
Bone 45 (2009) 736–742

Contents lists available at ScienceDirect

Bone

j ourna l homepage: www.e lsev ie r.com/ locate /bone
Effects of a synonymous variant in exon 9 of the CD44 gene on pre-mRNA splicing
in a family with osteoporosis

Christopher Vidal a,b, Adela Cachia a, Angela Xuereb-Anastasi a,b,⁎
a Department of Pathology, University of Malta, Medical School, G'Mangia, Malta
b Institute of Health Care, University of Malta, Mater Dei Hospital, Msida, Malta
⁎ Corresponding author. Institute of Healthcare, Univ
Dei Hospital, Msida, Malta.

E-mail address: angela.a.xuereb@um.edu.mt (A. Xue

8756-3282/$ – see front matter © 2009 Elsevier Inc. A
doi:10.1016/j.bone.2009.06.027
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 January 2009
Revised 23 June 2009
Accepted 25 June 2009
Available online 4 July 2009

Edited by: M. Noda

Keywords:
CD44
Osteoporosis
Linkage
Alternative splicing
RNA
In a previous linkage study, suggestive linkage to osteoporosis was observed in marker D11S1392 on
chromosome 11p12. The CD44 gene, found at this locus, was sequenced in one of the families studied.
Sequencing all coding regions and promoter in affected and non-affected family members revealed a number
of sequence variants, one of which was found to be linked and inherited identical by descent together with
the linked STR allele. This G to A variant, which does not cause an amino acid change, was found in exon 9 of
the CD44 gene, 32 base pairs upstream from the exon–intron junction. Preliminary analysis using a
bioinformatics tool suggested that the presence of the A allele abolished an exon splicing enhancer (ESE) site,
thus possibly affecting RNA splicing. It was observed using an exon-trapping vector, that in the presence of
the A allele, only one transcript was observed in RAW264.7 cells, as opposed to two transcripts transcribed in
the presence of the G allele. These observations suggest that the linked synonymous variant found in exon 9
of the CD44 gene might be increasing susceptibility to osteoporosis in this family by affecting the splicing
mechanism.

© 2009 Elsevier Inc. All rights reserved.
Introduction
For the past 15 years, numerous studies have been performed in
different populations using both linkage and association approaches,
to try to identify genes that might increase the individual's sus-
ceptibility to osteoporosis [1,2]. Most of these studies did not give any
conclusive results, and lacked replication due to reasons such as
genetic heterogeneity between different populations and low sample
power. Still such studies were useful in understanding better the
complex pathophysiology of osteoporosis by identifying genes
playing a role in various metabolic pathways and other mechanisms
that might lead to disease. Linkage studies of monogenic bone
diseases revealed several chromosomal regions putting into light
various genes that were never thought to be involved in bone phy-
siology such as the low density lipoprotein receptor-related protein
(LRP)-5 and sclerostin (SOST) genes [3,4].

In a previous linkage study, performed on two Maltese families
with a high incidence of osteoporosis, suggestive linkage to chromo-
some 11p12 was observed [5]. Fine-mapping reduced the linkage
interval to a region between markers D11S1392 (50.64 cM) and
D11S935 (52.94 cM), with highest total heterogeneity LOD and NPL
(3.07 and 7.0, respectively) to marker D11S935. Although both
families shared the same linkage interval, highest LOD scores were
ersity of Malta, Block A, Mater
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obtained to two different markers with a spacing of approximately
4 cM between them, showing also different inherited alleles, thus
suggesting that different genes might be responsible for the disease in
different families [5]. Highest LOD and NPL scores (1.77 and 5.9,
respectively) were obtained for marker D11S1392 (50.64 cM) in
Pedigree 2, while for Pedigree 1 highest scores were obtained to
marker D11S4102 (54 cM). A total of 24 genes and four hypothetical
proteins are known at the linkage interval from 49 to 55 cM on the
deCode genetic map, of which tumour necrosis factor receptor-
associated factor (TRAF)-6 and CD44 genes were the most likely can-
didates based upon prior knowledge of physiology. Sequencing the
TRAF-6 gene, found between and approximately 1 cM away from
both D11S935 and D11S4102, did not reveal any linked variations with
disease. The other candidate gene at this locus is the CD44 gene which
is found 1 cM away from D11S1392 (∼51 cM).

CD44 is a transmembrane glycoprotein existing in various iso-
forms, all consisting of a common hyaluronan-binding homology
region, trans-membrane and cytoplasmic domains with most variant
forms (CD44v) containing combinations of exons 6 to 15 (v1–v10) [6].
Osteoclast formation was inhibited by CD44 antibody suggesting its
important role in bone physiology and as a potential therapeutic target
for metabolic bone disease [7]. Expression of CD44 was observed to be
induced at the onset of macrophage fusion where the intracellular
domain of this molecule was found to play a major role in this process.
Translocation of the CD44 intracellular domain to the nucleus also
resulted in activation of NF-κβ which is essential for osteoclast
activation [8]. Low molecular weight, but not high molecular weight,
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hyaluronic acid was observed to increase osteoclastogenesis induced
by RANKL due to interactions with CD44 in bone marrow stromal cells
which are involved in joint tissue destruction [9]. CD44 also plays an
important role in cell migration, including that of osteoclasts, due to its
interactions with osteopontin and other membrane proteins such as
ezrin, radixin and moesin [10]. CD44 deficiency increased the severity
of TNF-mediated arthritis due to deregulation of osteoclastogenesis
[11]. Mice deficient in CD44 were more responsive to tumour necrosis
factor (TNF) resulting in generalised osteopenia, while not affecting
bone formation, suggesting the important role of CD44 in inflamma-
tory bone loss. This increased responsiveness to TNF was associated
with an increased activity of p38 mitogen-activated protein kinase
which is negatively controlled by CD44 [12].

In this study, sequencing of the CD44 gene found on chromosome
11p12 was performed in Pedigree 2 since this gene is found closer to
D11S1392 which shows the highest LOD scores within this family.
DNA sequencing of the CD44 gene revealed a rare sequence variant
that was linked with the inherited haplotype in the majority of
affected members.

Materials and methods

Subjects

Sequencing of the CD44 gene was performed in an extended
family (Pedigree 2) participating in a previous linkage study [5]
(Fig. 1 and Table 1). Affected status was defined according to WHO
criteria (t-score b−2.5) for generation II, while z-scores were used
for younger individuals in generation III. As shown in Fig. 1, a linked
haplotype for markers D11S1392 and D11S935 (alleles 3 and 1,
respectively) inherited identical by descent was observed in the
majority of affected individuals.

A random sample of anonymous cord blood DNA (n=126)
obtained from newborns was used to estimate the frequency of the
linked CD44 exon 9 variant in the population at birth. Cord blood was
collected from neonates and taken to the Laboratory of Molecular
Genetics, University of Malta, Malta for routine testing. Genomic DNA
was extracted and purified using a salting out technique [13].

All affected members (9 individuals) from Pedigree 1 were also
tested for the CD44 exon 9 variant.

Sequencing of CD44 gene

Oligonucleotide primers were designed to amplify all coding
regions including intron–exon boundaries and promoter region of the
Fig. 1. Structure of Pedigree 2 showing linke
CD44 gene (MIM 107269) using transcript ENST00000278385) from
the ENSEMBL database (http://www.ensembl.org) (Table 2). Initial
sequencing was performed using BigDye® Terminator v3.1 cycle
sequencing kit (Applied Biosystems, Foster City, CA, USA) in three
affected (II:6, III:1, III:9) and one unaffected (III:6) individuals (with
and without haplotype) and any sequence variants identified were
further analysed in all family members by sequencing or by using
restriction fragment length polymorphism (RFLP). The frequency of
the identified linked variant in the CD44 gene was determined in the
general Maltese population using allele specific amplification.

Allele specific amplification

The linked variant identified in exon 9 of the CD44 gene was
analysed in the general population by polymerase chain reaction using
confronting two-pair primers (PCR-CTPP) [14]. Two sets of primers
were designed to amplify the specific alleles separately at optimum
annealing temperature. A fragment of 163 bp was amplified using a
forward primer with its last base at the 3′ end specific for the G allele
while the A allele was detected by the amplification of 545 bp using a
specific reverse primer. This reaction was carried out in a single tube
where the forward primer used to amplify the A allele, together with
the reverse primer of the G allele fragment, yielded another largest
fragment of 666 bp that was used as an internal PCR control. The
optimum PCR annealing temperature was that of 63 °C. The best
results were obtained when using 15 pmol of each primer for allele G
(163 bp), together with 25 pmol of primers used for the A allele. PCR
thermal profile used was as follows: hot-start for 15 min at 95 °C
followed by 30 cycles of 95 °C for 30 s, 63 °C for 15 s, 72 °C for 90 s. A
final extension for 5 min at 72 °C was also performed. This method
was validated against results obtained by direct DNA sequencing,
while 20% of samples were repeated using separate PCR reactions for
each allele.

RNA splicing analysis

An online application was used to identify any possible exon spli-
cing enhancer (ESE) at this region as described by Cartegni et al. [15]
(http://rulai.cshl.edu/tools/ESE2/index.html). The G/A variant was
found to abolish an ESE motif (TGAGGA) for the SR protein (SRp55)
with a score of 2.817 (threshold 2.676), in the presence of the A allele.
The online application RESCUE-ESE (http://genes.mit.edu/fas-ess/)
did not predict any possible ESEs at this locus [16]. Amini-gene system
was used to test whether this linked variant found in exon 9 might
affect splicing of pre-mRNA. Using this system, a hybrid construct
d haplotype and CD44 exon 9 variant.

http://www.ensembl.org
http://rulai.cshl.edu/tools/ESE2/index.html
http://genes.mit.edu/fas
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made up of two vector β-globin exons flanking CD44 exon 9 and
adjacent introns was created. Following transfection into mammalian
cells, the construct was transcribed under the control of a SV40
promoter and spliced. The mRNA derived from this construct was
extracted and reverse transcribed followed by specific amplification
using cDNA as template and specific primers to β-globin exons (SD6
and SA2). The spliced transcripts were analysed by agarose gel.

DNA cloning

A 523 bp fragment containing the whole exon 9 and adjacent
introns, was amplified by PCR using template DNA from a
heterozygous family member for this variant, to isolate both
mutated and normal alleles. The forward and reverse oligonucleo-
tide primers were designed harbouring consensus sequences for
endonucleases Xho I and Pst I, respectively at the 5′ end together
with a non-complementary tail (Fwd: 5′-gTTCTCAATgCggAACTC-
gAggTTTgTggTTCTgCCTTTgAC-3′ and Rev: 5′-gTTCTTgAACTTgCACTg-
CAgAATTTgTgTgCgggTTTAgC-3′). The amplified fragment together
with the exon-trapping vector pSPL3 (generously donated by Prof.
Junko Oshima, Department of Pathology, University of Washington,
Washington, USA) were digested and ligated overnight at 4 °C, using
T4 ligase (Promega Corporation, Madison, USA) (Fig. 2). Transfor-
mation in DH5α was carried out using a heat shock protocol, first by
incubating 25 μl cells with 2.5 μl ligation reaction for 20 min on ice.
Following incubation on ice, the cells were subjected to heat shock
treatment for 45–50 s at 42 °C in a heating block and placed again
on ice for another 2 min. Ampicillin free Luria Bertani (LB) broth
(475 μl) was added into each tube and the cell suspension was
incubated at 37 °C for 1 h in a shaking incubator at 150 rpm.
Following incubation, 150 μl from each suspension were plated onto
LBAmp100 selective plates and incubated at 37 °C overnight. Selected
clones were screened by digestion and DNA sequencing to check the
integrity of the sequence and to select the two alleles. Purified
plasmid DNA for transfections was extracted from a 100 ml culture
grown for 16 h at 37 °C using the PureYield™ Plasmid Midiprep
System (Promega Corporation, Madison, USA). DNA was adjusted to
a concentration of 200 ng/μl.

Cell culture

Three different cell lineswere used for transfections, including COS-
7, HeLa (DSMZ, Braunschweig, Germany) and RAW264.7 (InterLab Cell
Line Collection, Institute of Cancer Research, Genova, Italy). All cells
Table 1
BMD values of family.

Participant Age BMI Lumber BMD
(g/cm2)

LS t-score (z-

II: 1a 55 26.5 0.703 −3.47 (–1.68
II: 2 66 27.0 0.955 −1.19 (0.57)
II: 4 61 28.8 0.792 −2.66 (–0.7
II: 5 70 29.1 0.768 −2.88 (–0.7
II: 6 52 21.2 0.672 −3.75 (–2.18
III: 1 29 25.3 0.890 −2.00 (–2.0
III: 2 23 19.7 0.941 −1.58 (–0.8
III: 4 41 30.1 0.930 −1.67 (–1.42
III: 5 38 23.5 1.071 −0.13 (–0.0
III: 6 33 24.1 1.017 − 0.62 (–0.6
III: 7 33 31.8 1.079 –0.42 (−0.3
III: 8 38 30.9 1.375 2.64 (2.42)
III: 9 42 25.4 0.854 −2.10 (–1.62
III: 10 37 28.1 0.851 −2.32 (–2.19
III: 11 42 25.3 0.963 −1.39 (–1.13
III: 13 39 24.5 0.768 −1.46 (–1.19
III: 14 25 21.1 0.976 −1.28 (–1.36

Participant numbers refer to those in Fig. 1.
a Proband.
were cultured in a high glucose Dulbecco Modified Eagle's Medium
(DMEM) supplemented with 10% heat-deactivated foetal calf serum
(FCS) (Sigma, Saint Louise, Missouri, USA). Incubationwas carried out
at 37 °C in 5% CO2, splitting cells at 80% confluency. The day before
transfection, 5× 104 cells were added into eachwell of a 24-well plate.
Each sample was assayed in triplicate, including positive (native
pSPL3) and negative controls (cells without the addition of any DNA).
Transient transfectionwas performed using the cationic lipid transfec-
tion reagent Tfx™-20 (Promega Corporation, Madison, USA) using 1 μg
of eachDNAconstruct and a charge ratio of DNA to transfection reagent
of 1:2 for all cell lines. The mixture consisting of DNA constructs,
transfection reagent and serum free DMEM was prepared in 1.5 ml
microcentrifuge tubes and incubated for 10–15 min at room tempera-
ture. Culture medium was aspirated from cells and 200 μl of
transfection mixture was added into each well. Incubationwas carried
out at 37 °C for 1 h in 5% CO2. After incubation, 500 μl of complete
mediumwas added into eachwell andplateswere incubated for 24h at
37 °C in 5% CO2. RAW264.7 cells were also incubated in the presence of
10 ng/ml M-CSF, with or without 50 ng/ml RANKL (R&D Systems Ltd,
Abington, UK). Stimulation with these cytokines was initiated 48 h
before transfection.

Reverse transcription and PCR

After incubation, the cells were lysed and RNA extracted using
RNeasy® mini kit (Qiagen Gmbh, Germany) as instructed by the
supplier. First strand cDNA was synthesised by reverse transcription
usingoligo-(dT)16, followedbyPCRusing specific primers for the splice
donor (SD6) and acceptor (SA2) of the pSPL3 vector. The products
were analysed using a 2% agarose gel electrophoresis and visualised
under UV. All transcripts were excised from the gel and sequenced.

Results

Sequencing results

Sequencing CD44 revealed a number of intronic sequence variants,
including two A/G changes (rs4756196 and rs3736812) and an A/C
transversion in intron 16, none of which was observed to be inherited
with the linked marker. A number of other variants were found in
coding regions, including an A/G (rs9666607) and C/T (rs11607491)
change in exon 10, both resulting in an amino acid change, which was
not linked with the inherited haplotype. Another C/T synonymous
variant (rs35356320) was detected in three affected and one unaffec-
score) Femoral BMD
(g/cm2)

FN t-score (z-score) Rs11033026

) 0.731 −1.57 (–0.56) GA
0.811 −0.19 (0.62) GG

8) 0.716 −1.70 (–0.37) GA
8) 0.652 −2.24 (–0.65) GA
) 0.594 −2.72 (–1.86) GA
2) 0.862 −1.22 (–1.09) GA
7) 0.877 −1.10 (–0.36) GA
) 0.909 −0.86 (–0.45) GG
3) 0.852 −0.57 (–0.37) GG
0) 0.953 −0.27 (0.25) GG
6) 0.989 –0.24 (0.04) GA

1.089 1.41 (1.56) GG
) 0.707 −1.77 (–1.40) GA
) 0.877 −1.10 (–0.76) GA
) 0.750 −2.08 (–1.66) GA
) 0.652 −0.56 (–0.33) GA
) 0.832 −1.45 (–1.43) GA



Table 2
Primers used for CD44 gene sequencing.

Primer sequences 5′-3′ Fragment
size/bp

Annealing
temp./°C

Promoter 1 AgA TCT gCT ggg TAg gAA AgA 376 64
CCA TCC ACT AAC CAC TTA ggT C

Promoter 2 ATg gTg gAT ggT TgT ggT TT 449 64
ggA gAg CTC ATT CTT TTT CCC

Promoter 3 gAA TgA gCT CTC CCT CTT TCC AC 398 64
CTg CTg Agg CTg TAA ATA ATC gg

Promoter
4—Exon 1

gCA gCC CCg ATT ATT TAC AgC 359 64

gTg CCA CCA AAA CTT gTC CA
Exon 1 AAA AAC TgC AgC CAA CTT CC 417 64

TgC TTC CAC AgA CAC ATT CTC
Exon 2 ggA gTC TgT CCT AAA CTg AAC 402 64

ACA ggT TgC AgA TTg ACT Tg
Exon 3 TCT CTT TCC CTC TCT ATg CTg T 401 60

ggC TAC ATg AAT CCC CAC TTA
Exon 4 ATT AgA gAA ggA gCC gTg TCT A 532 64

CAA AgT gCT ggg ATT ACA ggA
Exon 5 CTC CCA CCA CTg gAT AgA TAg gT 477 64

CTT CCA gCT gTC TAg AgA CgA gAA
Exon 6 TAA gAT CCT TCC CTC TCT gA 383 60

ggC TgT CAA gAA AAC ATA Cg
Exon 7 TTT ggg gTA TgC AAg TCA ACT C 305 64

CCT TgC ATA AAT ggC TgT ACT g
Exon 8 CCA TgC AgC CAT CTA TAC AAC CT 499 64

TgT CAA Agg CAg AAC CAC AAA C
Exon 9 gAg Tgg ATg CTC AgA ggT AAC A 353 64

ACC gAg Tgg AAA TAg AAg ATg C
Exon 10 CCT Tgg TgC CTT TCT TTT CTA CC 454 64

ggC TTg TAT CCA TTC CTg TTC Ag
Exon 11 CTg CgT TTA TgC AAC TTC CTT g 497 64

CCC TCC TgC TAA ATT CCT TAC T
Exon 12 CTC AgT TCg ggA gAT ATA gTC Ag 412 64

gAg ACC TCC ACA AgA AAT ACA gAC
Exon 13 CTC TgT gTT CTC Tgg TTT TCT ggA 533 64

AgT gTA ACg gCA gCT AAT ggA Tg
Exon 14 gTg TTC Tgg AgA CAA gCA CAT 380 64

AgT CCA ATC CCA gAC TAC ACA g
Exon 15 CTg Tgg TCA TCC TTC TTA gCC TTT 407 64

ggA gAC ACT gAC TCA TAC TTC gTT g
Exon 16 CTT TAT gCA gCT CCA CAA ggA AC 365 64

CTA gTT TgC AgA ACC CAg gAA gA
Exon 17 gCT CTT CCA gAA TTA CCT gCC TAT 500 64

ggT gTC TCC TgT CTC TAA AAA CCg
Exon 18 Tgg TgC TCA gTA Agg ATg ATg ATC 355 64

gTT AAg TgT CCC AgC TCC CTg TAA
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ted individual. A non-synonymous variant found in exon 12
(rs1467558) was only found in two affected members of this family.

An interesting variant was detected in exon 9, a synonymous G/A
transition (rs11033026), found 32 nucleotides upstream from the
exon/intron junction. Sequencing the gene in all members of this
family, revealed that all individuals carrying the linked STR allele 3
(Fig. 1) for marker D11S1392 were also heterozygous for this variant,
suggesting that the two were linked. All affected members, with the
exception of one (III:4), were heterozygous for both the STR allele and
the A allele. This variant was not found in any of the non-affected
family members, with the exception of two who also carried the
linked STR allele (III:2 and III:7). Mean lumbar and femoral BMD (and
z-scores) were compared between family members heterozygous for
the A allele (n=12) and homozygous GG (n=5) (Table 3). The
independent sample t-test was used to test for significance. As shown
in Table 3, both lumbar and femoral BMD (including z-scores) were
statistically significant when comparing GG with GA (pb0.05).

Using allele specific amplification, 252 chromosomes were ana-
lysed in a random sample from the general Maltese population. Only 3
A alleles were identified in 3 heterozygous individuals, thus giving a
population frequency of 2.38% and a minor allele frequency of 0.012
(1.19%). None of the nine affected members from the other pedigree
(Pedigree 1), used in the previous linkage study [5], was found to carry
the A allele.

RNA splicing analysis

Fig. 3 shows the results obtained from RT-PCR from cell lysates
following transfections with the exon-trapping vector pSPL3. As
shown in all three cell lines, two transcripts were amplified in the
presence of the G allele (378 bp and 261 bp), while for the A allele the
smaller transcript (261 bp) was weakly amplified in both COS-7 and
HeLa cells but it was completely absent in RAW264.7 macrophages,
even when stimulated by m-CSF, with or without RANKL. The
sequencing of transcripts showed that the bigger fragment of 378 bp
consisted of two vector exons, also harbouring exon 9 of CD44. The
smaller fragment did not contain any portion of CD44 exon 9, and was
entirely made up of vector exon sequences, suggesting skipping of
exon 9. The presence of the G and A allele was confirmed when
sequencing the bigger fragments.

Discussion

A large number of genes known to be involved in bone physiology
have been studied to determine whether any variations within them
might increase the individual's susceptibility to osteoporosis [1,17]. In
this study, the effects on pre-mRNA splicing of a known synonymous
variant, found in exon 9 of the CD44 gene (rs11033026), are being
reported. The A allele is in linkagewith a haplotype inherited identical
by descent in all affected family members, previously studied using
qualitative linkage analysis [5]. Two clinically normal individuals (III:2
and III:7) also carried this allele in the heterozygous state, in linkage
with the STR marker, suggesting incomplete penetrance possibly
partly due to their relatively young age (23- and 33-year-old males).
The BMD of individual III:7 might also have been positively influenced
by his high body mass index (BMI) of 31.8 kg/cm2, although one
cannot exclude the possibility of other gene modifiers being involved.
Conversely, individual III:4 was affected, but did not carry the CD44 A
allele or the linked STR allele, suggesting that low BMD in this
individual might be due to environmental influences (phenocopy).

This variant was not found in nine affected individuals from
Pedigree 1 used in the previous linkage study [5], suggesting that it is
increasing susceptibility to the disease only in Pedigree 2. Different
mutations within the same or different gene/s present within the
same linkage interval might be increasing the susceptibility to disease
in these two families (showing allelic heterogeneity at the same locus).

The G/A variant (rs11033026) was only found in 2.38% of the
general local population. When searching the NCBI SNP database
(http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=11033026), the
HapMap data, revealed that this variant was not reported in the
European Caucasian population, but was found in Sub-Saharan
Africans, African-Americans and Han Chinese from Beijing (minor
allele frequencies 0.336, 0.115, and 0.012, respectively). This suggests a
founder effect in the Maltese population, complementing other
previously reported studies on other human diseases [18,19].

Since this variant does not result in an amino acid change, the
hypothesis that it could affect pre-mRNA splicing was tested using an
exon-trapping vector. In all three cell lines used, two transcripts were
amplified in the presence of the wild-type G allele, one transcript
harbouring the complete CD44 exon 9 and a smaller one consisting
entirely of the two vector exons. In the presence of the A allele, the
quantity of the shorter transcript relative to the longer one was less in
both epithelial cells (HeLa and COS-7) but was completely absent in
murine macrophages, suggesting that this variant could affect diffe-
rent tissues in a specific manner.

The presence of more than one transcript was expected since this
gene is known to be transcribed and translated into a number of
isoforms, due to alternative splicing of a large number of its exons [20].

http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs


Fig. 2. Schematic diagram of the pSPL3 construct. (a) Basic structure of the exon-trapping vector (pSPL3) showing SV40 origin of replication (ORI) and promoter (PRO) together with
two exons, one on each side of the multiple cloning site (MCS). Primer binding sites used for specific amplification following reverse transcription are marked as SD6 and SA2. An
SV40 poly A tail is also shown. This diagram does not show the ampicillin resistance gene used for selection. (b) Schematic diagram of the amplified PCR product inserted into the
MCS using restriction enzymes Xho I and Pst I. The diagram shows exon 9 and parts of adjacent introns or intervening sequences (IVS 8 and IVS 9). The sequence of the PCR product is
shown in (c). The exon is coloured red with the identified variant marked with a bigger font. The identified ESE is underlined. (d) shows a schematic diagram of the expected
transcripts following amplification using SD6 and SA2. The longer transcript harbouring exon 9 and two plasmid exons while the shorter one consists only of plasmid exons.
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Different CD44 isoforms were shown to have various functional roles
in epidermal Langerhans and dendritic cells, such as in cell migration
and antigen presentation. A pattern in expression was also observed
during migration of these cells from the epidermis to the lymph
nodes, where up to 100% of Langerhans cells in the dermis expressed
v5, v6 and v9 while those in the lymph nodes expressed v4, v5 and v6
[21]. Shifts in expression between different CD44 isoforms were also
reported to be useful as prognostic markers for various carcinomas,
including osteosarcoma [22].
Table 3
Intra-familial analysis for rs11033026.

Rs11033026 n Mean p-value (t-test)

BMI (kg/cm2) GG 5 27.1 0.453
GA 12 25.6

Lumbar BMD (g/cm2) GG 5 1.069 0.015⁎

GA 12 0.868
Lumbar z-score GG 5 0.188 0.010⁎

GA 12 −1.278
Femoral BMD (g/cm2) GG 5 0.923 0.037⁎

GA 12 0.787
Femoral z-score GG 5 0.322 0.004⁎

GA 12 −0.869

⁎ Statistically significant at level of significance pb0.05.
The important role of the CD44 gene in the pathophysiology of
osteoporosis is being documented for thefirst time. The role of CD44 in
macrophage fusion is important since this process occurs during the
differentiation of osteoclasts. Since macrophages are the precursors of
osteoclasts, it could be hypothesised that this variant shifts the balance
between different CD44 isoforms to that harbouring exon 9 (CD44v4)
in osteoclasts, thus affecting their function and mechanisms, such as
cell migration and fusion. Such a change in function could increase the
risk of osteoporosis. The CD44v4 isoform (harbouring exon 9) was
shown to be a major E-selectin ligand in breast cancer cells facilitating
cellmigration across the endotheliumandhence enhancingmetastasis
[23]. Our study is of particular importance since a synonymous variant,
located within the coding region of a gene, was found to increase the
risk of osteoporosis in one family byaffecting RNA splicingmechanism.
This indicates that one cannot underestimate DNA variations found in
non-coding regions and synonymous exonic variants. To our knowl-
edge, to date, no variations that result in alternative splicing have been
associated with osteoporosis, except for one variant found within
intron 4 of the calcitonin-related peptide in an isolated case of an
osteoporotic young male with very low calcitonin levels [24]. A
number of variants were found to affect splicing in several genes that
cause disease, such as the cystic fibrosis transmembrane conductance
regulator (CFTR) gene [25], neurofibromatosis type 1 [26], type 5
collagen and Ehler–Danlos syndrome [27], superoxide dismutase



Fig. 3. Agarose gel electrophoresis of CD44 pSPL3 transcripts amplified by reverse transcriptase PCR.
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(SOD2) [28] and the ATP-binding cassette transporter A1 (ABCA1)
[29]. RNA splicing can be affected by variations that alter the two
dimensional structure of pre-mRNA molecule affecting its availability
to interact with splicing factors or by increasing/decreasing recogni-
tion sites in both introns or exons for splicing enhancers (ESE) or
silencers (ESS) [30]. A possible ESE motif that was predicted using a
bioinformatics tool in the presence of the G allele was absent in the A
allele (TGAGGA NTGAAGA), possibly affecting a splice site enhancer
binding site that resulted inmRNAonly harbouring exon 9 of this gene.
The deleterious effects of missense mutations and the mechanisms by
which these could result in aberrant splicing were described by other
investigators. It was suggested that there might be a higher risk that
functional ESEs cause aberrant splicing when these are found closer to
the 3′ end of exons [31].

A common difficulty encountered when studying putative splicing
mutations is to obtain RNA directly from the appropriate tissues to
exclude cell specific effects, in this case, bone tissue. An alternative
option is to use an exon-trapping system, as was used in this study
which although reliable for initial evaluation of the splicing mecha-
nism, does not always reflect the in vivo splicing mechanism [32]. A
disadvantage of this system is that it is a hybrid, where in the ideal
situation all exons and introns should come from the same gene. A
major advantage, however, is that very short DNA fragments can be
inserted avoiding the problem of handling thousands of nucleotides
usually making up most mammalian introns [33].

The importance of synonymous DNA variations together with
those found in non-coding regions of genes, and the mechanisms by
which such variants could be affecting susceptibility to disease, is
slowly emerging. More evidence is showing that these variants can
still affect the phenotype not only by altering RNA splicing but also by
affecting protein folding, without a change in the amino acid
sequence. Co-translational protein folding might be affected by
timing as a result of a synonymous variant changing a commonly
used codon into a rarer one, also coding for the same amino acid [34].
The time of translation is dependent upon the abundance of tRNA
present in cells which correlates with codon usage in a tissue specific
manner [35]. The rarer the codon, the less abundant is the corre-
sponding tRNA, and thus the longer the time taken for translation to
progress. Recent studies have shown that the enzyme specificity of
the MDR1 gene was changed by the presence of a synonymous
variant (C3435T), indicating that both function and 3-D structure of a
protein could be altered without a corresponding change in the
amino acid sequence [34,36]. Such studies addressing the effects of
these variants on protein function are important not only in the
understanding of the pathophysiology of disease but also in the
pharmacokinetics of different proteins. This could contribute towards
the development of better targeted and individualised treatment
regimens. These findings show that it is not enough to consider the
DNA sequence of a gene. Studies have to investigate the functional
role of variants at the RNA and protein levels, and also the epigenetic
control of gene expression and post-translational modifications of
proteins.

Further studies are needed to evaluate the role of the CD44 gene in
bone physiology, osteoporosis, inflammatory bone loss and other bone
diseases, including its possible role in metastasis of bone tumours.
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