Pseudo-Bartter Syndrome in Chinese Children with Cystic Fibrosis: Clinical Features and Genotypic Findings
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Abbreviations

BS = Bartter syndrome 
CF = Cystic fibrosis

CF-PBS = Cystic fibrosis-associated pseudo-Bartter syndrome
CFTR = Cystic fibrosis transmembrane conductance regulator

CT = Computed tomography 

FTT = Failure to thrive

PBS = Pseudo-Bartter syndrome

PI = Pancreatic insufficiency

P. aeruginosa = Pseudomonas aeruginosa

Abstract
Objectives: To characterize the clinical and genotypic features of Cystic fibrosis-associated pseudo-Bartter syndrome (CF-PBS) in Chinese children. 

Methods: We recruited and characterized the clinical manifestations of 11 Chinese children with CF-PBS. Sweat test, blood and urinary analysis, sputum culture, chest and sinus computed tomography, abdominal ultrasonography were obtained. Whole-exome sequencing, bioinformatics analysis, and sanger sequencing validation was performed to define the genotypes.
Results: CF-PBS was accompanied by the high frequency of multi-system co-morbidities, as reflected by recurrent and/or persistent pneumonia (100%), pancreatitis (81.8%),vomit and/or diarrhea (63.6%), failure to thrive (FTT) (63.6%) and liver disease (54.5%) among our patients. The predominant organisms found in the airways was Pseudomonas aeruginosa (90.9%) and Staphylococcus aureus (81.8%). The mean concentration of blood gas and electrolytes were: PH 7.58, bicarbonate 40.8 mmol/L, sodium 126.7 mmol/L, chloride 80.0 mmol/L, and potassium 2.7 mmol/L, respectively. A high recurrence rate (54.5%) of PBS was observed despite continued electrolyte supplementation during follow up. 17 different mutations of CFTR gene were identified after sequencing, and 9 of them turned out to be novel observations (c.262_266delTTATA, c.579+2insACAT, c.1210-3C>G, c.1733T>C, c.2236_2246delGAGGCGATACTinsAAAAATC, c.3635delT, c.3859delG, c.3964-7A>G and ΔE23 [c.3718-?_3873+?del]). The c.2909G>A/p.G970D was the most common mutation, with an allele frequency of 18.2%. Interestingly, c.1521_1523delCTT/p.F508del was the first time found with homozygous genotype in patients of Chinese origin. 

Conclusions: In China, CF-PBS always occurs early and repeatedly in infancy, with accompanied by the high frequency of multi-system co-morbidities. Recurring in school-age patients is rare but does exist. The c.2909G>A/p.G970D is the most frequent mutation in Chinese patients with CF-PBS, showing a significant ethnic tendency of Chinese origin.
Introduction
Cystic fibrosis (CF) is the most common life-threatening genetic disorder, with incidences ranging from 1/25000-1/1800 in Caucasians[1, 2]. Nevertheless, the disease was considered to be extremely rare among the Chinese population, and no epidemiologic data on the prevalence is available. Up to now, only approximately 70 CF patients of Chinese origin were reported in literature[3]. The clinical phenotypes and genotypic spectrum are quite different from that observed in Caucasian patients[3, 4]. The final diagnosis is often delayed in China because of lack of disease awareness and newborn screening. 
Pseudo-Bartter syndrome (PBS) as a presenting feature of CF, is characterized by hyponatremic dehydration with hypokalaemic and hypochloremic alkalosis that mimics Bartter syndrome (BS) but without renal tubulopathy. It may occur repeatedly at early stage especially the first year of life[5, 6]. However, in China, CF has rarely been diagnosed in infancy. Therefore, CF-associated PBS (CF-PBS) is frequently underdiagnosis or misdiagnosed as gastroenteritis dehydration or BS. To date, only 3 cases of CF-PBS with Chinese origin have been reported in literature[7]. 

Here, we describe 11 pediatric cases who referred to this hospital over the last ten years. All cases presented PBS as one of the initial manifestations, which followed by an ultimate diagnosis of CF. To our knowledge, the sample size of this study is the largest, compared with the previous publications focusing on CF-PBS in Chinese population.

Method
The study protocol was approved by the Ethics Committees of Beijing Children’s Hospital, China, and informed written consent was obtained from all the parents and the children who were more than 6 years of age. Children referred to the Respiratory Department of Beijing Children’s Hospital from March 2010 to March 2020 were enrolled in the study after meeting the diagnostic criteria of CF-PBS. Demographic information were recorded. Sweat test, blood and urinary analysis, sputum culture, chest and sinus computed tomography (CT), abdominal ultrasonography were obtained. Extraction of genomic DNA, whole-exome sequencing (WES), bioinformatics analysis and sanger sequencing validation were performed according to their standard approach as previously described[8]. Multiplex ligation-dependent probe amplification was applied to detect the large deletions or duplications of CF transmembrane conductance regulator (CFTR) gene.
A diagnosis of CF can be made based on following: clinical features highly suggestive of CF, including sinopulmonary, gastrointestinal, reproductive systems manifestations, as well as evidence of CFTR dysfunction, including elevated sweat test and/or presence of 2 disease-causing mutations (in trans)[2]. PBS is defined as an episode of dehydration with low levels of serum sodium (<134mmol/L), potassium (<3.4mmol/L), and chloride (<100mmol/L), and metabolic alkalosis (bicarbonate>27mmol/L) in the absence of renal tubulopathy[9].
Results
Demographic data

Ultimately, a total of 11 unrelated patients (4 male and 7 female) were recruited into this study. All the 11 patients were of Chinese origin, none of whom had a family history of intermarriage with Caucasians. Only 1 child (Case 1) was the product of consanguineous family, and 2 patients (Case 1 and 11) had a family history of CF. The mean (±SD) ages at PBS onset and at CF diagnosis were 3.8 (±1.6) and 30.4 (±38.8) months, respectively, which suggests a remarkably delayed diagnosis. None of the patients had been previously diagnosed with CF before the first attack of PBS. (Table 1)
Clinical manifestations
The detailed clinical manifestations and laboratory findings of the patients are shown in Table 1 and 2. As shown, CF-PBS was accompanied by either respiratory or digestive co-morbidities, as reflected by recurrent and/or persistent pneumonia (100%), pancreatitis (81.8%), vomit and/or diarrhea (63.6%) and liver disease (54.5%) among our patients. Besides, 8 patients exhibited severe FTT, with a weight far below the third centile. 1 child (case 11) presented with pneumothorax (Figure 1), 1 child (case 7) had underwent colostomy due to congenital megacolon, 2 patients (case 5 and 8) manifested with recurrent steatorrhea and were suspected of having pancreatic insufficiency (PI). In none of the cases, PBS existed alone. The predominant organisms found in the airways was Pseudomonas aeruginosa (P. aeruginosa) (90.9%) and Staphylococcus aureus (81.8%). No result of sputum culture turned out negative. 7 children accepted sweat chloride analysis; the result of whom all showed positive. The mean value was 119.3 mmol/L ranging from 93.0-141.0 mmol/L.
All the 11 cases exhibited various degree of electrolyte losses and dehydration. The mean concentration of blood gas and electrolytes were as follows: PH 7.58, bicarbonate 40.8 mmol/L, sodium 126.7 mmol/L, chloride 80.0 mmol/L, and potassium 2.7 mmol/L, respectively, whereas their blood pressure and urinary electrolytes remain normal. BS was ruled out in all the patients for the reduced urinary chloride excretion.
WES
The CFTR gene mutations identified in all the 11 patients are summarized in Table 3. As a result, 22 mutated alleles (allele frequency: 100%) were detected. The identified mutations included 5 splice site mutation, 4 missense mutations, 4 frameshift mutations, 2 nonsense mutations, 1 in-frame deletion, and 1 copy number variation (CNV). Overall, we identified 17 different mutations after sequencing, and 9 of them turned out to be novel observations (c.262_266delTTATA, c.579+2insACAT, c.1210-3C>G, c.1733T>C, c.2236_2246delGAGGCGATACTinsAAAAATC, c.3635delT, c.3859delG, c.3964-7A>G and ΔE23 [c.3718-?_3873+?del]). The c.2909G>A/p.G970D was the most common mutation, with an allele frequency of 18.2% among our patients (all in heterozygosity). All the 11 couples were proven to be heterozygous carriers with no phenotypic abnormalities. Interestingly, c.1521_1523delCTT/p.F508del was found in one case in a homozygous state. It was the first time of p.F508del observed with homozygous genotype in patients of pure Chinese origin. 

No suspicious mutations were found in genes associated with congenital chloride diarrhea, classic BS and other common renal tubulopathies. 
Treatment and follow-up
The electrolyte and acid-base abnormalities of all the patients were completely resolved after they underwent fluid resuscitation and intravenous either 3% hypotonic saline or normal saline. The mean (±SD) time for biochemistry normalization was 3.8 (±1.5) days. Oral electrolyte supplementation was continued to carry out over months after discharge. During follow-up, 5 cases maintained clinically stable without any biochemical abnormalities. 6 cases required hospital readmission for recurrent episodes of PBS (recurrence rate: 54.5%). The oldest age at the time of PBS attack was 106 months.
Discussion
CF is an inherited autosomal recessive disease which is caused by mutations in the CFTR protein, an anion channel expressed on the epithelial surface where it allows chloride transport across the epithelial cell membrane to maintain salt, fluid, and PH balance in multiple organs[10]. The progression of the disease may result in multi-system dysfunctions, including sinopulmonary disease, meconium ileus, PI and sweat electrolyte abnormalities[11]. In cases of extreme fluid and electrolyte losses, PBS may occur. CF per se is widely considered an extremely rare disease in the Chinese population[3, 4]. In addition, PBS is not a well-known presenting feature of CF according to our conventional medical standards. Therefore, patients with CF-PBS are frequently misdiagnosed and then treated for other diseases. In the present study, none of the patients had been diagnosed with CF-PBS at the onset of symptoms and had been diagnosed with gastroenteritis dehydration or BS. 5 cases were initially followed at the nephrology clinic. Although some of those had already presented with multi-system involvement, even FTT, their symptoms were not alert pediatricians to suspect the possibility of CF when the episodes of PBS occurred. As a result, there was a remarkably delay between the first attack of PBS and the eventual CF diagnosis. To date, only 3 cases of CF-PBS with Chinese origin have been reported in literature[7]. The underdiagnosis of CF-PBS in China may be mainly due to the lack of disease awareness and recognition.
It has been widely accepted that CF-PBS is prone to occur in infants or young children, because they are more susceptible to body fluid loss and infectious diseases[6, 12-14]. Furthermore, the salt content in either breast milk or formula milk is insufficient to compensate the increased electrolyte losses through skin or gastrointestinal tract[5, 13, 14]. Our current results were consistent with previous reports that the first attack of PBS all occurred before the age of one. An interesting finding was that 3 patients still had recurrent episodes after 4 years old, and 2 cases even after 8 years old. CF-PBS occurring beyond the first 4 years of life is rare[12, 15]. It is speculated that the recurrence in school-age patients may be due to the extra exposure to heat, as they spent more time outside compared with over-protected infants. Overall, risk factors for developing PBS in CF patients may include infancy, insufficient salt supply, profuse sweating, and gastrointestinal losses, which result in depletion of extracellular volume and activation of renin-angiotensin-aldosterone system[9]. The secondary hyperaldosteronism would enhance urinary potassium and hydrogen excretion[12, 14, 16, 17]. Meanwhile, the intercurrent diseases, acting as precipitating factors, would aggravate the underlying acid-base and electrolyte imbalance[17]. In this study, PBS was accompanied by the high frequency of either respiratory or digestive morbidity, as reflected by recurrent and/or persistent pneumonia (100%), pancreatitis (81.8%), vomit and/or diarrhea (63.6%), FTT (63.6%) and liver disease (54.5%). In none of the cases, PBS existed alone. Moreover, although all the infant patients were accepted standard CF therapy after the final diagnosis, annual chest CT scan still showed progressively developed bronchiectasis after their 3 years of life, while 4 children already exhibited bronchiectasis with different severity at the first referral (Figure 2). On the contrary, Qiu et al. reported 3 Chinese infant patients without any respiratory or digestive comorbidity at PBS onset and even after 2-3 years’ follow-up[7], which differs from the results of our patients. Conflicting observations between two Chinese studies might be because of the different incidence of early colonization of P. aeruginosa (90.9% vs. 33.3%[7]) and/or the different genotypic backgrounds. It has been postulated that the increased mucus viscosity caused by dehydration make it more susceptible to P. aeruginosa colonization, which may deteriorate pulmonary diseases and predispose to PBS conversely[13]. 
In terms of the genetic finding, we identified 17 different mutations of CFTR gene, including 9 novel observations. Of these, the 4 frameshift mutations (c.262_266delTTATA, c.2236_2246delGAGGCGATACTinsAAAAATC, c.3635delT and c.3859delG) and 1 CNV (ΔE23 [c.3718-?_3873+?del]) are likely to be CF-causing mutations as they would be expected to result in a premature termination codon with no functional CFTR made. However, the pathogenic significance for the remaining 4 mutations (c.579+2insACAT, c.1210-3C>G, c.1733T>C and c.3964-7A>G) is unknown, and further functional elucidation is necessary. The c.2909G>A/p.G970D was the most common mutations, with an allele frequency of 18.2% (4/22) among our patients. Previously, c.2909G>A/p.G970D had been reported in Chinese CF-PBS patients, at a frequency of 33.3% (2/6)[7]. Considering these results together, c.2909G>A/p.G970D is the most frequent mutation that has been identified in Chinese CF-PBS patients, with a frequency of 21.4% (6/28). Of interest, c.2909G>A/p.G970D shows a significant ethnic tendency, because to our knowledge, it was only identified in patients with CF of Chinese origin thus far. By contrast, it has never been detected among Caucasians[18-20]. 
c.1521_1523delCTT/p.F508del is the most frequent CFTR mutation in Caucasians, accounting for approximately 67.9% of mutated alleles in general[21]. However, it is quite rare in Asian populations. p.F508del was observed only once in China (in heterozygosity)[20], and no case has ever been reported in Japan, Korean so far. In the present study, p.F508del was the first time observed with homozygous genotype in patients with CF of pure Chinese origin. Although p.F508del has been reported strongly correlated with PI in CF,[22] the association between p.F508del and PBS remains undefined yet. Only two investigators have reported the frequency of p.F508del in their CF-PBS patients[12]. Yalçin E et al. found p.F508del was the most common mutation with a frequency of 22.4% in Turkey. However, there was no difference in the rate between PBS and non-PBS groups. Fustik et al. reported an extremely high frequency of 88.2% in Macedonia, but they did not compare it with the non-PBS group[16]. Therefore, more future work with a larger sample size are needed to confirm the relationship between CF-PBS and genotypes of CFTR mutations. 
PBS is a potentially lethal complication of CF, which can lead to seizure, hypoventilation, arrhythmias, reduced cardiac output, and even death[12, 23]. It is difficult to lay down rigid guidelines about the dosage and duration of treatment with electrolyte supplements that is required. The purpose of the therapy is to rehydration and maintain a normal electrolyte profile. The salt intake might be increased when experiencing pulmonary exacerbation, gastroenteritis, or excessive activities. Drug withdrawal may only be considered when plasma electrolyte concentrations remained satisfactory without any need for supplements. The risk factors for the recurrence are not well known yet. One of the cases described by Yalçin E et al. experienced eight episodes of PBS despite oral electrolyte supplementation with a relatively high dose[12]. 
Possible limitations of the present study would be that sweat analysis was not performed on all the children since this diagnostic technique was not available in China before 2014. Moreover, earlier patients from our center with suspected CF-PBS were not included due to the lack of the data of both sweat analysis and genetic testing. 
In summary, our study shows that PBS may be the initial manifestation of CF in China, which is always underdiagnosed because of the lack of disease awareness and neonatal screening. It always occurs early and repeatedly in infancy, with accompanied by high frequency of multi-system co-morbidities. Recurring in school-age patients is rare but does exist. The c.2909G>A/p.G970D is the most frequent mutation in CF-PBS, with a significant ethnic tendency of Chinese origin, which are quite different from genotypes that observed in Caucasians. Based on this, we suggest that every patient with metabolic alkalosis and electrolyte disturbance should be evaluated for the possibility of CF in China. With the increase of awareness of this disease and improvement of diagnostic technique, CF-PBS may not as rare as we ever thought.
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