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Position effects at the FGF8 locus are
associated with femoral hypoplasia
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Summary

Copy-number variations (CNVs) are a common cause of congenital limb malformations and are interpreted primarily on the basis of
their effect on gene dosage. However, recent studies show that CNVs also influence the 3D genome chromatin organization. The func-
tional interpretation of whether a phenotype is the result of gene dosage or a regulatory position effect remains challenging. Here, we
report on two unrelated families with individuals affected by bilateral hypoplasia of the femoral bones, both harboring de novo duplica-
tions on chromosome 10924.32. The ~0.5 Mb duplications include FGF8, a key regulator of limb development and several limb
enhancer elements. To functionally characterize these variants, we analyzed the local chromatin architecture in the affected individuals’
cells and re-engineered the duplications in mice by using CRISPR-Cas9 genome editing. We found that the duplications were associated
with ectopic chromatin contacts and increased FGF8 expression. Transgenic mice carrying the heterozygous tandem duplication
including Fgf8 exhibited proximal shortening of the limbs, resembling the human phenotype. To evaluate whether the phenotype
was a result of gene dosage, we generated another transgenic mice line, carrying the duplication on one allele and a concurrent Fgf8
deletion on the other allele, as a control. Surprisingly, the same malformations were observed. Capture Hi-C experiments revealed
ectopic interaction with the duplicated region and Fgf8, indicating a position effect. In summary, we show that duplications at the
FGF8 locus are associated with femoral hypoplasia and that the phenotype is most likely the result of position effects altering FGF8
expression rather than gene dosage effects.

scale regulatory units insulated from each other by
boundary elements.”®

For congenital limb malformations, several CNVs
affecting noncoding regulatory elements have recently

Introduction

Copy-number variations (CNVs), such as microdeletions
and microduplications, are a common cause of congen-

ital diseases.'* The pathogenicity of CNVs is inter-
preted primarily on the basis of their effect on gene
dosage*™® because many human genes are known to
be dosage sensitive. For instance, several de novo or in-
herited deletions or duplications are known to result in
disease phenotypes. However, recent studies show that
the influence of CNVs is not only mediated by the
direct perturbation of the gene dosage but also due to
the change in the copy number of regulatory elements
or the modification of the 3D genome architecture. The
latter is thought to occur via the disruption of the
higher-order chromatin organization, such as topologi-
cally associating domains (TADs), which are megabase-

been described.””'” However, the functional interpreta-
tion as to whether a phenotype is the result of the ensuing
gene dosage or of an indirect, regulatory position effect re-
mains challenging.

In the current study, we describe two unrelated families
affected with isolated bilateral hypoplasia of the femoral
and pelvic bones, a rare congenital anomaly with un-
known genetic origin. All affected individuals carry dupli-
cations encompassing FGF8 (MIM: 612702). We use the
mouse limb as a model system to study the effect of the
FGF8 duplications on limb development and gene regula-
tion. By combining genome editing in transgenic mice
with chromatin and expression analysis, we identify that
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A B Figure 1. Two 10qg24.32 duplications in
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bilateral hypoplasia of the femoral and
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regulatory position effects at the FGF8 locus cause femoral
hypoplasia.

Subjects and methods

Subjects and ethics approval
The study was performed with the approval of the Review Board of
the Poznan University of Medical Sciences and the CHU Caen
ethics committee. All individuals were enrolled with written
informed consent for participation in the study. The clinical eval-
uation included medical history interviews, a physical examina-
tion, and review of medical records. Blood samples or buccal swabs
were obtained from each participating individual, and DNA was
extracted via standard procedures.

To facilitate tracking of the members of family 1 and family 2,
we numbered individuals by using prefixes F1 and F2, respectively.
For pedigrees, see Figures 1A and 1B.

Paternity testing
The paternity of individual F1_I-2 was confirmed with a commer-
cial Aneuploidy QF-PCR kit (Devyser Compact v.3, Devyser).

Microarray-based comparative genomic hybridization
For individual F1_II-2, microarray-based comparative genomic hy-
bridization (array CGH) was performed by means of 1.4M Nimble-
Gen oligonucleotide whole-genome array (Roche NimbleGen)
according to the standard protocol provided by the manufacturer.
The analysis was done with the Deva software (Roche NimbleGen)
with the following settings: aberration algorithm, ADM-2;
threshold, 6.0; window size, 0.2 Mb; filter, 5 probes; log2 ratio =
0.29. The profile of genomic aberrations was visualized in the
SignalMap 1.9.0.05 software (NimbleGen Systems).

SHFM3
dbVar nsv951003 [l
dbVar nsv825547 I
dbVar nsv1070886 |
gnomAD DUP_10_30604 I

bones and moderate hypoplasia of the pel-
vic bone structures (A). Pedigree of family
2 and radiographs of the affected individ-
ual F2_II-3 at the age of 14 months (left)
and 4 years (right) showing markedly hy-
poplastic, shortened, and bowed femoral
bones as well as hypoplasia of the pelvic
bones with narrow pelvis (B). The pro-
bands (F1_II-2 and F2_II-3) are indicated
by black arrows.
tel (C) Mapping of the 10q24.32 duplications
of the individuals described herein identi-
fied by array CGH, known duplications
causative of split hand/foot malformation
(SHFM3),'" and CNVs in healthy individ-
uals.'*'® The dashed line represents the
genomic region being duplicated in indi-
viduals with SHFM3. Duplications and de-
letions are colored in blue and red,
respectively.

NPM3
FGF8  OGA

Femoral and pelvic
bones hypoplasia

} Healthy individuals

For individual F1_III-1 and family 2, array CGH was performed
with the use of SurePrint G3 Human CGH Microarrays, 1x1M
and 4x180K (Agilent, Agilent Technologies, Santa Clara, CA),
following the manufacturer’s protocol and analyzed with Agilent
CytoGenomics 5.0.2.5 software (Agilent, Agilent Technologies,
Santa Clara, CA). Analysis settings for Agilent arrays were as
described above, except the filter, which was set to 3 probes.

CNVs were determined with thresholds of 0.4 for gains and —0.4
for losses. Commercial reference male or female genomic DNA
(Promega or Agilent) was used for hybridization. Data (phenotypes
and array CGH results) were submitted to the DECIPHER database;
accession numbers are DECIPHER: 427511, 427699, and 427701.

Databases and in silico analysis

For the assessment of the CNVs, we used the following databases:
DECIPHER, ClinVar, DGV, gnomAD SVs (v.2.1), and the VISTA
Enhancer Browser.

Quantitative real-time polymerase chain reaction

We performed quantitative real-time polymerase chain reaction
(real-time qPCR) to confirm the CNVs and to narrow down their
genomic coordinates as well as to perform co-segregation analysis
in the individuals with 10q24 duplication and their family mem-
bers. We followed a previously described protocol'’ for individuals
from family 1 and F2_III-1 and F2_III-2 from family 2. A different
protocol'® was used for testing individuals F2_I-1, F2_I-2, and
F2_1II-3. In short, we used a SYBR Green PCR Master Mix (Applied
Biosystems) and ran all reactions in triplicate on a ViiA 7 or 7500
Real-Time thermal cycler (Applied Biosystems). Copy number
analysis was performed with the comparative 27T method
with noncommercial healthy control DNA as a calibrator. Two
genes were used for normalization—ALB or PRKAB2—and an in-
ternal sample control (sex determination) was performed by tar-
geting of F8 or OFD1. For primer sequences, see Table S1.
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Breakpoint sequencing

We established the exact genomic coordinates of the aberrations
by means of a series of long-range and nested-PCR reactions by us-
ing primers specific to the DNA fragment overlapping the 5" and 3’
ends of the 10q24.32 duplications. For family 1, we performed the
long-range PCR by following a previously described protocol'’
with the use of the Expand Long Template PCR System v.24
(Roche) for the target region amplification. For family 2, we uti-
lized the Ranger Mix (Bioline) by following the producer’s proto-
col. The obtained PCR products were sequenced with the Applied
Biosystems PRISM 3700 DNA Analyzer with the BigDye Termi-
nator v.3.1 Cycle Sequencing Kit (Applied Biosystems). See
supplemental material and methods for nested-PCR conditions
and Table S2 for primer sequences.

FGF8 and BTRC relative expression in skin fibroblasts
derived from individual F1_II-2

Total RNA was extracted from skin fibroblasts derived from indi-
vidual F1_II-2 and six controls with RNeasy Mini Kit (QIAGEN
#74106) according to the manufacturer’s protocol. 1 ug of the total
RNA of each sample was reverse transcribed with the use of
TagMan Gold RT-PCR Kit (Applied Biosystems #N808-0233). The
relative expression level of FGF8 and BTRC (MIM: 603482) was es-
tablished with the comparative 2~2*“T method in which the indi-
viduals’ target genes expression value was normalized to the
GAPDH reference gene. We used the 272" method to calculate
fold change between the affected individual and the mean value
of six controls. The fluorometric real-time qPCR assay was per-
formed on ABI Prism HT 7900 Real-Time Cycler (Applied Bio-
systems) and SYBR Green PCR Master Mix (Applied Biosystems)
on 384-well setup in a total volume of 12 pL. The reaction condi-
tions were as previously described.'” All reactions were carried out
in triplicates. Statistical significance was calculated via one-tailed
single-sample Z test. For primer sequences, see Table S3.

Chromosome conformation capture libraries
preparation and sequencing

We generated circular chromosome conformation capture (4C) li-
braries from fibroblasts of individual F1_II-2 and three controls as
described previously'® by using 5 x 10° cells per sample. The 4C
sequencing (4C-seq) experiment was designed at three viewpoints:
FGF8 transcription start site (TSS), BTRC TSS, and the Fgf8 cis-reg-
ulatory element (RE)—cloned enhancer 66 (CE66).%° See Table S4
for primer sequences. For each viewpoint, the 4 bp cutters Csp6l
and Dpnll were used as primary and secondary restriction
enzymes, respectively. A total of 1.6 ug of each 4C library was
amplified by PCR. The amplified samples were sequenced
with the Illumina HiSeq 4000 system according to standard
procedures.

Capture Hi-C (cHi-C) was performed in wild-type (WT) and het-
erozygous embryonic day (E) 11.5 limb buds as described else-
where.”! Briefly, we fixed and lysed cells to obtain intact nuclei.
Chromatin was digested with Dpnlil, and DNA ends were subse-
quently ligated. Purified 3C libraries were sheared to 300-600 bp
fragments via Covaris (5220 focused-ultrasonicator). The DNA
ends were repaired and prepared for [llumina sequencing accord-
ing to instructions from Agilent. We hybridized libraries to
custom-designed SureSelect (Agilent) capture probes to enrich
chromatin interactions at the Fgf8 locus (chrl9: 44,440,000-
46,400,000, mm?9). Samples were sequenced with Illumina HiSeq
technology (50 bp paired-end) according to standard protocols.

Bioinformatic pipeline

4C-seq raw data were pre-processed as reported previously.’
Sequencing reads were mapped to a reference genome (hu-
manG1Kv37) with Burrows-Wheeler aligner,*” resulting in over
one million mapped reads with a cis/overall ratio > 60%. 4C-
seq contacts per fragment (1°* RE) were normalized to reads per
million (RPM) and further analyzed for the region chrl0:
102,000,000-104,000,000 via customized scripts. Reads overlap-
ping the viewpoint and adjacent fragments 1.5 kb upstream
and downstream were excluded from further analyses. We
applied a running window averaging of ten fragments to smooth
the read counts per fragment and exported them to BedGraph
format. To compare the interaction profiles for each viewpoint,
we calculated log2 ratios between the signal from the individual
and the average signal from the three control samples. The signal
from the additional copy of the duplicated region was excluded
from the log2 calculations. All 4C-seq experiments were run in
biological duplicate.

In the preprocessing step of the cHi-C data, we truncated the
reads in fastq files to 50 bp to obtain the same initial read length
for both samples and subsequently processed them with the Hi-
CUP pipeline v.0.6.1** (Nofill:1, no size restriction), which was
set up with Bowtie2 v.2.3.4.1?* and the reference genome mm9.
We used Juicer tools v.1.19.02*° to generate binned contact
maps from valid and unique read pairs. For the generation of con-
tact maps, only the enriched region chr19: 44,440,001-
46,400,000 was considered and filtered for reads-pairs mapping
to the defined region. The coordinates were shifted by the offset
of the enriched region, and the data were imported with the
Juicer tools “pre” command with a custom chrom.sizes file that
contained only the size of the enriched region (1.96 Mb). Only
read pairs with a mapping quality (MAPQ) > 30 were considered.
After exporting both the raw count maps and the KR-normal-
ized*~?” maps with 10 kb bin size with the Juicer tools “dump”
command, the coordinates were shifted back to mm9 coordi-
nates. The matrix-balancing approach of the Knight-Ruiz (KR)
normalization affects the Hi-C signal intensity of duplications
because it balances between all rows and columns. As a conse-
quence, the signal in the duplicated region would be scaled
down to fit to the loci with regular copy numbers.

In order to consider the duplicated region in the mutant sample
explicitly, we created additional maps by applying the copy-num-
ber variation effects (LOIC)-normalization® (python package iced
v.0.5.3%%) to raw count maps. For the mutant sample, the number
of alleles was set to three for all bins overlapping with the dupli-
cated region (chr19: 45,332,291-45,826,577). For the WT sample,
the number of alleles was assumed to be two throughout the entire
genomic region for the normalization.

To compute subtraction maps, we first scaled each contact
map according to its overall signal by multiplying each value by
10%/overall sum. For the computation of this scaling factor, the
duplicated region as well as the main diagonal were excluded for
both samples. Subtraction maps were computed for raw-count
maps. We displayed contact maps and subtraction maps as heat-
maps in which we truncated the values above the 99™ percentile
to improve visualization.

Animal procedures

All animal procedures were carried out in accordance with in-
stitutional, state, and government regulations (Berlin: LAGeSo
G0247/13).
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Embryonic stem cells (ESCs) culture and transgenic
mouse strains

Transgenic mouse strains were generated by means of the CRISPR-
Cas9 editing system according to previously published proto-
cols.***! To obtain transgenic alleles, we designed single guide
RNAs (sgRNAs) by using the CRISPR Zhang laboratory design
tool. See supplemental material and methods for the positive
clone screening, Table S5 for the sgRNAs sequences, and Table S6
for genotyping primer sequences. Transgenic mice were generated
by morula aggregation and tetraploid complementation according
to previously published protocol.>” CD1 female mice were used as
foster mothers. ESCs will be available upon request. We performed
four and two independent tetraploid aggregations of the modified
ESC to obtain the Fgf8""’ and Fgf8"/*! mutants, respectively.
Two or three foster mothers from each aggregation were sacrificed
at a desired time point, and eight to 12 embryos were obtained on
average from each foster mother.

Whole-mount in situ hybridization

We assessed the Fgf8 mRNA expression in E11.5 and E12.5
mouse embryos (n = 3 from two independent aggregations for
the Fgf8" mutant) by whole-mount in situ hybridization
(WISH) by using a digoxigenin-labeled Fgf8 antisense riboprobe
transcribed from a cloned Fgf8 probe (PCR DIG Probe Synthesis
Kit, Roche) following a previously described protocol.*® We used
the Fgf8 probe sequences published in Minina et al. 2005.>* For
imaging of the stained embryos, a Zeiss SteREO Discovery.V12 mi-
croscope with cold light source CL9000 and Leica DFC420 digital
camera were used.

Skeletal preparations

Alizarin red/alcian blue staining for bone and cartilage was
performed on WT and mutant E18.5 fetuses (n = 2 from two
independent aggregations for each transgenic line) according to
a previously published protocol.* Documentation of the skeletal
preparations was done in either 25% or 30% glycerol after
achieving full tissue digestion.

Results

Femoral and pelvic hypoplasia is associated with
duplications at the FGF8 locus

We studied two unrelated families with individuals pre-
senting isolated bilateral hypoplasia of the femoral and
pelvic bones, a phenotype with unknown underlying
cause. In family 1 (Figure 1A), the two affected individuals
(F1_II-2, female, and F1_III-1, daughter) exhibited isolated
bilateral congenital lower limb malformation composed of
extremely short and hypoplastic femoral bones and mod-
erate hypoplasia of the pelvic bone structures. Both indi-
viduals had normal psychomotor development and no
other associated abnormalities. In the second unrelated
family (Figure 1B), the proband (F2_II-3, female) showed
a similar phenotype, including bilateral femoral and pelvic
hypoplasia, a narrow pelvis, and normal psychomotor
development. In two of her pregnancies, prenatal ultra-
sound of the fetuses revealed developmental abnormalities
consisting of short lower limbs (data not shown). The first
fetus (F2_III-1, male) showed abnormal positioning of the

feet and short bilateral femurs, and the second fetus
(F2_III-2, female) had a club foot on the right and short
bilateral femurs below the third percentile; these pregnan-
cies were terminated in the 14™ and 15" gestational
weeks, respectively (Figures 1A and 1B).

We performed genome-wide copy number analysis
by array CGH in probands from these two families. In
family 1 (individual F1_II-2), we identified a ~519.8
kb interstitial duplication 10q24.32 (arr[GRCh37]
10q24.32(103,014,233_103,534,063)x3; [Figure S1]). An
overlapping ~538.9 kb duplication 10q24.32 (arrf[GRCh37]
10924.32(103,003,677_103,542,575)x3) was identified in
family 2 (individual F2_II-3) (Figure S1). Breakpoint
sequencing revealed the true size and span of the aberra-
tions: 533,943 kb (arrfGRCh37] 10q24.32(103,012,
761_103,546,704)x3) in family 1 and 542,061 kb (arr
[GRCh37] 10g24.32(103,001,852_103,543,913)x3) in fam-
ily 2 (Figure 1C). Segregation analysis by real-time qPCR
confirmed the duplications in the affected individuals and
excluded them in unaffected parents and siblings, confirm-
ing de novo occurrence in the probands and co-segregation
of the 10q24.32 duplications with the malformations (Fig-
ures S2A-S2C). The overlapping duplications harbor six pro-
tein-coding genes (BTRC, POLL [MIM: 606343], DPCD
[MIM: 616467], FBXW4 [MIM: 608071], FGFS, and NPM3
[MIM: 606456]), and breakpoint sequencing revealed tan-
dem orientation in both families (Figure S2D).

Comparative analysis revealed that the femoral hypopla-
sia duplications reported here almost completely overlap
with 10q24.32 duplications that are known to associate
with split hand/foot malformation (SHFM3 [MIM:
246560]), an entirely different limb malformation.'' The
only unique gene to the femoral hypoplasia duplications
was FGFS, a key regulator of limb development that is
known to direct proximo-distal growth*°** (Figure 1C).
While initially gene dosage effects of FGF8 seemed like a
promising explanation for the femoral hypoplasia pheno-
type, we also identified several healthy individuals without
skeletal abnormalities carrying smaller duplications that
include FGF8 in control cohorts'*1¢ (Figure 1C). There-
fore, pathomechanisms alternative to simple gene dosage
were considered.

Ectopic chromatin interaction of FGF8 in skin fibroblasts

Structural variants have been shown to rearrange the
chromatin architecture of the genome, facilitating ectopic
enhancer-promoter contacts to cause misexpression and
disease.”?'*? Therefore, we performed circular chromo-
some conformation capture sequencing (4C-seq) analysis
in skin fibroblasts of the affected individual F1_II-2 and
three healthy control individuals. Recent data show that
4C techniques can effectively be used for studying of
TAD structure in fibroblasts of affected individuals (Lupia-
fiez et al.” and Franke et al.>!). We used the promoters of
FGF8 and BTRC, as well as the apical ectodermal ridge
(AER) enhancer CE66,”" as viewpoints to investigate the
local chromatin interactions. The 4C-seq signal and
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Figure 2. 4C-seq in control and F1_lI-2 skin fibroblasts reveal altered 3D genome architecture at the FGF8 locus

(A) Top: Hi-C map at the FGF8 locus (Hg19; chr10: 102,450,000-104,060,000) derived from GM12878 cells.?” Predicted TAD boundaries
are indicated by red ovals. Middle: genes and their respective transcription start sites (TSSs); CTCF ChlIP-seq tracks of the examined locus
in the GM12878 cells.*>*! Bottom: 4C-seq of control fibroblasts with the FGF8 TSS as the viewpoint (indicated by triangle) representing

the WT interactions at the FGFS8 locus.

(B) 4C-seq performed on fibroblasts of individual F1_II-2 showing interaction profiles from the FGF8 TSS viewpoint (indicated by trian-
gle). Top: schematic representation of the duplicated region. The duplication breakpoints are indicated by vertical dashed lines. Bottom:
4C-seq in individual F1_II-2 shows gain of ectopic interactions (indicated by blue rectangle) between FGF8 and the BTRC TAD.

resulting domain structure in control cells corresponded
to the TAD organization of the locus from published Hi-
C data®” (Figures 2A and S3), i.e., the FGF8 TAD was insu-
lated from the BTRC (and LBX1 [MIM: 604255]) TAD by a
strong boundary element and both chromatin domains
show only marginal interactions with each other. In
contrast, 4C analysis in the individual carrying the dupli-
cation (F1_II-2) revealed strong ectopic interaction be-
tween FGF8 and the ~230 kb region within the neigh-
boring BTRC TAD (Figure 2B). The CE66 enhancer
element also showed a gain of interaction with the same
region, confirming the results (Figure S3B). The reverse
control experiment in which the BTRC promoter was
used as a viewpoint also showed ectopic interaction
with the FGF8 TAD and the known FGF8 regulatory
landscape”® (Figure S3B). Expression analysis in the pro-
band’s fibroblasts (F1_II-2) by real-time qPCR showed a
2.9-fold increased FGF8 expression and 2.3-fold increased
BTRC expression compared to seven healthy controls
(Figure S4).

Thus, in the affected individual’s fibroblasts, the duplica-
tion was associated with ectopic chromatin contacts and
increased gene expression of the duplicated genes. How-
ever, it was still not possible to distinguish whether the
phenotype was the result of gene dosage or position ef-
fects. Therefore, we decided to investigate the duplications
in transgenic mice.

Position effects at the Fgf8 locus cause shortening of the
limbs

To investigate whether the 10q24.32 duplications identi-
fied in this study cause femoral hypoplasia, we generated
a corresponding duplication in mice by using CRISPR-
Cas9 genome editing. We used two sgRNAs to induce dou-
ble-strand breaks at the orthologous sites in the mouse
genome and screened mouse embryonic stem cells for du-
plications®**" (Figure 3). A clone carrying a heterozygous
tandem duplication (Fgf8"/*?) corresponding to the dupli-
cation of family 1 was used for tetraploid aggregation, and
transgenic embryos were analyzed at E18.5 (Figure S5). The
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Figure 3. Position effects in Fgf8"/?“P and Fgf8?“P“*! transgenic embryos cause shortening of the proximal limbs

(A—C) Left: the WT carries two copies of Fgf8, one on each allele (A). The Fgf8# mutant carries three copies of Fgf8—two on the allele
with a tandem duplication and one on the WT allele (B). In the Fgf8¥*/% mutant, two copies of Fgf8 are located on the duplication allele,
while the other allele carries a corresponding deletion (C). The scissors mark the sgRNA binding/cutting sites. Right: skeletal preparations
of the E18.5 WT (A) and mutant embryos (B and C). The Fgf8## and Fgf8*/*' mutants show similar multiple skeletal abnormalities,
including malformation of the scapulae (indicated by black arrows) and clavicles (red arrows); a severe shortening, widening, and mal-
formation of the humeri (blue arrows); and flexed wrists as well as shortening and widening of the femoral bones (green arrows) (n = 2
skeletal stainings from two independent aggregations for each transgenic line). The cartilaginous and osseous tissues were dyed blue and

red, respectively.

Fgf8™/ transgenic mice showed skeletal abnormalities of
both forelimbs and hindlimbs, including malformation of
the scapulae and clavicles, severe shortening of the humer-
al and femoral bones, and abnormal wrists (Figure 3B).
Although the mouse phenotype was severer than the hu-
man phenotype, the key feature of femur hypoplasia was
remarkably similar. No feeding, behavioral, or other
health-related problems were noticed. The skeletal malfor-
mation observed in the pups strongly limited their ability
to move, and therefore, the mice were sacrificed at post-
natal day 9.

Next, we investigated whether the observed phenotype
was the result of gene dosage or position effects resulting
from the tandem duplication. Therefore, we generated a
second transgenic mouse line (Fgf8%“”#) carrying a tan-
dem duplication encompassing Fgf8 on one allele and a
corresponding deletion on the other allele. Consequently,
the gene dosage of Fgf8 is comparable to the WT
(Figure S5). The Fgf8¥! mutant featured identical skel-
etal malformations of the forelimbs and hindlimbs,
including the severe shortening of the humeral bones
and shortening of the femoral bones, similar to the
Fgf8™P_mutant mice (Figure 3C).

Our data indicates that this phenotype is not simply a
result of altered gene dosage but most likely due to position

effects that change the regulatory landscape of the
genomic region around FGFS.

Fgf8 duplications are associated with ectopic chromatin
contacts

Finally, we aimed to study the effect of the duplication on
the 3D genome architecture in the transgenic mice. There-
fore, we performed cHi-C analysis in the WT and Fgf8 "/
limb buds at E11.5. Consistent with the human Hi-C*” and
our 4C-seq data, the WT mouse cHi-C map revealed the ex-
istence of two chromatin domains: the centromeric Btrc
TAD and the telomeric Fgf8 TAD. The cHi-C data in the
Fgf8/? limb buds revealed a gain of chromatin interac-
tions within the duplicated 10q24.32 region. In particular,
ectopic interactions between the Bfrc TAD and the Fgf8
TAD were substantially elevated (Figure 4A).

To study the effect of ectopic chromatin interactions on
Fgf8 expression, we performed WISHs in the Fgf8™/
-mutant and WT embryos. WISH at E11.5 and E12.5 re-
vealed a gain of Fgf8 expression in the AER, the central re-
gion of the autopod, the proximal part of the forelimbs,
and in the AER of the hindlimbs in all tested embryos
compared to WT mice (Figure 4B). A marked increase in
Fgf8 expression was observed in the hindlimb buds of
the E12.5 mutant.
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(A) cHi-C maps of WT and Fgf8"#? E11.5
hindlimb buds. TAD boundaries at the
examined locus are represented by red
ovals. Below the upper cHi-C map: genes
and their respective TSS; CTCF ChIP-seq
tracks of the examined locus in the WT
E11.5 hindlimb buds.***! The black arrows
in the Fgf8*/# cHi-C map indicate ectopic
interactions between the Fgf8 TAD and the
neighboring Btrc TAD. Breakpoints of the
duplicated fragment are indicated by verti-
cal dashed lines. Note that the neo-TAD*
overlaps the duplicated region, shown
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(B) WISH analysis revealed gain of the Fgf8
gene expression in the AER and central re-
gion of the autopod in forelimb buds (black
arrows) and the AER in hindlimb buds (blue
arrows) in all tested embryos at the E11.5
and E12.5 compared to controls (n = 3
from two independent aggregations for
each transgenic line and developmental
stage). Fgf8 overexpression was also noted
in the proximal parts of the developing fore-
limbs (red arrows).

tel

E11.5
E12.5

and pelvic hypoplasia with normal
distal limbs. The only gene exclusive
to the variants associated with femoral
hypoplasia is FGF8, a key signaling fac-
tor for embryo patterning. FGFS8 is
essential during the earliest stages of

In conclusion, the 10q24.32 duplications of families 1
and 2 and the duplication in the Fgf8*/#" mice are associ-
ated with ectopic chromatin interactions that allow regula-
tory elements from the BTRC/Btrc TAD to ectopically
interact with FGF8/Fgf8, leading to its altered expression.
The limb malformations observed in these duplications
were also conserved in the Fgf8%”# mutant, where the
gene dosage remained unchanged with respect to the WT.

Discussion

Here, we report on three individuals harboring duplica-
tions encompassing FGF8 that result in a regulatory posi-
tion effect associated with bilateral hypoplasia of the
femoral and pelvic bones in humans and mice.

The duplications at the 10q24.32 locus associated with
this condition overlap almost completely (except FGF8)
with duplications implicated with split hand/foot malfor-
mation (SHFM3), a common limb defect.*'!***> Despite
their similar sizes, the duplications result in very different
phenotypes: while SHFM3 affects mainly hands and feet,
the slightly larger duplications reported here cause femoral

the limb bud development, promoting
the formation and maintenance of the
AER and limb elongation in the proximo-distal axis.***° In
the mouse, Fgf8 expression has been shown to be precisely
regulated by a set of noncoding regulatory elements
located in the TAD between Poll and Fgf8.”° The neigh-
boring TAD harboring LBX1 and BTRC is separated from
FGF8 by a boundary element. Our chromosome conforma-
tion data show that the tandem duplications reported here
span across this boundary element, creating a different
regulatory domain (neo-TAD?') containing BTRC, its regu-
lators, and FGFS8. This altered domain allows ectopic chro-
matin contacts between FGF8 and enhancer elements
located within BTRC, including its promoter, most likely
resulting in altered FGF8 expression during limb develop-
ment. To rule out gene dosage effects of FGFS, we gener-
ated mouse models harboring the duplication and deleted
Fgf8 in the WT allele, obtaining another mouse line that
only has two copies of Fgf8. Surprisingly, both mouse
models showed limb malformations, indicating that it is
the position effect that is the primary contributor to the
phenotype and not gene dosage. WISH results showed a
stronger Fgf8 expression in the AER and the proximal parts
of forelimb and hindlimb buds in all studied mutant em-
bryos, confirming altered gene expression.
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Our study has several limitations. First, although we
could show that the duplications alter Fgf8 expression at
E11.5 and E12.5, it needs to be considered that the other
genes in the duplicated fragments also contribute to the
phenotype. Further in-depth studies of the mouse models
at later development stages are necessary for investigation
of the FGF8 locus and its role in skeletal disease. Second,
because of limited access to the affected individuals, we
used only one proband-derived cell line to perform 4C-
seq. Third, we cloned and sequenced the breakpoints of
the duplications. However, more complex structural rear-
rangements at the locus might have been missed. Genome
sequencing or long-read sequencing could help shed more
light into the structure of the duplications. In summary, we
show that duplications at the FGF8 locus are associated
with femoral hypoplasia and that the phenotype is most
likely the result of position effects causing altered FGF8
expression rather than gene dosage effects.
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