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ARTICLE INFO ABSTRACT

Keywords: Bone mineral density (BMD) and height are highly heritable traits for which hundreds of genetic loci have been
FUBP3 linked through genome wide association studies (GWAS). FUBP3 is a DNA and RNA binding protein best
Osteoporosis

characterised as a transcriptional regulator of c-Myc, but little is known about its role in vivo. Single nucleotide
polymorphisms in FUBP3 at the 9934.11 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

Genome wide association study
Knockout mouse

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 9934.11 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 (Idlink.nci.nih.gov).

2.2. Animal methods

Fubp3™/~ mice were generated by in vitro fertilisation using sperm
from mice heterozygous for the Fubp3™!@XKOMPIWSi gjjele (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 Fubp3™a(KOMPIWsi gllele 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
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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 PCT 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 pCT 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 pm voxel
resolution. High resolution (1 pm 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 pm 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 pm 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 Cl 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 40x 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 10x magnification and overlapping images were assembled.
Analysis was performed on a 750 pm x 750 pm ROI placed 100 pm
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 9934.11 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 ABLI
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.
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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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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 5x
magnification of the whole growth plate, middle images are 20x 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
pm. 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.)

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 9934.11 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
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two-tailed t-test, * p < 0.05, ** p < 0.01,

this article.)

P

< 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
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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.)

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 Fubpl 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 Fubpl and Fubp2. Neither Fubpl 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
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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



L.M. Watts et al.

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 9934.11 with
BMD, fracture and height.
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