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Abstract
Alagille syndrome (ALGS, OMIM #118450) is an autosomal dominant disorder that affects
multiple organ systems including the liver, heart, eyes, vertebrae, and face. ALGS is caused by
mutations in one of two genes in the Notch Signaling Pathway, JAGGED1 or NOTCH2. In this
study, analysis of 21 Vietnamese ALGS individuals led to the identification of 19 different
mutations (18 JAGGED1 and 1 NOTCH2), 17 of which are novel, including the third reported
NOTCH2 mutation in Alagille Syndrome. The spectrum of JAGGED1 mutations in the
Vietnamese patients is similar to that previously reported, including nine frameshift, three
missense, two splice site, one nonsense, two whole gene, and onw partial gene deletion. The
missense mutations are all likely to be disease causing, as two are loss of cysteines (C22R and
C78G) and the third creates a cryptic splice site in exon 9 (G386R). No correlation between
genotype and phenotype was observed. Assessment of clinical phenotype revealed that skeletal
manifestations occur with a higher frequency than in previously reported Alagille cohorts. Facial
features were difficult to assess and a Vietnamese pediatric gastroenterologist was only able to
identify the facial phenotype in 61% of the cohort. To assess the agreement among North
American dysmorphologists at detecting the presence of ALGS facial features in the Vietnamese
patients, 37 clinical dysmorphologists evaluated a photographic panel of 20 Vietnamese children
with and without ALGS. The dysmorphologists were unable to identify the individuals with
ALGS in the majority of cases, suggesting that evaluation of facial features should not be used in
the diagnosis of ALGS in this population. This is the first report of mutations and phenotypic
spectrum of ALGS in a Vietnamese population.
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INTRODUCTION
Alagille syndrome (ALGS, OMIM# 118450) is a complex, multisystem, autosomal
dominant disorder characterized by variable expressivity of developmental abnormalities in
several organs including the liver, heart, eyes, vertebrae, kidneys, and face [Alagille et al.,
1975; Alagille et al., 1987]. ALGS is the second most common cause of intrahepatic
cholestasis in infancy and occurs with an estimated frequency of 1:30,000 [Kamath et al.,
2003]. Traditionally, the diagnosis of ALGS is based on a combination of the presence of
intrahepatic bile duct paucity on liver biopsy in association with at least three of the major
clinical features. Major clinical features include: chronic cholestasis, cardiac disease,
skeletal abnormalities, ocular abnormalities, renal abnormalities, vascular anomalies, and
characteristic facial features [Elmslie et al. 1995; Emerick et al., 1999; Krantz et al., 1999].

ALGS is caused by mutations in or deletions of either the JAGGED1 (JAG1) or NOTCH2
genes [Oda et al., 1997; Li et al., 1997; McDaniell et al., 2006]. Both genes are involved in
the Notch signaling pathway (NSP), an intercellular signaling mechanism, which plays a key
role in cell fate determination. NOTCH2 encodes one of the four Notch receptors and JAG1
encodes a ligand that binds to the Notch receptors. This binding results in the release of the
Notch intracellular domain, allowing for activation of transcription factors that play a role in
cell differentiation and morphogenesis [Artavanis-Tsakonas et al., 1999]. Mutations in
JAG1, which is found on chromosome 20, can be identified in over 90% of clinically
diagnosed individuals with ALGS [Warthen et al., 2006]. Currently, 377 different JAG1
gene mutations have been identified in ALGS patients [Krantz et al., 1998; Yuan et al.,
1998, 2001; Crosnier et al., 1999, 2000; Onouchi et al., 1999; Pilia et al., 1999; Heritage et
al., 2000, 2002; Colliton et al., 2001; Giannakudis et al., 2001; Ropke et al., 2002;
Jurkiewicz et al., 2005]. More recently, mutations in NOTCH2 were found to cause ALGS
and two NOTCH2 mutations have been reported to date [McDaniell et al. 2006].

The identification of the genetic basis of ALGS and the availability of molecular testing has
led to a proposed revision in the diagnostic criteria, suggesting that the presence of a disease
causing mutation in addition to only one major clinical feature is enough for the diagnosis of
ALGS [Kamath et al., 2003]. Of the major clinical features, the characteristic facial
dysmorphism is one of the most penetrant findings and is the only one that is dependent on
actual clinician assessment instead of diagnostic testing. Characteristic facial features of
ALGS consist of a prominent forehead, deep-set eyes that are hyperteloric, a straight nose
with a flattened tip, and a prominent, pointed chin. Early data suggested that these facial
features were associated with cholestasis and not unique to ALGS [Sokol et al., 1983].
However, a study by Kamath et al. [2002] demonstrated that the diagnostic specificity of
ALGS facial features in a Caucasian cohort was above 80%, as determined by a group of
clinical dysmorphologists. The hypothesis that the facial features of ALGS are unique to this
syndrome is further supported by the expression of JAG1 in the developing mouse facial
bones [Kamath et al., 2002]. Thus, it has recently been widely accepted that ALGS facies
are unique to this syndrome. The prevalence of the facial phenotype in JAG1-mutation
positive individuals is over 90% [Emerick et al. 1999] and a similar prevalence has been
seen in population-based studies reporting unique JAG1 mutations in Italian, Australian, and
Polish populations [Pilia et al., 1999; Heritage et al., 2000, 2002; Ropke et al., 2002;
Jurkiewicz et al., 2005]. There have also been reports of ALGS in Asian populations,
including Japanese, Korean, and Chinese [Yuan et al., 1998, 2001; Onouchi et al., 1999;
Kasahara et al., 2003; Kim et al., 2005; Wang et al., 2008] and all of these described
characteristic ALGS facial features, although only one study specifically mentioned
confirmation of the facies by a clinical dysmorphologist. In this study we present the results
of JAG1 and NOTCH2 mutation analysis of 21 Vietnamese patients with ALGS and a
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systematic assessment of the agreement among North American dysmorphologists at
detecting the presence of ALGS facial features in this population.

MATERIALS AND METHODS
Patients

Twenty-one unrelated probands were referred from the Department of Gastroenterology at
Children’s Hospital #1 in Ho Chi Minh City, Vietnam under a protocol of informed consent
and enrolled into our IRB approved study at The Children’s Hospital of Philadelphia.
Patients were enrolled from April 2007 to October 2010. Most of the patients in this study
were initially referred to the Department of Gastroenterology at Children’s Hospital #1 in
Ho Chi Minh City, Vietnam with the chief complaint of jaundice. A few were referred for
cardiovascular or renal disease plus hepatitis. Initial screening for ALGS consisted of
routine blood work to assess liver function and a clinical exam looking for classic ALGS
facial features, hepatosplenomegaly, and the presence of a heart murmur. Presence of any
clinical features or an elevated GGT led to additional analysis consisting of an
echocardiogram, x-ray of the spine, and an abdominal ultrasound. If a patient had three or
more of the major clinical features of ALGS, the patient was referred for genetic testing. All
patients met the standard clinical diagnostic criteria for ALGS [Alagille et al., 1987],
although not all individuals had a liver biopsy performed. Blood samples were collected
from each patient and using standard procedures, genomic DNA was extracted from
peripheral blood leukocytes, and a lymphoblastoid cell line was also created.

Mutation Detection
The 26 exons of the JAG1 gene were amplified by polymerase chain reactions (PCR) as
previously described [Krantz et al., 1998; Colliton et al., 2001; Warthen et al., 2006]. PCR
products of different exons were purified with ExoSAP-IT (USB Corporation) and then
sequenced with the BigDye Terminator v3.1 Cycle Sequencing Kit on an ABI 3730 DNA
Analyzer (Applied Biosystems) in the Nucleic Acid and Protein Core Facility at the
Children’s Hospital of Philadelphia. Sequences of analyzed fragments were compared with
the JAG1 cDNA sequence (JAG1 mRNA GenBank RefSeq: NM_000214.1). All mutations
were numbered based on the cDNA reference sequence, with position +1 corresponding to
the A of the ATG translation initiation codon. If no mutations in JAG1 were detected, large
deletion screening was performed using either a single-nucleotide polymorphism (SNP)
array or multiplex ligationdependent probe amplification (MLPA) to detect exonic deletions
as previously described [Kamath et al., 2009; Cho et al., 2009]. SNP array analysis was
carried out using the Illumina Infinium SNP genotyping platform (HumanHap610 chips,
BeadStation Scanner, and BeadStudio analysis software). If no large-scale JAG1 deletions
were detected, PCR reactions were carried out with 36 primer pairs required to amplify the
34 exons of the NOTCH2 gene. Sequencing and determination of mutations in NOTCH2
followed the same protocol as for JAG1 screening (NOTCH2 mRNA GenBank RefSeq:
NM_024408).

Facial Features Questionnaire
To evaluate the ability of North American dysmorphologists to assess ALGS facial features
in the Vietnamese patients, a photographic panel was created of 20 Vietnamese children,
which included 16 children with ALGS and 4 children without ALGS who had no known
clinical liver disease. All ALGS subjects met the classic clinical diagnostic criteria for
ALGS [Alagille et al., 1987]. Fourteen of the 16 ALGS subjects had mutations (13 JAG1
mutations and 1 NOTCH2 mutation), as described in the results section of this paper. The
panel included ALGS children of both genders and of various ages. The non-ALGS subjects
were matched by representative gender and ages and were randomly selected from patients
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seen at the Children’s Hospital #1 in Ho Chi Minh City, Vietnam. All patients with the
exception of one were photographed in two views: full face and profile (Fig 1). A profile
view was not available from one of the subjects (Photographic Panel Subject #20). Informed
consent was obtained for use of the photographs in the study.

A photographic panel consisting of two 7cm by 7cm black-and white pictures of each
individual (full face and profile) along with a score sheet were distributed to participants of
the 2010 David W. Smith Annual Workshop on Malformations and Morphogenesis
(Supplemental Figure 1). Participants analyzed the photographs on the basis of facial
features to determine if the individuals in the photographs had features consistent with
ALGS. All participants had no prior knowledge of the patients or their actual diagnoses.
Participant responses were compared with each other to determine the percentage agreement
on analysis of facial features.

RESULTS
Mutations in JAG1 or NOTCH2 were found in 19 out of the 21 individuals (90%) with the
clinical diagnosis of ALGS (Table I). A total of 18 JAG1 mutations (86%) and 1 NOTCH2
mutation (5%) were found, 17 of which are novel. Sixteen of the JAG1 mutations and the
NOTCH2 mutation have not been previously described. The NOTCH2 mutation identified is
a nonsense mutation with a substitution C to T at position 6007 (exon 33, codon 2003) and
is predicted to lead to the creation of a protein which is truncated within the ankyrin repeats
located in the intracellular domain of the protein.

The eighteen different JAG1 mutations included nine frameshift mutations (50%), 3
missense mutations (16.6%); two splice site mutations (11.1%), one nonsense mutation
(5.6%), 2 whole gene deletions (11.1%), and one partial gene deletion (5.6%). The partial
gene deletion was noted by MLPA and involves exons 9–12 of JAG1. The two whole gene
deletions were detected by SNP array analysis. The chromosome 20 deletion for Patient 17
is predicted to span at least 2.84Mb from position 8,647,519 to 11,490,289. The deletion for
Patient 18 is also predicted to span at least 2.96Mb from position 9,251,107 to 12,214,763
on chromosome 20. In addition, 15 different JAG1 polymorphisms, six of which have been
previously reported, were identified in the Vietnamese cohort (Supplemental Table I).

Figure 2 provides a diagram of the amino acid positions compared to the domains of the
JAG1 protein. All of the JAG1 mutations map into the extracellular domain of JAG1 protein
and the mutations appear to be distributed throughout the JAG1 gene. Fifty-six percent
(10/18) of mutations occurred in epidermal growth factor (EGF) repeat regions. Over half of
the mutations (nine frameshift and one nonsense) are predicted to lead to premature
termination codons. There are two mutations that are located in consensus splice site
sequences that interfere with splicing. Patient 13 had a G to T substitution at position 2572,
changing the GT to TT at the donor site of intron 21. Patient 12 had a deletion of a single G
at the donor site of intron 20. The missense mutations were C22R, C78G and G386R. It is
predicted that the loss of cysteine in C22R and C78G can lead to changes in protein
function, although no confirmatory studies were performed. G386R, seen in Patient 7, has
previously been reported and results in a G to A substitution at position 1156 in exon 9. This
substitution results in a CGG to CAG within exon 9, which we predicted could cause the
formation of a GT-AG cryptic splice site. Sequencing of cDNA from this JAG1 mutation
confirmed this cryptic splice site, as the resultant cDNA was deleted for 37 nucleotides of
exon 9, with initiation of the altered cDNA immediately following the new splice site
(Supplemental Figure 2).
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Assessment of the ALGS clinical phenotype consisted of evaluation for the five major
clinical manifestations as well as looking for renal involvement. ALGS clinical
manifestations of the 18 patients with JAG1 mutations are summarized in Table II. Not all
patients had full clinical evaluation. Of the 18 patients, the prevalence of the clinical
phenotype based on available clinical evaluation data is as follows: liver 100% (18/18),
cardiac 94.4% (17/18), ophthalmologic 100% (2/2), skeletal 94.1% (16/17), and renal 27.3%
(3/11). The facial phenotype was unable to be accurately determined.

We compared the frequency of clinical features in JAG1 mutation-positive Vietnamese
individuals with JAG1 mutation-positive ALGS probands in our cohort at The Children’s
Hospital of Philadelphia (Table III). Our cohort is primarily Caucasian (75%) and has been
partially reported by Emerick et al. [1999] and Warthen et al. [2006]. Since 2006,
approximately 100 new individuals have been enrolled. The frequency of clinical
phenotypes in the patients we have studied is comparable to the clinical phenotypes seen in
previously reported studies, although we find a slighter lower frequency of the
ophthalmologic (68.3% to 80%) and the renal phenotype (30.5% to 44%) [Alagille et al.,
1987; Depretere et al., 1987; Hoffenberg et al., 1995; Emerick et al., 1999; Quiros-Tejeira et
al., 1999; reviewed in Kamath et al., 2007].

In comparing the clinical phenotype of the Vietnamese cohort with JAG1 mutations to our
existing ALGS cohort, the liver and cardiac phenotypes occur in over 94% in both
populations. Notably, bile duct paucity was found in all four children who had liver biopsies.
Renal involvement occurs with a similar frequency of 27.3% in the Vietnamese cohort
compared to 30.5% in our cohort. Only two children had ophthalmologic exams so the
frequency of the ophthalmologic phenotype is difficult to determine. Differences in clinical
phenotype frequency are seen with the skeletal phenotype. The Vietnamese population has
an increased frequency of skeletal involvement (93.3% compared to 57.9%). The facial
phenotype was not assessed by a Vietnamese dysmorphologists, making it difficult to
determine the true frequency of the ALGS facial dysmorphism. Prior studies have reported
the frequency of facial dysmorphism in ALGS to be 92% and the facial phenotype occurs in
96% of the patients in our ALGS cohort. Facial phenotype assessment by our clinical
dysmorphologist noted that ALGS facies in only 23.5% (4/17) of the Vietnamese cohort
with JAG1 mutations. By comparison, Dr. Phuc, the referring pediatric gastroenterologist in
Vietnam felt that 61.1% (11/18) of the cohort had characteristic ALGS facies.

Recognizing the limitations of identifying the ALGS facies in this cohort, we conducted a
survey to evaluate the ability of North American dysmorphologists to assess facial
dysmorphism and the presence of the characteristic ALGS facial phenotype in the
Vietnamese population. A total of 37 respondents with varying levels of experience actively
working in clinical genetics with experience in facial feature identification participated in
the study. For each individual in the photographic panel, respondents were asked to identify
ALGS versus non-ALGS facial phenotype. For each facial composite, the percentage
agreement was calculated by dividing the numerical value of the most frequent response by
the total number of respondents for that particular facies. The percentage agreement between
respondents ranged from 51.4% to 89.2% for each facial composite (Fig 3).
Dysmorphologists had over 75% agreement of the facial phenotype for only four of the
individuals in the photographic panel. Overall, the percentage agreement of the presence or
absence of the ALGS facial phenotype was 51.8% among the 37 respondents. Professional
grade and experience were not correlated with improved percent agreement (Table IV).

Lin et al. Page 5

Am J Med Genet A. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DISCUSSION
In this study of 21 clinically defined ALGS patients from Vietnam, we report a JAG1/
NOTCH2 mutation rate of 90%, which is similar to the previously reported rate in other
clinically defined patient populations [Warthen et al., 2006]. Of the 21 Vietnamese patients,
screening of the JAG1 and NOTCH2 genes identified 19 different mutations, 17 of which are
novel. The type and distribution of the JAG1 mutations in Vietnamese ALGS patients are
similar to previous reports [Krantz et al., 1998; Warthen et al., 2006]. The low frequency of
NOTCH2 as compared to JAG1 mutations in this cohort (1/21 patients) is also similar to that
seen previously, and this is only the third reported NOTCH2 mutation [McDaniell et al.,
2006]. The NOTCH2 mutation falls within exon 33 and leads to truncation of the NOTCH2
protein within the intracellular domain, specifically within the ankyrin repeats.

While the prevalence of cardiac (94%) and liver involvement (100%) in this Vietnamese
cohort was similar compared to prior series, the frequency of vertebral anomalies was
markedly different. Ninety-three percent of the Vietnamese cohort had skeletal involvement,
suggesting an increased frequency of vertebral anomalies in the Vietnamese population. To
compare, in a review of 92 patients with ALGS, Emerick et al. [1999] report the frequency
of butterfly vertebrae at 51%. The distribution of the type of skeletal involvement was
similar to previous observations; all skeletal involvement in the Vietnamese cohort consisted
of butterfly vertebrae.

In our survey of North American dysmorphologists with experience in facial feature
recognition, the assessment of the Vietnamese facies proved difficult. The overall percent
agreement among respondents was only 51.8%. Having a percentage agreement close to
50% suggests definite disagreement among dysmorphologists as to the presence of absence
of ALGS facial features in the Vietnamese cohort. This difficulty in recognizing the ALGS
facial phenotype is further highlighted by the fact that experience did not play a role in
improvement of agreement of the facial phenotype. It is possible that the North American
dysmorphologists, who do not evaluate facial dysmorphism in a population they do not
routinely treat, may have had intrinsic difficulty recognizing the ALGS facies. A similar
cohort of reviewers (many of whom were the same) from the 1998 David W. Smith Annual
Workshop on Malformations and Morphogenesis completed a similar survey for the facial
phenotype study by Kamath et al. [2002] and performed more successfully. In that study of a
Caucasian cohort of differing ages, the calculated sensitivity and specificity of facies as a
diagnostic tool for ALGS was over 75%.

Previous experience indicates that the effect of JAG1 mutations on facial features is similar
among different ethnic groups. In a review of the ALGS probands enrolled in our studies
(data not reported), 96% (23/ 24) of African-American individuals, 97% (32/33) of
Hispanics and 92% (12/13) of Asians had characteristic facies. However, the lack of
agreement among North American dysmorphologists suggests that clinicians should
consider other organ system involvement in lieu of relying on the characteristic facies in the
evaluation of a Vietnamese patient for suspicion of ALGS. Notably, the referring pediatric
gastroenterologist, who sees Vietnamese patients daily, but is not clinically trained as a
dysmorphologist, was only able to identify ALGS facial features in 61.1% of the patients.
Another consideration for the level of disagreement among the North American
dysmorphologists is that the facial dysmorphisms have been reported to evolve, with the
ALGS facies becoming more prominent with age [Kamath et al., 2002]. The Vietnamese
individuals in the photographic panel were all young children under the age of 10 years, so it
is possible that analysis of this same cohort at a later age may yield different results. While
familial data was unavailable, looking at familial cases of ALGS could help clarify the
prevalence of the Vietnamese facial phenotype. Ultimately, to effectively determine the
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frequency of the facial phenotype in the Vietnamese cohort, assessment by a Vietnamese
dysmorphologist is needed

Limitations of this study include the small size of the study cohort, leading to difficulty in
making generalizations about ALGS in the Vietnamese population. Out of the novel JAG1
mutations, three are missense mutations. We cannot completely exclude these mutations as
polymorphisms in the Vietnamese population in the absence of screening population-
matched controls for polymorphisms or performing JAG1 functional protein studies on these
missense mutations. However, we note that two of the mutations are loss of a cysteine
residue in the extracellular domain, which has a high index of suspicion based for
pathogenicity, and the third mutation has been shown to produce an abnormal mRNA. Prior
studies have already cited the challenges of trying to assess facial morphology from two-
dimensional photographs, as facial features may be more noticeable in person. While the
survey respondents were blinded to the actual condition of each individual in the photograph
panel, there may be some response bias, with the expectation of identification of the ALGS
facial phenotype.

In conclusion, this study reports novel JAG1 and NOTCH2 mutations in a Vietnamese
ALGS cohort. The Vietnamese cohort shares a similar distribution of the major clinical
phenotypes with the exception of the skeletal and facial phenotype. While the facial
phenotype in ALGS is specific to the syndrome, this study demonstrates a decreased
frequency of the facial phenotype amongst a Vietnamese cohort, lowering its value as a
diagnostic tool in this population.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Vietnamese Photographic Panel - Full-face and profile views of the individuals in the
photographic panel distributed to the dysmorphologists participating in the study. Original
dimensions of all images were 7 × 7 cm and all photographs were printed in gray-scale.
Proband number 5, 10, 14, and 19 do not have ALGS. All other probands have ALGS.
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Figure 2.
JAG1 Protein Map and Mutations
Map of JAG1 mutations of Vietnamese ALGS patients on the JAG1 protein. AA – Amino
Acid. Conserved regions of JAG1 include: SP – signal peptide, NL – Notch ligand, DSL –
Delta/Serrate/Lag-2 domain, EGF – epidermal growth factor, CR – cysteine rich region, TM
– transmembrane domain
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Figure 3.
Percentage Agreement Among Dysmorphologists for Each Face Reviewed
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Table IV

Percent Agreement of Facial Feature Analysis by Professional Group

Professional Group Number in Group Percent Agreement

Fellows 5 51%

Assistant Professor 7 50%

Associate Professor 10 59%

Professor 14 51.4%

Other a 1 N/A

Total 37 51.8%

a
Clinical geneticist
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