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1 | INTRODUCTION
Hereditary hemorrhagic telangiectasia, also known as Rendu-
Osler-Weber syndrome, is a rare autosomal dominant genetic
disorder, which affects 1 in 5-8,000 individuals (Faughnan
et al., 2011; Govani & Shovlin, 2009; Lesca et al., 2007,
Shovlin, 2010). Characteristic features of HHT include re-
current epistaxis, the presence of mucocutaneous telangiecta-
sias, arteriovenous malformations (AVMs) in internal organs,
and family history of HHT (Guttmacher, Marchuk, & White,
1995). The clinical diagnosis of HHT is based on the Curacao
criteria (Shovlin et al., 2000), which propose that three or
more of the four characteristic features described above de-
fine a definite diagnosis, where as two of these features sug-
gest a “possible” diagnosis and one or none of these features
indicate unlikely HHT. The penetrance for HHT is age-de-
pendent. Epistaxis is the first and the primary manifestation
in 90%-96% of HHT patients(Guttmacher et al., 1995). Thus,
the diagnosis for children and sporadic patients with recur-
rent epistaxis only is hard to decide.

At least four genes, including Endoglin (ENG, OMIM:
131195)(McAllister et al., 1994) resulting in HHT1 (OMIM:
187300), Activin A Receptor Type II-like 1 (ACVRLI, OMIM:
601284) resulting in HHT2 (OMIM: 600376) (Johnson et al.,
1996), SMAD family member 4(SMAD4, OMIM: 600993)
resulting in HHT syndrome associated with juvenile polyp-
osis (JP-HHT, OMIM: 175050) (Gallione et al., 2006) and
Bone morphogenetic proteins 9(BMPY9, OMIM: 605120)
resulting in a vascular anomaly syndrome (HHT5, OMIM:
615506) (Wooderchak-Donahue et al., 2013), are thought to
be responsible for about 90% HHT patients diagnosed by the
clinical features. The remaining ~10% of HHT patients have
an unidentified genetic cause, which may be resulted from
intronic variants in the known genes or caused by a novel
gene (McDonald et al., 2011; Wooderchak-Donahue et al.,
2018). The aforementioned genes were all part of the trans-
forming growth factor (TGFp) signal pathway and integral to
angiogenesis. Pathogenic variants in any of these genes may
disrupt the balance between pro- and antiangiogenic signals
for normal vascular development, resulting in HHT.

Previous studies have indicated that the disorder was
caused predominantly by variants in either ENG (McAllister
et al., 1994; McDonald et al., 1994; Shovlin et al., 1994) or
ACVRLI (Johnson et al., 1995; Vincent et al., 1995) genes.
More than 500 variants have been reported in the two genes.
Many of the variants were specific for each family, however,
recurrent or founder variant has been reported in some pop-
ulations, suggesting that the variant spectrum for HHT fam-
ilies may vary in different populations. Indeed, it has been
shown that American, North European and Japanese families
have fewer ACVRLI variants than ENG variants (Komiyama,
Ishiguro, Yamada, Morisaki, & Morisaki, 2014; McDonald et
al., 2011). Presently there is only one report in the literature

on the clinical and genetic characteristics of Chinese HHT
patients (Chen et al., 2013). Thus, the aim of our study was to
expand on this database on the variant spectrum of Chinese
patients with HHT, and to assess whether genetic testing
could set the diagnosis for Chinese patients with HHT.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

The study was approved by the Ethics Committee of Beijing
TongRen Hospital and performed in accordance with the
guidelines of the World Medical Association’s Declaration
of Helsinki. Written informed consent was obtained from
all subjects or from next of kin, and carers or guardians of
minors/children.

2.2 | Cohort

A total of 62 individuals, including 36 females and 26 males,
from 31 unrelated families with one or more members suf-
fering from HHT were recruited from the outpatient clinic
of Otolaryngology, Head and Neck Surgery Department at
Beijing TongRen Hospital, who come from the different
provinces in China. All the patients were of Han Chinese ori-
gin and aged between 4 years old to 73 years old; with a mean
age of 42.9 + 15.7 years. Clinical diagnosis of HHT was made
according to the Curacao criteria (Shovlin et al., 2000). A
cohort of 100 individuals without recurrent epistaxis, telangi-
ectasias and the family history of HHT were also recruited as
normal controls. Subjects were excluded if they or their first
degree family members had any inherited vascular diseases.

2.3 | DNA extraction

DNA was extracted from the peripheral blood leukocytes
using the DNA Isolation Kit (Roche, Indianapolis, USA).

2.3.1 | Single nucleotide variants and
indel analysis

The protein coding sequences together with intron/exon
boundaries of the four related genes (ENG, NM_000118.3;
ACVRLI, NM_000020.2; SMAD4, NM_005359.5;
BMP9,NM_016204.2) were amplified using polymerase
chain reaction (PCR) for all DNA samples. The purified PCR
products were directly sequenced using BigDye Terminator
v.3.1 Cycle sequencing Kit (Applied Biosystems, Foster
City, USA) and analyzed on ABI 3,730 DNA Analyzer
(Applied Biosystems, Foster City, USA). PCR and sequenc-
ing primer pairs were designed using online Primer 3.0 soft-
ware (Koressaar & Remm, 2007) (Table S1). The coding
region and the flanking sequences (about 50 bases around the
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coding region) of the four genes were captured. Nucleotide
alterations were identified by sequence alignment with the
NCBI Reference Sequence (Build137). When a novel mis-
sense variant was identified, the paralog and ortholog se-
quences were compared using the CLUSTAL O (1.2.4)
Multiple Sequence Alignment Program (Bayrak-Toydemir,
Mao, Lewin, & McDonald, 2004). The functional impact on
the protein as an amino acid substitution was assessed using
SIFT software (Bayrak-Toydemir et al., 2006).

24 |

Large deletions and duplications in the ACVRLI and ENG
genes of individuals who tested negative via PCR ampli-
fication and sequencing were detected using the SALSA
MLPAKkit (P093-B1 HHT/PPH1, MRC-Holland, the
Netherlands), according to the manufacturer’s instructions.
MLPA peak plots were analyzed using the Coffalyser. Net
software (MRC-Holland) to normalize and calculate the dos-
age ratios. Limit dosage ratios of <0.7 and >1.35 were set for
deletion and duplication, respectively.

Additionally, when a variant likely to be pathogenic was
identified in a proband, the variant was screened in other
family members to assess whether the variant was co-segre-
gated with the patients and normal individuals. Furthermore,
one hundred unrelated normal individuals were analyzed for
each novel variant detected.

Deletion/duplication detection

2.5 | Evaluation of variants

The classification for variants uses the joint consensus rec-
ommendation of the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology.
Variants have been classified as pathogenic, likely patho-
genic, variant of uncertain significance (VUS), likely benign
and benign (Richards et al., 2015). The calculation and anal-
ysis for the probability of observed cosegregation was ac-
cording to the method recommended by Jarvik & Browning
(2016).

3 | RESULTS

Overall, 62 individuals from 31 HHT families were recruited.
Among them, five individuals were sporadic with no family
history of HHT and the other 57 individuals came from 26
families with other affected members (Figure S1).

Table 1 shows the characteristics of all the participants
in the study. Epistaxis was the most frequent clinical feature
in our cohort and all the individuals had the manifestation.
Overall, 32 patients were diagnosed as definite HHT patients
and 11 as possible HHT patients, with the HHT onset age
ranging from 3 to 50 years old. Four subjects were classified
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as “carriers” based on the presence of pathogenic gene vari-
ant and the missing symptoms, which may be explained by
their rather young age (the age were described in Table 1).

A total of 20 variants were identified in 24 of 31 kindred
(sequences shown in Figure S2), with 24 definite HHT cases
from19 kindred, 9 possible HHT individuals from 8 kindred
and 4 carriers from 4 kindred, which were responsible for
77.4% (24/31) of all HHT families. No variant was detected
in 7 families (7/31, 22.6%), including 5 families with 8 defi-
nite HHT patients and 2 families with 2 possible HHT pa-
tients (Table 1).

All the 20 variants were single nucleotide variants (SNVs)
or small indels located in ACVRLI and ENG gene. We didn’t
find any pathogenic variant in the SMAD4 or BMP9 gene. No
gross alteration was found in the MLPA analysis for ACVRLI
and ENG.

A total of 13 variants in ACVRLI gene were detected
from 17 isolated HHT families (17/24 families, 70.8%). The
ACVRLI variant of ¢.200G>A in exon3, the ¢.1120C>T and
¢.1232G>A in exon8 were recurrent in unrelated families.
Overall, variants found in 8/17 (47.1%) of all families with
ACVRL] variants were located in exon§ (including 5 unique
variants) (Figure 1). The distribution of other ACVRLI vari-
ants was illustrated on Figure 1. Similarly, seven variants
in ENG gene were identified in 7 HHT families (7/24 fami-
lies, 29.2%). The distribution of the seven ENG variants was
showed on Figure 1.

A total of eight novel variants, which have not been re-
ported previously, were found in this study. Four of these
were detected in the ENG gene (c.593del, ¢.840del and
¢.1878+7C>T and c.841A>G), and the other four novel vari-
ants were located in the ACVRLI gene (c.576del, c.1207C>G,
and  ¢.552 559delinsTCTGCTCAGGTGCAGTCT  and
c.1042G>A). We further analyzed the pathogenic poten-
tial for the different type of novel variants in the following
section.

Four of the novel variants were out-of-frame indels, which
may be pathogenic as haploinsufficiency of ENG or ACVRLI
was an underlying cause of HHT (Pece-Barbara, Cymerman,
Vera, Marchuk, & Letarte, 1999). These variants have never
been found in public databases (dbSNPs, 1000Genome and
ESP) neither the previous investigations. Patient’s phenotype
is highly specific for HHT. Variant of ¢.552_559delinsTCT-
GCTCAGGTGCAGTCT in ACVRLI was found in a sporadic
individual. In regards to ¢.593del, c.840del in ENG and the
c.576del in ACVRLI, variants testing for the family members
found cosegregation with disease in more than one family mem-
ber. Variant of ¢.593del was found in a four generation family
(family ID: F3, Figure S1). Both the proband and her son, who
were clinically diagnosed as definite HHT, were heterozygous
with the variant. Samples of the other family members were
not obtained. The second out-of-frame variant (c.840del) was
detected in a four generation family with three patients. The



ZHAO ET AL.

Open Access,

Molecular Genetics & Genomic Medicine

MWI LEY—

(senunuo)))
Jrudgojoyped
N 1] / L<DL+8LST PINOXH ONH LHH oK BN  SOA  SeXA cl or S[BIN P 6d 64
/ / / / / [eWION SOK EN ON ON /€y erewed I 64 64
Jrudgojoyed
ApPyr'T / L<DLH8LST? PINOXH ONH LHH EEIN BN  S9A  SeA Ll 187 SR T 6d 6d
LD
drdsoyed 8L+SJ1ISTRTIIId PPO18™ LNOXH ONH LHH SOX SINAVH ~ S9A  SX 81 09 S[eIN 11 84 84
smdgoed 8L+SJISTRTAId PPOY8™ LNOXH ONH  LHH 19!ssod RN BN ON  S9XA ¢ 01 S[eIN [:AT 84 84
druasoyyed 8L:SIRST8TAINd PPO¥8™ LNOXH ONH LHH SOK BN  SOX  SeX € ¢ oeweq [ 84 84
/ / / / [eWION oA EN ON ON /8§ oewd €Il Ld LA
/ / / / [eWION SOK EN ON ON /[ LE elewed P Ld L4
/ / / / [eWION oK EN ON ON /TE SBIN AT Ld Ld
/ / / / [eWION SOK EN ON ON /8§ S[BIN TII L4 Ld
/ / / / [eWION SOK BN ON ON / 0g S[BIN I L4 Ld
/ / / / LHH SOK BN  S9A  SeA €l 7T Qe TAT Ld Ld
/ / / / LHH SOA BN SOX  SeX €l 0§ oeweq THI L4 Ld
/ / / / LHH oA BN  S9X  SeX 9 (9% S[eIN [T L4 LA
/ / / / LHH RN LID S9N SR SC 19  oewsq [0 24 LA
/ / / / [eWION S9K EN ON ON VA 44 SBIN 1194 94
SNA 01d6Li81v d 2<D9EPI™d 0INOXH ['TIADV ~ LHH 21qIssod oA EN ON  S9A oc o S[BIN T 94 94
SINAVd
SOA [BAT8Z3IId D<VI¥8 LNOXH ONH LHH SaX  ‘SINAVH BN  S°A 5 €L S[BIN I'T Sd Sd
SNA / D<OE-9TE YNOUYLNI I'TINDV LHH SOA  SINAVH  SPA  S°A 9¢ Tt S[BIN T vd vd
omgoed  HT.SISIVSGIoId d PPE6S™ SNOXH ONH LHH SOK BN  S9A  SeA 0c 8% S[BIN [T €d €d
omdgoed  HT.SISIV8GIoId d PPE6S™ SNOXH ONH LHH SOA  SINAVH SOX  SeX 81 [ANCI LS | [0 €d €d
/ / / / [eWION S9K BN ON ON / £3 S[eIN [T ¢d o
otuaSoyied ur,L931y-d V<H00¢™ ENOXH [TIADV LHH SOA  SINAVA SRR SA 0T  8S oewdq ' 2d d
osruagored dipry3ry-d L<DIETId SNOXH ['TINDV IoLLIED) oK eN ON ON /  8C SeIN AT 14 T4
oruagored dipr1p3ry-d L<OIETI™ SNOXH ['TIADV ~ LHH 21qIssod oA EN BN SPA Ll O oewog I 14 [}
oruesoyed dipyrysryd L<DIETI™d SNOXH ['TIADV ~ LHH °1q!ssod SOK EN BN  S°A 81 Ly S[BIN A T4
otue3oyed dipyrysyd L<OI€CI™ 8NOXH ['TINDV LHH oK LD ON  S9A Ll 98 S[BIN L 1A 14
uoNeIYISSB[) JFurYd pRL ouruy gueyd uoxy| ELIETS) sisougerq  AI0)smy SIWAV DN Sxe age a3y JIpudn ar ar
APNOo3PNN Aure g Isidyg JasuQ [enpIATpu]  Aruej

synsal mvw\ﬁmﬁﬁ JUBLIEA pue SaInjedj [edrul]) T H19dV.L



Sof10

—WILEY

Molecular Genetics & Genomic Medicine

ZHAO ET AL.

Open Access,

(senunuo)))

/

/
oruagoyied
oruadoyred
oruagoyied
oruadoyred
oruagoyied
/

/

/
oruagoyied
oruagoyred
SOA

SOA

/

/
oasoyieq
oruadoyied
/

SNA

/
oruagoyred
oruagoyied
/
oruadoyied
/

/

Jrudgojoyed
AP

Jrudgojoyjed
APy

uonedYIsse[)

/

/
$9:Sjdargernad
upn,93ry-d
u[o481v°d
u[n[481v-d
101+SHYLRSTIAL d
/

/

/

s&T6Len1D d
s&T6LEn1D d
[eAgopnaTd
usygpedsy-d

/

/

dipyLesry-d
diyy¢3ryd

/

aydggznoTd

/
96x8J31v99 U d
96:8J31v99 U d
/

u[n481v°d

/

/

/

/

aguey pe ouruy

/

/

PPILE™D
V<H00¢™
V<DTeTl™
V<DTeLl™
[PPCLL™D

/

/

/
V<DSEIT™
V<DSEIT™
D<DLOTI™
V<Oo1°
/

/
L<O0CIT™2
L<O0CIT™
/

L<DES8™

/

[9P9617°2
[°9P9612

/
V<DTeTl™
/

/

L<DL+8LST™
L<DL+8LSI™

Jagueyd
9pnodPNN

/

/
SNOXH
ENOXH
SNOXH
8NOXH
INOXH

SNOXH
8NOXH
SNOXH
LNOXH

SNOXH

SNOXH

LNOXH

YNOXd
YNOXHd

SNOXH

PINOXH

PINOXH

uoxy[

/

/
I'TINDV
I'TIADV
['TIADV
I'TIADV
ONA

/

/

/
['TINDV
I'TIADV
I'TINDV
I'TINDV
/

/
['TINDV
['TINDV
/
I'TINDV
/

ONA
ONA

/
['TIADV
/

/

ONH

ONH

E11E15)

[eULION
[ewION
LHH ?21qIssod
1HH
JoLre))
1HH
LHH
LHH
LHH
[eULION
LHH
1HH
LHH
1HH
[eULION
LHH ?21qIssod
IoLLRD)
LHH
[eULION
IHH
[eULION
Jorire))
LHH
1HH
LHH
LHH

[eULION

LHH

LHH ?1qIssod

sisougerq

ON

ON
SOX
SOX
SOX
SOX
SOX
SOX
SO
SOX
SOX
SOX
SOX
SOX
SOX
SOX
SO
SOX
SOX
SOX
SOX
SOX
SOX
SOX
SOX
SOX

ON

SOX
SOX

L10)STY
Aqureq

BN
BN
EN
BN
BN
BN
SINAVH
EN
SINAVH
BN
EN
BN
EN
BN
EN
BN
EN
SINAVH
EN
BN
BN
EN
SINAVd
SINAVH
SINAVH
EN
EN

LID

eN
SIWAV

ON
oN
ON
SOX
ON
SOX
SOX
SOx
SOx
oN
SOX
SOX
SOX
SOX
ON
eN
ON
SOX
oN
SOX
eN
eN
SOX
eN
SOX
SOx
ON

SOX

ON

ON
ON
SOX
SOX
ON
SOX
SOX
SOx
SOX
ON
SOX
SOX
SOX
SOX
ON
SOX
ON
SOX
ON
SOX
ON
ON
SOX
SOX
SOX
SOX
ON

SOX
SOX

SIX®
Isidyg

0C
14!

€l
14!

9%

14!

Sl

8¢
0S

0¢

L1

0¢
01

0C

agde
jIsuUQ

£e
9¢
6S
Sv

Sy
(44
4
€S
[43
0S
8¢
9¢
LS
8!
€€
€
LS
(]
Sy
0S
8¢
€S
LE
€S
0¢
6¢

L9

01
ady

opwed TN Lzd LT
opwed [ Lzd LT
opwed [ Lzd LT

SN T 9zd 92
opwed I Std Std

OB [T Std Std
opwey [ yed  ted
opwey I €ed  €ed
opwed [ ced  ced
orwad AT Tzd 12d
opwed T Ted I2d
opwed I Ted 12d

SN NI 0zd  0cd

BN LI 6Id 61
opwed [ 814 814
opwey I 8Id 81d

SR DIT 914 91d

SR T 914 91d
opweg [ SId ST
ooy LI SId ST
ooy T pId  pId
opwed LI FId  +Id
orwed LI pId b
opwey el €14

ORN DI Cld cld

SN I 114 11d
opweg I 6d 6d
opwR] [ 6d 6d
orwed AT 6d 6d
I9pudn at ar

[enpiAlpuy  Arureq

(panunuo))

I HTdV.L



6of10 WI LEy_Molecular Genetics & Genomic

(Continued)

TABLE 1

Nucleotide
change

Family

Epist

axis

Onset
age

Family Individual

ID

Amino acid change Classification

Exon

history Diagnosis Gene

AVMSs"

MT?

Gender Age

ID

Pathogenic

/

c.360+1G>A

INTRON3
EXONS5

43 13 Yes No Na Yes Possible HHT ENG
45 HHT

Male

F28_1II:1

F28

p.Gly185Leufs*43 Pathogenic

¢.552_559delins
TCTGCTCAG

ACVRLI

GIT No

Yes

Yes

52

Female

Sl

S1

Medicine
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GTGCAGTCT
c.1232G>A
c.1120C>T
c.106T>C

Pathogenic

p-Arg411Gln

EXONS
EXONS
EXON3

ACVRLI

HHT

No

GIT
Na

S2 Female 73 15 Yes Yes
S4 20

S6
S8

S2
S4
S6
S8

Pathogenic
VUS

p-Arg374Trp
p-Cys36Arg

Possible HHT ACVRLI
Possible HHT ACVRLI

Possible HHT

Yes

Yes

63

Female

No
No

Yes Na

Yes

31

Female

/

Yes No PAVMs

14

54

Female

Abbreviations: Na, not available; Yes, the manifestation is present; No, the manifestation is absent; GIT, Gastrointestinal telangiectases; PAVMs, pulmonary arteriovenous malformations; HAVMs, hepatic arteriovenous mal-

formations; Variants in bold red letters are novel.

“Mucocutaneous telangiectasias.

®Arteriovenous malformations.

proband, her father and her son were heterozygous with variant
of ¢.840del (family ID: F8, Figure S1). The proband and her
father were clinically diagnosed as HHT with more than three
features. And the proband’s son, a possible HHT individual,
was confirmed by the genetic testing. The novel ¢.576del was
found in a four generation family (family ID: F27, Figure S1).
In this family, a HHT patient and two normal individuals were
recruited. The HHT patient was heterozygous with the ¢.576del
variant and the two normal individuals were wildtype. And the
genotype for all obtained members in F27 was co-segregated
with the manifestation of the HHT. All the above findings in-
dicated that these novel variants were likely to be pathogenic.

The fifth novel variant (c.1878+7C>T,) was a substitu-
tion in the 3'UTR region of the ENG. It was found in a four
generation family (family ID: F9, Figure S1). In this family,
6 DNA samples from 4 patients and 2 normal individuals
were obtained and tested. All 4 patients were heterozygous
with this variant of c¢.1878+7C>T, and the 2 normal in-
dividuals were wild type for this site. The variant was rare
and not found in the previous reports and the public data-
bases (dbSNPs, 1000Genome and ESP), thus, we assumed
the variant only entered the pedigree once. The probability
of observed cosegregation was calculated. The untyped rel-
ative (I1:2) who must had passed the variant was assumed to
be heterozygous. Considering definitely affected individuals
(11:3, 111:3, [11:5 and IV:3), we observed four meioses, so the af-
fected individuals contributed a factor of (1/2)4 to the value of
probability of observed cosegregation. The normal individual
(II:1) from the family contributes a factor of (1—(1/2)) = 1/2.
Thus, for family F9, the probability of observed cosegregation
was 1/32, which is a strong evidence for the pathogenicity of
¢.18784+7C>T in the ACVRLI (Jarvik & Browning, 2016).

The other three novel missense variants (c.841A>G in
ENG, ¢.1207C>G and ¢.1042G>A in ACVRLI) were absent
in the 100 normal individuals. Variants of ¢.1207C>G and
¢.1042G>A were not found in the public databases (dbSNPs,
1000Genome and ESP) and the previous studies. This vari-
ant of ¢.841A>G was reported in the EXAC (The Exome
Aggregation Consortium) database (Cymerman, Vera,
Karabegovic, Abdalla, & Letarte, 2003). The Minor allele
frequency of this variant was 1.7e-5 in the dbSNPs database.
SIFT was applied to predict whether the missense variants
affect protein function. It was predicted to be “damaging”.
Alignment for amino acid sequences from different species
found that the novel missense variants were located in the
conserved region (Figures S3 and S4).

4 | DISCUSSION

HHT presents clinically as a variety of symptoms includ-
ing recurrent epistaxis, mucocutaneous telangiectasias, and
visceral AVMs in lung, liver, gastrointestinal tract, brain or
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spinal cord. In the present study, most of the patients diag-
nosed as definite HHT patients demonstrated epistaxis, mu-
cocutaneous telangiectasia and family history. Nose bleeds
were observed in all definite individuals, but also the 11 pos-
sible HHT individuals.

Our study has demonstrated that 77.4% of the kindred
(24/31, 24 families including 24 definite HHT cases, 9 pos-
sible HHT cases, 4 carriers) had ACVRLI or ENG variant,
which is in accordance with the findings of previous reports
(Bayrak-Toydemir et al., 2006; Chen et al., 2013; Heimdal
et al., 2016). However, the variant carrier percent in HHT
from the ARUP institute is higher than that of our study, as
the non-coding region variants are screened, which may con-
tribute to about 1% of HHT patients (Wooderchak-Donahue
et al., 2018). What’s more, none variant was found in SMAD4
and BMP9 gene, which may account for about 1%-2% of
HHT patients. In the present study, a likely or clearly patho-
genic variant was detected in 7 possible HHT cases and 4
individuals without any symptoms except for positive family
history, which enabled us to set the diagnosis of HHT for
the recurrent epistaxis patients and find the high risk individ-
uals early. These findings suggest that the Curacao Criteria
should be revised to take into consideration the results of ge-
netic testing, which could confirm the recurrent nose bleeds
and find the high risk individuals early (Torring, Brusgaard,
Ousager, Andersen, & Kjeldsen, 2014).

Previous studies have indicated that there is a consider-
able variation in the ENG/ACVRLI variant ratio in different
populations. While one study in French HHT patients has
demonstrated the ENG/ACVRLI variant ratio range from 0.37
to 0.51 (Lesca et al., 2007), a ENG/ACVRLI variant ratio of
0.72 (13/18) has been found in Canadian patients (Abdalla

Variants found in the HHT families and their sketches on the ENG and ACVRLI genes. The novel variant was shown as orange

et al., 2005), a ratio of 1.22 in American (USA) patients
(Bayrak-Toydemir et al., 2006) and a ratio of 2.0 in Danish
patients (Brusgaard et al., 2004). In the current study, 17 fam-
ilies (17/24, 70.8%) had variants in ACVRLI gene and 7 fam-
ilies (7/24, 29.2%) in the ENG, providing an ENG/ACVRLI
variant ratio of 0.41 (7/17), which is comparable to the find-
ings in the French patients. In comparison, another study of
patients from 14 Chinese families has indicated a ratio is 0.25
(2/8) (Chen et al., 2013). It is possible that the wide vari-
ation noted in the ENG/ACVRLI variant ratios in different
populations may be a consequence of differences in patient
numbers and study methods employed in the different stud-
ies. However despite these differences, the findings from the
two studies of Chinese HHT patients indicate that ACVRLI
variants, which were 2.4—4 times greater than ENG variants,
are the predominant cause of HHT in the Chinese patients.
In ACVRLI, the ¢c.1120C>T (p.Arg374Trp) and
c.1232G>A (p.Arg411GlIn) variants on exon8 were seen
twice and three times in apparently unrelated families. These
two variants have been reported in several families in previ-
ous studies (Abdalla, Cymerman, Johnson, Deber, & Letarte,
2003; Bayrak-Toydemir et al., 2006; Berg et al., 1997;
Harrison et al., 2003; Johnson et al., 1996; Kjeldsen et al.,
2001; Lesca et al., 2004; Trembath et al., 2001), suggesting
that these codons may be the hotspot or founder region of
the ACVRLI gene, which may need further studies in a larger
sample size to proved. In this study, variants in 8/17(47.1%)
families were located in exon8 of ACVRLI gene. Indeed, a
study by Chen and colleagues (Chen et al., 2013) investigat-
ing 14 Chinese HHT families also reported 8 unique ACVRLI
variants, of which 3/8 (37.5%) variants (c. 1121G>A,
¢.1124A>G and ¢.1195T>C) were located in exon8. These
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findings suggest that exon8 of the ACVRLI gene may be a
hotspot region, which may be useful in the effective genetic
testing for HHT. In contrast, seven of the ENG variants were
widely distributed throughout the gene, none of which was
observed in multiple families.

In this study, a total of eight novel variants were found
and the pathogenicity was evaluated. Four of the novel out-
of-frame indels were proved to be pathogenic for HHT. The
variant of ¢.18784+7C>T in ENG was found in a four gen-
eration family. The cosegregation with HHT in this family
was a strong evidence for the pathogenicity of ¢.1878+7C>T.
Besides that, the variant was rare and absent in the public
databases. These results strongly supported that it was to
be “likely pathogenic”, although all variants in the two ter-
minal exons except a large deletion (two exons) were cur-
rently listed as benign or pending classification in ARUP (;
Jarvik & Browning, 2016; Richards et al., 2015). The three
missense variants were absent or rare in the public database.
Multiple lines of computational evidence support a deleteri-
ous effect on the gene. However, the functional study for the
pathogenicity of these variants is required in the future stud-
ies. So, the three missense variants were classified as “variant
of unknown significance (VUS)” according to standards and
guidelines of the American College of Medical Genetics and
Genomics (Richards et al., 2015).

Indeed, a total of 12 variants have ever been reported
in the previous studies, including two out-of-frame indels
(c.496del(; Lesca et al., 2004) and c.772del(Fernandez et al.,
2006; Olivieri et al., 2007)), two assumed splice-site variants
(¢.526-3C>G(Torring et al., 2014) and ¢.360+1G>A(Cymer-
man et al., 2003, 2000; Pece et al., 1997)) and eight missense
variants (c.1231C>T(Abdalla, Geisthoff, et al., 2003; Trembath
et al., 2001; Zhang et al., 2004), ¢.200G>A (Bayrak-Toydemir
et al., 2004; Berg et al., 1997; Olivieri et al., 2007; Schulte et
al., 2005), c.1232G>A(Abdalla, Geisthoff, et al., 2003; Bayrak-
Toydemir et al., 2004; Berg et al., 1997; Johnson et al., 1996),
¢.1120C>T(Abdalla, Cymerman, et al., 2003; Berg et al., 1997;
Kjeldsen et al., 2001), c.1135G>A(Bayrak-Toydemir et al.,
2004; Brusgaard et al., 2004; Lesca et al., 2004), c.1436G>C(-
Bayrak-Toydemir et al., 2006; Lesca et al., 2006), c.853C>T(-
Bayrak-Toydemir et al., 2004; Lesca et al., 2004; J. McDonald
et al.,, 2011) and ¢.106T>C()). The two out-of frame indels
located in ENG have been proved to be pathogenic. Variant
of ¢.360+1G>A located in the invariant splice-site sequence
GU (+1+42) or AG (-1 -2), and expected to cause aberrant
splicing. Five of the eight missense variants (c.1231C>T,
c.200G>A, c.1232G>A, ¢.1120C>T and c.1135G>A) have
been reported to be pathogenic in the previous studies (Bossler,
Richards, George, Godmilow, & Ganguly, 2006). The other
three (c.1436G>C, ¢.853C>T and ¢.106T>C) were found to be
all located in the conserved region aligning with amino acid se-
quences from different species (Figure S3), suggesting potential

pathogenic role in HHT. However, it may need more informa-
tion to support this.

In conclusion, our study has demonstrated that 24 of the
31 (77.4%) kindred carry the variant from ACVRLI or ENG
gene. And no variant to be likely pathogenic in SMAD4 and
BMP9 was found. HHT patients with ACVRLI variants are
2.4-4 times more than those with ENG variants in Chinese.
About 47.1% of the ACVRLI variants are located in exon8,
despite a wide distribution throughout the gene. These find-
ings suggest that exon8 of the ACVRLI gene may be a hotspot
region for HHT in Chinese patients. And ¢.1120C>T (p.Arg-
374Trp) and ¢.1232G>A (p.Arg411Gln) in ACVRLI may be
the commonest variants. Further studies with a larger sam-
ple size and functional analysis for the variants are needed to
confirm this.
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