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Abstract

Proper embryonic and post-natal skeletal development require coordination of a myriad of 

complex molecular mechanisms. Disruption of these processes, through genetic mutation, 

contributes to variation in skeletal development. We developed a high-throughput ENU-induced 
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saturation mutagenesis skeletal screening approach in mice to identify genes required for proper 

skeletal development. Here, we report initial results from live-animal X-ray and dual-energy X-ray 

absorptiometry (DXA) imaging of 27,607 G3 mice from 806 pedigrees, testing the effects of 

32,198 coding/splicing mutations in 13,020 genes. 39.7% of all autosomal genes were severely 

damaged or destroyed by mutations tested twice or more in the homozygous state. Results from 

our study demonstrate the feasibility of in vivo mutagenesis to identify mouse models of skeletal 

disease. Furthermore, our study demonstrates how ENU mutagenesis provides opportunities 

to create and characterize putative hypomorphic mutations in developmentally essential genes. 

Finally, we present a viable mouse model and case report of recessive skeletal disease caused by 

mutations in FAM20B. Results from this study, including engineered mouse models, are made 

publicly available via the online Mutagenetix database.
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INTRODUCTION

Development and maintenance of the skeleton is regulated by multiple cell types within the 

bone periosteum, growth plate, and bone marrow, as well as numerous other organ systems, 

such as the muscular(1), nervous(2), vascular(3), and endocrine(4) systems. In addition to 

environmental influences such as age, gender, ethnicity, and physical activity, genetic factors 

also contribute to variation in bone phenotypes, for example bone mineral density (BMD)(5).

Early positional cloning studies identified the genetic basis for numerous human Mendelian 

skeletal diseases(6). Subsequent microarray-based genome-wide association studies (GWAS) 

enabled identification of numerous genetic loci associated with variation in complex human 

phenotypes, such as BMD and fracture risk(7,8). However, GWAS often require subsequent 

fine-mapping approaches to resolve causal genes underlying association signals. There is 

an emerging potential for GWAS polygenic risk scores to explain more of the genetic 

variation in quantitative bone measures(9); however, the majority of the variation in bone 

traits remains unexplained, reflecting the limitations of GWAS, which focus on common 

variants that confer small to modest effect sizes. Genome sequencing has potential to 

identify significant associations with increasingly low-frequency or rare variants(10), but 

practical challenges of cost, demands for large-scale data storage, and the need to develop 

computationally efficient means to analyze these datasets persist.

In vivo forward-genetic screens provide an alternative approach to identify genes required 

for diverse developmental processes. Forward-genetic screens utilize model systems that 

are amenable to mutagenesis and that allow for high-throughput, accurate measurement of 

phenotypic variation, such as in Drosophila(11), zebrafish(12,13), and mice(14). To identify 

genes with non-redundant functions in skeletal development, we implemented a live-animal 

Dual-Energy X-ray Absorptiometry (DXA) and X-ray radiography phenotyping approach as 

part of a previously published large-scale forward-genetic mouse screen(15).
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Here, we report selected examples demonstrating how our approach advances identification 

of pre-clinical mouse models of human skeletal disease and how ENU mutagenesis provides 

opportunities to characterize viable recessive alleles in essential genes.

MATERIALS AND METHODS

ENU mutagenesis, breeding, and genotyping

All animal protocols were approved by the IACUC of UT Southwestern Medical Center. 

Male C57BL/6J mice were purchased from the Jackson Laboratory, and male mice were 

mutagenized with ENU as previously described(16). Following mutagenesis, mice were 

bred as shown in Figure 1A. ENU-induced alleles were detected in G1 male mice by 

exome sequencing, and all non-synonymous ENU-induced alleles were genotyped in all 

G2- (female) and G3-generation mice using a targeted capture and sequencing approach, as 

previously described(15).

Skeletal screening

Mice were anesthetized with 2% isoflurane via precision vaporizer and imaged with a 

Faxitron UltraFocusDXA instrument with continued anesthesia. Standard X-ray and DXA 

images were acquired for two mice simultaneously. Skeletal phenotypes were measured 

using Faxitron software. For each trait, the average of the measurements for each side 

was calculated and phenotypes uploaded to the Mutagenetix database for automated 

meiotic mapping. Additional details regarding automated meiotic mapping were previously 

reported(15).

Generation of validation mice using CRISPR

Super-ovulation of 3-week-old C57BL/6N females was performed by administering 5 

International Units (IU) PMSG (pregnant mare serum gonadotropin) followed by 5 IU hCG 

48hrs later, then females were mated with C57BL/6N stud males and embryos harvested 

next day (D0.5).

crRNA (Integrated DNA Technologies, Coralville, IA) was annealed to tracRNA (Integrated 

DNA Technologies, Coralville, IA) by heating to 95°C for 5 mins then ramping down 

to 25°C at 5°C/min intervals. The Ribonucleoprotein (RNP) complex was generated 

by annealing the crRNA/tracRNA complex with Cas9 endonuclease (Integrated DNA 

Technologies, Coralville, IA) for 10 minutes at room temperature.

For knock-in models, single stranded oligodeoxynucleotides (ssODN) were added. CRISPR 

reagents (50ng/ul Cas9, 50ng/ul sgRNA, and 50ng/ul ssODN) were injected into the 

cytoplasm of embryos. Alternatively, CRISPR reagents (final concentrations of 300ng/ul 

Cas9, 300ng/ul sgRNA, and 500ng/ul ssODN) were delivered via electroporation using a 

NEPA21 Super Electroporator (NEGPAGENE, Ichikawa, Japan) or Gene Pulser (Biorad, 

Hercules, CA). Embryos were implanted into pseudo-pregnant mothers at D0.5 and resulting 

pups screened by Sanger sequencing.
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CRISPR crRNA and single-stranded donor template sequences are provided in 

Supplementary Table 1. All genotyping primers are available upon request or are available 

on the Mutagenetix website.

Micro-CT analysis

Proximal tibiae were imaged using a Skyscan 1072 (Bruker, Aartselaar, Belgium) set at 

50kV/200μA and using a 0.5mm Al filter. Images were obtained at 8μm pixel size with 

a rotation step of 0.4° between each image. The 3D image stack was reconstructed using 

NRecon version 1.7.4.6 (Bruker), and trabecular parameters were measured using methods 

recommended by Bruker. Using a reference level at the growth plate, the trabecular region 

was then defined as 200 slices offset by 50 slices from the reference using CTan software 

(Bruker). Trabecular segmentation excluded cortical bone, and following thresholding, all 

samples were analyzed for trabecular bone parameters. Statistically significant differences 

were detected using 2-sided T-tests.

Analysis of DMP1 protein

Femurs were embedded in paraffin, sectioned, and analyzed by immunofluorescent staining 

using a DMP1 antibody (provided by Dr. Chunlin Qin at Texas A&M University, 1:400) 

and DAPI (for nuclei) as previously described(17). Images were processed using ImageJ 

software.

Western blot analysis for DMP1 secretion was performed as previously described(18). 

Briefly, MC3T3-E1 preosteoblast cells (ATCC, Manassas, VA) were cultured in α-minimum 

essential media (MEM) supplemented with 10% fetal bovine serum (FBS) in a humidified 

incubator with 5% CO2 at a temperature of 37 °C. Cells were seeded into 6-well plates 

at a density of 12x104 cells per well. On the next day, cells were transfected with 2 μg 

of a pCDNA3 empty vector or a construct expressing hemagglutinin (HA)-tagged DMP1 

or DMP1L10P using X-tremeGENE 9 reagent (Roche, Indianapolis, IN) according to the 

manufacturer’s instructions. Total cell lysates and conditioned media were harvested 24 

hours after transfection.

For Western-blotting, 5 μg of the total cell lysates as well as total protein extracted from 

500 μl of conditioned medium by StrataClean resin (Agilent Technologies, Inc., Santa 

Clara, CA) were electrophoresed on a 4-15% gradient SDS-PAGE gel and transferred onto 

PVDF membrane (EMD Millipore). Membranes were blocked in 5% milk (LabScientific, 

Highlands, NJ) for 1 hour at room temperature and immunoblotted with mouse anti-HA 

monoclonal antibody (BioLegend, San Diego, CA; 1:1000) overnight at 4°C, followed 

by incubation with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Santa 

Cruz Biotechnology, Inc., Dallas, TX; 1:1000) for 2 hrs at room temperature. The 

immunostained protein bands were detected with ECL™ Chemiluminescent detection 

reagents (Pierce Biotechnology, Inc., Rockford, IL) and imaged using a CL-XPosure film 

(Pierce Biotechnology, Inc., Rockford, IL). Experiments were repeated three times.
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Exome sequencing and analysis

The affected subject was enrolled in the “Diagnosis and Treatment of Patients with Inborn 

Errors of Metabolism and Other Genetic Disorders” protocol approved by the Institutional 

Review Board at the National Institutes of Health (NCT00369421, IRB#76HG0238, 

approved 01/18/2021). The subject’s guardians provided informed consent. Genomic DNA 

was obtained from lymphocytes, and exome sequencing was performed through a clinical 

laboratory using a proprietary approach. Reads were aligned to the human reference 

genome (GRCh37/hg19) and variants analyzed using the GeneDx XomeAnalyzer tool. 

Variants in FAM20B were reported by the clinical laboratory following validation by Sanger 

sequencing.

In silico analysis of FAM20 kinases

Normal Mode Analysis (NMA) and Elastic Network Contact Model (ENCoM) analyses 

were performed using DynaMut, with verification of results in standalone Bio3d and 

ENCoM implementations, using established methods(19-21). Data was visualized in R using 

ggplot2, and structure depictions and alignments were generated using PyMol(22-24).

Statistical analysis

The relationship between skeletal phenotypes and age and gender of mice were estimated 

using linear regression models, including polynomial (quadratic and cubic) terms for 

age. Since the growth patterns in bone length must be non-decreasing, peak growth was 

estimated from polynomial regression models (above) and the values of phenotypes were 

assumed to be constant beyond the age of maximal growth. Regression models also included 

gender-by-age interaction terms, allowing for a different prediction equation for male 

and female mice. Outliers (with residual values >3 SD from the mean) were excluded 

when estimating the final prediction equation. Residualized phenotypes (calculated as the 

observed minus predicted value) were used to test for association with ENU-induced 

mutations.

RESULTS

Design and implementation of the skeletal screen

A schematic of the skeletal phenotype screening pipeline is shown in Figure 1A. 

C57BL/6J male mice, designated G0, are treated with ENU and subsequently crossed 

to non-mutagenized C57BL/6J females. Each resulting G1 male carries transmitted ENU-

induced mutations in the heterozygous state, which are detected by exome sequencing. G1 

male mice are crossed to C57BL/6J females, and the resulting G2 female offspring are 

subsequently back-crossed to their G1 sire to produce G3 pups that are screened for skeletal 

phenotypes. Non-synonymous ENU-induced mutations (~60 per pedigree(15)) are genotyped 

in G2 females and in all G3 mice by targeted sequencing, yielding REF (homozygous for the 

reference allele), HET (heterozygous for the variant allele), and VAR (homozygous for the 

variant allele) genotypes for each variant locus with respect to the C57BL/6J reference 

genome (GRCm38.p6)(15). All breeding is performed on the C57BL/6J background to 

eliminate variation due to mouse strains or C57BL/6 sub-strain differences.
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G3 mice and a small independent control cohort of non-mutagenized C57BL/6J mice 

undergo skeletal screening by live-animal DXA and standard X-ray radiography to measure 

tibia and femur BMD (measured by DXA) as well as tibia, femur, and pelvis length 

(measured by X-ray) phenotypes. Because the ages of G3 mice vary at the time of screening, 

we first evaluated the contribution of non-genetic factors, such as age and gender, to 

variation in skeletal phenotypes. Using a sub-set of G3 and C57BL/6J mice (n~11,650 

mice for lengths; n~16,330 for BMD), we used linear regression models (see Methods) to 

estimate the normal physiologic relationship between skeletal phenotypes, age, and gender. 

Together, these factors accounted for 33-43% of variance in measured skeletal phenotypes 

(Supplementary Table 2). Regression models were used to estimate predicted phenotypic 

measures for each animal, and residual differences were calculated for each phenotype. 

These models were subsequently validated using a larger set of N~25,300 G3 and C57BL/6J 

mice, confirming that our approach successfully removed variation due to age and gender 

(Figure 1B-F). This approach approximates the use of human Z-scores to identify clinically 

significant differences compared to age- and sex-specific population averages.

To identify ENU-induced alleles associated with variation in age- and gender-adjusted 

skeletal phenotypes, automated meiotic mapping tests for association between genotype and 

phenotype residuals using dominant, recessive, and additive genetic models.

Novel mouse models of human mucopolysaccharidoses

Random mutagenesis provides opportunities to discover novel ENU-induced mouse 

models of previously-reported human diseases. Here, we describe two novel mouse 

models developing skeletal phenotypes associated with variants in genes known to cause 

human mucopolysaccharidoses (MPS). First, we identified a locus co-segregating alleles 

in the Alpha-L-iduronidase (IduaD202E) and the FKBP-associated glomulin (GlmnS284P) 

genes associated with a recessive increase in BMD (Figure 2A). Recessive mutations 

in human IDUA cause MPS1 (Hurler syndrome), which presents with a variety of 

skeletal abnormalities(25). Idua knock-out mice develop a high bone mass phenotype(26); 

therefore, we selected Idua for validation by generating IduaD202E knock-in mice. IduaD202E 

knock-in mice were inter-crossed with mice harboring a predicted loss-of-function 

frameshift mutation (Iduaindel), and skeletal phenotypes were evaluated in 4-month-old 

male and female IduaD202E/indel compound heterozygous mice. Compound heterozygous 

IduaD202E/indel mice developed a high bone mass phenotype, and μCT analysis of the 

proximal tibia from age-matched male mice confirmed increased trabecular bone volume 

(BV/TV), increased trabeculae number (Tb.N.), and reduced trabeculae separation (Tb.S.) 

compared to control (Figure 2B-D). These results confirm the IduaD202E allele is loss-

of-function and represents a novel mouse model of human MPS1. Furthermore, these 

results demonstrate that our residuals-based approach is capable of identifying significantly-

associated phenotypes that are recapitulated using age- and gender-matched mice.

MPS6 (Maroteaux-Lamy syndrome), which presents with short stature and other skeletal 

abnormalities, is caused by recessive mutations in ARSB, encoding Arylsulfatase B(27,28). 

Similar to Idua knock-out mice, mice lacking Arsb develop skull and limb abnormalities(29). 

We identified the ArsbI381N allele significantly associated with a recessive reduction in tibia 
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and femur lengths (Figure 2E,F). We surveyed additional Arsb alleles in the Mutagenetix 

database and identified a critical splice site mutation (Arsbsplice) predicted to result in a loss 

of function. However as only a single homozygous G3 mouse was identified in the pedigree, 

we used a “super-pedigree” approach to investigate the combined association of both the 

Arsbsplice and ArsbI381N alleles with variation in bone lengths. Indeed, combining results 

from both pedigrees strengthened the association of Arsb with reduced skeletal growth 

(Figure 2G,H).

Mouse models of congenital hypothyroidism causing growth restriction

As illustrated by the identification of multiple MPS-associated genes, random mutagenesis 

is powered to independently identify phenotypes associated with alleles in different genes 

converging on the same molecular, biochemical, or developmental pathway. Thyroglobulin, 

encoded by the Tg gene, is an iodoglycoprotein expressed by the thyroid gland. Iodination 

of thyroglobulin requires the oxidation of iodide from hydrogen peroxide (H2O2) by thyroid 

peroxidase. Generation of H2O2 at the apical membrane of thyrocytes is dependent on 

the activity of Dual-function oxidases 1 and 2, encoded by the Duox1 and Duox2 genes, 

respectively(30). Recessive loss-of-function mutations in the human TG or DUOX2 genes 

cause recessive thyroid dyshormonogeneses 3 and 6, respectively(31,32). We identified 

a significant association of the TgI1352K allele with recessive dwarfism (Supplementary 

Figure 1A-C). The reduced growth observed in homozygous TgI1352K mice was similar 

to other Tg-mutant mouse lines reported by us and others(33,34). Similarly, we identified 

a significant association of the Duox2H1110D allele with recessive dwarfism (Figure 

3A-C). To validate the association with Duox2, we engineered Duox2 knock-out mice. 

Consistent with results from G3 mice and a previously published mouse model harboring a 

spontaneous Duox2V674G mutation(35), knock-out of Duox2 resulted in recessive dwarfism 

(Figure 3D-G). Although the developmental manifestations of Duox2 and Tg mouse lines 

reported here are consistent with a congenital hypothyroidism in these mice, this was not 

directly tested. Furthermore, consistent with a known primary role for DUOX2 in the 

thyroglobulin biosynthesis pathway and a lack of any observable phenotype in Duox1 
knockout mice(36,37), mice homozygous for the Duox1Y514X or Duox1Q196X nonsense 

alleles showed no significant differences in skeletal development (Supplementary Figure 

2).

Mouse models of altered bone mineralization

In addition to differences in longitudinal growth, our skeletal screen detects ENU-induced 

alleles associated with differences in bone mineralization. For example, recessive loss-of-

function mutations in the LRRK1 gene, encoding the Leucine rich repeat kinase 1 protein, 

were recently identified in patients with osteosclerotic metaphyseal dysplasia(38,39). We 

detected two alleles (Lrrk1I1383N and Lrrk1V1693A) within the Lrrk1 gene significantly 

associated with variation in skeletal development. The Lrrk1I1383N allele was associated 

with a recessive increase in BMD and reduced bone lengths that were evident upon X-ray 

imaging (Figure 4A-F). Results from the Lrrk1I1383N allele are similar to homozygous 

knock-out (Lrrk1Δex16-19) mice that develop a high bone mass phenotype due to osteoclast 

dysfunction and impaired bone resorption(40). Interestingly, we also identified a second, 

more distal allele (Lrrk1V1693A) associated with a dominant reduction in longitudinal bone 
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growth but not a BMD phenotype (Figure 4G,H). No homozygous mice were available for 

screening, and the Lrrk1V1693A allele was nominally associated (p=0.003) with a recessive 

lethality phenotype, though this was not significant after correcting for the number of 

ENU-induced alleles tested in the pedigree. In contrast to the Lrrk1Δex16-19 allele, mice 

homozygous for a distal C-terminal deletion allele (Lrrk1Δex24-29;Lrrk1tm1.1Mjff) presented 

with a pre-weaning lethality phenotype(41). Thus, we identified two independent alleles 

within Lrrk1 associated with different recessive and dominant skeletal phenotypes. These 

results suggest allelic heterogeneity within Lrrk1 that differentially affects longitudinal 

skeletal growth, bone mineralization/resorption, and possibly survival.

Characterizing a series of Lrp5 alleles in vivo

The Low density lipoprotein receptor-related protein 5 (LRP5) functions as a co-receptor 

with LRP6 and frizzled to regulate canonical WNT signaling(42). In mice, activation and 

inhibition of WNT signaling through different genetic perturbations results in increased 

and decreased bone mass, respectively(43). Loss-of-function mutations in human LRP5 are 

associated with recessive low bone mass, while mutations affecting interactions between 

LRP5 and its inhibitors (i.e., gain-of-function) are associated with dominant high bone 

mass(44-46). Multiple mouse models have been engineered that demonstrate the high and low 

bone mass phenotypes associated with Lrp5 mutations(47-49).

We tested whether an allelic series of ENU-induced alleles in mice could identify both gain- 

and loss-of-function mutations associated with opposite skeletal phenotypes. We identified 

multiple alleles in Lrp5 associated with variation in bone mass. Three alleles, including two 

predicted loss-of-function canonical splice site mutations (Lrp5ex1+2 and Lrp5ex12+1) and a 

missense mutation (Lrp5I557N) were associated with reduced bone density (Figure 5A-F). 

Interestingly, the Lrp5ex1+2 allele was associated with a recessive low bone mass phenotype 

and spontaneous tibia fracture (Prec=0.0001), while the Lrp5ex12+1 and Lrp5I557N alleles 

were associated with additive reductions in bone mass, with heterozygous mice developing 

an intermediate phenotype. No mice homozygous for the Lrp5ex12+1 allele were available for 

screening, and the allele was only nominally associated with lethality (p=0.03), suggesting 

too few mice were tested in the pedigree to observe homozygotes.

In contrast, we identified the Lrp5D125G allele significantly associated with increased bone 

mass (Figure 5G,H). The Lrp5D125G allele is located within blade 2 of the first YWTD 

beta-propeller domain, altering the Aspartic acid of the second Y-W-T-D motif to Glycine. 

The additive high bone mass phenotype associated with the Lrp5D125G allele is consistent 

with a gain-of-function mechanism, likely through interfering with binding of LRP5 

inhibitors DKK1, SOST, or MESD(50,51). This is further supported by the prior identification 

of the human LRP5G171V allele, also located within the first beta-propeller domain, 

causing a high bone mass phenotype that was subsequently verified in mice harboring 

the orthologous Lrp5G170V allele(46,48). These results demonstrate the feasibility of our 

ENU-induced approach to characterize an allelic series including both gain-of-function and 

loss-of-function mutations associated with opposing skeletal phenotypes in mice.
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Secretion-deficient Dmp1L10P mice do not phenocopy Dmp1−/− mice

Mice lacking the Dentin matrix acidic phosphoprotein 1 gene (Dmp1) develop severe 

chondrodysplasia-like skeletal deformities, including severely shortened long bones, and, 

consistent with its role in osteocyte function, loss of Dmp1 results in a disorganized 

osteocyte-lacunocanalicular system and reduced bone mineralization(52). Both nuclear and 

extra-cellular (secreted) functions for DMP1 have been proposed. In support of this, DMP1 

localizes to the nucleus in undifferentiated cultured pre-osteoblast progenitor cells, but it is 

quickly exported from the nucleus at the onset of osteogenic differentiation(53,54). To study 

this in vivo, nuclear- and secretion-specific forms of DMP1 were conditionally expressed 

in osteoblasts (using Col1a13.6kb-cre) of Dmp1−/− mice. Osteoblast-specific expression of 

nuclear DMP1 failed to rescue Dmp1−/− skeletal defects(55); however, expression of nuclear-

specific DMP1 in osteochondroprogenitors was not tested.

We detected a locus harboring linked alleles in Dmp1 (Dmp1L10P), the SDA1 domain 

containing 1 gene (Sdad1D144G), and the Protein tyrosine phosphatase non-receptor type 

11 gene (Ptpn11H419L) significantly associated with reduced tibia BMD and slightly 

reduced tibia length (Figure 6A-D). Sdad1 knock-out mice are uncharacterized, and no 

human disease has previously been associated with SDAD1 mutations. Gain-of-function 

and loss-of-function mutations in PTPN11 cause the Noonan syndrome Ras-opathy and 

metachondromatosis, respectively(56). In mice, knock-out of Ptpn11 is embryonic lethal(57), 

and conditional post-natal deletion of Ptpn11 in chondrocytes (using Col2a1-creERT2) 

resulted in metachondromatoses(58) that were not evident in homozygous G3 mice (Figure 

6E). Although contribution from the Ptpn11H419L or Sdad1D144G alleles cannot be 

definitively excluded, we selected the Dmp1L10P allele as the most compelling because 

it is located at a highly conserved residue within the DMP1 signal peptide and may possibly 

disrupt protein secretion. To test this, we evaluated DMP1 protein within the distal femur 

of a single mouse homozygous for the Dmp1L10P allele compared to a pedigree-matched 

control. Secretion of mutant DMP1 was markedly reduced in the homozygous Dmp1L10P 

mouse, localizing predominantly to the nucleus (Figure 6F). Moreover, wild-type Dmp1 
and Dmp1L10P transcripts were transiently expressed in MC3T3-E1 cells, and DMP1 

protein was evaluated in cell lysates and in the culture medium(18). Consistent with in 
vivo immunofluorescence localization, mutant DMP1L10P accumulated in cell lysates and 

was undetectable in the culture medium (Figure 6G). The phenotypic differences between 

published Dmp1−/− mice and homozygous Dmp1L10P mice described here suggest a model 

whereby DMP1 secreted by osteoblasts and osteocytes is required for maintenance of 

bone mineralization, while nuclear DMP1, possibly expressed in progenitor populations, 

is required for proper chondrogenesis and longitudinal skeletal growth.

ENU-induced skeletal phenotypes in essential genes

Multiple studies have shown that up to 34% of genes in the mouse genome may 

result in knock-out lethality that prohibits comprehensive phenotyping(59,60). One benefit 

of ENU mutagenesis is the potential to introduce putative hypomorphic alleles in 

developmentally essential genes, thereby providing opportunities to discover skeletal 

phenotypes associated with genes that otherwise remain unstudied or that are restricted 

to conditional approaches(60). As proof of concept, we sought examples of putative recessive 
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hypomorphic ENU-induced alleles in essential genes previously associated with skeletal 

phenotypes.

Aggrecan, encoded by the Acan gene, is a proteoglycan essential to the extracellular matrix 

of the skeleton(61). Mutations in the C-type lectin domain of human aggrecan have been 

associated with short stature and advanced bone age, while recessive mutations cause severe 

dysplasia and dwarfism(62,63). In mice, knock-out of the Acan gene results in lethality 

prior to weaning(59). Two spontaneous mouse lines harboring loss-of-function mutations 

in Acan develop recessive severe dwarfism with reduced lengths of long bones as well as 

other skeletal abnormalities, and both are homozygous lethal(64-67). More recently, the ENU-

induced AcanA1946V allele, located within the C-type lectin domain, was associated with 

late-onset obesity and joint disease; however, no other skeletal abnormalities were noted(68). 

We identified significant association of the Acanex5+2 predicted loss-of-function allele with 

reduced bone lengths in heterozygous mice; no homozygous mice were observed (Figure 

7A,B). We also identified the AcanT1927A allele, located within the C-type lectin domain, 

associated with an additive reduction in bone lengths, with heterozygous mice developing 

an intermediate phenotype (Figure 7C,D). The reduced long bone growth observed in 

mice homozygous for the AcanT1927A allele was similar to mice heterozygous for the 

Acanex5+2 loss-of-function allele, suggesting AcanT1927A is hypomorphic and viable in the 

homozygous state.

In addition to aggrecan and other proteoglycans, the extracellular matrix is composed 

of collagen fibers that provide critical structural integrity to the skeleton. For example, 

mutations in human type 2 Collagen, encoded by the COL2A1 gene, cause a variety of 

skeletal chondrodysplasias(69). In mice, homozygous loss of Col2a1 resulted in multiple 

skeletal defects, including dwarfism, and perinatal lethality(70). We detected a significant 

recessive association of the Col2a1I1389T allele with reduced bone lengths (Figure 7E,F). 

The COL2A1I1389 amino acid is located within the C-terminal fibrillar collagen domain 

and is highly conserved among mouse and human fibrillar collagens (Figure 7G). The 

orthologous amino acid among all human fibril collagens is highly conserved, with only 

a single heterozygous individual identified within the gnomAD database (N~136,000) 

harboring a COL27A1 p.(Ile1763Thr) (rs754072876) mutation. Defining the mechanism 

through which the Col2a1I1389T allele results in shorter limbs in mice remains unclear and 

requires further study.

Viable mouse models of human proteoglycan synthesis disorders

Proteoglycans (PGs) are complex macromolecules with varied distributions in the skeleton 

and cartilage that consist of a core protein, tetrasaccharide linker region, and covalently 

bound glycosaminoglycans (GAGs) that may undergo modification, such as sulfation(71). 

PGs regulate pathways required for proper endochondral ossification and chondrogenesis, 

and dysregulation of PG biosynthesis or degradation pathways results in various skeletal 

diseases(71,72). Both spontaneous and genetically-engineered mouse models of GAG defects 

have been characterized, many developing shortened limbs with varying severity(73-75); 

however, numerous genes required for PG biosynthesis are essential and display lethality 

when knocked out in mice (Figure 8A). Using our saturation mutagenesis approach, we 
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queried potential hypomorphic alleles in these and other genes involved in PG biosynthesis 

that may be associated with skeletal differences. Indeed, we identified multiple viable alleles 

associated with recessive skeletal defects within essential genes required for PG linker 

synthesis, GAG sulfation, or GAG elongation (Figure 8A; Supplementary Figures 3-6). 

These results reproducibly demonstrate that genetic mutations in genes required for PG 

biosynthesis in mice result in reduced skeletal growth or long bone dysplasia resembling 

human patients with skeletal disorders caused by recessive mutations in these genes(76-80).

Case report and mouse model of FAM20B-associated skeletal disease

The FAM20B gene encodes the FAM20B glycosaminoglycan xylosylkinase responsible for 

phosphorylating the initial xylose within the PG linker region (Figure 8A), which was shown 

to modulate GAG concentrations in vitro(81). In mice, loss of Fam20b (Fam20bLex) resulted 

in embryonic lethality(82). However, we identified the Fam20bW224R allele associated with 

reduced skeletal growth in homozygous mice (Figure 8A; Supplementary Figure 3). The 

reduced skeletal growth observed in mice homozygous for the Fam20bW224R allele was 

similar to other mouse models harboring variants in genes required for PG synthesis 

or sulfation (Supplementary Figures 4-6), suggesting the Fam20bW224R allele is likely 

hypomorphic.

We then sought patients with undiagnosed skeletal disease harboring putative recessive 

hypomorphic alleles in FAM20B. We identified a female patient born to non-

consanguineous unaffected parents of Bolivian descent who presented with intrauterine 

growth retardation and, at birth (35 weeks), preaxial polydactyly with partial duplication 

of the left distal phalanx, bilateral finger contractures, and muscular ventricular septal 

defect that closed spontaneously by 6 months of age (Figure 8B). She developed 

glaucoma requiring surgery at 6 months of age. At 11 years of age, her weight and 

height were 24.9kg (−2.6 standard deviations (SD)) and 120.3cm (−3.5 SD). At 12 

years of age, her physical examination revealed prominent eyes, retrognathia, high-arched 

palate, camptodactyly (Figure 8C), and pes planus with mild foot eversion bilaterally, 

but no joint laxity was elicited. Skeletal imaging showed subluxation of the proximal 

interphalangeal joints (Figure 8C), prominence of the lesser trochanters (Figure 8C), and 

large epiphysis of the distal phalanx of the thumb. Exome sequencing performed on 

DNA from the patient identified bi-allelic variants in FAM20B, including a rare predicted 

loss-of-function mutation (NM_014864.3:c.385C>T/p.(Arg129Ter), rs1222347878) and a 

rare nonsynonymous mutation (c.869G>A/p.(Arg290His), rs1183872117) located at an 

evolutionarily highly conserved residue (Supplementary Figure 7). Both mutations were 

computationally predicted to be damaging, and both variants were confirmed compound 

heterozygous in the patient (Figure 8B). No other recessive variants were identified in 

candidate genes potentially associated with the patient’s phenotype.

Recently, two siblings from a single family presented with a lethal skeletal syndrome 

characterized by a spectrum of skeletal abnormalities including short limb dwarfism that 

resembled Desbuquois dysplasia, and exome sequencing identified compound heterozygous 

loss-of-function alleles in FAM20B in one patient(83). To evaluate whether the FAM20B p.

(Arg290His) allele in our index patient was potentially hypomorphic, we performed multiple 
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computational analyses and compared results to the FAM20A p.(Asp403Asn) and FAM20C 

p.(Asp451Asn) alleles known to cause Amelogenesis Imperfecta 1G and Raine syndrome, 

respectively(84,85). All three alleles occur within an evolutionarily conserved structural 

element shared among FAM20 kinases (Figure 8D). Homologous structures suggest the 

FAM20B p.Arg290 residue forms a salt bridge with the FAM20B p.Asp282 residue, 

which is homologous to the disease-causing FAM20A p.Asp403 and FAM20C p.Asp451 

residues and serves to properly align the active site architecture of FAM20 kinases(86) 

(Figure 8D,E). After modeling these missense alleles on the hydra (Hydra magnipapillata) 

Fam20 kinases(86), Normal Mode Analysis (NMA) predicts that introduction of each allele 

destabilizes the proteins, as indicated by alterations in Gibbs free energy of protein folding 

(ΔΔG) (Figure 8F). Simulation of protein dynamics utilizing an Elastic Network Contact 

Model (ENCoM) revealed alterations in vibrational entropy (ΔΔSvib) associated with each 

variant allele, with the greatest disruption occurring proximal to the variant residue and 

throughout the C-lobe (Figure 8G,H). These results, together with analysis of pathogenic 

variants in FAM20A and FAM20C, consistently suggest the FAM20B p.(Arg290His) variant 

destabilizes the protein, likely leading to the hypomorphic phenotypes observed in the index 

patient.

DISCUSSION

We present results from a saturation mutagenesis screen in mice to identify genes required 

for proper skeletal development. The integration of ENU mutagenesis, massively-parallel 

sequencing, and high-throughput live-animal imaging enables testing of a wide breadth of 

non-synonymous alleles for potential effects on skeletal development. Results from this 

screen provide opportunities to identify novel mouse models of known human skeletal 

disease and enable gene- and variant-level resolution of associated skeletal phenotypes that 

may potentially inform human GWAS-associated loci.

Due to the high-throughput design of our screen, individual G3 pedigrees undergoing 

skeletal screening consist of mice of different genders and ages. Therefore, we developed 

and validated statistical models to quantify phenotypic variation due to differences in 

age and gender. Using this approach, we estimated the amount of variation due to these 

factors and performed genetic mapping using residual phenotypic differences. It is possible, 

however, that other factors, such as body mass (i.e., fat mass and lean mass), contribute 

to variation in skeletal phenotypes among G3 mice, and continued screening of G3 mice 

will further improve the precision of our statistical models. Our approach is similar to the 

application of population-based Z-scores to detect clinical differences in human skeletal 

development. In support of our residuals-based approach, we present multiple alleles in loci 

previously implicated with essential roles in skeletal development and provide validation 

using novel CRISPR-engineered lines. Similarly, we demonstrate the comparability of 

results using our residuals-based approach in G3 mice with that of age- and gender-matched 

CRISPR-engineered mice (Figure 2).

We and others estimated that up to 34% of genes in the mouse genome are essential 

for survival(59,60). The ENU mutagenesis approach employed here is uniquely capable of 

generating and phenotypically screening adult mice harboring viable hypomorphic alleles in 
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these essential genes that are otherwise unavailable using traditional knock-out approaches, 

for example Acan and Col2a1. The COL2A1I1389 residue is conserved among fibrillar 

collagens, suggesting the homologous Col3a1I1366T or Col27a1I1748T alleles may result in 

viable homozygous mice, potentially developing skeletal abnormalities, despite these genes 

being essential for survival(87,88). Moreover, we demonstrate that independent testing of 

multiple non-synonymous alleles within the same gene may identify allelic heterogeneity 

associated with different phenotypic traits, or potentially survival, as was observed for 

alleles within the Lrrk1 and Lrp5 genes.

One limitation of our forward-genetic screen is the inability to know, a priori, how many 

homozygous mice will be screened for each allele. Here, we report results of screening 

24,931 mice harboring predicted damaging or loss-of-function alleles tested in at least 2 

homozygous mice across 8,294 genes (39.7% of autosomal genes). We have previously 

shown that as few as two or three homozygous mice is sufficient to identify bona-fide 

loci associated with non-skeletal phenotypes(15,89,90). In addition to Arsb (Figure 2E,F) 

presented here, we identified other associated loci that either phenocopied known knock-out 

mouse models(91) (Supplementary Figure 8) or were validated using CRISPR-engineered 

mouse lines (Supplementary Figures 9-11). These results demonstrate the power of our 

approach to identify significantly-associated recessive loci from as few as two homozygous 

mice within a pedigree.

Finally, we anticipate phenotypic associations identified from ENU-mutagenized mice can 

be integrated with large-scale human sequencing studies, such as the TOPMed, All of Us, 

and Deciphering Developmental Disorders(92) studies, the Centers for Mendelian Genetics, 

and the Undiagnosed Diseases Network to provide evidence that a putative disease gene 

plays an essential role in skeletal development. We present the second independent case 

report of a patient with skeletal disease associated with recessive mutations in FAM20B. 

Our patient exhibited similar features as the siblings previously described(83), including 

prenatal and postnatal growth retardation, abnormalities in the femora, and preaxial digit 

involvement. Interestingly, the long survival observed in our patient may be attributed 

to the predicted hypomorphic effect of the missense allele in trans with a single loss-of-

function mutation, while the previously-reported siblings inherited recessive loss-of-function 

mutations. Our patient also developed glaucoma, a known complication of Desbuquois 

dysplasia(93,94). Glaucoma and hyperopia, as well as short stature and pes planus, have been 

described in patients with other GAG synthesis disorders, particularly linkeropathies(95). 

Furthermore, we report the first viable mouse model of skeletal disease associated with 

recessive mutations in Fam20b.

Phenotypic alleles are made publicly available online via the Mutagenetix website (https://

mutagenetix.utsouthwestern.edu/home.cfm), and mouse models, including ENU-induced 

alleles and CRISPR-engineered mice, are made publicly available through the Mutant 

Mouse Resource and Research Center (MMRRC). Results from our saturation mutagenesis 

skeletal screen serve as an important resource that will advance understanding of the 

molecular signaling required for proper skeletal development.
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Figure 1. 
ENU mutagenesis and skeletal screening strategy. (A) ENU-mutagenized G0 male mice are 

outcrossed with C57BL/6J females to generate male G1 mice, which are then outcrossed 

with C57BL/6J females. Resulting G2 female mice are back-crossed to their G1 sire, and all 

resulting G3 mice undergo DXA and X-ray imaging. Automated meiotic mapping identifies 

ENU-induced alleles segregating with phenotypic variation, and statistical significance is 

visualized by Manhattan plot. Alleles exceeding Bonferroni multiple-test correction (red 

line) are considered associated with phenovariance. (B-F) Left: Prior to statistical modeling, 

all phenotypes were significantly correlated with age and gender in both male (blue) and 

female (pink) mice. Numbers of mice used for modeling and percent of variation explained 
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by age and gender are shown in Supplementary Table 2. Right: Residual differences 

between predicted and actual values among N~25,300 mice confirm statistical modeling 

(see Methods) successfully removes variation due to age and gender. Dashed horizontal 

line indicates no variation. Solid colored lines are smoothing lines (estimated by lowess) 

indicating the trends in residual measures against age. Individual male mice are shown in 

blue and female mice shown in pink, with male and female trend lines shown in blue and 

red, respectively.
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Figure 2. 
Mouse models of human Mucopolysaccharidoses. (A) Mice homozygous for co-segregating 

alleles in the Glmn and Idua genes (VAR) developed a high bone mass phenotype compared 

to mice heterozygous for the alleles (HET) or homozygous for the reference allele (REF). 

Male and female mice are shown with blue and pink symbols, respectively, and the numbers 

of mice are shown below. (B,C) Compound heterozygous or homozygous mice harboring 

the IduaD202E and Idua p.S204Ffs*1 (Iduaindel) alleles (VAR) developed high bone mass 

evident in the (B) tibia and (C) femur compared to mice heterozygous for either allele 

(HET) or homozygous for the reference allele (REF). Male and female mice are shown 

with blue and pink symbols, respectively, and the numbers of mice are shown below. 

(D) μCT analysis of the proximal tibia of 5-month-old male mice revealed increased 

trabecular bone volume/tissue volume (BV/TV), decreased trabecular separation (Tb. S.), 

and increased trabecular number (Tb. N.) in compound heterozygous IduaD202E/indel mice 

(blue) compared to litter-matched control (Idua+/+, Idua+/D202E, and Idua+/indel pooled) mice 

(grey). Statistically significant differences were determined using 2-sided T-tests. (E,F) 
Mice homozygous for the ArsbI381N allele (VAR) developed shorter (E) tibia and (F) 
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femur lengths compared to mice heterozygous for the allele (HET) or homozygous for 

the reference allele (REF). Male and female mice are shown with blue and pink symbols, 

respectively, and the numbers of mice are shown below. (G,H) Super-pedigree analysis 

combining two pedigrees segregating alleles in Arsb. Mice homozygous for the ENU alleles 

(VAR) developed reduced (G) tibia and (H) femur lengths compared to mice heterozygous 

for either allele (HET) and homozygous for the reference allele (REF). Male and female 

mice are shown with blue and pink symbols, respectively, and the numbers of mice are 

shown below. Data are median with interquartile range (IQR); whiskers extend up to 1.5x 

the IQR.
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Figure 3. 
Dwarfism caused by recessive mutations in Duox2. (A-C) Mice homozygous for the 

Duox2H1110D allele (VAR) developed reduced (A) tibia, (B) femur, and (C) pelvis lengths 

compared to mice heterozygous for the allele (HET) or mice homozygous for the reference 

allele (REF). Male and female mice are shown with blue and pink symbols, respectively, 

and the numbers of mice are shown below. (D) Representative radiograph of CRISPR-

engineered mice heterozygous (HET) for a Duox2 p.G497Gfs*5 frameshift indel or 

homozygous (VAR) for a Duox2 p.F500Ifs*6 frameshift indel. (E-G) CRISPR-engineered 

mice homozygous (VAR) for the Duox2 frameshift indels developed shorter (E) tibiae, 

(F) femurs, and (G) pelvis bone lengths compared to heterozygous (HET) mice or mice 

homozygous for the reference allele (REF). Male and female mice are shown with blue and 

pink symbols, respectively, and the numbers of mice are shown below. Data are median with 

interquartile range (IQR); whiskers extend up to 1.5x the IQR.
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Figure 4. 
Allelic heterogeneity in the BMD-associated Lrrk1 gene. (A) Radiograph of mice 

homozygous for the reference allele (REF) or homozygous for the Lrrk1I1383N allele (VAR) 

showing osteosclerotic bone at the distal femur and proximal tibia (arrowhead). (B,C) 
Mice homozygous for the Lrrk1I1383N allele (VAR) developed a high (B) tibia and (C) 
femur bone mass phenotype compared to mice heterozygous for the same allele (HET) or 

homozygous for the reference allele (REF). (D-F) Mice homozygous for the Lrrk1I1383N 

allele (VAR) developed reduced (D) tibia, (E) femur, and (F) pelvis lengths compared to 

mice heterozygous for the same allele (HET) or homozygous for the reference allele (REF). 

(G,H) Mice heterozygous for the Lrrk1V1693A allele (HET) developed shorter (G) tibia and 

(H) femur lengths compared to mice homozygous for the reference allele (REF); no mice 

homozygous for the variant allele were observed. Male and female mice are shown with blue 

and pink symbols, respectively, and the numbers of mice are shown below. Data are median 

with interquartile range (IQR); whiskers extend up to 1.5x the IQR.
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Figure 5. 
Allelic series identifies pathogenic Lrp5 mutations in mice. (A,B) Mice homozygous for the 

Lrp5ex1+2 splice allele (VAR) developed reduced (A) tibia and (B) femur BMD compared 

to mice heterozygous for the allele (HET) or homozygous for the reference allele (REF). 

(C,D) Mice heterozygous for the Lrp5ex12+1 splice allele (HET) developed reduced (C) tibia 

and (D) femur BMD compared to mice homozygous for the reference allele (REF). (E,F) 
Mice homozygous for the Lrp5I557N allele developed reduced (E) tibia and (F) femur BMD 

compared to mice homozygous for the reference allele (REF). Mice heterozygous for the 

allele (HET) develop an intermediate reduction in BMD. (G,H) Mice homozygous for the 

Lrp5D125G allele (VAR) developed increased (G) tibia and (H) femur BMD compared to 

mice homozygous for the reference allele (REF). Mice heterozygous for the allele (HET) 

developed an intermediate reduction in BMD. Male and female mice are shown with blue 

and pink symbols, respectively, and the numbers of mice are shown below. Data are median 

with interquartile range (IQR); whiskers extend up to 1.5x the IQR.
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Figure 6. 
Loss of DMP1 secretion does not cause severe chondrodysplasia. (A) A single locus 

segregating alleles in Sdad1, Dmp1, and Ptpn11 were significantly associated with variation 

in tibia BMD. (B) Mice homozygous for the Dmp1L10P allele (VAR) developed reduced 

tibia BMD compared to mice heterozygous for the allele (HET) and mice homozygous 

for the reference allele (REF). Male and female mice are shown with blue and pink 

symbols, respectively, and the numbers of mice are shown below. Data are median 

with interquartile range (IQR); whiskers extend up to 1.5x the IQR. (C) A single locus 

segregating alleles in Sdad1, Dmp1, and Ptpn11 were significantly associated with variation 
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in tibia length. (D) Mice homozygous for the Dmp1L10P allele (VAR) developed slightly 

reduced tibia length compared to mice heterozygous for the allele (HET) and mice 

homozygous for the reference allele (REF). Male and female mice are shown with blue 

and pink symbols, respectively, and the numbers of mice are shown below. Data are median 

with interquartile range (IQR); whiskers extend up to 1.5x the IQR. (E) Representative 

radiograph of a mouse homozygous (VAR) or heterozygous (HET) for the Dmp1L10P allele. 

(F) Immunofluorescence localization of DMP1 protein (green) in the distal femur of a 

mouse homozygous for the reference allele (Control) or homozygous for the Dmp1L10P 

allele. DMP1 protein is primarily restricted to the nucleus with little evidence of secretion in 

the homozygous Dmp1L10P mouse. (G) Western blot analysis of MC3T3-E1 cells transiently 

expression HA-tagged wild-type DMP1 (WT) or mutant DMP1L10P (L10P). Cell lysate 

and medium were analyzed separately to detect intracellular and secreted DMP1 protein, 

respectively. The DMP1 proteoglycan (DMP1 PG) and 57kDa fragment are evident in the 

culture medium. Beta-actin is shown as a loading control. Empty vector (EV) is shown as 

negative control.
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Figure 7. 
ENU-alleles in essential genes cause skeletal phenotypes in mice. (A,B) Mice heterozygous 

for the Acanex5 allele (HET) developed reduced (A) tibia and (B) femur lengths compared 

to mice homozygous for the reference allele (REF). Male and female mice are shown with 

blue and pink symbols, respectively, and the numbers of mice are shown below. (C,D) Mice 

homozygous for the AcanT1927A allele (VAR) developed reduced (C) tibia and (D) femur 

lengths compared to mice homozygous for the reference allele (REF). Mice heterozygous 

for the AcanT1927A allele (HET) develop an intermediate phenotype. Male and female 

mice are shown with blue and pink symbols, respectively, and the numbers of mice are 

shown below. (E,F) Mice homozygous for the Col2a1I1389T allele (VAR) developed reduced 

(E) tibia and (F) femur lengths compared to mice homozygous for the reference allele 

(REF). Mice heterozygous for the Col2a1I1389T allele (HET) developed an intermediate 

femur length phenotype. Male and female mice are shown with blue and pink symbols, 

respectively, and the numbers of mice are shown below. Data are median with interquartile 

range (IQR); whiskers extend up to 1.5x the IQR. (G) Protein sequence alignment of mouse 

(left) and human (right) fibrillar collagens showing conservation of the human COL2A1 

p.Ile1389 and mouse COL2A1I1389 residues (arrowhead), respectively.
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Figure 8. 
Mouse model and case report of FAM20B-associated skeletal syndrome. (A) Schematic 

diagram showing genes required for synthesis of the proteoglycan tetrasaccharide linker 

region. Published lethal mouse alleles are shown in red and novel ENU alleles are bolded 

below. Phosphorylation and sulfation are shown with encircled “P” and “S”, respectively. 

(B) Pedigree demonstrating recessive inheritance of FAM20B mutations in a pediatric 

patient with skeletal disease. Compound heterozygous variants were confirmed in the 

patient. (C) The patient developed camptodactyly, as demonstrated from the (i) clinical 

photo and (ii) radiograph of the patient’s left hand. Pelvis radiograph (iii) demonstrates the 

patient’s prominent lesser trochanters bilaterally (monkey wrench appearance). (D) Protein 

sequence alignment of human FAM20A (red), FAM20B (blue), and FAM20C (yellow) 

surrounding the location of the FAM20B p.(Arg290His) mutation. (E) Superimposition 
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of human FAM20A (red, PDB ID: 5yh3, chain A), Hydra magnipapillata Fam20b (blue, 

PDB ID:5xom, chain A), and human FAM20C (yellow, PDB ID:5yh3, chain C) protein 

structures. Upper panel: Alignment of residues surrounding the FAM20B p.(Arg290His) 

mutation shows conserved structure among FAM20A (red), Fam20b (blue), and FAM20C 

(yellow). Lower panel: Protein structure of the Hydra Fam20b showing the salt bridge 

(dashed lines) between residues. Orthologous human amino acid positions are shown 

in parentheses. (F) Predicted destabilization (ΔΔG (kcal/mol)) outcome from DynaMut 

analysis. Zero indicates no alteration from wild-type (WT) structure. Predictions were 

performed for disease-associated variants modeled onto human FAM20A (red, PDB ID: 

5yh3, chain A), Hydra magnipapillata Fam20b (blue, PDB ID: 5xom, chain A), and human 

FAM20C (yellow, PDB ID: 5yh3, chain C). (G) Predicted ΔΔS (kcal/(mol*K)) per residue 

plotted along the length of the protein. Results are shown for human FAM20A (red, 

PDB ID: 5yh3, chain A), Hydra magnipapillata Fam20b (blue, PDB ID: 5xom, chain A), 

and human FAM20C (yellow, PDB ID: 5yh3, chain C). Negative values indicate greater 

disorder. Variant residues are indicated in red and by pink inverted triangles. Residues 

important to FAM20B and FAM20C kinase activity are shown in black and by yellow 

inverted triangles. FAM20B labels correspond to hydra residue numbering, with human 

FAM20B orthologues indicated in parentheses. (H) Representations of variation in the 

vibrational entropy energy of the variant protein indicated above compared to wild-type 

protein. Red indicates increased flexibility, blue indicates decreased flexibility, and white 

indicates no alteration compared to wild-type. N- and C-lobes are indicated to provide 

domain perspective.
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