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The transcriptomic response of mixed neuron-glial cell cultures to
1,25-dihydroxyvitamin d3 includes genes limiting the progression of
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Abstract

Seasonal or chronic vitamin D deficiency and/or insufficiency is highly prevalent in human population. Receptors for

1,25-dihydroxyvitamin D3, the hormonal metabolite of vitamin D, are found throughout the brain. To provide further information on

the role of this hormone on brain function, we analyzed the transcriptomic profiles of mixed neuron-glial cell cultures in response to

1,25-dihydroxyvitamin D3. 1,25-dihydroxyvitamin D3 treatment increases the mRNA levels of 27 genes by at least 1.9 fold. Among

them, 17 genes were related to neurodegenerative and psychiatric diseases, or brain morphogenesis. Notably, 10 of these genes encode

proteins potentially limiting the progression of Alzheimer s disease. These data provide support for a role of 1,25-dihydroxyvitamin’
D3 in brain disease prevention. The possible consequences of circannual or chronic vitamin D insufficiencies on a tissue with a low

regenerative potential such as the brain should be considered.
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Introduction

Vitamin D is either obtained by dietary intake or produced in the skin following exposure to ultra violet B radiation (UVB) (290 315–
nm). It is now clearly established that the human dietary intake of vitamin D is not sufficient because of the paucity of this compound in

non fortified food 1 . Therefore, the major source of vitamin D is provided by the exposure of the skin to solar UVB which is influenced[ ]
by season, latitude, urban air pollution, personal behaviour and skin colour 2 . Consequently, it has been repeatedly pointed out that a non[ ]
negligible portion of the population suffers from a seasonal or even chronic vitamin D insufficiency that is defined by a circulating

25-hydroxyvitamin D (25D) level between 30 nmol/l and 50 nmol/l 1 . Importantly, vitamin D is a pro-hormone 1,3 . It is metabolized in[ ] [ ]
the organism by two successive hydroxylation steps to generate a hormone named 1,25-dihydroxyvitamin D3 (1,25D3). In a way similar to

steroid hormones, the primary mode of action of 1,25D3 is to regulate gene expression by interacting with a nuclear receptor named

Vitamin D Receptor (VDR), which recognizes specific genomic DNA responsive elements named VDREs (Vitamin D responsive

Element) 3,4 . VDR is found in almost all of the cells of the organism, including neurons and glial cells 1,4 6 . In view of the prevalence[ ] [ – ]
of vitamin D deficiency and/or insufficiency in human and of its pharmacological potential, determining the response of brain cells to

1,25D3 is a relevant field of investigation.

Recently, an emerging body of evidence has suggested that vitamin D may have previously-unrecognized effects on neurodegenerative

or psychiatric diseases 7 9 . VDR is identified as a candidate gene for Parkinson s disease (PD) 10  and at least five reports describe an[ – ] ’ [ ]
association between vitamin D receptor gene polymorphism and Alzheimer s disease (AD) 11 15 . Accordingly, and even if association’ [ – ]
does not necessarily mean causation, low serum 25(OH)-hydroxyvitamin D are associated with increased odds of cognitive impairment 16[
 and AD 17,18 . Conversely higher vitamin D dietary intake is associated with a lower risk of developing AD among older women 19 .] [ ] [ ]

Several experimental models have been developed to investigate how 1,25D3 affects brain function. , the effects of vitamin DIn vivo

on the nervous system are studied using rodent vitamin D deficiency models 20,21 , or by investigating the neuroprotective or behavioural[ ]
effects of vitamin D on brain lesion models or with VDR knock-out animals 22,23 . The results obtained in these different experimental[ ]
models demonstrate that vitamin D deficiency during pregnancy affects brain morphology 21 , alters dopamine turnover 24 , and[ ] [ ]
behaviour 25 29 . In addition the vitamin D prohormone or the 1,25D3 hormone have neuroprotective effects in several rodent[ – ]
experimental models of disease or injury including Alzheimer s disease 30 , Parkinson s disease 31,32,33 , traumatic brain injury 34 37 ,’ [ ] ’ [ ] [ – ]
multiple sclerosis and demyelination 38 43 . A possible drawback of these  experimental models is linked to the extreme[ – ] in vivo

complexity of the vitamin D endocrine system which encompasses many different physiological functions. Hence, some behavioural

effects observed  with vitamin D deficiency or knock out experimental models might be indirect and related for example to somein vivo
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effects of vitamin D depletion on bone and muscle 44 . In addition to these  studies, the effects of vitamin D on nervous system[ ] in vivo

have also been investigated  on glial or neuronal cell cultures. For example 1,25D3 regulates the expression of VDR, andin vitro

1,25-dihydroxyvitamin D(3) 24-hydroxylase (Cyp24A) in astrocytes 45,46 . 1,25D3 also regulates the expression of VDR in[ ]
oligodendrocytes, Schwann cell and cortical neuron cultures 47 49 . However, a consequence of using pure cell cultures, either glial or[ – ]
neuronal, is the disruption of the paracrine interactions existing between these different cell types in brain tissue. Such interactions can be

highly relevant for understanding 1,25D3 function in the nervous system. Therefore, a complementary experimental approach is to study

the effect of 1,25D3 treatment on mixed brain cell population. As vitamin D deficiency during pregnancy affects brain development 21 ,[ ]
we used in the present study neuron-glial mixed cell cultures issued from neural stem cell cultures. In view of the prevalence of chronic or

circannual vitamin D deficiency and/or insufficiency in human 1 , the aim of this study was to characterize the transcriptomic response of[ ]
mixed brain neuron-glial cell cultures issued from neural stem cells and chronically exposed to 1,25D3 to determine if this response

includes genes related to neurodegenerative or psychiatric disease.

Material and Methods
Cell culture

Primary cultures of neural stem cells (NSCs) were established from the brain of mouse embryos at 17 days of gestation. The procedure

was approved by Animal Welfare and Ethics Committee of Grenoble institute of neuroscience with the number MO36. Briefly, tissues

freed of meninges were dissociated by mechanical trituration, aggregates were removed by filtration through a 40 m grid and isolatedμ
cells were collected by centrifugation. Cells were plated onto uncoated dishes in basal culture medium composed of Dulbecco s modified’
Eagle s medium and Ham s F-12 (DMEM)/F12 (1/1, v/v) (Life Technologies 10565-018, France) supplemented with N2 (Life’ ’
Technologies 17502-048), B27 (Life Technologies 17504-044), 20 ng/ml basic fibroblast growth factor (FGF-2) (Peprotech AF-100-18B,

France) and 20 ng/ml epidermal growth factor (EGF) (Peprotech AF-100-15) to allow the formation of floating neurospheres. For 1,25D3

treated cell cultures, 1,23D3 (Santa Cruz sc202877, USA) was present from the first day to the end of the experiment. Because 1,25D3 was

dissolved in ethanol, control sister cultures were similarly treated with the same amount of ethanol (0.05 l/ml; 0.86 mM). At day 1, 2, 4,μ
neurospheres were dissociated and 2/3 of the medium were replaced with fresh medium supplemented or not with 1,25D3. At day 6 neural

stem cell differentiation was induced by culturing cells in DMEM medium supplemented with 10  fetal calf serum (Life Technologies%
10270-106). Cells were then cultured for six additional days in DMEM supplemented with 10  fetal calf serum (Life Technologies%
10270-106), with a medium change performed three days after the induction of differentiation. During the differentiation step, 1,25D3 at a

final concentration of 10 M was added to cells that have been previously treated with 1,25D3 and control cells were treated with vehicle8 −

alone. Thereafter, cells were cultured in serum-free medium (DMEM/F12 (1/1, v/v) supplemented with N2 and B27 without growth

factors and with 1,25D3 (1,25D3 treated cultures) or ethanol (control cultures) for four additional days, with a medium change after three

days, and then processed for RNA extraction. By doing this we ensured that 1,25-D3 treated cells were continuously exposed to 1,25D3

from the beginning to the end of the experiment. Cell cultures phenotyping was performed using the Neural 3-Color Immunocytochemistry

kit from RD systems (R&D Europe, SC024).

Cytotoxicity assay

The absence of cytotoxicity of the different treatment was controlled by measuring the lactate dehydrogenase (LDH) released into the

medium by cells cultured without ethanol or treated with ethanol or 1,25D3. The cytotoxicity levels of the groups were determined at day

1, 6, 12, 14 and 15 with the LDH-Cytotoxicity Assay Kit II (Abcam, UK, ab 65393) according to the manufacturer protocol. Each sample

was tested in triplicate and assays were replicated twice.

Gene expression profiling

Total RNAs were extracted from cells with the MirVana isolation kit  (Life Technologies AM1561) and further controlled for quality™
and concentration (Bio-Analyser, Agilent Technologies, Palo Alto, USA). For microarrays experiments, 200 ng of total RNA were

amplified with the Ambion  WT Expression kit (Foster City, USA) and labeled with the GeneChip  WT Terminal Labeling kit® ®
(Affymetrix , Santa Clara, USA). According to Affymetrix specifications, biotinylated targets were hybridized on Affymetrix  GeneChip® ®

 Whole Transcript (WT) expression array, Mouse Gene 1.0 ST. Then, the arrays were labelled with streptavidin-phycoerythrin and®
scanned. Fluorescence intensities for each probe were recorded and the expression values reported in arbitrary units. Data were processed

and normalized using Robust Multi-array Average (RMA) algorithm. Three independent analyses using independent cell cultures issued

from different pregnant mice were performed. Probe sets with a signal value of less than 60 in both conditions were excluded from

analyses as this value corresponds to the median value of the internal negative control probe sets of the chip microarray. Only variation

folds equal to or higher than 1.9 were considered for analysis and the expression changes between control and 1,25D3 treated cells were

further validated with a statistical non parametric Mann-Whitney test with a p  0.05 considered as significant. The transcriptomic data≤
have been deposited in NCBI s Gene Expression Omnibus and are accessible through the Gene Expression Omnibus (GEO) accession’
number GSE41184.

RT-qPCR
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2 g of total RNA were transcribed into cDNA using Promega Reverse Transcription reagents (Promega M3683, France) with randomμ
dN6 primers. PCR primers (Eurogentec, France) for each gene were designed using the Universal ProbeLibrary Assay Design Center (

) and sequences of the primers used are given as supplementary table 1.https://www.roche-applied-science.com/sis/rtpcr/upl/ezhome.html 

Then real-time PCR were performed according to the SYBR Green methodology on a CFX96 Touch Real-Time PCR Detection System ™

(Bio-Rad Laboratories, Inc. France). The reference genes were actin and succinate dehydrogenase complex subunit A (SDHA) whoseβ
expression were not affected by 1,25D3 according to our Affymetrix data (data not shown). The geometric mean Ct values of the reference

genes were calculated for each individual sample and used to normalize expression levels using Ct method. Additional analyzes wereΔΔ

performed with the CFX Manager software (Biorad Laboratories, Inc. France) and compared by the Ct method 50 . Each qPCR was ™ ΔΔ [ ]
performed in triplicate for PCR yeld validation and all reactions were performed on three different biological samples. Finally, the

statistical validation of gene changes was checked using the student t test with a p  0.05 considered as significant.≤

Results

To investigate whether 1,25D3 was able to modulate the mRNA levels of genes associated to neurodegenerative or psychiatric

disorders, we investigated the transcriptomic response of mixed neuron-glial cell cultures to 1,25D3. Cell cultures were composed of glial

fibrillary acidic protein positive astrocytes (GFAP ), neurons ( III-tubulin ) and oligodendrocytes (O4 ) (Supplementary Material Fig. 1 + β  +  +

A,B). Since, 1,25D3 was resuspended in ethanol, the absence of cytotoxicity of 1,25D3 and ethanol was controlled. Addition of ethanol or

1,25D3 did not induce any statistically significant difference for LDH release in cell cultures compared to cultures without ethanol or

hormone (Supp. Mat. Fig. 2). Transcriptomic analyses were performed on three independent mixed neuron-glial cell cultures and

processed for transcriptomic analyses. Global transcriptomic analysis showed no gene down-regulated (cut-off value for significant change

< 0.6), but identified 27 genes up-regulated in the presence of 1,25D3 (cut off value for significant fold change 1.9; Mann-Whitney test p ≥
 0.05) (Table 1). Regarding the 27 up-regulated genes, seven of them have been previously identified as 1,25D3 targets. Among these≤

genes, the up-regulation by 1,25D3 of VDR in glia 45 48  and neurons 49 , and of CYP24A in glial cells 46  was already documented.[ – ] [ ] [ ]
This validates the responsiveness of our cell culture system to 1,25D3. The five other genes already described as 1,25D3-regulated but in

cell types others than neuron or glial cells were connector enhancer of kinase suppressor of Ras 2 (CNKSR2) 51 , S100 calcium binding[ ]
protein G (S100G) 52 , lipoprotein lipase LPL 53,54 , solute carrier family 1 (neuronal/epithelial high affinity glutamate transporter,[ ] [ ]
system Xag), member 1 (Slc1a1), and the third component of complement C3 (C3) 55 57 . Five of these genes (VDR, CNKSR2, LPL,[ – ]
Slc1a1, C3) have been reported to be involved in brain functions related to neurodegenerative diseases (Fig. 1).

Among the 22 remaining genes not previously associated with the vitamin D endocrine system, we identified 12 genes described as

potentially involved in neurodegenerative, psychiatric diseases or brain morphogenesis (Fig. 1). These genes are gastrin-releasing peptide

receptor (GRPR), cellular retinoic acid binding protein 1 (CRABP1), RIKEN cDNA 4833424O15, integrin, alpha 8 (ITGA8), nuclear

protein, transcriptional regulator 1 (NUPR1), carbonic anhydrase XIV (CAR14), inhibitor heavy chain 3 (ITIH3), inter-alpha-trypsin

fibulin 1 (FBLN1), cystathionine-beta-synthase(CBS), tescalcin (TESC), lecithin-cholesterol acyltransferase (LCAT), and deiodinase,

iodothyronine, type II (DIO2) (Table 1). Confirmatory RT-qPCR analyses were performed for these 12 genes. They validated the

transcriptomic data (Suppl. Mat. Fig. 3). According to these results, an analysis of the biological functions of the 27 genes up-regulated by

1,25D3 carried out with the Ingenuity Pathway Analysis software identified Neurological disease  as the Top Bio Function with 6 genes“ ”

associated with tauopathy (C3, CBS, CNKSR2, LPL, SLC1A1, VDR; p  1.5  10 ), and 5 genes associated with AD (C3, CBS,= × 4 −

CNKSR2, LPL, VDR; p  1.0  10 ). Finally, 1,25D3 treatment did not affect the expression of genes coding for specific markers for= × 3 −

neurons, astrocytes or oligodendrocytes (Supplementary Material Fig. 1C).

Discussion

The epidemiological evidence for a widespread vitamin D deficiency and/or insufficiency in the population is of major concern since it

suggests that the health sequelae of the chronic or seasonal mild hypovitaminosis D could impact any tissue expressing VDR 3 . This[ ]
point is particularly relevant for a tissue of low regenerative potential such as the brain. The repetition year after year and throughout the

lifetime of the seasonal vitamin D deficiency and/or insufficiency cycle known to occur during winter and spring could be a cofactor in the

occurrence of some neurodegenerative diseases during aging. Likewise, it has been proposed that a seasonal vitamin D deficiency

occurring during pregnancy could be a cofactor associated with schizophrenia epidemiology 58 . On the other hand, a pharmacological[ ]
potential for 1,25D3 is suggested by several experimental data demonstrating a neuroprotective effect for this hormone 30 43,59 65 .[ – – ]
Hence, the characterization of the effects of 1,25D3 on gene expression is a relevant field of investigation. One experimental approach to

grasp this problem is to characterize genes whose expression is regulated in the presence of 1,25D3 in mixed neurone-glial cell cultures

and then to investigate if these genes are involved in neurodegenerative or psychiatric diseases. Since  cells are chronically exposedin vivo

to 1,25D3, we used an experimental model in which 1,25D3-treated cells were exposed to the hormone during all the course of the study.

The relevance of our transcriptomic data is assessed by the finding that several genes characterized in this study (CYP24A, VDR, S100G,

CNKSR2, LPL, Slc1a1, C3) have already been identified as up-regulated in the presence of 1,25D3 in other cell types. Regarding the other
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genes identified in this study, we restricted the analysis to those related to brain functions or neurodegenerative or psychiatric pathologies

and validated their expression levels by RT-qPCR. Surprisingly, the NGF or GDNF genes which were previously reported as up-regulated

by 1,25D3 in glial cells 45,66  were not detected as regulated by 1,25D3 in this study. This could reflect the differences in the cell culture[ ]
protocols used in different studies. Here, we used mixed neuron-glial cell cultures issued from neural stem cell cultures and cells were

chronically exposed to 1,25D3 for all the duration of the experiment (15 days). This contrasts with previous experiments performed either

on glial or on neuron cultures, only transiently exposed to 1,25D3.

Among the 27 genes found up-regulated in the presence of 1,25D3 in this transcriptomic study, 17 genes code for proteins connected

to neurodegenerative or psychiatric diseases, or brain morphogenesis and are listed in Fig. 1B.

Genes related to Alzheimer s or Parkinson s diseases in our study’ ’

The Vitamin D receptor (VDR)

VDR plays a pivotal role in the response to 1,25D3 as it mediates the genomic effects of 1,25D3. The finding that VDR gene

expression is up-regulated in brain cells following 1,25D3 exposure has been reported 45,47,49,67 . In addition to the association between[ ]
VDR gene polymorphism and PD or AD previously reported 10 15 , overexpression of VDR or vitamin D treatment suppressed amyloid[ – ]
precursor protein transcription in neuroblastoma cells 11 . Accordingly, Vitamin D3-enriched diet correlates with a decrease of amyloid[ ]
plaques in the brain of A PP transgenic mice 30 . On the other hand, amyloid-  treatment decreases VDR gene expression in culturedβ [ ] β
cortical neurons 49 . In keeping with this, a reduction of vitamin D hormone receptor mRNA levels in Alzheimer as compared to[ ]
Huntington hippocampus is also reported 68 . Hence, a relationship exists between VDR and amyloid-  levels. The finding that in cell[ ] β
culture each protein decreases the level of the other one 49  suggests the existence of a pathologic positive feed-back loop in which any[ ]
down-regulation of the VDR pathway increases amyloid-  which in turn aggravates the VDR signaling deficiency and increases amyloid-β β
levels. If such a mechanism is operative in AD it could limit the therapeutic potential of vitamin D in late AD stages 49 .[ ]

Cystathionine beta-synthase (CBS)

CBS is a hydrogen sulfide (H S) producing enzyme in the brain. H S is considered as a neuromodulator 69 71 . It enhances the2 2 [ – ]

activity of NMDA receptors and facilitates the induction of hippocampal long-term potentiation (LTP). Importantly H S is an endogenous2 

anti-inflammatory and neuroprotective agent 72 . It protects cells against oxidative stress caused by glutamate, beta-amyloid, or[ ]

1-methyl-4-phenylpyridinium ion (MPP ) a drug used to generate a Parkinson s disease model in animals 73 . Moreover, brain H S is + ’ [ ] 2 

severely decreased in AD patients 74 . The H S therapeutic potential in neurodegenerative disorders of aging such as Alzheimer s disease[ ] 2 ’

and Parkinson s diseases is currently investigated 75 .’ [ ]

Lipoprotein lipase (LPL)

LPL is the key enzyme of triglyceride hydrolysis and is expressed in the brain regions functionally relevant to learning and memory [
76 . LPL was identified as a 1,25D3-regulated gene in adipocytes 53,54 . Association between single nucleotide polymorphisms in this] [ ]
gene and schizophrenia is observed in a Han Chinese population 77 . A polymorphism in LPL gene also affects the severity of Alzheimer[ ] ’
s disease pathophysiology 78 . Moreover LPL colocalizes with senile plaques and promotes the uptake and degradation of amyloid protein[ ]
 by astrocytes 79 .β [ ]

Carbonic anhydrase 14 (Car14)

CAR14 is a membrane bound synaptic protein that catalyses the buffering of activity-dependent extracellular pH shift in the nervous

system. By doing that it is indirectly implicated in the modulation of the NMDAR-mediated current and Ca2  influx in hippocampal CA1+
pyramidal neurons 80 82 . Carbonic anhydrase dysfunction impairs cognition and is associated with mental retardation, Alzheimer s[ – ] ’
disease and aging 83 .[ ]

is found 1,25D3-responsive in osteoblastic cells 56,57 . It is detected in AD senile plaques and Complement component 3 (C3) [ ]
neurodegeneration is partially mediated by complement activation 84 . Accordingly C3 is identified as a plasma biomarker of brain[ ]
atrophy in AD 85 . Complement activation products are generally considered as mediators between amyloid deposits found in senile[ ]
plaques and the inflammatory response leading to neurotoxicity. Importantly, a notable exception is for complement C3 factor which has

also a beneficial role in amyloid plaque clearance and protection against neuronal death 86 . Hence, although activation of the[ ]
complement is usually considered as detrimental in AD pathology, C3 should paradoxically have a protective effect by preventing the

accumulation of amyloid deposit, in the general context of the 1,25D3 anti-inflammatory action 87,88[ ]

Solute carrier family 1 (neuronal/epithelial high affinity glutamate transporter, system Xag), member 1 (SLC1A1 also named EAAT3
or EAAC1)
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SLC1A1 is a neuronal and epithelial glutamate transporter that is identified as 1,25D3-responsive in osteoblastic cells 55 . Several[ ]
genetic studies have found an association between this gene and obsessive-compulsive disorder 89 91 . In addition, experiments[ – ]
performed on Slc1a1 deficient mouse have shown that this protein also transport cysteine an obligate precursor for the neuronal synthesis

of the anti-oxidant glutathione 92 . Therefore, in Slc1a1 deficient mouse, impaired neuronal glutathione metabolism leads to oxidative[ ]
stress and age-dependent neurodegeneration 92 . This point is of particular relevance for neurodegenerative disease in regard to the key[ ]
role of glutathione as an antioxidant in AD and PD. Indeed, one of the earliest biochemical changes seen in PD is a reduction in the levels

of total glutathione 93 .[ ]

Lecithin-cholesterol acyltransferase (LCAT)

LCAT esterifies cholesterol on glial-derived apoE-lipoproteins, and influences cerebrospinal fluid (CSF) apolipoprotein E and

apolipoprotein A-I levels. 94 . In AD patients LCAT activity was 50  lower than in CSF from normal controls 95 .[ ] % [ ]

4833424O15Rik also named Lppr5 or PRG-5

PRG-5 for Plasticity-related gene 5 protein belongs to the Plasticity-related genes (PRGs) also referred to as lipid phosphate

phosphatase-related genes family (LPPRs). PRG-5 is specifically expressed in brain and spinal cord and regulated during brain

development. It induces filipodia formation, neurite growth and drives axon elongation in neurons 96 . This protein impedes the[ ]
RhoA-dependent neurite retractation mediated by the neurite growth inhibitors Nogo-A and lysophosphatidic acid (LPA) 96 . This point is[ ]
important as Nogo-A contributes to the failure of CNS axons to regrow and reconnect after damage 97 . Importantly, Nogo-A is[ ]
over-expressed by hippocampal neurons in AD and associated with beta-amyloid deposits in senile plaques 98 . The up-regulation of[ ]
PRG-5 in presence of 1,25D3 provides additional evidence for a protective effect of 1,25D3 in neuro-regenerative processes or

neurodegenerative diseases such as AD.

The Gastrin-releasing peptide receptor (GRPR)

GRPR is implicated in memory processes in amygdale and hippocampus 99,100 . Moreover, stimulating this receptor in rats prevents[ ]
amyloid peptide-induced memory impairment 101 . In addition to memory, GRPR affects grooming and social behavior in rodents[ ]
suggesting that it could be a molecular target for psychiatric and neurological disorders 99 .[ ]

Fibulin 1 (FBLN1)

FBLN1 is an extracellular matrix interacting with the amyloid precursor protein 102 . However the consequence of this interaction in[ ]
the pathogenesis of AD has not yet been elucidated.

Integrin 8 (ITGA8)α

ITGA8 is required for hippocampal long-term potentiation 103 . This gene is identified as one novel PD susceptibility locus 104 .[ ] [ ]

Connector enhancer of kinase suppressor of Ras 2 (CNKSR2)

CNKSR2 is induced by vitamin D and inhibits apoptosis in certain cancer cells by protecting against ROS-producing and

DNA-damaging agents 105 . In neurons, CNKSR2 is a key participant in NGF signaling through its coupling to ERK activation 106 .[ ] [ ]

Nuclear protein, transcriptional regulator, 1 (NUPR1 also named P8)

NUPR1 is an antiapoptotic protein when interacting with prothymosin  107 .α [ ]

Gene related to psychiatric diseases

Inter-alpha-trypsin inhibitor heavy chain 3 (ITIH3)

ITIH3 is involved in extracellular matrix stabilization. A recent genome-wide study finds a significant association in schizophrenia to

ITIH3/4 variants 108 .[ ]

Genes related to brain morphogenesis

Tescalcin (TESC)

TESC is essential in megakaryocyte for the coupling of ERK cascade activation with the expression of E-twenty six (Ets) family genes

109 . However, it remains to be determined if a similar function is observed in nervous system. This point is critical in view of the role of[ ]
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Ets family genes in morphogenesis 110 . In addition Tescalcin promotes the maturation, transport and function of the Na /H  exchanger[ ] + +
NHE1 isoform which plays a permissive role in neurite morphogenesis 111 . Notably functional NHE1 is required for the stimulation of[ ]
neurite morphogenesis by neutrin-1 111 .[ ]

2 iodothyronine deiodinase (DIO2)

DIO2 catalyzes the conversion of the thyroid hormone T4 to T3 that leads to its activation. Dio2 is particularly important to provide

intracellular T3 to brain cells 112 . The finding that 1,25D3 could be involved in the fine tuning of thyroid hormone signaling in brain cell[ ]
is of great interest in view of the role of T3 in brain development and function.

Cellular retinoic acid binding protein 1 (CRABP1)

CRABP1 is assumed to serve as a regulator of retinoic acid function 113 . Hence our results establish a link between 1,25D3 and[ ]
thyroid hormone and retinoic acid, two critical brain morphogens. This enlightens the complexity of the 1,25D3 effects and could explain

some of the effects observed during pregnancy on brain morphology in the vitamin D deficiency models.

Taken together, these data add to the growing list of experimental and clinical findings identifying brain as a vitamin D target 5 9 .[ – ]
Our results show that more than half of the genes whose expression is increased in the presence of 1,25D3 are involved in brain function or

connected to neurodegenerative or psychiatric diseases, notably AD. These results are in agreement with data showing that vitamin

D-enriched diet correlates with a decrease of amyloid plaques in the brain of A PP transgenic mice 30 . Recent meta-analyses alsoβ [ ]
suggest that lower vitamin D concentrations are associated with a higher risk of AD 17,18 . In this regard it is noteworthy that 1,25D3[ ]
promotes the recovery of amyloid-  phagocytosis by AD macrophages 114 . Therefore, the question of the role of a vitamin D deficiencyβ [ ]
and/or insufficiency, or of a vitamin D system malfunction as a cofactor in the prevalence of neurological diseases such as AD is

increasingly timely 115 117 . Because of the complex, multifactorial and progressive nature of such pathologies the answer might remain[ – ]
elusive for a long time. Expecting a univocal proof such as the one obtained with vitamin D deficiency and rickets is probably unrealistic

as vitamin D probably acts as a protective cofactor. It is worth mentioning that the history of vitamin D in human health did not end with

the discovery of its role in rickets prevention about one century ago. Accumulating data demonstrate a role for this hormone in the

prevention of cancer, infectious, cardiovascular and autoimmune diseases 3 . These findings lead to suggest a therapeutic role for[ ]
adjunctive vitamin D supplementation for these diseases. The potential interest of vitamin D in the treatment of neurodegenerative disease

has been suggested at least 20 years ago 118 . Data presented in the present study raise the possibility that neurodegenerative diseases[ ]
could soon join the cohort of diseases for which a vitamin D supplementation might be beneficial 119 .[ ]
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Fig. 1
Genes associated with CNS and up-regulated in the presence of 1,25D3 in mixed neuron-glial cell cultures
A. The 27 genes that are overexpressed in mixed neuron-glial cell cultures in the presence of 1,25D3 can be ascribed to the brain pathology or

brain function-related classes indicated (several genes belong to more than one class). B. Known roles of 17 of the 1,25D3-overexpressed

genes in neurological disorders or brain morphogenesis (abbreviations used: AD, Alzheimer s Disease; PD, Parkinson s Disease).’ ’
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Table 1
List of differentially expressed genes in mixed neuron-glial cell cultures in the presence of 1,25D3 (induction fold  1.9)≥
Fold changes are the average of three independent experiments and indicate fold increases in gene expression for 1,25D3-treated cells compared to control cells. Published references for genes previously

reported to be modulated by 1,25D3 are indicated.

Probe set ID Gene name Gene symbol Variation fold Ref

10607712 gastrin releasing peptide receptor Grpr 8.7
10490080 cytochrome P450, family 24, subfamily a, polypeptide 1 Cyp24a1 7.1 46 

10605986 solute carrier family 7 Slc7a3 6.9
10585438 cellular retinoic acid binding protein I Crabp1 5.9
10495613 RIKEN cDNA 4833424O15 gene 4833424O15Rik 5.1
10432032 vitamin D receptor Vdr 3.8 47 –49 

10480090 integrin alpha 8 Itga8 3.3
10567995 nuclear protein 1 Nupr1 3.2
10607562 connector enhancer of kinase suppressor of Ras 2 Cnksr2 3.0 51 

10607705 S100 calcium binding protein G S100g 3.0 52 

10500283 carbonic anhydrase 14 Car14 2.7
10473384 solute carrier family 43, member 3 Slc43a3 2.6
10418434 inter-alpha trypsin inhibitor, heavy chain 3 Itih3 2.5
10457183 thioredoxin-related transmembrane protein 3 Tmx3 2.5
10572130 lipoprotein lipase Lpl 2.5 ,53 54 

10425945 fibulin 1 Fbln1 2.3
10462313 solute carrier family 1member 1 Slc1a1 2.3 55 

10419525 RIKEN cDNA A930018M24 gene A930018M24Rik 2.2
10449712 cystathionine beta-synthase Cbs 2.2
10399465 family with sequence similarity 84, member A Fam84a 2.1
10588592 calcium channel, voltage-dependent, alpha 2 Cacna2d2 2.1
10452316 complement component 3 C3 2.0 ,56 57 

10524955 tescalcin Tesc 2.0
10538852 RIKEN cDNA A430010J10 gene A430010J10Rik 2.0
10581388 lecithin cholesterol acyltransferase Lcat 2.0
10401841 deiodinase, iodothyronine, type II Dio2 1.9
10454015 tetratricopeptide repeat domain 39C Ttc39c 1.9


