1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Laryngoscope. Author manuscript; available in PMC 2022 April 01.

-, HHS Public Access
«

Published in final edited form as:
Laryngoscope. 2021 April ; 131(4): E1349-E1356. doi:10.1002/lary.29060.

Genotype-phenotype correlation of tracheal cartilaginous
sleeves and Fgfr2 mutations in mice

Austin S Lam, MD12:3, C Carrie Liu, MD MPHY2" Gail H Deutsch, MD#2, Joshua Rivera,
BS6™, Jonathan A Perkins, DO12:8 Greg Holmes, PhDS, Ethylin Wang Jabs, MD8, Michael
L Cunningham, MD PhD37:8 John P Dahl, MD PhD MBA1:2:8

1=Department of Otolaryngology — Head & Neck Surgery, University of Washington School of
Medicine, Seattle, WA

2=Division of Pediatric Otolaryngology — Head & Neck Surgery, Seattle Children’s Hospital,
Seattle, WA

3=Seattle Children’s Research Institute, Center for Developmental Biology and Regenerative
Medicine, Seattle, WA

4=Department of Pathology, University of Washington School of Medicine, Seattle, WA
5=Department of Pathology, Seattle Children’s Hospital, Seattle, WA

6 =Department of Genetics and Genomic Sciences, Icahn School of Medicine at Mount Sinai, New
York City, NY

7=Department of Pediatrics, University of Washington School of Medicine, Seattle, WA

8 =Craniofacial Center, Seattle Children’s Hospital, Seattle, WA

Abstract

Objectives: To characterize tracheal cartilage morphology in mouse models of Fgfr2-related
craniosynostosis syndromes. To establish relationships between specific Fgfr2 mutations and
tracheal cartilaginous sleeve (TCS) phenotypes in these mouse models.

Methods: Postnatal day-0 knock-in mouse lines with disease specific genetic variations in the
Fofr2gene (FgfrC342YIC382Y | pofrAC340X 1+ | FofroHY3AC | FrfrotiS252W and Fofro+P253R) ag
well as line-specific controls were utilized. Tracheal cartilage morphology as measured by gross
analyses, microcomputed-tomography, and histopathology were compared using Chi-squared and
single-factor analysis of variance statistical tests.

Results: A greater proportion of rings per trachea were abnormal in FgfrZC342Y/* tracheas (63%)
than Fgfr2t15252W (17%), Fofr2PZ53R (17%), Fgfr2+Y394C (129%) and controls (10%) (p <.001
for each vs FgfrZC342Y1*) TCS segments were found only in FgfrZC342Y/C342Y (100%) and
FofrX342Y1+ (729%) tracheas. Cricoid and 15t tracheal ring fusion was noted in all
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FgfrZC342YIC342Y and 94% of FgfrZC342YH samples. The FgfrZC342YIC342Y and FgfrZc342YT+
groups were found to have greater areas and volumes of cartilage than other lines on gross analysis
and microcomputed-tomography. Histologic analyses confirmed TCS among the FgfrC342Y/C342Y
and FgfrX342Y 1 groups, without appreciable differences in cartilage morphology, cell size or
density; no histologic differences were observed among other Fgf72 lines compared to controls.

Conclusion: This study found TCS phenotypes only in the Fgf7Z=342Y mouse lines. These lines
also had increased tracheal cartilage compared to other mutant lines and controls. These data
support further study of the Fgfr2mouse lines and the investigation of other Fgfr2 variants to
better understand their role in tracheal development and TCS formation.
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Introduction:

Tracheal cartilaginous sleeve (TCS) is a life-threatening airway malformation often found in
patients with syndromic craniosynostosis.! The condition results from the vertical fusion of
tracheal rings — forming a solid C-shaped “sleeve” of cartilage along the anterior and lateral
trachea.? Abnormal airway architecture in those with TCS is thought to alter airway
dynamics and airway clearance, and may not allow adequate airway growth to support the
respiratory requirements of a developing child.3 A 90% mortality rate has been reported by 2
years of age without tracheotomy.*

With the exception of rare reports, TCS is associated only with craniosynostosis syndromes
caused by mutations in fibroblast growth factor receptor 2 (FGFR2), such as Apert, Beare-
Stevenson, Crouzon, and Pfeiffer syndromes.3® The FGFRs are a family of four receptor
tyrosine kinases, each composed of a split intracellular-kinase domain, single
transmembrane domain, and ligand-binding extracellular domain. The extracellular domain
contains three immunoglobulin (Ig)-like domains, with ligand binding occurring at the
second and third Ig-like domains. The receptors dimerize when complexed with fibroblast
growth factors (FGFs) or other receptor-specific sighaling molecules. This dimerization
leads to the activation of downstream signaling cascades involved in a wide array of cellular
responses including regulation of cell proliferation, differentiation and migration.6-8 Gain-
of-function mutations upregulate these processes and are associated with the aforementioned
craniosynostoses syndromes.’

Protein variants FGFR2C342Y (p.Cys342Tyr) and FGFR2 Y575C (p. Tyr375Cys) are associated
with Crouzon and Beare-Stevenson syndromes, respectively, and result in ligand-
independent FGFR?2 activation.8-12 Meanwhile, variants FGFR25252W (p Ser252Trp) and
FGFR2P253R (p.Pro253Arg) account for 98% of mutations seen in human Apert syndrome.
Both occur at the linker-region between Ig-like loops 11 and 111 and enhance receptor binding
affinity, resulting in ligand- dependent activation of FGFR2.712.13
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While TCS has been described in patients with several different FGFR2 mutations, a clear
genotype-phenotype relationship has not been established. Such a relationship is of clinical
importance as TCS is notoriously difficult to diagnose and early treatment is critical.3 In this
study, we systematically characterized tracheal cartilage morphology using knock-in mouse
models of ligand-independent (Crouzon/ Fgfr2>342Y | Beare-Stevenson/ Fgfr2Y394C) and
ligand- dependent (Apert! Fgfr25252W and Fgfr2P253R) activation to establish genotype-
phenotype correlations.

We hypothesized that genotype-phenotype correlation would be demonstrated and that mice
with ligand-/ndependent activating Fgfr2 mutations would demonstrate TCS that are more
severe and occur at greater frequency than those with ligand-dependent Fgfr2 mutations.

Materials and Methods:

Animal models and preparation:

Generation of mouse models are described elsewhere.14-17 FgfrZC342Y/(C342Y1%) mice were
maintained on a CD1 outbred background whereas Fgfr2/Y394C, Fgfr2t/S252W gngd
Fgfr2P253R mice were maintained on C57BL/6J inbred backgrounds. Line-specific controls
were utilized for analyses (Fgf72"*). Mouse lines were maintained at the Icahn School of
Medicine for ongoing experiments. Previous studies have demonstrated high neonatal
lethality rates for mice with FgfrZC342YIC342Y - Frfro+/S252W and Fgfr2+/P253R genotypes.
15-17 Thus, postnatal day-0 (P0) mice were euthanized per local Institutional Animal Care
and Use Committee (IACUC) protocols. Mouse thoraces were harvested and fixed in 4%
paraformaldehyde. Tracheas were dissected and removed en bloc with thyroid cartilages and
mainstem bronchi. Genotype was determined using line specific PCR assays.14-17 Animal
protocols were approved by the Icahn School of Medicine Institutional Animal Care and Use
Committee.

Tracheal morphology evaluation:

Tracheas were fixed in 95% ethanol. Alcian blue staining was carried out according to
standard protocols.18

Alcian blue-stained tracheas were examined under stereomicroscopy (Nikon Instruments
Inc., Melville, NY) and rings individually classified according to a modified version of the
classification system described by Permakumar et al.1® “Normal” ring types were defined as
those present on at least 20% of control specimens. “Abnormal” ring types were present on
fewer than 20% of control tracheas and those classified as “Other”. Two sleeve-type ring
segments were defined: “Complete cartilaginous sleeve” and “Partially sleeved rings.” A
tracheal segment was defined as 1/3rd tracheal length — superior, middle, inferior. Analysis
was performed for 86 specimens (7= 5 FgfrZC342YIC342YI+: 39 FofrL342YI+. 5
Fgfr2+Y394C. 6 Fgfr2+/S252W. 5 Fyfr2+IP253R: 33 Fofr24*). The ring type classification
system is detailed in Figure 1.

The presence or absence of fusion of the cricoid and 15t tracheal rings were noted.
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Cartilage dimensions assessment:

Images of 80 alcian blue whole-mount stained tracheas (7= 5 FgfrZC342YIC342YI+. 30
FofrZC342Y1+: 5 pofr2tY394C. 5 pofrotIS252W. 5 Fofr2tIP253R: 30 Fgfr2t*) were obtained in
an anterior-to-posterior orientation. Using these images, photographic area containing
stained cartilage was manually highlighted and extracted using Adobe Photoshop CC
2017.0.0 (Adobe Inc., San Jose, CA) and imported into ImageJ software 1.52a (National
Institutes of Health) where cartilage area was calculated.2® Only the cartilage present
between the superior border of the cricoid cartilage and the carina was included. Thus, the
amount of cartilage visible on the 2-dimensional images, was quantified as cartilage area.

Methods for additional cartilage dimensions are provided in Supplemental Methods.

Microcomputed-tomography assessment:

After serial alcohol dehydration tracheas were stained in 1% phosphotungstic acid for 7 days
and then washed with tap water.21 Microcomputed-tomography (uCT) was performed using
a SkyScan-1076 microtomography system (Bruker Corporation, Billerica, MA). uCT
settings are provided in Supplemental Methods. Images were reconstructed with NRecon
v1.7.0.4. software (Bruker Corporation, Billerica, MA) for segmentation and data
acquisition with 3D Slicer v4.11.0 (www.slicer.org).22

Volumetric models of tracheal cartilage and airway lumens were obtained by manual
segmentation. Cartilage and airway volumes between the superior border of the cricoid
cartilage and the inferior-most point of the common tracheal airway were calculated using
the Segment Statistics module. Cross-sectional areas along the entire airway lumen were
computed and the mean and minimum cross-sectional areas, as well as the cross-sectional
area at the cricoid, were recorded. Tracheal cartilage volumes were obtained for 35 samples
(n= 4 FgfrZC342YIC302Y I+, 5 [ofr CIA2YI+: 3 FafroHY394C. 3 fofroHS252W. 4 fofr oHP25IR.
16 Fgfr2''*) and airway volumes for 33 (1= 4 FgfrZC342YIC3A2Y1+: 4 FrfrAC342Y1+. 2
Fgfr2+Y394C. 3 Ffro+IS252W. 4 Fyfr2tIP253R: 16 Fgfrot).

Histopathologic evaluation:

Fixed tracheas were paraffin-embedded, sectioned at 5 microns and stained with
hematoxylin and eosin and Movat pentachrome. Images were captured with a digital camera
mounted on a Nikon Eclipse 80i microscope and analyzed using NIS-Elements Advanced
Research Software v4.13 (Nikon Instruments Inc., Melville, NY). The number of
chondrocytes per area of hyaline cartilage was assessed on 5 random images taken at 40x for
2 samples per group. The number of chondrocytes is expressed as a fraction of the total
cartilage area. All sections were reviewed by a board-certified pathologist with expertise in
airway histopathology (GHD).

Statistical analysis:

Statistical analysis was performed using the Real Statistics Resource Pack Software
v6.8.1.23 Chi-squared statistic with post hoc Fisher Exact Test was utilized to compare
groups for categorical variables. For continuous variables, two-tailed T-Test assuming equal
variances was used for comparisons involving two groups, and single-factor analysis of
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variance (ANOVA) with post hoc Tukey HSD was used for comparisons with greater than
two groups. An alpha level of 0.05 was used for all statistical procedures. Frequencies are
reported for categorical variables whereas means + standard deviations are reported for
continuous variables.

Line-specific control groups were pooled for analyses between Fgfr2 variant groups.

Tracheal morphology evaluation:

Representative whole-mount images are provided in Figure 2A-F. The mean proportions of
abnormal rings per trachea for the Fgfr2C342Y/C342Y (100+0%) and FgfrZC342Y1* (63+27%)
groups were significantly greater than all other groups, which were similar to controls
(10+8%) (p < .001 FgfrC342YIC342Y and FofrC342Y1* s each other group) (A5, 80) =
43.49, p<.001) (Table 1, Figure 2G).

Sleeve-type segments were present only in Fgfr2C342Y/C342Y (1000%) and FgfrZC342Y1+
(72%) tracheas (X? (5, N'= 86) = 56.54, p< .001). The mean proportion of sleeve-type
segments per trachea was greater in the FgfrZC342Y/C342Y group (100+0%) than all other
groups (p < .001 for FgfrZC342YIC342Y s each group) (A5, 80) = 35.36, p< .001). Greater
mean proportion of sleeve-type segments per trachea was also noted among the Fgfr2C342Y/*
group (23+27%) as compared to the Fgfr2t/5252W (0+0%, p= 0.04) and Fgfr2* (0+0%, p
<.001) groups. It was also observed that sleeve-type segments tended to be present on the
superior trachea, whereas the inferior trachea tended to have more normal appearing rings.
No sleeve-type segments were present in any other group (Figure 2A-F).

Cricoid and 15t tracheal ring fusion was noted in all Fgfr2C342Y/C342Y and 949% of
FofrXC342Y1* tracheas. These frequencies were significantly greater than in all other groups,
in which no cricoid and 15t tracheal ring fusion was found in any specimen (p < .001 for
FofrZC342YIC342Y and FgfrX342Y1+ ys each other group) (X (5, N= 86) = 78.23, p< .001).

Cartilage dimensions assessment:

Significant between group differences in whole-mount mean cartilage area among mutant
groups were found (A5, 74) = 38.03, p< .001). Cartilage area values for each group are
provided in Table 2. The mean cartilage area for the FgfrX342Y/C342Y group was
significantly greater than all other groups (p < .001 for all comparisons). The FgfrZC342Y/+
group was the greatest among the heterozygous groups, significantly greater than the
Fofr2Y394C | Fofr2tIS252W and Fofr2t* groups (p < .001 for each comparison). The mean
cartilage area for the Fgfr2'/P253R group was noted to be significantly greater than the
Fgfr2+Y394C (p = 04) and Fgfr2t* (p=.01) groups (Figure 2H).

Microcomputed-tomography assessment:

Representative UCT images are provided in Figure 3A-F. Among Fgfr2 variants, a
significant between group difference was identified (A5, 29) = 27.10, p< .001). Cartilage
volume values for each group are provided in Table 3. Mean cartilage volume was greatest
among FgfrZC342YIC342Y tracheas, followed by the FgfrZC342Y1* group. The Fgfr2t* group
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demonstrated the lowest mean cartilage volume, followed by the Fgfr2"/5252W group. Mean
cartilage volume for FgfrC342YIC342Y tracheas was significantly greater than all other
groups (p < .001 for all comparisons) and mean volume among FgfrC342Y/* tracheas was
significantly greater than Fgfr2*'* tracheas (p < .001). There was a trend for greater mean
cartilage volume in the FgfrX342Y!* group as compared to Fgfr2t/Y3%94C (p=0.1) and
Fgfr2S252W (p = 05) tracheas but significance was not reached (Figure 3G).

A significant between group difference in mean airway volumes was detected (A5, 27) =
3.34, p=.02). Airway volume values for each group are provided in Table 3. Mean airway
volume was greatest among Fgfr2C342Y/C342Y tracheas and least in the Fgfr2tS252W group.
Airway volume was similar among FgfrZ342Y!* and Fgfr2tY394C tracheas, whereas the
Fgfr2PZ53R group demonstrated volumes similar to the Fgf72** group. The
FofrZC342YIC342Y group demonstrated significantly greater mean airway volumes than both
the Fgfr2t5252W and Fgfr2+'* groups (p= .02 and p= .03, respectively). No other between
group differences for airway volume reached statistical significance (Figure 3H).

Histopathologic evaluation:

Representative histopathologic images are provided in Figure 4A-D. Microscopic
examination of coronal and transverse tracheal sections confirmed the presence of TCS in
the FgfrC342YIC342Y and FgfrC342Y 1 groups (Figure 4B,D). All other groups appeared
similar to the representative images in Figure 4A,C. No other consistent structural
abnormalities were seen in hyaline cartilage rings, trachealis muscles or intercartilaginous
spaces. There were no distinguishable abnormalities in chondrocyte cytologic appearance,
cell size, or presence of binucleated forms among groups, compared to their line-specific
controls. Occasional mitotic figures within chondrocytes were seen in all cases (Figure 4C,
D). Morphometric assessment of cell density per cartilage area demonstrated no significant
between group differences (A5, 12) = 1.30, p=.3) (Figure 4E).

Additional data:

Data for comparisons with individual line-specific control groups are provided in
Supplemental Tables S1-S4. Additional Fgfr2variant comparison data from evaluations of
tracheal morphology, tracheal cartilage dimensions, microcomputed-tomography and
histology is presented in Supplemental Table S5.

Discussion:

Given the significant clinical impact of TCS phenotypes, we evaluated tracheal morphology
using knock-in mouse models of Fgfr2-associated craniosynostosis syndromes. The analysis
included mouse models harboring either ligand-independent (Fgfr2342Y | Fgfr2Y394C) or
ligand-dependent (Fgfr8252W | Fofr2P253R) activating mutations.14-17 We hypothesized that
a genotype-phenotype correlation for TCS malformations would be demonstrated among the
tested mouse lines and found that tracheal abnormalities were more frequent and severe
among FgfrZ°342Y lines. We also hypothesized that ligand-independent activating Fgfr2
mutations would be associated with TCS malformations at greater incidence and severity
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than ligand-dependent mutations. While this was seen in FgfrZ=342Y tracheas, it was not
observed in the other ligand-independent group (Fgfr2Y394C).

The FgfrZC342YIC342Y group was most severely affected, with all tracheas demonstrating
exclusively sleeve-type segments. Further, these tracheas exhibited greater amounts of
cartilage and tracheal airway volumes. The presence of larger tracheal airways is interesting
since tracheal stenosis has been thought possibly associated with TCS.2425 |t is theorized
that the tube-like cartilage in TCS may fail to appropriately increase in size with patient
growth, leading to a relatively stenotic airway.3 Since our study utilized a single
experimental time point, we could not assess the impact of airway growth on stenosis. It is
also possible that this observation was an artifact of fixation, with reduced dehydration-
related contraction possibly associated with greater amounts of cartilage (as in TCS).
Airways did appear smaller in the Fgfr2t/5252W group but were otherwise similar among
heterozygous mutants and controls. Since tracheal cartilage abnormalities were generally not
found in the Fgfr2+/5252W group, this difference in airway size is likely due to smaller body
size, as opposed to morphologically abnormal tracheas. While body size was not assessed in
our study, other research has shown PO mice with the FgfrZ252W mutation to be smaller
than controls.18 Previous studies of PO Fgfr2t/Y3%4C and Fgfr2+/P253R mice showed no
difference in body size when compared to controls.14.17

Of the heterozygous groups, the FgfrZC342Y/* tracheas were most severely affected. Nearly
all samples in this group were noted to have fusion of the cricoid and 1%t tracheal ring — a
finding not observed in any other heterozygous or control sample. FgfrZC342Y!* tracheas
were also the only heterozygous specimens exhibiting sleeve-type segments, present in 75%
of FgfrC342Y1* tracheas. This prevalence is substantially greater than that reported in
children with the mutation.3 Frequent use of bronchoscopy as a diagnostic modality in
human studies may result in under-diagnosis of TCS, as the subtle and non-specific
endoscopic findings make diagnosing TCS extremely difficult.22 Noorily et al., observed
TCS in humans that frequently did not involve the entire trachea.?8 Likewise, we describe a
large number of tracheas with sleeved segments that do not extend the entire tracheal length.
Bronchoscopy in patients with morphologically similar tracheas would be unlikely to yield a
TCS diagnosis since visualization of defined tracheal ring structures could lower the
surgeon’s index of suspicion.

Non-sleeve-type rings were also abnormal at high frequencies in FgfrZC342Y/* tracheas. In
this group, the average proportion of non-sleeve-type abnormal rings per trachea was 40%,
whereas other heterozygous groups were similar to controls (10%). The TCS entity has been
described as a broad spectrum of cartilaginous abnormalities; samples without overt TCS,
but larger burdens of morphologically abnormal rings may represent the more limited
disease extent on this spectrum.26

To further examine the spectrum of tracheal cartilage abnormalities and compare genotypes,
we quantified the amount of tracheal cartilage by calculating the area of stained cartilage on
anterior-posterior photographs and by measuring cartilage volume on pCT scans. Of the
heterozygous groups, FgfrZc342Y/* had the greatest amounts of cartilage followed by the
Fofr2tP253R group; the Fgfr2t/Y394C and Fgfr2t/S252W groups had measurements similar to
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controls. Greater amounts of cartilage in Fgfr2"/P253R mice (ligand-dependent activation)
than in Fgfr2t/Y394C mice (ligand-independent activation) was contrary to our hypothesis —
that ligand- independent mutations would be associated with TCS at greater incidence and
severity than ligand-agependent mutations. Despite activating the same receptor type,
different mutations in Fgfr2may cause differential activation of downstream signaling
cascades in different tissues.1* Thus, the Fgf7ZP253R mutation may result in signaling
upregulation that, to a greater degree, affects pathways involved in tracheal cartilage
formation. Interestingly, whereas the Apert-associated variant FGFR25252W js more
commonly associated with TCS in humans, the FgfrZ"253R mutation was associated with
greater amounts of tracheal cartilage in our study.3-27 While this finding may also be
explained by differential signaling cascade stimulation, another possible explanation would
be greater overall Fgfr2activation in the FgfrZ"253R variant. Both the FgfrP253R and
Fofr5252W mutations affect the linker region between the Ig-like Il and 111 domains, and
both are associated with reduced ligand dissociation.® However, whereas the increased
affinity in the Fgfr8252W variant is ligand-specific, the FgfrZ253R mutation results in an
indiscriminate increased affinity for FGFs.” Indiscriminate Fgfr2 activation in the
FofrZP253R group may lead to greater signaling pathway upregulation with subsequently
increased abnormal tracheal cartilage development. Genotype-phenotype correlations
between Fgfr2 mutations and cartilage phenotypes also may vary with the location or
structure of the cartilage. In a study of midface phenotypes of Fgfr2 C342Yl* Fofr2t/S252W
and Fgfr2t/P253R mutants, increased thickness of nasal cartilages were seen in Fgfr2t/S252W
and Fgfr2"P253R variants.28 A comparison of Meckel’s cartilage between these three
genotypes again found significantly increased cartilage thickness only in Fgfr2t/5252W and
Fofr2P253R mutants.29

Genetic and phenotypic variability exists within craniosynostosis syndromes.13:30 As our
understanding of genotype-phenotype relationships improves, genetic screening of these
patients may become increasingly useful for prognostication, genetic counseling and
treatment decision making.13 Our study demonstrates varying incidences and severities of
tracheal cartilage malformations among four genotypes associated with Fgfr2
craniosynostosis syndromes and TCS phenotypes. This strengthens the notion that genotype
information in craniosynostosis may help guide airway evaluation and intervention
decisions.

Several limitations are worth noting. There were substantially fewer Fgfr2/Y394C,
Fofr2t15252W and Fgfr2t/P253R specimens than FgfrX342Y1* |t is possible that more
severely affected tracheas would have been present in other groups, had greater numbers of
specimens been available. The mouse model of Beare-Stevenson syndrome (Fgfr2Y394C)
was characterized by Wang et al., and while several abnormalities were noted, tracheal
morphology was not described.24 Though TCS has been seen in the human FGFR2Y375C
variant, our results suggest that they are not present or are present at low frequency in the
mouse model.331 Among Apert syndrome-associated FGFR2 mutations, Wang et al.
observed TCS in 8% of Fgfr2*/5252W mice.16 The malformation has not been described in
Fofr2PZ53R mice.17 Additional variability may have been introduced by using mice with
different genetic backgrounds. We attempted to control for this by using line-specific control
groups, but variability could not be controlled in comparisons between the Fgfr2 variants
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with differing genetic backgrounds (i.e. FgfrZ°342Y — CD1 vs other Fgfr2 variant groups —
C57BI/6J). While at least 10 other FGFR2 mutations have been associated with TCS in
humans,? our study utilized models of four classic TCS-associated mutations available to us
at the time of this study. A homozygous model was only available for the FgfrZ°342Y
variant.

Conclusion:

TCS is a common life-threatening airway malformation found in patients with syndromic
craniosynostosis. This study highlights the variability of TCS formation seen in murine
models of Fgfr2-associated craniosynostosis syndromes. The FgfrZC342Y variant appears to
be associated with tracheal cartilage abnormalities occurring more frequently and with
greater severity than other tested variants. The presence of higher risk genotypes for tracheal
cartilage malformations supports further study of these lines and the investigation of other
Fgfr2variants to better understand their role in tracheal development and TCS formation.
This study lays a foundation for future researchers in understanding the relationships
between specific FGFR2 mutations and TCS phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Assigned Code Tracheal ring shape Description Frequency (%)

“Classic ring” — Singular straight band of

; 100%
tracheal cartilage.

“Bifurcated ring” — Singular straight
band of cartilage that crosses midline 61%
and bifurcates into two distinct bands.

“Connected rings” ~ Two distinct rings
of cartilage connected by a narrow band 12%
of cartilage.

“Fused rings” — Two distinct rings of
cartilage with wide common 3%
connection.

“Thickened ring” — One distinct
cartilaginous ring with thickened medial 9%
segment.

“slitted ring” — Thickened ring of

cartilage with st in middle. 18%

“Pentagonal ring” = Distinct ring of
cartilage with perpendicularly directed 55%
point near the middle.

“Ring piece” — Small piece of tracheal
cartilage that is distinct from, though
may be closely approximated to, a larger
ring of cartilage.

24%

“Incomplete ring” — Distinct straight
band of cartilage that does not span the 49%
entire width of the trachea.

“Segmented ring” — Straight band of
cartilage that has missing segment near 0%
the middle.

“Merged rings” — Two distinct and
complete bands of cartilage that cross
midline and merge into a single band on
the contralateral side.

49%

“Incomplete merged rings” — One
distinct incomplete ring that merges
with either another incomplete ring or a
complete ring.

15%

“Laterally connected rings” ~ Two
distinct rings of cartilage that are
connected by a thin band at their most
lateral aspect.

12%

“Double bifurcated ring” — Singular
cartilaginous ring of normal thickness
that spans the majority of the tracheal
width before bifurcating on both ends.

9%

“Merged Bifurcated Ring” - Merged ring
that bifurcates at the contralateral end.

AR

“Complete cartilaginous sleeve” —

Uninterrupted sleeve of cartilage

spanning the entire width of the
trachea, for an entire tracheal segment.

0%

:

“Partially sleeved rings” — All rings fused
with only small areas of non-
cartilaginous structures, spanning an
entire tracheal segment.

0%

o

Ring shape that either does not conform
z Other to or is a combination of the above 36%
listed descriptions.

Figure 1:
Tracheal ring types, their assigned codes, descriptions and frequencies at which they were

observed in control specimens. “Normal” tracheal ring types (frequency in controls = 20%)
are highlighted in green whereas “Abnormal” and “Sleeve-Type” are highlighted in yellow
and red, respectively.

Note: Sleeve-type segments are classified both as “Abnormal” and “Sleeve-Type” for
analyses.
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Figure 2:

Panels A-F represent alcian blue stained whole-mount specimens, A) FgfrZC342YIC342Y  p)
Fofr 342X+ C) Fofr2Y394C D) Fofr2t1S252W E) Fgfr2+P253R and F) Fgfr2!*. Scale bars
=1.0 mm.

Panels G and H demonstrate box plots representing the proportion of tracheal rings that were
abnormal and cartilage area, respectively. Center lines show the medians; box limits indicate
the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the
25th and 75th percentiles; plus signs represent sample means; data points are plotted as open
circles.

** p<.01Vs Fgff2C342Y/C342Y

**x 5 < 001VS Fgf,-f342Y/C342Y
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11 p <.001vs FgfrZC342Y1+
t p <.05vs Fgfr2tP253R
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Cartilage Volume (mm3)

% % %k

Figure 3:
Panels A-F represent 3D-reconstructions of microcomputed-tomography specimens, A)

Fgﬂ-f342Y/C342Y, B) Fgf,-f342Y/+’ C) FgffZ"/Y394C, D) Fgfl'ZHSZSZW, E) Fgfrzl-/P253R and
F) Fgfr2*'*. Scale bars = 1.0 mm.

Panels G and H demonstrate box and whisker plots representing cartilage volume and airway
volume, respectively. Center lines show the medians; box limits indicate the 25th and 75th
percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th
percentiles; crosses represent sample means; data points are plotted as open circles.
*p<.05vs Fgf,-f342Y/C342Y

*xk < 001V Fgfr§342Y/C342Y

11 p <.001vs FgfrZC342Y1+
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Figure 4:

Representative images of Movat pentachrome stain (panels A, B) and hematoxylin & eosin
stain (panels C, D) of Fgfr2** (panels A, C), and FgfrZC342YIC342Y (panels B, D) highlight
cartilage (stained green) and mitotic figures (arrows). Panel E shows a bar graph
representing the number of chondrocytes per area of hyaline cartilage as assessed on 5
random images taken at 40x for 2 samples per group. Error bars represent standard
deviations. Scale bars = 50 pm for panels A, B, and 25 um for panels C, D.
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Proportion of abnormal rings per trachea on tracheal morphology evaluation data comparisons between Fgfr2

gene variants and controls (pooled). 77— number of samples per group. SD — standard deviation.

Group n mean (+ SD) p-value
Abnormal Rings per Trachea (mean proportion) <.001

FyfrZo342vIC3a2Y 5 100% (+0%)

Fgfr3azyts 32 63% (+27%)

Fgfr2Y3%C 5 12% (+6%)

Fgfr2vIs252W 6 17% (£14%)

Fgfr2P25R 5 17% (£14%)

Fgfr2* 33 10% (+8%)
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Whole-mount cartilage area data comparisons between Fgfr2 gene variants and controls (pooled). 7— number
of samples per group. SD — standard deviation.

Group n mean (+ SD)  p-value
Cartilage Area (mm2) <.001
FgfraC3a2vIc3a2y 5 2.56 (+0.23)
Fyfro3a2Xis 30 1.96 (+0.29)
Fgfr2HY394C 5 1.32 (+0.22)
Fgfr2HIss52W 5 1.44 (+0.10)
Fgfr2+P253R 5 1.76 (+0.18)
Fgfr2h 30 1.38(0.17)
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Microcomputed-tomography data comparisons between Fgfr2 gene variants and controls (pooled). 7— number
of samples per group. SD — standard deviation.

Group n mean (+SD)  p-value
Cartilage Volume (mm3) <.001
FyfrC342vIC342Y 4 0.59 (+0.14)
Fgfro34aYs 5 0.32 (£0.07)
Fgfr2HY394C 3 0.18 (+0.06)
Fgfr2Hs2saw 3 0.16 (0.07)
Fgfr2P253R 4 0.25 (+0.05)
Fgfr2t 16 0.15 (+0.05)
Airway Volume (mm3) .02
Fyfr5342Y1C382Y 4 0.50 (£0.17)
Fgfr 3!+ 4 0.37 (20.22)
Fgfr2Y3%4C 2 0.38 (£0.03)
Fgfr2Hs2san 3 0.18 (+0.07)
Fgf2P2sR 4 0.29 (+0.06)
Fgfr2* 16 0.28 (£0.09)
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