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Abstract

Gestational methyl donor (especially B9 and B12 vitamins) deficiency is involved in birth defects and brain development
retardation. The underlying molecular mechanisms that are dysregulated still remain poorly understood, in particular in the
cerebellum. As evidenced from previous data, females are more affected than males. In this study, we therefore took advantage
of a validated rat nutritional model and performed a microarray analysis on female progeny cerebellum, in order to identify which
genes and molecular pathways were disrupted in response to methyl donor deficiency. We found that cerebellum development is
altered in female pups, with a decrease of the granular cell layer thickness at postnatal day 21. Furthermore, we investigated the
involvement of the Wnt signaling pathway, a major molecular pathway involved in neuronal development and later on in synaptic
assembly and neurotransmission processes. We found that Wnt canonical pathway was disrupted following early methyl donor
deficiency and that neuronal targets were selectively enriched in the downregulated genes. These results could explain the
structural brain defects previously observed and highlighted new genes and a new molecular pathway affected by nutritional
methyl donor deprivation.
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Introduction

Methyl donor deficiency (MDD) during pregnancy results in
deleterious effects on brain development in the progeny, in-
cluding the well-known neural tube defects, as well as learn-
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ing and memory deficits [1]. According to the fetal program-
ming hypothesis [2], early MDD also displays long-term ef-
fects, occurring during adolescence and later in adulthood and
aging, with an increased incidence of cognitive impairments
[3], and neurological diseases such as anxiety disorders, au-
tism, or schizophrenia [4].

Metabolic consequences of MDD have been largely de-
scribed in the literature [2, 5]. A deficiency in methyl donors
(essentially vitamin B9, i.e., folate, and vitamin B12, i.e., co-
balamin) results in the accumulation of the neurotoxic amino
acid homocysteine (Hey) along with a decrease of the S-
adenosylmethionine/S-adenosylhomocysteine (SAM/SAH)
ratio. SAM is the universal methyl group donor used for the
transmethylation reactions involved in epigenomic and epige-
netic regulations of gene expression, which are altered follow-
ing MDD [2].

At the cellular level, the deleterious effects of early MDD are
strongly related to Hey accumulation, affecting neurogenesis and
synaptic plasticity during cerebral development [2]. In an animal
model based on rats born to dams fed an MDD diet during
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gestation and lactation [6], we reported that Hcy accumulates in
the cerebellar Purkinje cells of 21-day-old (P21) rat offspring [6,
7]. We also described the hallmarks of increased apoptosis in
selective brain structures of the progeny, including the pyramidal
neurons of the CA1 region as well as postnatal neurogenic areas
such as the hippocampal dentate gyrus [6, 8] and the olfactory
bulbs [7]. At the functional level, the rat pups exhibited cognitive
defects and an impairment of locomotor coordination [6], the
young females being less efficient than the males in the
cerebellum-dependent negative geotaxis behavioral test [9]. In
addition to its well-known role in motor coordination, the cere-
bellum is also involved in cognitive tasks (attention, emotional
behavior) through the coordination of the cortico-thalamic-
cerebellar-cortical circuit [10]. Recent studies showed its impli-
cation in psychiatric disorders such as anxiety, autism, and
schizophrenia [11]. At the molecular level, we observed a strong
decrease of neurosteroidogenesis and the related cAMP-
mediated signaling pathway, in association with a decreased ex-
pression of estrogen receptors [12] and of synapsins [9]. These
changes occurred in a sex-dependent manner, females being
more affected than males.

As pinpointed above, the cerebellum is particularly affect-
ed by an early MDD or by exposure to other environmental
factors, since its maturation mainly occurs during the postnatal
period and is achieved around the third postnatal week [13,
14]. The cerebellum contains relatively few cell types and its
architecture is somewhat simple compared with other brain
structures, with three layers composing the cerebellar cortex:
the innermost granular layer, the middle Purkinje cell layer,
and the outermost molecular layer. The principal cytostructure
is set during early development but neurogenesis and
axonogenesis take place after birth. During the first two post-
natal weeks, Purkinje cells undergo maturation by developing
dendritic trees and synaptic connections, and form a single cell
layer. The granular cells (representing about half the number
of total neurons in the brain) migrate after birth from the ex-
ternal granular layer (EGL) to enter the molecular layer and
finally reach their final destination. Among the cellular path-
ways involved in postnatal cerebellum development, the Wnt
pathway plays a critical role in regulating cellular growth and
differentiation, allowing synapse formation and axon guid-
ance [15, 16]. Wnt ligands are recognized by their cell surface
receptors and through several cytoplasmic components, nota-
bly glycogen synthase kinase-33 (GSK3{3), signal to [3-caten-
in, which enters the nucleus and coactivates transcription of
target genes to regulate cell fate decision. In addition, Wnt
signaling regulates microtubule cytoskeleton through a diver-
gent branch of this canonical pathway. Two non-canonical
pathways, the planar cell polarity and the calcium pathways,
are independent of GSK33 and [3-catenin, and control cell
polarity and regulate cell movement, respectively. Wnt family
proteins do not only regulate early embryonic development.
Recent evidence suggests that they also modulate synaptic

development and function. In the cerebellum, Wnt-7a is
expressed in granular cells when mossy fiber axons make
synaptic contact with granular cells [15], thereby regulating
axon remodeling and synaptic differentiation. Wnt-3a expres-
sion is more specific to Purkinje cells. It increases postnatally
as granular cells start to make contacts with Purkinje cells and
are restricted to these cells in the adult mouse [16].

Despite the numerous consequences of an early MDD on
the development of the central nervous system, the molecular
mechanisms underlying cellular response to MDD remain
poorly understood, even more in the cerebellum. Here, we
investigated the impact of MDD on cerebellum development
in female rats (these being more affected than males) by car-
rying out whole transcriptome analysis, with the aim of iden-
tifying new genes and molecular pathways associated with the
functional alterations previously observed [6, 9].

Materials and Methods
Animals

Experiments were performed on Wistar rats (Janvier Labs) in
accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals in an accredited establish-
ment (Institut National de la Santé et de la Recherche Médicale,
Unité 1256) according to the UE guidelines 2010-63-UE and to
French governmental decree 2013-118. Adult rats were main-
tained under standard laboratory conditions on a 12-h light/dark
cycle with access to food and water ad libitum. One month before
pregnancy, female rats were fed either a standard diet (A04
Standard Diet, Safe, Augy, France), or a diet deficient in folate
and vitamin B12 and lowered in choline (Special Diet Service,
Saint-Gratien, France). These diets were maintained until the
offspring was weaned at postnatal day 21 (P21).

Tissue Collection

Rat pups were euthanized at P21 with an overdose of
isoflurane. Blood samples were collected by exsanguina-
tion for the plasma biochemical measurements. Cerebellums
were rapidly harvested and kept frozen in liquid nitrogen until
biochemical analyses. For immunohistofluorescence analy-
ses, brains were fixed with paraformaldehyde 4% for 24 h,
washed three times in PBS 1X, dehydrated in a sucrose gra-
dient (10 to 30%), and finally frozen in methylbutane previ-
ously chilled to — 30 °C and stored at — 80 °C.

Biochemical Analyses
Plasma concentrations of vitamins B9 and B12 were deter-

mined using a radioisotope dilution assay (simulTRAC-
SNB; ICN Pharmaceuticals, Laval, France) as previously
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described [6]. Concentrations of Hcy, SAM, and SAH were
measured using high-performance liquid chromatography as
previously described [17].

Microarray Experiment

Total RNA was extracted from 20 mg of ground cerebellum
from female P21 pups (control, N=4; MDD, N =3) using
TriZol (Invitrogen, Carlsbad, California, USA) according to
the manufacturer’s recommendations. RNA was further
digested with Turbo DNase (Thermo Fisher, Waltham,
Massachusetts, USA) and phenol-chloroform extracted.
Quality of total RNAs was attested by O.D.560 nn/O-D.280 nm
and O.D.»60 1u/O-D.230 nm determination by spectrophotome-
try using a Nanodrop ND-1000 (NanoDrop Technologies;
Wilmington, DE, USA) and using a 2100 Bioanalyzer
(Agilent Technologies; Massy, France). The samples with a
RNA integrity number > 8 were selected. RNA samples were
aliquoted and stored at — 80 °C for subsequent microarray.

Microarray experiments were performed following the
minimal information about a microarray experiment criteria
[18]. Briefly, RNA samples were amplified and labeled using
the one-color microarray-based gene expression labeling kit
(Agilent Technologies; Massy, France) following the manu-
facturer’s instructions. The RNA was denatured and reverse
transcribed to cDNA. The cDNA was transcribed in vitro to
RNA using T7 RNA polymerase and labeled with fluorescent
cyanine 3-CTP. The fragmented cRNA was hybridized to a
G4853A SurePrint G3 Rat GE 8X60K microarray (Agilent
Technologies; Massy, France). The microarrays were per-
formed in triplicate and washed, stabilized, and dried using
acetonitrile and stabilization and drying solution (Agilent
Technologies; Massy, France). The slides were scanned and
the images were extracted using feature extraction software
version 9.5.3 (Agilent Technologies; Massy, France).

Bioinformatic Analysis

Raw expression values were extracted from the Agilent
data files. Control probes were removed and the 58,717
remaining probes were fully annotated at transcript and
gene levels with up to date symbols using the local rat
Ensembl database (core and funcgen 83 6) [19]. Non-
linear effects such as background or saturation were
corrected by the Lowess algorithm [20] against a median
profile of all seven samples. Hierarchical clustering (per-
formed with Cluster3.0 [21] was then used to identify
clusters of co-expressed genes from the whole dataset,
on log-transformed and gene-median-centered data, using
uncentered Pearson’s correlation as similarity metric.
From the gene clustering tree, sets separating control
(N=4) and MDD (N =3) samples were delineated and a
collective p value (Student 7 test) was computed between
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each group, hence allowing us to dismiss multi-testing
correction. For each selected gene cluster, functional an-
notations were obtained with GoMiner [22] on the Gene
Ontology (GO) database (October 2016 version).
Enrichment of GO terms was determined as follows: en-
richment = frequency of GO term in the cluster/frequency
of GO term in the whole chip.

Measurement of Granular Cell Layer Thickness
and Purkinje Cell Counting

After 4,6-diamidino-2-phenylindole nuclear fluorescent dye
(DAPI) staining, 12 pm sagittal brain sections were observed
under fluorescence microscopy (BX51WI; Olympus, Tokyo,
Japan) at x 20 magnification. All measurements were per-
formed in the cerebellar VII lobule using ImageJ v1.49. The
thickness of the granular layer was determined by measuring
the maximum distance separating the two outermost points at
the extremity of the lobule (a distance). The b distance was
determined from the inside to the outside of the granular layer
on the side of the lobule, forming a right angle with the greater
distance a.

The number of Purkinje cells per microscope field was
determined after specific staining with calbindin D28.
Since this specific staining allows to clearly distinguishing
the Purkinje layer from the granular and the molecular
layers, some areas could be drawn with the software
around several Purkinje cell bodies. This procedure was
randomly repeated at least three times on each slide.
Finally, the average number of Purkinje cells was reported
to 1000 pm?>.

Immunohistofluorescence

Immunohistofluorescence analyses were carried out on
cryostat-generated, 12 pwm sagittal brain sections mounted
onto glass slides. For immunostaining, tissue sections pre-
viously fixed in 4% paraformaldehyde (Sigma-Aldrich,
St. Louis, Missouri, USA) for 15 min at room temperature
were permeabilized for 10 min in PBS-0.1% Triton. After
three washes in PBS of 5 min each, nonspecific binding
was prevented by incubation in PBS-BSA 10% (w/vol) for
1 h. Tissue sections were further incubated for 48 h at
4 °C with primary antibody against Calbindin D28
(Santa Cruz Biotechnology, Dallas, Texas, USA) used at
a 1:200 dilution. Brain slices were then incubated for 2 h
at room temperature in the presence of the secondary an-
tibody (Alexa Fluor 594 donkey anti-goat, Abcam,
Cambridge, UK). All slides were counterstained with
DAPI (0.5 mg/mL in PBS; Sigma-Aldrich, St. Louis,
Missouri, USA). Slides were observed under fluorescence
microscopy (BX51WI; Olympus, Tokyo, Japan) at x 20
magnification, and pictures were taken via a digital
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camera and the cellF software (Soft Imaging System;
Olympus, Tokyo, Japan).

Western Blot Analyses

Nitrogen-frozen cerebellum samples were solubilized in
RIPA lysis buffer containing 140 mM NaCl, 0.5% (w/v)
sodium deoxycholate, 1% (v/v) Igepal CA630 (Sigma-
Aldrich, St. Louis, Missouri, USA), 0.1% (w/v) sodium
dodecyl sulfate, and protease inhibitors (Sigma-Aldrich,
St. Louis, Missouri, USA). Samples were then homoge-
nized in a ultrasonic bath during 30 min and finally
centrifuged at 4 °C for 30 min at 18,000g.

Thirty micrograms of proteins were mixed with an
equal volume of 2X Laemmli buffer, denatured by
heating for 5 min at 95 °C, and then resolved by 10%
SDS-PAGE. The separated proteins were then transferred
onto nitrocellulose membrane (GE healthcare Life
Sciences, Marlborough, Massachusetts, USA) and
blocked for 1 h under shaking with Tris-buffered Saline
solution (20 mM Tris and 150 mM NaCl, pH=7.4) and
0.1% Tween-20 containing 5% (w/v) bovine serum albu-
min. The membranes were finally incubated with differ-
ent primary antibodies at 4 °C overnight: CamkII
(Gentex, Zeeland, Michigan, USA), Ccdl (Proteintech,
Rosemont, Illinois, USA), c-myc and P300 (Santa Cruz
Biotechnologies, Dallas, Texas, USA), (3-catenin, cyclin
D1, GSK-33, JNK and phospho-JNK (Cell Signaling
Technology, Danvers, Massachussetts, USA); GAPDH
and Gria2 (Abcam, Cambridge, UK), vinculin (Merck,
Darmstadt, Germany). Secondary peroxidase-labeled an-
tibodies (Jackson Immunoresearch Laboratories, West
Grove, Pennsylvania, USA) were used at a 1:10,000 di-
lution and were incubated with the membranes for 1 h at
room temperature. Immunoreactivity was detected with a
chemiluminescence kit (ECL Plus, GE healthcare Life
Sciences, Marlborough, Massachusetts, USA) and a
chemiluminescence detector (Fusion FX7; Thermo
Fisher, Waltham, Massachusetts, USA). The total amount
of proteins per lane was normalized using GAPDH or
vinculin antibody (Table 1) and densitometric analysis
of the Western blot band intensity was achieved using
Image] v1.49.

Quantitative RT-PCR Analysis

One microgram of total RNA was subjected to 2-step RT-
gPCR using the PrimeScript™ RT Master Mix and SYBR®
Premix Ex Taq™ (Takara, Kusatsu, Japan) following the man-
ufacturer’s specifications. Primers were ordered from Biorad,
Hercules, California, USA (PrimePCR™ SYBR® Green
Assay). Cycle threshold (Ct) was determined for each sample
and real-time PCR amplification efficiencies were expressed
by calculating the ratio of crossing points of amplification
curves. The expression of the genes of interest was normalized
to those of gapdh and kansi2 using the 2-A ACt method.

Determination of Free Intracellular Calcium

Free intracellular calcium concentration was measured with
Calcium Detection Kit Colorimetric (Abcam, Cambridge,
UK). Twenty milligrams of ground cerebellum was lyzed on
ice in calcium assay buffer. After 3 min of centrifugation at
10,000g and 4 °C, supernatants were collected and 50 uL of
each sample was deposited in a 96-well plate. Ninety micro-
liters of chromogenic reagent and 90 pL of calcium assay
buffer were added to each sample as recommended by the
manufacturer. A standard curve was performed in parallel with
calcium standard and O.D. was finally measured at 575 nm.

Statistical Analyses

Statistical analyses were performed under RStudio, version
1.0.143. Continuous variables and densitometric analyses of
Western blots were reported as means + SD. Equality of var-
iances was checked by Fisher’s test. Differences between con-
trol and MDD groups were assessed with the Student 7 test. A
p value <0.05 was considered to indicate statistical
significance.

Results

SAM/SAH Ratio and Vitamins B9 and B12
Concentrations

As previously described, when female pups were fed by dams
receiving the deficient diet, plasma levels of vitamins B9 and

Table 1 Effects of the diet on

plasma concentrations of BY (nM) B12 (pM) Hey (M) SAM M)  SAH (M) SAM/SAH
homocysteine and its

determinants in 21-day-old fe- Control ~ 48.8+3.5 841.8+17.2 6.50 £ 0.88 440.2+293 842+6.8 527+0.33
male rat progeny MDD 20.1 £2.8% 262.2+12.4* 13.86+£2.67* 390 +20.3 135.6 +17.1*%  3.31+£0.36*

Data are means + SEM, N= [/ per group, *p < 0.05

Hcy, homocysteine; Met, methionine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine
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B12 were reduced compared to controls, with a concomitant
increase of Hey levels (Table 1). The universal methyl donor
SAM, generated through the methionine cycle, is
demethylated to form SAH, which is finally hydrolyzed into
Hcy. SAM concentration remained unchanged whereas SAH
concentration was higher in MDD compared to control fe-
males (Table 1). The SAM/SAH ratio was therefore lower in
deficient females compared to controls (Table 1).

Transcriptomic Analysis of Early MDD Effects
on the Female Rat Cerebellum

The comparison of the whole transcriptomes, measured by the
58,717 probes constituting the microarray and corresponding
to 30,584 transcripts, was done by applying hierarchical clus-
tering, which separated both control and MDD groups dis-
tinctly (Fig. 1). In addition, three gene signatures with
highly correlated expression profiles were delineated

Fig. 1 Consequences of MDD
diet on the cerebellum
transcriptome of 21-day-old fe-
male rats. Hierarchical clustering
of the whole transcriptome un-
covered three significant gene
signatures. Left panel: Heatmap
with gene and sample trees. Gene
expression is presented as a col-
ored matrix (blue: downregulated
genes; yellow: upregulated genes;
black: median genes). Right
panels: Overall differential ex-
pression for each cluster of co-
expressed genes. Expression
values are log2-centered. Some of
the functions that are dysregulated
in MDD are indicated

(Fig. 1). The first one comprised 1875 unique genes (clus-
ter C1) that are upregulated in MDD (p < 0.05). The two
others contained respectively 1144 (cluster C2) and 602
(cluster C3) unique genes, downregulated in MDD vs
controls (p < 0.05; Fig. 1).

Functional annotations revealed that upregulated C1 genes,
in addition to glutathione metabolism, ribosome, and transla-
tion, were mostly related to mitochondria, with functions such
as proton transport coupled to ATP synthesis, oxidative phos-
phorylation, and respiratory chain IV complex assembly
(FDRs <0.001; Table 2). In contrast, downregulated genes
in clusters C2 and C3 were related to cerebellum develop-
ment (mostly in C2), synaptic plasticity (mostly in C3),
and regulation of neurotransmitter release (FDRs <0.001;
Tables 3 and 4). We also identified functional terms related
to RNA pol II coactivator activity and histone demethyla-
tion in C2, and to poly(A) RNA binding in C3 (FDRs <
0.001; Tables 3 and 4).

Cluster 1 (C1):

Upregulated in MDD Mitochodrial Function:

« Mitochondrial ATP synthesis
* Mitochondrial respiratory chain
« Cytochrome assembly

-

: 1 ControI-
0,

Translation:

« Translational termination
* Ribosomal subunit

« Translational elongation

* MDD

1875 unique genes

Cluster 2 (C2):

/ EaummeguisadinMDO Cerebellum Structure:

« Granular layer morphogenesis
* Purkinje layer morphogenesis

- MDD

/021 Ccontrol F

Synaptic function:
« Synapse maturation
= Synaptic transmission

1144 unique genes Wnt signaling pathway

Cluster 3 (C3):
Downregulated in MDD

,2 1 MDD
T Synaptic function:

\ 021 Control « Synaptic transmission
\ 047 « Excitatory synapse
N2 « Neuron projection

N

602 unique genes

Arbitrary Units

58 717 probes
30 584 transcripts
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Table 2 Most enriched functional terms for the upregulated gene signature C1 in the cerebellum of female rat progeny subjected to methyl donor

deficiency (FDRs were obtained by bootstrapping 50 times)

GO ID Total Change Enrichment p value FDR Term

6558 12 8 5.952 0 0 L-Phenylalanine metabolic process

70129 14 8 5.102 0 0.0011 Regulation of mitochondrial translation

42776 14 8 5.102 0 0.0011 Mitochondrial ATP synthesis coupled proton transport

33617 14 8 5.102 0 0.0011 Mitochondrial respiratory chain complex IV assembly

1901685 16 9 5.022 0 8.00E-04 Glutathione derivative metabolic process

313 85 40 4.201 0 0 Organellar ribosome

5761 78 36 4.121 0 0 Mitochondrial ribosome

70124 64 28 3.906 0 0 Mitochondrial translational initiation

70126 69 30 3.882 0 0 Mitochondrial translational termination

17004 28 12 3.826 0 0.0012 Cytochrome complex assembly

70125 73 30 3.669 0 0 Mitochondrial translational elongation

6415 79 32 3.616 0 0 Translational termination

44391 120 47 3.497 0 0 Ribosomal subunit

2479 44 16 3.246 0 0 Antigen processing and presentation of exogenous peptide
antigen via MHC class I, TAP-dependent

6414 95 34 3.195 0 0 Translational elongation

5840 160 57 3.181 0 0 Ribosome

33108 62 21 3.024 0 0 Mitochondrial respiratory chain complex assembly

6614 54 18 2.976 0 8.00E-04 SRP-dependent cotranslational protein targeting to membrane

45047 59 19 2.875 0 8.00E-04 Protein targeting to ER

51439 50 16 2.857 1.00E-04 0.0017 Regulation of ubiquitin-protein ligase activity involved
in mitotic cell cycle

5746 50 16 2.857 1.00E-04 0.0017 Mitochondrial respiratory chain

6119 81 22 2.425 1.00E-04 0.001 Oxidative phosphorylation

Methyl Donor Deficiency Reduces the Granular Cell
Layer Thickness and the Number of Purkinje Cells

Interestingly, among the top hits of downregulated functions
in MDD females, we found granular and Purkinje cell layer
formation (GO IDs 21684 and 21692; FDRs < 0.001; Table
4), suggesting that the cytoarchitecture of the cerebellum
could be affected by MDD. We therefore measured the thick-
ness of the granular cell layer in lobule VII (Fig. 2a), at folium
surface (distance a; Fig. 2a) and on both sides facing at fissure
(distance b; Fig. 2a). The thickness was significantly reduced
in P21 female MDD pups compared to age-matched control
females, for both measurements (Fig. 2b). Similarly, the num-
ber of Purkinje cells, visualized by a specific staining with the
calbindin D28 marker (Fig. 2c), was also decreased in MDD
compared to control females (about twofold; p < 0.05;
Fig. 2d).

Methyl Donor Deficiency Affects the Wnt Canonical
Pathway

In addition to cerebellum development, many GO terms for
the downregulated genes in MDD were related to synaptic

functions (Tables 3 and 4). Moreover, Wnt signaling pathway
(GO ID 160055, FDR < 0.005; Table 3) was also identified
among these terms. We further investigated this important
pathway, as both canonical and non-canonical pathways play
key roles in neuronal connectivity by regulating axon guid-
ance, dendritic development, axon remodeling, and synapse
formation [23].

We first assessed the expression level of two ligand pro-
teins, Wnt-3a and Wnt-7a, known to be expressed in the
Purkinje and the granular cells, respectively. Western blot anal-
yses revealed no change in the expression level of Wnt-7a or
Wnt-3a (Fig. 3a) between MDD and control pups. However,
we observed a twofold increase of GSK-3 3, and a concomitant
decrease of [3-catenin levels in cerebellum extracts from MDD
females compared to controls (Fig. 3b). These two proteins are
key regulators of the canonical pathway, as GSK3-[3 regulates
the degradation of (3-catenin, which after translocation in the
nucleus forms the (3-catenin T cell factor (TCF) transcription
complex that activates the expression of target genes. Indeed,
we observed a twofold decrease in the level of MYC and cyclin
D1 proteins (Fig. 3b), and a reduced expression of NeuroD1
(Supplementary Fig. 1), three major targets of the Wnt canon-
ical pathway.
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Table 3  Most enriched functional terms for the downregulated gene signature C2 in the cerebellum of female rat progeny subjected to methyl donor

deficiency (FDRs were obtained by bootstrapping 50 times)

GO ID Total Change Enrichment p value FDR Term
1904861 9 6 8.505 0 3.00E-04 Excitatory synapse assembly
97470 6 8.505 0 3.00E-04 Ribbon synapse
90129 5 7.974 1.00E-04 0.0019 Positive regulation of synapse maturation
97119 10 6 7.655 0 9.00E-04 Postsynaptic density protein 95 clustering
32239 11 6 6.959 1.00E-04 0.0011 Regulation of nucleobase-containing compound transport
70571 12 6 6.379 1.00E-04 0.0019 Negative regulation of neuron projection regeneration
21683 15 7 5.954 1.00E-04 0.0011 Cerebellar granular layer morphogenesis
32452 18 8 5.670 0 7.00E-04 Histone demethylase activity
21692 19 8 5372 0 8.00E-04 Cerebellar Purkinje cell layer morphogenesis
70076 17 7 5253 2.00E-04 0.0019 Histone lysine demethylation
21681 17 7 5253 2.00E-04 0.0019 Cerebellar granular layer development
21697 29 11 4.839 0 3.00E-04 Cerebellar cortex formation
21533 30 11 4.678 0 3.00E-04 Cell differentiation in hindbrain
1105 33 12 4.639 0 4.00E-04 RNA polymerase II transcription coactivator activity
35371 22 8 4.639 2.00E-04 0.002 Microtubule plus-end
21587 46 16 4438 0 0 Cerebellum morphogenesis
98815 33 11 4.253 0 7.00E-04 Modulation of excitatory postsynaptic potential
21575 54 16 3.780 0 0 Hindbrain morphogenesis
35176 52 15 3.680 0 3.00E-04 Social behavior
2000171 35 10 3.645 3.00E-04 0.0045 Negative regulation of dendrite development
45773 46 12 3.328 2.00E-04 0.002 Positive regulation of axon extension
60079 59 15 3.244 0 7.00E-04 Excitatory postsynaptic potential
99565 69 16 2.958 1.00E-04 0.0011 Chemical synaptic transmission. Postsynaptic
60078 70 16 2916 1.00E-04 0.0013 Regulation of postsynaptic membrane potential
35249 68 15 2.814 2.00E-04 0.0031 Synaptic transmission, glutamatergic
21549 126 27 2.734 0 0 Cerebellum development
51899 75 16 2.722 2.00E-04 0.0029 Membrane depolarization
7269 129 27 2.670 0 0 Neurotransmitter secretion
99531 135 28 2.646 0 0 Presynaptic process involved in
chemical synaptic transmission
60076 193 40 2.644 0 0 Excitatory synapse
14069 175 36 2.624 0 0 Postsynaptic density
1505 171 35 2.611 0 0 Regulation of neurotransmitter levels
99572 176 36 2.610 0 0 Postsynaptic specialization
97060 147 30 2.604 0 0 Synaptic membrane
50773 148 28 2414 0 3.00E-04 Regulation of dendrite development
7626 269 44 2.087 0 0 Locomotory behavior
16358 273 44 2.056 0 4.00E-04 Dendrite development
45666 350 56 2.041 0 0 Positive regulation of neuron differentiation
43087 193 30 1.983 2.00E-04 0.0032 Regulation of GTPase activity
16055 415 53 1.629 3.00E-04 0.0047 Wnt signaling pathway

About 100 target genes for the Wnt canonical pathway are
described and experimentally validated (listed at https://web.
stanford.edu/group/nusselab/cgi-bin/wnt/target genes). They
are mostly involved in development and cancer. These genes
were not significantly enriched among the differentially
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expressed genes in the MDD rats compared to controls
(Table 5). However many of them are not neuron-specific.
We therefore took advantage of a list of 428 rat genes consid-
ered putative targets of the Wnt canonical pathway established
by Wisniewska et al. [24]. Among these 428 target genes, 358
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Table 4 Most enriched functional terms for the downregulated gene signature C3 in the cerebellum of female rat progeny subjected to methyl donor
deficiency (FDRs were obtained by bootstrapping 50 times)

GO ID Total Change Enrichment p value FDR Term

7270 126 18 3.471 0 0.0031 Neuron-neuron synaptic
ransmission

14069 175 22 3.055 0 0 Postsynaptic density

99572 176 22 3.037 0 0.004 Postsynaptic specialization

60076 193 24 3.022 0 0 Excitatory synapse

44306 187 23 2.989 0 0 Neuron projection terminus

44456 471 43 2.218 0 0 Synapse part

45202 611 54 2.148 0 0 Synapse

99537 524 45 2.087 0 0 Trans-synaptic signaling

99536 524 45 2.087 0 0 Synaptic signaling

98916 524 45 2.087 0 0 Anterograde trans-synaptic signaling

7268 524 45 2.087 0 0 Chemical synaptic transmission

44822 908 66 1.766 0 0.0036 Poly(A) RNA binding

97458 1251 84 1.632 0 0.0033 Neuron part

were expressed in our microarray experiment and were signif- ~ them being experimentally validated), we observed a 42%
icantly enriched (p value < 0.05, Fisher’s exact test, Table 5; enrichment in the down signatures. General functional anno-
Supplementary Fig. 1) in the downregulated signatures C2  tations for these Wnt target genes were related to neurogenesis
and C3. When looking at the 38 neuronal targets (some of  and synaptic plasticity (voltage-gate cation channels,

Fig. 2 MDD affects cerebellum B
cytoarchitecture. a Granular layer
thickness was measured on
midsagittal sections of cerebellum
at folium surface (a) and laterally
facing the fissure (b) in control
(white bars) and MDD

(black bars) females at P21. N= 3
per group, *p < 0.05. b Specific
staining with calbindin D28 to
count the number of Purkinje cells
per 1000 pm? in control

(white bars) and MDD (black
bars) female cerebellum at P21.
N= 5 per group, *p <0.05. gl:
granular layer; ml: molecular
layer

L= ® = 30 4 T
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?g 300 - 'Egg.ZS- .
T oa G oS 20
S ¢ 200 228 % |
T x E':‘"
8 .2 300 - 2= 5 101
Uf zos_ o 5
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(V=3 per group) (V=15 per group)
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Fig. 3 The canonical Wnt A
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neurotransmitter receptor, synaptic vesicle proteins, and struc-
tural synaptic proteins), terms also identified as downregulat-
ed in our microarray experiment (Tables 3 and 4). We exper-
imentally validated some of these target genes by measuring
their expression by RT-qPCR and found that most of them
were indeed strongly downregulated in MDD female cerebel-
lum (Supplementary Fig. 1).

Wnt signaling has also been shown to regulate cyto-
skeleton through a divergent canonical pathway, inde-
pendent of TCF-mediated transcription. In this case,
GSK-33 phosphorylates microtubule-associated proteins
such as MAPIB [25]. In agreement with the increased
level of GSK-33 (Fig. 3b), we observed more phos-
phorylated MAPIB in MDD females compared to con-
trols (Fig. 5b).
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Taken all together, these data show a dysregulation of
the Wnt canonical pathway in response to MDD in fe-
male cerebellum at P21, which could result in altered
synaptic functions.

Methyl Donor Deficiency May Affect the Wnt-Ca>*
Pathway but not the PCP Pathway

Independently of [3-catenin, non-canonical Wnt pathways
have been described: the planar cell polarity (PCP) and the
Wnt-Ca** pathways. In addition to cell fate, tissue polarity and
cell movement, these were shown to be involved in
dendritogenesis and regulation of postsynaptic region
[26]. We therefore asked whether these pathways were
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Table 5

Targets or
functional lists

Genes
expressed
on
microarray

Downregulated
signatures
(C2+C3)

Relative
enrichment
(C2+C3)

Upregulated
signature
(&3]

Relative
enrichment
(C1)

Putative and verified target genes of the Wnt canonical pathway are enriched in the downregulated signatures C2 and C3

Distribution
bias
(p-value)

Heat
map

(ref)

Known Beta-
Catenin
targets (not
neural
specific)

81

5(6.2%)

0.65

5(6.2%)

0.58

0.26

Gliogenesis

9

1(11.1%)

1.16

3 (33.3%)

3.11

8.28E-02

Neurogenesis

76

17 (22.4%)

2.34

9 (11.8%)

1.1

1.97E-03

Regulation of
neurogenesis

13

3 (23.1%)

2.41

0 (0%)

0.15

Putative
LEF1/TCF
targets
(computationa
lly predicted
by TFBS
motif
enrichment)

358

46 (12.8%)

1.34

29 (8.1%)

0.75

4.79E-02

Predicted and
verified
targets
involved in
neuronal
signal
transmission

38

16 (42.1%)

4.4

1(2.6%)

0.25

3.05E-07

Voltage gate
cation
channels
(VGCC)

4 (44.4%)

4.65

0 (0%)

1.34E-02

Neurotransmit
ter receptors

3 (33.3%)

3.49

0 (0%)

6.37E-02

Synaptic
vesicle
proteins

2 (25%)

2.61

0 (0%)

0.27

Structural

synaptic
proteins

7 (77.8%)

8.13

1(11.1%)

1.04

1.22E-06

SNV
development

20

7 (35%)

3.66

0 (0%)

1.95E-03

Axon
guidance

19

4 (21.1%)

2.2

0 (0%)

7.89E-02

Long term
synaptic
plasticity

23

7 (30.4%)

3.18

2 (8.7%)

0.81

9.12E-03

Neural cell
body

36

12 (33.3%)

3.49

0 (0%)

0

4.75E-05

G

Functional lists were obtained and compiled from Wisniewska et al. [24] and MSigDB curated gene sets. Statistical significance for signature enrich-
ments is indicated in the distr ibution bias column (Fisher’s exact test, two-sided, a p value < 0.05 is considered as significant). Hierarchical clustering
heat maps are also available in Supplementary Fig. 1 (A to G).
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also dysregulated, in addition to the Wnt canonical sig-
naling pathway.

The Wnt/PCP pathway is activated by the binding of Wnt
proteins to their receptor, resulting in the activation of the
small GTPases Rho and Rac, and finally the activation of
the c-Jun N-terminal kinase (JNK). For this reason, we eval-
uated the expression level in cerebellum extracts from MDD
and control females of the active (phosphorylated) form of the
axon-growth promoting protein kinase JNK. As shown in
Fig. 4a, we did not observe any change in the phosphorylated
INK level in MDD compared to control females, suggesting
that the PCP pathway was not affected by the deficiency. We
also tested the expression level of Cedl, which codes for an
actin-binding protein, and was reported to positively regulate
the Wnt signaling pathway [27] and to activate JNK, thereby
promoting axonal growth and parallel fiber development [28].
Ccdl was one of the underexpressed genes in cluster C2, and
thus found in several of the downregulated GO functional
families related to neuron projection in MDD females (Table
3). As measured by RT-qPCR, the expression level of Ccdl
was reduced in MDD females (Fig. 4b). This was in agree-
ment with the decreased expression level of P300, the

transcriptional coactivator of Cedl (Fig. 4c). However, the
expression of the CCD1 protein remained unchanged between
MDD and control females (Fig. 4d).

Contrary to the PCP pathway, the Wnt-Ca”* signaling path-
way might be affected by MDD, as we measured a significant-
ly decreased intracellular Ca®* concentration in the MDD fe-
male cerebellum (Fig. 5a). This was in agreement with the
previously reported diminution of phosphorylated PKC level
in MDD female cerebellum [12]. Surprisingly, the level of
CaMKII, a Caz"/Calmodulin—dependent kinase, was elevated
in MDD compared to control females (Fig. 5c). Interestingly,
levels of one subunit of the glutamatergic AMPA receptors
that are present at the postsynaptic density were reduced in
MDD compared to control females, suggesting alterations at
the postsynaptic level (Fig. 5d).

Discussion
Reduced intake of methyl donor nutrients (essentially vita-

mins B9 and B12) has been implicated in alterations of
neurodevelopment, as well as in several neurological and

Fig. 4 MDD effects on Wnt PCP A .
pathway in female’s cerebellum at Control MDD = g 41
postnatal day 21. Western blot 2 S 31
analysis of the expression of a P-JNK — — - §2 ,
phosphorylated JNK (c-Jun N- = ,g
terminal kinase), ¢ P300 and d INK total | s o « 0 <& e
Ccdl (coiled-coil protein DIX1) ~ o-
and densitometric quantifications Control MDD
of relative expressions. b mRNA B
expression level of Cedl, mea- 16
sured by qRT-PCR. Arbitrary 2 141
units = SD, N= 3 per group, run 2 127 -
in duplicate, *p < 0.05 < 2 14
2 Fos
E 3 06 1
g Eos-
© o2
0
Control MDD
C
Control MDD 5 B
P300 o .- za
'5 E 05
a 5 Y2
GAPDH | s s Sham s s S <&
=,
Control MDD
D 0,8
Control MDD =
Ccd1 — — — —_— - o
52 o0s -
0
GAPDH | s e | s s gg_o,z-
=
Control MDD
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Fig. 5 MDD effects on Wnt Ca>* A B
pathway in female’s cerebellum at 5
postnatal day 21. a Free g o * m
intracellular Ca** concentration in ”‘8 E Control DD
21-day-old female’s cerebellum S 31
in response to MDD in uM per ER p-MAP1b | I | saped I
mg of cerebellum tissue. N= 6 g E < )
per group, *p <0.05.Western blot £8 1 MAP1b | “N o I
analysis of the expression of b §
phosphorylated and total MAP1b, 0=
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psychological diseases, albeit the underlying mechanisms re-
main poorly understood. Our study showed that the Wnt ca-
nonical and likely the Wnt-Ca®" pathways are dysregulated in
female cerebellum at P21, following maternal exposure to
vitamins B9 and B12 deficiency, likely contributing to the
defects observed in synaptic assembly and signaling at the
transcriptome level.

Functional alterations discovered so far in the brain of fe-
male pups born to dams fed a diet deficient in vitamins B9 and
B12 affect mainly the hippocampus and the cerebellum.
Notably, Hcy accumulates predominantly in the granular layer
and in Purkinje cells [6, 12]. Previous studies in our laboratory
demonstrated impaired locomotor coordination in pups ex-
posed to the deficient diet [6]. Nevertheless, this disability
appeared to be transient, suggesting a developmental retarda-
tion involving gene expression and cellular pathway downreg-
ulation [9, 12]. These observations indicate that the cerebel-
lum is particularly sensitive to MDD during the fetal period
and early after birth.

In order to identify new genes and pathways potentially
involved in the functional alterations observed in the cerebel-
lum following MDD, we performed a transcriptional analysis
at P21, at the time when the cerebellum is ending its matura-
tion. The cerebellum undergoes several major structural trans-
formations during embryonic development, and by embryonic
day 18.5, it has acquired its three-dimensional architecture. At
birth, a rudimentary set of synaptic connections has begun to
become organized, and the cerebellum has established all its
cell types in three layers around P16 in rodents [13]. The
granular cell layer forms postnatally as cells from the EGL,

present at the cerebellar surface, seed the internal (and final)
granular layer. The EGL ceases to exist by the end of the third
postnatal week. At this period, two major extrinsic inputs to
the cerebellar cortex mature with the climbing fibers
connecting to the Purkinje cells and the mossy fibers to the
granule cells [29]. These are the major excitatory cell types
found in the cerebellum, all using glutamate as their neuro-
transmitter. Several genes coding for subunits of ionotropic
glutamate receptors (kainate, delta, and AMPA) displayed a
decreased expression in the MDD female cerebellum
(Supplementary Fig. 1 and Fig. 5d), in line with an impaired
synaptic plasticity, as suggested by many GO terms found in
the transcriptomic analysis and previous results obtained in
our laboratory [9].

Wnt signaling plays a major role in axon pathfinding, den-
dritic development, synapse assembly, and modulation of syn-
aptic transmission in the central nervous system [30]. Results
from the transcriptomic analysis indicated that Wnt signaling
pathway was globally downregulated in MDD females, as well
as the expression of many of its target genes in neurons (Table
5). Indeed, by western blot analyses, we observed that GSK3(3
protein level was increased in the cerebellum of MDD female
pups compared to controls, resulting in a subsequent reduction
of 3-catenin levels, and a decreased expression of well-known
target genes of the Wnt canonical signaling pathway involved
in cell proliferation (c-Myc and cyclin D1, Fig. 3). This could
result in decreased cell proliferation, accounting for the ob-
served reduced thickness of the granular cell layer and the
decreased number of Purkinje cells in the cerebellum of
MDD pups (Fig. 2), in agreement with the downregulated
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functions identified by transcriptomics (Table 3). There exists
a tight regulation of the ratio of Purkinje cells to granule
cells, with the number of Purkinje cells determining the
size of the granule cell population [13]. According to this,
our observations suggest that the reduced number of
Purkinje cells could be the primary event, resulting in the
reduced size of the granular cell layer. Apoptosis is prob-
ably not involved in this process, as we previously did not
observe any difference in the cerebellum using an apopto-
sis marker (apostain) in MDD female pups compared to
controls [9].

In addition to its role in regulating the availability of [3-
catenin, GSK3f directly phosphorylates several microtubule-
associated proteins, such as Tau or MAP1B [25]. This role of
Wnt signaling in modulating microtubule cytoskeleton could
contribute to synaptic assembly and glomerular rosette assem-
bly in particular. Indeed, following GSK3[3 increased expres-
sion in the cerebellum of MDD females, we detected an in-
creased phosphorylation of MAPIB. This could result in a
reduction of the formation of microtubule loops within the
growth cone, and a less efficient growth cone pausing and
enlargement [31]; contributing to the disruption of excitatory
synapse assembly, as indicated by the transcriptomics. In ad-
dition, it was shown that Wnt could also regulate microtubule
stability through JNK. However, we did not detect any change
in the level of activated (phosphorylated) JNK between con-
trol and MDD pups. We also investigated the expression level
of the actin-binding protein Ccdl, which was identified in
many of the GO terms related to the synapse (Table 3). This
protein was reported to activate JNK and play an essential role
in parallel fiber development [28]. Despite a reduced expres-
sion level of its coactivator P300 and a resulting diminished
mRNA expression level, Cedl protein expression was not
affected by the restrictive diet, suggesting (i) a posttranscrip-
tional regulation of Ccdlexpression, and (ii) that JNK path-
way is globally not affected by MDD at P21.

Wnt-7a, when released by granule cells, acts on mossy
fibers to promote the formation of the glomerular rosette, the
accumulation of synaptic components, such as synapsin 1
(Synl) to future presynaptic sites [32], and synaptic vesicle
recycling [33], through the canonical pathway and GSK303.
Synl is involved in synaptogenesis, axonogenesis and the
modulation of neurotransmitter release, and associates with
the cytoplasmic surface of presynaptic vesicles. Interestingly,
we previously reported a decrease of Synl level in the cere-
bellum of MDD females at P21 [9]. We showed that this was
due to a disruption of the ER« signaling pathway, resulting in
a decreased expression of Egrl, the transcription factor regu-
lating Syn1 [9]. Our present results suggest that in addition to
ER«, Wnt canonical signaling pathway could also participate
to the regulation of Syn1 expression, as Wnt-7a was reported
to increase Synl level in cultured granule cells, an effect me-
diated through GSK3f [25].
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At postsynaptic level, Wnt signaling promotes the recruit-
ment of postsynaptic components, with an increased cluster-
ing of the scaffold protein PSD95 [34], a marker of postsyn-
aptic activity involved in signal transduction of excitatory re-
ceptors. PSDO95 levels are reduced in cerebellum protein ex-
tracts from females exposed to MDD [9]. We also observed
less Gria2 protein, a subunit of the glutamatergic AMPA re-
ceptors that are present at the postsynaptic density, as well as a
reduced expression of Gria3 mRNA (Supplementary Fig. 1).
These observations could be due to the altered Wnt/Ca®* sig-
naling originating from a reduced Ca”* tissue content, a de-
creased activation of PKC [12], and a decreased expression of
transcription factors such as P300 (our present results) or
CREB [12], or the downregulation of Wnt canonical pathway
in the case of Gria3. In addition, the expression of many pu-
tative target genes of the Wnt canonical pathway, with func-
tions in nervous system development or synaptic functions,
was also affected by MDD (Table 5, Supplementary Fig. 1).

The dysregulation of Wnt canonical pathways is not caused
by a reduced level of either Wnt-7a or Wnt-3a, which are
expressed in granular cells and Purkinje cells, respectively.
The link between MDD and Wnt could be at the epigenetic
or epigenomic level, as MDD is known to alter gene expres-
sion through these processes [2]. Indeed, folate is required for
the synthesis of SAM, which is used for DNA methylation at
CpG sites. Folate deficiency is known to affect DNA methyl-
ation [35]. Inversely, gestational folate supplementation was
also shown to influence the epigenome in mouse offspring
cerebellum and therefore gene expression [36]. SAM is also
required for methylation of histone proteins and MDD was
reported to alter some histone marks such as H4K20me3
[37]. Finally, the expression of some miRNAs is dysregulated
in the offspring following a gestational deficiency in vitamins
B9 and B12, resulting in altered signaling pathways with key
regulating functions in brain [38]. Any disruption in these
epigenetic mechanisms could contribute to the altered expres-
sion of GSK3f3, with the subsequent dysregulation of the Wnt
canonical pathway.

In addition to impairment of cerebellum development and
synaptic plasticity, transcriptomic results revealed alterations
in mitochondrial functions. Notably, genes related to function-
al terms such as cytochrome complex, oxidative phosphory-
lation, ATP synthesis coupled proton transport and respiratory
chain were found to be upregulated in MDD female progeny
(Table 2). These results are in agreement with those previously
found in the liver using the same animal model [39]. Our
results suggest that the upregulation of genes involved in mi-
tochondrial functions could be a way to compensate and to
restore proper mitochondrial function. Indeed, neurons are
highly dependent on mitochondrial ATP, in particular to sus-
tain synaptic vesicle trafficking and maintenance of ion gradi-
ents across the cellular membrane. Moreover, terms such as
glutathione derivative metabolic process are also associated
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with an upregulation, suggesting that cells are subjected to
oxidative stress. Altogether, mitochondrial dysfunction is like-
ly to contribute to the alterations observed in the cerebellum.

Studies from human populations and experimental models
suggest a role for MDD in the development of several neuro-
degenerative diseases, such as Parkinson disease, and also for
psychiatric disorders, for example depression, bipolar disorder
or schizophrenia [4]. This association between MDD and
these diseases could be due in part to an increased GSK3f3
that is itself linked to the same neurological disorders and
neurodegeneration. Indeed, polymorphisms in GSK3B have
been implicated in Parkinson disease and GSK3B overexpres-
sion may be relevant to the pathogenesis of Alzheimer’s dis-
ease [30]. GSK3f seems to be an essential player since lithi-
um, which is widely used to treat mood disorders, activates the
canonical pathway through GSK3[3 inhibition, hence induc-
ing neurogenesis as well as improving behavior [30]. This
possible link between MDD, neurodegenerative and neuro-
logical disorders, and GSK3f3 is an interesting avenue that
deserves attention for future investigations, notably in older
animals.
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