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Abstract

Background: Cystic fibrosis (CF) is an autosomal recessive disorder rarely found
in Asian populations. Most males with CF are infertile because of obstructive
azoospermia (OA) caused by congenital bilateral absence of the vas deferens
(CBAVD). Compound heterozygous mutations of cystic fibrosis transmembrane
conductance regulator (CFTR) are among the most common pathogenic factors
in CBAVD. However, few genealogical analyses have been performed.
Methods: In this study, whole-exome sequencing and cosegregation analy-
sis were performed in a Chinese pedigree involving two siblings with CBAVD.
Moreover, in vitro gene expressions were used to analyze the pathogenicity of a
novel CFTR mutation.

Results: We identified compound heterozygous mutations of CFTR comprising
the known disease-causing variant ¢.1210-11T>G (also known as IVS9-5T) and
c.2144delA;p.q715fs in two siblings with CBAVD. To verify the effects in vitro,
we transfected vectors expressing wild-type and mutated CFTR into 293T cells.
The results showed that the CFTR protein containing the frameshift mutation
(c.2144delA) was 60 kD smaller. With testicular sperm aspiration/intracytoplas-
mic sperm injection-embryo transfer (TESA/ICSI-ET), both CBAVD patients fa-
thered healthy offspring.

Conclusion: Our study revealed that compound heterozygous mutations of
CFTR are involved in CBAVD, expanding the known CFTR gene mutation spec-
trum of CBAVD patients and providing more evidence that compound heterozy-

gous mutations can cause familial CBAVD.
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1 | INTRODUCTION

Cystic fibrosis (CF) is a rare autosomal recessive disease
among Asian populations, with an incidence rate of less
than 1/100,000. However, in Caucasians, the incidence
rate is approximately 1/2500, and the frequency of mu-
tation in the population is approximately 1/25 (Delatycki
et al., 2014; Griesenbach et al., 2015). Clinically, it is very
typical for CF to be characterized by chronic obstructive
pulmonary disease, pancreatic insufficiency, and high
electrolyte concentration in sweat. However, it should be
noted that CF can also present with atypical genital phe-
notypes, such as congenital bilateral absence of the vas
deferens (CBAVD), which is found in 1% to 2% of cases of
male infertility and 6% of cases of obstructive azoosper-
mia among Caucasians (Bombieri et al., 2011). It has
been reported that the incidence of CBAVD among infer-
tility patients in China was 1.15%, similar to the rate in
Caucasians (Yang et al., 2015).

CBAVD is mainly caused by gene mutations, and mu-
tation in the CFTR (OMIM ID: 602421) gene is one of the
most common causes. CFTR is a chloride channel pro-
tein that is widely expressed in the respiratory, digestive,
reproductive, and endocrine systems and sweat glands
to maintain electrolyte homeostasis. Some studies have
shown that when the level of CFTR protein decreases to
approximately 10% of the normal value, bronchiectasis or
pancreatitis might occur, whereas a decrease to a lesser
extent can lead to CBAVD (Claustres, 2005; Timmreck
et al., 2003). CFTR mutations can cause dysfunction of
cell membrane chloride channels, causing the cells to be
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unable to regulate the flow of chloride ions and water mol-
ecules, which can lead to the discharge of sticky secretions
from the reproductive tract, blocking and degrading the
vas deferens and ultimately leading to the development
of CBAVD (de Souza et al., 2018; Gaillard et al., 1997).
Studies have shown that the frequency and hot spots of
mutations in the CFTR gene are significantly higher in
Caucasians than in Asians. Approximately 63% to 83% of
patients in Caucasians carry two different mutations in
the CFTR gene (i.e., exhibit compound heterozygosity)
(Claustres, 2005; Jézéquel et al., 2000; Taulan et al., 2007).
However, few results of CFTR gene screening in CBAVD
patients in China have been reported, and the distribution
of CFTR mutations remains unclear.

Here, we report a Chinese pedigree in which two pa-
tients with CBAVD carried a novel frameshift mutation
(nm_000492: c.2144delA;p.q715fs;Het) from their father
and a splice site mutation (nm_000492: ¢.1210-11T>G;
Het) from their mother (Figure 1). The c.1210-11T>G
mutation is located in the poly(T) sequence at the intron
9 (in HGVS name) splice acceptor site and may result in
reduced splicing efficiency in exon 10 (in HGVS name),
which in turn leads to reduced expression of functional
CFTR protein. This mutation is also known as the 5T mu-
tation (IVS9), and it has been shown to be a mild mutation
with incomplete epistasis that may lead to an increased
risk of CBAVD (Chu et al., 1993; Teng et al., 1997). Our
study confirms that the novel compound heterozygous
mutation identified is associated with CBAVD, expanding
the spectrum of CFTR gene mutations in CBAVD patients
in the Chinese population and explaining its pathogenicity.
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FIGURE 1 Pedigree structure of the CBAVD family. Black squares indicate CBAVD patients. Arrow indicates the proband.
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2 | MATERIALS AND METHODS
2.1 | Editorial policies and ethical

compliance

This study was approved by the Ethics Committee of the
Henan Provincial People's Hospital. All subjects provided
written informed consent for the study, which was con-
ducted in accordance with the Declaration of Helsinki.

2.2 | Study participants

We recruited a Chinese pedigree with two siblings with
CBAVD from Henan Provincial People's Hospital. The
proband was 31years old and infertile for 2years after
marriage. Physical examination found bilateral absence
of the vas deferens, and he was diagnosed with CBAVD
at Henan Provincial People's Hospital (Henan University
People's Hospital) in combination with auxiliary exami-
nations. Written informed consent was obtained from
all participants. This study was approved by the Ethics
Committee of the Henan Provincial People's Hospital.

2.3 | Whole-exome sequencing

Genomic DNA was extracted from blood samples using
the DNeasy Blood & Tissue Kit (Qiagen). IDT xGen Exome
Research Panel V1.0 (Integrated DNA Technologies)
was used for whole-exome sequencing of samples. A
Qubit 2.0 fluorometer (Thermo Fisher Scientific) and
2100 Bioanalyzer high-sensitivity DNA assay (Agilent
Technologies) were used to evaluate and measure the
quantity and quality of sequencing libraries.

Qualified libraries were sequenced on the Illumina
NovaSeq platform (Illumina, San Diego, USA) for 2 x 150-
bp paired-end next-generation sequencing. BWA v0.7.13
was used to compare the FASTQ files with the human
reference genome (hgl9/GRCh37) (Li & Durbin, 2009).
Variants (single-nucleotide variants and indels) were
genotyped from recalibrated BAM files using GATK 4.0
and annotated with ANNOVAR based on data such as
HGVS variant description, population frequency, disease
or phenotype, and variant function prediction (McKenna
et al., 2010; Wang et al., 2010). The American College
of Medical Genetics (ACMG) guidelines classify variant
types as pathogenic, probably pathogenic, variants of un-
known significance (VUS), probably benign, or benign
(Richards et al., 2015). Copy number variants were called
by the DNA copy R package and manually examined
using the Integrative Genomics Viewer after filtering and
classification according to the ACMG guidelines (Brandt
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et al., 2020; Thorvaldsdottir et al., 2013; Venkatraman &
Olshen, 2007).

2.4 | Sanger sequencing

Sanger sequencing was used to confirm mutations and
analyze cosegregation using the following primers: for-
ward 5'-F-TTCCTGCATCCATGGCATCT-3" and reverse
5-GCCAACTCCACCGTCAACAG-3" for c.2144delA,
and forward 5-ATGTCCTCTAGAAACCGTATGC-3'
and reverse 5'-CCAAAAATACCTTCCAGCACTA-3’ for
¢.1210-11T>G.

2.5 | Plasmid construction

RNA was extracted from healthy human blood samples
using the RNAsimple Total RNA Kit (DP419, TTANGEN),
and reverse transcription was performed using First-
Strand cDNA Synthesis SuperMix (AT301, TransGen
Biotech) to synthesize cDNA. The target fragment was
amplified with DNA polymerase (TaKaRa Premix Taq
Version 2.0 plus dye) using the following primers (de-
signed by Primer 5.0 software): 5-ATGCAGAGGTCGCC
TCTGG-3' and 5-CAACCAAAGAAGCAGCCACC-3'.
The amplification products were cloned into the poly-
clonal site of the pEGFP-C1 vector using the restriction
endonucleases BamHI and EcoRI (New England Biolabs).
The wild-type plasmid was then extracted using the
TIANprep Mini Plasmid Kit (DP103, TTANGEN) and sent
to Zhengzhou Sunya Biotechnology Co., Ltd. for Sanger
sequencing verification.

2.6 | Mutant plasmid construction and
identification

Mutant plasmids were constructed using the Mut Express
IT Fast Mutagenesis Kit V2 (C214, Vazyme). Using the
wild-type plasmid as a template, the following primers
were designed and used: 5-CCATTGTGCAAAGACTC
CCTTACAAATGAATGGC-3 and 5-GGAGTCTTTGC
ACAATGGAAAATTTTCGTATAGA-3'. The primer an-
nealing temperature was set at 63°C. The cyclized re-
combinant products were transformed into DH5a cells
(C502, Vazyme), cultured, and identified by PCR. Next,
the positive clones were screened, and the plasmids were
extracted using a TIANprep Mini Plasmid Kit (DP103,
TIANGEN) to obtain the mutant plasmids, which were
sent to Zhengzhou Sunya Biotechnology Co., Ltd. for
Sanger sequencing to verify whether the targeted muta-
tion was successfully constructed.
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2.7 | Cell culture and transient
transfection assays

HEK293T cells frozen in liquid nitrogen were resuscitated
according to the conventional method, DMEM culture
medium with a volume fraction of 10% fetal bovine serum
was added, and the cells were incubated in an incubator at
37°C with 5% CO2. Cells were transfected in 6-well plates
when the cell density reached 80%-90% and then trans-
fected using the Lipofectamine 2000 DNA Transfection
Reagent Protocol (Life Technologies) when the cell density
reached 80%-90% again. Lipofectamine 2000 reagent and
plasmids were diluted with OPTI-MEM (Gibco) and then
mixed together. The mixture was incubated for 20 min at
room temperature and then added dropwise to HEK293T
cell culture medium in a 6-well plate, which was shaken
gently before placing it in the incubator. The expression of
green fluorescent protein was observed by inverted fluo-
rescence microscopy after 48 h of transfection.

2.8 | Western blot

After transfection for 48h, cells were washed with PBS
and lysed with RIPA Lysis Buffer (P0013B, Beyotime
Biotechnology) containing protease inhibitors. SDS-PAGE
Sample Loading Buffer 6X (Beyotime Biotechnology) was
added to the cell samples, and proteins were denatured by
boiling at high temperature. After the samples were cooled,
SDS-PAGE protein gel electrophoresis was performed. A
6% SDS-PAGE gel (P0012A, Beyotime Biotechnology) was
prepared, and the extracted protein samples were sepa-
rated by gel electrophoresis, transferred to PVDF mem-
branes, blocked with 10% skimmed milk powder for 2h
at room temperature, washed with TBST, and then incu-
bated overnight at 4°C with GFP primary antibody (50430,
Proteintech) diluted 1:2000. The membrane was washed
with TBST, and horseradish peroxidase (HRP)-labeled
goat anti-rabbit secondary antibody (A0208, Beyotime
Biotechnology) diluted 1:1000 was added and incubated
for 2h at room temperature. Finally, the membrane was
exposed to ultrasensitive ECL reagent (P0018, Beyotime
Biotechnology) for color development, and the protein
bands were imaged by a high-sensitivity chemilumines-
cence ChemiDoc XRS system (Bio-Rad).

3 | RESULTS

3.1 | Clinical characteristics

In the present study, twelve subjects from the family were
enrolled, including two patients with CBAVD (Figure 1)

who did not exhibit typical CF phenotypes. Both were
diagnosed with impalpable scrotal vas deferens by physi-
cal examination and invisible vas deferens by ultrasound.
Sequencing of their peripheral blood samples indicated
the CFTR gene mutation. Based on these findings, they
were diagnosed with the genital form of CF (Anguiano
et al., 1992). The semen examination of the proband (fam-
ily number II-1) showed no sperm on centrifugation, de-
creased volume, and decreased pH, while the liquefaction
time was normal. Testicular sperm aspiration (TESA)
showed sperm in the testis. The chromosomal karyotype
was 46,XY, and the AZF gene was normal. Additionally,
sex hormone examination indicated that the proband
had normal serum follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and testosterone (T) levels.
The results of two sweat tests on the right upper limb
were equivocal; the chloride concentrations were 35 and
31 mmol/L, respectively. Physical examination showed no
signs such as emphysematous chest and clubbed fingers,
except for bilateral absence of vas deferens. He had no
history of any chronic respiratory disease. Chest CT scan
showed no abnormalities; the color Doppler examination
showed that the pancreas, hepar, and bilateral kidneys
were normal, but the bilateral vas deferens and seminal
vesicles were not detected. His younger brother (family
number II-2) had a similar clinical presentation (Table 1),
while his father and elder brother and the offspring within
the pedigree had no CBAVD symptoms. The parents of
this pedigree did not report any consanguinity.

In addition, to develop an assisted reproductive pro-
gram, the two patients' wives also underwent CFTR gene
testing. After excluding the presence of pathogenic CFTR
mutations in the patient's wives, the couples were re-
ferred to the genetic counseling program of other repro-
ductive centers on CF and fully informed of the risks of
treatment; the two couples received TESA/ICSI-ET. The
fertilization rate, available embryo rate, and implantation
rate of the two couples were 90.9%/81.3%, 50.0%/76.9%,
and 100%/50%, respectively (Table 2). The proband and
his wife gave birth to a boy, his younger brother had a girl,
and his older brother naturally fathered a boy and a girl.
Follow-up indicated that all the offspring were healthy, as
of 2022.

3.2 | Mutational analysis

In this study, a novel frameshift mutation (NM_000492:
c.2144delA; p.q715fs; Het) and a known splice site muta-
tion (NM_000492: ¢.1210-11T>G; Het) were identified in
a Chinese pedigree with two CBAVD patients (Figure 2).
The frameshift mutation is not found in ExAC (http://
exac.broadinstitute.org) or 1000 Genomes (http://www.
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TABLE 1 Clinical laboratory evaluation of the two CBAVD patients in the study.

II-1

Age (years) 31

Gender Male

Sperm volume (mL) 0.2

Total sperm count (10°/ ejaculate) 0

Seminal PH 6.5

Karyotype 46, XY

AZF deletion Undetectable

Kidney Bilaterally normal

Testis 37%25%x19mm (right)
38 x24 x20mm (left)

Epididymis caput 12 x 10 mm (right)
11 x 9 mm (left)

Epididymis corpus Absence

Epididymis cauda Absence

Vas deference Absence

Seminal vesicle Absence

FSH (mIU/mL) 4.73

LH (mIU/mL) 2.73

T (ng/mL) 4.58

E2 (pg/mL) 27.72

Sweat chloride (mmol/L) 35and 31

TABLE 2 Clinical outcomes of the two couples following ICSI.

II-1 II-2
Male age (years) 31 27
Female age (years) 28 27
No. of ICSI cycles 1 1
No. of oocytes injected 11 16
Fertilization rate 10/11 (90.9%) 13/16 (81.3%)
Cleavage rate 10/10 (100%) 13/13 (100%)
Available embryo rate 5/10 (50%) 10/13 (76.9%)
Number of embryos 2 2

transferred

Implantation rate 2/2 (100%) 1/2 (50%)
Clinical pregnancy Yes Yes
Live birth Yes Yes

internationalgenome.org) and has not been reported pre-
viously. According to the 2015 ACMG guidelines for the
interpretation of genetic variants, this novel frameshift
variant is considered a pathogenic variant. Cosegregation
analysis confirmed that these two mutations were in trans.
Sanger sequencing was used to validate the family analy-
sis, which confirmed the compound heterozygous CFTR
mutations in the pedigree (Figure 2). Specifically, the

11-2 Normal range
27 -

Male -

1.2 >1.5

0 >39

6.5 7.2-8

46, XY -
Undetectable -
Bilaterally normal -
36x25x 18 mm (right) -
36x25%x 16 mm (left) -

16 x 8 mm (right) -

10x 7mm (left) -
Absence -
Absence -
Absence -
Absence -

10.29 1.5-12.4
5.50 1.7-8.6
5.28 2.49-8.36
27.1-52.2
CF> 60, N <30 Equivocal 31-59

35.94
33 and 37

mother of two siblings with CBAVD was found to carry
a heterozygous mutation of ¢.1210-11T>G in the CFTR
gene, while the father carried a heterozygous mutation of
c.2144delA. Notably, the other two adult males in the ped-
igree who harbored the frameshift mutation (c.2144delA)
had no clinical features of CF or CBAVD.

3.3 | Invitro gene expression

The wild-type plasmid constructed by ligating the target
fragment of the pEGFP-C1 vector with the restriction
endonucleases BamHI and EcoRI was analyzed by DNA
sequencing, and the sequencing results showed that the
wild-type recombinant plasmid (CFTR-W) was success-
fully constructed (Figure 3). Then, the wild-type recom-
binant plasmid was used as a template to construct the
mutant plasmid (CFTR-M). The pEGFP-C1 empty vec-
tor was used as the control group. The three plasmids
(CFTR-W, CFTR-M, and pEGFP-C1) were transfected
into HEK293T cells, and then, green fluorescence was ob-
served under an inverted fluorescence microscope after
48h. The CFTR-W and CFTR-M plasmids showed strong
green fluorescent protein expression in HEK293T cells,
with an infection rate above 90%, while no green fluo-
rescent protein was expressed in pEGFP-C1 vector cells


http://www.internationalgenome.org

60f10 Wl LEy_Molecular Genetics & Genomic Medicine LIET AL.
(a)
H . sapiens CFTR
CFTR HUMAN &
CFTR MOUSE @V
CFTR RAT /v
CFTR MACMU ¥
CFTR SHEEP F
CFTR PIG E
CETR DANRE 8V (c)
NM_000492:c.2144delA; c.1210-11T>G c.2144delA
Q7156 | . . .
(b) TGTGT T TTTTTTA TTGTGC AAAAGACT
c.1210-11T>G c.2144delA T
:‘lia'G'G" 'II\\ 'GC\\D‘\\\R'C
14 /\ MAAAAMMM noter ALY
JM\A\/\/\/\ /\\/\/\ \/\ \A \ \[\A \N\/ ,\
1 N - 5 10 ' Tzcrztlsnc.;.-\.a.ac.-\cr
TGTG G TTTT A A IGC\\\\G\CI TGT GGTTTTTTTA
I-2 /L m-2
VAVAVAVAAVNATATATOY AYATAVAVAYAY! /L/\/ fj“’_\H/\ /\/\N\[\/\ ANNL\ \
y A
210 v 20
TG T TTTTTTTAA OTGC\\\\\\TC
-1 P o AR O PP R TTeToecaiAicacT

M\NW

)
TGTGTGTTTTTTTAA G T

Io-2 7 .
NMANAMANNAAN .[\/\/\

TGTGTGTTTTTTTAA G

/\/\f \/\ MAMA /\ \/\ A/\/v\‘ AAAA

20
GC\\\\\\IC

tﬁcx-\\xxx:c

m-3
AMAWVAMAM AN W aanAl A

140 . 130 210 20
TETGEGT GT TOTETAT TTGTGCAAAAAATC

A M

-4

\‘/\]\ AN '\ \

FIGURE 2 Genetic variations detected in the CBAVD family. Structure of CFTR gene and the novel frameshift mutation in CFTR
protein (a). Validation of both variants of CFTR among family members by Sanger sequencing (b, c).

(Figure 4), suggesting successful transfection and high
transfection efficiency. After 72 h of transfection, the three
groups of cells were lysed, and the protein expression in
the HEK293T cells was detected by western blotting. The
protein size of the mutant CFTR was reduced by 60 kD
compared to that of the wild-type group (220 kD), while
the protein size of the control pEGFP-C1 was approxi-
mately 27 kD (Figure 5).

4 | DISCUSSION

The clinical phenotype of CF is related to the amount
of protein transcripts after CFTR gene mutation and
the specificity of protein transcripts in different tissues.
CBAVD can occur in isolation without any typical clinical
manifestations of CF. This may be caused by a differen-
tial sensitivity to anomalous mRNA splicing or dysfunc-
tional CFTR protein among various organs (Cuppens &
Cassiman, 2004; Mak et al., 1997). Among the different
tissues, the growth and development of the vas deferens
was susceptible to CFTR gene mutations; in addition,
the expression level was significantly higher in respira-
tory epithelial cells than in epididymal epithelial cells.

However, CBAVD patients with IVS9-TG13-5T may not
have lung symptoms. One study found that a low level of
normal CFTR transcripts was sufficient to maintain nor-
mal airway function in bronchial epithelial cells, suggest-
ing a high tolerance of lung tissue to dysfunctional CFTR
protein (Chu et al., 1992). The poly(T) sequence is located
at the splice acceptor site at the end of intron 9 and in-
fluences the amount of skipping of exon 10. The 5T mu-
tation may reduce exon 9 splicing efficiency and thereby
promote the production of immature proteins with no
channel activity (Chu et al., 1993). These proteins cannot
contribute to chloride channel activity, and an extreme
decrease in the level of normal CFTR chloride channels
in the cell membrane may cause CF (Delaney et al., 1993;
Gregory et al., 1991).

Portuguese researchers have carried out extensive
mutation screening of CFTR exons and exon-intron
splicing sites in European patients with CBAVD and
found that 78% of CBAVD patients carry at least one
CFTR mutation and 48% of them have two mutation
sites. One study has shown that when the CFTR gene
is heterozygous for the 5T mutation, its transcript level
only reaches 6%-16% of normal, which may be one of
the reasons why mild phenotypes, such as CBAVD, can
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FIGURE 3 Structure of the wild-type recombinant plasmid (CFTR-W).
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FIGURE 4 The green fluorescent protein expression at 48 h after transfection (200x).

occur even in heterozygous patients (Kronn et al., 1998).
Another study showed that among family members car-
rying the same single mutation, only some of them de-
veloped CBAVD symptoms, suggesting that CFTR gene
mutation is not an absolute determinant of the occur-
rence and development of CBAVD and that other factors
may be involved (Daudin et al., 2000). Previous studies
have suggested that only one copy of a CFTR mutation

is not sufficient to cause CBAVD, and the combina-
tion of frequent and rare mutations may be the main
cause of CBAVD (de Souza et al., 2018; Ge et al., 2019;
Lissens et al., 1996). This conclusion is consistent with
our study. This pedigree study provides evidence for a
CBAVD pedigree and confirms the composite heterozy-
gous status of CFTR variants, which can provide more
evidence for investigating CBAVD gene mutations. The
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FIGURE 5 Western blotting (WB) assay detected the size of
mutant CFTR protein. The pEGFP-C1 was used as the control

group.

results of in vitro functional assays suggest that the
truncated protein may not be able to perform the same
function as normal, intact protein.

Most CBAVD patients have normal spermatogene-
sis function, and their spouses can become pregnant by
TESA/ICSI-ET. However, the CFTR gene mutation is
likely to be passed on to the next generation, and even
more severe CF symptoms may occur in the offspring, so
genetic consultation before ART is particularly critical,
especially for patients with a family history of CBAVD;
patients and their spouses should be screened for CFTR
mutations. For patients with spouses who do not carry the
mutation, the rate of their child developing CBAVD is very
low, potentially less than 1% (Shin et al., 1997). However,
when a CFTR gene mutation is found, genetic consulta-
tion should be conducted to avoid passing CBAVD to the
next generation.

5 | CONCLUSIONS

We identified a novel compound heterozygous mutation
in CFTR (c.2144delA;p.q715fs and ¢.1210-11T>G) in a
Chinese pedigree. Through molecular and cellular stud-
ies, we elucidated the effect of the novel mutation on the
CFTR protein and explained its potential pathogenic-
ity. We also expanded the CFTR gene mutation profile
of CBAVD patients in the Chinese population. It was
demonstrated that single rare CFTR mutations may not
cause clinical symptoms, but compound heterozygous

mutations can cause the development and progression of
CBAVD. Furthermore, CBAVD patients with CFTR muta-
tions can have healthy offspring by ART.
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