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Introduction

Chromosome 22ql11.2 deletion syndrome (22q11.2DS) is a
developmental disorder associated with characteristic craniofacial
features with velopharyngeal incompetence, cardiovascular anom-
alies primarily affecting the outflow tracts, hypoparathyroidism
and resultant hypocalcemia, and thymic hypoplasia leading to
susceptibility to infection [1]. This condition is also frequently
accompanied by non-specific clinical features such as develop-
mental retardation [1]. Expressivity and penetrance of these
features are highly variable and, consistent with this, chromosome
22q11.2 deletions have been identified in DiGeorge syndrome
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(DGS) and velocardiofacial syndrome (VCFS) with overlapping
but different patterns of clinical features [1].

While multiple genes are ivolved in chromosome 22q11.2
deletions [2], 7BXI (T-box 1) has been regarded as the major gene
relevant to the development of clinical features in 22q11.2DS [3].
Indeed, heterozygous 7BXI mutations have been identified in
several deletion-negative patients with 22q11.2DS phenotype [2-
8], and mouse studies argue for the critical role of Tbx] in the
development of 22q11.2DS phenotypes [3]. However, the
frequency of 7BXI mutations remains rare in deletion-negative
patients: Gong et al. identified only a few probable 7TBXI
mutations after studying 40 patients with DGS/VCFS phenotypes
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[4], and Zweier et al. found a single 7BX/ mutation after
examining 10 patients with 22q11.2DS phenotype [8]. This
indicates the presence of genetic heterogeneity in the development
of 22¢q11.2DS phenotype in deletion-negative patients. Consistent
with this, another DGS/VCES locus has been assigned to
chromosome 10p13-14 region [9]. Thus, it would be reasonable
to perform a comprehensive genetic analysis in deletion-negative
patients with 22q11.2DS phenotype.

In this regard, recent advance in molecular technologies has
enabled to perform comprehensive genetic analyses, thereby
contributing to the identification of underlying factors in genctic
disorders. Indeed, genomewide array comparative genomic
hybridization (CGH) has identified multiple disease-associated
copy-number changes [10], and exome sequencing has discovered
multiple disease-causing gene mutations [11]. In particular, these
technologies can be powerful methods for familial disorders,
because it is predicted that a single copy-number change or
mutation is shared in common by affected subjects and is absent
from non-aftected subjects within a family.

Here, we performed array CGH analysis and exome sequencing
in a family with 22q11.2DS-like clinical features. Although this
stucly did not discover a novel disease gene, a TBX7 mutation was
successfully identified.

Materials and Methods

Ethics statement

The Institutional Review Board Committees of Hamamatsu
University School of Medicine, Tohoku University School of
Medicine, Kurashiki Central Hospital, and National Research
Institute for Child Health and Development considered and
approved the study, consent/assent procedures, and the publica-
tion of images and case details associated with this work. The
individuals in this manuscript have given written informed consent
(as outlined in PLOS consent form) to publish these case details.
Actually, this study was performed after obtaining written
informed consent from the parents of the child subjects and from
the adult subjects. Furthermore, the mother and the elder brother
aged 19 years old have given written informed consent to
publication of the facial photographs of the two brothers; in
addition, the younger brother aged 10 years has given informed
assent.

Clinical Report

The pedigree of this Japanese family is shown in Fig. 1, and
clinical findings of the family members are summarized in Table 1.
The proband (subject I1I-5) was found to have hypocalcemia and
hyperphosphatemia in a pre-operation laboratory test for repeated
otitis media at 8 years of age, and was referred to Department of
Pediatrics at Kurashiki Central Hospital. Subsequent examination
revealed borderline low serum intact PTH value. Thus, he was
diagnosed as having hypoparathyroidism, and received vitamin D
therapy. Furthermore, physical examination showed characteristic
craniofacial features with velopharyngeal incompetence suggestive
of 22q11.2DS.

Similar craniofacial features were also exhibited by subjects I1I-2,
III-1, III-6, and II-7, and hypocalcemia was also identified in
subjects 11-2 and III-7. Actually, subject 1I-2 was taking vitamin D,
and subject III-7 was noticed to have hypocalcemia at birth
because of the history of subject ITI-5, and was treated with
vitamin D. The five subjects with 22q11.2DS-like craniofacial
features lacked cardiovascular anomalies; while they also lacked
susceptibility to infection, except for repeated otitis media in
subject III-5, thymic hypoplasia was not evaluated in four of the
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five subjects. By contrast, the five subjects exhibited borderline to
mild developmental delay. Indeed, adult subjects II-2 and II-1
had some difficulty in verbal communications, although they were
able to get on their daily life, and subject 1I-2 was able to take care
of family members. Similarly, child subjects 1I-5, 111-6, and I1I-7
also showed speech delay, and subjects 1II-5 and III-7 received
speech therapy. Furthermore, subject III-7 was diagnosed as
having pervasive developmental disorder, and his verbal, perfor-
mance, and full scale intelligence quotients were assessed as 63, 64,
and 60, respectively, by the WISC-II1 method at 10 years of age.
In addition, subject 11-2 had sensorineural deafness, and subject
II-5 had Graves’ disease.

Molecularly Studied Subjects

Molecular studies were performed for eight subjects in this
family, using peripheral blood samples. They were divided into
three groups in terms of clinical findings: group 1, subjects 11-2,
111-5, and I1I-7 with craniofacial features and hypocalcemia; group
2, subjects I1I-1 and 11I-6 with craniofacial features alone; and
group 3, subjects II-1, III-3, and IV-1 with apparently normal
phenotype (Fig. 1).

FISH and Array CGH Analyses

Fluorescence in situ hybridization (FISH) analysis was performed
with a probe for HIR4 on the commonly deleted chromosome
22¢11.2 region and that for ARSA at chromosome 22q13 utilized
as an internal control (Abott). Array GGH was carried out using a
genomewide 2x400K Agilent platform catalog array, according to
the manufacturer’s instructions (Agilent T'echnologies), and copy
number variants/polymorphisms were screened with Agilent
Genomic Workbench software using the Database of Genomic
Variants (http://dgv.tcag.ca/dgv/app/home).

Exome and Sanger Sequencings

Exon capture was performed with the SureSelect Human All
Exon kit v4 (Agilent Technologies). Exon libraries were sequenced
with the Ilumina Hiseq 2000 platform according to the
manufacturer’s instructions (Illumina), providing 108-122 average
depth for each sample. Paired 101-base pair reads were aligned to
the reference human genome (UCSChgl9) using the Burrows-
Wheeler Alignment tool [12]. Likely PCR duplicates were
removed with the Picard program (http://picard.sourceforge.
net/). Single-nucleotide variants and indels were identified using
the Genome Analysis Tool Kit (GATK) v1.6 software [13]. SNVs
and indels were annotated against the RefSeq database, 1000
Genomes Project variant data, and dbSNP135 with the ANNO-
VAR program [14].

To confirm mutations indicated by exome sequencing, Sanger
sequencing was performed for PCR products obtained with
primers flanking the detected mutations, using a 3500xL. genetic
analyzer (Life Technologies). Furthermore, the PCR products
were subcloned with TOPO TA Cloning Kit (Life Technologies),
and normal and mutant alleles were sequenced separately.

In silico protein functional analysis

Function of proteins with missense variations was assessed by
Polymorphism Phenotyping-2 (PolyPhen-2, http://genetics.bwh.
harvard.edu/pph2/) and Sorting Intolerant From Tolerant (SIFT,
http://sift.jevi.org/), and that of proteins with in-frame amino
acid deletions was evaluated by PROVEAN predictions (http://
provean.jevi.org/index.php).
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Figure 1. The pedigree of this family. Facial features of subjects Ill-5 and Ill-7 are shown.

doi:10.1371/journal.pone.0091598.g001

Results

FISH and Array CGH Analyses

FISH analysis delineated two signals for HIRA (Fig. 2A). Array
CGH analysis revealed no copy number change specific to group 1
or groups 1+2, in the entire genome including chromosome
10p13-14 and chromosome 22q11.2 regions (Fig. 2B).

Exome and Sanger Sequencings

Exome sequencing identified nine heterozygous non-synony-
mous variants (six missense variants, two in-frame microdeletions,
and one frameshift variant) that were specific to groups 142
(namely, they were present in groups 1+2 and absent from group 3
as well as from 1000 Genomes, dbSNP135, and our in-house
exome data from 70 individuals) (Table S1). Notably, the
frameshift variant (c.1253delA, p.Y418{5X459) was found at exon
9C of TBXI for DGS/VCFS (Fig. 3). Of the remaining eight
variants, two variants were also detected in disease-related genes:
p-G204R in HDACY for brachydactyly-mental retardation syn-
drome [15], and p.276del in CCNDI constituting a susceptibility
factor for colorectal cancer and a modifier for von Hippel-Lindau
disease [16,17]. Exome sequencing also detected two heterozygous
missense variants that were specific to group 1 (Table S1).

When all variants were included, exome sequencing revealed:
(1) 83 non-synonymous and 86 synonymous variants that were
present in groups 1+2 and absent from group 3 (Table S2); (2) 54
non-synonymous and 48 synonymous variants that were present in
group 1 and absent from groups 2+3 (Table S3); (3) 6,033 non-
synonymous and 6,667 synonymous variants that were present in
groups 142, but not specific to groups 142 (thus, they may be
present in group 3 or absent from group 3); and (4) 7,073 non-
synonymous and 7,861 synonymous variants that were present in
group 1, but not specific to group 1. Furthermore, comparison of
the exome sequencing data between group 1 with hypocalcemia
and group 2 without hypocalcemia revealed 231 non-synonymous
and 254 synonymous variants that were present in group 1 and
absent from group 2 (Table S4), and 246 non-synonymous and
242 synonymous variants that were present in group 2 and absent
from group 1 (Table S5). (The variant data other than those
described in Supplemental Tables may be available on request
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after discussion with the family members and approval by our
IRBs, because they contain a huge amount of individual genetic
information.)

In silico protein functional analysis

The results are summarized in Table S1. The p.G204R in
HDAC4 and the p.E276del in CCNDI were assessed as non-
pathologic, while some variants were evaluated as potentially
pathologic.

Discussion

Exome sequencing successfully identified a heterozygous
frameshift variant on exon 9C of 7BXI/. The c.1253delA
(p-Y418£sX459) appears to be a disease-causing mutation, because
it is predicted that this variant escapes nonsense-mediated mRNA
decay due to its position on the final exon [18] and produces a
truncated protein lacking the nuclear localization signal (NLS) and
most of the transactivation domain (TAD) on exon 9C (Fig. 3)
[19]. In support of this, functional studies for a similar c.1223delC
(p-S408£sX459) mutation on exon 9C have shown that the
truncated p.S408fsX459 protein was incapable of localizing to
nucleus and lost transactivation function [2,5,19]. One may argue
that this ¢.1253delA mutation affects 7BX! isoform C (7BXIC,
TBX1-003) alone, while TBX! produces three transcript variants
containing T-box [2,4] (Fig. 3). However, TBXIC is the major
transcript with the NLS and the TAD in human and is highly
homologous to mouse 7bx/ [4] (Fig. SI).

Craniofacial features in groups 1+2 and hypocalcemia in group
1 are well explained by the 7BX7 mutation [3]. This argues for a
critical role of this mutation in the phenotypic development in
groups 142, while the clinical effects of the remaining variants
identified by exome sequencing are largely unknown. In this
regard, comparison between group 1 with hypocalcemia and
group 2 without hypocalcemia revealed a large number of non-
synonymous and synonymous variants that exclusively belonged to
either group 1 (Table S4) or group 2 (T'able S5), although the lists
did not contain a c¢.2968A>G (p.R990G) SNP in CASR (calcium
sensing receptor) that has a gain-of-function effect and appears to
raise the susceptibility to hypocalcemia (Fig. S2) [20]. Thus, it is
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Table 1. Clinical findings of the family members.

TBX1 Mutation

TBX1 mutation (+}

7B8X1 mutation (=) 7BX7 mutation (N.E.)

individwal w2 W

1 W 3 e w2
Present age (year) 51 26 59 22 50 49 25
Craniofacial features + + - - - - - —~
H){perﬁélorism . + St - - ~ - -
Blepharophimosis + + - - - — - -
Low set ears + + - - L “ -
Auricular anomalies + - - - - - - - - - -
: Narfow nose + - = = = =
Cleft palate - - - - - -
 Micrognathia + = Z z o =
Velophéryngeal incompetence +9 + + + + - - - - - -
Hypopar'a';hyrqidism' " S g e - 5 = = =
Age at examination (year) 44 17 8 4 0 (1 day) N.E 15 0 (6 days) N.E. 18
 Serum calcium (mg/dl)* 76 %0 60 91 s9 .. 90 98 .. s
Serum i-phosphate (mg/dL)? 3.9° 49 91 50 N.E. 4.8 6.3 4.6
_ SerumintactPTH (pg/d)’ ~ 31°  NE. 15 NE 19 NE. 34 L NE
Cardiovascular anomalies® - - - - - - - - - — -
Hypoplastic thymus® - NE. NE O NEUNE L NE . NE NE  NE  NE  NE
Susceptible to infection - - -f - - - - - - — —
bevélobrﬁenta! retardation + + +'g + +9 - - - - - —
CSemomeumideatess . L . = s = - : : : - - -
Graves' disease - - + - - - - - - - -

Individuals correspond to those shown in Fig. 1.
intact PTH, 10-65 pg/dL in infants and 14-55 pg/dL in aduits.

‘Examined by computed tomography.
dReceived velopharyngeal closure.
°On treatment with vitamin D.
"Repeated otitis media only.
9Received speech therapy.

"Required hearing aids.

1284% [normal range <1.9%].
doi:10.1371/journal.pone.0091598.t001

likely that, together with environmental factors, the combination
of hitherto unknown calcium metabolism-related functional
variants would underlie different serum calcium values between
groups 1 and 2.

In addition to craniofacial features with and without hypocal-
cemia, 7BXI mutation positive subject II-2 had sensorineural
deafness, and III-5 had Graves’ disease. Since such features are
occasionally manifested by patients with 22q11.2DS [21,22], the
results may suggest the relevance of 7BXI/ to such rather
infrequent features in 22q11.2DS.

The five 7BX] mutation positive subjects in groups 1+2 lacked
cardiovascular lesion and manifested borderline to mild develop-
mental retardation (while they had no susceptibility to infection,
assessment of thymic hypoplasia remained fragmentary). By
contrast, cardiovascular lesion is frequently observed and devel-
opmental retardation is rare in previously reported patients with

PLOS ONE | www.plosone.org

i-phosphate: inorganic phosphate; SD: standard deviation; F: female; M: male; and N.E.: not examined.
?Reference values: calcium, 9.0-11.0 mg/dL in infants and 8.8-10.2 mg/dL in adults; inorganic phosphate, 4.8-7.5 mg/dL in infants and 2.5-4.5 mg/dL in adults, and

Conversion factor to the Sl unit; 0.25 for calcium (mmol/L), 0.32 for inorganic phosphate (mmol/L), and 0.106 for intact PTH (pmol/L).
bExamined by echocardiography, chest roentgenography, and/or electrocardiography.

iAt the time of diagnosis (11 years of age), serum TSH was <0.01 mlU/L, free T3 33.1 pg/mL [51.0 pmol/L], free T, 5.11 ng/dL [65.8 nmol/L], and TSH receptor antibody

TBXI1 mutations, although clinical features are fairly variable
among mutation positive patients (Table 2). Such difference would
more or less be ascribed to an examination bias that TBXJ has
been analyzed in patients with isolated cardiovascular lesion in
several studies [4,6,7] or to the functional difference of the mutant
proteins [2,5-8]. However, in seven patients who have been
examined for DGS/VCFS-like clinical features and found to have
frameshift mutations on exon 9C (p.S408{5X459, p.H425{5X613,
and p.S4311sX608) affecting the NLS and the TAD, cardiovas-
cular lesion was present in four patients and developmental delay
was absent or not described, despite apparent similarity in the
ascertamment of patients and the function of mutant proteins
between the seven patients and the five affected subjects in this
family (Table 2) [2-5].

Thus, there may be protective factor(s) for cardiovascular lesion
and susceptibility factor(s) for developmental delay in groups 1+2.
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Figure 2. FISH and array CGH analyses in the proband (lil-5). A.
FISH analysis. Two signals are shown for both HIRA at 22g11.2 (red
signals indicated by arrows) and ARSA at 22q13 (green signals indicated
by arrowheads). B. Array CGH analysis. No copy number change is
found for chromosome 10 carrying the second DiGeorge region and
chromosome 22 harboring the DGS/VCFS critical region, as well as other
chromosomes (not shown). Black, red, and green dots denote signals
indicative of the normal, the increased (>+0.5), and the decreased
(<—0.8) copy numbers, respectively. Although several red and green
signals are seen, there is no portion associated with =3 consecutive red
or green signals.

doi:10.1371/journal.pone.0091598.g002

In this regard, a simple explanation would be that protective
factor(s) for cardiovascular lesion are present in groups 1+2 and
may be present in group 3 or absent from group 3, whereas
susceptibility factor(s) for developmental delay is present in groups
1+2 and absent from group 3. Since 6,033 non-synonymous and
6,667 synonymous variants were found to be present in groups

A c.1253delA (p.Y418fsX450)
E3 E4 ES5 EB E7 E8

Genome &

B C

E9A_E9B E10
[ HIH_]

TBX1 Mutation

142 but not specific to groups 142, and 83 non-synonymous and
86 synonymous variants were revealed to be present in groups 142
and absent from group 3, a certain fraction of functional variants
may constitute protective factor(s) for cardiovascular lesion and
susceptibility factor(s) for developmental delay. In addition, while
p.G204R on HDAC# for brachydactyly-mental retardation syn-
drome was assessed as non-pathologic by # silico analysis, it may
have played a certain role in the occurrence of developmental
delay in groups 1+2. Actually, such protective and susceptibility
factor(s) would be more complex, with the effects of functional
variants unique to each patient as well as the influences of
environmental factors. Furthermore, it remains possible that the
c.1253delA (p.Y418{sX459) mutation found in this study may be
related to a specific phenotype characterized by the presence of
craniofacial features and developmental delay and by the absence
of cardiovascular lesion, because of a hitherto unrevealed
mechanism(s). This matter awaits further studies.

Besides the clinical findings, several matters are also notable in
the nine apparently pathologic 7BX] mutations identified to date
(Table 2). First, the mutations reside on exons 3-8 common to
isoforms A-C or on exon 9C specific to isoform C, with no
mutation on exons 9A and 9B specific to isoforms A and B. This
would be consistent with TBX/C having the primary biological
function. Second, while most mutations have loss-of-function
effects, gain-of-function effects have been suggested for p.F148Y,
p-H194Q), and p.310S by in vitro studies [8]. Thus, TBXI loss-of-
function mutations and gain-of-function mutations may result in
overlapping clinical features. Lastly, the c.1274_1281delAC-
TATCTC (p.H425fsX613) missing the NLS on exon 9C was
shared by a patient with DGS-like phenotype and the apparently
normal mother, and the c.129_185del57 (p.43-61dell9) with
reduced transcriptional activity was common to a patient with
non-syndromic tetralogy of Fallot and the apparently normal
mother. This would imply the reduced penetrance of phenotypes
caused by these mutations.

In summary, we identified a 7BX/ mutation by exome
sequencing in a family with chromosome 22q11.2 deletion-like

Transcripts Direct
TBX1B é001) sequence
(E9B & E10)
TBX1A (002) Subcloned K .
(E9A) normal i
allele il
TEBQXCMZ (003) COTACAARTATCOCGGLTGT
¢ ) Subcloned B :
mutant I ,f i
allele A

COUTACAARTCOCGGCLGUT

¢.1253delA (p.Y418fsX459)

Figure 3. 7BX7 mutation identified in this family. A. Genomic structure of TBX7 and the position of the mutation. The color and the white boxes
represent the coding regions and the untranslated regions on exons 1-10 (E1-E10), respectively; the red, the purple, and the orange segments
indicate the coding regions on the final exons 9C, 9A, and 9B (splice variants), respectively. The T-box is indicated by yellow boxes, the nuclear
localization signal (NLA) by a blue segment, and the transactivation domain (TAD) by a green arrow. The ¢.1253delA (p.Y418fsX459) identified in this
family resides on exon 9C. B. Transcripts of TBX1. Three variants are formed by alternative splicing of the final exons 9C, 9A, and 9B. The c.1253delA
(p.Y418fsX459) mutation is predicted to yield a truncated TBX1C protein missing the NLS and most of the TAD. The stippled box of p.Y418fsX459
denotes aberrant amino acid sequence produced by the frameshift mutation. C. Electrochromatograms showing the frameshift mutation by Sanger
sequencing. The primer sequences used are: 5'-GCGGCCAAGAGCCTTCTCT-3" and 5'-GGGTGGTAGCCGTGGCCA-3'.
doi:10.1371/journal.pone.0091598.9003
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Table 2. Summary of patients with TBXT mutations.

TBX1 Mutation

TBX1C only TBX1A-C 22q11.2DS
Position ~ Exon9C Exon9C Exon9C ~ Exon9C ~ Exon9C  Exon3  Exon : -
cDNA change?® 1223 c.1253 c.1274_1281 €1293_1315 ¢.1399_1428 €.129_185 c443T>A  ¢5820>G  ¢928G>A Deletion
e : delA x yyr;itf.l'VB . 7 P s e
Amino acid p.S408 p.Y418 ‘ p.H425 ps431” ‘ p.467_476 p.F148Y p.H194Q §4G3i05
change X459 fX459 [X613 fX608  duplOA e .
NLS (exon 9C) - - - + o + + + +
TAD (exon 9C) =7 " Involved Involved . Involved involved i . + B
Function LOF N.E. N.E. LOF LOF / Reduced GOF™ GOF™ GOF™
Patient number s R B R ey 1 i 2 1 558
Occurrence Familial  Familial  Sporadic® Familial Sporadic Sporadic? Sporadic Familial Sporadic
Facial features® 33 555 4+ 33 o2 - = iy 100%
Nasal voice® 213 5/5 ND. 373 o2 - T 320
:Cayrdiovas,culya'r' 3 OS5 e e - + gt 0/2 o+ 579%
a'nomalies ' '
e A R R N : e
thyroidism® .
Hypoplastc.  12°  oA® &+ ND. /2 = = TNEE e
thymus
Susceptibleto - ND. o5 SND o ND o2 - ND NDL o NDo ?
infection
Developmental ~ 0/3 55 ND  0f3 o2 - S 7o -38%
S A L L
VR‘efe,renc,e,[ o e This study 3,4 : 5 : a6 7 9 s -

cardiovascular anomalies and in those with DGS/VCFS-like phenotype [4].

Dup: duplication.

2According to NM_080647.

bSuggestive of 22q11.2 deletion syndrome.

“Velopharygeal insufficiency.

9Hypocalcemia is included.

“Two of the three subjects have been examined for hypoplastic thymus.
fOne of the five subjects has been examined for hypoplastic thymus.

9These two mutations have been inherited from apparently normal mothers.

JAnother deceased individual in this family also has similar clinical features.
The mutant protein is aggregated in the cytoplasm and the nucleus.

MGain-of-function effects have been found by in vitro studies [8].
doi:10.1371/journal.pone.0091598.t002

phenotype. Application of such powerful methods will serve to
identify a causative gene in genetically heterogeneous disorders.

Supporting Information

Figure S1 Comparison of amino acid sequence of
human TBXIC and mouse Thxl. The T-box is highlighted
in yellow, and the nuclear localization signal in light blue. The
region for transactivation domain is surrounded by squares. The Y
highlighted in red denotes the amino acid residue where the
frameshift mutation in this family has taken place.

(TIF)

Figure S$2 Analysis of ¢.2968A>G SNP (p.R990G,
rs1042636) with a gain-of-function effect in exon 7 of

PLOS ONE | www.plosone.org 6

In addition to the mutations listed in this table, several missense variants and in-frame indels with unknown functions have been found in patients with isolated

NLS: nuclear localization signal; TAD: transactivation domain; LOF: loss-of-function; N.D.: not described; N.E.: not examined; GOF: gain-of-function; Del: deletion; and

_”The €.1293-1315del23 has been described as ¢.1320-1342del23 in the original report [5].
‘Although the natural NLS has been disrupted, a new NLS-compatible motif (RGRRRRCR) has been created on the added amino acid sequence.

“These two mutations have been identified in TBX7 analyses for patients with cardiovascular anomalies only.

CASR. The SNP pattern is not co-segregated with the presence or
absence of hypocalcemia.

(TTF)

Table S1 Summary of heterozygous non-synonymous
variants.

(PDF)

Table S2 A list of variants that are present in groups
142 and absent from group 3.

(PDF)

Table S3 A list of variants that are present in group 1
and absent from groups 2+3.

(PDF)
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Table $4 A list of variants that are present in group 1

and absent from group 2.
(PDF)

Table S5 A list of variants that are present in group 2
and absent from group 1.

(PDF)
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Abstract Acute intermittent porphyria (AIP), variegate
porphyria (VP), and hereditary coproporphyria (HCP) are
caused by mutations in the hydroxymethylbilane synthase
(HMBS), protoporphyrinogen oxidase (PPOX), and cop-
roporphyrinogen oxidase (CPOX) genes, respectively. This
study aimed to identify mutations in seven Bulgarian
families with AIP, six with VP, and one with HCP. A total
of 33 subjects, both symptomatic (n = 21) and asymptom-
atic (n = 12), were included in this study. The identifica-
tion of mutations was performed by direct sequencing of all
the coding exons of the corresponding enzymes in the
probands. The available relatives were screened for the
possible mutations. A total of six different mutations in
HMBS were detected in all seven families with AIP, three
of which were previously described: ¢.76C>T [p.R26C] in
exon 3, ¢.287C>T [p.S96F] in exon 7, and c.445C>T
[p-R149X] in exon 9. The following three novel HMBS
mutations were found: ¢.345-2A>C in intron 7-8, ¢.279-
280insAT in exon 7, and ¢.887delC in exon 15. A total of
three different novel mutations were identified in the PPOX
gene in the VP families: c.441-442delCA in exon S5,
¢.917T>C [p.L306P] in exon 9, and ¢.1252T>C
[p.C418R] in exon 12. A novel nonsense mutation,
¢.364G>T [p.E122X], in exon 1 of the CPOX gene was
identified in the HCP family. This study, which identified
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mutations in Bulgarian families with AHP for the first time,
established seven novel mutation sites. Seven latent carriers
were also diagnosed and, therefore, were able to receive
crucial counseling to prevent attacks.

Abbreviations
AHP Acute hepatic porphyrias
ATP Acute intermittent porphyria

ALA  d-Aminolevulinic acid

CPOX  Coproporphyrinogen oxidase
HCP Hereditary coproporphyria
HMBS Hydroxymethylbilane synthase
PBG Porphobilinogen

PPOX  Protoporphyrinogen oxidase
VP Variegate porphyria
Introduction

Acute intermittent porphyria (AIP) (OMIM 176000), varie-
gate porphyria (VP) (OMIM 176200), and hereditary
coproporphyria (HCP) (OMIM 121300) are autosomal
dominant, low-penetrant inborn errors of the heme biosyn-
thesis pathway that result in the decreased activity of
hydroxymethylbilane synthase (HMBS) (EC 4.3.1.8), pro-
toporphyrinogen oxidase (PPOX) (EC 1.3.3.4), and copro-
porphyrinogen oxidase (CPOX) (EC 1.3.3.3), respectively.
AIP, VP, and HCP present with clinically identical recurrent
neurovisceral attacks. Additionally, erosive bullous cutaneous
lesions and hyperpigmentation on sun-exposed areas are more
common in VP than in HCP (Sassa 2006). The acute attacks
include three major classes of symptoms: gastrointestinal,
neurological, and psychiatric. These symptoms are
represented by severe abdominal pains, motor neuropathy,
depression, and psychosis. The most common factor trigger-
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ing these attacks is the use of numerous porphyrinogenic
drugs. Infections, alcohol, a low-calorie diet, and natural sex
hormones fluctuations in women, related to menstrual cycle
and pregnancy can also provoke attacks (Kappas et al. 1995).

The diagnosis of acute porphyric attack is based on both
clinical manifestations and typical biochemical abnormal-
ities. The main laboratory finding is the dramatic increase
of the porphyrin precursors porphobilinogen (PBG) and &-
aminolevulinic acid (ALA) in urine. The exact distinction
between the three different diseases requires measuring the
urinary and fecal porphyrin excretion patterns, which are
characteristic for each enzymatic defect. A fluorescence
scan of native plasma is also an important diagnostic
criterion, presenting (or not) a characteristic peak for each
entity (Sassa 2006; Hift et al. 2004). Decreased levels of
HMBS activity in AIP, PPOX activity in PV, and CPOX
activity in HCP clarify the diagnosis in the proband and
establish the enzymatic defect in the latent carriers (Meyer
et al. 1972; Deybach et al. 1981). Unfortunately, when
measuring enzymatic activities, results similar to the
reference values may bring in uncertainty in the precise
diagnosis of the latent carriers (Mustajoki 1981). Thus, the
optimal strategy for the detection of these individuals
includes the implementation of molecular genetic methods
(Whatley et al. 2009).

At least 600 different mutations in the HMBS, PPOX,
and CPOX genes have been identified so far (www.hgmd.
cf.ac.uk). Most of these mutations are specific to one or a
few families, although a founder effect has been clearly
demonstrated for both AIP and VP (Thunnel et al. 2006;
Meissner et al. 1996). Most AIP, VP, and HCP carriers are
heterozygotes. Mutations are heterogeneous and are
comprised of single nucleotide substitutions, small inser-
tions and deletions. Recently, large insertions/deletions
have been described in the HMBS, PPOX, and
CPOX genes (Whatley et al. 2009; Barbaro et al. 2013).
In Bulgaria, during a 50-year period as the sole porphyria
service at University Hospital “Saint Ivan Rislki” Sofia,
35 families with AIP, 20 with VP, and 2 with HCP have
been diagnosed, treated, and followed up. However, the
molecular analysis of the patients with AIP, VP, and HCP
has not yet been performed. The aim of this study was
to identify mutations in the HMBS, PPOX, and
CPOX genes in Bulgarian families with acute hepatic
porphyrias.

Materials and Methods
Patients

Seven independent index cases with AIP were included.
The diagnosis was based on clinical symptoms and

_@_ Springer

increased urinary PBG and ALA values. Decreased levels
of HMBS activity in erythrocytes and the absence of a
plasma fluorescence peak at 624627 nm confirmed the
diagnosis of AIP. Six independent index cases with VP
were also studied. The diagnosis of these patients included
the evaluation of the clinical symptoms, a typical plasma
fluorescence peak at 624-627 nm, elevated urinary PBG
and ALA levels during acute attacks and increased stool
porphyrins, with a predominance of protoporphyrin over
coproporphyrin in the cases with cutaneous symptoms. One
patient with HCP was included. The diagnosis was based
on the symptoms that occurred during acute attack,
increased urinary PBG and ALA levels, markedly increased
total porphyrins in the urine, and a plasma fluorescence
peak at 618 nm. Molecular analysis of the HMBS, PPOX,
and CPOX genes confirmed the precise diagnosis. These 14
probands were diagnosed, treated, and followed up in the
Porphyria Unit of “Saint Ivan Rilski” University Hospital
Sofia. The precise places of birth and the pedigree trees of
the patients were determined, with no apparent signs of
consanguinity. Once the diagnosis of AIP was confirmed,
the HMBS activity was evaluated in the available asymp-
tomatic family members. A total of 33 individuals,
including the probands and asymptomatic relatives, from
15 families with AIP, VP, and HCP gave their written
consent to participate in this study, which was approved by
the Ethics Committee.

Methods
Biochemical Measurements

PBG and ALA levels in the urine were measured according
to the method described by Mauzarell and Granick (1956).
Urinary and fecal porphyrins were assessed according to
the method of Rimington (1971). Total fecal total porphyrin
levels were measured according to the method of Lock-
wood et al. (1985). Total porphyrin levels in urine were
evaluated according to our modification and optimization of
the method described by Deacon and Elder (2001). HMBS
activity in the erythrocytes was determined according to the
method described by Adjarov et al. (1994). Plasma
fluorescence scanning was performed on a Perkin-Elmer
fluorescence spectrophotometer MPF 43, with an excitation
wavelength of 398 nm and an emission spectrum from 580
to 700 nm.

Identification of Mutations

Genomic DNA was isolated from peripheral whole blood
samples using the innuPREP Blood DNA Midi kit
(Analytik Jena Life Science, Germany) according to the
manufacturer’s protocol. PCR amplification of exons 1 to
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Table 1 Clinical and biochemical data and mutations detected in the HMBS gene in families with acute intermittent porphyria
Fam Pts  Sex Age/age at  Nucleotide Amino Symptoms HMBS  No. of Urine TF TT
first change acid acute
symptoms change attacks PBG ALA

I P1 F 40/19 c.76C>T p.R26C + 18.7 1 715 95 MC Glu

Fa M 65/44 c.76C>T p.R26C + 20.1 129 122 mf+M -
I P2 F 47/20 €.279-280insAT"  Frameshift + 14.1 153 427 - C + Glu

Sel  F 45/26 ©.279-280insAT®  Frameshift + 10 189 - P Glu

Sc2 F 37/30 ¢279-280insAT*  Frameshift + 14.3 1 304 Inf+M Glu

Mo F 69 c.279-280insAT*  Frameshift — 14 - - - -~ —
I P3 F 44/24 c.887delC* Frameshift + 20.6 1 320 194 MC Hem

Se M 20 Neg - 343 - - - - -
v P4 F 27/22 c445C>T p.R149X + ND 2 955 100 MC Glu

Mo F 50 c445C>T p.R149X + ND - 350 78 MC -

Si F 28 Neg - ND -
v P5 F 59/39 ¢.345-2A>C* Splice + 18.7 1 341 214 Inf+M C+ Glu

acceptor
site

Vi P6 F 43/25 c287C>T p.S96F + 25.1 i 421 45 MC Glu

D F 21 c.287C>T p.S96F — ND - — — - -
Vi P7 F 42/28 c.287C>T p.S96F + ND 1 384 130 MC Glu

D F 15 c.287C>T p.S96F - ND 182

Fam family, Pts patients, P proband number, Fa father, Sc second cousin, Mo mother, So son, Si sister, D daughter, F female, M male, HMBS
hydroxymethylbilane synthase activity in the erythrocytes, normal range: 2545 pkat/gllb, PBG porphobilinogen, normal value: <15 pmol/24 b,
ALA d-aminolevulinic acid, normal range: 11.4-57.2 pmol/24 h, TF triggering factor, /nf infection, M medication, MC menstrual cycle, P
pregnancy, 7T treatment, Glu, 10% glucose i.v. infusion, C cimetidine, Hem Hem-arginate (Normosang), ND not determined

# Novel mutations identified

15 for HMBS, exons 1 to 13 for PPOX, and exons 1 to 7
for CPOX, with corresponding flanking intron—exon
boundaries, was performed; the primers and PCR condi-
tions are available upon request. The PCR products were
automatically sequenced using the BigDye Terminator v3.1
Cycle Sequencing Kit and a 3500xL Genetic Analyzer
(Applied Biosystems, Foster City, USA).

To prove the rarity of the identified novel missense
mutations, the corresponding exons of the HMBS and
PPOX genes were screened in 96 control DNA samples. In
silico prediction of the pathogenicity of these mutations
was determined by the HumVar score using the PolyPhen-
2 tool (http:/genetics.bwh.harvard.edu/pph2/).

Results and Discussion

Detailed clinical, biochemical, and genetic data are pre-
sented in Table 1 for the AIP families and in Table 2 for the
VP and HCP families. In three of our female AIP patients,
the attacks were related to the patient’s menstrual cycle.
Infections and/or medications played a triggering role in
three AIP and four VP cases, as well as in the HCP patient.

Nine subjects with AIP manifested with one or two acute
attacks. Some patients (family I-F, family I-P2 and II-Scl,
family IV-P4 and family V-PS5) suffered chronic symptoms,
including fatigue, lower back pain, paresthesia in the lower
limbs, and depression. The proband P2 had suffered from
two unrecognized acute attacks and had residual paresis at
the time of presentation in our clinic. She also had chronic
neurological symptoms when Cimetidine treatment was
applied. During the 6 months course of Cimetidine
administration, a reduction in porphyrin precursors levels
and clinical improvement was achieved. Family V-P5
suffered from one acute attack following infection and
antibiotic treatment after surgery. She also had chronic
neurological symptoms. Cimetidine was administered after
the acute onset, but over the first weeks the pains worsened
and no biochemical improvement was noticed. Both acute
and cutaneous symptoms were present in four symptomatic
VP patients, and only acute symptoms were present in one
patient and only cutaneous symptoms in four patients. All
VP patients manifested with a single acute attack, and only
family III-So exhibited chronic symptoms similar to those
observed in AIP. The majority of our VP patients presented
with severe photodermatosis alone or accompanying acute
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Table 2 Clinical, biochemical and genetic characteristics of families with variegate porphyria and hereditary coproporphyria

Fam Pts Sex Age/age Gene Nucleotide Amino  Symptoms Plasma Urine Feces
at first change acid scan
symptom change  Acute Skin PBG ALA TPu Uro Cop TPf Uro Cop Proto TF TT
VP PI F 2821 PPOX c.441- Frame- -~ - 626 37 40 4,675 2,340 2,335 - - - - Inf+M Glu
442delCA  shift
D F 11 PPOX c.441- Frame- - - ND - - - - - - - -
442delCA  shift
1-VvP P2 F 3024 PPOX ¢917T>C p.L306P = + 626 383 7,076 - . 2,422° - - - Inf+ M Glu
So M 3 PPOX ¢c917T>C p.L306P - - Neg 2 13 0 — - 0.6 — - - -
HI-VP P3 M 69/39 PPOX ¢917T>C p.L306P — + 626 3 19 1,326 143 1,183 671 84 241 346 Ph
So M 43/30 PPOX ¢917T>C p.L306P -+ + 627 75 223 930 1,753 - - Glu
G M 10 PPOX Neg - - - Neg 3 15 120 - - 138 - - - - -
IV-VP P4 F  80/45 PPOX ¢917T>C p.L306P - + 626 22 16.8 1,340 79 1,261 3,182 890 662 1.630 Ph
D F 58 PPOX ¢917T>C p.L306P - + 626 3.7 30 199* - 1,202¢ - - -
So M 48 PPOX ¢ 917T>C p.L306P - - Neg 5 32 0 - - 142 - - - - -
V-VP P5 F 31725 PPOX ¢.1252T>C p.C418R =+ + 626 505 309 14,326 - - - Inf+M
Si F 3825 PPOX ¢.1252T>C p.C418R =+ + 626 11* 33° 217° - - - - - - Inf
So M 19 PPOX Neg - . Neg 7 29 68 - - — - -
Ni F 16 PPOX ¢.1252T>C p.C418R — - ND - - - - - - — —
Nf M 17 PPOX Neg - - —~ ND - - - - - -
VI-VP P6 M 63/35 PPOX ¢.1252T>C p.C418R — + 626 8 66 626 74 552 268 3 88 177 -
I-HCP P F 22722 CPOX ¢364G>T p.E122X + = 618 53 63 5,100 1,425 4,100 4,960 - - Inf+M Glu

Fam, family, Pts patients, P proband number, Si sister, D daughter, Ni niece, Nf nephew, G grandson, F female,

M male, PBG porphobilinogen, normal value: <15 pmol/24 h, ALA4 §-
aminolevulinic acid, normal range: 11.4-57.2 umol/24 h, TPu total porphyrins in urine, normal values <200 nmol/24 h, Plasma scan plasma fluorescence emission peak in nm, 7Pf total
porphyrins in feces, normal values <150 nmol/g dry weight, Uro uroporphyrin, normal values: <36 nmol/24 h in urine, <1 nmol/g dry weight in feces, Cop coproporphyrins, normal values:
<122 nmol/24 h in urine, <26 nmol/g dry weight in feces, Proto, protoporphyrins, normal value: <80 nmol/g dry weight in feces, TF triggering factor, /nf infection, M medication, 77T treatment,
Glu 10% glucose i.v. infusion, P/ photoprotection, ND not determined, Neg no emission peak on plasma scan
“Mark, values measured after resolution of the acute attack
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onset, with a frequency similar to that reported in South
Africa and Western Europe (Whatley et al. 1999). The
patient with HCP manifested with acute symptoms only.
During onset, all of the patients had markedly increased
levels of PBG and ALA. In all of the investigated AIP
probands, except for one (family VI-P6), the HMBS
activity in the erythrocytes was decreased. In P6, the
HMBS activity was measured during acute onset, when
transitory normal levels could be expected. Heme-arginate
is not available in Bulgaria; therefore, all patients with
acute onset, except for one, were treated with i.v. glucose
infusions (from 200 to 500 g/day according to the severity
of the attack) or Cimetidine until the clinical and biochemi-
cal parameters improved.

A total of six different mutations in HMBS were
detected in all seven families with AIP, three of which
were previously described as single nucleotide substitu-
tions: ¢.76C > T [p.R26C] in exon 3, ¢.287C > T [p.
S96F] in exon 7, and ¢.445C > T [p.R149X] in exon 9; the
other three mutations were newly detected. The novel ones
included a single nucleotide change, a small insertion and a
single nucleotide deletion: ¢.345-2A > C in intron 7-8§,
¢.279-280insAT in exon 7, and c¢.887delC in exon 15.
Overall, there were two missense, one nonsense, one splice-
site, and two frameshift mutations. The alterations identi-
fied in the Bulgarian patients were heterogeneous, as
previously reported in many other populations (Whatley
et al. 2009; Puy et al. 1997).

Three of the substitutions identified in the Bulgarian AIP
patients have been reported in various ethnic populations.
The mutations identified in families I-P1 (p.R26C) and IV-
P4 (p.R149X) were initially identified in Finish patients
(Kauppinen et al. 1995). p.R26C has been subsequently
reported in Slavic (Hrdinka et al. 2006), Spanish (To-
Figueras et al. 2006), French (Puy et al. 1997), Chinese
(Yang et al. 2008), and Venezuelan populations (Paradisi
and Arias 2010). The p.R149X mutation was found to be
one of the relatively prevalent mutations (approximately
5%) in a large cohort of 109 mutation-positive AIP families
(Puy et al. 1997). It has been shown that the R26 and R149
residues are located in the substrate-binding site and are
crucial for enzymatic activity (Llewellyn et al. 1998; Gill
et al. 2009). AIP family IV is of particular interest due to its
gypsy origin. The gypsy people represent the largest
minority in Bulgaria, and the search for the p.R149X
substitution in this population deserves further attention.

In families VI-P6 and VII-P7, an identical p.S96F
missense mutation was found in the HMBS gene; this
mutation was first described by Kaupinnen et al. (2002).
There was no significant difference in the clinical phenotype
of the two probands; both patients presented with a single
acute attack that was triggered by hormonal changes during
their twenties. At present, both patients are symptom-free.

Novel substitutions in the HMBS gene that resulted in
frameshift and splice-site alterations were identified in
families II, III, and V. A small insertion (c.279-280insAT
in exon 7) was identified in the II-P2 proband, resulting in a
frameshift mutation that led to the formation of premature
stop codon after the incorporation of 24 different amino
acid residues, compared to the reference transcript. A small
out-of-frame deletion (c.887delC) was identified in the III-
P3 family, and this mutation led to a premature stop codon
after 3 amino acids, compared to the reference sequence.
The nucleotide change revealed in family V-PS (c.345-
2A>C in intron 7) affected the invariant AG acceptor splice
site and possibly interfered with mRNA processing. At the
same position, a different nucleotide change (c.345-2 A>G)
has been reported in Swedish patients, listed in a table
(Floderus et al. 2002). These three alterations have not been
reported in reference databases (such as dbSNP, HGMD,
1KG, and ESP). To exclude the possibility of the novel
mutations being SNPs, 96 control DNA samples were
screened, and no samples revealed the presence of the novel
mutations of the HMBS gene (c.345-2A>C in intron 7,
¢.279-280insAT in exon 7, and ¢.887delC in exon 15). The
above finding suggests that these mutations are pathogenic.
RNA analysis is needed to prove the pathogenicity of the
¢.345-2A > C change.

After detecting specific mutations in the families, the
available family members (n = 4 symptomatic and n = 5
asymptomatic) were screened for the presence of the
identified mutations (Table 1). All symptomatic relatives
harbored the corresponding family-specific nucleotide
changes. Among the five asymptomatic subjects three were
mutation positive, including family 1I-M, VI-D, and VII-D
subjects. Subject II-M was a postmenopausal female with a
low level of HMBS activity in the erythrocytes and
concomitant diabetes mellitus type II. Even if the diabetes
has been treated, a slightly elevated serum glucose levels
could exert a protective effect against overt disease
(Andersson and Lithner 2001). Subjects VI-D and VII-D,
females presently aged 21 and 15 years, respectively, whose
HMBS activity levels in the erythrocytes were unavailable,
shared identical causative mutations, which facilitated
genetic counseling to prevent acute attacks. The HMBS
levels in the four mutation negative subjects were within
the normal range in two cases and were unavailable in the
other two cases.

A total of three different novel substitutions in the PPOX
gene were found in all six families with VP: c441-
442delCA in exon 5, ¢.917T>C [p.L306P] in exon 9, and
c.1252T>C [p.C418R] in exon 12. In total, two missense
mutations and one small deletion were observed in the VP
families. All of the probands from families I, 11, TII, IV, V,
and VI had positive plasma scan at 626 nm, increased
levels of urinary porphyrins and their precursors PBG and
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ALA. Probands from families II, TII, IV, and VI had
increased fecal porphyrins levels as well. A small out-of-
frame deletion (c.441-442delCA) was found in family I-P1;
this mutation led to a premature stop codon after the
introduction of nine different amino acids. Families [1-P2,
II-P3, and 1V-P4 shared an identical mutation (¢.917T>C)
that resulted in a leucine to proline substitution at position
306 (p.L.306P). The V-P5 and VI-P6 probands harbored an
identical change (c.1252T>C) that led to the replacement
of a cysteine with proline in codon 418 (p.C418R). These
three novel alterations have not been reported in reference
databases (such as dbSNP, HGMD, 1KG, and ESP) and
were not detected in the 96 control DNA samples. Residues
L306 and C418 are located in the highly conserved FAD-
binding domain (Qin et al. 2011), and these alterations most
likely disrupt this interaction. The HumVar scores of 1.00
for p.L306P and 0.921 for p.C418R predicted that these
mutations are most likely damaging. A small deletion
(€.916_917delCT) in codon 306 has been described by
Wiman et al. (2003), while no mutations have been reported
in codon 418 so far. The available family members (n = 3
symptomatic and # = 7 asymptomatic) were screened for
the presence of the corresponding nucleotide changes, and
the details of these individuals are shown in Table 2. The
symptomatic subjects III-So, IV-D, and V-Si harbored the
family-specific nucleotide changes. Family I1I-So had an
acute attack followed by chronic neurological symptoms
and skin involvement and increased levels of PBG, ALA,
total porphyrins in urine and feces. Family IV-D suffered
from cutaneous lesions only. She had a plasma emission
peak at 626 nm, normal PBG and ALA levels due to the
lack of acute symptoms, and increased levels of urinary and
fecal porphyrins. Family V-Si suffered from acute onset and
cutaneous legions, unfortunately PBG and ALA levels
shown in Table 2 were measured after the acute onset and
were within normal range. However, plasma emission peak
at 626 nm and increased total porphyrins in urine were
observed even after the resolution of the attack. Among the
seven asymptomatic subjects, four harbored the specific
alterations, family I-D, II-So, IV-So, and V-Ni. Unfortu-
nately, no biochemical data was available for the adolescent
individuals I-D and V-Ni. Family II-So and IV-So had
normal total porphyrins levels in urine and feces and
urinary PBG and ALA levels. Plasma scan was also
negative in both subjects. These results could be expected
considering the fact that the significance of plasma
emission peak at 626 nm is partly limited in the elderly
asymptomatic carriers (IV-So). It is usually absent in
asymptomatic children (II-So) (Hift et al. 2004). Unfortu-
nately, PPOX activity could not be measured to check the
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cosegregation of the mutation and low enzymatic activity
levels. Further analysis is needed to prove the pathogenicity
of these alterations.

The majority of Bulgarian VP patients can be associated
with 2 endemic regions. One of these regions is populated
with ethnic Bulgarians, who are Muslim. These individuals
reside in remote villages around the mountain town of
Velingrad in the Rhodope mountains. Only 2 families, V
and VI, from this region agreed to take part in this study,
although more patients were invited. Most likely, the
majority of VP patients share the identical p.C418R
mutation due to consanguinity. The ancestors of families
I, 1I, and IV originated from the small remote village of
Buynovtsi, which is situated in the central Balkan moun-
tains. Thus, a possible founder effect can also be anticipated
for the p.L306P change. The endemic aggregation of
families with VP and the distribution of the corresponding
novel missense mutation also emphasize the pathogenic
effect of these novel alterations.

A novel nonsense mutation (c.364G>T [p.E122X]) was
identified in the patient with HCP shortly after her first acute
attack in 2013; the details of this patient can be found in
Table 2. She had increased total porphyrins levels in urine
and feces and urinary PBG and ALA. Plasma scan emission
peak was at 618 nm. Cutaneous involvement was absent.
The p.E122X mutation is located in exon 1 and would lead
to an unstable and inactive CPOX protein, which is likely
removed by proteolytic degradation. The CPOX activity
measurements could not be performed to prove the cose-
gregation of the novel alteration and low enzymatic activity.

This is the first report to describe mutations in Bulgarian
patients with AIP, VP, and HCP. We identified a total of
seven novel mutations in these families. Seven latent gene
carriers were also detected. The identification of the latent
gene carriers can result in the prevention of acute attacks by
avoiding the well-known exogenic triggering factors.
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Take-Home Message
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patients with acute hepatic porphyrias, and a total of seven
novel mutations were identified in this study.
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New BRAF knockin mice provide a pathogenetic
mechanism of developmental defects and a
therapeutic approach in cardio-facio-cutaneous
syndrome
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Cardio-facio-cutaneous (CFC) syndrome is one of the ‘RASopathies’, a group of phenotypically overlapping
syndromes caused by germline mutations that encode components of the RAS—-MAPK pathway. Germline muta-
tions in BRAF cause CFC syndrome, which is characterized by heart defects, distinctive facial features and ecto-
dermal abnormalities. To define the pathogenesis and to develop a potential therapeutic approach in CFC
syndrome, we here generated new knockin mice (here Braf®®*'"/*) expressing the Braf Q241R mutation,
which corresponds to the most frequent mutation in CFC syndrome, Q257R. Braf®?#’""* mice manifested embry-
onic/neonatal lethality, showing liver necrosis, edema and craniofacial abnormalities. Histological analysis
revealed multiple heart defects, including cardiomegaly, enlarged cardiac valves, ventricular noncompaction
and ventricular septal defects. Braf®?*’™* embryos also showed massively distended jugular lymphatic sacs
and subcutaneous lymphatic vessels, demonstrating lymphatic defects in RASopathy knockin mice for the
firsttime. Prenatal treatment with a MEK inhibitor, PD0325901, rescued the embryonic lethality with amelioration
of craniofacial abnormalities and edemain Braf®?*’"’* embryos. Unexpectedly, one surviving pup was obtained
after treatment with a histone 3 demethylase inhibitor, GSK-J4, or NCDM-32b. Combination treatment with
PD0325901 and GSK-J4 further increased the rescue from embryonic lethality, ameliorating enlarged cardiac
valves. These results suggest that our new Braf knockin mice recapitulate major features of RASopathies and
that epigenetic modulation as well as the inhibition of the ERK pathway will be a potential therapeutic strategy
for the treatment of CFC syndrome.

INTRODUCTION sparse, fragile hair, hyperkeratotic skin lesions and a severe

generalized ichthyosis-like condition (1). The cardiac defects
Cardio-facio-cutaneous (CFC) syndrome is an autosomal dom-  observed in CFC syndrome include pulmonary valve stenosis,
inant congenital anomaly syndrome, characterized by a distinct-  hypertrophic cardiomyopathy and atrial septal defects. Increased
ive facial appearance, short stature, congenital heart defects, nuchal translucency/fatal cystic hygroma colli due to lymphatic
intellectual disability and ectodermal abnormalities such as defects is also occasionally observed in affected individuals (2).
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Our group as well as another group has identified germline BRAF
mutations in 50-75% of patients with CFC syndrome (3—6).
Other known CFC-causative genes include KRAS as well as
MAP2K] and MAP2K2 (MEK1 and MEK2, respectively) (3—6),
all located in the same RAS—MAPK pathway that regulates cell
differentiation, proliferation, survival and apoptosis (7). Germline
mutations associated with RAS-MAPK pathway components
cause partially overlapping disorders, including Noonan syn-
drome, Costello syndrome, LEOPARD syndrome, neurofibroma-
tosis type 1 and Legius syndrome (neurofibromatosis type 1-like
syndrome). These syndromes are now collectively termed RASo-
pathies or RAS—MAPK syndromes (8—10).

BRAF is a serine threonine kinase which regulates the RAS—
MAPK signaling pathway. Somatic BRAF mutations have been
identified in 7% of human tumors, including melanoma, papil-
lary thyroid carcinoma, colon cancer and ovarian cancer (11).
The BRAF V600E mutation, located in the catalytic kinase
domain (conserved region (CR) 3 domain), accounts for 90%
of all somatic BRAF mutations. In contrast, BRAF V600E muta-
tion has not been identified in CFC syndrome. Germline BRAF
mutations in CR3 kinase domain, including G464R, G469E
and L597V, were overlapping those in somatic mutations
(4,5,12,13). In contrast, germline mutations in the CR1 domain
have beenrarely identified in somatic cancers. The most frequent
mutations identified in CFC syndrome patients are substitutions
of the residue GIn257 (p.Q257R and p.Q257K) in the CR1
domain, which account for ~40% (13). Previous studies have
shown that the activation of downstream signaling, including
ELK transactivation, is weaker in cells expressing the Q257R
mutation than in those expressing V600E (3).

Braf is ubiquitously expressed in murine organs at mid-
gestation, and high levels of its expression are found in the
brain and testes at adult stage (14,15). Braf knockout mice
have been found to die at mid-gestation from vascular defects
due to enlarged blood vessels and apoptotic death of dif feren-
tiated endothelial cells (16). Heterozygous knockin mice
constitutively expressing V600E mutation have been found
to exhibit embryonic lethality (17). Knockin mice expressing
a hypomorphic BRAF V600E allele have been reported to
show phenotypes partially overlapping those of CFC syn-
drome patients, including small size, craniofacial abnormal-
ities and epileptic seizures (18). However, no mouse model
for CFC syndrome expressing a Braf mutation in the CR1
domain has been generated and no therapeutic approach has
been developed. In the present study, we generated knockin mice
expressing CFC syndrome-associated Braf' Q24 1R mutation, cor-
responding to BRAF Q257R mutation, in order to investigate the
molecular pathogenesis and potential therapeutic possibilities for
CFC syndrome.

RESULTS

Generation of a CFC syndrome mouse model

We have previously reported that the transcriptional activity of
ELK, downstream of ERK, was enhanced by the transient over-
expression of human BRAF Q257R in NIH3T3 cells (3). To
verify whether the expression of mouse Braf Q241R enhances
ELK transcription as BRAF Q257R, reporter assays were per-
formed in NIH3T3 cells. The expression of Braf Q241R and

that of V637E, which corresponds to BRAF V600E, were
~2.7- and 8.4-fold higher than that of Braf WT, respectively
(Fig. 1A). These results suggest that the Braf Q241R mutation
is a gain-of-function mutation, although the activation is
weaker than that observed in Braf V637E.

To investigate the gain-of-function effect of the Braf Q241R
mutation on development, Braf Q241R knockin mice were
generated (Fig. 1B). The targeting vector (Fig. | B) was electro-
porated into ES cells and targeted clones were identified
by Southern blotting (Fig. 1C). Appropriate ES cells were
injected into BALB/c blastocysts and chimeras were obtained
from six independent ES cell clones (hereafter referred to as
Braf@?#® Neotty o induce ubiq}uitous expression of Braf
Q241R in germ cells, the Braf?>*'® M+ mice were crossed
with CAG-Cre transgenic mouse (Braf™ ™ ; Cre) and genotyping
was confirmed by PCR (Supplementary Material, Fig. S1). Fur-
thermore, sequencing was performed to confirm that Cre recom-
bination resulted in Braf Q24 1R expression (Fig. 1D).

To examine if cell signaling pathways, including ERK, JNK,
p38 and PI3K—~ AKT pathways, were altered in Braf@**/ R *: Cre
embryos, western blotting analysis was performed using cell
extracts derived from whole-mouse embryos and brain.
Protein levels of BRAF, CRAF, phosphorylated MEK and
ERK in Braf@?>*'®*; Cre whole embryos were similar to those
of Braf*’*; Cre (Fig. 1E; Supplementary Material, Table S1),
whereas phosphorylated MEK protein levels were higher in
the brain of Braf@>"'®*; Cre embryos (Fig. 1F; Supplementary
Material, Table S2). Unexpectedly, phosphorylated p38 and
AKT gThr308) protein levels were somewhat lower in
Braf??*®*. Cre whole embryos at embryonic day (E) 14.5
(Fig. 1E; Supplementary Material, Table S1). These results
suggest that Braf?**'*'"; Cre embryos at E14.5 show a decrease
of phosphorylated p38 and AKT (Thr308) protein levels.

Germline expression of Braf Q241R results in embryonic/
neonatal lethality

Genotype analysis of embryos from an intercross between
Braf™*: Cre and Braf@®*'® Mo+ mice showed no surviving
Braf?**"®*. Cre littermates at weaning, whereas Braf*t'",
Braf™™"; Cre and Braf@**'® Mo+ littermates survived (Table 1).
A normal Mendelian ratio was observed by E14.5. However, the
survival rate of Braf@**®*+; Cre embryos dropped after E16.5.
AtE16.5, ~9.8% of embryos (4 of 41) were grossly hemorrhagic
and edematous such as nuchal translucency (Fig. 2A, Table 1).
Other Braf@**/**; Cre embryos appeared normal (Fig. 2B) with
no difference in body weight (data not shown). Braf@-*/*"; Cre
embryos, which were delivered by cesarean section at E18.5 and
E19.5, remained pale and without movement or gasped for
breath with cyanotic appearance, resulting in death within a few
hours. A few embryos showed mandibular hypoplasia (2 of 39,
5.1%) and kyphosis (Fig. 2C and D).

Gross observation showed increased heart size in Braf@° /% -+
Cre embryos at E16.5. At E18.5, Braf@’*®*; Cre embryos
revealed severe peripheral liver necrosis (15 of 17, 88%) with
decreased liver size and liver weight (Fig. 2E; Supplementary
Material, Fig. S2). At E16.5, decreased liver weight was
already observed (data not shown), although the gross appear-
ance of the liver appeared normal. To examine if delayed lung
maturation causes neonatal lethality, the histology of lung in

w1y Woly papeojusmo(]

L3
hil

10°s[RUImolpIojxo”

5.

G107 ‘ST ABIA U0 I0JUS)) OA1] WIS [BUOHEN] 1B /



Human Molecular Genetics, 2014, Vol. 23, No. 24 6555

A Braf WT allele ——4 —t
£ - ' | s 6 T 7 s |
£ 10 | Neol  Saci // Sact Neol
© g J e e Aft
2 3 ’ ~ Q241R
& ... i ”
& g i Targeting vector ' #sTor|fpe Ned Q | @’\/
BT g 5 6 | 7 8
3 H
s 41 |
'_% % E 5 pro_b_e i Neo ;?che Q241R 3 E:Obe
€ o Targeted allele R —
& & L (@Q41RNeo) | | s s "L —
,ﬁ% \\é’: Neot Sacl > N, Sact] Ncol Sact Ncol
o’ AN N Affi Affl
\ N
N Cre recombination
A ,
AN | Q241R
A | hY i
Braf Q241R allele ; é i ; ; (loxp
e Short — Long 0FRT

Braf'*; Cre Braf®3'R*: Cre Braf’'*; Cre Braf®4R*; Cre

5 probe Neo probe
Sacl Aflit

ERK1

D F
Braf’*; Cre ERK2
Braft*: Cre  Braf®?41Ri: Crp  P-p38

[ A A T

B-RAE p38
P-ps54
P-MEK p_g‘;e .
SAPKIINK
MEK P-AKT
PERK1 (Serd73)y
BrafQ241Ri+: Crg P-ERK2 PAKT
L . (Thr308)
¢ 7 T YT 1 ¢ cB G666 7T ERK1
Yo ERK2 * AKT
i B-ACTIN B-ACTIN »pee - r-'"

E16.5 brain

E12.5 whole embryos E14.5 whole embryos

Figure 1. Generation of Braf Q24 1R knockin mice. (A) NIH 3T3 cells were transfected with the ELK1-GAL4 vector, the GAL4-luciferase trans-reporter vector,
phRLnull-luc control vector and each mouse Braf expression plasmid, and reporter activities were determined as described in Materials and Methods. Luciferase
activities were normalized with phRLnull-luc activities, containing distinguishable R. reniformis luciferase. Data are the means + SD (n = 4). p.V637E in mouse
Braf corresponds to oncogenic p.V600E in human BRAF. *, P < 0.05, **, P < 0.01 versus WT. WT, wild type. (B) Exons (solid boxes), PGK-Neomycin
(PGK-Neo) cassette (gray box), STOP transcriptional sequences (open box), loxp sites (arrowheads) and Flp recombination target sites (ellipses) are indicated. Cleav-
age sites for diagnostic enzymes (Sacl, Ncol and AfIl) and the probes (5'-, 3'- and Neo probe) used to identify the homologous recombination are indicated. The
PGK-Neo cassette was removed by crossing with CAG-Cre transgenic mice (Braf™ /+. Cre). The arrow indicates the positions of PCR primers used for genotyping
of positive ES cells and mice. p. Q241R in mouse Braf corresponds to p.Q257R in human BRAF. DTA, diphtheria toxin A. (C) Southern blotting of ES cell clones.
Genomic DNA from Braf™* and Braf@?#!R Neo'+ £ cells was digested with Sacl (5’ probe), Neol (3 probe) or Affll (Neo probe) and subjected to Southern blotting
with a 5, 3’ or Neo probe. The 5, 3’ or Neo probe detects the 9.1-kb (Braf WT) and 6.1-kb (Braf2?#/% Neo'*y Sacl fragments, the 15.9 kb (Braf WT) and 9.2 kb
(Braf@?#IR Neolty Neol fragments or the 8.6 kb (Braf@2*!® Meo’+) 4f1Il fragment, respectively. (D) RNA was isolated from the brain of Braf™'™; Cre and Braf2?*®*;
Cre embryos at E18.5, and reverse transcribed into cDNA. Sanger sequencing was carried out using the cDNA. The arrow indicates the Q241R mutation in Braf
exon 7. (E and F) Protein extracts from whole-mouse embryos (E12.5 and E14.5) and brain (E16.5) (n = 4 -5 of each genotype) were subjected to western blotting
with the indicated antibodies. B-Actin is shown as a loading control. The arrowheads indicate the bands corresponding to each protein.
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Table 1. Genotyping of pups resulting from intercross between Braf™ *; Cre and Braf@$ '™ Yo'+ pyice

Age Braf™'* Braf™'*; Cre Braf Q1R Neals Braf ™" Cre n P

E12.5 24 29 23 23 99 0.80
E13.5 5 14 [ 621D 31 0.08
E14.5 19 22(1H 23 gD 75 0.19
E16.5 57 60 55 34(714D 206 0.04
E18.5 16 23 20 0(1714D 59 <0.0001
E19.5 1 16 1t O[] 38 <0.01
Weaning (P21) 56 54 56 0 166 <0.0001
Expected 25% 25% 25% 25%

Deviation from the expected Mendelian ratios was assessed by the x° test. The number of dead embryos is shown in parentheses. The number of edematous embryos is

shown in brackets. P: postnatal day.

Braf@?*®t; Cre embryos was examined at E18.5 and E19.5.
Lungs of the mutant embryos appeared normal and were able to
inflate, but ~11.1% of embryos (1 of 9) showed alveolar hemor-
rhage (Supplementary Material, Fig. S3). Thyroid transcription
factor-1 (TTF-1; lung epithelial cells marker), pro-surfactant pro-
tein C and PAS staining showed similar levels in Braf2?*/R® Neo/t
and Braf@>*"'*; Cre embryos (Supplementary Material, Fig. S4),
suggesting that lung development and maturation are normal.
Gross observation suggests that Braf@**®*; Cre embryos
show embryonic/neonatal lethality, cardiomegaly, liver necrosis,
edema and craniofacial abnormalities.

Braf@** %" Cre embryos display various heart defects

Because Braf2>*®*; Cre embryos showed cardiomegaly and
livernecrosis, possibly due to heart failure (Fig. 2E), detailed histo-
logical analysis of the heart at different embryonic stages was con-
ducted. At E12.5, the hearts of Braf?*?'®"; Cre embryos appeared
normal (Supplementary Material, Fig. S5A), but showed an
enlarged pulmonary valve and a dramatic increase in the density
of trabeculae (hypertrabeculation) at E14.5 (Sup];ylementary
Material, Fig. S5B). At E16.5, 13 of 14 (93%) Bra QIR Cre
embryos (excluding edematous embryos) had various heart
defects (Supplementary Material, Tables S3 and S4). Hypertrophy
of pulmonary, tricuspid and mitral valves was presentin 7, 8 and 9
of 14 embryos, respectively (Fig. 3A; Supplementary Material,
Tables S3 and S4). In particular, hypertrophy in pulmonary
valve leaflets was prominent, plugging the entire space of the pul-
monary valve ring (Fig. 3B). Other heart defects observed in
BrafZ?*"®*; Cre embryos included ventricular septal defect
(VSD) in 2 of 14 embryos (Fig. 3A), abnormal endocardial
cushionin 2 (Fig. 3A), hypertrabeculationin 3 (Fig. 3A), epicardial
blisters in 2 (Fig. 3A and C), a thickened trabecular layer and
thinned compact layer in the left, right or combined myocardium
(noncompaction: one case of cardiomyopathy accompanied
by cardiac hypertrophy) in 4 (Fig. 3D) and hypoplasia of the cor-
onary arteries in 3. The ventricular radius and the thickness of
the pulmonary and tricuspid valves were significantly higher in
Braf?***; Cre embryos, suggesting cardiac enlargement and
thickened pulmonary and tricuspid valves (Fig. 3E). These
results suggest that Braf2?*/®*; Cre embryos develop various
congenital heart defects, which almost certainly contributes to
embryonic lethality.

Braf®**"™*; Cre embryo hearts exhibit enhancement of cell
proliferation, ERK signaling activation and decrease of
phosphorylated p38 and AKT

To examine if heart defects observed in Braf@?*'®'™; Cre
embryos are caused by increased cell proliferation and/or
reduced cell death, cell proliferation was analyzed by phospho-
histone H3 (pHH3) immunostaining and cell death by TUNEL
assay. At E13.5, regarding heart abnormalities in each
embryos, the number of pHH3-positive-stained cells varied.
pHH3-positive-stained cells in the interventricular septum and
myocardium increased in ijQZ‘” R Cre embryos (Fig. 4A
and B). At E16.5, the nucleus of pHH3-positive cells increased
in the interventricular septum in embryos with VSD (Fig. 4C).
Braf?**™*; Cre embryos had more pHH3-positive cells in pul-
monary valves (Fig. 4D). In contrast to cell proliferation, hardly
any cells underg,oing apoptosis were observed in cither Braf™™*;
Cre or Braf@’"®*. Cre at E13.5 and E16.5 (data not shown).
These results suggest that the cell proliferation state depends
on heart abnormalities in each embryo at E16.5 and that the
increased staining for pHH3 in the interventricular septum was
associated with VSD.

To examine if the cardiac signaling pathways were altered in
Braf@**®*. Cre embryos, the activation of kinases was
screened in various signaling pathways using a phospho-kinase
array followed by western blotting of the lysates from hearts of
Braf?**®*; Cre embryos at E16.5 (Fig. 4E and F; Supplemen-
tary Material, Fig. S6). No changes in phosphorylated ERK
protein levels in both the phospho-kinase array and western blot-
ting were observed. In contrast, phosphorylated p38, AKT
(Serd473) and AKT (Thr308) protein levels, which are not
direct targets of BRAF, were relatively lower in Braf@?# %+,
Cre embryos than in Braf™'"; Cre, which was confirmed by
western blotting. To verify the activation of transcription
factors downstream of ERK, the expression of ELK1 and the
PEA3 (polyoma enhancer activator 3) subfamily Ets transcrip-
tion factors were examined by quantitative real-time PCR,
these expressions being known as transcriptional targets of
FGF signaling-mediated activation of ERK in heart and onco-
genic BRAF signaling in melanoma (19,20). At E13.5, E16.5
and E18.5, cardiac mRNA levels of Etv], Etv4 and Etv5, but
not Elkl, were significantly higher in Braf@?*®*; Cre
embryos than those in Braf™™; Cre (Fig. 4G; Supplementary
Material, Fig. S7). Next, we investigated the influence of
genes responsible for hypertrophic cardiomyopathy and
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