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Abstract

Cystic fibrosis (CF) is a life-shortening inherited disorder caused by mutations in the gene
encoding the Cystic Fibrosis Transmembrane conductance Regulator (CFTR), a protein that
controls the transport of chloride ions across cell membranes. Defects in CFTR cause thick
mucus, leading to chronic infections and inflammation in multiple organs.

Severe mutations, such as G542X, that completely abolish the function of CFTR present major
therapeutic challenges. One potential approach is to stimulate an alternative chloride channel,
ANOI, which is repressed in patients by the small regulatory molecule microRNA-9.

We recently showed that an antisense oligonucleotide (ASO) designed to restore ANOI1 activity
(Anol ASO) improved respiratory and digestive functions in a CF mouse model carrying the
pathogenic G542X variant. As patients with severe forms of CF often display enamel defects,
we aimed to investigate the impact of Anol ASO on enamel of G542X CF mice. Combining
multiproxy imaging approaches, our data showed that Ano/ ASO initiated at postnatal day 8
partially rescued the enamel properties in molars, which have mainly formed before the onset
of treatment. However, it did not correct enamel maturation in the continuously growing incisor.
In contrast to CFTR, there was no significant increase in ANO1 expression in maturation-stage
ameloblasts compared to secretion ameloblasts.

These findings suggest that while stimulating ANO1 cannot compensate for the absence of
CFTR during enamel maturation, it enhances the mechanical properties of the erupted teeth,
likely by improving salivary properties. This work identifies a potential avenue for mitigating

dental complications in patients with severe CF mutations.
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Introduction

Cystic fibrosis (CF) is a common autosomal recessive genetic disorder, particularly prevalent
among individuals of Caucasian descent, with an estimated 2,500 to 4,000 new cases diagnosed
annually [1]. CF pathology is caused by mutations in the CFTR (Cystic Fibrosis
Transmembrane conductance Regulator) gene, which encodes a chloride channel essential for
maintaining the proper viscosity and hydration of mucus at the surface of the epithelial cells
[2]. Although respiratory complications are the most life-threatening, CF can also affect other
organs, including the gastrointestinal tract, pancreas, liver, and reproductive system [3]. In the
respiratory tract, CF leads to the production of thick mucus, chronic bacterial infections,
inflammation, and progressive tissue damage. These chronic infections are caused by various
bacterial species that thrive in the viscous mucus and contribute to tissue destruction [4—6]. The
most common CF-causing mutation is the F508del variant, while the G542X variant introduces
a premature codon stop, resulting in a truncated CFTR protein. Both mutations are associated

with a severe disease phenotypes due to the absence of functional CFTR on the cell surface [7-

9].

CF patients frequently present with developmental defects of enamel, including enamel
hypoplasia and/or hypomineralization [10-11]. These constitutive enamel defects increase the
vulnerability to oral conditions such as dental caries, erosion, and hypersensitivity, which can
negatively impact patients’ quality of life by causing pain, early tooth loss, and impaired
masticatory function [12]. Enamel defects have also been reported in rodent and porcine models
of CF, making them valuable tools for studying the pathophysiology of amelogenesis and
evaluating the effects of new treatments on enamel [13-17]. Amelogenesis occurs in two major
stages, secretion and maturation, which initiate and orient the nanostructure of hydroxyapatite
to form the prisms and depend on precise pH regulation [18]. Enamel defects associated with
CF are thought to result from dysfunction of CFTR, which is expressed at the apical end of
maturation-stage ameloblasts (mAB) [19]. CFTR contributes to the ion balance during enamel
maturation, particularly in the secretion of bicarbonate, which is crucial for neutralizing acid
and maintaining pH homeostasis. Although pH regulation is vital for proper enamel
mineralization, the precise mechanisms by which CFTR mutations lead to enamel
hypomineralization remain poorly understood [20-21]. It is hypothesized that impaired ion
transport by CFTR and by extension, associated ion channels disrupt ameloblast function and

enamel mineralization. Additional contributing factors may include CF-related malabsorption,



nutritional deficiencies, and long-term antibiotic use, all of which may exacerbate enamel

defects in CF patients [22].

Despite significant advances in CF treatment, particularly the development of CFTR
modulators designed to restore the function of defective CFTR, these therapies are not effective
for all patients [23-24]. Notably, approximately 15% of individuals with CF, including those
carrying class I mutations such as G542X, do not benefit from these modulators. CFTR
mutations are categorized into six functional classes according to their impact on the CFTR
protein. Class [ mutations result in a complete absence of protein due to nonsense or frameshift
mutations that lead to premature stop codons. Because no functional protein is produced,
modulators that improve CFTR folding or gating (used in other mutation classes) are ineffective
in these patients [25]. This limitation has prompted the investigation of alternative therapeutic
strategies, including approaches that target other ion channels. One promising target is ANO1
(also known as TMEMI16A), a calcium-activated chloride channel that is functionally
comparable to CFTR in function, including its role in bicarbonate secretion and chloride ion
transport [26-28]. Similar to CFTR, ANO1 is expressed in epithelial cells and contributes to ion

homeostasis, hydration, cell proliferation, and migration [29-31].

In CF patients, ANO1 expression is downregulated in bronchial epithelial cells [32], partly due
to the binding of microRNA-9 (miR-9) to the 3’ untranslated region (3'UTR) of ANOI mRNA,
which blocks its translation [25, 33-34]. A novel antisense oligonucleotide therapy (4nol ASO)
has been developed to target the Anol 3'UTR region, preventing miR-9 binding and thereby
relieving translational repression of ANO1 [25]. Previous studies in CF mouse models have
shown that 4nol ASO treatment enhances mucus clearance, reduces airway obstruction, and
improves survival [35], suggesting its potential as an alternative therapy for CF patients,
including those unresponsive to CFTR modulators. Furthermore, we recently reported that
Anol ASO treatment improved life expectancy of CF mice (F508del and G542X), by activating
chloride efflux without any toxicity observed even after one year of treatment [36]. However,
the potential effect of this new therapy on enamel defects remains unknown. The present study
aimed to investigate the impact of Anol ASO treatment on enamel formation, morphology,
mineral content, and biomechanical properties in the G542X CF murine model [32]. In this
study, we investigated the enamel of the molars, which had mostly formed before treatment,
and of the continuously growing incisors, which formed under Ano/ ASO treatment, using
multiproxy imaging analyses. This study included tissue clearing and confocal reflexion

microscopy (TC-CReM) to observe hydroxyapatite crystal structures in situ. Our data show that
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Anol ASO treatment leads to modest improvement in enamel mineralization and biomechanical
properties in the first molar but does not correct amelogenesis in the continuously growing

INCisor.

Materials and Methods

Animal distribution, biological and technical replicates

All experimental procedures were approved and conducted in accordance with the guidelines
of our Institutional Animal Care and Use Committee (protocol numbers 38427-
2022091211033928 v8 and 43883-2023062011193610 v7, Ethical Committee for Laboratory
Animal Care Charles Darwin France). A total of 32 mice were included in this study: 16 aged
2-3 months and 16 aged 4—6 months. We used mice with the pathogenic variants G542X,
derived from the 129-Cfir™E" strain [25]. At each age, animals were assigned to four
experimental groups (n = 4 biological replicates per group): (1) WT, (2) G542X, (3) G542X
Control ASO, and (4) G542X Anol ASO. G542X mice were treated (20 ul per injection, at the
final concentration of 10 mg/kg) with 4nol ASO or control ASO via subcutaneous injection on
days 8 and 11, and subsequently every 15 days post-weaning until euthanasia. Two time points
were selected to assess the time-dependent effects of treatment. Wild-type and untreated G542X
mice were euthanized at the same time points to serve as controls. The sequence of 4nol ASO
used is: AATCTTTGGTAGTAA, and the control ASO sequence is: ACGTCTATACGCCA.
Both sexes were included. For each experimental group (n = 4), the cohort consisted of three
males and one female. For analyses conducted with n = 3 biological replicates (nanoindentation,
SEM, and TC-CReM), groups included two males and one female. The same sex distribution
was applied to the additional WT mice used for histology and RT-qPCR. Sex was not analyzed
as an independent biological variable in the present study. A summary of animal allocation,
including age, experimental group, number of biological replicates, sex distribution, and

analyses performed, is presented in Table 1.



Analysis Age Groups n Sex Notes
(months) biological (M/F)
replicates
Photographs 2-3&4-6 WT, G542X, 4/group 31 —
Control
ASO, Anol
ASO
Micro-CT 2-3&4-6 WT, G542X, 4/group 31 —
Control
ASO, Anol
ASO
Nanoindentation 2-3 WT, G542X, 3/group 2/1 One excluded
Control per group; same
ASO, Anol mice used for
ASO SEM + TC-
CReM
SEM 2-3 WT, G542X, 3/group 2/1 Same mice
Control
ASO, Anol
ASO
TC-CReM 2-3 WT, G542X, 3/group 2/1 Same mice
Control
ASO, Anol
ASO
ANOI expression by 3 WT 3 2/1 Additional
immunohistochemistry animals
Anol expression by 3 WT 3 pooled  2/1 RNA pooled;
RT-gPCR gPCR in
triplicate

Table 1: Animal allocation including age, experimental group, number of biological replicates,
sex distribution, and analyses performed

Sample Preparation

Following euthanasia by carbon dioxide inhalation, the heads were collected and fixed in a large
volume of 4% paraformaldehyde (PFA) for 72 hours at 4°C. Samples were then rinsed five
times in 1x phosphate-buffered saline (PBS) for 10 minutes each. After rinsing, the perioral
skin was carefully incised to expose the incisors. The heads were positioned in an upright
orientation and stabilized using forceps to allow for standardized anterior visualization of the

incisors. Photographs were captured using a Nikon D5600 DSLR camera.

Micro-CT Acquisition and Image Analysis
Micro-computed tomography (micro-CT) imaging was performed using a Quantum FX pCT

scanner (Caliper, PerkinElmer®) at the PIV micro-CT facility (Université Paris Cité, Inserm



UMR S 1333 Oral Health). Mouse heads were positioned vertically on the scanning bed to
ensure full capture of the mandibles. The 3D scans were performed with acquisition parameters
described as follows: voxel resolution of 20 pum, field of view (FOV) of 10 mm, acquisition
time of 3 minutes, X-ray tube current of 160 pA, voltage of 90 kV and aluminum filter (100
pum). Image analysis was carried out using Analyze 14.0® (AnalyzeDirect) and OsiriX®
(Pixmeo) software. For all analysis, only the left hemimandibles were examined to ensure
consistency across samples. Three-dimensional reconstructions of the enamel were generated
in OsiriX, applying a minimum segmentation threshold of 4500 Hounsfield Units (HU) to
distinguish enamel from dentine and alveolar bone. Cropping was performed to retain only the
left hemimandible and remove surrounding anatomical structures. Quantitative analyses were
conducted using Analyze 14.0, which calculated the enamel surface area, volume, and density
based on the same segmentation threshold used in OsiriX®. A set of phantoms calibrated in mg

of hydroxyapatite per cm?

was used to convert CT intensity in Hounsfield unit. To facilitate
segmentation, 3D images were reoriented to align the mouse mandible horizontally. Following
reorientation, enamel segmentation was applied to both the mandibular first molar and incisor
for detailed phenotypic characterization. A final cropping step was used to eliminate

background artifacts and isolate the left first molar and incisor for analysis.

Nanoindentation

Each hemi-mandible was sectioned mesial to the first molar (M1) using a diamond disc saw
(Accutom-5®, Struers). Slices 2 mm thick were obtained, encompassing M1 and the anterior
portion of the second molar (M2). Each section was affixed to a glass slide using cyanoacrylate
adhesive and embedded in methyl methacrylate dental resin using a plastic mold. Following
resin polymerization, samples were re-sectioned to maintain alignment with the initial cutting
plane. Manual polishing was carried out in successive stages: initial polishing with P600 grit
sandpaper (Aluminium oxide) down to the beginning of M1’s mesial root, followed by P1200
grit to reach the region of interest at the mesial root of M1, corresponding to the onset of enamel
mineralization in mouse incisor. Final polishing was performed with P2400 grit to expose the
mid-root region of M1, revealing the complete pulp chamber. Throughout the polishing process,
samples were examined under an optical microscope (InfiniteFocus G5plus® — Bruker Alicona)
to ensure proper surface preparation and anatomical orientation. After polishing, samples were
ultrasonically cleaned for 45 seconds to eliminate any remaining abrasive or resin particles. A
final surface finish was achieved using a felt disk and 3um diamond suspension to remove

micro-scratches and produce a smooth, reflective surface suitable for nanoindentation.



Optical microscopy was first used to image the enamel of M1 and the incisor, allowing for
precise mapping of future indentation sites using Image]® software. Nanoindentation tests were
performed using an NHT3 nanoindenter (Anton Paar, USA) equipped with a Berkovich indenter
tip. Area function calibration was performed with fused silica using its known homogeneous
Young’s modulus prior to the tests. The space between the indents was a minimum of 40 um
and the indentations were performed in the middle of the enamel thickness.

Based on the mapped regions, 10 to 15 indentations were applied per sample, each with a
maximum penetration depth of 3 um. This depth was selected to obtain an average enamel value
by encompassing several prisms, thereby averaging local tissue heterogeneities while
minimizing potential artefacts related to surface heterogeneity between the different groups of
mice studied.

The indentation parameters were as follows: maximum depth of 3000 nm, loading rate of 6000
nm/min, unloading rate of 6000 nm/min, a pause of 2 seconds at maximum load, an approach
distance of 5000 nm, and an approach speed of 8000 nm/min. Mechanical properties, including
hardness and elastic modulus, were calculated using the Oliver and Pharr method, based on the

unloading portion of the force-displacement curve [37].

Scanning electron microscope (SEM) Analysis

Following nanoindentation, the samples were re-polished using P2400 grit sandpaper to remove
residual indentations. To clean the surface, samples were treated with 5% sodium hypochlorite
for 2 minutes, followed by three rinses with distilled water (1 minute each). To prepare the
samples for SEM, the methyl methacrylate resin was dissolved using acetone to prevent
charging up around the biological tissue and possible outgassing. To expose the underlying
enamel prism structure, the enamel surface was etched with 37% phosphoric acid for 1 second
(due to the highly demineralized enamel in CF mice), then rinsed thoroughly (3x3 minutes with
distilled water). Samples were subsequently dried using liquid carbon dioxide to avoid
deformation or cracking. They were mounted on aluminum stubs using conductive silver
adhesive and sputter-coated with a thin layer of gold (40 nm) to ensure adequate electronic
surface conductivity. SEM imaging was performed using a Hitachi SU-70 Schottky gun field
emission scanning electron microscope (FESEM). Multiple micrographs were acquired from
the incisors and molars at magnifications ranging from x30 to x5,000 to assess microstructural

features.

Tissue Clearing and Confocal Reflection Microscopy (TC-CReM)



One hemimandible per experimental group was fixed in 4% PFA, rinsed in 1x PBS, and stained
with rhodamine 6G (0.3% in absolute ethanol) under vacuum for 2 hours. The specimens were
then stored at 4°C for at least 24 hours in the staining solution (rhodamine 6G).

After staining, the hemimandibles were rinsed several times in absolute ethanol for 30 minutes
under vacuum to remove excess dye and microbubbles. They were sectioned without drying
using a diamond wire saw (WELL W3500) in absolute ethanol. Two or three sagittal sections
were obtained per specimen, each 0.4 mm thick. Section debris was gently removed by
immersing the sections in 1.5 ml tubes containing absolute ethanol for up to 5 minutes. Sections
were kept stained, while excess dye remained in the supernatant. Ethanol was carefully removed
without drying the samples. For tissue clarification, non-demineralized sections were immersed
in a clarifying solution based on the modified Murray method, consisting of benzyl alcohol and
benzyl benzoate (1:9, v/v), adjusted to a refractive index of 1.565 [38]. Samples were kept in
the clarifying solvent for at least 24 hours before observation. Confocal imaging was performed
with a Zeiss LMS 800 confocal microscope and ZEN blue software using oil immersion
objectives (Zeiss Plan-Apochromat® 40x/1.3 oil and 63x/1.4 oil). Rhodamine 6G was excited
at 565 nm and reflection with emission/detection at 640 nm. Acquisition and post-processing
parameters were strictly identical for all samples. The principle of the TC-CReM technique

used here is described in detail in Supplementary Material 1.

Single-cell transcriptomics

Evaluation of Cfir and Anol gene expression in mouse enamel organ was conducted using
previously established and publicly available single-cell transcriptomic atlases of mouse tooth
(in-house; and available at doi.org/10.17632/2kskdknngb.1, dataset V1, published 3 Oct 2022)
[39]. This resource combines 9 publicly available single cell transcriptomic datasets of postnatal
mouse molars and incisors, spanning early postnatal to adult life. Gene expression analysis was
performed on the subset of all dental epithelial populations, as indicated in Fig. 6A, which
includes the entire ameloblast lineage (from pre-ameloblast to secretory- and maturation stage
ameloblasts). Feature plots were generated using the FeaturePlot function of the Seurat package
(v4.0.1) using SoupX-corrected (to control for ambient/background RNA) and normalized
counts [40-41]. All analysis code used to develop the atlas is available on GitHub
(https://github.com/fhermans27/scRNAseq-tooth-atlas).

Reverse Transcription Quantitative PCR (RT-qPCR)


https://github.com/fhermans27/scRNAseq-tooth-atlas

Incisors from 2-3-month-old WT mice were meticulously dissected from the alveolar bone. As
outlined by Houari et al. (2018), the secretion and maturation stages of the enamel organ were
collected separately [42]. In addition, the salivary gland was harvested as a positive control.
The tissues were then lysed immediately using buffer RLT (RNeasy Micro Kit, Qiagen, Venlo,
Netherlands). The lysate was stored at -80°C, pending subsequent processing.

The RNA extractions were performed using the RNeasy Micro Kit (Qiagen, Venlo,
Netherlands). The reverse transcription process was conducted using random primers,
employing the Verso cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA).
Quantitative PCR (qPCR) was performed using the StepOnePlus™ Real-Time PCR Systems
(Applied Biosystems, Thermo Fisher Scientific) with TagMan™ gene expression assays.

2—DDCT

Relative quantification of RNA levels was carried out using the method and normalized

to the expression levels of Gapdh (Table 2). Each sample was assessed in duplicate.

RefSeq Reference Amplicon Provider
size

Gapdh NM 001289726.1 Mm99999915 gl 109 Thermo Fischer
Scientific

Anol NM 001242349.1 Mm00724407 _m1 63 Thermo Fischer
Scientific

Cftr NM 021050.2 Mm00445197 ml 88 Thermo Fischer
Scientific

Table 2 : Details of TagMan probes used for RT-qPCR analysis. The target genes (Gapdh,
Anol, and Cftr) are listed with their corresponding RefSeq accession numbers, commercial

assay references and amplicon sizes

Immunohistochemistry

Hemimandible sections were dehydrated using an ascending ethanol concentration series.
Endogenous peroxidases were blocked in 0.4% hydrogen peroxide in methanol. After extended
rinsing in PBS, background activity was blocked at room temperature for 90 minutes in 1%
bovine serum albumin (BSA) in PBS. Rabbit polyclonal ANO1 antibody (Proteintech, 12652-
1-AP) were used at 1/300 dilution. Sections were treated overnight in a moist chamber at 4°C
and further incubated for 60 minutes with a polyclonal swine anti-rabbit immunoglobulin-G
peroxidase conjugate (Dako, Denmark). Peroxidase labeling was revealed using 3-3-

diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich) diluted in 5mL of H:0. To
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exclude nonspecific binding, controls were carried out by omitting the primary antibody. Lung
sections sampled in 3-month-old WT mice and similarly processed were used as positive control

(Supplementary Material 2).

Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 9 (GraphPad Software, San
Diego, CA, USA). Animals were randomly allocated to experimental groups, and all data
processing was performed blindly to minimize bias. Data are presented as mean + standard
deviation (SD). Differences among three groups or more were assessed using one-way analysis
of variance (ANOVA) or two-way ANOVA, followed by Tukey’s Honestly Significant
Difference (HSD) test as a post hoc analysis to identify specific group differences where
applicable. Statistical significance was defined as p < 0.05. Pearson’s correlation coefficients
were calculated to evaluate linear relationships between variables. In all figures, statistical
significance is denoted as follows: NS: No Significant, *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001.

Results

Anol ASO treatment fails to restore enamel mineralization in the continuously growing
incisor but improves the first molar

Visual examination of the enamel at both 2-3 months and 4-6 months revealed striking
differences in the appearance of the incisors between G542X CF mice (either untreated, control
ASO-treated or Anol ASO-treated) and WT mice (Fig.1). CF mice consistently exhibited severe
enamel hypomineralization, manifesting by brittle teeth that were prone to cracking and
markedly white in color, indicative of enamel disorganization. In contrast, WT mice displayed
well-mineralized enamel enriched with iron, conferring a characteristic yellowish hue [43].
However, the enamel surface of 4Anol ASO-treated G542X mandibular incisors appeared
slightly smoother and less abraded, compared to control ASO-treated mice.

We next performed micro-CT analysis to determine the enamel surface area, volume, and
density of the continuously growing mandibular incisor at both time points (Fig. 2). Sagittal
reconstructions revealed delayed mineralization in CF incisors, regardless of the treatment, with

a pronounced decrease in enamel volume and density, as well as porous enamel structure
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(Fig. 1B). Enamel mineralization was observed to begin under the second (M2) and third (M3)
molars in the WT incisors. In contrast, in the CF incisors, it was at best visible under the first
molar (M1) or beyond, regardless of the group. Consistently, measurement of the incisor enamel
surface under the first (M1) and the second (M2) molars showed that enamel thickness was
significantly lower in all CF mice compared to WT (p < 0.0001) (Fig. 2A-B). Furthermore,
enamel volume and density were both significantly lower in the incisors of the CF groups than
in the WT group (p < 0.0001) (Fig. 2C-D).

Analysis of the first lower molar (M1) of untreated G542X, and control ASO G542X CF mice
also showed significantly lower enamel volume and density compared to WT at both time
points, albeit more significant at the longer time point (Fig. 3A-B). In contrast, 4Anol ASO-
treated mice showed improved enamel volume and density in molars. At the 2-3 month time
point, these values were not significantly different from those of the WT group (p > 0.05).
These data show that enamel volume and mineral density of both the mandibular incisor and
the first molar in G542X CF mice are markedly reduced. Compared to untreated or control-
treated mice, Anol ASO treatment shows a slight beneficial effect on enamel mineralization in

molars but does not restore enamel mineralization in the incisor.

Anol ASO treatment fails to restore enamel biomechanical properties in the continuously
growing incisor, but improves the first molar

Next, nanoindentation assays were performed to assess the biomechanical properties of the
enamel in the incisor and first molar of WT, G542X, control ASO-treated G542X, Anol ASO-
treated G542X 2-3-month-old mice. For the incisor, all the CF mice, whether treated or
untreated, exhibited significantly lower enamel hardness and elastic modulus compared to WT
mice, indicating decreased enamel resistance to deformation (Fig. 3C).

In contrast, in the first molar, the enamel from Anol ASO-treated mice exhibited significantly
higher hardness than enamel from control ASO-treated mice (p <0.01), which is consistent with
the micro-CT findings (Fig. 3D). Furthermore, there was no significant difference in enamel
elasticity between WT and treated or not treated CF mice, suggesting relative resistance of

molar enamel to biomechanical degradation.

The surface of molars is less altered in Anol ASO-treated mice
We then examined the enamel structure of the incisor and first molar in CF and WT mice using
scanning electron microscopy (SEM) on frontal sections of the mandible prepared at the level

of the mesial aspect of M1 (Fig. 4). For both molar and incisor, WT mice displayed well-
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organized prismatic enamel, characterized by a robust interweaving of the prisms. In contrast,
G542X mice exhibited an accumulation of non-mineralized matrix in the incisor, with prisms
that were difficult to distinguish, indicating delayed maturation. As observed with micro-CT
and mechanical findings, no differences were observed between 4nol ASO- and control ASO-
treated CF mice (Fig. 4A). In the molar, the prismatic structure was still present in all the CF
groups, although less defined than in WT, with patches of non-mineralized matrix within the
bulk of the enamel. In addition, the surface was eroded with cracks and fractures of the outer
enamel layer in both untreated and control ASO-treated CF mice. Such fractures were visible

at a lesser degree on the surface of the Anol ASO-treated group (Fig. 4B).

Altered ameloblast morphology and absence of mineralized enamel in CF mice revealed
by TC-CReM

To further assess amelogenesis in CF mice, we used an innovative histological imaging method,
TC-CReM, applied here to non-demineralized mandibles. This straightforward method,
merging histological and optical techniques, allows for the simultaneous collection of
fluorescence and reflection signals. It enables the observation of cellular structures,
extracellular matrices, and mineralization interfaces in fluorescence, as well as the reflection of
secretion and maturation dynamics of hydroxyapatite crystals during enamel formation. The
TC-CReM method implemented here optimizes the epifluorescence and optical reflection
capabilities of laser scanning confocal microscopy (LSCM) to achieve imaging at its maximum
depth. (Fig. 5 and Supplementary Video).

At the level of the incisor, TC-CReM revealed the presence of hypomineralized enamel matrix
in G542X mice treated with either control ASO or Anol ASO, particularly in the region located
beneath M1, regardless of ASO treatment. In addition, the morphology of the dental epithelium
appeared altered in CF mice whatever the treatment was. The mAB and papillary layers in these
CF mice were disorganized and flattened, in contrast to the well-organized dental epithelium
observed in WT mice (Fig. SA and Supplementary Video Incisor).

In molars, TC-CReM revealed enamel hypomaturation in CF mice, regardless of ASO treatment,
whereas in WT, a well-organized mineralized prismatic organization was observed (Fig. 5B and
Supplementary Video Molar).

These results indicate that Anol ASO treatment does not restore amelogenesis in G542X CF
mice. Furthermore, the disrupted morphology of the dental epithelium during the maturation
stage probably causes mineral deposition to fail, suggesting that CFTR deficiency has a dual

impact on ion transport and ameloblast integrity during amelogenesis.
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Differential expression of CFTR and ANOLI in secretory and maturation ameloblasts

We next studied the expression of ANOI1 in ameloblasts. We first analyzed single-cell RNA-
sequencing data from a publicly available mouse tooth atlas [39]. The expression profile
showed that in mAB, Cftr was expressed at higher levels than Anol (Fig. 6A). We next
performed RT-qPCR analyses on micro-dissected sAB and mAB obtained from the
continuously growing incisors. The results showed that Cftr expression was significantly up-
regulated in mAB compared to sAB (p < 0.05), which was not the case for Anol expression (p
> 0.05) (Fig. 6B). Anol expression in mAB was confirmed at the protein level by
immunohistochemistry (Fig. 6C). These results suggest that CFTR may play a more prominent
role than ANO1 in ameloblasts, particularly at the maturation stage when ion transport is crucial

for proper enamel mineralization.

Discussion

In class I CF mutations, like the G542X nonsense mutation, the absence of CFTR protein
renders treatments with modulators that improve CFTR folding or gating (effective for other
mutation classes) ineffective. In the present study, we investigated the effect of 4no/ ASO (an
antisense oligonucleotide targeting Ano/ mRNA) on enamel defects in a G542X mutation-
harboring murine model, a new treatment developed for Class I CF mutations. We performed a
multiscale analysis of the enamel, ranging from macroscopic morphology to microstructural
characterization, including a novel method that combines tissue clearing and confocal reflection
microscopy. Our data showed that Anol ASO treatment improved the mechanical properties of
molar enamel but did not correct enamel mineralization in the continuously growing incisor.

Altered enamel mineralization has been repeatedly described in small and large animal models
of CF, including Cf#r knock out (KO) rat, mouse and porcine models [13-17, 44], as well as in
knock in (KI) rat and porcine models bearing the F508del variant [15, 17, 45], which is the
most prevalent variant in humans [3]. Here, our data revealed that the G542X CF mouse model
also exhibited a severe enamel phenotype, with alterations in both molars, which have formed
during the early days of the animal’s life, and in the continuously growing incisor. Overall, these
studies showed that CF animal models effectively mimicked the enamel defects observed in CF
patients, making them useful for evaluating how CF treatments affected enamel mineralization,

particularly in the continuously growing incisor model [46].
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Macroscopic examination of the incisors showed enamel hypomineralization in G542X mice,
with teeth appearing brittle and noticeably white. Under normal conditions, murine enamel
displayed a yellow color due to iron infusion, which contributed to improved mechanical
properties and enhanced resistance against acid attacks [43]. In contrast, enamel discoloration,
as seen here in G542X mice, was a marker of amelogenesis imperfecta in rodents [47-48]. Our
findings were consistent with the macroscopic observations previously made in a G542X rat
model, which also displayed enamel discoloration in the incisors [9].

Although Anol ASO-treated mice showed a slightly improved morphology of the erupted part
of the incisors, with smoother and less abraded enamel surfaces compared to control ASO-
treated mice, micro-CT imaging did not reveal any significant improvement. Enamel volume
and density remained significantly lower in the incisors of all the G542X CF mice compared to
WT mice, and there was a major delay in mineralization onset, as previously reported by our
team in the F508del rat model [17]. These findings were further supported by the
nanoindentation analysis, which showed no improvement in the mechanical properties of the
incisors of Anol ASO-treated mice compared to untreated CF mice or those treated with ASO
controls. Furthermore, in CF mice, regardless of the condition, SEM revealed non-mineralized
enamel matrix on frontal sections made at the level of M1, whereas in WT mice, the incisor’s
maturation process was well advanced at this level. Taken together, these data demonstrated
that Anol ASO treatment had no measurable effect on enamel mineralization and that the
continuously growing incisor is not an ideal model to evaluate its positive outcome.

In contrast, the molars, which form during the early days after birth to be functional at weaning,
showed increased enamel volume and mineral density in Ano/ ASO—treated mice compared to
untreated G542X CF mice, indicating a partial therapeutic effect of the treatment. In addition,
SEM revealed less damage to the enamel surface, and nanoindentation revealed an
improvement in enamel hardness. These data raise two hypotheses. Either the role of ANOI
differs during enamel maturation between molars and incisors, or the treatment indirectly
impacts enamel surface integrity after tooth eruption by improving the quality of the saliva.
Supporting this latter hypothesis, it has been demonstrated that ANO1 is highly expressed in
the salivary glands, where it facilitates bicarbonate secretion and, consequently, salivary
buffering [49-50]. Furthermore, because Anol ASO treatment was given at post-natal day §,
when amelogenesis in molars is almost complete [51], especially in the first molar that was the
focus of our investigations, the benefits are likely to be indirect and attributed to improved

saliva properties.
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We proposed that the enhanced salivary bicarbonate content associated with 4Anol ASO
treatment could improve saliva properties, raising the oral pH, resulting in decreased enamel
erosion and preserved molar enamel integrity, as previously demonstrated for the CFTR
channel [52]. Both SEM and TC-CReM, a new method allowing observation of the mineralized
matrix and of the dental epithelium at the same time on undecalcified samples, revealed marked
structural disruption of the enamel prisms in CF molars with accumulation of hypomatured

enamel matrix, which was not improved by 4no/ ASO treatment.

It has been reported that patients with CF have a higher prevalence of enamel developmental
defects than individuals without CF [12]. Consequently, patients with CF are more susceptible
to dental pathologies such as caries and premature tooth wear. Furthermore, salivary
dysfunction has also been reported in CF patients [53], further increasing their susceptibility to
these pathologies. CFTR is known to play a critical role in bicarbonate ion secretion, which
regulates salivary pH homeostasis [54]. Furthermore, CFTR is highly expressed in salivary
glands in both mice and humans [55-56]. A dysregulated oral pH, resulting from CFTR
dysfunction, could promote gradual enamel erosion, particularly in molars, where enamel is not
continuously renewed, unlike in incisors. Interestingly, the mouse model of CF also exhibits
abnormal saliva with decreased bicarbonate secretion, resulting in a significant drop in pH [45].
Here, we showed that the erupted enamel of untreated and control ASO-treated mice was more
severely damaged than the erupted enamel of treated mice. Taken together, these findings
indicated that improved enamel properties observed mainly in molars and, to a lesser degree,
on the erupted part of the incisors may be an indirect consequence of the treatment on the saliva.
This urges the need to assess the benefit of Anol ASO treatment on salivary glands in future
studies. Nevertheless, saliva correction aligns with our recent findings, where we demonstrated
that this strategy could increase ANOI1 chloride channel expression and activity in various
tissues [36]. It may be hypothesized that early Anol ASO treatment in CF patients with a Class
I mutation could help preserve erupted enamel by enhancing saliva production. Indeed, murine

molars are a model more similar to human teeth than the continuously growing incisor.

The limited effectiveness of 4nol ASO on amelogenesis may be attributed to a minor role of
ANOI1 in enamel maturation by ameloblasts compared with CFTR. Strengthening this
hypothesis, the tooth atlas and qPCR analysis on micro-dissected ameloblasts showed that the
expression of Cfir was increased in maturation ameloblasts compared with secretory

ameloblasts. Future studies are needed to confirm the minor role of ANO1 in enamel
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maturation. Interestingly, other bicarbonate transporters such SLC26A1, SLC26A6, and
SLC26A7 have been shown to interact with CFTR in mouse maturation ameloblasts,
contributing to enamel matrix pH regulation [57]. Similarly to CFTR, these anion exchangers
were also upregulated at the maturation stage, but their individual deletion was not linked to
significant enamel changes, suggesting that they compensate each other. However, they are not
sufficient to make up for CFTR deficiency. Beyond enamel, 4nol ASO systemic treatment may
have consequences on other skeletal tissues that remain to be evaluated. While enamel-forming
cells (ameloblasts) are not osteocytes, these findings highlight how membrane channel function
and cell integrity broadly affect mineralizing cells [58]. In this regard, Tuladhar et al. recently
provided a comprehensive overview of approaches for evaluating bone and cartilage toxicity in

drug development, which may be useful for future studies evaluating the potential toxicity Ano!

ASO on bone cells [59].

CF is often associated with kidney abnormalities, which affect systemic mineral homeostasis
[60-62] resulting in bone loss [63]. Given that amelogenesis is also a biomineralization process
dependent on the mineral homeostasis [64], it can be hypothesized that it might also be affected
by the kidney disturbance associated with CF, although further studies are needed to confirm
this. Previous studies have shown that mutations in claudin genes (e.g., CLDNI16, CLDN19)
encoding tight junction proteins expressed both in the kidney and in ameloblasts lead to
amelogenesis imperfecta in humans and in enamel hypomineralization in mouse models, with
defects resembling those observed in CF mice, albeit less severe [65-67].

Finally, this study highlights the potential of photonic imaging using TC-CReM, which
combines fluorescence and reflection in optically clarified tissues, for investigating enamel, the
most challenging mineralized tissue.

One of the key advantages of TC-CReM was that it did not require prior demineralization,
thereby preserving the native structure of dental tissues. This was particularly critical for
studying enamel, where standard demineralization-based approaches often result in the loss of
essential mineralization information. By preserving mineral content, TC-CReM facilitated the
direct observation of immature enamel, an area that was difficult to distinguish using micro-CT
because its low mineral density closely resembled that of adjacent alveolar bone. As a result,
TC-CReM provided complementary data to micro-CT, revealing regions of early enamel

mineralization that would otherwise remain undetected.
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This technique detected immature enamel through local changes in the refractive index of the
tissue, which generate reflected light and make these structures visible under confocal reflection
imaging. This optical property allowed TC-CReM to distinguish enamel at various stages of
mineralization along the entire length of the incisor, offering a dynamic and continuous view
of enamel development. With its ability to preserve tissue integrity and reveal fine structural
details, TC-CReM represents a valuable tool for advancing our understanding of mineral
homeostasis in situ, particularly in difficult-to-study tissues such as dentin, bone, and especially

enamel [68].

Conclusion

This study demonstrated that A4nol ASO treatment did not rescue enamel mineralization or
correct amelogenesis in CFTR-G542X mice, likely due to the limited role of ANOI1 in
maturation-stage ameloblasts. However, the therapy partially improved the biomechanical
properties of erupted molar enamel, suggesting an indirect effect possibly mediated through
enhanced salivary gland function. These findings underscored the importance of CFTR in
enamel maturation and support further investigation into ANO!-targeted therapies not only for

respiratory outcomes, but also for oral health preservation in CF patients with Class I mutations.

Figure legends

Fig. 1 (a) Representative pictures of incisors from WT mice, G542X, G542X, Anol ASO-
treated, or control ASO, aged 2 to 3 months and 4 to 6 months. Incisors from transgenic, G542X
Control and G542X Anol ASO mice show brittleness, cracks, and white staining with areas of
hypo mineralized enamel represented by white arrows. (b) 3D representation of the hemi-
mandibles highlighting the volume and density of incisor and molar enamel using OsiriX

segmentation software (n = 4 mice per group). Scale bars: 1 mm.

Fig. 2 Micro-CT imaging and quantitative analysis of the incisor from WT mice, G542X,
G542X Control ASO and G542X Anol ASO, aged 2 to 3 months and 4 to 6 months. (a) 2D scan
of frontal sections of incisors at the level of the different roots of the first (M 1) and second (M2)
molars using the OsiriX software. Scale bars: 1 mm. (b) Quantification of enamel surface in the
incisor at the level of the first molar (M1M: mesial root M1 and M1D: distal root M1) and
second molar (M2M: mesial root M2 and M2D: distal root M2), performed using Analyze 14.0
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software. Statistical tests using Two-Way ANOVA were performed for this analysis ****p <
0.0001. Quantification of enamel volume (c) and density (d) in the incisor, performed using
Analyze 14.0 software. Statistical tests using One-Way ANOVA were performed for this
analysis (n =4 per group). ****p <0.0001. Density was quantified in mg/cm? of hydroxyapatite

by converting Hounsfield Units (n =4 mice per group).

Fig. 3 Quantification of enamel volume (a) and density (b) in the first molar of WT mice,
G542X, G542X Control ASO, and G542X Anol ASO, aged 2-3 months and 4-6 months,
performed using Analyze 14.0 software. Statistical tests using Two-way ANOVA were
performed for this analysis (n = 4 per group). ****p < 0.0001; ***p < 0.001; **p < 0.01; *p <
0.05; NS = Not Significant. Density was quantified in mg/cm?® of hydroxyapatite by converting
Hounsfield Units. Quantification of hardness and elastic modulus of incisor (c¢) and molar (d)
of WT mice, G542X, G542X Anol ASO-treated or control ASO, aged 2 to 3 months, performed
using Anton Paar indentation analysis software 9.0.11. 10 to 15 indents per tooth were made
over the entire enamel surface to a depth of 3 um. Statistical tests using One-way ANOVA were
performed as part of this analysis (n = 3 mice per group). ****p < 0.0001; **p < 0.01; HIT:
Hardness Indentation Test; EIT: Elasticity Indentation Test.

Fig. 4 Scanning Electron Microscopy (SEM) characterization of enamel structure in WT,
G542X, G542X Control ASO, and G542X Anol ASO mice, aged 2-3 months. (a) Representative
images of the enamel structure of the continuously growing incisor. Scale bars: 150 um
(overview) and 50 pm (zoomed-in region). (b) Representative images of molar enamel structure
(first mesial root of M1) (n = 3 mice per group). Scale bars: 300 pm, 150 um, and 50 um. Red

arrows indicate fractured prisms.

Fig. S Enamel mineralization and ameloblast morphology in WT and G542X mice. (a) Incisor
enamel mineralization and ameloblast morphology visualized using TC-CReM in WT, G542X,
G542X Control ASO, and G542X Anol ASO mice, aged 2—3 months. (b) First molar enamel
mineralization was visualized using the same imaging technique in the same experimental
groups. Images were acquired at 63% magnification with a section thickness of 50 um and a z-

step interval of 0.5 pm. Scale bars: 50 um (n = 3 mice per group).

Fig. 6 Expression patterns of Anol and Cftr in ameloblasts. (a) Single-cell RNA-seq data from
the previously established transcriptomic atlas of mouse tooth epithelium (Hermans et al.) was
used to compare Anol and Cfir expression across ameloblast populations. UMAP plots show

normalized expressions of Cfitr and Anol. Both genes are expressed in pre-ameloblasts and
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show differential expression in secretory-stage (sSAB) and maturation-stage ameloblasts (mAB).
Abbreviations: DEP: dental epithelial progenitors; IEE/OEE: inner/outer enamel epithelium;
mAB: maturation-stage ameloblasts; preAB: pre-ameloblasts; sAB: secretory-stage
ameloblasts; SI: stratum intermedium; SR: stellate reticulum; VEE/OEE: ventral/outer enamel
epithelium. (b) RT-qPCR presenting the relative expression of Cfir and 4nol normalized to the
reference gene Gapdh in salivary gland, sAB and mAB isolated from the incisor of WT mice
aged 2—3 months. Statistical tests using One-Way ANOVA were performed for this analysis.
*#kp < 0.001; *p < 0.05 (c) Immunohistochemical staining using an anti-ANO1 antibody
showing ANOI expression in sAB and mAB of mouse incisors from WT mice aged 2-3
months. Lungs were used as a positive control for ANOI1 staining (n = 3 WT mice)

(Supplementary Material 2).
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Figure 6

Mouse tooth atlas (Hermans et al.)
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Supplementary Material 1

Tissue Clearing and Confocal Reflexion Microscopy (TC-CReM)

The TC-CReM method originates from the combination of a biological tissue preparation
technique and a microscopy imaging technique.

The first histological technique, dating back to the late 19th century, is tissue clearing,
pioneered by the anatomist Werner Spalteholz. Since its inception, it has been repeatedly
modified to accommodate different tissues and the evolving resolution of optical
microscopes (DOI: 10.15252/msb.20209807). Today, it is commonly referred to as Tissue
Clearing. The principle involves homogenizing the refractive index of the tissue to reduce
light scattering and improve imaging quality. Its effectiveness depends on the
heterogeneity of the tissues studied and the specific structures to be visualized. There is
often a temptation to “over-clear” the tissue using pre-fixation followed by sequential
chemical treatments such as decalcification, depigmentation or bleaching, delipidation,
dehydration, degassing, and clearing. The goal is to achieve a homogeneous refractive
index throughout the volume at all scales, facilitating access for various fluorescent
probes and enhancing resolution. The advantage lies in optimizing optical conditions to
observe the targeted information across a maximal volume
(DOI: 10.1177/0022034519844510). However, excessive tissue processing may lead to
the loss of unexpected information and potential serendipitous findings. Accordingly, the
histological preparation for TC-CReM has been simplified, omitting decalcification.

The second imaging technique, developed in the second half of the 20th century, is Laser
Scanning Confocal Microscopy (LSCM). Offering enhanced lateral and axial resolution
within a volume, LSCM is designed for detecting fluorescence emitted by different
fluorescent probes excited by a laser scan. It can also detect reflected light (DOI:
10.1385/MB:16:2:127).

Tissue Clearing for LSCM, Light Sheet microscopy (DOI: 10.1016/j.exer.2018.12.001), or
multiphoton microscopy for volumetric fluorescence detection has generated an
exponential number of publications over the past 50 years, with a peak of 4,529 articles
indexed on PubMed in 2021 under “Tissue clearing.” Now a standard approach in
multiscale biology (DOI:  10.1038/s43586-021-00080-9), it provides improved
understanding of three-dimensional tissue structures (DOI: 10.1242/dev.199369).

Surprisingly, Tissue Clearing for volumetric fluorescence imaging of cleared biological
tissues has not been combined with reflection detection. We applied it to study enamel in
correlation with other classical observation and quantification techniques for
amelogenesis.

We demonstrated that Tissue Clearing and Confocal Reflection Microscopy (TC-CReM)
enables the visualization of micrometer-sized fluorescent objects, such as cell nuclei, and
nanometer-sized reflective objects, such as enamel crystals undergoing maturation,
within the same cleared tissue volume. The histological procedure has been simplified,
with minimal processing to preserve maximum information. No decalcification is
performed after fixation; tissues are stained/dehydrated with rhodamine 6G—colored
ethanol, rinsed under vacuum, and cleared using a benzyl benzoate and benzyl alcohol
mixture.

The combined detection of fluorescence and reflection enables 3D imaging of cleared
volumes containing fluorescent structures and reflective nano-objects, such as crystalline
or metallic components and air interfaces. TC-CReM exploits both fluorescent and
reflective signals to visualize internal structures, identify non-fluorescent features, and
generate detailed 3D representations for in-depth analysis in an optically transparent
environment.
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a Technical principle of TC-CReM:
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b Optical principle of TC-CReM:

The LSM 800 system is commercially
available from ZEISS. It includes a
laser source configured to emit an
excitation wavelength of 640 nm,
used for both fluorescence and
reflection, with identical laser
power and variable gain settings.

The “VSD”1 component functions as
a mirror, reflecting the 640 nm
laser. The emission filter in front of
the photomultiplier detector
(PMT1) is removed to collect the full
640 nm reflection signal.

LSM 800

(1) Lasers

(2) Main Beam Splitter

(3) Scanners

(4) Pinhole

(5) Variable Secondary Dichroic “VSD” 1 (High-pass)
(6) Variable Secondary Dichroic “VSD” 2 (Low-pass)
(7) Emission filter for PMT1 (9)
(8)Emission filter for PMT3 (10)
(11) PMT2 or Airyscan
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Negative control Anti-ANO1
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Legend: Immunohistochemical staining of lung tissue showing the expected ANO1
expression, confirming the specificity and functionality of the anti-ANO1 antibody

(TMEM16A, ref. 12652-1-AP, Proteintech®), in WT mice aged 2—-3 months (n = 3).
Images shown at 10x and 40x magnification. Gl: gland; Br: bronchus; Ep: epithelium;

CC: club cell; Gd: glandular duct.



