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MicroRNA-129-5p is regulated by choline availability
and controls EGF receptor synthesis and neurogenesis
in the cerebral cortex
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ABSTRACT: Choline availability modulates neurogenesis and cerebral cortex development through the regulation of
neural progenitor cell (NPC) proliferative and differentiation capacity. In this study, we demonstrated that cortical
NPC self-renewal is controlled by choline via the expression of a microRNA (miR-129-5p), whose role in the
developing brain has not been examined, and which, in turn, inhibits synthesis of the epidermal growth factor
receptor (EGFR) protein. Specifically, we found thatlow choline (LC) availability led to the upregulation of miR-129-
5p expression in cortical NPCs in vitro and in vivo, causing the downregulation of EGFR and thereby disrupting
NPC self-renewal and cortical neurogenesis. Furthermore, in response to LC availability, methylation potential (the
S-adenosylmethionine:S-adenosylhomocysteine ratio) in the developing brain was reduced. Restoring methylation
potential in LC cortical NPCs led to the re-establishment of normal miR-129-5p expression. We concluded that
inhibiting miR-129-5p function and restoring EGFR protein levels in vivo is sufficient to reverse LC-induced defects
in cortical NPC self-renewal. For the first time, to our knowledge, we have identified the molecular links that explain
how a change in the availability of the diet metabolite choline impacts the essential cellular processes underlying
brain development.—Trujillo-Gonzalez, I., Wang, Y., Friday, W. B., Vickers, K. C., Toth, C. L., Molina-Torres, L.,
Surzenko, N., Zeisel, S. H. MicroRNA-129-5p is regulated by choline availability and controls EGF receptor syn-

thesis and neurogenesis in the cerebral cortex. FASEB ]J. 33, 3601-3612 (2019). www.fasebj.org
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Choline is a nutrient that is essential for multiple cellular
functions, such as the production of the neurotransmitter
acetylcholine and synthesis of betaine—a metabolite in-
volved in the generation of methyl groups that are neces-
sary for DNA, RNA, and protein methylation (1).
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Phosphatidylcholine, another choline metabolite, is one of
the most abundant components of the cellular membranes
(2). The importance of adequate choline (AC) for brain
development has been well established (1). If choline
availability is increased above adequate in pregnant ro-
dent dams, between d 11 and 17 of gestation, the offspring
perform better on memory-related tasks, such as the
Morris water maze and radial arm maze, throughout life
(3-7). In humans, higher intake of choline during preg-
nancy is associated with better performance on memory
tests in the 7-yr-old children of these mothers (8). On the
contrary, an insufficient supply of choline during devel-
opment increases the risk of neural tube closure defects (9)
and leads to aberrant genesis of the cerebral cortex and
hippocampus (10, 11). The molecular mechanisms of these
effects of choline have not been identified.

We reported that in the developing cerebral cortex,
choline acts to modulate neural progenitor cell (NPC) self-
renewal by regulating the synthesis of the full-length
(isoform 1) epidermal growth factor receptor (EGFR), an
essential component of a signaling pathway involved in
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diverse cellular processes (11), including cortical neuro-
genesis (12-16). Yet, how choline controls EGFR synthesis
remains unknown. In fetal brains from mouse dams fed a
LC diet, we showed that Egfr mRNA was expressed nor-
mally, but the synthesis of the EGFR protein was inhibited
(11). This result suggests that microRNAs (miRs; small
noncoding RNAs) post-transcriptionally regulate the
synthesis of the EGFR protein (17-19). However, whether
miRs respond to nutrient status to modulate brain devel-
opment has not been demonstrated.

In this study, we identified a specific miR, miR-129-5p,
that is upregulated in LC NPCs, binds the 3" UTR of Egfr,
and inhibits its protein synthesis. Although expression of
miR-129-5p was detected in the developing and adult
brain, its role during neurogenesis has not been examined.
In this study, miR-129-5p was up-regulated in cortical
NPCs in response to LC status. We further found that in-
hibition of miR-129-5p function in the developing cortex in
vivo is sufficient to restore NPC self-renewal in LC em-
bryos. Together, our results demonstrate, for the first time
to our knowledge, that NPC self-renewal and differentia-
tion capacity in the developing cerebral cortex is controlled
by choline availability through the regulation of miR ex-
pression. These findings provide a direct demonstration of
a mechanism whereby metabolism of nutrients influences
gene and protein expression during development.

MATERIALS AND METHODS
Animals

Mice were bred and maintained at the David H. Murdock Research
Institute (DHMRI), Center for Laboratory Animal Science facilities.
All experiments were performed in accordance with the standards
of the U.S. National Institutes of Health (NIH) Guide for Care and Use
of Laboratory Animals and were approved by the DHMRI In-
stitutional Animal Care and Use Commiittee. Nestin-CFPnuc trans-
genic mice were generously provided by Dr. Grigori Enikolopov
(Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA)
(20), and were maintained on a C57BL/6] background. The Eg“r"
mouse line was kindly provided by Dr. David. W. Threadgill (Texas
A&M University, College Station, TX, USA) (21). Genotyping for the
Nestin-CFPnuc and Egfi’ lines was performed according to the
providers’ protocols (20, 21). Nestin-CreER™*~ and Ai9 mouse lines
were purchased from The Jackson Laboratory (Bar Harbor, ME,
USA) and maintained on a C57BL/6] background (22, 23). Geno-
typing for Nestin-CreER™*~ and Ai9 lines was performed accord-
ing to protocols provided by The Jackson laboratory.

Diets

For at least 2 wk before mating, all animals were fed an AC diet
(modified AIN93G diet with 1.4 g/kg choline chloride;
D16040703Y; Research Diets, New Brunswick, NJ, USA) (Sup-
plemental Fig. S4) through embryonic day (ED) 10. On ED 11,
timed-pregnant mice were randomly assigned to 2 feeding
groups: LC (LC; modified AIN93G diet with 0 g/kg choline
chloride) or AC diet and were fed these diets until ED 17.

Neural progenitor cell culture

Neural progenitor cells were isolated from AC embryonic ED 14
brains and cultured as previously described (24). In brief, cerebral
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hemispheres from ED 14 embryos were dissected and dissociated
into single cells. NPCs were grown in custom choline-free neu-
robasal medium, supplemented with 2 mM L-glutamine and B27
supplement without vitamin A (all from Thermo Fisher Scien-
tific, Waltham, MA, USA). Choline chloride (MilliporeSigma,
Burlington, MA, USA), dissolved in PBS and sterile filtered, was
added to culture medium to final concentrations of 7 pM
(LC) or 70 uM (AC) (25). For monolayer cultures, neuro-
spheres were dissociated and plated in 24-well glass-bottom
plates (MatTek, Ashland, MA, USA), precoated with poly-
ornithine (MilliporeSigma) and fibronectin (MilliporeSigma).
NPCs were incubated at 37°C, 5% CO..

S-adenosylmethionine treatment in cultured NPCs

Neural progenitor cells were cultured as previously described.
S-adenosylmethionine (AdoMet), in the stable form of AdoMet-
tosylate (Cayman Chemicals, Ann Arbor, MI, USA), was used at
a final concentration in the medium of 100 uM.

Neural progenitor cell isolation for in vivo
treatment experiments

For experiments in which diets /treatments were administered in
vivo, nestinCFP”* cells were isolated by fluorescence-activated cell
sorting (FACS) (Aria III sorter; BD Biosciences, Franklin Lakes,
NJ, USA), from AC and LC ED 17 embryos. The isolated cell
population was pelleted and stored at —80°C.

Transfection of neural progenitor cells

Neural progenitor cells were plated as monolayers for 24 h before
transfection, as previously described. Transient transfections
(DharmaFECT1 transfection reagent; Dharmacon, Lafayette, CO,
USA) were conducted at 24 h of culture with miR-129-5p miRidian
mimic and scrambled control miR (sc-miR) (Dharmacon).
5-Ethynyl-2'-deoxyuridine (EdU) was added to the culture me-
dium at 10 pM for 24 h between 48 and 72 h of culture. EAU
detection was performed at 72 h of culture with the Click-iT EQU
Alexa Fluor 555 Detection Kit (Thermo Fisher Scientific), accord-
ing to the manufacturer’s protocol.

Genetic lineage tracing

Heterozy}gous Egf¥"*-Ai9"~ females (21) were mated to Nestin-
CreER™*™ males (22, 23) to obtain Egfi’’*-Nestin-CreER™*/" -
Ai9"~ and Egfr*/*-Nestin-CreER™"~-Ai9*"~ triple-transgenic
littermates, and 1 mg tamoxifen (TM; MilliporeSigma) dis-
solved in 200 wl corn oil was administered to pregnant females at
E12 by oral gavage. Embryos were collected at ED 17 for analysis.

In utero electroporation

Electroporation was performed, essentially as previously de-
scribed (26, 27). In brief, 1-2 pl pooled plasmid DNA (1.5 g/ pl)
and miRNAs were injected into the lateral ventricles of E14.5
brains with a Minj-D pressure injector (Tritech Research, Los
Angeles, CA, USA) and electroporated by using five 50-ms pulses
0f40V and a 950-ms interpulse duration through the uterine wall
using paddle electrodes and a NEPA21 electroporator (Nepa-
gene, Ichikawa, Japan). Plasmids for electroporation were pre-
pared by using the EndoFree Plasmid Maxi Kit (Qiagen, Hilden,
Germany). The following DNA and miR combinations were
used: pCAG-EGFP (plasmid 11150; Addgene, Cambridge, MA,
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USA) control DNA and sc-miR (1 wg/pl) (Dharmacon); mixture
of pCAG-EGFP and 40 picomoles of mature miR-129-5p (Dhar-
macon); mixture of locked nucleic acid-modified oligonucleotide
miR-129-5p inhibitor (100 nM) (Exiqon; Qiagen) or sc-miR-inh,
and pCAG-EGFP.

MiR microarrays

Cells were harvested from cultured NPCs for real-time PCR
Tag-Man miRNA arrays. Total RNA was isolated from neural
progenitor cells incubated in LC and AC medium by Qiazol
miRNAeasy kits (Qiagen), according to the protocol described
by the manufacturer. Reverse transcription was performed
with Rodent MegaPlex RT Primer pools. cDNA was ampli-
fied by using rodent MegaPlex PreAmp Primer Pools and
PreAmp Master mix (Thermo Fisher Scientific). The amplified
samples were loaded into Tagman miR arrays (4470188; Thermo
Fisher Scientific) and analyzed with the 7900 Real-Time PCR
System (Thermo Fisher Scientific). C; values were calculated
by SDS 1.2 software (Thermo Fisher Scientific), normalized to

MammU6 (miRNA) housekeeping C; values, and expressed as
o~ [CtmiR) — Ct(Ue)]

RT-PCR analysis

Total RNA was isolated from cyan fluorescent protein (CFP)+AC
and LC E17 NPCs isolated by fluorescence-activated cell sorting
(FACS) with the miRNeasy mini kit (Qiagen). For each sample,
cortices were pooled from 6 to 8 embryos in the litter. Mature
miR-129-5p expression was quantified by real-time RT-PCR with
a TagMan miR assay kit for hsa-miR-129-5p (ID 00590; Thermo
Fisher Scientific). Mouse U6 snRNA was used as internal con-
trol (ID 001973; Thermo Fisher Scientific). Real-time RT-PCR
for primary precursor of miR-129-5p (pri-miR-129-5p, ID
Mm03306410) was performed with RT? Sybr Green Quantitative
PCR Master Mix (Thermo Fisher Scientific), with U6 used as the
normalization control. For Egfr expression, primers were from
Qiagen (ID PPM0714F) and TATA box binding protein was used
as the normalization control. Values were normalized with the
AC; method as previously described.

Luciferase reporter assay

Human embryonic kidney (HEK 293T) cells were maintained in
DMEM (Thermo Fisher Scientific), containing 10% FBS and
0.1 mM nonessential amino acids (Thermo Fisher Scientific), and
seeded in a 96-well plate (2 X 10* cells/well) 24 h before trans-
fection. Fifty nanomolar of the miR-129-5p miRidian mimic
(Dharmacon) or scrambled control (sc-miR; Dharmacon) were
cotransfected with 100 ng per well of the pEZXMTO06 vector,
containing the full-length 3" UTR of Egfr (GeneCopoeia, Rock-
ville, MD, USA), using Fugene HD (Promega, Madison, WI,
USA), according to the manufacturer’s protocol. To test binding
specificity, EGFR 3’ UTR with mutations in the miR-129-5p rec-
ognition sites was subcloned into the pEZXMT06 vector and
cotransfected with the control vector as previously described.
Luciferase activity was measured 48 h after transfection with the
Luc-Pair Luciferase assay kit (GeneCopoeia).

Site-directed mutagenesis

Site-directed mutagenesis (performed at GeneCopoeia) was
conducted to change the GCAAAAA seed sequence in the 3’
UTR of Egfr. Two predicted miR-129-5p sites were mutated for
CGUUL, to determine whether the putative site influenced
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luciferase activity. Luciferase reporter assays were performed as
previously described.

Western blot analysis

Cultured NPCs were used to evaluate EGFR levels. Protein ex-
tracts were prepared with RIPA lysis buffer supplemented with
protease inhibitor cocktail (Roche, Basel, Switzerland). Total
protein concentration for all samples was quantified by bicin-
choninic assay (Bio-Rad, Hercules, CA, USA). Proteins were
loaded into SDS-PAGE gels and blotted on PVDF membranes.
Immunolabeling was accomplished with the following anti-
bodies: EGFR (2232; Cell Signaling Technology, Danvers, MA,
USA; this antibody is specific for the full-length isoform 1 and
does not detect the truncated isoform 2) (28, 29), H3K23me3
(05-1951; MilliporeSigma), and total H3 (ab134198; Abcam,
Cambridge, United Kingdom). The secondary antibodies were
goat anti-rabbit horseradish peroxidase-conjugated, donkey
anti-chicken 800CW (925-32218; Li-Cor Biosciences, Lincoln, NE,
USA) and goat anti-mouse 600RD (925-68070; Li-Cor Biosci-
ences). ECL (Thermo Fisher Scientific) was used to detect pro-
teins. The membranes were imaged in a Li-Cor Odyssey imaging
system.

AdoMet and S-adenosylhomocysteine assays

Embryonic brains from AC or LC mice were collected at E17,
pulverized, and analyzed. Concentrations of AdoMet and
S-adenosylhomocysteine (AdoHcy) were measured with an
HPLC assay, as described by Molloy et al. (30).

Immunohistochemistry, microscopy, and
data analysis

Embryonic brains were fixed in 4% paraformaldehyde and cryo-
protected in a gradient of 10-30% sucrose/1X PBS solution.
Coronal sections (20 wm) were prepared by cryosectioning. Brain
sections were blocked with 0.1% Triton X-100 and 5% normal
goat serum in 1X PBS for 1 h at room temperature. Incubation
with primary antibodies was performed at 4°C overnight. Sec-
ondary antibodies were applied for 1 h at room temperature.
Antibodies used and dilutions are as follows: rabbit polyclonal
anti-EGFR detecting the intracellular EGFR domain (1:1000;
Abcam), chicken polyclonal anti-EGFP detecting the intracellular
EGFR domain (1:1000; Aves Labs, Togard, OR, USA), and rabbit
monoclonal anti-Ki67 (1:500; Abcam). Antigen retrieval [10 nm
sodium citrate (pH 6.0) in steam heat for 20 min] was performed
for detection of Ki67. Secondary antibodies were goat anti-rabbit
Cy3 (1:250; Jackson ImmunoResearch, West Grove, PA, USA),
goat anti-chicken Alexa 488 (1:1000; Jackson ImmunoResearch).
DAPI (1:2000; MilliporeSigma) was used to label nuclei. The
Click-iT EdU kit (Thermo Fisher Scientific) was used to detect
5-ethynyl-2'-deoxyuridine incorporation (EdU; 10 pM; Click-iT
Alexa Fluor 555 Kit; Thermo Fisher Scientific). Images were col-
lected on a Zeiss LSM 710 confocal microscope (Zeiss GmbH,
Oberkochen, Germany). Z-stacks were acquired for each coronal
section with X10, 20, or 40 objectives. Cell counts and tissue
measurements were obtained with ImageJ] (NIH; Bethesda, MD,
USA) and LSM Browser (Zeiss GmbH) software.

Bioinformatics

MicroRNA target-prediction analysis was conducted with the
miRanda (http://www.microrna.org) (31) and TargetScan (http://
genes.mit.edu/targetscan) (32) algorithms.
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Statistical analyses

The number of samples per group and the probabilities are in-
dicated in the figure legends. Statistical analyses were performed
with Prism 7 (GraphPad Software, La Jolla, CA, USA). Data
distribution was tested for statistical normality. The Brown-
Forsythe test (F test) was used to compare group variances.
Groups with equal variances were compared using 1-Way
ANOVA (more than 2 groups) or Student’s t test (2 groups).
Groups with unequal variances were compared using non-
parametric Kruskal-Wallis (more than 2 groups) or Mann-
Whitney (2 groups) tests. The x> test was used to compare cell
distribution in Fig. 4. Data are presented as means * SEm.

RESULTS

MiR-129-5p is upregulated in LC NPCs and
inhibits EGFR synthesis by binding its 3’ UTR

We previously found, in vivo, a substantial decrease in
proliferating embryonic cortical NPCs (radial glia and in-
termediate progenitor cells), as well as a persistent de-
crease in the number of the upper-layer cortical neurons
resulting from reduced choline availability during gesta-
tion (11). These changes in NPC properties were accom-
panied by a reduction in EGFR protein levels in embryonic
cortical NPCs, which occurred because of aberrant EGFR
protein synthesis, as opposed to changes in EGFR protein
or mRNA stability. We therefore sought to examine
whether lowering choline availability in the fetal brain
would lead to upregulation of miRs that would in turn
regulate the synthesis of EGFR.

To identify which miRs expressed in cortical NPCs
may be sensitive to choline availability, we used
NestinCFPnuc*~ transgenic animals, in which CFP marks
predominantly radial glial cells (11). When ex/panded in
culture, NPCs isolated from NestinCFPnuc™” express
nestin, suggesting that they maintain the properties of
radial glia in vitro. We previously demonstrated that, in
this culture model, low levels of choline induce changes in
NPC self-renewal, mimicking the behavior of LC CFP-
expressing NPCs in vivo (11). We first screened for changes
in miR expression in primary NPCs cultured for 48 h in
response to LC (7 uM) vs. AC (70 nM) levels. Using real-
time PCR-based miR arrays, we detected statistically sig-
nificant changes in the expression of 11 miRs between AC
and LC NPCs (Fig. 1A), suggesting that an LC maternal
diet does not induce major defects in miR-processing
machinery, but specifically affects the expression of select
miRs.

We reasoned that reduction of EGFR protein in NPCs
could be mediated by miRs that were up-regulated in LC
conditions, both in vitro and in vivo, and could target full-
length Egfr 3' UTR. Using the TargetScan algorithm (www.
targetscan.org) (32), we determined that, among the miRs
up-regulated in LC NPCs, miR-129-5p is predicted to tar-
get the full-length Egfr 3" UTR at the 4 binding sites that are
conserved between the mouse and the human (Fig. 1G).
We next used qgPCR to confirm that miR-129-5p up-
regulation under LC conditions would also be observed in
vivo. We found a more than 2-fold increase in miR-129-5p
expression in LC CFP-expressing NPCs isolated from
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Nestin-CFP*~ cortices by FACS (Fig. 1B). Furthermore,
up-regulation of miR-129-5p occurred at the transcrip-
tional level; expression of the primary precursor of miR-
129-5p in FACS-identified LC NPCs was ~5-fold higher
than in AC NPCs (Fig. 1C).

To test whether miR-129-5p functions to regulate EGFR
synthesis in NPCs, we transfected AC NPCs with miR-129
mimics (Fig. 1D, E). No changes in Egfr mRNA expression
were detected among the groups (Fig. 1D). However, we
found that miR-129-5p—transfected NPCs had a significant
reduction in EGFR protein levels (Fig. 1E, F). These data
demonstrate that miR-129-5p targets Egfr and inhibits its
protein synthesis in NPCs. To confirm that miR-129-5p
targets Egfr through its predicted binding sites, we trans-
fected HEK293T cells with a firefly / Renilla dual-luciferase
reporter vector, pEZX-MT06, containing the full-length
mouse Egfr 3" UTR, along with mature miR-129-5p.
An ~50% reduction of the reporter luciferase activity
was observed when cells were transfected with miR-129-
5p (Fig. 1H). To demonstrate that this repression is caused
by the specific binding of miR-129-5p to Egfr 3" UTR, we
introduced mutations in miR-129-5p binding sites within
the Egfr 3’ UTR. Mutations in the Egfr 3' UTR abolished
reporter repression by miR-129-5p (Fig. 1I). Consistent
with the reduction in EGFR protein levels, miR-129-5p
alters NPCs proliferative capacity, evidenced by the re-
duced incorporation of EdU in transfected miR-129-5p
compared with AC NPCs (Fig. 1J-L). Together, these
results demonstrate that LC availability results in the
up-regulation of miR-129-5p expression in NPCs, which
inhibits EGFR protein synthesis, thus altering NPC pro-
liferative and differentiation capacity.

Egfr haploinsufficiency in NPCs, as well as LC
availability, disrupt cortical neurogenesis
in vivo

Wereasoned that if EGFR protein levels were regulated by
choline vig miR-129-5p in vivo, we could expect loss of
EGFR function to replicate the neurogenesis defects
caused by the reduction in choline supply. To examine
whether reduction in EGFR protein levels in NPCs dis-
rupts neurogenesis, we }generated triple-transgenic Egfi’*-
Nestin-CreER™*~-Ai9*~ embryos, in which activation of
Cre recombinase and deletion of 1 copy of Egfr in nestin-
expressing NPCs can be achieved in a temporally con-
trolled manner by administration of TM (Fig. 2A4) (21-23).
Cells in which Cre was activated, and all their progeny,
were permanently labeled by the expression of tdTomato
fluorescent protein from the Ai9 Cre-reporter allele. Based
on our observations that EGFR protein levels are re-
duced in LC NPCs in vivo as early as E14 (11), we treated
pregnant females with TM at E12 to allow sufficient time
for TM-induced recombination to occur. We first con-
firmed that TM-induced inactivation of 1 copy of Egfr al-
lele in Egfi¥’*-Nestin-CreER™*~-Ai9*"~ embryos results
in the reduction in EGFR protein levels in cortical
NPCs. Using immunostaining, we found that tdTomato-
expressing cells in Egfi”*-Nestin-CreER™*~-Ai9*~ E17
embryos contained reduced amounts of EGFR protein
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Figure 1. MiR-129-5p is upregulated in NPCs in response to LC availability, binds Fgfir 3’ UTR and regulates EGFR protein synthesis. A)
Cortical NPCs were cultured in LC (7 uM)- or AC (70 pM)-containing medium for 48 h, and real-time PCR-based miRNA arrays were used
to detect changes in miRNA expression between the samples. Values are a volcano plot of significant and differential L.C-associated miRNA
changes (change >1.5fold; P < 0.2), with increased expression shown in red and decreased expression in green. B) Levels of mature miR-
129-5p were quantified by real-time PCR with individual miR assays in nestinCFP-expressing cells isolated from LC and AC embryonic day
(ED) 17 cortices by FACS. Relative quantitative values (normalized to U6 snRNA) are reported as fold change (n =5 per group). Data are
means * sEM. #¥#%P < (.0001, by Student’s ¢ test. C) Expression levels of primary miR-129-5p transcript were quantified by real-time PCR in
nestinCFP-positive LC and AC ED 17 NPCs isolated by FACS. Relative quantitative values (normalized to U6) are reported as fold change
(n = 6 per group). Data are means * sem. *¥¥P = 0.001, by Mann-Whitney test. D) Cultured cortical NPCs were transfected with sc-miR or
miR-129-5p mimics and cultured for 48 h. No changes in Egfr mRNA expression between conditions were detected by real-time PCR (n =4
per group). E F) Cultured cortical NPCs were transfected with scmiR or miR-129-5p mimics and were cultured in AC (70 uM) medium for
48 h. F) EGFR protein levels normalized to GAPDH protein levels, examined by Western blot (n = 4 per group), were reduced in NPCs
transfected with miR-129-5p mimics compared to scmiR. Data are means * sem. *##P < 0.001, by Student’s ¢ test. G) miR-129-5p binding
sites within Egfr 3" UTR in red. H) HEK 293T cells were cotransfected with firefly/ Renilla duaHuciferase reporter vector, pEZX-MT06,
containing the fulHength mouse Fgfr 3" UTR, and sc-miR or mature miR-129-5p. Reduction in luciferase activity was detected in miR-129-5p-
transfected cells (n = 8 per group). ****P < 0.0001, by 1-way ANOVA. I) Cotransfection of the luciferase reporter vector carrying mutated
Egfr 3" UTR and mature miR-129-5p did not reduce luciferase activity in HEK293T cells. *P < 0.05, by 1-way ANOVA. J-I) NPCs were
cultured in AC conditions for 24 h, transfected with scmiR (/) or miR-129-5p (K) mimics and cultured for another 48 h. EAU was added for
24 h at 48 h of culture. Misexpression of miR-129-5p mimics reduces the proportion (L) of EQU" cells (red) among all NPCs (n = 8 per
group). #¥¥¥P < (,0001, by Mann-Whitney test.
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Figure 2. Egfr haploinsufficiency in Egfr //*-Nestin-CreER"?*/~-Ai9"~ cortical NPCs, as well as LC availability during gestation,
disrupt cortical neurogenesis in embryonic day (ED) 17 embryos. A) TM-induced recombination in the A9 allele, leading to
expression of tdTomato in NPCs and their progeny and deletion of the floxed 3d exon of Egfr (Egfr”*). B) Expression of
tdTomato, induced in AC Egfi™*-Nestin-CreER'*”~-Ai9”~ embryos at ED 12 and analyzed at ED 17, demonstrated mosaic labeling
of cells within the VZ/SVZ and pyramidal neurons migrating to the CP; the IZ is also shown. C) Compared to AC Eg[f'/ *-Nestin-
CreER™"~-Ai9"" littermates, tdTomato-labeled cells in AC Egfr //*-Nestin-CreER'**~-Ai9”~ cortices are reduced in number in
the VZ/SVZ and the CP. D) Fewer tdTomato cells in the VZ/SVZ and the CP are also observed in the cortices of LC ED 17
embryos when tdTomato expression is induced at ED 12. E) Most of the labeled pyramidal neurons in the CP of AC Egfi/*-Nestin-
CreER™~-Ai9"~ embryos exhibit bipolar morphology, with clearly defined processes. ) Pyramidal neurons in the CP of Eg’rf/ "
Nestin-CreER"*"/~-Ai9"~ embryos appear disorganized, with some cells exhibiting multiple processes. G) Neurons in the CP of LC
ED 17 embryos, in which tdTomato expression was activated at ED 12, also exhibit abnormal morphology, with many neurons
appearing multipolar and round (undefined). H) Quantification of EGFR protein levels was performed in control Egfr**-Nestin-
CreER"-Ai9"~ and ngf’/ ~-Nestin-CreER"-Ai 9"~ tdTomato-expressing NPCs by detection of immunofluorescence (n = 4-6
embryos per group). ¥*¥*¥P < 0.001 by Student’s ¢ test. /) Venn diagrams depicting distribution of labeled neurons in the CP of AC
Egfr™”*-Nestin-CreER"*"/~-Ai9"/~, Egfr /*-Nestin-CreER"**/~-Ai9”~ and LC ED 17 embryos demonstrate reduction in the
proportions of cells with bipolar morphology (green) and increase in cells with undefined morphology (blue) in Egfr /*-
Nestin-CreER"?"~-Ai9"~ and LC embryos compared to AC embryos. #¥*P < 0.001, ****P < (0.0001, by 1-way ANOVA. B, bipolar;
M, multipolar; T, migrating tangentially; U, undefined. Scale bars: 100 pm (D); (G): 60 pm.

(Fig. 2H and Su/pplemental Fig. S1A). Moreover, compared
to control Egfr*’*-Nestin-CreER™**'~-Ai9"~ embryos, 1 dose
of TM at E12 consistently resulted in fewer tdTomato-
labeled cells in the E17 cortices of Egf#*-Nestin-CreER™"" -
Ai9*~ embryos (Fig. 2B, E vs. Fig. 2C, F). In contrast to

To further confirm that reduction in EGFR protein
levels leads to defects in neurogenesis similar to those
caused by LC, we induced activation of Cre recombinase
in Nestin-CreER™*"~-Ai9*'~ embryos derived from dams
fed an LC diet between ED 11 and ED 17, and character-

migrating and_differentiating neurons in control Egfi*™*-
Nestin-CreER™*/~-Ai9"~ brains, most of which were elon-
gated with distinct bipolar morphology (Fig. 2E), the pro-
portions of tdTomato-expressing cells in the cortical plate
(CP) of Egfi”*-Nestin-CreER™*~-Ai9*"~ brains that clearly
exhibit bipolar morphology in apicobasal orientation are
significantly reduced, the proportions of tangentially mi-
grating cells, as well as cells with undefined morphology
increased, whereas the proportions of multipolar cells
remained unchanged (Fig. 2B, E vs. Fig. 2C, F; Fig. 2I and
Supplemental Table S1).
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ized tdTomato-labeled cells in the CP at ED 17. We found
that, similar to E gfrﬂ *_Nestin-CreER™*~-Ai9*"~ brains, the
number of tdTomato-labeled cells was consistently re-
duced in LC brains, whereas the proportions of labeled
cells with elongated bipolar morphology were also
significantly decreased, whereas the proportions of
undefined cells increased in LC vs. AC Egfir*/*-Nestin-
CreER™*~-Ai9*~ E17 cortices (Fig. 2B, E vs. Fig. 2D, G;
Fig. 2I and Supplemental Table S1). These results show
that partial loss of EGFR function in NPCs reduces the
proportion of radially migrating differentiating neurons
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and increases the proportions of cells with abnormal
morphology in the cortical wall, similar to the effects in-
duced by LC availability.

Inhibition of miR-129-5p function in
LC cortical NPCs is sufficient to
restore neurogenesis

To examine whether inhibiting miR-129-5p function in LC
NPCs would restore their self-renewal capacity, we first
evaluated incorporation of EQU in NPCs cultured in ade-
quate or LC conditions. NPCs were transfected with either
control locked nucleic acid-modified oligonucleotide
scrambled inhibitor or miR-129-5p inhibitor (Fig. 3A-D).
Consistent with our predictions, inhibiting miR-129-5p
function in LC NPCs restores the proportion of EAU™ cells
among the transfected NPCs (Fig. 3), confirming our hy-
pothesis that miR-129-5p mediates the effect of LC on NPC
self-renewal.

Next, we sought to determine whether inhibiting miR-
129-5p in the developing LC cortex in vivo would restore
the genesis of cortical neurons. An miR-129-5p inhibitor or
an sc-miR-inh, along with pCAG-EGFP DNA plasmid,
was introduced into E14 cortical NPCs by in utero elec-
troporation. We found that EGFR expression levels were
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Figure 3. Inhibition of miR-129-5p function restores NPC self-
renewal and EGFR protein levels in LC NPCs. A-C) NPCs were
cultured for 24 h in AC (70 pM) medium, transfected with
control sc-miR-inh (B) or miR-129-5p (C) inhibitor (miR-129-
Inh), along with pCAG-EGFP plasmid, and further cultured in
AC (70 pM) (A) or LC (7 uM) conditions for another 48 h.
EdU was added for 1 h at the end of the culture period.
Transfection of miR-129-inh restores the proportion of pro-
liferating EAU" cells in LC conditions (C), compared to LC
NPCs transfected with sc-miR-inh (B vs. C). D) Quantification
of EdU" cells among transfected NPCs (n = 4 per group). *P <
0.05, *#*P < 0.001 by l-way ANOVA. E) Quantification of
EGFR protein levels was performed in EGFP-expressing cells
coelectroporated with miR-129-inh vs. sc-miR-inh in LC E17
cortices by detection of immunofluorescence. ¥**P < 0.01, by
Mann-Whitney test.
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increased in EGFP-expressing NPCs transfected with miR-
129-5p inhibitor in vivo (Fig. 3E).

Consistent with our previous finding that NPC self-
renewal and the production of pyramidal neurons are sub-
stantially reduced because of LC supply, we observed fewer
EGFP-expressing cells transfected with sccmiR in the CP of
LC embryos at E17, as compared to brains from embryos
exposed to AC (Fig. 4A vs. Fig. 4B). Inhibiting miR-129-5p in
LC NPCs restored the density of EGFP-labeled cells in the CP
of LC E17 embryos (Fig. 4C vs. Fig. 4B). Furthermore, most of
the EGFP-expressing cells in the ventricular and sub-
ventricular zones (VZ and SVZ) of LC cortices lacked ex-
pression of Ki67, a proliferative cell marker (Fig. 4E vs. Fig.
4D), suggesting that they had exited the cell cycle, whereas
EGFP-expressing NPCs transfected with miR-129-5p in-
hibitor in LC cortices coexpressed Ki67 (Fig. 4F vs. Fig. 4E),
suggesting that their self-renewal properties are restored.
Consistent with our previous observations (see Fig. 2) (11),
many EGFP-expressing cells in the CP of LC embryos exhibit
small cell body size and do not possess characteristic bipolar
morphology observed in AC cortices (Fig. 4H vs. Fig. 4G,
arrowheads). On the contrary, when miR-129-5p inhibitor is
introduced into cortical NPCs of LC embryos, differentiating
neurons exhibiting typical bipolar morphology are observed
among EGFP-expressing cells (Fig. 41 vs. Fig. 4H, arrow-
heads). The distribution of EGFP-labeled cells in the CP of LC
embryos transfected with sc-miR-inh, showing reduced
proportions of cells observed at midlevels of the cortical wall
[SVZ and intermediate zone (IZ)], suggest that newly born,
migrating neurons are reduced in LC brains (Fig. 4K, L; also
see Supplemental Fig. S1B). Expression of miR-129-5p in-
hibitor in LC NPCs partially restores the distribution of
EGFP-labeled cells in the cortical wall, with larger proportions
of EGFP-expressing cells now observed in the IZ compared
with LC cortices transfected with sc-miR-inh (Fig. 4K; also see
Supplemental Fig. S1B). In contrast, when miR-129-5p is
misexpressed in cortical NPCs, EGFP-labeled cells localize
primarily to the IZ (Supplemental Fig. S2), suggesting that
sustained maintenance of miR-129-5p expression in differ-
entiating neurons prevents their proper placement in the
cortical wall. These data demonstrate that inhibition of miR-
129-5p function in LC NPCs restores their self-renewal and
differentiation capacity, evidenced by an increase in EGFP-
labeled cells expressing proliferative marker Ki67 in the VZ,
and an increase in migration of cells located in the SVZ/1Z
into the CP.

Choline-mediated changes in methylation
potential regulate expression of miR-129-5p
in NPCs

One of the important functions of choline is to serve
as a methyl-group donor used for the synthesis of Ado-
Met (1). AdoMet concentrations are diminished, and
S-adenosylhomocysteine (AdoHcy) concentrations are in-
creased in animals consuming LC diets (33, 34); the ratio of
these 2 metabolites determines the rate of methylation re-
actions (35, 36). Therefore, we assayed AdoMet and
AdoHcy concentrations in AC and LC E17 brains. We find
that AdoMet concentrations and the AdoMet:AdoHcy
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occupying the CP (J) and increased the proportions of cells occupying the IZ (K). *P < 0.05, **P < 0.01, ***P < 0.001, #***P <
0.0001 by 1-way ANOVA test. At least 3 embryos per condition were analyzed. Scale bars: 100 wm(C); 35 um (F); 50 wm (7).

ratio were significantly diminished in LC embryonicbrains  exogenous AdoMet to LC cultured NPCs reduced miR-
(Fig. 5A). To investigate whether increasing AdoMet 129-5p expression levels (Fig. 5B).

availability can restore miR-129-5p expression in LC NPCs, Choline is a potent modifier of epigenetic marks (33),
we examined the expression of mature miR-129-5p in LC  and we asked whether epigenetic marks previously re-
NPCs treated with AdoMet. We found that the addition of ~ported to regulate miR-129-5p expression in cancer cells

Figure 5. Expression of miR-
129-5p in NPCs is sensitive to
changes in methylation poten-
tial. A) Methylation potential
(ratio of AdoMet/AdoHcy con-
centrations) is lower in LC E17
embryonic mouse brains than
in AC E17 embryonic mouse
brains; (n = 4 per group). Data
are means * SEM. *P < (.05,
*¥*¥P < 0.01 by Student’s ¢ test.
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are changed by choline availability in NPCs. Luan et al. (37)
previously reported that miR-129-5p expression is mod-
ulated by a promoter histone 3 modification (H3K27me3).
We did not find choline-induced alterations in global
H3K27me3 in NPCs (Supplemental Fig. S3A, B). In gastric
cancer cells, expression of miR-129-5p is controlled by
DNA methylation at a specific CpG island located up-
stream of miR-129-5p transcriptional start site (38). How-
ever, we detected no changes in the methylation status of
this CpG island in cultured cortical NPCs in response to
choline availability (Supplemental Fig. S3C). Thus, we
concluded that the 2 known epigenetic marks that regulate
miR-129-5p expression are not differentially methylated in
brain NPCs.

Based on our findings, we propose a model whereby
LC availability during gestation lowers methylation po-
tential in the developing brain, leading to up-regulation of
miR-129-5p expression in cortical NPCs (Fig. 6). As a
consequence, synthesis of full-length EGFR protein is
inhibited by miR-129-5p, disrupting NPC self-renewal
capacity and production of pyramidal neurons in the de-
veloping cerebral cortex.

DISCUSSION

For the first time to our knowledge, we have identified the
molecular links that explain how a change in the avail-
ability of the dietary nutrient choline can modify impor-
tant developmental processes in the brain. Specifically, we
demonstrate that, in LC conditions, methylation potential
(the AdoMet:AdoHcy ratio) is reduced in embryonic
mouse brains and that this effect is associated with in-
creased expression of miR-129-5p, whose role in the de-
veloping brain has not been examined. When miR-129-5p
expression in NPCs increases, the synthesis of EGFR is
blocked, disrupting neurogenesis.

The role of miR-129-5p in the regulation of brain de-
velopment, or as an effector of nutrient status, has not been
reported. Expression of miR-129-5p is enriched in the de-
veloping brain, and in neurons, specifically (39—-41), where
its known targets are fragile X mental retardation 1 and
voltage-gated potassium channel Kv1.1 (42), suggesting
an important role for miR-129-5p in the maintenance of
neuronal function and homeostasis. In the proliferating
progenitor cells of the developing retina (RPCs), however,
miR-129-5p is known to inhibit the synthesis of tran-
scription factors necessary for the acquisition of RPC
competence to generate late born retinal cell types (43). The
capacity of miR-129-5p to block cell cycle progression, in a
manner similar to what we observed in NPCs (Figs. 1, 3,
and 4), is consistent with its role in inhibiting cycle-
dependent kinase 6 in lung cancer cells, as well as its role in
inhibiting the growth of hepatocellular carcinoma cells
through targeting p21-activated kinase 5 (44). Thus, the
diverse functions of miR-129-5p and the selection of its
targets appear to depend on the cellular context. Further
investigation into whether miR-129-5p expression is
modulated by nutrient status in tissues other than the
developing brain is necessary. In addition to regulating
mRNA stability (45), miR-129-5p is reported to function
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Figure 6. The effects of an LC maternal diet on cortical
neurogenesis. LC maternal diet between E11 and E17 leads to
a reduction in the methylation potential (AdoMet:AdoHcy
ratio) in the developing brain. Reduced methylation potential
is accompanied by upregulation of miR-129-5p and down-
regulation of its target, EGFR protein, in cortical NPCs (radial
glia). Reduced levels of EGFR, in turn, alter NPC self-renewal
capacity, resulting in the reduction in the number of NPCs, as
well as cortical pyramidal neurons migrating toward the upper
layers of the CP.

through inhibiting protein synthesis of its select known
targets (42—44, 46), consistent with our findings that it is
involved in post-transcriptional regulation of EGFR syn-
thesis downstream of choline.

To date, the role of EGFR loss of function in the de-
veloping brain in vivo has been characterized primarily on
a gross-morphologic level or in culture. Frontal brain re-
gions, such as prefrontal cortex and olfactory bulbs, de-
generate in Egfr congenic knockout and brain-specific
knockout animals shortly after birth, whereas EGEF-
dependent proliferation of NPCs in vitro is diminished
by the loss of Egfr (47-50). Similarly, loss of EGER function
in the developing retina leads to premature depletion of
mitotic RPCs (51). In contrast, EGFR gain of function in
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cortical NPCs, as well as in RPCs, promotes neuronal mi-
gration and acquisition of glial cell fate (12, 13, 52). We
extended these findings by demonstrating that partial loss
of EGFR function in cortical NPCs in vivo results in aber-
rant neurogenesis. Specifically, NPC self-renewal and
generation of radially migrating cortical neurons in Egfr/*-
Nestin-CreER™*~-Ai9"~ embryos were compromised,
whereas the proportions of tangentially migrating cells
and cells with aberrant, round morphology, increased
(Fig. 2I). Although we detected discrepancies between the
effects of partial loss of EGFR function in NPCs vs. low
availability of choline in the maternal diet on the propor-
tions of radially and tangentially migrating cells and cells
with aberrant, undefined morphology, these may be at-
tributable to possible differential requirements for choline
and EGEFR signaling in migrating neurons, as well as in
cortical NPCs vs. NPCs giving rise to interneurons. Ex-
pression levels of known EGEFR ligands do not change in
LC brains, whereas increasing concentrations of these li-
gands do not restore LC NPC self-renewal, suggesting that
the receptor itself is the limiting factor in LC-induced de-
fects in cortical neurogenesis (11).

Two isoforms of Egfr are present in the mouse: full-
length isoform 1, and a truncated isoform 2, which lacks an
intracellular tyrosine kinase domain (53). In this study, we
found 4 miR-129-5p binding sitesin a 3" UTR specific to the
full-length isoform 1 of Egfr (Fig. 1). In addition, down-
regulation of EGFR protein induced by LC availability to
NPCs disrupts the EGFR downstream signaling cascade
(11), which relies on a functional tyrosine kinase domain.
Moreover, we previously demonstrated that an miR-
resistant form of full-length EGFR, EGFR-EGFP fusion
protein lacking Egfr isoform 1 3’ UTR, is sufficient to re-
store the self-renewal capacity of LC NPCs (11), further
supporting our conclusions that low availability of choline
leads to post-transcriptional inhibition of EGFR synthesis
through its 3’ UTR. Thus, our results represent the first
evidence of sensitivity of EGFR protein synthesis to nu-
trient availability and to miR-129-5p-mediated inhibition,
as well as the requirement for adequate EGFR protein
levels to maintain cortical NPC self-renewal and differ-
entiation capacity.

The long-term consequences of LC availability during
pregnancy for neuronal differentiation and function re-
main unclear. We found that the morphologies of differ-
entiating cortical pyramidal neurons are abnormal under
LC conditions (Fig. 4). Low choline intake during preg-
nancy is associated with lower scores on visual memory
tests in children (8). Studies addressing the role of choline
in neuronal maturation and physiology are needed to
understand how cognitive function may be affected by
choline supply during development.

Finally, we showed that restoring AdoMet and meth-
ylation potential in NPCs prevents choline-mediated in-
crease in miR-129-5p expression (Fig. 5). This finding
strongly suggests that the effects of choline in NPCs are
mediated through its role as a methyl donor and not via its
role in phospholipid synthesis. Loss of histone methyl-
ation because of reduced methylation potential caused by
LC availability is a plausible mechanism whereby ex-
pression of miR-129-5p could be increased in LC NPCs. In
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breast cancer cells, expression of mir-129-5p is regulated
through the establishment of histone marks. Specifically,
enhancer of zeste homolog-2 mediates the trimethylation
of lysine 27 on histone H3 (H3K27me3) in the promoter
region of the miR-129-5p, leading to down-regulation of its
expression (37). AdoMet levels constitute a limiting factor
affecting the extent of histone methylation (54). However,
we did not find methylation changes in global H3K27me3
in NPCs with LC availability (Supplemental Fig. S3). Loss
of DNA methylation is also a plausible mechanism
whereby expression of miR-129-5p could be increased in
LC NPCs. Such a mechanism was reported for the regu-
lation of miR-129-5p expression in gastric cancer cell lines
(38). However, we found that methylation changes in the
CpG islands reported to control miR-129-5p expression in
cancer cells were not observed in LC NPCs. Methyl-
transferases are essential in epigenetic control, lipid bio-
synthesis, protein repair, hormone inactivation, and tissue
differentiation; there are at least 208 proteins in the human
genome that are identified as known or putative methyl-
transferases (55). More research is needed to identify
which of these methyltransferases mediates the effects of
choline-mediated changes in methylation potential on
miR-129-5p expression.

Our results demonstrate that in response to the low
availability of choline and because of the accompany-
ing reduction in the methylation potential in the de-
veloping brain, miR-129-5p expression is increased in
cortical NPCs. This process then inhibits the formation
of the EGF receptor, thereby perturbing the EGF-
mediated signaling that controls NPC proliferation
and differentiation (Fig. 6).

The molecular mechanisms we identified are of signif-
icance to human health. There is a wide variation in cho-
line intake in the diet; in several human cohorts choline
intake varies by ~3-fold. The U.S. National Health and
Nutrition Examination Survey (2009-2012) data showed
that only 11% of adult Americans achieve the adequate
intake levels of choline, with mean intake being 300 mg/d
(10th percentile being 200 mg/d; 90" percentile being
500 mg/d) (56). Only 7% of women in the developed coun-
tries, and even fewer in the developing countries, achieve
the recommended levels of choline intake (1, 8, 57-60).
Moreover, almost half of women in North Carolina (USA)
who could become pregnant had single nucleotide poly-
morphisms (SNPs) in the gene phosphatidylethanolamine
N-methyltransferase, encoding an essential enzyme in
the production of phosphatidylcholine in the liver (phos-
phatidylethanolamine N-methyltransferase), making these
women sensitive to low dietary choline during pregnancy
because they lacked the estrogen upregulation of phos-
phatidylethanolamine N-methyltransferase gene expres-
sion that is needed to meet the choline-demands of the
growing fetus (61, 62). We demonstrated that reduction
incholine supply during pregnancy leads to abnormalities
in the cellular architecture of the developing cerebral
cortex, potentially leading to cognitive deficits. Given
that many women eat diets marginal in choline content
during pregnancyi, it is possible that what we call normal
cognitive function in children is not optimal cognitive
function.
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