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Biallelic inactivation of EXTI in patient-derived iPSCs confirms
the "Two-hit" hypothesis in hereditary multiple osteochondromas
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SUMMARY: Hereditary Multiple Osteochondromas (HMO) is a rare autosomal dominant skeletal disorder caused
by heterozygous loss-of-function mutations in £EX7/ or EXT2, which encode glycosyltransferases essential for
heparan sulfate (HS) biosynthesis. Whether haploinsufficiency alone suffices or biallelic inactivation is required for
osteochondroma formation remains a central unresolved question. In this study, we employed CRISPR/Cas9 combined
with PiggyBac transposon technology to introduce a second pathogenic mutation (c.1883+1G>T) into patient-derived
induced pluripotent stem cells (iPSCs) carrying a heterozygous EXT1 ¢.1126C>T mutation. This approach enabled the
generation of isogenic iPSC lines: wild-type (WT), single-mutant (SM), and double-mutant (DM). These iPSCs were
differentiated through induced mesenchymal stem cells (iMSCs) into chondrocytes. Biallelic EX77 mutation in DM
cells led to significant upregulation of SOX9, COL2A41, and ACAN, elevated glycosaminoglycan (GAG) levels, and
markedly reduced HS, whereas SM cells remained indistinguishable from WT. Three-dimensional (3D) chondrogenic
organoid cultures revealed that DM organoids were enlarged and structurally disorganized, partially recapitulating key
histopathological features of osteochondromas. Transcriptomic analysis identified the Wnt signaling pathway as the
most significantly enriched pathway among differentially expressed genes following EXT1 loss. Collectively, these
findings provide direct human cellular evidence that complete EXT1 inactivation—not haploinsufficiency—drives
aberrant chondrogenesis, likely through impaired sequestration of morphogen ligands, thereby supporting the Two-hit
pathogenic model.

Keywords: hereditary multiple osteochondromas, heparan sulfate, chondrogenesis, Two-hit hypothesis, Wnt
signaling pathway, ligand sequestration

1. Introduction residues (GlcA) (4) (Figure 4A). As a critical component
of heparan sulfate proteoglycans (HSPGs), HS fine-tunes
the spatial distribution and signaling activity of multiple

morphogens—including Indian Hedgehog (IHH),

Hereditary Multiple Osteochondromas (HMO) is a rare
autosomal dominant skeletal disorder caused by loss-

of-function mutations in exostosin glycosyltransferase
1 (EXTI) or exostosin glycosyltransferase 2 (EXT2) (I).
EXTI mutations account for 60-70% of all HMO cases,
and the global prevalence of HMO is approximately
1/50000 (2). Up to 5% of affected patients undergo
malignant transformation to secondary peripheral
chondrosarcoma (3). EXT1 and EXT2 assemble into a
heteromeric complex within the endoplasmic reticulum
(ER) before translocating to the Golgi apparatus, where
the complex catalyzes heparan sulfate (HS) chain
polymerization through the alternating addition of
N-acetylglucosamine (GlcNAc) and glucuronic acid

fibroblast growth factors (FGFs), bone morphogenetic
proteins (BMPs), and Wnt family ligands—thereby
maintaining chondrocyte proliferation, differentiation,
and columnar organization within the growth plate
(5,6). Studies in Ext/-deficient mice have demonstrated
aberrant THH signaling gradients and consequent
skeletal patterning defects (7), and zebrafish dackel
(ext2) mutants display severe chondrocyte stacking
disorganization (§).

Knudson originally proposed the Two-hit hypothesis
in the context of retinoblastoma, positing that tumor
suppressor gene inactivation requires loss of both
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functional alleles (9). This model has since been
extended to HMO, where accumulating evidence
suggests that osteochondroma formation requires
biallelic £XT inactivation through loss of heterozygosity
(LOH) at the somatic level (/0,11). Heterozygous Ext
mice develop no osteochondromas, whereas conditional
biallelic knockout in chondrocytes or perichondrial
progenitor cells recapitulates the full spectrum of
HMO skeletal pathology (10,11). De Andrea et al.
demonstrated that heterozygous EX7 mutations do not
compromise chondrogenic differentiation capacity in
human bone marrow-derived mesenchymal stem cells,
and further detected LOH in 63% of surgically resected
osteochondromas (/2). Nevertheless, inherent species
differences between murine models and human disease,
together with the limited availability of patient-derived
osteochondroma specimens for molecular analysis, have
constrained the ability to establish direct genotype—
phenotype relationships in a controlled human cellular
context.

To address these limitations, we employed patient-
derived induced pluripotent stem cells (iPSCs) combined
with footprint-free CRISPR/Cas9-PiggyBac genome
editing to reconstitute the Two-hit event in vitro within
a fully isogenic human system. HSPGs are known to
regulate Wnt ligand distribution and signal transduction
(13). We therefore examined how graded EXT1 loss,
from monoallelic to biallelic, affects Wnt pathway
activity, aiming to provide mechanistic support for the
Two-hit model.

2. Materials and Methods
2.1. sgRNA design and HDR donor construction

sgRNAs targeting the splice donor site of EXT/ intron
9 (c.1883+1G) were designed using CRISPOR (http.//
crispor.tefor.net) and cloned into lentiCRISPRv2
(Addgene, USA; #52961). An HDR donor was
constructed with ~650 bp homology arms flanking
a PiggyBac ITR-bracketed PuroATK dual-selection
cassette, with the left arm harboring the desired
¢.1883+1G>T mutation.

2.2.1PSCs culture and genome editing

Patient-derived iPSCs (male; heterozygous EXT/
¢.1126C>T; informed consent under ethics approval)
were maintained on Matrigel® (Corning, Corning, NY,
USA)-coated plates in mTeSR™ Plus (STEMCELL
Technologies, Vancouver, BC, Canada) at 37°C/5% COs.
At ~80% confluency, iPSCs were co-transfected with
Cas9—sgRNA and HDR donor using Lipofectamine™
3000 (Thermo Fisher Scientific, USA) with 10 uM
Y-27632. After 14-day puromycin selection, the PiggyBac
cassette was excised via hyPBase transposase and
acyclovir negative selection. Site-specific integration was

verified by junction PCR (P1/P2). Following PiggyBac
excision, PCR using primers P3/P4 designed within
the transposon cassette sequence confirmed complete
cassette removal by the absence of amplification
products. Footprint-free excision was further confirmed
by Sanger sequencing. The biallelic mutant (c.1126C>T
+ ¢.1883+1G>T) was designated double-mutant (DM);
parental heterozygous iPSCs as single-mutant (SM); and
an isogenic wild-type clone as WT control.

2.3. iMSC induction and chondrogenic differentiation

iPSCs were differentiated into iMSCs using the
StemMACS™ MSC Differentiation Kit (STEMCELL
Technologies). For 2D chondrogenesis, iMSCs (passage
4-6) were cultured on gelatin-coated plates in high-
glucose DMEM (Gibco, USA) with 10 ng/mL TGF-p1
(PeproTech, USA), 100 nM dexamethasone, 50 pg/mL
ascorbate-2-phosphate (Sigma-Aldrich), 1% ITS, and
1% penicillin—streptomycin (Gibco) for 21 days. For 3D
culture, 2.5 x 10° iMSCs were pelleted (300 X g, 5 min)
in 15 mL conical tubes and maintained in suspension
culture with identical medium for 21 days. The resulting
iPSC-derived chondrocyte organoids (iChOs) were
fixed in 4% PFA, cryosectioned, and stained with H&E,
Safranin O, Alcian Blue, and immunofluorescence.

2.4. RT-qPCR

Total RNA was extracted with TRIzol® (Invitrogen,
USA), quantified by NanoDrop™ 2000 (Thermo Fisher
Scientific), and reverse-transcribed using SPARKscript I1
RT Plus Kit (SparkJade, Qingdao, China). RT-qPCR was
performed on QuantStudio™ 5 (Applied Biosystems,
USA) with 2x SYBR® Green Premix (Accurate Biology,
Changsha, China). GAPDH served as internal reference;
relative expression was calculated by the 2 AACt
method. Primers are listed in Table 1.

2.5. Biochemical quantification, transcriptomic analysis,
and experimental validation

Total sulfated GAG was quantified by DMMB assay
(Haling Biotech, China); HS levels were measured
using a human-specific ELISA kit (Cusabio, China).
For transcriptomic profiling, total RNA was extracted
from chondrocytes at day 21 of differentiation (three
biological replicates per genotype) and sequenced on the
[llumina NovaSeq 6000 platform (Novogene, China).
Key differentially expressed genes identified by RNA-
seq were validated at the mRNA level by RT-qPCR and
at the protein level by Western blot analysis.

2.6. Statistical analysis

Data are mean + SD from > 3 biological replicates.
Three-group comparisons used Kruskal-Wallis test
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Table 1. Sequences of primers used in this study

Primers Target Forward/Reverse primer (5'-3")

OCT4 CCTCACTTCACTGCACTGTA/
CAGGTTTTCTTTCCCTAGCT
SOX2 CCCAGCAGACTTCACATGT/
CCTCCCATTTCCCTCGTTTT
NANOG AAGGTCCCGGTCAAGAAACAG/
CTTCTGCGTCACACCATTGC
GAPDH GTGGACCTGACCTGCCGTCT/
GGAGGAGTGGGTGTCGCTGT
P1/P2 GTGTCTCTTAAACTGTGCATC/
CTGAGTAGGTGTCATTCTAT
P3/P4 GCATACATTATACGAAGTTA/
ACAAATGTGGTATGGCTGAT
MIX-L1 GGATCCAGCTTTTATTTTCTCCCCT/
AGGAGCACAGTGGTTGAGGA
Brachyury TATGAGCCTCGAATCCACATAGT/
CCTCGTTCTGATAAGCAGTCAC
Sox9 AAGATGACCGACGAGCAG/
CACGGGGAACTTGTCCT
ACAN TGCAGAACAGTGCCATCA/
CTCCATAGCAGCCTTCCC
Col2al TCCCACCCTCTCACAGTTC/
TGCCCAGTTCAGGTCTCTT

with Dunn's post hoc correction; pairwise comparisons
used Mann—Whitney U test (two-tailed). Analyses were
performed in GraphPad Prism 9.0 (San Diego, CA,
USA); p <0.05 was significant.

3. Results and Discussion

3.1. Generation of an isogenic EXT1 biallelic mutant
iPSC model

To investigate the phenotypic consequences of graded
EXTI loss in a genetically controlled human system,
we established an integrated CRISPR/Cas9—PiggyBac
editing platform to introduce a second pathogenic
mutation (c.1883+1G>T) into patient-derived iPSCs
already carrying the heterozygous EXT/ c.1126C>T
mutation (Supplementary Figure S1, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=292). Junction PCR with P1/P2 primers
confirmed successful homologous recombination at the
intended EXT1 locus in approximately 80% of screened
clones. After hyPBase-mediated transposon excision, P3/
P4 PCR showed no amplification, confirming complete
removal of the selection marker. Sanger sequencing further
verified the engineered c¢.1883+1G>T mutation (Figure
1A-D). The resulting iPSCs-DM retained expression
of pluripotency markers (OCT4, NANOG, SSEA-4),
normal karyotype, and tri-lineage differentiation potential
(Supplementary Figure S2, https.//www.biosciencetrends.
com/action/getSupplementalData.php?ID=292), and
differentiated efficiently into iMSCs and subsequently
into chondrocytes (Supplementary Figure S3, https://
www.biosciencetrends.com/action/getSupplementalData.
php?1D=292).

Because WT, SM, and DM lines share an identical

genetic background—differing exclusively at the
engineered EXTI locus—all phenotypic differences
are attributable solely to the introduced second hit.
This isogenic single-variable design, achieved through
footprint-free PiggyBac excision preserving endogenous
genomic architecture, partially compensates for single-
patient derivation and fundamentally distinguishes our
approach from unmatched inter-individual specimen
comparisons (/4—16).

3.2. Biallelic EXT1 mutation disrupts HS biosynthesis
and alters extracellular matrix content

To determine whether graded EXT7 loss differentially
affects HS biosynthesis and extracellular matrix
(ECM) composition, we quantified HS and total
GAG levels in day 21 chondrocyte cultures across all
three genotypes. HS was markedly reduced in DM
cell lysates and conditioned supernatants compared
with WT (p < 0.001), with no significant difference
between SM and WT (Figure 2A). This marked HS
reduction in DM is consistent with the near-complete
absence of HS immunostaining reported in human
osteochondroma cartilage caps (/7). Notably, total
sulfated GAG as measured by the DMMB assay was
markedly elevated in DM relative to WT and SM (p
< 0.0001). Total sulfated GAG in cartilage comprises
several species, predominantly chondroitin sulfate (CS)
and keratan sulfate (KS), alongside the functionally
critical heparan sulfate (HS). Because CS is the dominant
GAG species on the major cartilage proteoglycan
aggrecan, and HS was severely depleted in DM cells,
the observed net increase in total sulfated GAG is most
parsimoniously explained by a compensatory elevation
of CS. Bachvarova et al. have clearly demonstrated
this compensatory mechanism in Ext/-deficient mouse
chondrocytes: Ext1®’* cells, which produce only
approximately 20% of normal HS levels, exhibited a
70% increase in CS content and a 65% elevation in
total GAG, accompanied by significant upregulation
of aggrecan (ACAN) expression—aggrecan being the
principal core protein carrying additional CS chains (/8).
Furthermore, Huegel ef al. demonstrated that perturbation
of HS function triggers cellular responses similar to
Ext gene ablation, including enhanced chondrogenic
differentiation and upregulation of cartilage-specific
genes such as ACAN (19), consistent with the concurrent
ACAN mRNA upregulation observed in our DM group.

3.3. EXT1 biallelic inactivation drives aberrant
chondrogenesis in 2D and 3D culture systems

To investigate the functional consequences of EXT loss
on chondrocyte differentiation, we evaluated cartilage
formation in both 2D monolayer and 3D organoid culture
systems.

In 2D monolayer chondrogenic culture, WT and SM
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Figure 1. Genotypic validation of footprint-free EXT1 biallelic mutant iPSCs. (A) Schematic overview of the CRISPR/Cas9 and PiggyBac-
mediated editing workflow. (B) Representative bright-field and fluorescence micrographs documenting GFP-positive integration and subsequent
transposon excision. (C) PCR analysis confirming site-specific integration (P1/P2) and complete PiggyBac cassette excision (P3/P4). (D) Sanger
sequencing chromatograms verifying the engineered c.1883+1G>T mutation in isolated clones. (E) Sanger sequencing confirming the footprint-free

restoration of the native genomic sequence at the transposon integration site.

iMSCs underwent normal chondrogenic differentiation,
whereas DM iMSCs exhibited markedly enhanced
chondrogenic marker expression. Immunofluorescence
analysis revealed significantly intensified ACAN signal
and complete absence of EXTI1 protein in iChOs-
DM (Figure 2B). RT-qPCR demonstrated that ACAN,
SOX9, and COL241 mRNA levels were all significantly
elevated in DM, most pronounced at day 21. ACAN and
SOX9 showed time-dependent progressive increases,
while COL2A1 was initially low at days 4 and 7 before
sharp upregulation at day 21 (Figure 2C), suggesting
that biallelic EXT1 loss disrupts the normal temporal

coordination of chondrogenic differentiation. Previous
studies have reported consistent findings: Ext!/-
deficient periosteal progenitor cells displayed enhanced
chondrogenic capacity (/6), and simultaneous silencing
of EXT1 and FGFR3 in ATDCS cells similarly promoted
chondrogenesis (20).

In 3D organoid culture, DM chondrogenic organoids
(iChOs-DM) were visibly larger and exhibited irregular,
asymmetric morphology compared with WT and SM
organoids. H&E staining revealed marked internal
structural disorganization in iChOs-DM. Safranin O and
Alcian Blue staining demonstrated intense but spatially
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Figure 2. Biallelic EXT1 inactivation disrupts ECM homeostasis and accelerates 2D chondrogenesis. (A) Quantification of HS by ELISA and
total GAG by DMMB assay at day 21. (B) Immunofluorescence for ACAN (green), SOX9 (purple), and EXT1 (red) in 2D chondrocyte cultures.
Scale bar: 50 pm. (C) RT-qPCR of ACAN, SOXY, and COL2A1 at days 4, 7, 21. Data: mean + SD; Kruskal-Wallis test with Dunn's post hoc

correction.

heterogeneous proteoglycan deposition (Figure 3A),
consistent with the approximately 50% GAG elevation
reported in Ext/-hypomorphic mouse cartilage (21).
Immunofluorescence confirmed markedly enhanced
ACAN and complete EXT1 absence in iChOs-DM
(Figure 3B). These phenotypic features partially
recapitulate osteochondroma histopathology observed in
[Extl-knockout mouse models (/4,22).

Critically, SM iMSCs and organoids were
indistinguishable from WT in both culture systems, and
only DM exhibited accelerated chondrogenesis and tissue
disorganization. This finding agrees with de Andrea et al.
(12), who demonstrated that heterozygous EX7 mutation
does not impair chondrogenic differentiation and that
osteochondroma formation is contingent upon LOH.

Collectively, biallelic EXT/ inactivation drives excessive
chondrogenic gene expression, aberrant proteoglycan
accumulation, and tissue architectural disruption,
successfully recapitulating key pathological features of
HMO in vitro.

3.4. Wnt signaling is the most significantly enriched
pathway following EXT1 loss

To identify downstream signaling networks disrupted
by EXTI loss, we performed transcriptomic profiling of
day 21 chondrocytes. Comparative analysis identified
substantial uniquely and overlappingly differentially
expressed genes across genotypic transitions (Figure
4B), and principal component analysis (PCA) further
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Figure 3. Complete EXT1 loss promotes aberrant cartilage matrix deposition in 3D chondrogenic organoid culture. (A) Representative
microscopic appearance of chondrogenic organoids at day 21 (top), H&E (second row), Safranin O (third row), and Alcian Blue (bottom row).
Scale bar: 100 pm. (B) Immunofluorescence for ACAN (green) and EXT1 (red) with DAPI. Scale bar: 20 um.

revealed distinct global expression signatures among the
WT, SM, and DM groups (Figure 4C). We subsequently
mapped the hierarchical clustering of core Wnt-
related genes (Figure 4D), guided by KEGG pathway
enrichment analysis which placed Wnt signaling as
the most significantly enriched pathway (Figure 4E).
Because HSPGs regulate Wnt ligand spatial distribution
through differentially sulfated HS domains (/3,23), these
transcriptomic findings prompted targeted validation by
RT-qPCR (Figure 4G).

Canonical Wnt ligands WNT10B and WNT2B were
exclusively and significantly upregulated in DM (p <

0.0001), mirroring the DM-specific cartilage marker
pattern (24,25). Secreted frizzled-related protein (SFRP!
and SFRP4) mRNA levels were already markedly
elevated in SM—higher than in DM—suggesting
that partial HS reduction triggers compensatory Wnt
antagonist upregulation. Despite elevated SFRP4 mRNA
in SM, SFRP4 protein was paradoxically lowest in SM
(Figure 4F), likely reflecting active extracellular secretion
for Wnt buffering (26). The B-catenin target CCND?2
(cyclin D2) was elevated at both mRNA and protein
levels in DM (Figure 4F, G), confirming canonical Wnt/
B-catenin activation (27). WNT10B protein did not
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Figure 4. Transcriptomic analysis reveals Wnt signaling remodeling. (A) Schematic of the proposed EXT1/HSPG-dependent morphogen
ligand sequestration model illustrating the consequences of graded EXT1 loss on canonical Wnt/B-catenin signaling (WT: intact gatekeeper; SM:
compensated; DM: gatekeeper collapse). (B) Venn diagram. (C) PCA. (D) Heatmap. (E) KEGG enrichment. (F) Western blot: WNT10B, SFRP4,
CCND2, GAPDH. (G) RT-qPCR: WNT10B, WNT2B, SFRP1, SFRP4, CCND2. Data: mean + SD; Kruskal-Wallis with Dunn's correction.
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proportionally mirror its mRNA, possibly due to loss
of HSPG-mediated surface retention and accelerated
extracellular release (13,28).

These data collectively support a "molecular
gatekeeper” model in which HS sequesters morphogens—
IHH, BMPs, FGFs, and Wnts—at the cell surface and
within the pericellular matrix, maintaining signaling
homeostasis (7,13,28). Approximately 50% of normal
EXTI activity (SM) suffices to maintain this threshold;
complete loss (DM) triggers a "signal eruption"—
uncontrolled morphogen release overstimulating
chondrogenesis (Figure 4A).

We propose a two-stage pathogenic framework.
In the first stage ("priming"), germline heterozygous
EXT1 mutation depletes the HS biosynthetic reserve
without altering steady-state levels, thereby triggering
compensatory SFRP1/4 upregulation—as evidenced by
peak transcription in SM—sufficient to maintain normal
differentiation. In the second stage ("triggering"), somatic
second hit causes complete EXT1 inactivation and HS
biosynthetic collapse. Compensatory SFRP buffering
is overwhelmed: canonical Wnt ligands WNT10B
and WNT2B are released in excess, and unrestrained
canonical Wnt/B-catenin activation drives pathological
chondrogenesis, concordant with LOH detection in 63%
of clinical osteochondromas (/2).

Mechanistically, HS loss simultaneously liberates
canonical Wnt ligands and destabilizes SFRP antagonists
whose stability depends on HSPG scaffolding (28).
Gerstner et al. proposed an EXT/-Wnt regulatory
feedback loop whose disruption may explain the
explosive DM upregulation as overshoot compensation.
The mRNA—-protein discordance for WNT10B and
SFRP4 can be explained by a unified mechanism: HS
loss alters the extracellular fate of secreted canonical Wnt
components—Iligands lose surface tethering and undergo
accelerated release, while antagonists exhibit reduced
intracellular accumulation due to enhanced secretory
flux. These findings further establish HS deficiency as a
critical driver of canonical Wnt pathway dysregulation.

Notably, our use of iMSCs recapitulates periosteal
mesenchymal progenitor differentiation, modeling
the periosteal origin of osteochondromas (/4,16)—
a mechanism the traditional growth plate hypothesis
cannot explain. Complete EXT/ inactivation thus
emerges as the decisive switch redirecting mesenchymal
progenitor fate from osteogenic maintenance toward
aberrant chondrogenesis.

In conclusion, by combining patient-derived iPSCs
with footprint-free CRISPR/Cas9-PiggyBac editing,
we demonstrate that complete EXT1 inactivation—
not haploinsufficiency—is required to collapse HS-
dependent morphogen gating, unleash canonical Wnt
signaling, and drive pathological chondrogenesis.
These findings provide direct human cellular evidence
supporting the Two-hit model of HMO pathogenesis.
However, as all iPSC lines derive from a single patient,

validation across additional EXT1 or EXT2 genotypes is
warranted. Furthermore, the in vitro system does not fully
recapitulate the in vivo growth plate microenvironment;
future studies employing in vivo transplantation and
Wnt pathway modulation will be essential to evaluate
therapeutic potential and model malignant progression
toward secondary chondrosarcoma.
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