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Nutritional rickets is an important disease in global health. Although nutritional rickets commonly manifests as bony deformities, there is an increased risk of life-threatening seizures secondary to hypocalcaemia. Dietary vitamin D deficiency is associated with the development of nutritional rickets among children and infants. This is especially true in populations of darker skinned individuals in high-latitude environments due to decreased ultraviolet light exposure, and in populations in tropical and subtropical climates due to cultural practices. A growing body of evidence has demonstrated that genetic factors might influence the likelihood of developing nutritional rickets by influencing an individual’s susceptibility to develop deficiencies in vitamin D and/or calcium. This evidence has been drawn from a variety of different techniques ranging from traditional twin studies to next generation sequencing techniques. Additionally, the role of the epigenome in the development of rickets, although poorly understood, may be related to the effects of DNA methylation and non-coding RNAs on genes involved in bone metabolism. This review aims to provide an overview of the current evidence that investigates the genetic and epigenetic determinants of nutritional rickets.
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Introduction

Rickets is a disease of thegrowth plate cartilage which occurs primarily in infants and young children. This occurs due to inadequate mineralisation of the osteoid secondary to hypocalcaemia or hypophosphatemia, or through direct inhibition of mineralisation by minerals such as fluoride and aluminium (1, 2).

In growing long bones, osseous tissue is created from cartilage by endochondral ossification, where hypertrophic chondrocytes in the ossification centre produce extracellular matrix that is then mineralised in the presence of adequate calcium and phosphate. Calcified cartilage is subsequently reabsorbed and replaced by woven and finally lamellar bone (3). Initiation of the ossification process involves chondrocyte apoptosis that is mediated by phosphorylation of MAPK pathway intermediates by extracellular phosphate (4). Low serum calcium causes a compensatory hyperparathyroidism and subsequent hypophosphataemia, inhibiting the normal process of chondrocyte apoptosis (4, 5). This results in the accumulation of hypertrophic chondrocytes, eventually leading to abnormal growth of the cartilaginous epiphyseal plate and the deposition of osteoid under the growth plate (1, 2). This ultimately gives rise to the characteristic phenotypical changes and clinical signs associated with rickets , including bone deformities (such as bow-legs and knock-knees), developmental delay, and the increased risk of hypocalcaemic seizures, cardiomyopathy (in infants) and death (6). The diagnosis of rickets is commonly made via a combination of radiological, clinical, and biochemical criteria (as reviewed by Munns et al.) (7).

Rickets can be a consequence of several aetiologies, including mutations directly affecting genes involved in bone homeostasis, mineralisation and renal metabolism, acquired impairments in the renal tubular handling of minerals (due to drugs such as tetracyclines and conditions such as Fanconi’s anaemia) and acquired deficiencies in metabolism (such as liver disease) (1, 8, 9). These aetiologies, while important, are described in more detail in other review articles (1–3). Rickets secondary to nutritional deficiencies is the most common cause of rickets globally and is primarily caused by insufficient calcium, vitamin D and/or phosphate intake. The prevalence of nutritional rickets varies, with a relatively low incidence seem in high income countries such as the UK and Ireland, (at 0.48 cases per 100,000) and Canada (at 2.9 cases per 100,000) (10, 11). However, nutritional rickets appears to be more common in low- and middle-income countries in Asia and Africa. For example, there is an estimated 2.7 cases per 1000 children in India based on radiographs, and there is a reported prevalence of 3.3% in Gambian children based on clinical examination (12, 13). However, some inter-study variation can be attributed to differences in diagnostic methods (e.g., clinical vs radiological vs biochemical diagnoses) and the possible selection of subpopulations which may have a higher prevalence of rickets (14).

Calcium- deficiency rickets can be caused by a lack of dietary calcium (even though the fractional intestinal calcium absorption may be maximised) or insufficient intestinal calcium absorption due to either a lack of dietary vitamin D or a lack of its active metabolite, 1,25(OH)2D (15, 16). Calcium deficiency rickets secondary to vitamin D deficiency involves overlapping contributions from cultural, environmental, and genetic factors. For example, a lack of UVB exposure limits the production of vitamin D3. UVB exposure is inhibited by melanin, which is produced in higher concentrations in darker skinned individuals (17). Behavioural and cultural practices, such as living predominantly indoors have also been associated with the development of nutritional rickets due to decreased UVB exposure (15). Diets low in dairy and vegan diets may result in an inadequate vitamin D and/or calcium intake (15, 18). However, even within communities that exhibit similar behaviours there can be inter-individual variation in the susceptibility of developing NR, baseline 25(OH)D levels and variation in the response to vitamin D supplementation (19, 20). Advances in our understanding on how the genome and epigenome can influence the expression of different phenotypical traits has led to an increased understanding of why this might occur and will be discussed in this review.



The metabolism of vitamin D [25(OH)D]

Most cases of nutritional rickets arise from dysfunctional vitamin D metabolism. The normal metabolism of Vitamin D, as shown in Figure 1, results in the formation of the biologically active 1,25(OH)2D involving several steps in the skin, liver and kidneys (17, 21, 22). 1,25(OH)2D interacts with the intracellular vitamin D receptor (VDR), resulting in the formation of a VDR-retinoid receptor X (RXR) heterodimer. The VDR-RXR heterodimer binds to vitamin D response elements (VDREs) that act as co-activators or co-repressors of vitamin D responsive genes (25). Although the main physiological function of 1,25(OH)2D is the stimulation of intestinal absorption of calcium and phosphate (through upregulation of the TRPV6 channels), the VDR is expressed in a wide range of tissues, and It is estimated that approximately 3% of the human genome is regulated, either directly or indirectly, by the vitamin D endocrine system (5). Although the cellular action of vitamin D is primarily dependent on the production and delivery of 1,25(OH)2D, 25(OH)D is the most abundant circulating vitamin D metabolite and is more commonly used as an index of vitamin D status (17).




Figure 1 | Vitamin D2 is synthesised from ergosterol found in yeast and fungi (17). Ultraviolet B (UVB) rays act on 7-dehydrocholesterol to form previtamin-D3 in the skin which subsequently undergoes a temperature-dependant isomerisation to vitamin D3. Vitamin D binding protein (VDBP) transports vitamins D2 and D3 to the liver where they undergo 25-hydroxylation to calcidiol (also known as 25(OH)D). This is mediated by 25 hydroxylases such as CYP2R1 (21). 25(OH)D is bound to VDBP and transported to the kidney, where it is filtered through the glomerulus and subsequently reabsorbed into the renal proximal tubular epithelium. This reabsorption occurs through endocytosis and is mediated by the cell surface receptors megalin and cubulin (22). 25(OH)D undergoes 1α-hydroxylation in the kidney and is converted to calcitriol (also known as 1,25-(OH)2D), the active metabolite of 25(OH)D (22, 23). This is mediated by alpha hydroxylases, (such as CYP27B1). 25(OH)D and 1,25(OH)2D are inactivated by CYP24A1 in the kidneys (24).



The synthesis and degradation of 1,25(OH)2D is regulated by parathyroid hormone (PTH), foetal growth factor 23 (FGF23) and 1,25(OH)2D itself, and mainly occurs at the 1-alpha hydroxylation step in the kidney (24). PTH stimulates renal CYP27B1 expression in response to hypocalcaemia and hypophosphataemia. Conversely, FGF23 is secreted by osteoblasts and osteocytes in response to circulating 1,25(OH)2D and downregulates the expression of CYP27B1. This is mediated by αKLOTHO (24). FGF23 also stimulates the production of CYP24A1, to increase the rate of degradation of 25(OH) and 1,25(OH)2D (26).



The genetic contribution to nutritional rickets

Our current understanding of the underlying genetic contributions to nutritional rickets has developed through twin and family linkage approaches, as well as by candidate gene and genome wide association studies.


Twin and family studies

Twin studies look at the extent to which an observed phenotypic variance of a trait can be explained by heritability. Using monozygotic (MZ, genetically identical) or dizygotic (DZ, non-identical) twins, the variation in susceptibility to a trait is split into three components known as the ‘ACE model’. The ‘A’ represents the sum of the ‘additive genetic components’ (which are the allelic effects that contribute to a phenotype), ‘C’ represents the shared environmental variance (such as shared parental habits and socioeconomic status in childhood), and ‘E’ represents individual environmental sources (such as unshared peers and individual events such as illness). The heritability of a trait can then be estimated by comparing MZ and DZ pairs using various theoretical models (27, 28). Although there are no twin studies that examine nutritional rickets directly, several twin and family studies have reported varying levels of heritability of 25(OH)D and 1,25(OH)2D (as summarised in Table 1).


Table 1 | Twin and familial studies of circulating 25(OH)D and 1,25(OH)2D levels with measures of heritability (0.1 = 10%).



These studies give heritability estimates ranging from 16- 80% (29–33). The first twin study on vitamin D heritability by Hunter et al. reported the heritability of 25(OH)D and 1,25(OH)2D levels in 1068 European twin pairs (29) as 43% for 25(OH)D and 65% for 1,25(OH)2D. This has been corroborated by studies in families with co-morbidities including asthma and multiple sclerosis, as described in Table 1. The evidence from non-European cohorts, however, remains relatively sparse. Engelman et al’s family studies using Hispanic and African American populations reported an estimated heritability of 23 – 41% of 25(OH) and 20-48% of 1,25(OH)2D (32). Additionally, Arguelles et al’s twin study of vitamin D heritability in an Asian population of 109 Filipino twin pairs reported a heritability of 69% for 25(OH)D, and suggested that approximately half of the total additive genetic variation in 25(OH)D could be accounted for by genetic variation in skin colour as well as sun exposure behaviour (33).

Although the cumulative evidence from these studies suggests a substantial genetic component to serum 25(OH)D levels, this approach is limited in developing our understanding of the genetic component of nutritional rickets for several reasons. The first set of limitations are the general assumptions used in twin studies. The first is that MZ twins share 100% and DZ twins 50% of their genes, respectively. However, this assumption is not always true. Phenotypic discordance has been observed in MZ twins in traits such as birth weight and in the manifestation of several diseases which can be attributed to genotype alone, implying that less than 100% of genes may be shared (34). Several mechanisms have been proposed for MZ discordance, including post-zygotic mutation events, differences in DNA methylation patterns (due to differences within the intrauterine environment) and mosaicism due to placental stem cell transfer between twins (35). This assumption also relies on the absence of assortative mating, where mating is established based on phenotype (observable characteristics) (27). Ethnicity, culture, and ancestry are important determinants of social assortative mating, and DZ twins in populations demonstrating positive assortative mating practises may share more than 50% of their genes (36, 37). Additionally, there is the ‘equal environment’ assumption, which is that MZ and DZ pairs are exposed to shared environmental factors in similar degrees, whereas in reality MZ pairs may share more similar environments (37).

There are also limitations that are specific to the twin studies reviewed here. Firstly, the lack of non-European data means that heritability estimates may be different between populations. Discrepancies in the heritability estimates seen in Table 1 could be attributed to confounding environmental variables or differences in study design, such as the methods of measurement of either 25(OH)D and 1,25(OH)2D heritability or allele frequencies between cohorts. Furthermore, current twin studies have focused on the heritability of 25(OH)D and 1,25(OH)2D levels. Although 25(OH)D/1,25(OH)2D levels are a commonly used surrogate marker for bone health indicating the risk of developing nutritional rickets, other factors that are independent of vitamin D and/or calcium status also affect the heritability of rickets. Unfortunately, there are no twin or family studies that have researched the heritability of nutritional rickets based on biochemical or clinical features. However, chronically low 25(OH)D levels are associated with the development of nutritional rickets, and by determining that there is a heritable component to 25(OH)D status, these early studies allow us to infer that there may be a genetic component to nutritional rickets. However, this would need to be supplemented by additional evidence, such as from well-powered twin and family studies that look at clinical or biochemical measures of nutritional rickets.



Linkage studies

Genetic linkage refers to the observation that adjacent DNA sequences on a chromosome tend to remain linked during meiosis, and therefore segregate together significantly more often than if segregation occurred at random (38). By identifying markers that co-segregate with the disease of interest, genes associated with the disease can be tracked within a family. For the majority of the twentieth century, this was the primary genetic mapping tool for Mendelian traits and for complex traits with familial aggregation. This approach has been successful in mapping several forms of inherited rickets, including X-linked hypophosphataemic rickets and vitamin D- dependant rickets (38, 39). Linkage studies have been less successful in examining nutritional rickets, although Wjst et al. demonstrated that the DS2153 marker reached the threshold for genome wide significance (LOD = 3.4) (40). This is a region on chromosome 2p.16.2 that contains genes that are closely associated with vitamin D responsive elements, such as TGFα. However none of these genes have been implicated in the development of nutritional rickets, and there are no linkage studies that explore the diagnosis or severity of nutritional rickets (40). The relative difficulty in using linkage studies to investigate nutritional rickets is due to the variability in the severity of nutritional rickets as well as the traits involved in its development, such as vitamin D or calcium metabolism.




Candidate gene studies

Other early studies looking at the genetic contribution to nutritional rickets have used a candidate gene approach, in which genes are selected based on a priori knowledge of their biological function. Here, single nucleotide polymorphisms (SNPs) are observed for their correlated occurrence against a particular trait across unrelated individuals. Several genes underlying the pathophysiological process of nutritional rickets have been studied and SNPs implicated in nutritional rickets are summarised in Table 2 (41–46).


Table 2 | Table of SNPs associated with nutritional rickets.




Vitamin D receptor

The VDR gene spans 63.49 kb on Chr12q13.11 (25). Missense and nonsense mutations in VDR cause hereditary vitamin D–resistant rickets (HVDRR), a syndrome of severe rickets that appears soon after birth (47). HDVRR and loss of function VDR mutations are covered in more detail elsewhere, however this condition demonstrates the importance of the VDR on normal bone metabolism.

As demonstrated in Table 2, there are several VDR polymorphisms implicated in nutritional rickets, with the most studied polymorphisms occurring in intron 8 (Bsm I (b alle) and Apa I sites), exon 9 (Taq I site), the 3′untranslated region (3’UTR), and exon 2 (Fok1 site) (48).

The VDR Fok1 restriction site defines a SNP in the first of two potential translation initiation start sites for the VDR gene. Two protein variants can exist corresponding to the two available start sites: the VDR encoded by the alternate allele form (ATG) (designated f), is three amino acids longer (48, 49). This has functional consequences for its intra-cellular activity as the amino acid structure created by the Fok1-f allele results in a less transcriptionally active VDR compared to the common allele form (ACG) (designated F). Several studies have associated VDR polymorphisms, especially Fok1, with the development of nutritional rickets. A study of 105 Nigerian children with nutritional rickets demonstrated that the f allele as less common in the rachitic group compared to the control group (0.17 vs 0.26, P = 0.03), with consistent results observed in Turkish (0.75 vs 0.65, P = 0.024) Chinese (0.37 vs 0.54, P <0.01) and Egyptian (0.25 vs 0.35, P = 0.024) cohorts (41–45). Additionally, El Kholy et al. found that several variant VDR SNPs including Fok1, were associated with phenotypic differences associated with nutritional rickets, including, baseline serum 25-OH-D and calcium, the X-ray severity score on diagnosis, time to radiologic healing and time to ALP normalisation (44). The Fok1 f allele was also associated with a lower x-ray score in the rachitic children.

It is unknown exactly why the ff Fok1 VDR variant, which Is less transcriptionally active, is less common in patients with nutritional rickets. Additionally, there is controversy over whether the presence of this variant affects serum 25(OH)D or 1,25(OH)2 D levels. A systematic review of VDR polymorphisms demonstrated that in total, VDR polymorphisms were associated with a change in 25(OH)D of 1,25(OH)2D in 17 % of the included studies (50). However, a separate meta-analysis identified that the more biologically active FF genotype of the Fok1 polymorphism was associated with an improved response to vitamin D supplementation, suggesting that the activity of the VDR might be associated with the response to vitamin D supplementation (51). Although these studies suggest that VDR polymorphisms are implicated in nutritional rickets, it appears that different modifying or environmental factors can interact with these genotypes, which may explain the different behaviours in different populations.



Vitamin D binding protein (GC)

GC (group-specific component) encodes the vitamin D binding protein (VDBP) and is located on chromosome 4, covering 63.84 kb (52). At least 13 SNPs in the GC gene have been associated with circulating 25(OH)D levels, however the two most studied SNPs are in exon 11: rs7041 (G/T) and rs4588 (C/A) that causes a Glu/Asp amino acid and Thr/Lys amino acid change at codon 416 and 420, respectively. Together, they define the GC1s (TC), GC1f (GC), and GC2 (TA) haplotypes (53).

Rs4588 (C) and Rs7041 (T) carriers have significantly lower serum 25(OH)D levels in Caucasian, African American, and Han Chinese populations (32, 53–56). Carriers of one or more GC2 alleles were also found to have significantly lower serum concentrations of 25(OH)D with GC2/GC2 homozygotes more likely to be categorised as deficient (57, 58). Several polymorphisms in GC were associated with an increased frequency of nutritional rickets in one study of Han Chinese children (Table 2), including rs4588 (41). However, these results were not replicated in studies of other populations.




Genome wide association studies

Genome wide association studies (GWAS) involve testing genetic variants across the genomes of unrelated individuals to identify genotype-phenotype associations (57). This approach allows for associations between SNPs and various phenotypes, biological pathways and diseases to be investigated. However, only common SNPs (with a minor allele frequency typically >1%) are usually targeted by GWAS. Although there are no GWAS that have specifically looked at nutritional rickets in humans, several have been performed on genetic factors affecting serum vitamin D. The first GWAS of vitamin D was conducted in 2007 among 517 related individuals of European ancestry but failed to identify any SNPs that were associated with 25(OH)D levels at genome-wide significance (59). However, this study was underpowered, with GWAS often requiring very large sample sizes to detect disease loci with small effect sizes (60). Therefore, meta-analyses of multiple GWAS have been used to identify common SNPs of low effect size. Key findings were initially reported in two meta-GWAS – one of participants of European ancestry that studied 6722 participants, and the SUNLIGHT consortium, which studied 33,996 participants (61, 62). The results from these two meta-GWAS showed a strong genome wide association with serum 25(OH)D at three loci at GC (index SNP: rs2282679), DHCR7/NADSYN1 (rs12785878) and CYP2R1 (rs10741657) as well as one novel locus at CYP24A1 (rs17216707) (61, 62). An expanded SUNLIGHT meta -GWAS (that increased the sample size to 79,366) identified two novel loci with variants at SEC23A and AMDHD1, which are genes with a primary function outside of the vitamin D metabolism pathway (63). This work has been expanded upon by a subsequent GWAS of UK Biobank data, which identified 143 loci associated with 25(OH)D concentration in 417,580 Europeans (64). This included confirmation of the previously identified SNPs, as well as loci associated with skin colour that were not related to pigmentation such as dermal integrity (FLG), development (PADI), and UVB absorption in the skin (HAL). GWAS have also been conducted in populations of different ethnicities, used to determine both trans-ethnic as well as ethnicity-specific loci of interest. The Trans-Ethnic Evaluation of vitamin D (TRANSCEN-D) study compared data from the SUNLIGHT meta-GWAS to data from participants of Hispanic and African ancestries, replicating the association between SNPs in GC and DHCR7 and 25(OH)D level as well as identifying novel SNPs near KIF4B, ANO6/ARID2, and HTR2A (65). A GWAS of 12,642 Korean participants identified a novel polymorphism in ACTE1P, which is 0.01Mb upstream of the DHCR7 locus and may potentially be related to its gene function (66). Additionally, this has given insights into the factors that may influence the response to vitamin D supplementation – one GWAS of 761 Finnish children showed SNPs on GC and CYP2R1 were associated with a decreased response to vitamin D supplementation (67).

GWAS have allowed us to develop our current understanding of the genetic contributions to nutritional rickets by providing potential SNPs that may be associated with 25(OH)D status, which may then provide insight into the genetic contribution to nutritional rickets based on further mechanistic evaluations. However, there are several limitations in using GWAS to characterise nutritional rickets. While GWAS have so far identified multiple independent loci associated with vitamin D levels, known SNPs still account for less than 20% of the total variance in heritability, leaving a large proportion of that demonstrated in twin/family studies unexplained (60, 63). This suggests that most of the genetic determinants affecting the formation of nutritional rickets and vitamin D status may be accounted for by rare SNPs for which current sample sizes and GWAS methodology are underpowered to detect.

Like most other genetic techniques that have been discussed, current GWAS has focused on vitamin D status. Although vitamin D and calcium status is important in the development of nutritional rickets, it can only serve as an indicator for the potential risk of developing nutritional rickets based on our prior understanding the role of vitamin D metabolism in its development. This also means that we cannot associate genotypes with the frequency of developing nutritional rickets or disease severity. However, by highlighting variants of interest, follow up work could look at the relationship between disease specific data (such as biochemical or radiological findings in rickets) and SNPs generated by GWAS on 25(OH)D.



Epigenetic studies


Histone modification and DNA methylation

Understanding the role of gene-environmental interactions is important in increasing our understanding of nutritional rickets by determining the ‘population-attributable’ effects of environmental exposures (such as UVB exposure) on the biological pathways implicated in nutritional rickets. Epigenetic mechanisms refer to modifications to gene expression by both the environment and behavioural factors and can explain how individual gene variants may not be expressed equally in all individuals (68). Although there is a lack of evidence associating epigenetic factors with radiologically/biochemically confirmed nutritional rickets, environmental factors have been reported to have an effect on genes implicated in the development of nutritional rickets. A systematic review of 7 studies comprising of 332,418 participants demonstrated that the genotypic effect of several gene polymorphisms were modulated, at least in part, by sun exposure (69). This includes the Fok1 VDR polymorphism, as well as polymorphisms in GC, SEC23A, CYP2R1, and CYP27A1. However, the authors noted several limitations, including heterogeneity in study designs (including differing climates and measures for sunlight exposure), as well as the relatively small sample size and the lack of availability of non-European populations (69).

One key mechanism of epigenetic modification includes methylation of DNA and covalent modifications of histones by methylation, acetylation, phosphorylation, or ubiquitination. Methylation is mediated by nuclear enzymes, such as DNA methyltransferases (DNMTs) and ten-eleven translocation (TET) proteins, while enzymes such as histone acetyltransferases (HATs), histone deacetylases (HDACs), histone methyltransferases (HMTs), and histone demethylases (HDMs) regulate histone modifications (68).

Methylation around 2 kb upstream from the promoter region of the RXRA gene (that encodes RXR) in the umbilical cord was associated with a lower offspring bone mineral content in two independent cohort studies and RXRA methylation at one CpG site was inversely related to serum 25(OH)D concentration (70–72).

Vitamin D is an epigenetically active molecule, with methylation of genes related to vitamin D metabolism shown to be associated with vitamin D status. For example, 25(OH)D deficient subjects showed increased methylation in CYP2R1 and a decreased methylation of CYP24A1 compared to vitamin D sufficient subjects (73). Further work demonstrated a negative relationship between CYP2R1 and CYP27B1 methylation and circulating 25(OH)D levels. These findings suggest that the methylation of these genes may contribute to vitamin D deficiency via reduced conversion of 25(OH)D to 1,25(OH)2D and increased conversion to inactive metabolites.

Methylation status is also associated with subject response to vitamin D supplementation. Post-menopausal women who were non responders to vitamin D supplementation had a higher methylation status of CYP2R1 at baseline and after supplementation (74). Although vitamin D supplementation had no effect on CYP27B1 in this study, supplementation was associated with a decrease in the methylation levels of CYP24A1. Additionally, interventional studies observing the effect of both long-term vitamin D supplementation (the VitDmet study) and a single vitamin D bolus (the VitDBol study) demonstrated that higher mRNA expression changes of vitamin D target genes were correlated to the change in vitamin D status (75). These were used to provide transcriptomic biomarkers that were used to create a ‘vitamin D response index’ that could be used to segregate participant’s responses (76). This indicated that around 25% of the study participants were low responders to vitamin D supplementation (75, 76). The clinical relevance of this was theoretically applied to the United Arab Emirates, where 82.5% of hospitalised patients showed vitamin D insufficiency (77). They then extrapolated that 25% of this population may be low responders and speculated that screening patients using a vitamin D bolus (with a similar method to the VitDbol study) might determine a patient’s vitamin D response index, which could influence treatment regimens (76). This data suggests that the epigenome is important in regulating some of the pathways that have been implicated in the development of nutritional rickets. However, the application of how this might influence treatment is limited to speculation at present, as the percentage that the epigenome that contributes to the risk of developing nutritional rickets remains unknown.

Despite the information given by such studies, analyses of current assays are limited as only a tiny percentage of the number of potentially methylated CpG sites across the genome have been targeted; and although the variance explained by molecular phenotype is generally greater than that explained by simple genetic variation, the sample sizes of these studies have been relatively small compared with what has recently been possible. Future work involving collaborative efforts to investigate methylation sites across the whole genome will provide greater insights. Furthermore, DNA methylation and histone modifications represent only a subset of mechanisms for epigenetic modification of gene expression. Other factors such as chromatin accessibility at different times in the life course, and an expanding range of non-coding RNAs also affect gene transcription and translation to influence gene expression.



Noncoding RNAs

Advances in transcriptomic analysis through techniques such as RNA-seq have allowed the identification of novel and diverse non-coding RNAs (ncRNAs). Nc-RNAs are clusters of RNAs that are not translated into functional proteins and can be divided into two categories based on size – short chain non-coding RNAs (including miRNAs, piRNAs, siRNAs and cirRNAs) and long non-coding RNAs (lncRNAs) (78). Evidence accumulated over the last 10-15 years suggests that nc RNAs play a significant role in epigenetic modification, occurring at the level of the gene and/or at the level of the chromosome (79).

MicroRNAs (miRNAs) are small (19–24 nucleotides long) non-coding RNA molecules that participate in the post transcriptional modulation of gene expression by binding to the 3’-UTR of mRNA transcripts (80). This results in reduced protein synthesis by directly repressing translation and/or accelerating mRNA degradation. Although miRNAs account for only 1-5% of the human genome, miRNAs have been implicated in many different processes including the development of cardiovascular diseases, COVID-19, diabetes, and cancer through controlling the translation of mRNA or through affecting distant tissue responses (81–83). Because of this, miRNAs have been highlighted for their potential to serve as both biomarkers and therapeutic targets of disease (84, 85). MiRNAs also regulate vitamin D metabolism, and currently identified targets include CYP27B1, CYP24A1 and VDR (81, 86). This information was initially based on in-silico models; however, several targets have been experimentally validated (87). MiR-21 has been shown to suppress expression of CYP27B1, while miR-125b has been shown to target the VDR and CYP24A1 mRNAs (86–88). Additionally, vitamin D metabolites have been shown to impact the expression of certain miRNAs. Peripheral blood concentrations of 11 miRNAs were associated with circulating 25(OH)D levels in pregnancy (89). In another study, the expression of miR-21 was also higher in the aorta and internal mammary arteries of 25(OH)D deficient patients who underwent coronary artery bypass grafting (90). However, it was subsequently shown that correcting 25(OH)D levels did not affect circulating miR-21 levels despite improving different markers of cardiovascular health (91).

In the context of bone metabolism, miRNA dysregulation has also been linked with the development of several bone diseases, such as osteoporosis, osteoarthritis as well as primary and secondary bone malignancies (81). For example, human osteoblast cultures treated with 1,25(OH)2D showed differential expression of miR-1228 and miR-637 (92). Additionally, miR-21 has been demonstrated to promote osteogenic differentiation in human BMSCs by increasing the mRNA expression of several osteogenic markers including Runx2, osteonectin and SOX2 (93, 94). It has demonstrated in mouse osteoblasts that upregulation of Runx2 by miRNAs is at least partially achieved by decreasing the activity of histone deacetylase 5 (HDAC5) which acts a transcriptional repressor of Runx2, causing a subsequent increase in Runx2 transcriptional activity (95, 96).

Long noncoding RNAs (lncRNAs) are a family of non-coding RNA transcripts that are normally 200 -100,000 nucleotides long and make up approximately 80% of the transcriptome originating from a multitude of different regions on genes (97). Although lncRNAs share structural similarities to mRNA, they demonstrate a substantially lower protein coding potential and many of the 28,000 known lncRNAs are poorly understood (98). However, lncRNAs play key roles in regulating gene expression in growth and development. LncRNA activity has also been implicated in bone homoeostasis, primarily in osteoblast and osteoclast differentiation (79). For example, human BMSC knockouts of the LncRNA DANCR – Differentiation Antagonizing Non-Protein Coding RNA demonstrated enhanced mRNA expression of osteogenic marker genes and mineralised matrix deposition. This has been shown to occur via several processes, including the inhibition of markers such as Runx2 and increased TNFα expression (79, 99). In addition to the direct effect of lncRNAs, lncRNAs have been seen to interact with miRNAs in the regulation of the proliferation of osteoblasts and osteoclasts. For example, lncMALAT1 and lncTUG1 positively regulate Runx2 expression by ‘sponging’ antidifferentiation miRNAs, acting to decrease their effective concentration and activity and therefore promoting osteoblast differentiation (100).

Although evidence suggests that non-coding RNAs are important in bone metabolism, relatively little is known regarding how ncRNAs specifically may be involved in the development of nutritional rickets. However, based on the above findings applying the current research into osteoblast differentiation and development to future research focusing on the effect of ncRNAs on the processes underlying endochondral ossification may be fruitful. For example, in vitro studies may look at the ncRNA transcription profiles of chondrocyte constructs in response to differing concentrations of 1,25(OH)2D and the relationship with expression of various proteins involved in extracellular matrix formation and chondrocyte apoptosis. This could be supplemented by in studies analysing the transcription profile of various ncRNAs of interest in patients with nutritional rickets to establish any potential relationships, which may yield both diagnostic and therapeutic benefits. Future research exploring epigenetic mechanisms will be critical in identifying functionally relevant loci that contribute to the environmental impact (whether via sunlight exposure or maternal and childhood dietary indices). Additionally, once areas of interest have been identified, future work to identify whether these variations are associated with both –cis and –trans gene-gene interactions would further help resolve the epigenetic and genetic determinants of nutritional rickets.




Conclusion

In this review, we briefly summarise a complex interplay between genetic and epigenetic factors that might influence an individual’s 25(OH)D status and risk of developing nutritional rickets. However, due to the lack of direct studies on nutritional rickets, there remains very little information on whether the factors mentioned might affect the development of the phenotypical features of rickets in vitamin deplete children and the reasons for why some children can be substantially vitamin D/calcium deficient and not develop symptoms. Future studies could build on the work described in this review by focusing specifically on phenotypic manifestations of nutritional rickets (rather than a generic focus on vitamin D) and if variations in already described genes lead to a clinical difference. This would help to develop our knowledge of nutritional rickets and hopefully aid diagnosis and management in the future.



Author contributions

IO, AA and JW contributed to the design and implementation of the review and the formation of the manuscript. All authors contributed to the article and approved the submitted version.



Acknowledgments

For the purpose of open access, the author has applied a Creative Commons Attribution (CC BY) licence to any Author Accepted Manuscript version arising.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Carpenter, TO, Shaw, NJ, Portale, AA, Ward, LM, Abrams, SA, and Pettifor, JM. Rickets. Nat Rev Dis Primers (2017) 3:1–20. doi: 10.1038/nrdp.2017.101

2. Dahash, BA, and Sankararaman, S. Rickets.,” StatPearls (2022). Treasure Island (FL: StatPearls Publishing. Available at: http://www.ncbi.nlm.nih.gov/books/NBK562285/ (Accessed August 19, 2022).

3. Wharton, B, and Bishop, N. Rickets. Lancet (2003) 362:1389–400. doi: 10.1016/S0140-6736(03)14636-3

4. Sabbagh, Y, Carpenter, TO, and Demay, MB. Hypophosphatemia leads to rickets by impairing caspase-mediated apoptosis of hypertrophic chondrocytes. Proc Natl Acad Sci U.S.A. (2005) 102:9637–42. doi: 10.1073/pnas.0502249102

5. Goltzman, D. Functions of vitamin d in bone. Histochem Cell Biol (2018) 149:305–12. doi: 10.1007/s00418-018-1648-y

6. Thacher, TD, Pludowski, P, Shaw, NJ, Mughal, MZ, Munns, CF, and Högler, W. Nutritional rickets in immigrant and refugee children. Public Health Rev (2016) 37:3. doi: 10.1186/s40985-016-0018-3

7. Munns, CF, Shaw, N, Kiely, M, Specker, BL, Thacher, TD, Ozono, K, et al. Global consensus recommendations on prevention and management of nutritional rickets. J Clin Endocrinol Metab (2016) 101:394–415. doi: 10.1210/jc.2015-2175

8. Sahay, M, and Sahay, R. Renal rickets-practical approach. Indian J Endocrinol Metab (2013) 17:S35–44. doi: 10.4103/2230-8210.119503

9. Rauch, F. The rachitic bone. Endocr Dev (2003) 6:69–79. doi: 10.1159/000072770

10. Julies, P, Lynn, RM, Pall, K, Leoni, M, Calder, A, Mughal, Z, et al. Nutritional rickets under 16 years: UK surveillance results. Arch Dis Child (2020) 105:587–92. doi: 10.1136/archdischild-2019-317934

11. Ward, LM, Gaboury, I, Ladhani, M, and Zlotkin, S. Vitamin d–deficiency rickets among children in Canada. CMAJ (2007) 177:161–6. doi: 10.1503/cmaj.061377

12. Chabra, T, Tahbildar, P, Sharma, A, Boruah, S, Mahajan, R, and Raje, A. Prevalence of skeletal deformity due to nutritional rickets in children between 1 and 18 years in tea garden community. J Clin Orthop Trauma (2016) 7:86–9. doi: 10.1016/j.jcot.2016.01.005

13. Jones, HL, Jammeh, L, Owens, S, Fulford, AJ, Moore, SE, Pettifor, JM, et al. Prevalence of rickets-like bone deformities in rural Gambian children. Bone (2015) 77:1–5. doi: 10.1016/j.bone.2015.04.011

14. World Health Organisation. Nutritional rickets: a review of disease burden, causes, diagnosis, prevention and treatment. 1st ed (2019). Geneva. Available at: https://www.who.int/publications-detail-redirect/9789241516587 (Accessed December 6, 2022).

15. Pettifor, JM. Calcium and vitamin d metabolism in children in developing countries. Ann Nutr Metab (2014) 64 Suppl 2:15–22. doi: 10.1159/000365124

16. Uday, S, and Högler, W. Nutritional rickets & osteomalacia: A practical approach to management. Indian J Med Res (2020) 152:356–67. doi: 10.4103/ijmr.IJMR_1961_19

17. Holick, MF. Vitamin d deficiency. New Engl J Med (2007) 357:266–81. doi: 10.1056/NEJMra070553

18. Bener, A, and Hoffmann, GF. Nutritional rickets among children in a sun rich country. Int J Pediatr Endocrinol (2010) 2010:410502. doi: 10.1155/2010/410502

19. Carlberg, C. Nutrigenomics of vitamin d. Nutrients (2019) 11:676. doi: 10.3390/nu11030676

20. Sempos, CT, Durazo-Arvizu, RA, Fischer, PR, Munns, CF, Pettifor, JM, and Thacher, TD. Serum 25-hydroxyvitamin d requirements to prevent nutritional rickets in Nigerian children on a low-calcium diet–a multivariable reanalysis. Am J Clin Nutr (2021) 114:231–7. doi: 10.1093/ajcn/nqab048

21. Jones, G, Strugnell, SA, and Deluca, HF. Current understanding of the molecular actions of vitamin d. Physiol Rev (1998) 78:1193–231. doi: 10.1152/physrev.1998.78.4.1193

22. Kaseda, R, Hosojima, M, Sato, H, and Saito, A. Role of megalin and cubilin in the metabolism of vitamin D3. Ther Apheresis Dialysis (2011) 15:14–7. doi: 10.1111/j.1744-9987.2011.00920.x

23. Eyles, DW, Smith, S, Kinobe, R, Hewison, M, and McGrath, JJ. Distribution of the vitamin d receptor and 1 alpha-hydroxylase in human brain. J Chem Neuroanat (2005) 29:21–30. doi: 10.1016/j.jchemneu.2004.08.006

24. Quarles, LD. Role of FGF23 in vitamin d and phosphate metabolism: Implications in chronic kidney disease. Exp Cell Res (2012) 318:1040–8. doi: 10.1016/j.yexcr.2012.02.027

25. Kongsbak, M, Levring, T, Geisler, C, and von Essen, M. The vitamin d receptor and T cell function. Front Immunol (2013) 4:148. doi: 10.3389/fimmu.2013.00148

26. Chanakul, A, Zhang, MYH, Louw, A, Armbrecht, HJ, Miller, WL, Portale, AA, et al. FGF-23 regulates CYP27B1 transcription in the kidney and in extra-renal tissues. PloS One (2013) 8:e72816. doi: 10.1371/journal.pone.0072816

27. Prescott, CA, and Kendler, KS. Twin study design. Alcohol Health Res World (1995) 19:200–5.

28. Sahu, M, and Prasuna, JG. Twin studies: A unique epidemiological tool. Indian J Community Med (2016) 41:177–82. doi: 10.4103/0970-0218.183593

29. Hunter, D, De Lange, M, Snieder, H, MacGregor, AJ, Swaminathan, R, Thakker, RV, et al. Genetic contribution to bone metabolism, calcium excretion, and vitamin d and parathyroid hormone regulation. J Bone Mineral Res (2001) 16:371–8. doi: 10.1359/jbmr.2001.16.2.371

30. Wjst, M, Altmüller, J, Faus-Kessler, T, Braig, C, Bahnweg, M, and André, E. Asthma families show transmission disequilibrium of gene variants in the vitamin d metabolism and signalling pathway. Respir Res (2006) 7:60. doi: 10.1186/1465-9921-7-60

31. Orton, S-M, Morris, AP, Herrera, BM, Ramagopalan, SV, Lincoln, MR, Chao, MJ, et al. Evidence for genetic regulation of vitamin d status in twins with multiple sclerosis. Am J Clin Nutr (2008) 88:441–7. doi: 10.1093/ajcn/88.2.441

32. Engelman, CD, Fingerlin, TE, Langefeld, CD, Hicks, PJ, Rich, SS, Wagenknecht, LE, et al. Genetic and environmental determinants of 25-hydroxyvitamin d and 1,25-dihydroxyvitamin d levels in Hispanic and African americans. J Clin Endocrinol Metab (2008) 93:3381–8. doi: 10.1210/jc.2007-2702

33. Arguelles, LM, Langman, CB, Ariza, AJ, Ali, FN, Dilley, K, Price, H, et al. Heritability and environmental factors affecting vitamin d status in rural Chinese adolescent twins. J Clin Endocrinol Metab (2009) 94:3273–81. doi: 10.1210/jc.2008-1532

34. Castillo-Fernandez, JE, Spector, TD, and Bell, JT. Epigenetics of discordant monozygotic twins: implications for disease. Genome Med (2014) 6:60. doi: 10.1186/s13073-014-0060-z

35. Gringras, P, and Chen, W. Mechanisms for differences in monozygous twins. Early Hum Dev (2001) 64:105–17. doi: 10.1016/S0378-3782(01)00171-2

36. Guo, G, Wang, L, Liu, H, and Randall, T. Genomic assortative mating in marriages in the united states. PloS One (2014) 9:e112322. doi: 10.1371/journal.pone.0112322

37. Harrop, EN, Urquhart, GB, Enkema, MC, and Clifasefi, SL. Chapter 47 - twin studies and the heritability of substance use disorders. In:  PM Miller, editor. Biological research on addiction. San Diego: Academic Press (2013). p. 475–87. doi: 10.1016/B978-0-12-398335-0.00047-9

38. Read, AP, Thakker, RV, Davies, KE, Mountford, RC, Brenton, DP, Davies, M, et al. Mapping of human X-linked hypophosphataemic rickets by multilocus linkage analysis. Hum Genet (1986) 73:267–70. doi: 10.1007/BF00401242

39. Labuda, M, Labuda, D, Korab-Laskowska, M, Cole, DE, Zietkiewicz, E, Weissenbach, J, et al. Linkage disequilibrium analysis in young populations: pseudo-vitamin d-deficiency rickets and the founder effect in French canadians. Am J Hum Genet (1996) 59:633–43.

40. Wjst, M, Altmüller, J, Braig, C, Bahnweg, M, and André, E. A genome-wide linkage scan for 25-OH-D(3) and 1,25-(OH)2-D3 serum levels in asthma families. J Steroid Biochem Mol Biol (2007) 103:799–802. doi: 10.1016/j.jsbmb.2006.12.053

41. Zhang, Y, Yang, S, Liu, Y, and Ren, L. Relationship between polymorphisms in vitamin d metabolism-related genes and the risk of rickets in han Chinese children. BMC Med Genet (2013) 14:101. doi: 10.1186/1471-2350-14-101

42. Baroncelli, GI, Bereket, A, El Kholy, M, Audì, L, Cesur, Y, Ozkan, B, et al. Rickets in the middle East: Role of environment and genetic predisposition. J Clin Endocrinol Metab (2008) 93:1743–50. doi: 10.1210/jc.2007-1413

43. Fischer, PR, Thacher, TD, Pettifor, JM, Jorde, LB, Eccleshall, TR, and Feldman, D. Vitamin d receptor polymorphisms and nutritional rickets in Nigerian children. J Bone Mineral Res (2000) 15:2206–10. doi: 10.1359/jbmr.2000.15.11.2206

44. El Kholy, M, Elsedfy, H, Fernández-Cancio, M, Hamza, RT, Amr, NH, Ahmed, AY, et al. Nutritional rickets: vitamin d, calcium, and the genetic make-up. Pediatr Res (2017) 81:356–63. doi: 10.1038/pr.2016.222

45. Wu, S-H, Yu, X-D, Yan, C-H, Shen, L-X, Yu, X-G, Zhang, Y-P, et al. [Association between vitamin d receptor gene polymorphism and vitamin d deficiency rickets]. Zhongguo Dang Dai Er Ke Za Zhi (2006) 8:121–4.

46. Bora, G, Ozkan, B, Dayangaç-Erden, D, Erdem-Yurter, H, and Coşkun, T. Vitamin d receptor gene polymorphisms in Turkish children with vitamin d deficient rickets. Turk J Pediatr (2008) 50:30–3.

47. Feldman, D, and Malloy P, J. Mutations in the vitamin d receptor and hereditary vitamin d-resistant rickets. BoneKEy Rep (2014) 3. doi: 10.1038/bonekey.2014.5

48. Smolders, J, Damoiseaux, J, Menheere, P, Tervaert, JWC, and Hupperts, R. Fok-I vitamin d receptor gene polymorphism (rs10735810) and vitamin d metabolism in multiple sclerosis. J Neuroimmunol (2009) 207:117–21. doi: 10.1016/j.jneuroim.2008.12.011

49. Arai, H, Miyamoto, K-I, Yoshida, M, Yamamoto, H, Taketani, Y, Morita, K, et al. The polymorphism in the caudal-related homeodomain protein cdx-2 binding element in the human vitamin d receptor gene. J Bone Mineral Res (2001) 16:1256–64. doi: 10.1359/jbmr.2001.16.7.1256

50. Krasniqi, E, Boshnjaku, A, Wagner, K-H, and Wessner, B. Association between polymorphisms in vitamin d pathway-related genes, vitamin d status, muscle mass and function: A systematic review. Nutrients (2021) 13:3109. doi: 10.3390/nu13093109

51. Usategui-Martín, R, De Luis-Román, D-A, Fernández-Gómez, JM, Ruiz-Mambrilla, M, and Pérez-Castrillón, J-L. Vitamin d receptor (VDR) gene polymorphisms modify the response to vitamin d supplementation: A systematic review and meta-analysis. Nutrients (2022) 14:360. doi: 10.3390/nu14020360

52. Braun, A, Bichlmaier, R, and Cleve, H. Molecular analysis of the gene for the human vitamin-d-binding protein (group-specific component): allelic differences of the common genetic GC types. Hum Genet (1992) 89:401–6. doi: 10.1007/BF00194311

53. Kurylowicz, A, Ramos-Lopez, E, Bednarczuk, T, and Badenhoop, K. Vitamin d-binding protein (DBP) gene polymorphism is associated with graves’ disease and the vitamin d status in a polish population study. Exp Clin Endocrinol Diabetes (2006) 114:329–35. doi: 10.1055/s-2006-924256

54. Fu, L, Wagner, D, Hanwell, HEC, Sidhom, G, Zhu, J, Wong, BYL, et al. Functional T436K SNP in DBP is a predictor of serum 25(OH)D: A replicate study in a young healthy adult population. Clin Biochem (2008) 41:1267. doi: 10.1016/j.clinbiochem.2008.08.014

55. Sinotte, M, Diorio, C, Bérubé, S, Pollak, M, and Brisson, J. Genetic polymorphisms of the vitamin d binding protein and plasma concentrations of 25-hydroxyvitamin d in premenopausal women. Am J Clin Nutr (2009) 89:634–40. doi: 10.3945/ajcn.2008.26445

56. Lu, L, Sheng, H, Li, H, Gan, W, Liu, C, Zhu, J, et al. Associations between common variants in GC and DHCR7/NADSYN1 and vitamin d concentration in Chinese Hans. Hum Genet (2012) 131:505–12. doi: 10.1007/s00439-011-1099-1

57. Uffelmann, E, Huang, QQ, Munung, NS, de Vries, J, Okada, Y, Martin, AR, et al. Genome-wide association studies. Nat Rev Methods Primers (2021) 1:1–21. doi: 10.1038/s43586-021-00056-9

58. Zhou, J-C, Zhu, Y, Gong, C, Liang, X, Zhou, X, Xu, Y, et al. The GC2 haplotype of the vitamin d binding protein is a risk factor for a low plasma 25-hydroxyvitamin d concentration in a han Chinese population. Nutr Metab (Lond) (2019) 16:5. doi: 10.1186/s12986-019-0332-0

59. Benjamin, EJ, Dupuis, J, Larson, MG, Lunetta, KL, Booth, SL, Govindaraju, DR, et al. Genome-wide association with select biomarker traits in the framingham heart study. BMC Med Genet (2007) 8:S11. doi: 10.1186/1471-2350-8-S1-S11

60. Jiang, X, Kiel, DP, and Kraft, P. The genetics of vitamin d. Bone (2019) 126:59–77. doi: 10.1016/j.bone.2018.10.006

61. Wang, TJ, Zhang, F, Richards, JB, Kestenbaum, B, van Meurs, JB, Berry, D, et al. Common genetic determinants of vitamin d insufficiency: a genome-wide association study. Lancet (2010) 376:180–8. doi: 10.1016/S0140-6736(10)60588-0

62. Ahn, J, Yu, K, Stolzenberg-Solomon, R, Simon, KC, McCullough, ML, Gallicchio, L, et al. Genome-wide association study of circulating vitamin d levels. Hum Mol Genet (2010) 19:2739–45. doi: 10.1093/hmg/ddq155

63. Jiang, X, O’Reilly, PF, Aschard, H, Hsu, Y-H, Richards, JB, Dupuis, J, et al. Genome-wide association study in 79,366 European-ancestry individuals informs the genetic architecture of 25-hydroxyvitamin d levels. Nat Commun (2018) 9:260. doi: 10.1038/s41467-017-02662-2

64. Revez, JA, Lin, T, Qiao, Z, Xue, A, Holtz, Y, Zhu, Z, et al. Genome-wide association study identifies 143 loci associated with 25 hydroxyvitamin d concentration. Nat Commun (2020) 11:1647. doi: 10.1038/s41467-020-15421-7

65. Hong, J, Hatchell, KE, Bradfield, JP, Bjonnes, A, Chesi, A, Lai, C-Q, et al. Transethnic evaluation identifies low-frequency loci associated with 25-hydroxyvitamin d concentrations. J Clin Endocrinol Metab (2018) 103:1380–92. doi: 10.1210/jc.2017-01802

66. Kim, YA, Yoon, JW, Lee, Y, Choi, HJ, Yun, JW, Bae, E, et al. Unveiling genetic variants underlying vitamin d deficiency in multiple Korean cohorts by a genome-wide association study. Endocrinol Metab (Seoul) (2021) 36:1189–200. doi: 10.3803/EnM.2021.1241

67. Kämpe, A, Enlund-Cerullo, M, Valkama, S, Holmlund-Suila, E, Rosendahl, J, Hauta-alus, H, et al. Genetic variation in GC and CYP2R1 affects 25-hydroxyvitamin d concentration and skeletal parameters: A genome-wide association study in 24-month-old Finnish children. PloS Genet (2019) 15:e1008530. doi: 10.1371/journal.pgen.1008530

68. Weinhold, B. Epigenetics: The science of change. Environ Health Perspect (2006) 114:A160–7. doi: 10.1289/ehp.114-a160

69. Shraim, R, MacDonnchadha, C, Vrbanic, L, McManus, R, and Zgaga, L. Gene-environment interactions in vitamin d status and sun exposure: A systematic review with recommendations for future research. Nutrients (2022) 14. doi: 10.3390/nu14132735

70. Curtis, EM, Murray, R, Titcombe, P, Cook, E, Clarke-Harris, R, Costello, P, et al. Perinatal DNA methylation at CDKN2A is associated with offspring bone mass: Findings from the Southampton women’s survey. J Bone Miner Res (2017) 32:2030–40. doi: 10.1002/jbmr.3153

71. Curtis, EM, Krstic, N, Cook, E, D’Angelo, S, Crozier, SR, Moon, RJ, et al. Gestational vitamin d supplementation leads to reduced perinatal RXRA DNA methylation: Results from the MAVIDOS trial. J Bone Miner Res (2019) 34:231–40. doi: 10.1002/jbmr.3603

72. Harvey, NC, Sheppard, A, Godfrey, KM, McLean, C, Garratt, E, Ntani, G, et al. Childhood bone mineral content is associated with methylation status of the RXRA promoter at birth. J Bone Mineral Res (2014) 29:600–7. doi: 10.1002/jbmr.2056

73. Zhu, H, Wang, X, Shi, H, Su, S, Harshfield, GA, Gutin, B, et al. A genome-wide methylation study of severe vitamin d deficiency in African American adolescents. J Pediatr (2013) 162:1004–1009.e1. doi: 10.1016/j.jpeds.2012.10.059

74. Zhou, Y, Zhao, L-J, Xu, X, Ye, A, Travers-Gustafson, D, Zhou, B, et al. DNA Methylation levels of CYP2R1 and CYP24A1 predict vitamin d response variation. J Steroid Biochem Mol Biol (2014) 144 Pt A:207–14. doi: 10.1016/j.jsbmb.2013.10.004

75. Carlberg, C, Seuter, S, de Mello, VDF, Schwab, U, Voutilainen, S, Pulkki, K, et al. Primary vitamin d target genes allow a categorization of possible benefits of vitamin D3 supplementation. PloS One (2013) 8:e71042. doi: 10.1371/journal.pone.0071042

76. Carlberg, C, and Haq, A. The concept of the personal vitamin d response index. J Steroid Biochem Mol Biol (2018) 175:12–7. doi: 10.1016/j.jsbmb.2016.12.011

77. Haq, A, Svobodová, J, Imran, S, Stanford, C, and Razzaque, MS. Vitamin d deficiency: A single centre analysis of patients from 136 countries. J Steroid Biochem Mol Biol (2016) 164:209–13. doi: 10.1016/j.jsbmb.2016.02.007

78. Wei, J-W, Huang, K, Yang, C, and Kang, C-S. Non-coding RNAs as regulators in epigenetics (Review). Oncol Rep (2017) 37:3–9. doi: 10.3892/or.2016.5236

79. Sikora, M, Marycz, K, and Smieszek, A. Small and long non-coding RNAs as functional regulators of bone homeostasis, acting alone or cooperatively. Mol Ther - Nucleic Acids (2020) 21:792–803. doi: 10.1016/j.omtn.2020.07.017

80. Lisse, TS, Adams, JS, and Hewison, M. Vitamin d and MicroRNAs in bone. Crit Rev Eukaryot Gene Expr (2013) 23:195–214. doi: 10.1615/CritRevEukaryot2GeneExpr.013007147

81. Bravo Vázquez, LA, Moreno Becerril, MY, Mora Hernández, EO, de León Carmona, GG, Aguirre Padilla, ME, Chakraborty, S, et al. The emerging role of MicroRNAs in bone diseases and their therapeutic potential. Molecules (2021) 27:211. doi: 10.3390/molecules27010211

82. Chakraborty, C, Sharma, AR, Sharma, G, and Lee, S-S. Therapeutic advances of miRNAs: A preclinical and clinical update. J Advanced Res (2021) 28:127–38. doi: 10.1016/j.jare.2020.08.012

83. Paul, S, Bravo Vázquez, LA, Reyes-Pérez, PR, Estrada-Meza, C, Aponte Alburquerque, RA, Pathak, S, et al. The role of microRNAs in solving COVID-19 puzzle from infection to therapeutics: A mini-review. Virus Res (2022) 308:198631. doi: 10.1016/j.virusres.2021.198631

84. Berezikov, E, Guryev, V, van de Belt, J, Wienholds, E, Plasterk, RHA, and Cuppen, E. Phylogenetic shadowing and computational identification of human microRNA genes. Cell (2005) 120:21–4. doi: 10.1016/j.cell.2004.12.031

85. Friedman, RC, Farh, KK-H, Burge, CB, and Bartel, DP. Most mammalian mRNAs are conserved targets of microRNAs. Genome Res (2009) 19:92–105. doi: 10.1101/gr.082701.108

86. Liu, PT, Wheelwright, M, Teles, R, Komisopoulou, E, Edfeldt, K, Ferguson, B, et al. MicroRNA-21 targets the vitamin d-dependent antimicrobial pathway in leprosy. Nat Med (2012) 18:267–73. doi: 10.1038/nm.2584

87. Komagata, S, Nakajima, M, Takagi, S, Mohri, T, Taniya, T, and Yokoi, T. Human CYP24 catalyzing the inactivation of calcitriol is post-transcriptionally regulated by miR-125b. Mol Pharmacol (2009) 76:702–9. doi: 10.1124/mol.109.056986

88. Essa, S, Reichrath, S, Mahlknecht, U, Montenarh, M, Vogt, T, and Reichrath, J. Signature of VDR miRNAs and epigenetic modulation of vitamin d signaling in melanoma cell lines. Anticancer Res (2012) 32:383.

89. Enquobahrie, DA, Williams, MA, Qiu, C, Siscovick, DS, and Sorensen, TK. Global maternal early pregnancy peripheral blood mRNA and miRNA expression profiles according to plasma 25-hydroxyvitamin d concentrations. J Matern Fetal Neonatal Med (2011) 24:1002–12. doi: 10.3109/14767058.2010.538454

90. Sheane B, J, Smyth, P, Scott, K, Aziz, R, Buckley, M, Lodge, E, et al. An association between MicroRNA-21 expression and vitamin d deficiency in coronary artery disease. MicroRNA (2015) 4:57–63. doi: 10.2174/2211536604666150414203919.

91. Rendina, D, D′Elia, L, Abate, V, Rebellato, A, Buondonno, I, Succoio, M, et al. Vitamin d status, cardiovascular risk profile, and miRNA-21 levels in hypertensive patients: Results of the HYPODD study. Nutrients (2022) 14:2683. doi: 10.3390/nu14132683

92. Lisse, TS, Chun, RF, Rieger, S, Adams, JS, and Hewison, M. Vitamin d activation of functionally distinct regulatory miRNAs in primary human osteoblasts. J Bone Mineral Res (2013) 28:1478–88. doi: 10.1002/jbmr.1882

93. Smieszek, A, Marcinkowska, K, Pielok, A, Sikora, M, Valihrach, L, and Marycz, K. The role of miR-21 in osteoblasts-osteoclasts coupling In vitro. Cells (2020) 9:E479. doi: 10.3390/cells9020479

94. Valenti, MT, Dalle Carbonare, L, and Mottes, M. Role of microRNAs in progenitor cell commitment and osteogenic differentiation in health and disease (Review). Int J Mol Med (2018) 41:2441–9. doi: 10.3892/ijmm.2018.3452

95. Li, H, Xie, H, Liu, W, Hu, R, Huang, B, Tan, Y-F, et al. A novel microRNA targeting HDAC5 regulates osteoblast differentiation in mice and contributes to primary osteoporosis in humans. J Clin Invest (2009) 119:3666–77. doi: 10.1172/JCI39832

96. Wildman, BJ, Godfrey, TC, Rehan, M, Chen, Y, Afreen, LH, and Hassan, Q. MICROmanagement of Runx2 function in skeletal cells. Curr Mol Biol Rep (2019) 5:55–64. doi: 10.1007/s40610-019-0115-4

97. Mercer, TR, Dinger, ME, and Mattick, JS. Long non-coding RNAs: insights into functions. Nat Rev Genet (2009) 10:155–9. doi: 10.1038/nrg2521

98. Jiang, YJ, and Bikle, DD. LncRNA: a new player in 1α, 25(OH)2 vitamin D3/VDR protection against skin cancer formation. Exp Dermatol (2014) 23:147–50. doi: 10.1111/exd.12341

99. Cai, W-L, Zeng, W, Liu, H-H, Zhu, B-Y, Liu, J-L, and Liu, Y. LncRNA LINC00707 promotes osteogenic differentiation of hBMSCs through the wnt/β-catenin pathway activated by LINC00707/miR-145/LRP5 axis. Eur Rev Med Pharmacol Sci (2020) 24:18–28. doi: 10.26355/eurrev_202001_19891

100. Zhang, J, Hao, X, Yin, M, Xu, T, and Guo, F. Long non-coding RNA in osteogenesis. Bone Joint Res (2019) 8:73–80. doi: 10.1302/2046-3758.82.BJR-2018-0074.R1



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ogunmwonyi, Adebajo and Wilkinson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-13-1059034-g001.jpg
i
/ 3 S

Dietary vitamin D, @ T Cell
arget Cells

Pre-vitamin D3

itami Circulation
Vitamin D3 Vitamin D2

VDBP

1,25(0H),D

B VDBP
Vitamin D3/D2 1,25(0H),D
Kldney
- _Conversion to 25(0H)D .< C(l)nz\;eOH !






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The genetic and epigenetic contributions to the development of nutritional rickets

      

        		

          Introduction

        



        		

          The metabolism of vitamin D [25(OH)D]

        



        		

          The genetic contribution to nutritional rickets

        

          		

            Twin and family studies

          



          		

            Linkage studies

          



        



        



        		

          Candidate gene studies

        

          		

            Vitamin D receptor

          



          		

            Vitamin D binding protein (GC)

          



        



        



        		

          Genome wide association studies

        



        		

          Epigenetic studies

        

          		

            Histone modification and DNA methylation

          



          		

            Noncoding RNAs

          



        



        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2022.1059034_cover.jpg
' frontiers | Frontiers in Endocrinology

The genetic and epigenetic
contributions to the development
of nutritional rickets





OEBPS/Images/table1.jpg
Sample size Type of Population Country Heritability estimate Heritability estimate Reference

(MZ/DZ) study [25(CH)D] [1,25(0H);D]

1068 (384/684) Twins Caucasian UK 0.43 (0.28-0.57) 0.65 (0.53 - 0.74) Hunter et

al. (29)

947 (124 families) Family Caucasian Asthma Germany 08 03 Wist et
patients al. (30)

198 (40/59) Twins Caucasian Canada 0.77 - Orton et
Multiple Sclerosis al. (31)
patients

513 Family African American USA 023 +0.11 0.20 + 0.09 Engelman et

al. (32)
513 Family Hispanic American ~ USA 0.28 +0.10 0.16 + 0.08 Engelman et
(Hispanic, al. (32)
AA)
504 Family Hispanic American =~ USA 041 +0.10 048 +0.10 Engelman et
(Hispanic) al. (32)
226 (951/58) Twins Asian Philippines 0.69 (0.26 - 0.79) - Arguelles et
al. (33)

MZ, monozygotic; DZ, dizygotic.






OEBPS/Images/table2.jpg
Gene position

Study Sample
Population size

Investigation

Findings

Gc 4q12-q13
VDR 12q13.11
152525044 | 47848473
VDR-21

1510875695 | 47899254
VDR 7

CYP2PR

1

Intron

Promoter

11pls2

154588

15222020

152282679

152298849

152228570
Fokl

151544410
Bsml

RS7975232
Apal/VDR-24

Time to ALP normalisation
(Clinical and Radiological
Diagnosis)

157305032
VDR 18

Egyptian children

Egyptian children

1510741657

152060793

SNP SNPlocation

Position

72618323 Exon

72618334 Exon

72608383 Intron

72648851 Intron

48272895 5'UTR

47846052 FUTR

47845054 | Intron

Minor allele homozygous (AA) associated
with shorter time to ALP normalisation
(-052£021 (0.0165))

47856077 Intron

109 Allele frequency in NR
patients (Clinical and
Radiological Diagnosis)

109 Time to ALP normalization
(Clinical and Radiological
Diagnosis)

14914878 | 5 UTR

14893764 5" UTR

Han Chinese 506 Risk of NR vs wild type allele  Increased risk of Zhang et
children (Clinical and Radiological NR al. (41)
Diagnosis)
P=0.003, OR:
0583, 95% CI:
0412-0.836
Increased risk of NR | Zhang et
P=0.009, OR: 1.526,  al. (41)
95% CI: 1.117-
2.0985;
Increased risk of NR | Zhang et
P=0010, OR: 0636,  al. (41)
95% CI: 0.449-0.900
P=0.001, OR: 1.709, = Zhang et
95% CI: 1250-2338 | al. (41)
Egyptianand 148 Prevalence of NR F allele frequency Baroncelli
Turkish (Clinical and Radiological increased in NR etal. (12)
children Diagnosis) patients
(075 v5.0.6,P =
0.024)
fallele frequency
decreased in NR
patients
0255035, P =
0.024)
Nigerian 199 Allele frequency and fallele frequency Fischer et
children prevalence decreased in NR al. (43)
of NR (017 v5 0.26,P =
(Clinical and Radiological 003)
diagnosis) F allele frequency
increased in NR
Egyptian 109 Clinical severity on X ray Ff genotype El Kholy
children (Clinical and radiological associated with lower  etal. (44)
diagnosis) X ray scores
(~0.59£0.16 (P<
0.0006))
Han Chinese 159 Allele frequency in NR vs fallele frequency Wuetal.
children control groups decreased in NR (4s)
(Unknown diagnosis) patients (037 vs
054, P <0.01)
F allele frequency
increased in NR
group (063 v
046, P <0.01)
Egyptianand | 148 Severity of rickets (X-ray BB genotype Baroncelli
Turkish score) (Clinical and associated with etal. (42)
children Radiological Diagnosis) higher X-ray scores
(P <0.05)
Turkish u Allele frequency in NR vs A allele frequency Bora et al.
children control groups increased in NR (46)
(Biochemical and Radiological  patients (0.83 vs
Diagnosis) 0.57, P <0.01)
Time to radiologic healing Minor allele El Kholy
with treatment homozygous (aa) etal. (44)
(Clinical and Radiological associated with
Diagnosis) shortest time to
healing (-0.32:0.12
(0.0107))
El Kholy et al
(a4)
Egyptian 109 Allele frequency in NR Major allele (TT) El Kholy
children patients genotype frequency  etal. (14)
(Clinical and Radiological increased in
Diagnosis) NR patients with
adequate sun
exposure and
inadequate calcium
intake (P=0.02)
Egyptian 109 X-ray severity score (Clinical  Minor allele (CC) El Kholy
children and Radiological Diagnosis) frequency associated etal. (44)
with lower x-ray
score (~1.05£0.4 (P
=0.0109)
Major allele (CC) genotype  E Kholy et al (44)
frequency increased in NR
patients with adequate sun
exposure and inadequate
calcium intake (P =0.03)
Allele genotype linked with  El Kholy et al (44)
reduced time to ALP
normalisation (~0.42:0.13
(0.0020)
Han Chinese 506 Risk of NR Increased risk of N Zhang et
children (Clinical and Radiological P=0.019, OR: 1.467,  al. (41)
Diagnosis) 95% CI: 1.070-2.011
Han Chinese 506 Risk of NR Increased risk of NR  Zhang et
children (Clinical and Radiological 152060793 G, al. (41)
Diagnosis) P=0.023, OR: 0.689,
95% CI: 0.502-

0944





