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required for normal skeletal growth, and adult bone mass and strength 
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A B S T R A C T

Bone mineral density (BMD) and height are highly heritable traits for which hundreds of genetic loci have been 
linked through genome wide association studies (GWAS). FUBP3 is a DNA and RNA binding protein best 
characterised as a transcriptional regulator of c-Myc, but little is known about its role in vivo. Single nucleotide 
polymorphisms in FUBP3 at the 9q34.11 locus have been associated with BMD, fracture and height in multiple 
GWAS, but FUBP3 has no previously established role in the skeleton. We analysed Fubp3-deficient mice to 
determine the consequence of FUBP3 deficiency in vivo. Mice lacking Fubp3 had reduced survival to adulthood 
and impaired skeletal growth. Bone mass was decreased, most strikingly in the vertebrae, with altered trabecular 
micro-architecture. Fubp3 deficient bones were also weak. These data provide the first functional demonstration 
that Fubp3 is required for normal skeletal growth and development and maintenance of adult bone structure and 
strength, indicating that FUBP3 contributes to the GWAS association of 9q34.11 with variation in height, BMD 
and fracture.

1. Introduction

Bone mineral density (BMD) and height are highly heritable traits 
[1–3]. Decreased BMD is a diagnostic criterion for osteoporosis [4] and a 
major risk factor for fracture with its associated burden of morbidity and 
mortality [5–8], whilst final adult height reflects skeletal growth during 
development. Genome Wide Association Studies (GWAS) have identified 
hundreds of loci associated with BMD and height, including multiple 
single nucleotide polymorphisms (SNPs) in and around the FUBP3 gene 
[9–20]. However, little is known regarding the role of FUBP3 in vivo and 
it has no well characterised role in skeletal physiology. As for many 
GWAS loci, the FUBP3 associations lie in non-coding regions and func
tional validation is required to determine the genetic basis of the asso
ciation signal and its relevance to the skeleton [21–24]. We investigated 
Fubp3 knockout mice to study the role of Fubp3 in the skeleton and 
determine whether it is a likely candidate underlying the 9q34.11 as
sociation with variation in BMD, fracture and height.

FUBP3 is the third member of a family of single stranded-DNA and 

RNA binding proteins best characterised as regulators of the proto- 
oncogene c-Myc through its Far Upstream Sequence Element (FUSE) 
[25,26]. SNPs in the FUBP3 gene at the 9q34.11 locus have been 
robustly associated with BMD, fracture and height in multiple GWAS 
[9–20]. Whilst FUBP1 has essential roles in embryonic development and 
may be involved in oncogenesis [27–30], and FUBP2 is characterised as 
a regulator of mRNA processing and stability [31,32] with broad func
tions including immune homeostasis [33], development [34] and 
tumourigenesis [35], much less is known about the normal function of 
FUBP3 in vivo.

Additional evidence provides the rationale for further investigation 
of FUBP3 as a likely causative gene underlying the 9q34.11 association 
with BMD, fracture and height. In addition to the GWAS lead SNPs lying 
within introns of the FUBP3 gene itself [9,10], C-MYC has roles in bone 
physiology including skeletal development and age-related bone turn
over [36–38]. FUBP3 is expressed across a broad range of tissues [39] 
(https://www.gtexportal.org/home/gene/FUBP3, accessed 7/11/2024) 
but in the skeleton, expression has been documented in osteoblasts and 
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osteoclasts [15]. Furthermore, FUBP3 may regulate translation of FGF9, 
which has key functions in skeletal development and bone repair, and is 
a causative gene for the multiple synostosis syndrome [40–44]. Never
theless, FUBP3 itself has no established role in the skeleton and GWAS 
follow up approaches are limited by a lack of functional knowledge 
regarding the non-coding genome, inability to separate associated var
iants due to patterns of linkage disequilibrium, and a paucity of bone 
specific data in bioinformatics databases [23]. The mouse has been 
extensively used as a model for understanding the skeletal function of 
genes and specifically for functional validation of GWAS candidate 
genes [14,15,45]. This in vivo approach allows the characterisation of 
the effects of a genetic alteration in a complex system comprising 
interacting endocrine, paracrine and biomechanical factors [14,15].

We proposed that FUBP3 contributes to the GWAS association with 
height, BMD and fracture at the 9q34.11 locus. To investigate this hy
pothesis, we characterised the skeletal consequences of Fubp3- 
defieiency in knockout mice and demonstrated that Fubp3 is required for 
normal linear growth, bone mineralisation and strength in mice.

2. Materials and methods

2.1. GWAS prioritisation

GWAS reporting an association between FUBP3 variants and BMD or 
fracture were identified by searching the NHGRI-EBI-GWAS catalogue 
(www.ebi.ac.uk/gwas) and data were combined to generate regional 
association plots in LocusZoom (locuszoom.org, [46]). Linkage 
disequilibrium and haplotype relationships between FUBP3 GWAS SNPs 
were interrogated in the LDLink suite of tools (ldlink.nci.nih.gov).

2.2. Animal methods

Fubp3+/− mice were generated by in vitro fertilisation using sperm 
from mice heterozygous for the Fubp3tm1a(KOMP)Wtsi allele (Wellcome 
Trust Sanger Institute, Hinxton, UK, [47]) and oocytes from C57BL/6N 
mice. The knockout allele used was generated as part of the Interna
tional Knockout Mouse Programme using their standard methodology 
[47]. Details of the Fubp3tm1a(KOMP)Wtsi allele are provided in Supple
mentary methods and Supplementary Fig. 1. Fubp3+/− mice were bred to 
produce Fubp3+/+, Fubp3+/− and Fubp3− /− mice. All animals were 
housed in individually ventilated cages with ad libitum access to food 
and water and 12-h light/dark cycles. All experiments were conducted 
in accordance with the Animals (Scientific Procedures) Act 1986 under 
appropriate project and personal licences and additionally approved by 
the Animal Welfare and Ethical Review Body at Imperial College 
London.

Mice were weaned at 21 days of age and genotyped by polymerase 
chain reaction (PCR) of genomic DNA from ear clip samples (Supple
mentary methods, Supplementary fig. 1). Mice were euthanised at post- 
natal days P1, P21, P70 and P183 according to approved Schedule 1 
procedures with appropriate confirmation, soft tissue was removed and 
the skeleton dissected for either storage in 70 % ethanol, or fixation in 
10 % neutral buffered formalin (NBF) and storage in 70 % ethanol. Mice 
received intravenous injections of 2.5 mg/kg fluorescent calcein (0.5 
mg/ml, Sigma-Aldrich, UK) at 1 and 4/5 days prior to euthanasia at P70 
and P183. Blood for serum sampling was obtained by cardiac puncture 
immediately prior to sacrifice at P70 and P183, allowed to clot, spun at 
5000G for 15 min and supernatant removed and stored at − 80 ◦C until 
use. Ovariectomy was performed at P70 under isoflurane anaesthesia 
according to established protocols [48]. Lumbar vertebral specimens 
were collected and analysed 6 weeks later (P112).

2.3. Radiological imaging

Bone mineral content (BMC) was determined in left hindlimbs, 
proximal tail vertebrae and lumbar vertebrae 5–6 using a Faxitron 

Ultrafocus (Faxitron Bioptics, Tucson, Arizona, USA) and VisionDXA 
software operating at 22 kV for 20 s, with steel, plastic and aluminium 
standards as previously described [49,50].

Trabecular and cortical bone parameters were determined on micro- 
CT images of femurs and lumbar vertebrae at P70 and P183 using a 
Scanco μCT 50 (Scanco Medical, Switzerland) operating at 70 kV, 1 s 
integration time, 500 projections per 180◦ and with 0.5 mm aluminium 
filter. All samples were imaged in 70 % ethanol. Analysis was performed 
using the Scanco μCT Evaluation Programme (v6.6). Femur cortical 
parameters (cortical thickness, internal cortical diameter, cortical BMD, 
total cortical cross-sectional area, cortical bone area, cortical area/total 
area) were determined on a 1.5 mm region of interest (ROI) 56 % of the 
distance from the proximal to the distal femur scanned at 10 μm voxel 
resolution. High resolution (1 μm voxel resolution) scans were per
formed on a 0.5 mm region 56 % of the distance from the proximal to the 
distal femur at P70 to determine cortical porosity and canal diameter. 
Trabecular parameters (trabecular number, trabecular thickness, 
trabecular separation, bone volume/tissue volume and trabecular BMD) 
were determined for femurs and lumbar vertebrae scanned at 5 μm voxel 
resolution. Contours were applied defining the trabecular compartment 
and excluding cortical bone [51]. Femoral analysis was performed on a 
1 mm ROI commencing 100 μm proximal to the distal femoral growth 
plate. Lumbar analysis included the whole vertebral trabecular 
compartment.

2.4. P1 imaging

P1 mice were eviscerated and the skin removed, fixed in 95 % 
ethanol, placed in acetone for fat removal, and stained in 0.015 % alcian 
blue and 0.005 % alizarin red followed by destaining in 1 % potassium 
hydroxide with increasing proportions of glycerol (0, 20, 40, 60 80 %) 
for 72 h each. Samples were stored in 100 % glycerol, imaged using an 
HP Scanjet G2710 flatbed photo scanner with standard of known length, 
and limb and nose-to-tail lengths were measured blinded to genotype 
using ImageJ 1.44.

2.5. Growth plate histology

Hindlimbs from P21 mice fixed in 10 % NBF were decalcified in 12.5 
% EDTA, pH 7.4 for 14 days with one EDTA change. Paraffin embedded 
mid-tibial sagittal sections were stained with Alcian blue and van Gie
son, images were acquired using a Leica DM LB2 microscope and Flex
acam C1 camera assembled to give a complete image, and 
measurements were taken at five locations across the growth plate width 
using ImageJ as previously described [52,53]. Two midline sections 
were examined per specimen.

2.6. Confocal microscopy for analysis of bone formation

L1 lumbar vertebrae fixed in 10 % NBF were embedded in poly- 
methyl methacrylate (PMMA) and polished to an optically flat finish 
in the mid-coronal plane [52,53]. Calcein labels were examined by 
confocal laser scanning microscopy (CSLM) [52,53] using a Leica SP5 
confocal microscope at 488 nm excitation and 40× objective. Montages 
of overlapping CSLM fields covering the whole inner trabecular region 
of the L1 vertebra, excluding cortical surfaces, were used for analysis. 
Mineralising surface (MS) was calculated from measurement of the 
lengths of single and double calcein labelled surfaces and the bone 
surface. Separation between calcein double labels was calculated 
perpendicular to label surface at five points along each double label 
length. Two dimensional bone formation parameters were calculated 
according to the guidelines from the American Society of Bone and 
Mineral Research [54].
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2.7. Osteoclast histomorphometry

Two paraffin embedded proximal tibial mid-line sections from the 
hindlimbs of P70 mice fixed in 10 % NBF and decalcified in 12.5 % EDTA 
were stained for TRAP activity. Two proximal tibial mid-line sections 
were imaged per sample using a Leica DM LB2 microscope with Flex
acam C1 at 10× magnification and overlapping images were assembled. 
Analysis was performed on a 750 μm × 750 μm ROI placed 100 μm 
below the distal edge of the proximal tibial growth plate using TrapHisto 
software as per instructions [55] to determine osteoclasts in contact with 
the bone surface.

2.8. Biomechanical testing

Biomechanical testing was performed using an Instron 5543 load 
frame (Instron, UK) as previously described [52,53]. Femurs were 
placed horizontally centred on rounded support pins with a span of 8 
mm and load was applied perpendicular to the midshaft of the femur 
using a 100 N load cell and a constant rate of displacement of 0.03 mm/s 
until fracture [53]. L6 lumbar vertebrae were prepared for compression 
testing by carefully removing vertebral processes using a cylindrical 
dental burr to isolate the vertebral body, confirmed by Faxitron X-ray 
microradiographical imaging. Vertebrae were attached to the load cell 
platform in a proximal-distal orientation using glue. Vertical alignment 
was confirmed, and vertebrae were compressed along their proximo- 
distal axis using the load frame fitted with 500 N load cell at a rate of 
displacement of 0.03 mm/s until approximately 0.5 mm of displace
ment. Yield load, maximum load, stiffness and for femurs, fracture load 
were determined from load-displacement curves.

2.9. Statistical methods

Statistical analysis was performed in GraphPad Prism 9, other than 
for x-ray microradiography for which Microsoft Excel was used. Data 
were analysed using Chi-squared test, Student’s t-test or one way anal
ysis of variance (ANOVA) with post-hoc Tukey test as indicated. Fre
quency distributions of grey level intensities obtained by Faxitron x-ray 
microradiography were compared using the Kolmogorov-Smirnov test 
[50,52]. P values of <0.05 were considered significant. Based upon 
previous work in our laboratory, a minimum sample size of 6 mice per 
group was calculated as being needed to detect a 20 % difference at 90 % 
power for the imaging analysis method with the largest variation (his
tomorphometry). Lumbar vertebral compression testing demonstrates 
greater variability, and a minimum sample size of 14 mice per group is 
needed to detect a 20 % difference in lumbar yield load at 90 % power.

3. Results

3.1. Prioritisation of FUBP3 from the 9q34.11 GWAS locus for functional 
validation

Combining publicly available GWAS BMD association data and 
analysis of lead SNPs for linkage disequilibrium demonstrates that the 
9q34.11 association with BMD and fracture is formed by a tight cluster 
of co-inherited SNPs in and immediately around the FUBP3 gene form
ing a risk haplotype (Supplementary Fig. 2, Supplementary Table 1). 
Two genes in the 1 Mb regions surrounding FUBP3 are associated with 
human childhood developmental abnormalities, EXOSC2 with a syn
drome including short stature, and gain of function variants in ABL1 
with a syndrome of cardiac abnormalities, scoliosis, hindfoot deformity 
and finger contractures (Supplementary table 2). In both, the GWAS 
association falls away before these genes and reduced BMD and fractures 
are not known to be features of these conditions.

3.2. Fubp3 deficiency affects postnatal development and growth

Fubp3− /− mice reproduced normally, were viable, and survived to 
adulthood. However, significantly fewer Fubp3− /− mice were present at 
weaning than the expected Mendelian ratio (20 % vs the expected 25 % 
from two Fubp3+/− parents, P = 0.007, Chi-squared test, Supplementary 
fig. 3). There was no significant difference in average litter size between 
Fubp3+/+, Fubp3+/− and Fubp3− /− parents (Supplementary fig. 3) and 
the average interval between litters did not differ between genotypes 
(data not shown).

No effect of Fubp3 deficiency on early skeletal development (Fig. 1, 
minimum 5 per genotype examined) was seen on examination of alizarin 
red and alcian blue stained P1 mouse skeletons. However, Fubp3− /−

mice demonstrated impaired postnatal growth compared to Fubp3+/+

animals (Fig. 1). Fubp3− /− mice demonstrated 3–5 % reductions in nose- 
tail length at P70 (female P = 0.005, male P = 0.051) and P183 (female 
P = 0.009, male P < 0.0001) and 3–7 % reductions in tail length at P70 
(female P < 0.0001, male P = 0.001) and P183 (female P = 0.002, male 
P = 0.004) compared to Fubp3+/+ animals (one-way ANOVA, Supple
mentary fig. 4). Consistent with this, Fubp3− /− mice had significantly 
shorter tibiae (P70: female P = 0.004, male P = 0.004; P183 female P =
0.0003, male P = 0.0002, t-test) and caudal vertebrae (P70: female P =
0.0009, male P = 0.18; P183 female and male P < 0.0001, one way 
ANOVA with post-hoc Tukey test) than their wild type counterparts 
(Supplementary fig. 5). There was no significant effect of Fubp3 defi
ciency on femur length.

Histological examination of the tibial growth plate at P21 demon
strated that Fubp3− /− mice had significantly smaller overall growth 
plate width compared to Fubp3+/+ mice (P = 0.004, t-test) due to 
decreased total width of the hypertrophic (P < 0.0004) and proliferative 
zones (P = 0.003, two-way ANOVA with Sidak multiple comparison 
test). Nevertheless, growth plate zones remained in proportion with no 
evidence of growth plate disorganisation or abnormal chondrocyte dif
ferentiation (Fig. 1).

3.3. Fubp3 deficiency results in decreased bone mineral content and 
abnormal trabecular bone parameters

Male and female Fubp3− /− mice displayed a markedly decreased 
bone mineral content of L5 and L6 vertebrae at P70 and P183 (Fig. 2A, 
Supplementary fig. 6, P < 0.001, Kolmogorov-Smirnov test). Consistent 
with this, micro-CT of L1 vertebrae demonstrated reduced trabecular 
thickness (P70: male P = 0.005, female P = 0.017; P183 male P =
0.0096, female P = 0.005), and decreased trabecular bone mineral 
density (P70: male P = 0.002, female P = 0.002; P183 male P = 0.015) 
(Fig. 2B, Supplementary Fig. 6). Trabecular bone volume as a proportion 
of tissue volume was also significantly decreased in male mice at P70 (P 
= 0.018, Supplementary Fig. 6) and female mice at p183 (P = 0.002, 
Fig. 2).

Long bone BMC was also reduced in Fubp3− /− mouse femurs 
compared to Fubp3+/+ mice at P21 (P < 0.05) and in males at P70 (P <
0.01, Supplementary Fig. 7). Additional decreases in BMC were seen in 
P70 Fubp3− /− male tibiae vs. Fubp3+/+ animals (P < 0.05, data not 
shown) and in P183 female Fubp3− /− femurs compared to Fubp3+/−

mice (P < 0.05, Fig. 3). Using micro-CT to assess trabecular micro- 
architecture, P183 female Fubp3− /− femurs had significantly 
decreased bone volume as a proportion of tissue volume (P = 0.028, 
Fig. 3) and significantly increased trabecular spacing (P = 0.048, Fig. 3) 
compared to Fubp3+/+ mice. Male P183 Fubp3− /− mouse femurs had 
significantly decreased trabecular thickness (P = 0.032) compared to 
Fubp3+/+ animals. Trabecular parameters were not altered in P70 
Fubp3− /− mice (Supplementary Fig. 8).

Cortical micro-CT parameters were unchanged in Fubp3− /− femurs 
compared to Fubp3+/+ femurs at P70 and P183, other than decreases in 
total area, cortical area and increases in cortical area percentage in P183 
female Fubp3− /− mice, which may reflect the overall decrease in bone 
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size (Fig. 3).
The effect of oestrogen deficiency on lumbar BMC was investigated 

in Fubp3− /− mice who had undergone ovariectomy 6 weeks previously 
(Supplementary fig. 9). The lowest vertebral BMC is seen in the Fubp3− / 

− mice who had also undergone ovariectomy, followed by the Fubp3− /−

mice who had undergone sham surgery. The Fubp3− /− mice demon
strated significantly lower BMC than their Fubp3+/+ counterparts, 
whether in the ovariectomy (P < 0.001) or sham surgery (P < 0.001) 
groups.

3.4. Fubp3 deficiency results in decreased bone strength

Fubp3 deficient mice had significantly impaired bone strength 
(Fig. 4), confirming a functional consequence of the decreased BMC and 
altered microarchitecture seen in mice with Fubp3 deficiency. L6 
vertebrae from P70 male and female Fubp3− /− mice had 12–20 % de
creases in maximum load compared to wild type mice (male P = 0.021, 
female P = 0.049). Furthermore, yield load was reduced by 15–23 % in 
male and female Fubp3 deficient L6 lumbar vertebrae at P70 (male P =
0.019) and P183 (male P = 0.008, female P = 0.025), other than in 
female P70 mice where P = 0.068 compared to wild type.

Male and female Fubp3 deficient femurs also had decreased 
maximum loads compared to wild type determined by three-point bend 
testing (Supplementary fig. 10, P70: male P = 0.012; P183: male P =
0.011, female P = 0.0009). Additionally, P70 Fubp3 deficient male fe
murs had significantly decreased yield load (P = 0.004) and P183 Fubp3 
deficient female femurs had significantly decreased stiffness (P = 0.028) 
compared to wild type (Supplementary fig. 10).

Overall, these data indicate that the reduced BMD and altered 
trabecular micro-architecture result in decreased bone strength.

3.5. Effects of Fubp3 deficiency on bone formation and resorption

Dynamic osteoblastic bone formation was examined in P70 lumbar 
vertebrae from mice injected with fluorescent calcein at two time points 
prior to sacrifice. Osteoclast parameters were determined in TRAP- 
stained tibia sections from P70 mice. No significant differences in 
osteoblast (mineral apposition rate, bone formation rate or mineralising 
surface) or osteoclast (osteoclast number, osteoclast surface) parameters 
were found between Fubp3 deficient and wild type mice (Supplementary 
fig. 11A, C). Furthermore, no significant differences in cortical porosity, 
representing the volume of the canalicular and vascular network, were 
found between Fubp3 deficient and wild type femurs (Supplementary 
fig. 11B).

4. Discussion

To our knowledge, we provide the first phenotype analysis of 
Fubp3− /− mice and demonstrate that Fubp3 is necessary for normal 
postnatal skeletal growth and development, and the acquisition and 
maintenance of normal adult bone mineral content, trabecular micro
architecture and bone strength. These data provide functional charac
terisation of an important role for Fubp3 in the developing and adult 
skeleton, consistent with the hypothesis that FUBP3 contributes to the 
association between the 9q34.11 GWAS locus and human BMD, fracture 
and height.

GWAS have identified over 500 loci associated with BMD and over 
700 loci with height, explaining >20 % of the variance of these traits 
[15,56]. Some of these loci contain clear candidates to explain the as
sociation based upon known bone biology or human genetic skeletal 
disease. Others, such as the association of FUBP3 with BMD, fracture and 
height identify novel genes with a previously unidentified role in the 
skeleton. For these, moving from a novel GWAS association to function 
can be limited by the currently poor understanding of the non-coding 
regions of the genome where most associations lie; extended blocks of 
linkage disequilibrium; and limited tissue specific bioinformatic re
sources for variant annotation [21,22,57]. This is particularly the case 
for bone related traits such as BMD which depend upon complex in
teractions between endocrine, paracrine and biomechanical factors, 
which are difficult to model accurately in vitro and where bone cells are 
frequently not represented in databases used for functional annotation. 
In vivo studies as presented here are therefore key to validate a gene or 
variant contributing to the identified association signal and have been 
successfully applied previously in studies of the skeleton [14,15,58] and 
other organs [59,60]. Although the GWAS associations at 9q34.11 are 
clustered in and around FUBP3, there are several other genes at the 
9q34.11 locus. While genes closest to the GWAS association signal may 
frequently be causal [15], GWAS associations are known to have the 
potential to act across large distances and other evidence suggests that 
the closest gene may not always be causal [61,62]. At other GWAS loci, 
more than one gene has been shown to influence phenotype [63]. 
Although our data demonstrate a skeletal role of Fubp3 which plausibly 
underlies the association with reduced BMD, fracture and height, our 
results do not preclude other genes also contributing to the BMD, frac
ture and height associations at 9q34.11.

The molecular mechanisms and downstream targets by which FUBP3 
affects bone function are unknown. The FUBP family of proteins are well 
characterised as regulators of C-MYC [25,64,65], which is known to 
have important roles in the skeleton [36–38,66,67]. C-MYC has been 
shown to be important for chondrocyte proliferation and differentiation 
necessary for longitudinal bone growth at the growth plate [36,68]. C- 
MYC is also required for osteoclast/osteoblast proliferation and differ
entiation [36,67] and is a factor associated with age-related skeletal 
changes [38]. The current studies demonstrate that Fubp3 deficiency in 
mice results in reduced growth plate width, reduced skeletal growth, 
decreased bone mineral content and reduced bone strength. Future work 
should be directed to determining whether these result from altered C- 
myc expression because of FUBP3 deficiency or from dysregulation of 
other FUBP3 regulated pathways. For example, studying the tran
scriptome in Fubp3 deficient mice may help to determine the effects of 
Fubp3 deficiency, including those relevant to bone. To date only very 
limited analysis of the effect of FUBP3 deficiency on gene expression is 
reported in the literature, from microarray analysis of small interfering 
RNA mediated knockdown of FUBP3 in human cell lines. However, this 
indicates a number of potential FUBP3 targets relevant to bone [25]. As 
FUBP3 is also known to be an RNA binding and regulatory protein [40], 
combination of transcriptomic with proteomic analysis may be needed 
for a full assessment of downstream targets of FUBP3.

Previous work has demonstrated that whilst the three FUBP family 
members have many similarities and may cooperate to regulate 
expression of target genes such as C-MYC, they also have important 
differences in subcellular localisation, recruitment to C-MYC and ability 

Fig. 1. Effect of Fubp3 deficiency upon skeletal growth and development. A: Alician blue (cartilage) and alizarin red (bone) staining of Fubp3+/+ (WT) and 
Fubp3− /− (KO) P1 mouse skeletons. Whole skeleton (top, scale bar 10 mm), and close-up views of forelimb paws (bottom, scale bar 1 mm) and skull (middle, scale bar 
1 mm). B: Nose-tail length (left) and caudal vertebral length (right, measured on Faxitron images) of female Fubp3+/+ (blue), Fubp3+/− (green) and Fubp3− /− (orange) 
mice at P21, P70 and P183. Data presented as mean ± standard deviation (SD), analysed by one-way ANOVA with post-hoc Tukey test. C: Mid-tibial sagittal sections 
from Fubp3+/+ (WT) and Fubp3− /− (KO) at P21 stained with alcian blue and van Gieson to differentiate the cartilaginous growth plate. Top images are 5×
magnification of the whole growth plate, middle images are 20× magnification showing the resting zone (RZ), proliferative zone (PZ) and hypertrophic zone (HZ). 
Bottom graphs show the absolute (left) and relative (right) widths of the total growth plate and growth plate zones. Data presented as mean ± SEM. Scale bar = 100 
μm. Significant differences are shown in the overall growth plate width, and widths of the proliferative and hypertrophic zones between Fubp3+/+ and Fubp3− /− mice. 
** P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Lumbar vertebral BMC and structure in Fubp3þ/þ, Fubp3+/− and Fubp3¡/¡ mice at P183. A: Representative 16 colour Faxitron X-ray microradiograph 
images and cumulative frequency histograms of BMC of the L5 and L6 lumbar vertebrae of Fubp3+/+ (WT), Fubp3+/− (Het) and Fubp3− /− (KO) at p183 (blue 
represents lower BMC, red/orange higher BMC). Scale bar = 1 mm. Kolmogorov-Smirnov test, n = 5–10 per group. B: Representative trabecular microCT images of 
the L1 vertebra and graphs of trabecular microarchitectural parameters of the L1 vertebra. Scale bar = 1 mm. BV/TV: bone volume/tissue volume; Tb.N/mm: 
trabecular number per mm; Tb.th: trabecular thickness in mm; Tb.Sp: trabecular spacing in mm; trabecular BMD: trabecular bone mineral density. Data analysed by 
two-tailed t-test, * p < 0.05, ** p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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to stimulate transcription [25,26,69]. Whilst Fubp1 knockout mice die in 
utero with severe anaemia [30] and Fubp2 knockout mice survive and 
reproduce normally [70], Fubp3− /− mice are viable and fertile, but they 
demonstrate a survival deficit with fewer Fubp3− /− mice reaching 
weaning age than the expected Mendelian ratio. The cause of the sur
vival deficit is unclear as unlike Fubp1 knockouts [30], surviving 
Fubp3− /− mice are grossly morphologically normal. Deficiency of Fupb2 
results in mice with low body weights due to reduced fat mass [71]. In 
contrast, Fubp3 deficiency predominately results in short body length, 
without consistent alterations in weight. Members of the FUBP family 
have been shown to co-regulate some common targets [25]. It is possible 
that the lack of other phenotypic features seen in Fubp3− /− mice is due to 
compensatory actions of Fubp1 and Fubp2. Neither Fubp1 nor Fubp2 

deficient mice have been demonstrated to have an abnormal skeletal 
phenotype as seen in Fubp3− /− mice.

The predominant effect of Fubp3 deficiency is on vertebral trabecular 
bone, with lesser impact on long bone cortical BMC or micro
architecture. This may not have been predicted from GWAS, in which 
the FUBP3-containing locus has been associated with femoral neck and 
lumbar spine BMD as well as heel ultrasound estimated BMD 
[9,14,15,72,73]. In human osteoporosis, vertebral fractures are the most 
common osteoporotic fracture and predict fractures at other sites such as 
the neck of femur [74–76]. Trabecular bone is lost earlier in aging and 
osteoporosis than cortical bone [77,78] and although mice were studied 
into adulthood, advanced age was not assessed which may be needed for 
cortical defects to manifest. Nevertheless, there is precedent that certain 

Fig. 3. Long bone structure of Fubp3þ/þ, Fubp3+/− and Fubp3¡/¡mice at P183. A: Representative 16 colour Faxitron X-ray microradiograph image of femurs of 
Fubp3+/+ (WT), Fubp3+/− (Het) and Fubp3− /− (KO) female mice at P183. Blue pixels represent lower BMC and red/orange represents higher BMC. Scale bar = 1 mm. 
B: Cumulative frequency histogram of BMC from Fubp3+/+ (WT), Fubp3+/− (Het) and Fubp3− /− (KO) female mouse femurs at P183. Kolmogorov-Smirnov test, n =
6–10 per group. 
C: Representative trabecular micro-CT images and graphs of trabecular structural parameters of a 1 mm ROI of the distal femur from Fubp3+/+ (WT), Fubp3+/− (Het) 
and Fubp3− /− (KO) female mice at P183. Scale bar 1 mm. Data presented as mean ± SEM. D: Representative cortical micro-CT images and cortical structural 
parameter graphs from Fubp3+/+ (WT), Fubp3+/− (Het) and Fubp3− /− (KO) female mid-femoral cortex at P183. Scale bar 1 mm. Data presented as mean ± SEM. * p 
< 0.05, ** p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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signalling pathways can show greater effects upon trabecular bone 
compared to cortical [79], or effects which differ between skeletal re
gions. For example, well recognised in the classification of human 
skeletal dysplasias is that conditions may show different patterns of limb 
shortening which can be characterised as rhizomelic, affecting the hu
merus and femur, or mesomelic, referring to shortening of the radius, 
ulna, tibia or fibula [80]. Disproportionate shortening of the trunk and 
vertebrae compared to long bones is also recognised in the brachyolmia 
group of skeletal disorders [81]. Fubp3 deficiency results in marked 
shortening of caudal vertebrae, whilst in the hindlimb, long bone 
shortening affects the tibia, with no effect upon femur length. However, 
femurs from Fubp3− /− mice still showed decreases in strength compared 
to wild type. Although little is known regarding the downstream effects 

of FUBP3, FGF9 mRNA has been identified as a potential target of FUBP3 
[40]. FGF9 is known to have redundant roles in limb growth and 
patterning with other FGFs. However, previous data in mice has shown 
that loss of Fgf9 causes disproportionate shortening of the femur 
compared to the tibia [42], the opposite to the pattern demonstrated 
here. This may suggest that at least some of the actions of FUBP3 on the 
skeleton can be differentiated from those of FGF9.

Although osteoporosis affects both men and women, it is most 
common in women following the menopause [82]. Overall, our data do 
not show clear sexually dimorphic effects of the loss of Fubp3, with both 
male and female mice demonstrating short stature with reduced verte
bral BMC. Although female Fubp3− /− mice at P183 demonstrated al
terations in a greater number of trabecular parameters than male mice of 

Fig. 4. Vertebral strength of Fubp3þ/þ and Fubp3¡/¡mice at P70 and P183. Representative load-displacement curves of the L6 vertebral body compressed along 
its proximo-distal axis in female (left) and male (right) in Fubp3+/+ (WT, blue) and Fubp3− /− (KO, orange) mice at P70 (top) and P183 (bottom). Graphs represent 
yield load, maximum load and stiffness. Data presented as mean ± SEM, two-tailed Student’s t-test, =11–19 per group. * p < 0.05, ** p < 0.01. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the same age, both female and male mice showed reduced yield load on 
biomechanical testing of the L6 vertebra. Mice do not undergo natural 
menopause in the same way as humans [83], however both ovariectomy 
and sham treated Fubp3− /− mice had lower vertebral BMC than their 
wild type counterparts and the lowest BMC was seen in Fubp3− /− mice 
who had also undergone ovariectomy. This suggests that Fubp3 defi
ciency has effects at least partially independent of and additive to those 
of oestrogen loss and does not support a sexually dimorphic effect of loss 
of Fubp3.

Although this work suggests that Fubp3 is needed for normal skeletal 
growth and adult bone mass in mice, the cellular and molecular mech
anisms underlying this are currently unclear and our study has some 
limitations. Specifically, we were not able to demonstrate either the 
increased bone resorption or decreased bone formation that would be 
expected to underlie decreased BMC. Histomorphometric techniques are 
known to demonstrate large coefficients of variation [84–86]. Although 
our sample size calculation was based upon previous experience of 
histomorphometry in our laboratory using femoral samples, the degree 
of variation seen in the vertebral samples analysed for histo
morphometry exceeded that predicted. Therefore, our study may have 
been underpowered to detect a bone formation or resorption phenotype. 
Although TRAP staining was attempted on lumbar vertebrae, this 
proved technically challenging and the results presented for osteoclast 
histomorphometry are of the tibia, for which protocols are well estab
lished. However, as the decreased BMC is predominantly seen in the 
lumbar vertebrae, this may have prevented detection of a true effect. 
Assays of bone turnover markers were performed, but gave inconsistent 
results. Furthermore, although we used a well-established strategy for 
Fubp3 knockout and PCR and sequencing confirms cassette insertion into 
Fubp3, we cannot exclude the possibility of additional effects of the 
cassette upon neighbouring genes also contributing to the phenotype 
seen.

Future work should seek to establish the mechanisms and pathways 
through which Fubp3 has its skeletal effect. In order to further investi
gate the cellular mechanisms that underlie the phenotype seen, 
consideration should be given to culture of Fubp3− /− bone cells to 
determine effects upon cell differentiation or function. Electron micro
scopy would allow characterisation of the ultra-structure of Fubp3− /−

bones, for example, analysis of micro-mineralisation and resorption pits 
could provide required information on bone formation and resorption in 
Fubp3− /− mice. As the knockout allele used has conditional potential, 
future work could also include studying the phenotype of conditional 
knockout of Fubp3 in bone relevant cells, whilst analysis of the Fubp3 
deficient transcriptome may determine the key bone relevant pathways 
by which Fubp3 has its effect. Nevertheless, the current work demon
strates a role for Fubp3 in skeletal growth, bone mass and strength, 
indicating Fubp3 contributes to the GWAS association at 9q34.11 with 
BMD, fracture and height.
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R. Li, R. Luben, C. Medina-Gómez, S. Th Palsson, S. Reppe, J.I. Rotter, 
G. Sigurdsson, J.B.J. van Meurs, D. Verlaan, F.M.K. Williams, A.R. Wood, Y. Zhou, 
K.M. Gautvik, T. Pastinen, S. Raychaudhuri, J.A. Cauley, D.I. Chasman, G.R. Clark, 
S.R. Cummings, P. Danoy, E.M. Dennison, R. Eastell, J.A. Eisman, V. Gudnason, 
A. Hofman, R.D. Jackson, G. Jones, J.W. Jukema, K.-T. Khaw, T. Lehtimäki, Y. Liu, 
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C. Cheng, W. Cheung, C. Medina-Gómez, B. Ge, S. Chen, K. Choi, L. Oei, J. Fraser, 
R. Kraaij, M.A. Hibbs, C.L. Gregson, D. Paquette, A. Hofman, C. Wibom, G. 
J. Tranah, M. Marshall, B.B. Gardiner, K. Cremin, P. Auer, L. Hsu, S. Ring, J. 
Y. Tung, G. Thorleifsson, A.W. Enneman, N.M. van Schoor, L.C.P.G.M. de Groot, 
N. van der Velde, B. Melin, J.P. Kemp, C. Christiansen, A. Sayers, Y. Zhou, 
S. Calderari, J. van Rooij, C. Carlson, U. Peters, S. Berlivet, J. Dostie, A. 
G. Uitterlinden, S.R. Williams, C. Farber, D. Grinberg, A.Z. LaCroix, J. Haessler, D. 

I. Chasman, F. Giulianini, L.M. Rose, P.M. Ridker, J.A. Eisman, T.V. Nguyen, J. 
R. Center, X. Nogues, N. Garcia-Giralt, L.L. Launer, V. Gudnason, D. Mellstrom, 
L. Vandenput, N. Amin, C.M. van Duijn, M.K. Karlsson, O. Ljunggren, O. Svensson, 
G. Hallmans, F. Rousseau, S. Giroux, J. Bussière, P.P. Arp, F. Koromani, R.L. Prince, 
J.R. Lewis, B.L. Langdahl, A. Pernille Hermann, J.B. Jensen, S. Kaptoge, K. Khaw, 
J. Reeve, M.M. Formosa, A. Xuereb-Anastasi, K. Åkesson, F.E. McGuigan, G. Garg, 
J.M. Olmos, M.T. Zarrabeitia, J.A. Riancho, S.H. Ralston, N. Alonso, X. Jiang, 
D. Goltzman, T. Pastinen, E. Grundberg, D. Gauguier, E.S. Orwoll, D. Karasik, 
G. Davey-Smith, A.V. Smith, K. Siggeirsdottir, T.B. Harris, M. Carola Zillikens, J.B. 
J. van Meurs, U. Thorsteinsdottir, M.T. Maurano, N.J. Timpson, N. Soranzo, 
R. Durbin, S.G. Wilson, E.E. Ntzani, M.A. Brown, K. Stefansson, D.A. Hinds, 
T. Spector, L. Adrienne Cupples, C. Ohlsson, C.M.T. Greenwood, R.D. Jackson, D. 
W. Rowe, C.A. Loomis, D.M. Evans, C.L. Ackert-Bicknell, A.L. Joyner, E.L. Duncan, 
D.P. Kiel, F. Rivadeneira, J.B. Richards, Whole-genome sequencing identifies EN1 
as a determinant of bone density and fracture, Nature 526 (2015) 112–117, 
https://doi.org/10.1038/nature14878.

[73] Y.-F. Pei, W.-Z. Hu, M.-W. Yan, C.-W. Li, L. Liu, X.-L. Yang, R. Hai, X.-Y. Wang, 
H. Shen, Q. Tian, H.-W. Deng, L. Zhang, Joint study of two genome-wide 
association meta-analyses identified 20p12.1 and 20q13.33 for bone mineral 
density, Bone 110 (2018) 378–385, https://doi.org/10.1016/j.bone.2018.02.027.

[74] D.M. Black, N.K. Arden, L. Palermo, J. Pearson, S.R. Cummings, Prevalent vertebral 
deformities predict hip fractures and new vertebral deformities but not wrist 
fractures, J. Bone Miner. Res. 14 (1999) 821–828, https://doi.org/10.1359/ 
jbmr.1999.14.5.821.

[75] C. Cooper, E.J. Atkinson, W. MichaelO’Fallon, J.L. Melton, Incidence of clinically 
diagnosed vertebral fractures: a population-based study in Rochester, Minnesota, 
1985-1989, J. Bone Miner. Res. 7 (2009) 221–227, https://doi.org/10.1002/ 
jbmr.5650070214.

[76] T.W. O’Neill, D. Felsenberg, J. Varlow, C. Cooper, J.A. Kanis, A.J. Silman, The 
prevalence of vertebral deformity in European men and women: the european 
vertebral osteoporosis study, J. Bone Miner. Res. 11 (2009) 1010–1018, https:// 
doi.org/10.1002/jbmr.5650110719.

[77] H. Chen, X. Zhou, H. Fujita, M. Onozuka, K.-Y. Kubo, Age-related changes in 
trabecular and cortical bone microstructure, Int. J. Endocrinol. 2013 (2013) 1–9, 
https://doi.org/10.1155/2013/213234.

[78] G. Osterhoff, E.F. Morgan, S.J. Shefelbine, L. Karim, L.M. McNamara, P. Augat, 
Bone mechanical properties and changes with osteoporosis, Injury 47 (2016) 
S11–S20, https://doi.org/10.1016/S0020-1383(16)47003-8.

[79] J. Li, Q. Bao, S. Chen, H. Liu, J. Feng, H. Qin, A. Li, D. Liu, Y. Shen, Y. Zhao, 
Z. Zong, Different bone remodeling levels of trabecular and cortical bone in 
response to changes in Wnt/β-catenin signaling in mice, J. Orthop. Res. 35 (2017) 
812–819, https://doi.org/10.1002/jor.23339.

[80] S. Unger, C.R. Ferreira, G.R. Mortier, H. Ali, D.R. Bertola, A. Calder, D.H. Cohn, 
V. Cormier-Daire, K.M. Girisha, C. Hall, D. Krakow, O. Makitie, S. Mundlos, 
G. Nishimura, S.P. Robertson, R. Savarirayan, D. Sillence, M. Simon, V.R. Sutton, 
M.L. Warman, A. Superti-Furga, Nosology of genetic skeletal disorders: 2023 
revision, Am. J. Med. Genet. A 191 (2023) 1164–1209, https://doi.org/10.1002/ 
ajmg.a.63132.

[81] M.J. Rock, J. Prenen, V.A. Funari, T.L. Funari, B. Merriman, S.F. Nelson, R. 
S. Lachman, W.R. Wilcox, S. Reyno, R. Quadrelli, A. Vaglio, G. Owsianik, 
A. Janssens, T. Voets, S. Ikegawa, T. Nagai, D.L. Rimoin, B. Nilius, D.H. Cohn, Gain- 
of-function mutations in TRPV4 cause autosomal dominant brachyolmia, Nat. 
Genet. 40 (2008) 999–1003, https://doi.org/10.1038/ng.166.

[82] A. Klibanski, L. Adams-Campbell, T. Bassford, S. Blair, S. Boden, K. Dickersin, 
D. Gifford, S. Goldring, K. Hruska, S. Johnson, L. McCauley, W. Russell, 
Osteoporosis prevention, diagnosis and therapy, JAMA 285 (2001) 785–795.

[83] R.L. Jilka, The relevance of mouse models for investigating age-related bone loss in 
humans, J. Gerontol. Ser. A Biol. Sci. Med. Sci. 68 (2013) 1209–1217, https://doi. 
org/10.1093/gerona/glt046.

[84] P.M. Chavassieux, M.E. Arlot, P.J. Meunier, Intersample variation in bone 
histomorphometry: comparison between parameter values measured on two 
contiguous transiliac bone biopsies, Calcif. Tissue Int. 37 (1985) 345–350, https:// 
doi.org/10.1007/BF02553699.

[85] P. Ballanti, C. Della Rocca, E. Bonucci, S. Milani, V. Lo Cascio, B. Imbimbo, 
Sensitivity of bone histomorphometry in the diagnosis of metabolic bone diseases, 
Pathol. Res. Pract. 185 (1989) 786–789, https://doi.org/10.1016/S0344-0338(89) 
80240-7.

[86] C.D.P. Wright, S. Vedi, N.J. Garrahan, M. Stanton, S.W. Duffy, J.E. Compston, 
Combined inter-observer and inter-method variation in bone histomorphometry, 
Bone 13 (1992) 205–208, https://doi.org/10.1016/8756-3282(92)90198-6.

L.M. Watts et al.                                                                                                                                                                                                                                Bone 195 (2025) 117472 

13 

https://doi.org/10.1371/journal.pgen.1009190
https://doi.org/10.1016/j.cmet.2020.02.015
https://doi.org/10.1016/j.cmet.2020.02.015
https://doi.org/10.1371/journal.pone.0261572
https://doi.org/10.1371/journal.pone.0261572
https://doi.org/10.1186/s12920-022-01216-w
https://doi.org/10.1186/s12920-022-01216-w
https://doi.org/10.1038/s41467-019-10936-0
https://doi.org/10.1038/s41467-019-10936-0
https://doi.org/10.1101/gr.160283.113
https://doi.org/10.1101/gr.160283.113
http://refhub.elsevier.com/S8756-3282(25)00084-5/rf0315
http://refhub.elsevier.com/S8756-3282(25)00084-5/rf0315
http://refhub.elsevier.com/S8756-3282(25)00084-5/rf0315
http://refhub.elsevier.com/S8756-3282(25)00084-5/rf0315
https://doi.org/10.1021/bi9021445
https://doi.org/10.1021/bi9021445
https://doi.org/10.1242/dev.000703
https://doi.org/10.1359/jbmr.2002.17.5.763
https://doi.org/10.1359/jbmr.2002.17.5.763
https://doi.org/10.1002/jcp.1041520118
https://doi.org/10.1002/jcp.1041520118
https://doi.org/10.1038/s42003-020-01264-x
https://doi.org/10.1128/MCB.05073-11
https://doi.org/10.2337/db13-1901
https://doi.org/10.1038/nature14878
https://doi.org/10.1016/j.bone.2018.02.027
https://doi.org/10.1359/jbmr.1999.14.5.821
https://doi.org/10.1359/jbmr.1999.14.5.821
https://doi.org/10.1002/jbmr.5650070214
https://doi.org/10.1002/jbmr.5650070214
https://doi.org/10.1002/jbmr.5650110719
https://doi.org/10.1002/jbmr.5650110719
https://doi.org/10.1155/2013/213234
https://doi.org/10.1016/S0020-1383(16)47003-8
https://doi.org/10.1002/jor.23339
https://doi.org/10.1002/ajmg.a.63132
https://doi.org/10.1002/ajmg.a.63132
https://doi.org/10.1038/ng.166
http://refhub.elsevier.com/S8756-3282(25)00084-5/rf0405
http://refhub.elsevier.com/S8756-3282(25)00084-5/rf0405
http://refhub.elsevier.com/S8756-3282(25)00084-5/rf0405
https://doi.org/10.1093/gerona/glt046
https://doi.org/10.1093/gerona/glt046
https://doi.org/10.1007/BF02553699
https://doi.org/10.1007/BF02553699
https://doi.org/10.1016/S0344-0338(89)80240-7
https://doi.org/10.1016/S0344-0338(89)80240-7
https://doi.org/10.1016/8756-3282(92)90198-6

	The GWAS candidate far upstream element binding protein 3 (FUBP3) is required for normal skeletal growth, and adult bone ma ...
	1 Introduction
	2 Materials and methods
	2.1 GWAS prioritisation
	2.2 Animal methods
	2.3 Radiological imaging
	2.4 P1 imaging
	2.5 Growth plate histology
	2.6 Confocal microscopy for analysis of bone formation
	2.7 Osteoclast histomorphometry
	2.8 Biomechanical testing
	2.9 Statistical methods

	3 Results
	3.1 Prioritisation of FUBP3 from the 9q34.11 GWAS locus for functional validation
	3.2 Fubp3 deficiency affects postnatal development and growth
	3.3 Fubp3 deficiency results in decreased bone mineral content and abnormal trabecular bone parameters
	3.4 Fubp3 deficiency results in decreased bone strength
	3.5 Effects of Fubp3 deficiency on bone formation and resorption

	4 Discussion
	CRediT authorship contribution statement
	Ethical approval
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


