in the pluripotency state
(36,37). FTO is found to be highly expressed in neuronal cells
(12,13) and can regulate neuronal function in mice (15,38,39).
Our study reveals that FTO is highly expressed in aNSCs, as
well. The loss of FTO leads to fewer Ki67" and BrdU™ cells, sug-
gesting a diminished pool of aNSCs and a decreased capacity for
proliferation. Furthermore, the loss of FTO also reduces the neu-
ronal and glial differentiation of aNSCs, suggesting the multipo-
tency of aNSCs is impaired in the absence of Fto. Together,
these results indicate that FTO is not only important for the
function of neuronal cells but also critical for the ‘stemness’
and multipotency of aNSCs.

FTO is known to possess the demethylase activity of m°A in
mRNAs. Both previous works and our present study show that
m°A is not evenly distributed across transcripts, but rather spe-
cifically enriched around stop codons, in 3'UTRs, and within
long internal exons of RNA (40,41). m®A modification is enriched
in brain and increases during postnatal brain development, and
is well conserved between mouse and human (40-42). In
Drosophila, m®A is critical for sex determination and controls
synaptic growth and neuromuscular junction (42,43). The m°A
modification dynamics mediated by FTO are found to be
involved in the dopaminergic signaling pathway and neuronal
response to cocaine (16,39). Further, m®A modification increases
in response to behavioral training and promotes cued fear
memory retention by affecting the degradation of transcripts
(15). Our previous study has shown that FTO could regulate the
expression of BDNF through its demethylase activity (23). Our
present study also reveals the dynamics of m®A modification
during postnatal neurodevelopment, and m6A-marked mRNAs
highly overlap with the genes regulated by FTO as determined
by gene expression profiling, including the BDNF signaling path-
way. Together, these results suggest FTO plays roles in modu-
lating the activity of aNSCs by regulating m°A modification of
selective transcripts, which could in turn influence their gene
expression (38,42—44).

In summary, our current work uncovers an important role of
FTO in the regulation of adult neurogenesis. Loss of FTO could
diminish the aNSC pool and reduce both proliferation and dif-
ferentiation of aNSCs, which leads to impaired learning and
memory. Our m°A profiling reveals the dynamics of m°A modifi-
cation during postnatal neurodevelopment. By combining m°A
profiling with gene expression analyses, we have identified the
key mRNAs modified by m®A, which could be mediated by FTO.
The altered m®A modification of these transcripts, particularly
genes involved in the BDNF pathway, may contribute to the
adult neurogenesis deficits associated with the loss of FTO.
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Figure 7. FTO regulates adult neurogenesis through modulation of the BDNF/Akt signaling pathway. (A) Representative western blotting images showing the protein
levels of BDNF, phospho-Akt, total Akt (T-Akt), phospho-p70S6K1 and total p70S6K1 (p70S6K1). GAPDH was used as a loading control. (B-G) Quantification results indi-
cated the protein levels of BDNF (B), phospho-Akt (Ser473) (C), phospho-Akt (Thr308) (D) and phorspho-p70S6K (Thr389) (F) significantly decreased in KO mice compared
to WT mice, while the levels of total Akt (E) and p70S6K1 did not change (G). n= 3, unpaired t-test, *P <0.05. (H) BDNF, PI3K, AKT and mTOR mRNA transcripts were
detected in the hippocampus of WT and FTO KO mice by real-time PCR (n=3). 18s mRNA levels were used as an internal control. Unpaired t-test, **P < 0.01; **P < 0.001.

(I) Schematic illustration of FTO-mediated regulation of adult neurogenesis.

Materials and Methods

Animals

FTO knockout (KO) mice were generated as described previ-
ously (12). Adult (8-12 weeks old) male wild-type (WT) and KO
male mice were adopted for the most of study, and female
mice were only included for testing the brain and body weight.
Mice were housed on a 12 h light/dark schedule and fed ad libi-
tum. All experiments were conducted following the protocols
approved by The Animal Ethics Committee of Zhejiang
University.

BrdU administration and brain section preparation

To evaluate the percentage of cell proliferation and differentia-
tion in vivo, adult WT and KO mice were injected with 5’-bromo-
2’-deoxyuridine (BrdU) intraperitoneally (50 mg/kg). To assess
the proliferation of aNSCs, batches of WT and KO animals were
injected with BrdU (i.p.) within 24h. Mice were sacrificed for
study 4 h after the last injection. To assess the differentiation of
aNSCs, the other two batches of mice were given BrdU for

3 consecutive days (twice daily at 10h intervals). Mice were sac-
rificed at 1 or 4 week(s) after the final BrdU injection.

At the scheduled time point, mice were deeply anesthetized
with chloral hydrate (50 mg/kg, i.p.) and transcardially perfused
with cold phosphate-buffered saline (PBS), followed by perfu-
sion of 4% PFA. Brains were gently removed and post-fixed in
4% PFA overnight at 4°C. Twenty-four hours later, the brain
samples were transferred into 30% sucrose solution for dehy-
dration at 4°C. The brain samples were embedded in O.C.T.
(Thermo Fisher Scientific) and sectioned in the coronal plane
(20 um) with a cryostat (Leica).

Immunofluorescence staining and cell quantification

For proliferation and differentiation assays, floating brain sec-
tions were picked up every 1-in-6 in series, and a total of 8-10
sections were used from each animal. Brain sections were
washed with PBS for 30 min, and then were blocked with PBS
containing 5% normal goat serum (Vector Laboratories, CA) and
0.1% Triton X-100 for 1h at room temperature. Sections then
were incubated with primary antibodies overnight at 4°C.
For BrdU immunostaining, the sections were pretreated with

220z 1snbny |z uo 3senb Aq 12/ 1 | L €/86£2/€ L/9Z/3101Ee/Bwy/wod dno-olwapede//:sdjy wo.y papeojumod


Deleted Text: Materials and Methods
Deleted Text: -
Deleted Text: -

2408 | Human Molecular Genetics, 2017, Vol. 26, No. 13

1M HCl and incubated at 37 °C for 30 min. The following primary
antibodies were used: rabbit anti-FTO (Thermo; PA1-46310),
mouse anti-Nestin (BD Pharmingen; 556309), mouse anti-
Neuronal Nuclei (NeuN, Millipore; MAB377), rat anti-BrdU
(Abcam; ab-6326), rabbit anti-Doublecortin (Cell Signaling
Technology; #4604), and rabbit anti-Ki-67 (Millipore; AB9260. On
the second day, samples were washed with PBS for 30 min, and
then incubated with secondary antibodies for 1h at room tem-
perature. Fluorophore-conjugated secondary antibody was
used: goat anti-mouse Alexa Fluor 568 (Invitrogen; A11031), goat
anti-rat Alexa Fluor 568 (Invitrogen; A11077), goat anti-rabbit
Alexa Fluor 488 (Invitrogen; A11008), and goat anti-mouse Alexa
Fluor 488 (Invitrogen; A11001). DNA was counterstained with
the fluorescent nuclear dye 4’6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich, #B2261). After final washes, sections were
mounted onto glass slides and cover slipped with mounting
medium (Vector Laboratories, CA). All immunostaining experi-
ments were repeated with sections from at least three animals
of each genotype.

Immunostained sections were viewed and images were
taken with an Olympus confocal microscope (Olympus IX81-
FV1000). The numbers of BrdU™, Ki67", DCX" and TUNEL stain-
ing positive cells were quantified. The length of main dendrites
and the number of DCX+ cells were determined using Image
] software.

Nissl staining

Once mounted onto glass slides, the brain sections were succes-
sively immersed in 70, 80, 95 and 100% ethanol concentrations
to gradually dehydrate for 5s, respectively. Afterwards, slides
were transferred to xylene for 30s. Subsequently, sections were
rehydrated by ethanol from high concentration to low concen-
tration. After washing with ddH,O, sections were incubated
with Nissl staining solution at 37°C for 30min. Finally, 70%
ethanol was used for decoloration, and 50% glycerinum in PBS
was used as mounting medium.

TUNEL staining

To detect apoptotic neurons in the hippocampus and the SVZ of
the lateral ventricles, terminal uridine deoxynucleotidyl trans-
ferase (dUTP) nick end labeling (TUNEL) staining was performed
using a commercial kit (In Situ Cell Death Detection Kit, TMR
red; Roche, 12156792910) following the manufacturer’s instruc-
tions. The brain sections were rinsed 3 times in PBS and covered
with proteinase K at 37°C for 30 min. They were then washed
with PBS to terminate enzymatic activity. Finally, slides were
incubated with permeabilization solution (0.1% Triton X-100,
0.1% sodium citrate) for 10 min. They were then treated with a
TUNEL reaction mixture containing 90% terminal deoxynucleo-
tidyl transferase (TdT) buffer, 5% dUTP-biotin and in 5% TdT in
a humid dark box at 3°C for 1h. After being rinsed three times
in PBS, sections were counterstained with DAPIL In particular,
positive control sections were incubated in permeabilization
solution with DNase I (3U/ul) for 10 min at room temperature
before reacting with TdT enzyme. However, negative controls
were incubated with labeling solution (without terminal trans-
ferase) instead of the TUNEL reaction mixture. TUNEL-positive
cells in the hippocampus and lateral ventricles were counted in
six inconsecutive sections with an Olympus confocal
microscope.

Western blot

Hippocampus tissues were ground in ice-cold lysis buffer
(150mM sodium chloride; 1.0% NP-40 or Triton X-100; 0.5%
sodium deoxycholate; 0.1% SDS (sodium dodecyl sulphate);
S50mM Tris, pH 8.0) containing 1X protease inhibitor cocktail
(Sigma). The homogenates were transferred into a pre-cooled
microfuge tube, centrifuged at 4°C for 20 min at 20817g, and the
supernatants were collected. Protein concentrations of the sam-
ples were measured by a BioPhotometer (Eppendorf), and 30 ug
of proteins of each sample were used for electrophoresis. The
following primary antibodies were used: anti-FTO (Thermo,
PA1-46310), anti-BDNF (Abcam, ab108319), anti-phospho-AKT
(Ser473) (Cell Signaling Technology, #4060), anti-phospho-AKT
(Thr308) (Cell Signaling Technology, #13038p), anti-AKT (Cell
Signaling Technology, 4691p), anti-phospho-p70 S6 Kinase
(Thr389) (Cell Signaling Technology, #9234s), anti-p70 S6 kinase
(Cell Signaling Technology, #2708) and anti-GAPDH (Ambion,
AM4300). The images were visualized and taken using a
Molecular Imager Imaging System (Tanon, China). The intensity
of images was analyzed with Adobe Photoshop software.

Total RNA isolation, reverse transcription and
quantitative real-time PCR

Hippocampus tissues were dissected and homogenized with
TRIzol reagent (Ambion). Total RNA was isolated, and the con-
centration was quantified wusing a NanoDrop 2000
Spectrophotometer. One microgram of total RNA was used for
reverse transcription (RT) (Invitrogen). Standard real-time qPCR
was performed using power SYBR Green PCR master Mix
(Invitrogen). All real-time PCR reactions were performed in trip-
licate, and the results were analyzed using the **Ct method.

RNA-seq

Total RNAs were extracted from adult WT and KO hippocampus
tissues using TRIzol for RNA-seq. Residual genomic DNA was
removed and RNA was purified following standard protocol. All
samples used for the cDNA library had an excellent purity as
assessed by NanoDrop 2000, and the RNA integrity value (RIN)
showed no visible signs of degradation (RIN >9) in an Agilent
2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA,
USA). The extracted mRNA was fragmented, reverse transcribed
into cDNA, and ligated with proprietary adapters to the 3’ and 5’
termini. Subsequently, paired-end sequencing was performed
with the Illumina HiSeq sequencing technology (Illumina, San
Diego, USA). Raw sequencing output was filtered, and the
retained clean reads were then aligned to the Mus musculus
reference genome.

m°A-RIP-seq

Total cellular RNA was purified from fresh mouse hippocampi
using the TRIzol Reagent (Invitrogen) according to the manufac-
turer’s instructions. For each biological replicate, the total cellu-
lar RNA samples isolated from the hippocampi of 12 wild-type
C57BL/6] (B6) mice of the same age were pooled. Polyadenylated
RNA was enriched by oligo-dT selection using the PolyATtract
mRNA Isolation System (Promega), and then was fragmented
into ~100-nt pieces as previously described (45). Fragmented
RNA was cleaned and concentrated using the RNA Clean &
Concentrator-5 (Zymo Research) with on-column DNase treat-
ment. About 2 pg of RNA fragments were used as the input for
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each m6A immunoprecipitation (m°A-IP). m°A-IP was per-
formed as previously described (45). Eluted RNA fragments were
recovered by adding Pellet Paint Co-Precipitant (EMD Millipore),
followed by ethanol precipitation. RNA-seq libraries were gener-
ated from recovered RNA fragments of two biological replicates
per age group, using the TruSeq LT RNA Library Preparation Kit
v2 ([llumina) following the manufacturer’s protocol, but skip-
ping the step of mRNA purification and fragmentation. A Qubit
dsDNA HS Assay Kit (Invitrogen) and an Agilent 2100
BioAnalyzer with DNA1000 Kit (Agilent) were used to quantify
amplified cDNA and to control the quality of the libraries.
[llumina HiSeq2000 was used to perform 100-cycle single-read
(SR) sequences. Image processing and sequence extraction were
done using the standard cloud-based Illumina pipeline in
BaseSpace (Illumina).

Bioinformatic analyses of m°®A-IP-seq data

RNA-seq reads were first aligned to the mouse genome (mmb9)
by Bowtie v2.2.3 (46) using the local, sensitive and non-
deterministic mode. m°®A peaks were identified by HOMER
findPeaks (47) using the factor mode and additional settings
(peak size =100 nt; fragment length = 100 nt; maximum distance
used to stitch peaks together=50; fold change threshold=3;
local fold change = disabled; size of region to search for control
tags=1x peak size; P-value threshold=0.0001; and false-
discovery rate (FDR) threshold =0.001). High-confidence (HC)
peaks found in both biological replicates were annotated by
HOMER annotatePeaks.pl (47). The annotation of boundary
genes was corrected using a Python script. Differential methyla-
tion (DM) in m6A-IP-seq data of WT and FTO KO midbrain
(GSE47217) (16) was analyzed by R using a Bioconductor package
exomePeak (2.8.0) (48) to compare normalized reads count
between non-IP (input) and m®A-IP samples by rescaled hyper-
geometric test. DM regions are defined as the ones with
FDR <0.05, plus fold enrichment of the peaks on the hyper-
methylated side being consistently larger than 3. The FPKM
(Fragments Per Kilobase of transcript per Million mapped reads)
values of gene expression were calculated by Tophat2 (2.1.1) (49)
and cuffdiff (2.2.1) (50) using genome build mm9. Genome-wide
coverage data were scaled by 1000000/total read count and
visualized by the Integrative Genomics Viewer (51,52). Gene
ontology (GO) analyses were performed by the Database for
Annotation, Visualization and Integrated Discovery (DAVID)
v6.7 (53).

Morris water maze test

The Morris water maze (MWM) was performed as previously
described (54). MWM training was performed in a round, water-
filled tub (120 cm in diameter) in an environment rich with extra
maze cues. Adult (8-week-old) mice were placed in the water
maze with their paws touching the wall from four different
starting positions (N, S, E, W) in water consistently maintained
at 27°C. At the end of each day of testing, water was drained,
and the tank was cleaned with Quatricide. An invisible escape
platform (10cm in diameter) was located in the same spatial
location 1cm below the water surface independent of a sub-
ject’s start position on a particular trial. In this way subjects
would be able to use extra maze cues to determine the plat-
form’s location. Each subject was given 4 trials/day with a
15-min interval for 6 days. The maximum trial length was €0s,
and if subjects did not reach the platform in the allotted time,
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they were manually guided to it. Upon reaching the platform,
subjects were left on it for an additional 5s to allow for survey
of the spatial cues in the environment to guide future naviga-
tion. After each trial, subjects were dried and kept in a dry plas-
tic holding cage filled with paper towels to allow them to
completely dry off. The holding cage was placed half-on, half-
off a heating pad. Animals on the heating pad were not left
unattended. Twenty-four hours after the final training trial, a
probe trial was performed, during which time the platform was
removed and the amount of time swimming in the quadrant
that previously contained the escape platform during task
acquisition was measured over 60s. All trials were videotaped
and analyzed with MazeScan software (Actimetrics, China). The
single time-point data were analyzed by Student’s t-test, and
the serial days’ data as dependent values were analyzed by two-
way ANOVA.

Eight-arm radial maze test

The apparatus consisted of an octagonal platform (60 mm side
length) in the center and eight identical extending arms
(300mm x 60mm x 150mm). Arms were made of transparent
Plexiglas to allow the animal to see visual cues placed in the
room. Doors (25cm high) were located at the entrance of each
arm, with dual sensors to detect the animal when all four paws
crossed the door. Each arm was equipped with a head-end
detector in the end where chocolate was placed to attract the
mice. A video tracking system (Med Associates Inc) was used to
observe the movement of the mice. Several salient visual cues
(a star, a rectangle, a circle, and a triangle) hung constantly on
the white wall in the same positions, and an incandescent light
bulb was above the apparatus to prevent shadow within the
maze. Animals were fasting 24 h before training, and each ani-
mal was weighed before and after fasting to adjust the body
weight to 80-85% of normal, free-eating animals. On the first
day, they were placed in the full-baited maze in which choco-
late particles were scattered in the center and the end of the
arms in groups of 4 for 10 min, and animals could explore the
maze freely to eat the food rewards with all doors opened. On
the second and third days, each mouse was put into the maze
alone, with chocolate placed only at the ends of the arms. Mice
were placed on the center platform for 10s and allowed to move
freely for 10 min or until all chocolate pellets were consumed.
During these days, animals were induced to find and eat food
only once in each arm. For the next days, only four arms were
baited, and food was placed at the end of the same four arms
during this session. Mice were allowed to move freely until all
chocolate pellets were consumed or the trial lasted for more
than 10 min. A reference memory error was counted when ani-
mals visited a non-baited arm with all four paws, and working
memory was counted when animals went into an arm that was
visited previously with all four paws. The maze was cleaned
between each mouse to minimize olfactory intra-maze cues.

Statistical analysis

All data are presented as mean + S.E.M. and were analyzed with
GraphPad Prism software (GraphPad Software, CA). For compar-
isons between two groups, a two-tailed unpaired Student’s
t-test was used. For multiple group comparisons, a two-way
ANOVA followed by Tukey’s post hoc test was used. A value of
P <0.05 was considered statistically significant.
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Sequencing data have been deposited to GEO with accession
number GSE94098.
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Supplementary Material is available at HMG online.
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