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Abstract
BACKGROUND
Type 2 hereditary hemorrhagic telangiectasia (HHT) is a rare autosomal dominant disease and is associated with ALK1 gene mutations. Type 2 HHT patients primarily suffer from recurrent bleeding. There is currently no promising treatment.

CASE SUMMARY
A 56-year-old Chinese patient (III23) was admitted to Zhongshan Hospital for recurrent melena occurring over 2 mo. She had been experiencing epistaxis for years and had been diagnosed with idiopathic pulmonary hypertension 4 mo before presentation. Abdominal computed tomography examination showed hepatic arteriovenous malformation. Gene testing revealed a c.1121G>A mutation on the ALK1 gene. According to the international diagnostic criteria, this patient was diagnosed with HHT. In addition, 8 more family members exhibited HHT symptoms to varying degrees. Gene testing in 5 family members (2 with HHT symptoms and 3 without HHT symptoms) revealed the ALK1 c.1121G>A mutation in the 2 family members with HHT symptoms. This missense mutation results in the substitution of arginine for glutamine at amino acid position 374 (R374Q) in the conserved functional kinase domain of ALK1. Biological studies revealed that this mutation decreased the kinase activity of ALK1 and impeded the phosphorylation of its substrate Smad1. Moreover, the R374Q mutant downregulated the protein level of collagen-1, a fibrogenic factor, indicating abnormal fiber generation during vascular formation.

CONCLUSION
The R374Q mutant of ALK1 and its subsequent influence on fiber generation highly indicated its pathogenic role in this family with type 2 HHT. Detection of this gene mutation will facilitate early diagnosis of suspected type 2 HHT patients, and mechanistic studies will provide insights for future therapy.
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Core Tip: Hereditary hemorrhagic telangiectasia (HHT) is a rare autosomal dominant hereditary disease characterized by varying degrees of bleeding symptoms. The diagnosis of HHT is difficult when relying on bleeding symptoms, while gene testing is robust and reliable for identifying HHT patients. Here, we report a patient with type 2 HHT who was undiagnosed for HHT for years due to varied symptoms involving multiple organs. We found an ALK1 gene mutation in the patient and her family members. We further verified the pathogenic role of this mutation in inducing vascular malformation by basic research studies.

INTRODUCTION
Hereditary hemorrhagic telangiectasia (HHT), a rare autosomal dominant hereditary disorder, is characterized by abnormal bleeding and telangiectasia occurring predominantly in the mucosa of the nose, oral cavity, and the skin of the face and hands[1]. The underlying pathology of HHT patients is due to the lack of normal capillaries that link the artery and vein. Therefore, blood from the arteries flows directly into the veins at high pressure and ruptures the fragile sites in the shallow mucosa or deep visceral organs[2]. The common epistaxis and telangiectasia are easily discovered and treated, while the atypically silent lesions in the lung, liver, stomach, and bowel are often neglected, leading to delayed diagnosis and severe damage[1]. Constant silent bleeding can contribute to severe anemia, and abrupt massive bleeding in major organs can lead to death.
In these circumstances, early diagnosis of HHT is of extreme importance to educate patients about precautions against aberrant bleeding and prevention of detrimental outcomes. Since HHT is a dominant hereditary disease that is primarily caused by aberrant mutation of the ENG gene (type 1 HHT)[3] or the ALK1 gene (type 2 HHT)[4], gene sequencing of ENG and ALK1 is a useful method for HHT diagnosis. However, hundreds of mutations on ENG and ALK1 have been discovered[5], and mutations that are crucial for HHT occurrence have not been fully examined. Therefore, it is imperative to determine the pathogenic mutations that could be used for HHT diagnosis.
In this study, we analyzed a Chinese family with type 2 HHT and discovered a mutation, c.1121G>A (p.R374Q), in ALK1. Biological studies revealed that this mutation decreased the kinase activity of ALK1 and reduced expression of collagen-1, indicating its pathogenic role in dysregulating fiber generation during vascular formation. Hence, our study provided a potential genetic marker for type 2 HHT diagnosis, and the underlying mechanistic exploration provided the foundation of better treatments.

CASE PRESENTATION
Chief complaints
A 56-year-old Chinese female patient (III23) was admitted to Zhongshan Hospital for constant black stools occurring for 2 mo.

History of present illness
The patient had recurrent epistaxis for years and noticed black stool for the prior 2 mo without abdominal pain or other gastrointestinal (GI) symptoms.

History of past illness
The patient also suffered from fatigue and shortness of breath and was diagnosed with idiopathic pulmonary hypertension and right heart failure in a local hospital 4 mo prior to presentation.

Personal and family history
Several individuals in the patient’s family had symptoms of epistaxis and GI bleeding as shown in Figure 1. The patient’s elder brother (III22) experienced GI bleeding. Her son (IV3) experienced only epistaxis. Another 5 members in this family experienced symptoms of epistaxis (II2, II5, III4, III7, and IV1). During the follow-up, a niece (IV1) was found to experience pulmonary hypertension in addition to epistaxis and died 2 years after being diagnosed with pulmonary hypertension.

Physical examination
Physical examination upon admission revealed a body temperature of 37 °C, heart rate of 82 beats/min, respiratory rate of 20 breaths/min, and blood pressure of 100/70 mmHg. The skin examination showed a mild cyanosis. Cardiovascular examination revealed an expanded heart border to the right, and systolic murmur was detected at the tricuspid valve area. The abdomen was bilateral and soft. Percussion pain presented in the liver and spleen area.

Laboratory examinations
A routine blood test identified hypochromic and microcytic erythrocytes with a low level of hemoglobin (58 g/L; normal range: 110-150 g/L). It also revealed abnormalities in total protein (53 g/L; normal range: 61-83 g/L), albumin (33 g/L; normal range: 35-50 g/L), and transglutaminase (63 U/L; normal range: < 47 U/L). Stool occult blood test was positive.

Imaging examinations
Abdominal contrast-enhanced computed tomography (CT) scan showed dilated hepatic arteries (Figure 2A), diffuse parenchymal telangiectasia, and early filling of hepatic veins on the arterial phase (Figure 2B), which suggested a diagnosis of HHT. Barium X-ray examination for the upper GI tract indicated antral gastritis and duodenitis.

Further diagnostic work-up
Since the patient experienced epistaxis and hepatic arteriovenous malformations (AVMs) were revealed on the abdominal CT scan, HHT was highly suspected. HHT is a dominant hereditary disease and is primarily caused by mutations in ENG (type 1 HHT)[3], ALK1 (type 2 HHT)[4], and SMAD4[6]. Therefore, we subsequently performed gene testing in several individuals in this family, including the patient (III23), her elder brother (III22), a sister (III24), her son (IV3), a nephew (IV4), and a niece (IV2).
We amplified the ALK1 gene using the primers as shown in Table 1 and sent the PCR DNA products for Sanger sequencing. The DNA sequencing showed that a missense mutation, c.1121G>A, in exon 8 of ALK1 occurred in the patient (III23), her son (IV3), and elder brother (III22). They all experienced symptoms of HHT, indicating type 2 HHT in this family (Figure 3A and B). This mutation did not occur in the other 3 family members (III24, IV2, and IV4) who did not experience HHT symptoms (Figure 3B). The c.1121G>A mutation contributed to a translational change from arginine to glutamine at amino acid position 374 (R374Q) of the ALK1 protein. These results indicated that the c.1121G>A mutation might contribute to the pathogenesis of type 2 HHT in this family.
To address this question, we performed biochemical studies to investigate the effect of the c.1121G>A mutation on the biological function of ALK1. First, we detected the mutant protein expression in cultured cells. The western blot showed no significant difference in ALK1 protein levels between the wildtype (WT) and R374Q groups (Figure 4A). The immunofluorescence assay also showed that the mutant ALK1 protein could be detected in cells, and it was mainly located at cell membranes similar to the WT ALK1 protein (Figure 4B). These results indicated that the c.1121G>A mutation exerted no influence on protein expression or subcellular distribution.
Previous computer modeling studies demonstrated that the substitution of arginine to glutamine at amino acid position 374 (p.R374Q) could disturb H-bonding schemes of the intracellular kinase domain of ALK1[7]. Therefore, we assumed that the R374Q mutation could affect the kinase activity of ALK1. ALK1 is one of the components of TGF-β receptor that can phosphorylate Smad1 once activated and mediate signal reactions associated with vascular angiogenesis[8]. We detected the phosphorylation level of Smad1 in 293T, HepG2, and Hela cell lines. The results showed that the phosphorylation of Smad1 was significantly reduced in the mutant group compared to the WT group (Figure 5A). To further verify the inhibitory effect of the R374Q mutation on the kinase activity of ALK1, we introduced a Smad1-responsive transcriptional reporter, BRE4-luciferase reporter plasmid, to 293T, HepG2, and Hela cell lines. When transfecting WT ALK1 into those cells, we observed robust gene expression of the BRE4-luciferase. When the R374Q mutant was overexpressed, the expression of the BRE4-luciferase was significantly reduced compared to the WT group (Figure 5B). Hence, the R374Q mutation impeded the kinase activity of ALK1.
Telangiectasis is a pathologic change in HHT that is characterized by abnormal vascular dilation. It may occur when fiber generation in vessel walls is decreased. Previous studies suggested that ALK1/Smad1 played an important role in organ fibrosis such as in the liver and kidney[8]. Hence, we investigated whether the R374Q mutation affected profibrotic activity. The result showed that the R374Q mutant significantly abrogated the protein expression of a fibrogenic factor, collagen-1 (Figure 5C), indicating that the R374Q mutant could inhibit fiber generation during vascular formation.

FINAL DIAGNOSIS
The patient was diagnosed with type 2 HHT according to the Curaçao criteria[9]. In addition, the patient was also diagnosed with pulmonary arterial hypertension, right heart failure, and severe iron anemia.

TREATMENT
Omeprazole and hydrotalcite were administrated to prevent upper GI bleeding. The patient did not experience new active bleeding and was discharged.

OUTCOME AND FOLLOW-UP
The patient constantly experienced melena after discharge. One month later, she went to a local pulmonary hospital because of pulmonary arterial hypertension-associated shortness of breath. She experienced acute vomiting of blood as well as melena while receiving treatment at the pulmonary hospital. Scattered erythematous mucosa was identified in the stomach without typical ulcers (Figure 6). After hemostatic therapy, she was discharged. However, the patient consistently had symptoms of GI bleeding and died of heart failure 1 year later.

DISCUSSION
HHT is an autosomal dominant hereditary disease that occurs in 1 out of 5000 people[10]. However, the real incidence might be higher because many potential HHT patients are not diagnosed due to their varied presentation of symptoms. The HHT-related vascular malformation can occur in any organ, thereby contributing to the diversity of symptoms that vary from superficial skin telangiectasia to epistaxis to deeper organ issues, like pulmonary hypertension, GI bleeding, cerebral bleeding, etc. In addition, patients can have symptoms involving one organ or multiple organs concurrently. Patients with common epistaxis and telangiectasia are easily recognized, while those with atypically silent lesions in the lung, liver, and stomach are often neglected. In this case, the patient who was diagnosed with pulmonary hypertension was not screened for HHT until she presented with more indicative symptoms like GI bleeding.
[bookmark: 30j0zll][bookmark: gjdgxs]The delayed diagnosis can be avoided by utilizing gene testing. HHT is an autosomal dominant hereditary disease[1] that is caused by gene mutations in ENG (type 1 HHT)[3], ALK1 (type 2 HHT)[4], SMAD4 (juvenile polyposis JP-HHT)[11], and BMP9 (HHT5)[12]. Over a thousand mutations have been reported within the ENG and ALK1 genes (http://arup.utah.edu/database/HHT/index.php). However, whether all the reported mutations are involved in causing HHT symptoms is unknown. Therefore, it is crucial to determine the pathogenic mutations of HHT. Identifying the diagnostic HHT pathogenic gene pool is of great value to enable patients with limited symptoms to be diagnosed in a timely manner.
Herein, we identified the mutation c.1121G>A in exon 8 of ALK1 in 3 patients in this family, which supported a diagnosis of type 2 HHT. The mutation, c.1121G>A, contributes to a substitution at amino acid position 374 (R374Q) that is located in the conserved functional kinase domain of ALK1. Typically the active loop (between amino acids 371 and 374) has a conformational change when activated and then facilitates its binding with substrates or ATP[13]. We investigated the influence of the R374Q mutation on ALK1 activity. According to our studies, the R374Q mutation did not affect protein expression or cellular localization, but it decreased the kinase activity of ALK1. It induced a lower gene product in the BRE4 luciferase reporter assay and impeded the phosphorylation of Smad1. Since the Smad1/Smad5 pathway is involved in TGF-β-mediated angiogenesis[8], the decreased level of phosphorylated Smad1 indicates that the R374Q mutant inhibited the kinase activity of ALK1 as well as downstream reactions, leading to abnormal angiogenesis. Moreover, telangiectasia is a pathological manifestation in type 2 HHT. The lack of protective fibers in vessel walls causes the abnormal dilatation. Exploration of the effect of the R374Q mutant on fibrogenesis revealed that the R374Q mutant reduced the protein level of collagen-1, a fibrogenic factor that can enhance fiber generation[14]. Hence, the R374Q mutant played a role in downregulating fibrogenesis and eventually causing vascular malformation.
According to these biomolecular studies, the R374Q mutant of ALK1 played a pathological role in HHT development in this family. The R374Q mutation was also reported in other HHT families[2,7,15-18], further demonstrating its prevalent occurrence and pathological effect in HHT. Intriguingly, most of the HHT patients with the R374Q mutation were reported experiencing hepatic AVMs and GI bleeding, suggesting a possible correlation between genotype to phenotype[2,7,15]. Besides, independent studies in different populations found that hepatic AVMs and GI bleeding were more common in patients with ALK1 mutations[19,20]. In this family, the proband suffered from GI bleeding and hepatic AVMs. Her elder brother experienced GI bleeding, while her son only experienced epistaxis. The diversity of phenotype in the son might be attributed to incomplete penetrance. Given the poor prognosis of the HHT patients carrying the R374Q mutation, this son is most likely to develop hepatic AVMs and GI bleeding when he gets older.
Unfortunately, there is no effective treatment to stop the progression of HHT. The son of the proband can only be educated on precautions against aberrant bleeding and to stop bleeding quickly to prevent detrimental outcomes. To develop novel therapeutic strategies, a transgenic mouse model is recommended to introduce specific mutations to HHT-associated genes, like c.1121G>A on the ALK1 gene, and monitor the phenotype of the HHT-mimic mice. Effective drug treatments that impede HHT progression and improve survival could be developed in this type of animal model.

CONCLUSION
Overall, we discovered a gene mutation c.1121G>A (p.R374Q) in ALK1 in a Chinese family with type 2 HHT. Detection of this mutation may facilitate early diagnosis of HHT, which would enable medical care to be implemented in a timely manner to prevent fatal damage. In addition, the study of the pathogenic mechanism of the R374Q mutant might provide insights for impeding HHT pathogenic progress and developing treatments.
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Figure Legends
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Figure 1 Distribution of hereditary hemorrhagic telangiectasia in this family. The information of I1 and I2 was unknown.
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Figure 2 Computed tomography scan of the abdomen in the patient with hereditary hemorrhagic telangiectasia. A: Dilated and tortuous hepatic arteries (arrow); B: Early enhancement of enlarged hepatic veins (thick arrows), diffuse parenchymal telangiectasia (curved arrows), and an incidentally found liver cyst (thin arrow).
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Figure 3 Identification of ALK1 mutations. A: Mutation of ALK1 in this hereditary hemorrhagic telangiectasia family. 1: Proband (III23); 2: Proband’s son (IV3); 3: Proband’s elder brother (III22). Arrows indicate the mutated nucleotide at position 1121 in exon 8 of ALK1; B: Sequence of exon 8 of ALK1 and the mutation exhibited in this hereditary hemorrhagic telangiectasia family. ALK8E1: Proband (III23); ALK8E2: Proband’s sister (III24); ALK8E3: Proband’s elder brother (III22); ALK8E4: Proband’s nephew (IV4); ALK8E5: Proband’s son (IV3); ALK8E6: Proband’s niece (IV2).
[image: ]
Figure 4 The c.1121G>A mutation does not affect ALK1 gene expression. A: ALK1 protein of the wildtype and the arginine to glutamate substitution at amino acid position 374 (R374Q) groups were detected by immunoblot in HepG2, Hela, and 293T cell lines; B: Immunofluorescence assay was performed to visualize the expression and distribution of ALK1 in Hela and 293T cell lines. WT: Wildtype.
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Figure 5 The arginine to glutamate substitution at amino acid position 374 mutation affects ALK1 kinase activity. A: Influence of ALK1 on Smad1 phosphorylation was investigated by immunoblotting. Protein levels of Smad1 and phosphorylated Smad1 (P-Smad1) were detected in HepG2, Hela, and 293T cell lines; B: Kinase activity of ALK1 was detected in the wildtype (WT) group and the mutant group through the BRE4 reporter luciferase assay (aP < 0.05 and bP < 0.01 vs the wildtype group); C: Protein level of collagen-1 was detected by immunoblotting in HepG2, Hela, and 293T cell lines. R374Q: Arginine to glutamate substitution at amino acid position 374. WT: Wildtype.
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Figure 6 Capsule endoscopy examination showed mucosal erosion in the stomach.

Table 1 Primers of exon 3, exon 7, and exon 8 of the ALK1 gene for polymerase chain reaction
	Gene
	Primer, 5’-3’

	ALK1-exon3-F
	AGCTGGGACCACAGTGGCTGA 

	ALK1-exon3-R
	GAGGGCAGGGGCCAAGAAGAT

	ALK1-exon7-F
	GACGACTCCAGCCTCCCTTAG

	ALK1-exon7-R
	CAAGCTCCGCCCACCTGTGAA

	ALK1-exon8-F
	AGGTTTGGGAGAGGGGCAGGA

	ALK1-exon8-R
	GGCTCCACAGGCTGATTCCCCTT


F: Forward; R: Reverse.
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ALKSE3 (37) GCCTGGCTGTGATGCACTCACAGGGCAGCG
ALKS8E4 (39) (GCCTGGCTGTGATGCACTCACAGGGCAGCG
ALKSES (38) IGCCTGGCTGTGATGCACTCACAGGGCAGCG
ALKSE6 (38) GCCTGGCTGTGATGCACTCACAGGGCAGCGE
Section 3
77) 77 90 100 114

ALK1_FX8 (31) ATTACCTGGACATCGGCAACAACCCGAGAGTGGGCACC
ALKS8E1 (75) ATTACCTGGACATCGGCAACAACCCGAGAGTGGGCACC
ALK8E2 (76) ATTACCTGGACATCGGCAACAACCCGAGAGTGGGCACC
ALK8E3 (75) ATTACCTGGACATCGGCAACAACCCGAGAGTGGGCACC
ALKSE4 (77) ATTACCTGGACATCGGCAACAACCCGAGAGTGGGCACC
ALKSES5 (76) ATTACCTGGACATCGGCAACAACCCGAGAGTGGGCACC
ALKSE6 (76) ATTACCTGGACATCGGCARACAACCCGAGAGTGGGCACC

Section 4

(115) 115 120 130 140 152
ALK1_FX8 (69) ARGCEGTACATGGCACCCGAGGTGCTGGACGAGCAGAT
ALKSE1 (113) AAGCAGTACATGGCACCCGAGGTGCTGGACGAGCAGAT
ALKSE2 (114) AAGCEGTACATGGCACCCGAGGTGCTGGACGAGCAGAT
ALKSE3 (113) AAGC2GTACATGGCACCCGAGGTGCTGGACGAGCAGAT
ALKSE4 (115) AAGCBGTACATGGCACCCGAGGTGCTGGACGAGCAGAT
ALKSES (114) AAGC~GTACATGGCACCCGAGGTGCTGGACGAGCAGAT
ALKSE6 (114) AAGCEGTACATGGCACCCGAGGTGCTGGACGAGCAGAT
Section 5

(153) 153 160 170 180 190
ALK1_FX8(107) CCGCACGGACTGCTTTGAGTCCTACAAGTGGACTGACA
ALKSE1 (151) CCGCACGGACTGCTTTGAGTCCTACAAGTGGACTGACA
ALKBE2 (152) CCGCACGGACTGCTTTGAGTCCTACAAGTGGACTGACA
ALKSE3 (151) CCGCACGGACTGCTTTGAGTCCTACAAGTGGACTGACA
ALKS8E4 (153) CCGCACGGACTGCTTTGAGTCCTACAAGTGGACTGACA
ALKSES (152) CCGCACGGACTGCTTTGAGTCCTACAAGTGGACTGACA
ALKSE6 (152) CCGCACGGACTGCTTTGAGTCCTACAAGTGGACTGACA

DOI: 10.12998/wjcc.v11.i28.6831 Copyright ©The Author(s) 2023.




image4.png
WT R374Q WT WT

Flag-ALKl

GAPDH

HepG 2
Flag-ALK1

Hela-WT

Hela-R374Q

293T-WT

293T-R374Q

DOI: 10.12998/wjcc.v11.i28.6831 Copyright ©The




image5.png
A wT R374Q

P-Smad1 _ —

smadl | N —

CAPDH | — —

HepG 2 2937
0.012 =
B 0.25 > > 0257
Z 2 2
2 020 B~ 0.009 4 B - 016
sz 3 € g €
2% 0154 ] S8 0124
£ £ 5 0,006 £ s
3 b 2z 3¢
2g ood S g3 00
g T =] 0.003 =]
=~ [ 8 []
2~ 0.054 3 b S 0.04
3 [ - g o
o
0.00 0.000 = 0.00 -
& o & «’7\@ N
g &5 g
F E % &
&£ +
C WT  R374Q WT R374Q

Collagen1 - .Z

S —— — -

HepG 2 Hela 293T
DOI: 10.12998/wjcc.v11.i28.6831 Copyright ©The Author(s) 2023.





image6.jpeg
DOI: 10.12998/wjcc.v11.i28.6831 Cop




image7.png
9

JSaishideng®




image8.png




