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Abstract
BACKGROUND
[bookmark: OLE_LINK236][bookmark: OLE_LINK237]McCune–Albright syndrome (MAS) is caused by postzygotic somatic mutations of the GNAS gene. It is characterized by the clinical triad of fibrous dysplasia, café-au-lait skin spots, and endocrinological dysfunction. Myriad complications in MAS, including hepatobiliary manifestations, are also reported.

CASE SUMMARY
[bookmark: OLE_LINK238]This is a case of a 4-year-old boy who presented with MAS with neonatal cholestasis. He was suspected to have Alagille syndrome due to neonatal cholestasis with intrahepatic bile duct paucity in liver biopsy, peripheral pulmonary artery stenosis, and renal tubular dysfunction. By the age of 2 years, his cholestatic liver injury gradually improved, but he had repeated left femoral fractures. He did not exhibit endocrinological abnormality or café-au-lait skin spots. However, MAS was suspected due to fibrous dysplasia at the age of 4 years. No mutation was identified in the GNAS gene in the DNA isolated from the peripheral blood, but an activating point mutation (c.601C>T, p.Arg201Cys) was observed in the DNA extracted from the affected bone tissue and that extracted from the formalin-fixed paraffin-embedded liver tissue, which was obtained at the age of 1 mo.

CONCLUSION
[bookmark: OLE_LINK239][bookmark: OLE_LINK240]MAS should be considered as a differential diagnosis for transient cholestasis in infancy.
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[bookmark: OLE_LINK225][bookmark: OLE_LINK226][bookmark: OLE_LINK235]Core Tip: McCune–Albright syndrome (MAS) is caused by postzygotic somatic mutations of the GNAS gene. It is characterized by the clinical triad of fibrous dysplasia, café-au-lait skin spots, and endocrinological dysfunction. MAS complications other than the triad are also reported. This is the case of a boy with MAS diagnosed with Alagille syndrome in his infancy based on intrahepatic bile duct paucity in liver biopsy, neonatal cholestasis, cardiac manifestation, and renal tubular dysfunction. MAS should be considered as a differential diagnosis for transient cholestasis in infancy.


INTRODUCTION
[bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK243]McCune–Albright syndrome (MAS) is a rare sporadic disease characterized by the clinical triad of fibrous dysplasia, café-au-lait skin spots, and endocrinological dysfunction[1,2]. Its estimated prevalence ranges from 1/100000 to 1/1000000[3]. MAS is caused by postzygotic somatic mutations of the GNAS gene, which encodes the G protein stimulatory α subunit[4]. MAS complications other than the clinical triad, including hepatobiliary dysfunction, are reported[4-6].
Alagille syndrome (ALGS) is an autosomal dominant disorder with a wide spectrum of clinical variability. The main clinical features and malformations are chronic cholestasis due to intrahepatic bile duct paucity (decreased bile duct-to-portal tract ratio: < 0.4), cardiac disease (particularly peripheral pulmonary artery stenosis), skeletal deformity (particularly butterfly vertebrae), ocular abnormalities (particularly posterior embryotoxon), and characteristic facial features. Additional features include intracranial bleeding, dysplastic kidneys, and bone fractures[7,8]. The majority of cases are caused by JAG1 gene haploinsufficiency, encoding a ligand jagged1 in the Notch signaling pathway[9,10]. Mutations in NOTCH2, a receptor in the same signaling pathway, are identified in some ALGS patients who do not have mutations in JAG1[11].
This is a case of a boy who was diagnosed with ALGS in his infancy based on intrahepatic bile duct paucity in liver biopsy, peripheral pulmonary artery stenosis, and renal tubular dysfunction and later with MAS based on radiographic findings of fibrous dysplasia.

CASE PRESENTATION
Chief complaints
[bookmark: OLE_LINK244][bookmark: OLE_LINK245]A 4-year-old boy complained of repeated left femoral fractures.

History of present illness
[bookmark: OLE_LINK246][bookmark: OLE_LINK247]The patient had repeated left femoral fractures for four times (at 1 year and 3 mo, 1 year and 11 mo, 2 years and 10 mo, and 4 years and 3 mo old), and the difference in the length of his lower limbs gradually became apparent by the age of 2 years. While repeated femoral fractures were initially considered as bone metabolic disorders associated with ALGS, the serum phosphate levels had remained at the lower limit of the standard for age, and the level of fibroblast growth factor 23 (FGF23) was high as 117 pg/mL (reference range: 15-49 pg/mL[12]). At the age of 4 years and 8 mo, radiographic findings revealed a “ground-glass” appearance in his left femur and tibia and “shepherd’s crook deformity” in his left thigh bone, which were characteristic features of fibrous dysplasia (Figure 1).

History of past illness
[bookmark: OLE_LINK248][bookmark: OLE_LINK249][bookmark: OLE_LINK36][bookmark: OLE_LINK37]The patient was born at 40 wk and 6 d’ gestation; with a birth weight of 2726 g. Failure to thrive was noted at 18 d following birth. Further evaluation of this concern revealed hepatomegaly, elevated liver transaminase level [aspartate aminotransferase (AST) 193 U/L, alanine aminotransferase (ALT) 424 U/L], and hyperbilirubinemia (T-Bil 8.0 mg/dL, D-Bil 6.6 mg/dL). Liver biopsy was performed at the age of 1 mo, which revealed bile duct paucity (the ratio of the bile duct to the portal tract was 0.1) (Figure 2). Other than cholestasis, peripheral pulmonary artery stenosis, hypokalemia, and metabolic acidosis due to renal tubular dysfunction were observed. No butterfly vertebrae or ocular abnormalities were found. Although any large deletion and duplication were not observed in the JAG1 gene by the fluorescence in situ hybridization analysis, the patient was clinically suspected to have ALGS and was listed for liver transplantation. Cholestatic liver injury was gradually normalized by the age of 2 years under oral ursodeoxycholic acid and glycyrrhizic acid treatment and did not deteriorate even after both medications were tapered. His DNA was further subjected to a targeted next-generation sequencing that covers 14 genes responsible for cholestatic liver diseases[13], and no pathogenic variants were found in his genes including JAG1 and NOTCH2.

Personal and family history
[bookmark: OLE_LINK250][bookmark: OLE_LINK251][bookmark: OLE_LINK252]The patient was born to non-consanguineous Japanese parents. The pregnancy had been uncomplicated, and his family history was unremarkable.

Physical examination
[bookmark: OLE_LINK253][bookmark: OLE_LINK254]At the age of 4 years and 9 mo, his height was 101.7cm ( -0.81 SD); body weight, 15.2kg ( -0.82 SD); and arm span, 104 cm. The difference in the length of the lower limbs was 1 cm (right, 53 cm; left, 52 cm). He did not exhibit jaundice or hepatosplenomegaly. He was noted to have a grade 2/6 systolic heart murmur. He did not have café-au-lait skin spots. His testicular capacity was 2 mL, pubic hair had not yet grown, and no precocious puberty was observed.

Laboratory examinations
[bookmark: OLE_LINK255][bookmark: OLE_LINK256]Laboratory examination at the age of 4 years revealed elevated levels of serum alkaline phosphatase (2506 U/L, reference range: 430-1200 U/L), bone alkaline phosphatase (216 U/L, reference range: 59-107 U/L[14]), FGF23 (86 pg/mL), and serum type I collagen cross-linked N-telopeptide (171 nmolBCE/L, reference range: 14-57 nmolBCE/L[15]). No endocrinological abnormalities were found. The transaminase and bilirubin levels were within the reference ranges (AST 28 U/L, ALT 25 U/L, T-Bil 0.6 mg/dL, and D-Bil 0.2 mg/dL).

Imaging examinations
[bookmark: OLE_LINK257][bookmark: OLE_LINK258][bookmark: OLE_LINK259]Bone scintigraphy with 99 mTc-hydroxymethylene diphosphonate, which was employed to detect lesions with enhanced bone metabolism, revealed multiple lesions with increased uptake in the left skull and upper left limb in addition to the left femur and left tibia (Figure 3).

Further diagnostic work-up
[bookmark: OLE_LINK260][bookmark: OLE_LINK261]For the mutational analysis of the GNAS gene, genomic DNA from the peripheral blood was extracted using magLEAD Consumable Kit® (Precision System Science Co., Ltd., Chiba, Japan). In addition, it was polymerase chain reaction (PCR)-amplified for exons 7 to 10 and their splice sites of the GNAS gene, where mutation hotspots for MAS were reported. PCRs were conducted using the 5′-TCACTTCCGTTGAGCCTGAC-3′ and 5′-CTTGCACGGGGTTCTTCTCT-3′ primer set designed for detecting the mutation; however, sequencing after PCR did not reveal any mutations (Figure 4A).
Therefore, mutation analysis of the GNAS gene was also conducted from bone tissue samples, which were obtained from fibrous dysplastic lesions during a fracture surgery at the age of 5 years and 6 mo. The dissected bone sample was immediately snap-frozen using liquid nitrogen and crushed using 6700 Freezer/Mill (SPEX SamplePrep, NJ, United States). Genomic DNA from the bone tissue was extracted using DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany) and was PCR-amplified and sequenced similar to that of the peripheral blood. As a result, an activation point mutation (c.601C>T, p.Arg201Cys)[4] was detected in genomic DNA, and the patient was diagnosed with MAS (Figure 4B).
[bookmark: OLE_LINK38][bookmark: OLE_LINK39]Furthermore, when he was 6 years old, DNA was extracted from a formalin-fixed paraffin-embedded (FFPE) liver tissue that was collected during the biopsy performed at the age of 1 mo. To isolate genomic DNA from the FFPE liver tissue, Agencourt FormaPure XL Total kit (Agencourt Bioscience Corporation, Beverly, MA, United States) was used. Genomic DNA from the liver tissue was PCR-amplified and sequenced for the corresponding site to the peripheral blood and bone tissue. PCRs and sequencing were conducted using the 5′-TTCGGTTGGCTTTGGTGAGA-3′ and 5′-CACGTCAAACATGCTGGTGG-3′ primer set designed for detecting the mutation. The same mutation from the bone tissue samples was observed (Figure 4C).

FINAL DIAGNOSIS
[bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK264]The final diagnosis of the presented case is MAS.

TREATMENT
[bookmark: OLE_LINK265][bookmark: OLE_LINK266][bookmark: OLE_LINK267]When he was 7 years old, an osteotomy was performed to correct the curvature of the left femur.

OUTCOME AND FOLLOW-UP
[bookmark: OLE_LINK268][bookmark: OLE_LINK269]The patient was followed up for endocrine abnormalities, such as premature puberty and compression optic neuropathy, since bone scintigraphy revealed increased uptake in his skull. Furthermore, although his liver dysfunction did not persist, follow-up was continued with semiannual to annual abdominal ultrasonography for neoplasm in the liver.

DISCUSSION
[bookmark: OLE_LINK270][bookmark: OLE_LINK271]MAS is caused by activating somatic mutations within the GNAS gene. These mutations occur in the early postzygotic period. The patient’s somatic cells are mosaic for the mutation; hence, the clinical features are determined by the distribution of the affected cells[4,16,17].
In MAS, hepatobiliary dysfunction is relatively rare, with a frequency of 5%-10%[18,19], and usually develops in the early stage of life as neonatal cholestasis[5,6,16,20,21]. Although cholestasis can be the first symptom of MAS and is sometimes followed by persistent elevation of the levels of serum liver enzymes, natural history has been reported as benign in most patients[5,6], and only a few cases required liver transplantation[20].
The histological findings of the patient in this report revealed intrahepatic bile duct paucity, which suggested ALGS along with characteristic features, such as neonatal cholestasis, peripheral pulmonary artery stenosis, renal tubular dysfunction, and recurrent bone fractures. Giant cell transformation has been the most common finding in the liver histology of MAS[5,22,23]. However, intrahepatic bile duct paucity was also reported in cases with MAS. In such cases, distinguishing MAS from ALGS based on clinical symptoms and pathological features is difficult as in our case, in which the difference in the length of the patient’s legs prompted us to suspect enhanced bone metabolism[6]. MAS should be considered among the differential diagnoses of ALGS when the liver tissue demonstrates intrahepatic bile duct paucity. A recent manuscript reported that combined sequencing of JAG1 and NOTCH2 along with copy number variant analysis of JAG1 did not identify pathogenic variants in 3.2% of patients who met the diagnostic criteria for ALGS[24]. Regarding renal tubular dysfunction and peripheral pulmonary artery stenosis in our case, we did not extract and sequence genomic DNA from renal tubular epithelial cells and pulmonary artery to detect the mutation in the tissues. Although our patient did not meet the classical diagnostic criteria of AGLS which is based on the presence of intrahepatic bile duct paucity on liver biopsy in association with at least three of the major clinical features: chronic cholestasis, cardiac disease, skeletal abnormalities, ocular abnormalities, and characteristic facial features, it is still possible that some other genes than GNAS or mutations in JAG1/NOTCH2 genes that cannot be detected with current methods are involved in AGLS-like renal and pulmonary features in our case. 
Due to the somatic mosaic nature of the disease, a negative result of mutation analysis from the peripheral blood does not exclude the possibility of MAS[3,19], and DNA should be isolated from the affected tissues. In this case, GNAS gene mutation was detected from the surgical bone specimen and FFPE liver biopsy tissue, which was collected 6 years ago. As in this report, GNAS mutations have been detected in the liver tissue obtained from patients with neonatal cholestasis in previous reports[5,16,19,20]. The occurrence and severity of the hepatic phenotype depend on the number and location of the cells with the mutation[5,16]. Whether the patients still keep hepatic cells with the mutation in the GNAS gene following amelioration of their hepatic symptoms is unknown.
In most cases, neonatal cholestasis in patients with MAS resolves spontaneously. However, liver dysfunction may persist, and subsequent hepatic lesions may develop and exhibit malignant potential, such as hepatoblastoma and hepatocellular adenomas[6,21]. In this case, liver dysfunction did not persist, and liver lesions were not identified, but we continued to follow-up the patient for serum tumor markers with semiannual to annual abdominal ultrasonography.
We presented a case of a patient with MAS who was suspected of ALGS due to neonatal cholestasis and histological findings that revealed intrahepatic bile duct paucity. No pathogenic variants were noted in the JAG1 and NOTCH2 genes, and MAS was suspected from repeated fractures and radiographic findings. The mutation in the GNAS gene was detected in the bone and liver tissues, and the patient was diagnosed with MAS. MAS should be considered as a differential diagnosis for cholestasis in infancy.

CONCLUSION
[bookmark: OLE_LINK272][bookmark: OLE_LINK273]Hepatobiliary dysfunction is relatively rare in MAS, but MAS should be considered as a part of the differential diagnosis of neonatal cholestasis with unknown causes, and genetic diagnosis using liver tissue is possible.
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Figure Legends
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[bookmark: OLE_LINK285][bookmark: OLE_LINK286]Figure 1 Radiograph at the age of 4 years and 8 mo. The radiograph demonstrated a “ground-glass” appearance in his left femur and left tibia and “shepherd’s crook deformity” which is characterized by the presence of proximal femoral varus deformity and retroversion deformity, in his left thigh bone.
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[bookmark: OLE_LINK287]Figure 2 Liver specimen at the age of 1 mo. Microscopic examination revealed a lack of bile ducts in the portal area and giant cell transformation of hepatocytes (hematoxylin and eosin staining).
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[bookmark: OLE_LINK288]Figure 3 Bone scintigraphy with Tc-99 m-hydroxymethylene diphosphonate. There are multiple hotspots with uptake at the left dominant skull and upper left limb in addition to the left femur and the left tibia.
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[bookmark: OLE_LINK289]Figure 4 DNA sequencing of the GNAS gene. A: Normal sequencing is shown in the peripheral blood; B and C: Arg201Cys mutation was detected in the bone tissue samples and the liver tissue.
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