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Abstract

Aim: Autosomal dominant non-syndromic hearing loss is a common sen-
sorineural disorder with extremely high genetic heterogeneity. CEA antigen-
related cell adhesion molecule 16(CEACAM16)is a secreted glycoprotein encoded
by the CEACAM16 gene. Mutations in CEACAM16 lead to autosomal dominant
non-syndromic hearing loss in humans, due defects in the tectorial membrane
of the inner ear. Here we reported a novel missense variant in CEACAM16 gene
causes autosomal dominant non-syndromic hearing loss.

Material and methods: A four-generation Chinese family affected by late-onset
and progressive hearing loss was enrolled in this study. The proband was ana-
lyzed by targeted next-generation sequencing and bioinformatic analysis. And in
vitro experiments were performed in overexpressed transfected HEK293T cells to
investigate the pathogenesis of the mutant protein.

Results: We identified a novel missense variant in the CEACAMI16 gene
c.763A>G; (p.Arg255Gly) as causing autosomal dominant non-syndromic hear-
ing loss in the Chinese family. Using Western blot analysis, ELISA, and
immunofluorescence we found increased expression level of the secreted mutant
CEACAM16 protein, both intracellularly and extracellularly, compared with wild
type CEACAM16 protein.

Conclusion: Our study showed that the p.Arg255Gly variant leads to increased
secretion of mutant CEACAM16 protein, with potential deleterious effect to the
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in disease.
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1 | INTRODUCTION

Hearing loss is the most common sensorineural dis-
order in humans. It is estimated that more than half
of cases of hearing loss are attributable to hereditary
causes. Autosomal dominant nonsyndromic hearing loss
(ADNSHL) is a paradigm of genetic heterogeneity with
more than 45 causative genes identified to date (http://
hereditaryhearingloss.org/). These genes play an essen-
tial role in the morphology and development of hair cells,
synaptic transmission of the auditory nerve, and other
roles in the inner ear. For example, the transmembrane
channel-like genel (TMCI) is specifically required for hair
cell mechanoelectrical transduction and is a functionally
redundant stereocilia component (Kawashima et al., 2011;
Pan et al., 2013) and eyes absent 4 (EYA4), a member of the
vertebrate EYA gene family of transcriptional activators,
is important for the development and maturation of the
organ of Corti (Wayne et al., 2001). However, many genes
causing deafness remain unidentified (Ding et al., 2020; Fu
et al., 2021; Qian et al., 2020; Zhang et al., 2021; Zhu et al.,
2018). It is therefore important to identify these genes and
their functions in the inner ear.

Carcinoembryonic  antigen-related cell adhesion
molecule 16 (CEACAMI6, MIM 614591) is a member of
the CEACAM family, which is known to play a role in
tissue architecture and homeostasis, cell growth and
differentiation, angiogenesis, and tumor suppression
(Kuespert et al., 2006). CEACAM16 maps to the DFNA4B
locus on chromosome 19q13.32 and encodes a protein
of 425 amino acids. Although the specific functions of
the protein encoded by CEACAMI6 are still not clear,
available evidence indicates that CEACAMI6 is crucial for
hearing maintenance as a structural component of the
tectorial membrane (Kammerer et al., 2012). CAMCAMI6
mutations can lead to late-onset bilateral progressive
sensorineural hearing loss that begin in the first or second
decade (Wang et al.,2015). To date, three CEACAMI6
missense variants associated with ADNSHL have been
reported (Hofrichter et al., 2015; Wang et al., 2015; Zheng
et al., 2011). Additionally, Booth et al. (2018) and Dias et al.
(2019) described loss of function variants in CEACAMI6

function of the protein. Our findings expand the mutation spectrum of CEA-
CAM16, and further the understanding CEACAM16 function and implications

autosomal dominant nonsyndromic hearing loss, CEACAMI16, DFNA4B, next-generation
sequencing, tectorial membrane

that can cause autosomal recessive nonsyndromic hearing
loss (ARNSHL).

In this study, we identified a novel missense variant
in the CEACAMI6 gene, c.763A>G; (p.Arg255Gly) in a
Chinese family using targeted next-generation sequencing
approach. The phenotype was consistent with ADNSHL.
Further functional experiments were carried out to evalu-
ate the pathogenesis resulting from this mutation.

2 | MATERIALS AND METHODS

2.1 | Clinical evaluation

A four-generation Han family M404 with ADNSHL from
Xinjiang was recruited to participate in this study. The
study was approved by the Chinese PLA General Hos-
pital Research Ethics Committee. Written informed con-
sent was obtained from the participants or the parents of
minors. Comprehensive clinical information including the
subjective degree of hearing loss, age of onset, medica-
tion, noise exposure, pathological changes in the ear, and
other relevant clinical manifestations were obtained using
a questionnaire. Four affected individuals (III-6, ITI-13, IV-
2, and IV-3) were evaluated via otoscopy, physical examina-
tion, immittance testing, and pure tone audiometry accord-
ing to standard protocols. The degree of hearing loss was
assessed based on the 1997 WHO 1997 criteria. A comput-
erized tomography (CT) scan of the temporal bone was also
conducted in one proband (IV-2).

2.2 | Targeted sequencing and variation
analysis

Genomic DNA of the proband (IV-2) was extracted from
peripheral blood using a blood DNA extraction kit fol-
lowing the manufacturer’s instructions (TianGen, Beijing,
China). A deafness panel containing 168 known deaf-
ness genes was used (Table SI). Capture and NGS of
the coding exons of deafness genes and their flanking
100 bps were performed on an Illumina HiSeq 2000 by
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MyGenostics Corporation (Beijing, China). Sequencing
reads were aligned to the human reference genome hgl9
using the Burrows-Wheeler Aligner. SAMtools, Picard,
GATK, and ANNOVAR were used for genotype calling and
annotation. ExomeDepth software was used to detect copy
number variations. Variants were further annotated using
public databases as follows: Exome Aggregation Consor-
tium (EXAC) (Pawliczek et al., 2018); the 1000 Genomes
Project; dbSNP (v.144) (Pawliczek et al., 2018); Genome
Aggregation Database (gnomAD) (Gudmundsson et al.,
2021); ClinVar (Pawliczek et al.,, 2018); the Human
Gene Mutation Database (HGMD), and Deafness Varia-
tion Database (http:// deafness variation database. org/)
(Azaiez et al., 2018). Pathogenicity of missense variants
were predicted using the PolyPhen-2, SIFT, LRT, Mutation-
Taster, MutationAssessor, FATHMM, VEST3, and CADD
programs. Multiple sequence alignment was performed
according to a Homologene program.

2.3 | Sanger sequencing

Genomic DNA was extracted from peripheral blood of fam-
ily members. Sanger sequencing was performed to validate
the filtered candidate variants and examine cosegregation
of the genotype and phenotype. A total of 200 negative con-
trol samples from individuals with normal hearing were
sequenced for candidate variants.

2.4 | Plasmid DNA construction

The commercialized wild type plasmid DNA of CEA-
CAMI16 (pCMV6-CEACAMI16—Flag) was purchased from a
biotechnology company (RC224965;0riGene). The mutant
type Arg255Gly of CEACAMI6 was generated using
the primers: 5-CTGTGGTGCGTGTCCgGGTCCTGCCC
-3’ and 5-CGGACACGCACCACAGGGTGAGGGAC-3'.
Then, the coding sequence was inserted into pPCMV6-Flag
to construct the Arg255Gly mutant type plasmid. All con-
structs were verified by Sanger sequencing.

2.5 | Cell transfection and
immunofluorescence

HEK293T cells were transfected with pCMV6-CEACAM16-
Flag and pCMV6-Arg255Gly-Flag plasmid using Lipofec-
tamine 3000 reagent for overexpression of CEACAM16 and
Arg255Gly, respectively. Transfection with empty pCMV6
served as negative control. Transfected HEK293T cells
were fixed in 4% paraformaldehyde, permeabilized in
0.2% PBST, and blocked in 10% goat serum. Cells were
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incubated with the primary antibody anti-CEACAM16
(45854-1;SAB), and then with the secondary antibody
anti-a-SMA (ab5694; Abcam. Goat anti-rabbit IgG-Alexa
Fluor 488 (abl150077;Abcam) and anti-Mouse IgG-HRP
(Ab150116;Abcam) were for detection of the primary anti-
body. Cells were examined with a laser scanning confocal
microscope.

2.6 | Western blot analysis

The culture medium from CEACAMI6-transfected cells
was collected and centrifuged at 12000 X rpm for 20 min,
at 4°C. Protein extraction was performed and protein
samples were transferred onto polyvinylidene difluoride
membranes. Due to the low protein content in the cul-
ture medium, we used Milipore ultrafiltration tubes to
allow concentration for western blot analysis. Membranes
were blocked in Tris-buffered saline supplemented with 5%
nonfat milk for 2 h, at room temperature. Incubation
with primary antibodies was performed at 4°C, for 18 h.
The antibodies used were as follows: anti-GAPDH (1:5000;
100494-1-AP; Proeintech) and anti-CEACAMI16 (1:1000;
45854-1; SAB). Cells were further incubated with goat anti-
rabbit IgG (1:5000; ZB2301, ZSGB-Bio, Beijing, China), and
goat anti-mouse IgG (1:5000; ZB2305, ZSGB-Bio, Beijing,
China) HRP- conjugated antibodies for 2 h, at 24°C. Sig-
nal detection was performed using the ECL and western
blotting detection system (GE Healthcare) according to the
manufacturer’s instructions. Finally, immunoblots were
analyzed using the Image Lab (ImageJ v 1.8.0 version) and
Graphpad Prism 7.0) software. GAPDH was used as an
internal reference and the relative gray value of each index
was calculated.

2.7 | Validation of enzyme linked
immunosorbent assay

Levels of wild type and mutant Arg255Gly CEACAMI16
proteins extracted from culture medium were quantified
using a human CEACAM16 enzyme linked immunosor-
bent assay (ELISA) Kit (JL47689; Jianglai-Bio), following
the manufacturer’s instructions. Experiments were per-
formed in triplicate. Briefly, 50 ul protein samples at dif-
ferent concentrations were added to different wells, and
blocked with 100 ul of HRP labeled antibody for 1 h,
at 37°C. The solution was removed, and samples were
washed five times with 1xX Wash solution. Note that when
50 ul of substrates A and B were added to each well, incu-
bation was done at 37°C for 15 min. Finally, 50 ul stop solu-
tion was added to each well and absorbance was measured
at 1450 nm using an ELISA reader.
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2.8 | RNA extraction and quantitative
real-time PCR

Wild type and mutant CEACAM16-transfected cells were
washed with PBS and retrieved for RNA extraction. Total
RNA was isolated using Trizol Reagent according to the
manufacturer’s instructions. Real-time PCR assay was
performed using SYBR green dye on Step One sequence
detection system (Applied Biosystems, Waltham, MA,
USA). The relative abundance of CEACAM16 mRNA was
calculated using the 2—AACT formula, and with GAPDH
as internal control. Primers were as follows: CEACAM16
forward primer 5'-GACCACCTCAACATCAGCAGCAT-3/,
CEACAMI16 reverse primer 5- GGTCTTGGTGTTCTT
CGCAATACATG-3’; GAPDH forward primer 5'-
TCAAGAAGGTGGTGAAGCAGG-3’, GAPDH reverse
primer 5-GCGTCAAAGGTGGAGGAGTG-3. All experi-
ments were performed in triplicate.

2.9 | Statistical analysis

Differences among groups were assessed by one-way
ANONA and Student’s T-test. Statistical significance was
defined as*p < 0.05, ** p < 0.01 and ***p < 0.0001.

3 | RESULTS

3.1 | Clinical findings
The M404 family evaluated in this study included
12 affected individuals and 19 unaffected members
(Figure 1a). The proband (IV-2) was a 10-year-old girl who
had bilateral hearing loss detected 2 years ago. Audiometry
showed a down-sloping configuration (Figure 1b). Inter-
estingly, her younger brother (IV-3), a 7-year-old boy, had
no noticeable hearing loss, but the audiogram revealed
high-frequency hearing loss. Both the father and uncle
(II1:6 and III:13) of the proband presented with bilateral
moderately severe sensorineural hearing loss, which had
started around the age of 10 and got progressively worse
with age. The other affected family members did not
undergo a hearing test, but, according to information
provided by other family members, it could be inferred
that they also experienced bilateral progressive hearing
loss, which varied from mild to profound degree, with
onset during the first decade of life.

A high-resolution CT scan on the proband revealed no
alterations. Physical examination of the family members
revealed no signs of systemic illness or dysmorphic fea-

tures. None of the affected individuals reported complains
consistent with tinnitus or vestibular dysfunction.

3.2 | Molecular analysis

Using the 168 deafness gene panel, we sequenced all cod-
ing exons and approximatelyl00 bp of flanking intronic
sequence in the proband. The average depth of cover-
age reached 410.24%, with 98.16% of sequences having
coverage greater than 4x, 97.62% greater than 10X, and
96.99% greater than 20X. Variants were identified (Table
S2), and examined for consistency with the autosomal
dominant inheritance pattern. Only dominant genes and
variants were selected as candidates. Candidates in CEA-
CAMI6, COLI11A1, COL9A2, DIAPHI, TCOFI1 genes were
filtered using different databases for a minor allele fre-
quency lower than 0.005, and their pathogenicity was pre-
dicted using several prediction programs. The remaining
gene variants in CEACAMI6, COL11A1, COL9A2, DIAPHI,
TCOFI were tested for segregation with the hearing loss
phenotype in the extended family. Segregation analysis
revealed that only the heterozygous A-to-G transition at
position 763 in exon 5 of CEACAMI16 (NM_001039213:
¢.763A>G; (p.Arg255Gly) cosegregated with the hearing
loss phenotype (Figure 1a). The c¢.763A>G variant was
absent in the EXAC, 1000 Genomes project, dbSNP, Clin-
Var, and HGMD, and was also absent from the 200
ethnicity-matched normal hearing controls. However, this
variant was described as likely benign in Deafness Varia-
tion Database.

3.3 | Insilico variant analysis

Multiple sequence alignment was performed using
ClustalW2 using the default settings, revealing conserva-
tion of the mutant amino acid loci in human, chimpanzee,
cow, mouse, and rat, but not in dog (Figure 2a).

The c.763A>G variant was analyzed using eight deleteri-
ousness prediction programs and was found to be benign,
tolerable, unknown, polymorphism, low functional
impact, tolerable, damaging, and damaging (Table 1).

Variant classification was completed according to the
Hearing Loss-specific American College of Medical Genet-
ics and Genomics (ACMG) guidelines (Patel et al., 2021).
The c.763A>G variant cosegregated with hearing loss
in the family (PP1_Strong) and was absent from mul-
tiple population databases and the 200 normal hear-
ing control cohort (PM2). In vitro functional experi-
ments showed that this variant impaired protein function
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FIGURE 1 (a)Pedigree of Chinese family M404. The pedigree shows an autosomal-dominant inheritance pattern. Affected subjects are

denoted in black. The proband is indicated by an arrow. The deceased are differentiated by a slash. (b) Audiograms of four affected subjects

showed bilateral sensorineural hearing loss (IV:3, IV:2, III:13 and III:6). Hearing levels of the right and the left ear are marked using red and
blue lines, respectively. (c) Deafness gene panel identified a CEACAM16 c.763A>G(p.Arg255Gly) variant in the proband and this variant was
validated by Sanger sequencing in all the affected individuals and was absent from 200 normal hearing controls

(PS3_Surpporting). Therefore, CEACAMI6 p.Arg255Gly
fulfills PS3_Surpporting, PM2, PP1_Strong evidence, and
could be classified as a “Likely Pathogenic” according to
the ACMG guidelines.

3.4 | Functional analysis of p.Arg255Gly

To investigate whether p.Arg255Gly affects CEACAM16
protein function, wild-type (WT) and mutant pCMV6-
Arg255Gly-Flag plasmids were transiently transfected into
HEK293T cells. Expression and localization of WT and
mutant proteins was done using immunofluorescence. As
shown in Figure 3a and B, WT and mutant CEACAM16
proteins were mainly distributed in the cell cytoplasm,
without regional aggregation, with no apparent differences
in their subcellular localization. However, in comparing

their expression levels, the level intracellular and extra-
cellular mutant proteins seems increased compared with
wild-type proteins.

Next, in order to evaluate the changes of mutant CEA-
CAM16 proteins, protein collected from the cell lysate and
culture medium was analyzed using western blot. Simi-
lar to the WT protein, an immuno-reactive band of molec-
ular weight 53 kDa corresponding to the mutant CEA-
CAM16 protein was detected in both samples from the
cell lysate and culture medium. The expression level of
the mutant CEACAM16 protein was higher compared with
the WT, consistent with our previous observation using
immunofluorescence methods (Figure 3c,d). In addition,
ELISA assays were used to measure the CEACAMI16 pro-
tein amountin the culture medium. The amount of mutant
CEACAMI6 protein was significantly higher than that of
WT protein (p < 0.01) (Figure 3e).



2 | WILEY

ZHANG ET AL.

p.Arg255Gly

1

[Homo sapeens]
[Pan troglodytes]
[Cans lupus famibans 242
[Bos taurus]

[Mus musculus]

[Rattus norvegicus| - 24

o

p.Thr140P| |
p.Gly169Arg
p.Argl46Ter
(b)

p-Met1?

FIGURE 2

KN
KN
KN

KN
KN

p.Arg255Gly

...c2 —COOH

p.Leu365Arg

p.Lys221Cysfs*16

(a) Multiple sequence alignment showing that Arg255 in CEACAM16 is conserved in human, chimpanzee, cow, mouse and

rat, but not in dog. (b) Schematic structure of CEACAM16: A, B, C1, C2 and SP represent IgC-like domain A, IgC-like domain B, IgV-like
domain N1, IgV-like domain N2 and signal peptide, respectively. The location of five reported CEACAM16 variants (bottom) and

p.-Arg255Gly(top) identified in this study is marked on the diagram

Quantitative real-time PCR (RT-qPCR) was performed
to detect the relative expression level of CEACAMI6
mRNA. As shown in Figure 3e, the mRNA expression level
of CEACAMI6 p.Arg255Gly group was significantly lower
than that of the WT group (p < 0.001), suggesting that
the Arg255Gly mutation does affect the function of CEA-
CAMI16 as a secreted glycoprotein.

4 | DISCUSSION
The tectorial membrane is essential for normal hearing
due to its exclusive physical properties and its role in mod-
ulating the flow of fluid in the subtectorial space (Nowotny
& Gummer, 2011), amplifying the basilar membrane
motion (Booth et al., 2019; Zwislocki & Kletsky, 1979),
and shaping the cochlear tuning (Teudt & Richter, 2014).
The tectorial membrane is composed of collagen and non-
collagenous proteins including alpha-tectorin (TECTA),
beta-tectorin (TECTB), otogelin (OTOG), otogelin-like
(OTOGL), and CEACAM16. Research in both humans and
animal models have shown that pathogenic variations in
genes encoding for these proteins can alter the properties
of the tectorial membrane and eventually lead to hearing
loss (Cheatham et al., 2014; Ghaffari et al., 2013; Legan
et al., 2014; Schraders et al., 2012; Yariz et al., 2012).
CEACAMI6 protein is one of the proteins of the tec-
torial membrane which is thought to be essential for its
function. As mentioned earlier, CEACAMI6 is a secreted

glycoprotein encoded by CEACAM]16 gene and belongs to
the CEACAM immunoglobulin superfamily (Zheng et al.,
2011). Unlike other members of the family, CEACAM16 is
well conserved in mammals and is selectively expressed
in the inner ear (Kammerer et al., 2012). The structure
of the CEACAMI16 protein (Figure 2b) contains two Ig
constant-like domains (domain A and domain B) and
two Ig variable-like domains (domain N1 and domain
N2) with the N- and the C-terminus separately, and lacks
both a C-terminal transmembrane domain and a glyco-
sylphosphatidylinositol anchor (Zebhauser et al., 2005).
Its unique structure allows crosslink with TECTA and
TECTB which involves the formation of the striated-sheet
matrix, a laminated component that associates with the
frequency-dependent mechanical properties of the tecto-
rial membrane (Goodyear & Richardson, 2018; Jones et al.,
2015). One study observed that the striated-sheet matrix
was absent from the tectorial in the Ceacam16°22/883l mice
(Cheatham et al., 2014). Data from mice lacking Ceacam16
found high and low frequency hearing loss in young mice
(Kammerer et al., 2012), and in humans, a similar phe-
notype was reported in families harboring variants in the
CEACAMI6 gene (Booth et al., 2018; Hofrichter et al., 2015;
Wang et al., 2015; Zheng et al., 2011).

In our research, we identified a missense variant in CEA-
CAMI16 (p.Arg255Gly) which caused ADNSHL in a Chi-
nese family. All affected individuals showed bilateral pro-
gressive sensorineural hearing loss, a very similar pheno-
type to the one reported in an American family (1070)
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FIGURE 3

(a) Immunofluorescence analysis of HEK293T cells expressing WT and Arg255Gly mutant CEACAMI6 (red). Counterstained

was performed with a—SMA(green, scale bar, 10 um). White arrows show secreted proteins. (b) Immufluorescence image of multiple HEK
293T cells expressing WT and mutant CEACEAM16. (c) Western blot of the expression of CEACAMIS6 in cell lysate, and the relative protein
level among WT, NC, and MT groups. (d) Western blot of the expression of CEACAM16 in culture medium, and the relative protein level
among WT, NC, and MT groups. (¢) The quantitative protein levels of CEACAMI6 in culture medium determined by ELISA. (f) CEACAM16
mRNA expression in cell lysate was examined by quantitative real-time PCR, the expression levels relative to those of GAPDH were
normalized. Values are expressed as the mean + standard deviation (n = 3). WT: Wild Type, cells transfected with wild type of CEACAM16
plasmid; MT: Mutant Type, cells transfected with mutant Arg255Gly CEACAM16 plasmid; NC: Negative Control, cells transfected with empty
plasmid; ns: no statistical significance; *p < 0.05, ** p < 0.01 and ***p < 0.0001

and another Chinese family (SY-026) (Wang et al., 2015;
Zheng et al., 2011). However, the earliest onset age of hear-
ing loss in the family reported in our study was 7 years
old (IV-3), substantially earlier than that reported in the
other families (the youngest was 10 years old) (Booth et al.,
2018; Hofrichter et al., 2015; Wang et al., 2015; Zheng et al.,
2011). These findings suggests that the onset of hearing loss
caused by the CEACAMI6 variants can occur within the
first decade of life in humans. These findings appear con-
sistent with those seen in the Ceacam16 null mouse, which
also displayed hearing loss at a young age (~4 weeks old)
(Kammerer et al., 2012). Based on our bioinformatic anal-
ysis, the p.Arg255Gly variant cosegregated with the phe-
notype of DFNA4B in the family and was absent from
multiple population databases (Table 1) and the 200 nor-
mal hearing controls cohort. The arginine residue at 255 in
CEACAMI16 was not found to be highly conserved across
species (lack of conservation in dogs) (Figure 2A). The
p-Arg255Gly variant is located within the Ig constant-like
domain B (Figure 2B), which is crucial for stabilizing the
Ig-like conformation and increasing the affinity of the
homophilic binding (Athanasia & Andreas, 2014; Bonsor
et al., 2015). Therefore, we speculate that this novel mis-

sense variant might damage the structure and function of
CEACAM16.

Transfection of the mutant protein (p.Arg255Gly) in
HEK293T cells, visualized using immunofluorescence,
suggest similar intracellular and extracellular protein
expression between mutant and wild type proteins. These
results are in agreement with our findings using West-
ern blot, and suggest that the p.Arg255Gly variant does
not interfere with the normal subcellular localization of
CEACAM]16. Our findings are also consistent with those
reported by Wang et al. (2015) and Zheng et al. (2011).
Furthermore, we performed quantitative analysis of the
mutant proteins extracted from the cell lysate and cul-
ture medium by Western blot and ELISA, respectively.
Interestingly, in both cases the amount of mutant pro-
tein was higher than that of WT, indicating that the
new variant in CEACAM]I6 increases the secretion of the
mutant CEACAM16 protein, and suggesting it is a gain-
of-function mutation. Subsequently, in order to investigate
whether the variant p.Arg255Gly affected protein expres-
sion at the transcription level, we used PCR to detect the
relative expression | CEACAM16 mRNA level in HEK293T
cells. In contrast to the Western blot results, PCR results
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indicated that mRNA expression levels of mutant CEA-
CAMI16 were significantly lower than those of the WT
group. There may be several reasons for this inconsistency.
First, the difference in plasmid transfection efficiency of
transiently transfected HEK293T cells may have masked
the true mRNA levels of the mutant gene. Second, accord-
ing to the research of Perl et al. (2017), protein levels are
more conserved than mRNA levels in all datasets, and
changes in transcription are associated with translational
changes that exert opposite effects on the protein level.
Third, some other factors may influence the correlation
between mRNA and protein expression, such as mRNA
degradation rate, variation of mRNA secondary structure,
among others (Guo et al., 2008). To date, the specific func-
tion of the protein encoded by CEACAM16, as well as the
pathogenetic mechanisms underlying hearing impairment
of patients harboring variants in this gene, remain unclear.
In previous studies, a missense variant (p.Thrl40Pro) in
CEACAM1I6 was identified in an ADNSHL pedigree and
was predicted to disrupt a glycosylation site, interfering
with protein stability (Zheng et al., 2011). In another fam-
ily with hearing loss, the p.Glyl69Arg variant at Ig-C like
domain A was assumed to change the spatial structure
of CEACAM16 and decrease stability and the polymeriz-
ing ability of the protein (Wang et al., 2015). However,
these studies lack in vivo evidence to help validate their
assumptions. To the best of our knowledge, CEACAMI6 is
a secreted glycoprotein with a signal peptide at the N ter-
minus; guided by the signal peptide, the newly synthesized
glycoprotein is translocated to the endoplasmic reticulum
and then secreted (Blobel & Dobberstein, 1975). According
to Kammerer et al. (2012), CEACAM16 is located in Deit-
ers and interdental cells of the organ of Corti in the inner
ear of mice, and released via the Deiters cell’s projections,
after which is incorporated into the matrix of the tectorial
membrane. In the tectorial membrane, CEACAMI6 inter-
acts with TECTA and TECTB via its two Ig-V like domains
where it forms the dark and light zone of the striated-sheet
matrix (Goodyear & Richardson, 2018). The p.Arg255Gly
mutation we report occurs within the Ig-C like domain B
of CEACAMI6. This Ig-C like domain contains conserved
cysteine residues that stabilize the Ig-like conformation by
forming a disulphide bridge (Bork et al., 1994; Williams &
Barclay, 1988), and plays a key role in CEACAM16 dimer
formation (Kammerer et al., 2012). By comparing the prop-
erties of arginine and glycine, we know that the mutant
residue is smaller and more hydrophobic than the wild-
type residue, and is neutral in contrast to the wild-type
residue, which is negatively charged. This mutation intro-
duces an amino acid with distinct properties, which can
disturb the Ig-C like domain B and decrease protein stabil-
ity (Cheng et al., 2006; Venselaar et al., 2010). Therefore,
we speculate that the variant p.Arg255Gly might cause

structural changes in the CEACAM16 protein, altering its
intracellular synthesis and transport pathways, and lead-
ing to increased secretion. At the same time, due to the
decreased stability of the extracellular protein, the muta-
tion might interfere with CEACAMI16 dimerization and
affect the interaction between CEACAM16 and other pro-
teins. This alteration might also compromise the physical
properties of the tectorial membrane and eventually lead to
hearing loss. This study also has some limitations. We used
CEACAM]16 antibody commercial kits and were unable to
detect oligomers using Western blot. Further vivo experi-
ments are necessary to investigate the pathophysiological
significance of CEACAM16.

In summary, we implicate a novel variant in CEA-
CAM.16 as the genetic cause of progressive hearing loss in a
large Chinese pedigree. We suggest that this variant leads
to increased secretion of mutant CEACAM16 protein in
vitro, uncovering a putative novel mechanism underlying
DFNA4B-related hearing loss.
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