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Abstract

Background—Nutritional excess of vitamin A, a precursor for retinoic acid (RA), causes 

premature epiphyseal fusion, craniosynostosis, and light-dependent retinopathy. Similarly, 

homozygous loss-of-function mutations in CYP26B1, one of the major RA-metabolizing 

enzymes, cause advanced bone age, premature epiphyseal fusion, and craniosynostosis. In this 

paper, a patient with markedly accelerated skeletal and dental development, retinal scarring, and 

autism-spectrum disease is presented and the role of retinoic acid in longitudinal bone growth and 

skeletal maturation is reviewed.
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Method—Genetic studies using SNP array and exome sequencing. RA isomers were measured in 

the patient, family members, and in 18 age-matched healthy children using high-performance 

liquid chromatography coupled to tandem mass spectrometry.

Results—A genomic SNP array identified a novel 8.3 megabase microdeletion on chromosome 

10q23.2-23.33. The 79 deleted genes included CYP26A1 and C1, both major RA-metabolizing 

enzymes. Exome sequencing did not detect any variants that were predicted to be deleterious in 

the remaining alleles of these genes or other known retinoic acid-metabolizing enzymes. The 

patient exhibited elevated serum total RA (16.5 vs. 12.6 ± 1.5 nM, mean ± SD, subject vs controls) 

and 13-cisRA (10.7 nM vs. 6.1 ± 1.1).

Conclusion—The findings support the hypothesis that elevated RA concentrations accelerate 

bone and dental maturation in humans. CYP26A1 and C1 haploinsufficiency may contribute to the 

elevated retinoic acid concentrations and clinical findings of the patient, although this phenotype 

has not been reported in other patients with similar deletions, suggesting that other unknown 

genetic or environmental factors may also contribute.
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Introduction

At the growth plate, chondrocyte proliferation, chondrocyte hypertrophy, and cartilage 

matrix secretion contribute to chondrogenesis and thus to longitudinal bone growth [1]. The 

newly formed cartilage is continuously remodeled into new bone tissue by invading blood 

vessels and bone cells. The net result is bone elongation [2].

Growth slows dramatically with age, primarily due to declines in chondrocyte proliferation 

and hypertrophy [3]. These functional changes are accompanied by structural changes, 

including a gradual decline in the overall height and cellularity of the growth plate [3]. 

Collectively, these functional and structural changes have been termed growth plate 

senescence [3]. Clinically, skeletal age, assessed during childhood with wrist and hand 

radiography, reflects the extent to which the cartilaginous skeleton has been remodeled into 

bone and is an indirect marker for progression through the growth plate senescence program 

[4]. This program is driven by growth rather than time [3]. Consequently, growth-inhibiting 

conditions, such as malnutrition, hypothyroidism, and growth hormone deficiency, tend to 

delay growth plate senescence and growth-accelerating conditions, such as obesity and 

hyperthyroidism tend to advance bone age [4–6]. This developmental program is also 

accelerated by estrogen, leading to advanced bone age in children with precocious children 

[7–9]. In addition, bone age is accelerated in genetic conditions causing accelerated growth 

plate chondrocyte differentiation, e.g. pseudohypoparathyroidism 1A due to GNAS 

mutations [10,11], Acrodysostosis due to PRKAR1A mutations [12], and other rare genetic 

disorders such as autosomal short stature due to heterozygous mutations in Aggrecan [13].

The process of longitudinal bone growth is governed by a complex network of endocrine, 

paracrine, and intracellular mechanisms, including retinoic acid (RA) signaling [14–16]. 
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Deficiency of vitamin A, a precursor for retinoic acid (RA), is associated with growth failure 

[17], whereas excess of RA causes accelerated bone maturation, premature epiphyseal 

fusion, craniosynostosis, as well as light-dependent retinopathy [18–20]. RA metabolizing 

CYP26 enzymes have crucial roles during organ and limb development where they primarily 

act to spatially restrict RA signaling [18]. Consequently, homozygous loss-of-function 

mutations in CYP26B1 cause advanced bone maturation, bone fusion, and craniosynostosis 

[21].

We report here a patient with markedly accelerated skeletal and dental development, retinal 

scarring, and autism-spectrum disorder associated with elevated concentrations of total RA 

and 13-cisRA in light-protected serum and a 8.3 Mb microdeletion on chromosome 

10q23.2-23.33 that included the genes CYP26A1 and C1, which encode two major RA 

metabolizing enzymes. In addition, the literature on the role of retinoic acid in longitudinal 

bone growth and skeletal maturation is reviewed.

Methods

Subjects

This study was approved by the Institutional Review Boards of the Eunice Kennedy Shriver 

National Institute of Child Health and Human Development, and written informed assent 

and consent was obtained from all participants or their legal guardians as appropriate. Height 

and weights were plotted on the Centers for Disease Control growth charts (www.cdc.gov/

growthcharts) and Z-scores were calculated using NHANES III growth data (U.S. 

Department of Health and Human Services (DHHS), National Center for Health Statistics 

NCHS. Third National Health and Nutrition Examination Survey, 1988–1994. Hyattsville: 

National Center for Health Statistics, 1996).

Control group

In order to establish the normal range for concentrations of total RA, all-trans-RA (atRA), 

and 13-cisRA, healthy, age-matched (age 8–12 years) boys and girls (n = 9, each sex) were 

recruited and consented. Morning (8:00–10:00 am) fasting, light-protected serum samples 

were collected and RA metabolites measured as described below.

Genetic studies

In order to detect possible chromosomal aberrations and uniparental disomy, a high-

resolution genome-wide DNA microarray analysis using Human SNP Array 6.0 (Affymetrix 

Inc, Santa Clara, CA) that includes 1.8 million genetic markers was performed on the 

patient, the patient’s sister, and both parents.

Exome sequencing of the patient using genomic DNA isolated from blood was performed at 

the Broad Institute (Cambridge, MA). Hybrid selection was performed using Agilent’s 

SureSelect Human All Exon Kit v2 (Agilent Technologies, Santa Clara, CA). The samples 

were sequenced using the Illumina HiSeq 2000 platform (Illumina Inc, San Diego, 

California) and aligned the resulting reads were aligned to the human genome version 19 

reference genome with Burrows-Wheeler Aligner (http://biobwa.sourceforge.net/) [22]. We 
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then applied the Genome Analysis Toolkit (http://www.broadinstitute.org/gatk) [23], base 

quality score recalibration, and indel realignment, and performed single nucleotide 

polymorphism and indel discovery and genotyping across all samples simultaneously using 

variant quality score recalibration [24]. The exome sequencing achieved >20X coverage for 

88% of the targeted bases. Variants were annotated for functional effect using SnpEff 2.0.5 

(http://snpeff.sourceforge.net/) [25].

Retinoic acid measurements

RA and 13-cisRA concentrations were measured in light-protected plasma from collected in 

the morning from fasting subjects (patient, family members, and control group) as 

previously described (Arnold et al J. Lipid Res 2012) using an AB Sciex 5500 qtrap mass 

spectrometer coupled with an Agilent UHPLC using 0.1mL of plasma with proteins 

precipitated using 0.2 mL of acetonitrile. Deuterium labeled RA and 13-cisRA were used as 

internal standards and all concentrations were determined according to linear calibration 

curves prepared in DC mass spect Gold (Golden West biologics) blank serum.

Case Report

The patient was a 10-yr old prepubertal male with a history of markedly advanced skeletal 

and dental development, left eye exudative vitrioretinopathy and right eye chorioretinal 

scarring, as well as microcephaly of postnatal onset, developmental delay and autism-

spectrum disorder. He was the second child of healthy parents of northern European decent 

with a midparental target height of 177.1 cm. He was born full term after an uncomplicated 

pregnancy and delivery with a birth weight of 2.98 kg (−1.3 SDS) and birth length of 46 cm 

(−2.3 SDS). At the 2-month well baby visit, there was lack of eye contact and a small 

anterior fontanelle was noted. Ophthalmological evaluation revealed exudative 

vitreoretinopathy in the left eye and chorioretinal scarring in the right eye. At age 4 months, 

due to the retinopathy and retinal scarring, serum retinol levels were assessed and found to 

be low. Despite several courses of vitamin A supplementation during the first 4 years of life, 

his serum retinol levels never normalized and vitamin A supplements were discontinued due 

to lack of clinical improvement.

A markedly advanced dental age was noted including the presence of 16 primary teeth at age 

12 months and shedding of primary teeth beginning prematurely at age 3 yrs. He showed 

poor weight gain, whereas his height continued at the 50th percentile (Fig 1). Extended 

evaluations for metabolic and gastroenterology disorders were negative, including negative 

serological celiac screening tests. At a chronological age of 3 years and 6 months, his bone 

age was assessed and found to be markedly advanced at approximately 7 years and 0 

months. Without an evident etiology for his failure to thrive, he was empirically started on a 

gluten- and dairy-free diet consisting of meat, fruits, vegetables and supplemented with a 

hypoallergenic supplement (Neocate splash E028) at the age of 6 years and 9 months. This 

treatment was followed by improvement of his GI symptoms and a dramatic improvement in 

weight gain and continued linear growth along the 50th percentile (Fig 1).
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A bone age assessment at age 9 4/12 years was again markedly advanced at 12 9/12 years 

(Fig 1S). Endocrine evaluation at age 9 7/12 years was unremarkable including early Tanner 

II pubic hair, Tanner I genitalia, testicular size of 3–4 mL bilaterally, and no gynecomastia; 

thus the evaluation did not provide a clear explanation for his markedly advanced bone age.

Results

The family was evaluated at the NIH Clinical Center when the patient was 10 years and 2 

months of age. His height was 141.7 cm (+0.4 SDS), weight 33.2 kg (+0.1 SDS), BMI 16.5 

kg/m2 (−0.1 SDS), sitting height index 0.53 (+1.0 SDS), arm span 139.8 cm. There was left 

eye strabismus, with a dilated left pupil, and marked light sensitivity. Distal phalanges 

appeared short. Pubic hair was limited to straight, non-pigmented hair and remained at a 

Tanner stage II distribution. Testicular size was 4 ml bilaterally. Thyroid function tests were 

normal, serum estradiol undetectable, total testosterone 0.31 nmol/L (normal range for 

Tanner II: 0.30 – 2.30), and dehydroepiandrosterone sulfate 4.48 μmol/l (normal range for 

Tanner II: <0.40 – 9.00).

SNP microarray analysis

The patient, his parents, and unaffected older sister underwent DNA microarray analysis. 

This analysis detected a novel de novo 8.3 Mb interstitial deletion on 10q23.2 – 10q23.33 

unique to the patient and not present in any of the other family members. This microdeletion 

contained 79 genes (Table 1S) and microRNAs, including PTEN, a tumor suppressor gene in 

which monoallelic mutations cause Cowden syndrome and PLCE1, which encodes a 

phospholipase, in which biallelic mutations cause nephrotic syndrome. Analysis of the 

biomedical literature as well as analyses of spatial and temporal expression patterns in 

growth plate cartilage for the deleted genes (Table 1S) identified several genes involved in 

retinoic acid (RA) metabolism, including 2 of the 3 major RA metabolizing enzymes 

CYP26A1 and C1 as well as the gene for retinol binding protein, RBP4, and RA 

metabolizing enzymes CYP2C8 and CYP2C9 [26].

Retinoic Acid concentrations in patient, unaffected family members and age-matched 
healthy controls

Because the deletion included genes involved in RA metabolism and because many of the 

patient’s phenotypic features might be explained by RA excess, we hypothesized that this 

disorder might be caused by increased RA signaling. We therefore next measured total RA, 

all-trans RA (atRA), and 13-cisRA in the patient, the unaffected family members, and age-

matched, healthy boys and girls (9 of each sex) using high-performance liquid 

chromatography (HPLC) coupled to tandem mass spectrometry (MS/MS). In the control 

group, the concentrations of all RA metabolites measured were similar in male and female 

subjects and therefore are reported together. Compared to age-matched controls, the patient 

was found to have increased serum levels of total RA (patient: 16.5 nM vs. controls: 12.6 

± 1.5; mean ± SD) and 13-cisRA (patient: 10.7 nM vs. controls: 6.1 ± 1.1), but normal 

serum atRA (patient: 5.9 nM vs. controls: 6.4 ± 0.7; Fig 2, Table 2S).
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Exome sequencing

We next asked whether there might be additional genetic changes, such as point mutations in 

the non-deleted alleles of CYP26A1, CYP26C1, CYP2C8, or CYP2C9, that might 

contribute to the elevated RA concentrations and the other phenotypic features. We therefore 

performed exome sequencing and analyzed known genes that encode RA-metabolizing 

enzymes for variants. We did not detect any rare genomic variants predicted to affect 

function of RA synthesizing enzymes ALDH1A family (ALDH1A1, ALDH1A2, and 

ALDH1A3) or RA metabolizing enzymes, including CYP26A1, CYP26B1, CYP26C1, 

CYP2C8, and CYP2C9.

Discussion

We present a patient with a previously undiagnosed syndrome characterized by retinal 

scarring, photophobia, autism spectrum disease, markedly advanced bone age, and 

accelerated dental development. This syndrome was associated with an 8.3 Mb deletion on 

chromosome 10q23, low serum vitamin A and elevated total and 13-cisRA concentrations. 

The deletion was not present in either parent. Because the parents were unaffected, the de 
novo occurrence of the deletion was consistent with the possibility that the deletion and the 

syndrome were causally related.

The genomic microdeletion of our patient includes RBP4, the gene encoding retinol-binding 

protein, which is an important carrier of retinol in the circulation. Haploinsufficiency of this 

gene likely explains his low serum vitamin A; hypovitaminosis A is also observed in patients 

with isolated microphthalmia due to heterozygous RBP4 inactivating mutations [27]. Our 

patient did not have microphthalmia, perhaps because this abnormality seems to occur only 

in individuals whose mothers also have RBP4 haploinsufficiency, most likely due to a 

placental effect of RBP4 haploinsuffciency [27].

The microdeletion also included CYP26A1 and CYP26C1. These two genes encode 

enzymes that metabolize RA to polar metabolites including 4-hydroxy-RA, 4-oxo-RA and 

18-hydroxy-RA [28,29]. Thus, the patient’s haploinsufficiency for these genes would be 

predicted to decrease RA metabolism to polar metabolites and therefore to increased tissue 

RA concentrations. Consistent with this prediction, we found that the patient had elevated 

circulating concentrations of total RA and 13-cisRA, although serum atRA was not elevated 

compared to controls. The specific increase in 13-cisRA is likely a consequence of increased 

isomerization of RA to the 13-cisRA in tissues following reduced oxidative metabolism. The 

deletion of the CYP2C8 gene may also decrease the clearance of 13-cisRA in this patients as 

this enzyme has been shown to metabolize 13-cisRA.

Elevated tissue RA concentrations may explain the accelerated skeletal maturation in this 

patient. He exhibited a radiographic bone age that was 3 years greater than chronological 

age. The bone age is a measure of the extent to which the fetal cartilaginous skeleton has 

been remodeled into a bony skeleton. In this patient, a common cause of accelerated skeletal 

maturation, estrogen excess, was excluded. The accelerated skeletal maturation involved not 

only endochondral bones but also the skull, resulting in early closure of the fontanelle. 

Retinoid excess has previously been implicated in accelerated skeletal maturation; vitamin A 
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intoxication causes premature growth cessation and epiphyseal fusion as well as 

craniosynostosis [19]. Similarly, homozygous inactivating mutations in the gene encoding 

the RA metabolizing enzyme CYP26B1 was found to cause skeletal and craniofacial 

defects, fusion of long bones, and craniosynostosis [21]. Consistently, cartilage-specific 

targeting of CYP26B1 in mice results in reduced growth rate, at least in part due to reduced 

chondrocyte proliferation, as well as premature epiphyseal fusion presumably due to 

accelerated differentiation of resting and proliferative chondrocytes. The phenotype of these 

mice can be partially rescued by a diet deficient in vitamin A [30], again underscoring the 

role of the CYP26 enzymes as important quenchers of RA signaling.

Whether RA excess might explain the accelerated dental development is less clear. RA does 

appear to regulate tooth formation in the embryo. For example, an inhibitor of endogenous 

retinoic acid synthesis blocks the initiation of murine odontogenesis in vitro [31]. RA excess 

in embryonic mice delays tooth development [32]. The effects of RA on postnatal dental 

maturation are less well studied. Interestingly, during late gestation in the mouse, Cyp26C1 
exhibits region-specific expression in the inner dental epithelium of the developing teeth 

[33].

The ophthalmological abnormalities in this patient may be related to the haploinsufficiency 

of RBP4 and the decreased circulating retinol levels. In the eye, retinoids both regulate 

expression of target genes and serves as the chromophore (11-cis-retinal) of the visual 

pigment. Deficiency of retinol causes night blindness because the steady loss of rhodopsin 

during the rod visual cycle cannot be sufficiently replaced. Severe, prolonged deficiency 

results in degeneration of retinal pigment epithelium (RPE) and photoreceptors.

In humans, heterozygote mutations in RBP4 cause a syndrome characterized by 

microphthalmia and colobomas [27], whereas homozygous mutations cause a more severe 

condition including visual impairment, retinal dystrophy, coloboma, and severe 

comedogenic acne [34,35]. In addition, retinol binding protein deficiency causes low 

vitamin A concentrations without clinical vitamin A deficiency [36]. Attempts to raise 

serum vitamin A in a patient with retinol binding protein deficiency will ultimately fail and 

could potentially cause vitamin A toxicity.

Excess RA might additionally be linked to our patient’s autism spectrum disorder. Exposure 

to excess vitamin A or treatment with isotretinoin in pregnant women causes abnormal brain 

development, typically involving malformation of the hindbrain, although cortical 

abnormalities have also been reported [37]. Even in the absence of structural brain 

malformations by imaging, excess retinoids can cause behavioral and cognitive impairments 

[38].

Other individuals with similar deletions have been listed in the DECIPHER database 

(https://decipher.sanger.ac.uk) and the listings did not include descriptions of accelerated 

skeletal maturation or eye disease. We therefore considered the possibility that the patient 

described in the current report might have another undetected genetic abnormality that 

contributed to the phenotype. For example, a point mutation in the undeleted alleles of 

CYP26A1 or CYP26C1 might cause biallelic insufficiency of either enzyme. We performed 

Nilsson et al. Page 7

Horm Metab Res. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://decipher.sanger.ac.uk


exome sequencing of the proband but did not find significant genetic variants in any of the 

major RA synthesizing or metabolizing enzymes that we examined. However, exome 

sequencing primarily provides sequence of exons and thus does not exclude pathogenic 

regulatory mutations or epigenetic changes.

The role of retinoic acid in longitudinal bone growth and bone maturation

Retinoic acid (RA) is an important regulator of cellular differentiation and proliferation 

during embryogenesis and development [18]. In particular, RA is an important local 

regulator of growth plate cartilage. Early indications of the important effects of retinoids on 

growth plate cartilage and longitudinal bone growth came from observations that deficiency 

of vitamin A, the precursor of all naturally occurring retinoids, including RA, was associated 

with short stature [17]. Later it was demonstrated that vitamin A intoxication causes 

premature growth cessation and epiphyseal fusion as well as craniosynostosis [19] and that 

retinoic acid has teratogenic effects in the limbs, craniofacial skeleton, and central nervous 

system [18,37]. CYP26A1, B1, and C1, which metabolize RA, are expressed in multiple 

different fetal and adult human tissues, each enzyme showing a distinct expression profile 

[28,39]. In general, the expression pattern of the CYP26 enzymes is similar in mice and 

humans. Homozygous inactivating mutations in the CYP26B1 gene, was found to cause 

skeletal and craniofacial defects, fusion of long bones, accelerated bone maturation, and 

craniosynostosis [21,40]. Recently, it was found that compound heterozygote mutations in 

retinol dehydrogenase 11 (RDH11), an enzyme that metabolizes retinaldehyde to retinol and 

therefore promotes the flux to RA, is associated with atypical, progressive retinitis 

pigmentosa, facial dysmorphology, and short stature and a growth pattern that is highly 

suggestive of accelerated bone maturation [41]. In addition, clinical observations of patients 

treated with RA derivatives also supports the hypothesis that RA accelerates bone 

maturation and thus promotes early growth cessation and adult short stature. This effect is 

likely dose-dependent and may thus not be as pronounced in acne patients treated with 

isotretinoin [42] as in oncology patients treated with high doses of RA [43,44].

In mice, cartilage-specific targeting of CYP26B1 results in reduced growth rate, at least in 

part due to reduced chondrocyte proliferation, as well as premature epiphyseal fusion 

presumably due to accelerated differentiation of resting and proliferative chondrocytes. The 

phenotype of these mice can be partially rescued by a diet deficient in vitamin A [30], again 

underscoring the role of the CYP26 enzymes as important quenchers of RA signaling.

Daily injections of atRA or 13-cisRA for ten days induce epiphyseal closure in young 

guinea pigs. In rats, a single oral dose of RA (300 mg/kg) reduce the height of the growth 

plate, presumably due to a direct effects on the growth plate [15]. Consistently, in rat 

metatarsal bone cultures, RA inhibits longitudinal bone growth by decreasing chondrocyte 

proliferation, matrix synthesis, and hypertrophic cell size [15]. The growth inhibition of RA 

are reversed by a retinoic acid receptor (RAR) antagonist, confirming that the effect is 

primarily mediated through the RAR [15]. Interestingly, in the abscence of exogenous RA, 

both RAR blockade and an RA-specific neutralizing antibody accelerate growth, suggesting 

that RA is produced locally in growth plate cartilage [45] and acts as a physiologic, negative 

regulator of growth plate chondrogenesis and thus of longitudinal bone growth [15,45]. The 
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exact molecular mechanisms by which RA regulates chondrocyte proliferation and 

differentiation at the growth plate have not been determined, but the effects appear to be 

mediated primarily through RAR-gamma [46] and involve interaction with a number of 

paracrine factors, including fibroblast growth factors [47], Indian hedgehog [48,49], and 

bone morphogenetic proteins [50].

Summary

Here we describe a boy with markedly accelerated skeletal maturation, including an 

advanced bone age and craniosynostosis, accelerated dental development, retinal scarring, 

and autism-spectrum disorder. SNP array analysis identified a de novo 8.3 megabase 

deletion on chromosome 10q23, which included CYP26A1, CYP26C1, CYP2C8 and 

CYP2C9 which encode RA-metabolizing enzymes, as well as RBP4, which encodes retinol-

binding protein, an important carrier of retinol in the circulation. Because RA has important 

development effects on the growth plate, skull, eye, and CNS, we hypothesized that his 

developmental abnormalities arose, at least in part, from RA excess. This hypothesis was 

supported by the finding of elevated circulating total and 13-cisRA. Because similar 

deletions have not been reported to cause a similar phenotype, using exome sequencing, we 

searched for, but did not find, additional contributing genetic abnormalities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Height, weight, and bone age measurements from the proband plotted on the US Centers for 

Disease Control growth charts.
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Figure 2. 
13-cis-retinoic acid (13-cisRA), total retinoic acid (RA), and the all-trans RA/13-cisRA ratio 

in healthy age-matched controls (n=20) and the proband were assessed by HPLC-MS/MS. 

The central line segments of the boxes represent the median of control values, while box 

margins indicate the 25th and 75th percentiles, and the error bars, the 5th and 95th percentiles. 

The single point in each plot indicates the proband’s value.
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Figure 3. 
Diagram depicting retinoic acid (RA) biosynthesis, metabolism, and action on the growth 

plate. Boxed terms indicate RA, RA precursors, and RA metabolites. Solid arrows indicate 

chemical conversion, catalyzed by the indicated enzyme. Dashed arrow and oval indicate 

biological action of RA on growth plate. Interconversion of all-trans-RA, 9-cis-RA and 13-

cis-RA isomers is not shown. RARs, retinoic acid receptors
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