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ARTICLE

AXINT bi-allelic variants disrupting the C-terminal
DIX domain cause craniometadiaphyseal
osteosclerosis with hip dysplasia
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Regina Griin,” Hamad I. Alzaidan,'® Simon von Kroge,!! Nada Ragab,” Maja Hempel,312
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Bjorn Fischer-Zirnsak,'¢ Rutger A.J. Nievelstein,!” Atty van Dijk,!8 Peter Nikkels,'® Ralf Oheim,!!
Heidi Hahn,° Aida Bertoli-Avella,'4 Madelon M. Maurice,2 and Uwe Kornak?.16.*

Summary

Sclerosing skeletal dysplasias result from an imbalance between bone formation and resorption. We identified three homozygous,
C-terminally truncating AXIN1 variants in seven individuals from four families affected by macrocephaly, cranial hyperostosis, and
vertebral endplate sclerosis. Other frequent findings included hip dysplasia, heart malformations, variable developmental delay, and he-
matological anomalies. In line with AXIN1 being a central component of the pB-catenin destruction complex, analyses of primary and
genome-edited cells harboring the truncating variants revealed enhanced basal canonical Wnt pathway activity. All three AXINI-trun-
cating variants resulted in reduced protein levels and impaired AXIN1 polymerization mediated by its C-terminal DIX domain but
partially retained Wnt-inhibitory function upon overexpression. Addition of a tankyrase inhibitor attenuated Wnt overactivity in the
AXINI-mutant model systems. Our data suggest that AXIN1 coordinates the action of osteoblasts and osteoclasts and that tankyrase in-
hibitors can attenuate the effects of AXIN1 hypomorphic variants.

Introduction excessive bone formation (endosteal hyperostosis [MIM:

144750].7'° After ligand binding to the Frizzled-LRP5/

Sclerosing skeletal dysplasias result from increased bone
formation by osteoblasts leading to hyperostosis, or a
lack of bone resorption by osteoclasts leading to osteopet-
rosis."”? Canonical Wnt signaling conveyed via the regula-
tion of nuclear B-catenin plays a pivotal role in bone ho-
meostasis, which is evidenced by the large number of
skeletal dysplasias with altered bone mass caused by de-
fects in genes playing a role in this pathway.” As indicated
by the osteogenesis imperfecta-like phenotype caused by
bi-allelic loss-of-function variants in WNT1 (OI15 [MIM:
615220]), WNT1 is an important ligand in bone mass regu-
lation.*® Conversely, overexpression of Wntl in murine
osteoblasts elicits a tremendous hyperostosis.® Likewise,
loss-of-function variants in LRP5 and LRP6 encoding co-re-
ceptors for the Wnt receptor Frizzled can cause low bone
mass disorders (osteoporosis pseudoglioma [MIM:
259770]), while certain gain-of-function variants lead to

LRP6 receptor complexes, B-catenin gets stabilized by the
inhibition of its destruction complex. The B-catenin
destruction complex is a large, multiprotein complex,
comprised of the core scaffold proteins APC and AXIN1/
2 and kinases GSK3 and CK1 that phosphorylate f-catenin
and mark it for proteasomal degradation.'’ While osteo-
blast differentiation is positively influenced by canonical
Wnt signaling at different steps, osteoclast differentiation
is prevented by high B-catenin levels.'” This occurs either
through increased expression of osteoprotegerin in osteo-
blasts or through a direct inhibitory effect of B-catenin in
osteoclasts.'*'*

AXIN1 is the principal coordinator of the B-catenin
destruction complex, bringing all its major components
in close proximity and thereby vastly accelerating B-cate-
nin phosphorylation.'""'® AXIN1 harbors an N-terminal
regulator of G protein signaling (RGS) domain, a large
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intrinsically disordered region (IDR), and a C-terminal Dvl-
Axin-interacting (DIX) domain. The RGS domain interacts
with APC, whereas the IDR comprises binding domains for
multiple proteins, including p-catenin, GSK3p, and CK1. 16
The DIX domain mediates AXIN1 self-polymerization,
which is crucial for efficient destruction complex activ-
ity.!” In addition, in Wnt-activated cells, the DIX domain
forms heteropolymers with DVL, which leads to B-catenin
stabilization and Wnt pathway activation.'®

Expression of AXIN1 is essential for embryonic develop-
ment. Fruitflies and zebrafish lacking AXINI orthologues
Axn and axinl, respectively, display severe developmental
defects."”?" In mice, inactivating variants in AxinI led to
lethality 8-9 days post-coitum.”' In contrast, targeted inac-
tivation in the osteoblast lineage in mice leads to an osteo-
sclerotic phenotype.”> AXIN1 polymerization appears to be
essential for embryogenesis, since segmentation in Axn null
fruitfly embryos could be rescued by overexpression of
wild-type Axn but not by a mutant encoding a polymeriza-
tion-deficient protein.”* These results suggest that polymer-
ization-deficient AXIN1 is compromised in its ability to
downregulate Wnt/B-catenin signaling in an in vivo setting.
In humans, somatic AXIN1 pathogenic variants are known
to induce the formation of various types of cancer, most
notably hepatocellular carcinoma.”* In addition, we
demonstrated previously that cancer-associated AXINI
missense variants affecting the RGS domain can induce
Wnt pathway activation in the absence of Wnt ligands.”

Despite the large body of information on the conse-
quences of AXIN1 alterations in multiple model systems,
the effects of AXIN1 germline variants on human develop-
ment and health are largely unknown. Here, we report on
the clinical history of seven individuals from four families
harboring C-terminal-truncating, homozygous variants in
AXIN1. Radiologically, these individuals show a unique
combination of hyperostosis and metaphyseal sclerosis in
combination with hip dysplasia and variable develop-
mental delay. Functional experiments highlight the effects
of these truncating variants on AXIN1 polymerization and
Wnt signaling and point to potentially ameliorating effects
of a small molecule stabilizing the B-catenin destruction
complex.

Material and methods

Participants and genetic analysis

All four families gave written informed consent for genetic testing
and agreed to the use of data for research purposes in accordance
with the guidelines of the local ethics committees and the Decla-
ration of Helsinki. Affected individuals from all four families were
analyzed by exome sequencing in four different centers. Details on
the generation of sequencing data and its bioinformatic analysis
can be found in supplemental material and methods.

Cell culture
Human skin fibroblasts from individual F2-1II-2 and age-matched
controls, human embryonic kidney (HEK293T) and HeLa cells

were cultured in Dulbecco’s modified Eagle’s medium with high
glucose (Sigma-Aldrich, Taufkirchen, Germany), supplemented
with 10% fetal bovine serum (GE Healthcare, Chicago, Illinois,
USA), 50 units/mL penicillin, and 50 units/mL streptomycin (Invi-
trogen). Cells were cultured in 5% CO, at 37°C. Wnt3a-condi-
tioned medium was obtained from mouse L-cells stably expressing
and secreting Wnt3a. L-cell conditioned medium was obtained
from control L-cells. Human skin fibroblasts were stimulated by
adding recombinant Wnt3a (Peprotech, Rocky Hill, NJ, USA) to
the culture medium to a final concentration of 100 ng/mL.
XAV939 (Sigma-Aldrich, Taufkirchen, Germany) was diluted in
DMSO and added to the cell cultures at the indicated
concentrations.

Constructs

TOPFlash and FOPFlash luciferase reporter plasmids and thymi-
dine kinase (TK)-Renilla and Axinlb expression constructs were
described previously.>>?® Variants were introduced by site-
directed mutagenesis (see mutagenesis primers in Table S1) via
QS5 High-Fidelity 2X Master Mix (NEB, Frankfurt am Main, Ger-
many) supplemented. SpCas9(BB)-2A-Puro (PX459) V2.0 plasmid
was obtained from Addgene. Guide RNAs were cloned into this
vector according to protocol (see Table S1 for guide sequences
including overhangs).”” A doxycycline-inducible Cas9 lentiviral
construct was obtained from Addgene (#87360). Guide RNAs
were cloned, as mentioned before, with BsmBI instead of BbsI in
the Golden Gate assembly step.

Antibodies

The following primary antibodies were used for immunoblotting
(IB) and immunofluorescence (IF): mouse-anti-actin (MP Biomed-
icals, #08691001, 1:10,000), rabbit-anti-actin (Cell Signaling Tech-
nologies, 13ES, 1:5,000), goat-anti-AXIN1 (R&D systems, AF3287,
1:1,000), rabbit-anti-AXIN1 (Cell Signaling Technologies,
C76H11, 1:500), and rabbit-anti-non-phospho-p-Catenin Ser33/
37/Thr41 (Cell Signaling Technologies, D13A1, 1:1,000). Second-
ary antibodies used for IB were as follows: donkey-anti-goat Alexa
680 (Invitrogen, 1:8,000) and goat anti-rabbit-IgG-HRP (Santa
Cruz Biotechnology, sc-2004, 1:10,000). Secondary antibodies
used for IF were as follows: donkey-anti-goat Alexa 488 (Invitro-
gen, 1:8,000).

Lentiviral transduction

Lentiviral particles were generated with HEK293T cells transfected
with 15 pg of iCas9 vector, 7.5 pg psPAX2, and 7.5 ug pMD2G plas-
mids with a 1:3 ratio of DNA to polyethyleneimine (PEI). Lenti-
virus was collected 2 days after transfection and filtered with a
0.45 pm filter. HEK293T cells were seeded in six-well plates and
transduced with 500 pL virus and 8 pg/mL polybrene. Selection
with 2 pg/mL puromycin was started 48 h after transduction and
maintained. For Cas9 induction, lines were treated with 1 ng/mL
doxycycline for 3 days.

Transfection PX459 plasmid and genotyping

HEK293T cells were transfected with 500 ng PX459 plasmid and
10 pmol repair oligo via FuGene 6 (Promega, Leiden, the
Netherlands) according to manufacturer’s protocol. After 2 days,
selection with 2 pg/mL puromycin was started for 2 days.
Genomic DNA was isolated with the DNA Micro Kit (Quiagen, Hil-
den, Germany) according to protocol. Bulk sequencing was per-
formed with primers in Table S1 with Taq polymerase (NEB,
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Frankfurt am Main, Germany). PCR products were isolated from
gel and sent for Sanger sequencing with the sequencing primers
indicated in Table S1. Editing efficiency was predicted via the Syn-
thego CRISPR analysis tool. Successfully edited bulk populations
were diluted to one cell per 96-well. Clones that grew out as single
colonies were genotyped as described above.

TOPFlash luciferase reporter assay

HEK293T cells were cultured in 24-well plates and transfected the
next day with FuGene 6 (Promega, Leiden, the Netherlands) ac-
cording to manufacturer’s protocol. Cells were transfected with a
total amount of 250 ng plasmid per well consisting of the
construct of interest, 30 ng of TOPFlash or FOPFlash reporter
construct, 5 ng of thymidine kinase (TK)-Renilla, and empty vec-
tor. Clonal lines were transfected with 30 ng TOPFlash or
FOPFlash and 5 ng of thymidine kinase (TK)-Renilla. 6 h post-
transfection, cells were stimulated with Wnt3a-conditioned me-
dium (CM) or L-cell CM and incubated overnight. The next day,
cells were lysed with 1X Passive Lysis Buffer (Promega, Leiden,
the Netherlands) for 20 min at room temperature. Firefly Lucif-
erase and Renilla were measured on a Berthold luminometer Cen-
tro LB960 with the Dual Luciferase Reporter Kit (Promega). Lysates
were used for immunoblot analysis.

Immunofluorescence and confocal microscopy

HEK293T and HeLa cells were grown on glass coverslips in 24-well
plates (coated with laminin). After overnight transfection of
100 ng of AXIN1 per well, cells were fixed in 4% paraformaldehyde
(PFA) in 50 mM sodium phosphate, pH 7.4, buffer. After being
quenched in 50 mM NH,4CI and blocked with 2% BSA and 0.1%
saponin in PBS, cells were incubated for 1 h with the primary anti-
body followed by three washes and incubation with secondary
antibody and DAPI for 45 min. Cells were mounted in Prolong
Diamond (Invitrogen). Images were acquired with a LSM700
confocal microscope (Zeiss, Nussloch, Germany) and analyzed
with Image]J. Thresholds were adjusted with the “Intermodes” tres-
hold parameter. Particles of size >0.01 pm? were included. No
filtering on circularity was performed. For quantification of total
cell fluorescence intensity, ImageJ software was used. To correct
for background signal, average intensity of a neighboring area
was determined and multiplied by the area of the cell. This back-
ground intensity was subtracted from the integrated density of
each cell.

Immunoprecipitation

The different HEK293T AXIN1-truncating clones were seeded in
15 cm dishes (Corning) at 40% confluency. The following day,
cells were resuspended in 2 mL lysis buffer (50 mM Tris [pH 7.5],
150 mM NaCl, 0.5% Triton X-100, 10% glycerol, 5 mM EDTA,
1 mM DTT, 50 mM sodium fluoride, and protease inhibitors apro-
tinin [10 pg/mlL], leupeptin [10 pg/mL], and sodium vanadate
[100 puM]). Cells were lysed for 30-45 min at 4°C and subsequently
centrifuged for 20 min at 14,000 rpm at 4°C. Samples were taken
to compare protein input levels. For AXIN1 immunoprecipitation,
1 ng per sample of goat-AXIN1 antibody was added to each lysate,
followed by incubation overnight while tumbling at 4°C. 20 pL of
protein G-coupled beads (Millipore, Sigma-Aldrich, Taufkirchen,
Germany) were washed three times with lysis buffer. Subse-
quently, proteins were eluted in 2x sample buffer (SDS, f-mercap-
toethanol, glycerol, Tris [pH 6.8], bromophenol blue) and boiled
for 6 min at 90°C.

SDS PAGE and Immunoblotting of HEK293 cells

Proteins were separated on the basis of molecular weight by SDS-
PAGE with 10% polyacrylamide. After separation, proteins were
transferred to a polyvinylidene fluoride (PVDF) membrane
(Immobilon-F) (Millipore, Sigma-Aldrich, Tautkirchen, Germany).
After membrane blocking by Odyssey Blocking Buffer (Li-Cor,
diluted 1:1 in TBS), membranes were incubated with primary anti-
body overnight at 4C. After washing with Tris-buffered saline con-
taining 0.5% Tween (TBS-T), membranes were incubated with sec-
ondary antibody for 60 min. After additional washing steps with
TBS-T and TBS, membranes were scanned by a Typhoon Biomole-
cular Imager (GE Healthcare, Chicago, Illinois, USA).

Immunoblot of human skin fibroblasts from individual
F2-111-2

Human fibroblasts were lysed in RIPA buffer (150 mM NacCl,
50 mM Tris, 5 mM EDTA, 1% Triton X-100, 0.25% deoxycholate,
and 0.1% SDS) with Halt protease inhibitor cocktail (Thermo
Fisher Scientific, Kandel, Germany) and phosSTOP phosphatase
inhibitor (Roche, Mannheim, Germany). Protein concentrations
were analyzed with the BCA-kit (Thermo Fisher Scientific, Kandel,
Germany). 20 pg (B-Catenin) or 50 ug (Axinl) protein per lane was
separated with 4%-20% gradient gel (Bio-Rad). After blotting,
PVDF membranes were blocked in 5% milk/TBST and probed
with primary antibodies diluted in 2.5% milk/TBST or 2% BSA/
Azid and detected with HRP-conjugated secondary antibodies fol-
lowed by visualization by ECL reagent (PerkinElmer, Waltham,
MA, USA).

RNA extraction from affected-individual-derived
fibroblasts

Cultured fibroblasts were lysed in Trizol (Life Technologies, Bleis-
wijk, the Netherlands) and total RNA was extracted via the
Direct-Zol RNA Miniprep Kit (ZymoResearch Europe, Freiburg,
Germany). cDNA was transcribed with the RevertAid H Minus First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Kandel,
Germany).

Quantitative real-time PCR

RNA was harvested from HEK293T cells with the RNeasy Kit (Qia-
gen, Hilden Germany) according to manufacturer’s protocol. DNA
was removed with RNase-Free DNase (Qiagen, Hilden Germany).
Reverse transcriptase reactions were performed with either the iS-
cript cDNA synthesis kit (Biorad) with 500 ng RNA input or with
the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Kandel, Germany) with 1 ug RNA input. Quanti-
tative real-time PCR was performed with a Biorad CFX96 or a
Quant Studio 5 (Thermo Fisher Scientific, Kandel, Germany). See
Table S1 for used primers.

Bone histological sections and histomorphometry

During epiphysiodesis at the left knee of individual F1-II-1, a core
bone biopsy from the distal femur was taken, immediately fixed in
3.5% formalin, and subsequently decalcified. Specimens were
embedded in paraffin, cut in 4 pm thick sections, and stained
with toluidine blue. To evaluate the microstructure and cellular
characteristics, an Osteomeasure system (OsteoMetrics, Decatur,
USA) was used. Bone volume per tissue volume (BV/TV, %), trabec-
ular thickness (Tb.Th, um), and trabecular number (Tb.N, 1/um) as
well as the amount of osteocytes per bone area (N.Ot/B.Ar, 1/mm?)
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were determined and compared to a healthy age- and sex-matched
control of the distal femur.

Statistical analysis

Data were plotted and statistically evaluated with GraphPad Prism
(GraphPad, San Diego, CA). For comparison of normalized densi-
tometry and gene expression values in two samples, we used a
Mann-Whitney test. We performed a Kruskall-Wallis test to deter-
mine the significant differences in area and roundness between
multiple non-normally distributed conditions in the immunoflu-
orescence microscopy images. Gene expression in more than
two samples was statistically analyzed by a one-way ANOVA test.

Results

By exome sequencing, we identified homozygous trun-
cating variants in the region of AXIN1 encoding the C-ter-
minal part of AXIN1 in seven individuals with osteosclero-
sis from four families (Figures 1A and S1). In family 1, a
homozygous duplication variant in AXIN1 (AXINla:
¢.2503dupG [p.Val835Glyfs*4] [GenBank: NM_003502.3];
AXIN1b: ¢.2395dupG [p.Val799Glyfs*4] [GenBank: NM_
181050.3]) was detected in the two affected sisters. Both
parents and unaffected sisters (individual F1-I1I-2 and F1-
1I-3) were heterozygous carriers. AXINI has two splice var-
iants: AXINIa consists of 11 coding exons, while coding
exon 9 (108 bp) is spliced out in AXIN1b. The transcription
of both splice variants has been experimentally vali-
dated.?® We will refer to the shorter AXINIb variant (Gen-
Bank: NM_181050.3) throughout this manuscript. By
GeneMatcher (https://genematcher.org/), we identified
two other families. The male individual in family 2 was ho-
mozygous for the ¢.2167C>T (p.Arg723*) variant, while
family 3 showed a homozygous nonsense variant
¢.2413C>T (p.Arg805*) in the proband and a heterozygous
variant in the mother (DNA from the father was not avail-
able). Through our collaborative network, we identified
three additional individuals harboring a homozygous
c.2167C>T (p.Arg723*) variant from family 4 (Table 1).
Notably, homozygous loss-of-function variants are
completely absent from the gnomAD dataset comprising
unaffected individuals.?’

Clinical and radiological features

The age of the affected individuals was between 3 months
and 15.5 years (clinical description in Table 1 and supple-
mental note). Most individuals had macrocephaly ranging
from +2.2 to +6.1 SD, while two individuals showed rela-
tive macrocephaly. All displayed hypertelorism with a low
nasal bridge. Longitudinal growth was significantly
impaired in three individuals and borderline in one indi-
vidual. The skeletal phenotype affected the cranial, axial,
and appendicular skeleton (Figures 1B-1G, S2, and S3).
Skull radiographs and CT images showed sclerosis at the
base of the skull and a progressive thickening of the calva-
rial bone beginning in the first year of life (Figures 1B and
1C). Osteodensitometry in adolescent female individuals

F1-II-1 and F1-1I-4 revealed a Z score of 8.6 and 6.6 of the
lumbar spine, respectively. Bone densitometry in the het-
erozygous family members was mildly increased (Z score
of 3.5 of the lumbar spine in the mother, 1.7 and 1.4 in
the siblings). Spine radiographs showed a sclerotic rim of
vertebrae at younger ages, which developed into sclerotic
endplates with sandwich appearance in adolescence
(Figures 1D and 1E). Five of six individuals had hip
dysplasia with frequent luxations requiring multiple oper-
ations (Figure 1F). Flaring of the femora indicating a
modeling defect was visible at all stages (Figure 1G). In
addition, variable opacity of the distal femoral metaphysis
was evident, which in one individual appeared striated.
Also, in other radiographs coarse trabeculation was found.
Furthermore, there was evidence for mild cortical thick-
ening. Development was globally delayed in individuals
F2-111-2, F4-I1I-1, F4-1II-3, and F4-11I-4, harboring the
p-Arg723* variant, and unremarkable in the three other in-
dividuals, except for selective mutism in the two sisters
from family 1. Cardiac involvement was noted in three in-
dividuals: in one, a patent ductus arteriosus, and in the
other two, a complex malformation with atrial and ven-
tricular septal defects. Individuals F2-III-2, F4-III-1, and
F4-III -3 suffered from pancytopenia with recurrent infec-
tions, partially requiring transfusions. In summary, this
sclerosing skeletal dysplasia combines aspects of osteopet-
rosis (sandwich vertebrae, metaphyseal flaring) and of
endosteal hyperostosis (calvarial and cortical thickening).

Bone histology and turnover markers

We determined bone turnover markers in the affected fe-
males from family 1. Compared to three age- and sex-
matched controls and standard values, a tendency toward
lower RANKL/OPG ratios and elevated PINP levels were
observed (Table S2). Radiographs show a metaphyseal
accumulation of coarse trabeculae in many individuals
(Figures 2A and 2B). A bone biopsy from individual F1-II-
1 was collected during elective surgery at the age of 14.5
years. Histological examination showed a broad primary
spongiosa near the epiphyseal plate with thickened and
abundant trabeculae (Figures 2C and 2D). Histomorphom-
etry underlined an increased bone volume fraction, an
elevated bone remodeling, and an accumulation of osteo-
cytes embedded within the bone matrix (Figure S4). These
results imply high osteoblast activity.

Effects of AXINT1 variant p.Arg723* on protein
abundance and gene regulation in individual F2-111-2
Since variant ¢.2167C>T locates to the third last exon of
AXIN1, the resulting nonsense variant p.Arg723* may
trigger nonsense-mediated decay. However, as complete
loss of Axinl has lethal effects in mice, residual function
of a C-terminally truncated protein seemed likely.”' We
performed immunoblots by using an antibody recognizing
an N-terminal AXIN1 epitope. In healthy control fibroblast
lysates, a band of approximately 110 kDa was detected
(Figure 3A). By contrast, skin fibroblasts from individual
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Figure 1.
developmental delay

€.2413C>T; p.Arg805*

Family 3

Family 4
c.2167C>T; p.Arg723*

Pedigrees, genetic findings, and radiological phenotype of a sclerosing skeletal dysplasia with hip dysplasia and variable

(A) Pedigrees of the four families with identified AXINI pathogenic variants and segregation analysis.
(B-G) Representative radiographs (for more details consult Figure S2).
(B) Lateral skull radiograph of individual F1-II-4 at 2 years of age showing calvarial thickening (arrows) and sclerosis of skull and skull

base (*).

(C) Frontal skull radiograph of individual F4-11I-3 at 6 months of age. Note sclerotic rim around orbitae (arrows) and sclerotic skull base

(*)-

(D) Chest radiograph of individual F2-III-2 at 5 years of age demonstrating sclerosis of vertebrae and ribs.

(E) Lateral spine radiograph of individual F3-III-1 at age 15 years. Note sclerotic vertebral endplates leading to a sandwich appearance (*).
(F) Radiograph of the pelvis of individual F1-1I-1 at 2 years of age showing hip dysplasia and luxation (arrows), delayed epiphyseal ossi-
fication of the femoral head, sclerosis, broadened femoral necks, and endosteal cortical thickening of the femoral diaphysis.

(G) Knee and femur radiograph of individual F1-II-1 at 13 years of age displaying metaphyseal flaring indicating a modeling defect (ar-

row) and metaphyseal striation (*).

F2-1II-2 displayed a band of approximately 100 kDa at 20%
intensity. The AXINI mRNA was similarly reduced while
no significant change in TNFRSF11B expression (coding
for OPG) was detected (Figures S5A and S5B). Thus, resid-
ual AXINI mRNA expression gives rise to low levels of a sta-
ble truncated protein. Expression of AXINI-paralogue
AXIN2 is known to be regulated by canonical Wnt
signaling.” At basal cell culture conditions, we found
AXIN2 expression to be elevated in skin fibroblasts of F2-
III-2 (Figure 3B). In addition, non-phosphorylated B-cate-
nin protein levels were elevated in these cells (Figure 3C).
These findings indicate enhanced canonical Wnt pathway
activity in fibroblasts with reduced amounts of truncated
AXINI.

C-terminally truncated AXINT1 fails to assemble properly

Upon overexpression of AXINI, AXIN1 forms DIX
domain-mediated cytosolic protein assemblies often
referred to as puncta.’” On the basis of the crystal structure
of the DIX domain, we anticipated that AXIN1 variants
p-Arg723*, p.Val799Glyfs*4, and p.Arg805* may affect
DIX domain integrity and puncta formation (Figure S6A).
To investigate this, we overexpressed these variants in
HelLa cells, HEK293T cells (Figure 4), and AXIN1-deficient

HEK293T cells (Figure S6B). AXIN1 WT formed puncta
with diameters up to 1 um, as previously described.®' By
contrast, AXIN1 p.Arg723* was incapable of forming
such structures, displaying a diffuse cytosolic localization.
Furthermore, AXIN1 variants p.Val799Glyfs*4 and
p-Arg805* formed smaller, non-spherical puncta in both
cell lines (Figures 4B, S6C, and S6D). Imaging analysis indi-
cated no reduction in total fluorescence, thereby excluding
a reduction in AXIN1 levels as the basis of impaired poly-
merization of truncated AXIN1 variants (Figure SOE).
Together, these results indicate that the polymerization ca-
pacity of AXIN1-truncating variants p.Arg723*, p.Val799-
Glyfs*4, and p.Arg805* is compromised.

C-terminally truncated human AXIN1 variants display
defects in Wnt pathway suppression

To determine the consequences of AXINI-truncating vari-
ants at the physiological level, we used CRISPR-Cas9 in
HEK293T cells to introduce variant ¢.2167C>T
(p-Arg723*) in exon 8 through homology-directed repair
and mimicked the variants c.2395dupG (p.Val799Glyfs*4)
and ¢.2413C>T (p.Arg805*) in exon 10 by introducing
frameshift mutations (Figures S7A-S7C).?” After clonal
dilution, we isolated three clones for p.Arg723* and two
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Table 1. Clinical and radiological features of the affected individuals

Family 1, lI-1

Family 1, 11-4

Family 2, 1lI-2

Family 3, llI-1

Family 4, llI-1

Family 4, lll-3

Family 4, 1l-4

(F1-11-1) (F1-11-4) (F2-11I-2) (F3-11I-1) (F4-111-1) (F4-111-3) (F4-111-4)
AXINT1 variant cDNA €.2395dupG €.2395dupG c.2167C>T c.2413C>T c.2167C>T c.2167C>T c.2167C>T
(GenBank: NM_181050.3)
Coding exon (total 9) 9 9 7 9 7 7 7
Polypeptide p-Val799Glyfs*4 p.Val799Glyfs*4 p-Arg723* p-Arg805* p-Arg723* p.Arg723* p.Arg723*

Genomic DNA (hg19)

chr16: g.338208dup

chr16: g.338208dup

chr16: g.343507G>A

chr16: g.338190G>A

chr16: g.343507G>A

chr16: g.343507G>A

chr16: g.343507G>A

Zygosity homozygous homozygous homozygous homozygous homozygous homozygous homozygous
Sex F F M F F F M
Age (years) 15.5 8.4 7.1 15.5 3 3 0.25
Height (SD) 158.2 (—1.41 SD) 131.2 (—0.44 SD) 113.5 (-1.9 SD) 160.6 (—0.25 SD) 85 (-2.95 SD) 79 (-3.87 SD) 49 (-4.3 SD)
OFC (SD) +2.2SD +2.5SD +3.4SD +6.1 SD N/A +1.3SD +1.7 SD
Development temporary selective selective mutism global normal global developmental global motor

mutism developmental delay developmental developmental

delay delay delay

Hypertelorism yes yes yes yes yes yes yes
Low nasal bridge yes yes yes yes yes yes yes
Hip dysplasia/luxation yes yes no yes yes yes N/A
Cardiac patent ductus normal ASD, VSD normal normal normal ASD, VSD

arteriosus
Hematological no mild anemia pancytopenia, normal pancytopenia, pancytopenia, mild anemia

transfusions transfusions, transfusions
dyserythropoietic
changes

Imaging results
Calvarial thickening yes yes no (at 4 weeks) yes yes yes N/A
Sandwich vertebrae yes yes yes yes yes yes N/A
Cortical thickening yes yes N/A yes yes yes N/A
Metaphyseal flaring yes yes N/A N/A N/A yes N/A
Coarse trabeculae yes yes yes yes yes yes N/A
Brain imaging mild pachygyria calcified cephalic ectopic pituitary gland, arachnoid cyst brain atrophy N/A normal

with thick frontal/ hematoma corpus callosum middle cranial

temporal cortex, hypoplasia fossa

choanal stenosis
Ultrasound abdomen normal normal bilateral duplex kidneys mild hepatomegaly hepatomegaly N/A normal

SD, standard deviation; OFC, occipitofrontal circumference; ASD, atrium septum defect; VSD, ventricular septal defect; N/A, not ascertained.




Figure 2. Trabecular bone changes

(A and B) Radiographs of the distal radius of an unaffected age-
matched control (A) and from individual F4-11I-3 (age 6 months)
(B) demonstrate a metaphyseal accumulation of coarse trabeculae.
(C and D) Histological analysis (toluidine blue staining) of a
femoral bone biopsy from a healthy age- and sex-matched control
(C) in comparison to individual F1-II-1 at age 14.5 years
(D) confirming persistent trabecular thickening. Scale bars repre-
sent 100 pm.

clones carrying AXIN1 variants p.Asp796Glufs*6 (c.2388_
2389del) (AXIN1b) and p.Asp796Glufs*7 (c.2387dupA)
(AXIN1b) (Figure S7C). To assess the effects of these vari-
ants at the protein level, we performed immunoprecipita-
tion (IP) by using an AXIN1-specific antibody (Figures 5A
and 5B). Protein abundance of the truncated AXIN1 vari-
ants was decreased in comparison to the AXIN1 wild-
type (WT) control.

We then determined the effects of these variants on
Wnt pathway activation by a B-catenin-dependent lucif-
erase assay (Figure 5C). All AXINI-mutant clones dis-
played basal activation of the Wnt pathway. Of note, we
observed clonal variation in the levels of pathway activity
between the different clones, which is most likely due to
the inherent genetic instability of HEK293T cells
(Figure 5C). Increased expression of Wnt target AXIN2
was evident in some of the clones (Figure S7D). To limit
the possibility that CRISPR-Cas9-edited HEK293T cells
adapt to these variants over time, we employed a doxycy-
cline-inducible system expressing Cas9 and a gRNA tar-
geting AXIN1 exon 10. Upon 3 days of doxycycline treat-
ment, an estimated 29% of the bulk population harbored
frameshift variants in the desired DNA region (Figure
S7E). Luciferase assay analysis of this bulk population
indicated an overall 7-fold increase in basal pathway acti-
vation compared to iCas9 control cells (Figure S7F).
Together, our results suggest that truncating AXINI vari-
ants lead to reduced AXIN1 levels and induce hyperacti-
vation of Wnt signaling.

C-terminally truncated AXIN1 variants are subjected to
partial nonsense-mediated decay

Increased destabilization of the different truncated AXIN1
variants may be a result of increased protein turnover or
decreased mRNA stability due to nonsense-mediated
decay (NMD). By quantitative real-time PCR, we observed
an overall decrease in AXINI mRNA levels for all AXINI-
mutant HEK293T clones in comparison to the original
HEK293T cell line and an AXIN1 WT clone (Figure 5D).
These results are in line with results obtained in
p-Arg723* fibroblasts (Figure S5A) and indicate that prema-
ture stop codons in AXINI exons 8 and 11 lead to par-
tial NMD.

Tankyrase inhibitors suppress AXIN1 variant-induced
Whnt pathway activation

AXINI1-truncating variants remained capable of Wnt
pathway suppression when overexpressed in HEK293T
AXIN1 WT and AXIN1 KO cells (Figure S8), indicating
that enhancing concentrations of these variants might pro-
vide a strategy to restore suppressor activity. We tested this
hypothesis by treatment of our AXINI-mutant clones by
blocking the enzymatic activity of the poly-ADP-ribosylat-
ing enzymes tankyrase 1 and 2 regulating the proteasomal
breakdown of AXIN1 and AXIN2.%>? Indeed, treatment of
HEK293T AXIN1 p.Arg723* and p.Asp796Glufs*6 cell lines
with 100 nM and 1 uM XAV939 led to a dosage-dependent
suppression of Wnt pathway activation (Figure SE). This ef-
fect appeared partially attributable to stabilization of
AXIN2, since XAV939 was also capable of suppressing aber-
rant pathway activation in AXIN1 KO cells. In conclusion,
tankyrase inhibitors might be able to rescue the effect of
AXIN1 truncations, but whether their application in vivo
is a valid option has to be addressed in future studies.

Discussion

In this report, we describe seven individuals from four fam-
ilies harboring homozygous truncating variants in the last
exons of AXIN1 encoding the C-terminal DIX domain. All
affected individuals have skeletal manifestations combining
features of osteopetrosis and hyperostosis in combination
with dysmorphic features (hypertelorism) and macroce-
phaly. Further frequent clinical signs were hip luxation, ane-
mia or pancytopenia, and cardiac malformations. Develop-
mental delay, albeit of different degrees, was present in all
but one individual. Despite reduced AXINI mRNA levels
in fibroblasts, truncated AXIN1 was still produced. All
AXIN1-truncated variants displayed a compromised poly-
merization capacity, indicating a defect in DIX domain
function. Moreover, genome-editing-mediated introduc-
tion of these AXIN1 variants in HEK293T cells indicated
decreased protein levels of the truncated AXIN1 variants
and, consequently, enhanced B-catenin activity.
Phenotypically, there is overlap with other disorders
caused by variants affecting Wnt pathway components,
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Figure 3. Effects of the pathogenic AXIN1
variant p.Arg723* in skin fibroblasts

(A) AXIN1 immunoblot of lysates from skin
fibroblasts  from  individual  F2-III-2
harboring the p.Arg723* variant and
matched controls (ctr) (n = 4) cultured un-
der standard conditions. Note shifted band
with 80% reduced intensity as indicated in
the bar diagram.

(B) Quantitative real-time PCR for AXIN2
expression normalized to S18 rRNA in fibro-
blasts from F2-llI-2 in comparison to
matched controls (ctr) (n = 4).

(C) Immunoblot with antibody against
active, non-phosphorylated B-catenin. Ly-
sates are from skin fibroblasts cultured under
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especially with X-linked osteopathia striata with cranial
sclerosis (OS-CS [MIM: 300373]) due to AMERI variants
and with the DVLI1-related osteosclerotic form of Robinow
syndrome (DRS2 [MIM: 616331]). Besides overlapping
skeletal manifestations (macrocephaly with cranial scle-
rosis and sclerosis of long bones), affected individuals
with OS-CS also display a predisposition for cardiac anom-
alies (e.g., patent ductus arteriosus), genitourinary anoma-
lies, and hearing loss.***° Histological examination of an
iliac biopsy in a female affected with AMERI-linked OS-

A

p.Arg723*

p.Val799Glyfs*4

CS and high-resolution peripheral quantitative computed
tomography (HR-pQT) in four individuals with DVLI-
related Robinow syndrome revealed a similar profile as in
our study with increased trabecular bone mineral density
and thickness.*®"’

However, neither these overlapping Wnt-related disorders
nor high bone mass phenotypes caused by activating vari-
ants in LRPS or LRP6 present with sandwich vertebrae or pro-
nounced metaphyseal sclerosis. This aspect of the pheno-
type overlaps with autosomal dominant osteopetrosis type

Figure 4. C-terminally truncated AXINT1
fails to assemble properly

(A) Schematic representation of the AXIN1
isoform 1b, which consists of an N-terminal

p.Arg805*

AXIN1b | RS

DIX RGS domain, a C-terminal DIX domain, and

88 220 434 502

Exon: 2 34’5 6 7 8

AXINT: WT

p.Arg723*

p.Val799Glyfs*4

HEK293T

Hela

an intrinsically disordered middle region
(IDR) with binding sites for many proteins,
including B-catenin via the B-catenin-bind-
ing domain (BCD). The respective exons
are indicated below the protein structures.
Exon 9, exclusive to isoform AXINla, is
omitted in this schematic.

(B) Immunofluorescence  images of
HEK293T and HeLa cells overexpressing
constructs encoding AXIN1 wild type (WT)
and truncating variants  p.Arg723*,
p-Val799Glyfs*4, and p.Arg805* Confocal
microscopy performed of cells immunofluo-
rescence-labeled with AXIN1 antibody
(grayscale). Scale bars represent 10 um.
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Figure 5. CRISPR-Cas9-introduced AXIN1
variants lead to protein destabilization
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(D) Quantitative real-time PCR hints toward
decreased AXINI mRNA levels in HEK293T
cells harboring truncating AXIN1 variants.
mRNA levels were normalized to GAPDH. Er-
ror bars represent the standard deviation of
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One-way ANOVA was performed to deter-
mine statistical significance between the
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2 (Albers-Schonberg disease, ADO2 [MIM: 166600]), which is
due to defective osteoclasts.>®*° Thus, the AXINI-related
sclerosing skeletal dysplasia described here shows a unique
combination of hyperostosis due to increased osteoblast ac-
tivity in combination with signs of attenuated osteoclast
function, at least at the growth plates. Remarkably, another
typical sign of osteopetrosis, increased bone fragility
(“marble bone disease”), is not noted in the affected individ-
uals reported here. Probably, the osteoblast-stimulating ef-
fect of the AXIN1 truncation sufficiently increases bone qual-
ity. The three most severely affected individuals from our
series harboring the recurrent, most N-terminally located
truncating variant, also suffer from pancytopenia. Impaired
bone marrow function and extramedullary hematopoiesis
leading to hepatosplenomegaly is often observed in auto-
somal recessive osteopetrosis (ARO [MIM: 259700]), which
however, is attributed to bone marrow obstruction. There-
fore, the pancytopenia in our individuals could be a primary
effect of altered canonical Wntsignaling in the hematopoiet-
ic lineage or niche.

KO

HEK293T control cell line and all other con-
ditions. NS indicates that the difference is
not statistically significant, p value > 0.05.
**** indicates p < 0.0001.

(E) B-catenin-responsive luciferase-reporter
assay including different AXINI-mutant
HEK293T clones after 16 h of treatment
with tankyrase inhibitor XAV939. XAV939
treatment rescues variant-induced pathway
activation in a concentration-dependent
manner. Graph shows average and standard
deviation of luciferase activity in duplicate
cell cultures transfected in parallel.

p.Arg723*  p.Asp796

Glu..

B-catenin in mesenchymal stem cells is important for
osteoblast differentiation and leads to upregulation of os-
teoprotegerin thereby inhibiting osteoclastogenesis,
although a direct inhibitory effect on osteoclasts has
been shown as well.">'****! Additionally, B-catenin
expression in osteoblasts leads to downregulation of the
pro-osteoclastic RANKL.*> A conditional knockout of
Axinl in murine osteoblasts was shown to drive B-catenin
accumulation. Consequently, these mice exhibited a lower
Rankl/Opg ratio in bone tissue, impaired osteoclast forma-
tion, and thereby attenuated bone resorption.”” The two
investigated affected individuals showed a trend toward
lower circulating RANKL/OPG ratios.

Moreover, canonical Wnt signaling influences cartilage
growth and differentiation and thereby longitudinal and
lateral expansion of the columnar cartilage in the growth
plate.** It seems likely that the hip dysplasia in five of the
six comprehensively documented affected individuals is
due to an altered growth at the proximal femur. Overex-
pression of Ctnnb1 in hypertrophic chondrocytes led to a
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prominent expansion of the mineralized cartilage at the
resorption zone of the growth plate as a consequence of a
lower Rankl/Opg-ratio and impaired osteoclast recruit-
ment.** Thus, in contrast to osteopetrosis, the growth plate
sclerosis in long bones and vertebrae in the AXIN1-related
sclerosing skeletal dysplasia could be rather a consequence
of a local, not a generalized, osteoclast dysregulation.

Intriguingly, the AXIN1 variants we identified in all four
families were within the last 3 exons of the gene. Full dele-
tion of Axin1 was demonstrated to lead to embryonic death
in mice, implying that only congenital variants mildly
affecting AXIN1 function are tolerated in living organ-
isms.?! Indeed, fibroblasts of an affected individual as
well as genome-edited cell lines display residual AXIN1
levels and partially retained regulatory capacity in the
Wnt pathway, suggesting that these variants belong to a
class of hypomorphic AXIN1 alterations distinct from
loss-of-function variants. Nonetheless, loss of the C-termi-
nal DIX domain is suspected to have considerable conse-
quences for AXIN1 function. This multifaceted domain is
required for its self-polymerization, as was clearly observed
in our immunofluorescence analysis, but it also mediates
translocation of AXIN1 to the plasma membrane via its
interaction with DVL. We therefore envision that the pa-
ralog AXINZ2 partially compensates for the AXIN1 variants
within these affected individuals. Indeed, we observed up-
regulation of AXIN2 in some of the AXINI-mutant
HEK293T lines as well as in primary fibroblasts.

In the last decades, several studies reported an association
between loss of AXIN1 and cancerogenesis.”*** Truncating
AXIN1 somatic variants are frequently identified in different
subsets of tumors, most notably in hepatocellular carci-
noma and endometrial carcinoma.*® Since the description
of the destruction-complex-related OS-CS, five instances
of childhood cancer in females with OS-CS (four Wilms tu-
mor, one hepatoblastoma) and two adult-onset cancer
(colorectal, ovarian) have been reported.*****”~*° While
no tumors have been observed in the individuals of this
study, these findings indicate that monitoring of individ-
uals with AXINI-truncating variants may be warranted.

In aggregate, we describe a sclerosing bone dysplasia
with evidence of increased osteoblast and reduced osteo-
clast function at the growth plate’s resorption zone leading
to coarse trabeculae. We propose to designate this condi-
tion as “Craniometadiaphyseal osteosclerosis with hip
dysplasia, AXIN1-related” in the nosology of skeletal disor-
ders.”” All causative variants lead to a truncation of AXIN1
affecting the DIX domain. The reduced protein levels and
impaired AXIN1 polymerization leads to enhanced canon-
ical Wnt signaling, which could be attenuated by tankyr-
ase inhibition.
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