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Abstract
WW domain-containing oxidoreductase (WWOX) is highly conserved in both humans and
murine. WWOX spans the second most common human chromosomal fragile site, FRA16D, and
is commonly inactivated in multiple human cancers. Modeling WWOX inactivation in mice
revealed a complex phenotype including postnatal lethality, defects in bone metabolism and
steroidogenesis and tumor suppressor function resulting in osteosarcomas. For better
understanding of WWOX roles in different tissues at distinct stages of development and in
pathological conditions, Wwox conditional knockout mice were generated in which loxp sites
flank exon 1 in the Wwox allele. We demonstrated that Cre-mediated recombination using EIIA-
Cre, a Cre line expressed in germline, results in postnatal lethality by age of three weeks and
decreased bone mineralization resembling total ablation of WWOX as in conventional null mice.
This animal model will be useful to study distinct roles of WWOX in multiple tissues at different
ages.
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Introduction
The WW domain-containing oxidoreductase (WWOX) encodes a 46-kDa tumor suppressor
protein that contains two WW domains and a short-chain dehydrogenase/reductase domain
(Bednarek et al., 2000; Ried et al., 2000). Loss or reduced expression of WWOX occurs in
multiple cancer types, perhaps due to its genomic location overlapping with the second most
common fragile site, FRA16D, and/or hypermethylation of its promoter region in many
cancer cells (Aqeilan and Croce, 2007; Del Mare et al., 2009; Paige et al., 2001) WWOX
overexpression in WWOX-negative cancer cells renders these cells sensitive to apoptosis
and growth arrest and reduced ability to form xenografts in immunocompromised mice (Del
Mare et al., 2009). Furthermore, WWOX protein is part of a protein signaling network that
suppresses oncoproteins that are implicated in the pathogenesis of cancer. This includes, for
example, AP2γ (Aqeilan et al., 2004b), ErbB4 (Aqeilan et al., 2007a; Aqeilan et al., 2005),
ezrin (Jin et al., 2006), c-Jun (Gaudio et al., 2006) and RUNX2 (Aqeilan et al., 2008; Kurek
et al., 2010). These findings led us and others to hypothesize that WWOX acts as a tumor
suppressor.

To better explore the tumor suppressor function of WWOX in vivo, we reported in 2007, the
generation of total Wwox knockout (Wwox−/−) mice using conventional homologous
recombination technology (Aqeilan et al., 2007c). Wwox−/− mice die prematurely at 3–4
weeks of age due to severe metabolic defect. Mice showed a significant growth retardation
phenotype that was associated with defects in bone (Aqeilan et al., 2008) and
steroidogenesis (Aqeilan et al., 2009). Importantly, careful analysis of Wwox−/− mice using
μCT and histological sectioning detected lesions in femoral bones that resemble
osteosarcoma (Aqeilan et al., 2007c; Kurek et al., 2010). Alteration of WWOX in human
osteosarcoma cases and cells was later documented (Kurek et al., 2010; Yang et al., 2010).
Although Wwox-heterozygous (Wwox+/−) aged mice demonstrated higher incidence of
spontaneous lung and mammary tumors (Abdeen et al., 2011; Aqeilan et al., 2007c) and
chemically-induced forestomach tumors (Aqeilan et al., 2007b), the fact that Wwox−/− mice
die at early age precluded adult tumor analysis. Of note, Wwox-hypomorphic mice have
shorter life span and display higher incidence of B-cell lymphomas (Ludes-Meyers et al.,
2007) again supporting a role of WWOX as a tumor suppressor. These results prompted us
to set a strategy to generate a conditional knockout mouse model for the Wwox gene in order
to enable careful adult tumor analysis.

Here we report the generation of mice with conditional allele for Wwox deletion. Since a
detailed phenotypic analysis was performed on conventional Wwox knockout mice, we
focused in this study on the bone defect. Indeed, we found that ablation of WWOX using a
Cre-Loxp strategy in germline resembles very closely that of conventional Wwox knockout
model. These results suggest that this new animal model will be useful to study distinct roles
of WWOX in different tissues at different ages.

Materials and Methods
Genertaion of the Wwoxflox allele

A BAC clone encompassing the Wwox locus was isolated from a mouse 129SvJ genomic
library. The Wwox gene targeting construct was generated by isolating and cloning a 1.16-kb
fragment containing exon 1 into Loxp-Frt-PGK-Neo-pA-Frt containing vector. A 3.05-kb
fragment was then subcloned as the 5′ arm upstream of exon 1 and a 3.13-kb fragment as the
3′ arm downstream of exon 1 into the same vector. The final targeting construct contained a
floxed exon 1 and Frt-PGK-Neo-pA-Frt cassette.
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Electroporation of ES cells and generation of chimeras
The final plasmid was linearized using NotI, phenol-chloroform extracted, and
electroporated into R1 ES cells. The selection and expansion of ES cell clones were
performed according to standard methods. Genomic DNA was extracted from ~300 clones,
digested with BglII, separated on a 0.8% agarose gel and hybridized with a 32P-labled probe.
A 5′ external probe (187 bp) was generated by PCR using the following primers: 5′-
CTTGTCTAGAGGGCTGTTTC-3′ and 5′-CCAGTCTGCAACTGAAAATAG-3′; a 3′
external probe (627 bp) was generated by PCR using the following primers: 5′-
AACTCAAAGTAGAAAGAACAAGG -3′ and 5′-CTCCTTCTGCCAAATCCCGTT-3′.
Southern blot screening identified eight homologous recombination clones. Three clones
were injected into C57BL/6J blastocysts and implanted into foster mothers. Male chimeras
derived from all 3 ES clones were selected by agouti color and mated to C57BL/6J females
to identify mice with germline transmission. The EIIa-cre mice were obtained from JAX
lab, ST#003314. All experiments involving mice were approved by the Hebrew University
Institutional Animal Care and Use Committee.

PCR Genotyping analysis
Three primers were used: a shared 5′ primer of wild type allele recognizing Exon 1-
chr8:116963753 (5′-AAGGACGGCTGGGTGTACTA-3′), a 3′primer internal to the Frt-
PGK-Neo cassette (5′-ACCAAAGAACGGAGCCGGTT-3′) and a 3′ primer recognizing
wild type allele chr8: 116964294 (5′-CAACCTACTAGCCTCTCCAC-3′). This assay
yielded a 541 bp wild type PCR fragment and 766 bp knockout fragment. Genotyping of Cre
was performed using the following primers: Forward, 5′-ATG TCC AAT TTA CTG ACC
GTA CAC C-3′; 5′-Reverse, CGC CTG AAG ATA TAG AAG ATA ATC G-3′.

Skeletal preparation and histology
Radiography of dissected limbs at ages 14 days was performed after fixation in 4%
paraformaldehyde at 4 °C under vacuum 2 days and rinsing in PBS using a Faxitron MX-20
specimen radiography system. Microcomputed tomography (μCT) studies were performed
on limbs fixed in 70% ethanol for scanning. Qualitative and quantitative three-dimensional
analysis of femurs was carried out using micro-CT imaging (μCT 40, Scanco Medical AG,
Bassersdorf, Switzerland) by Stacey Russell.

RNA extraction and RT-PCR
RNA was isolated from the different tissues followed by homogenizing in TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. Bones were cut at the mid-diaphysis
and flushed free of marrow by PBS after removing the epiphyses from either end. The bone
halves were placed and frozen in TRIzol for RNA isolation by homogenization. cDNA was
synthesized with oligo(dT) primers using the Super-Script first strand synthesis kit
(Invitrogen) according to the manufacturer’s protocol. Primers used were: Wwox (murine-F:
5′-GGG AGC TGC TAC CAC TGT CTA-3′; murine R:5′-CCT CTC ACT GAG TTC CCA
CA-3′), Ubc (F: 5′-CAGCCGTATATCTTCCCAGAC-3′; R: 5′-
CTCAGAGGGATGCCAGTAATCTA- 3′).

Immunoblotting
Whole cell lysates were prepared using 0.5% NP-40-containing buffer (Aqeilan et al.,
2004c). Antibodies used were polyclonal anti-WWOX (Aqeilan et al., 2004a) and
monoclonal anti-GAPDH (Calbiochem).
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Results
Generation of mice with targeted flexed-Wwox allele

To construct the Wwoxflox allele, we have made a targeting vector containing two Loxp sites
flanking exon 1. In this way, existence of Cre recombinase would lead to deletion of exon 1
and subsequent inactivation of Wwox. To do so, we inserted a 2.8-kb middle fragment
containing Loxp sites flanking exon 1 and an FRT-PGK-NEOR-pA-FRT sequence into the
targeting vector, then ligated a 3.05-kb fragment as the 5′ homology recombination arm. A
3.13-kb fragment containing most of intron 1 to form the 3′ homology recombination arm
was then inserted into the targeting vector (Fig. 1a). The Not I-linearized targeting vector
Wwoxflox was transfected into R1 embryonic stem (ES) cells by electroporation. Eight
targeted ES clones were detected by Southern blot using a 5′ flanking external probe (Fig.
1b). Three positive ES clones were microinjected into blastocycts harvested from C57/BL6
mice according to standard protocols. Proper recombination of targeting vector in mice was
assessed by Southern blot (data not shown).

We generated Wwoxflox/flox mice by intercrossing of Wwoxflox/+ heterozygous mice. PCR
was used to identify Wwoxflox/flox (Fig. 1c) [WT allele 541bp, KO allele 766]. Further, we
utilized quantitative RT-PCR analysis to examine Wwox mRNA as well as Western blot to
determine WWOX protein expression. We observed intact WWOX expression in most mice
although some founders of Wwoxflox/flox mice display reduced Wwox levels (Fig. 2a, b),
likely due to the presence of a regulatory element in exon 1. Nevertheless, phenotypic
analysis of these mice for ~2 years did not reveal any effect on life span or physiology
different than their control wild-type littermates (data not shown).

Cre-Recombinase Deletion of the Wwox Gene ablates WWOX expression
To test whether exon 1 in Wwoxflox allele can be deleted by the Cre recombinase,
Wwoxflox/flox mice were crossed with the EIIa-Cre transgenic mice that express Cre
recombinase in germline (Newton et al., 2008). The offspring were identified by PCR
genotyping as in Fig. 1c and Cre general primers. A Mendelian ratio of the three expected
alleles (Wwoxflox/flox, Wwoxflox/Δ, WwoxΔ/Δ) was obtained (data not shown). Expression of
Wwox mRNA and WWOX protein was further validated by real-time PCR and Western blot
in different tissues, respectively. As shown in Fig. 3, WWOX expression is significantly
depleted in major tissues including liver, lung and skeletal muscle. Immunohistochemical
analyses of WWOX expression also validated WWOX deletion in bone tissues (Fig. 3c), a
major known tissue affected by WWOX ablation (Aqeilan et al., 2008). As shown in Fig. 3c,
the highest expression of WWOX in Wwoxflox/flox control mice is at the bone forming front
under the growth plate.

Phenotypic analysis of WwoxΔ/Δ mice
To assess phenotypic abnormalities of WwoxΔ/Δ mice, we compared them with those that
were reported previously in conventional Wwox−/− mice (Aqeilan et al., 2008; Aqeilan et
al., 2007c). Conventional Wwox−/− mice displayed growth retardation and postnatal lethality
due to a severe metabolic disorder mainly characterized by hypoglycemia (Aqeilan et al.,
2008). Similarly, we observed that WwoxΔ/Δ mice display significant growth retardation
(Fig. 3d) and die by three weeks of age also due to severe hypoglycemia (data not shown).

Another major phenotype in our previously reported conventional Wwox knockout mice
includes defects in bone formation; these mice display reduced bone mineralization (Aqeilan
et al., 2008). To further validate whether ablation of WWOX using our Cre-loxP strategy
harbors a similar bone phenotype, femoral bones of WwoxΔ/Δ and control mice were
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examined by X-ray and micro-computed tomography (μCT). Our analysis revealed that
femurs of WwoxΔ/Δ mice indeed display an osteopenic phenotype (Fig. 4).

Limbs of the WwoxΔ/Δ mice revealed not only a size difference proportional to the animal
weight, but radiography revealed that KO limbs exhibited a significant decreased density of
trabeculae bone and a thinner cortex compared with WT mice as also shown in Fig. 4a. The
three-dimensional μCT images of femur metaphysis in mice at day 14 showed reduced
cortical and trabecular bone parameters in WwoxΔ/Δ mice (Fig. 4a–c). The most significant
difference observed in WwoxΔ/Δ mice was in cortical bone thickness and area as well as
trabecular bone volume (p <0.001) (Fig. 4b, c). The quality of bone was severely
compromised by the increased porosity of cortical bone and decreased in connectivity
density in trabecular bone.

Consistently, histologic sectioning of limbs revealed fewer trabeculae in WwoxΔ/Δ mice
compared with WT (Fig. 5a). Careful histological analysis of the cells forming bone tissue
around trabeculae in WwoxΔ/Δ mice femurs revealed the presence of malignant appearing
cells in bone marrow of these mice (Fig. 5b). Pockets of cells on the bone surface were
characterized by increased nuclei, a marker of tumor cells, but were very few in number.
Given the complex phenotype of these mice and their death before weaning age, it will be
necessary to examine the specific effect of WWOX ablation in distinct bone cell populations
in future studies.

Discussion
The WWOX tumor suppressor is commonly deleted or altered in most human cancers (Del
Mare et al., 2011a; Del Mare et al., 2009; Salah et al., 2010). Many studies have shed light
on the fact that WWOX genomic or epigenetic alteration is associated with tumor
aggressiveness and/or patient survival. Therefore, there have been several attempts of our
lab and others to study WWOX loss in biology and pathology (Aqeilan and Croce, 2007;
Del Mare et al., 2011b). Animal models have been instrumental in the study of genes
involved in human cancer. Our studies were first to demonstrate targeted ablation of Wwox
in mice and the complex phenotype associated with it (Aqeilan et al., 2008; Aqeilan et al.,
2007c). This was followed by work of the Ludes-Meyers et al. who generated a
hypomorphic mouse model of Wwox in which shorter life span was shown (Ludes-Meyers et
al., 2007). Recently, mice carrying a conditional allele of Wwox, similar to our mice here,
were reported (Ludes-Meyers et al., 2009). Characterization of these mice confirmed our
initial observations of Wwox conventional knockout mice including, postnatal lethality due
to severe metabolic phenotype, growth retardation and bone growth defects. The present
study here also reports the generation and characterization of conditional knockout mice of
the Wwox allele and confirms that WWOX ablation leads to the deregulation of
osteoprogenitor cells in the bone marrow that transform into osteosarcoma like cells. Of
note, there have also been some differences and inconsistences in analyzing these mouse
models related to steroidogenesis defect and tumors resembling pre-osteosarcomas. We
believe that future detailed analyses of WWOX loss in specific tissues will contribute to a
better understanding of the role of WWOX in biology and tumorigenesis.

In conclusion, we have generated a mouse model with a conditional allele at the Wwox locus
(Wwoxfl/fl). Our analysis demonstrated that homozygous Cre-recombinase mediated deletion
of Wwox Exon 1 lead to complete ablation of WWOX expression. Loss of WWOX
expression by this approach resulted in early lethality of the mouse that informs a phenotype
similar to previously reported studies on Wwox targeted deletion. Wwoxfl/fl mice represent an
important tool for studying WWOX function in normal mouse physiology, such as studying
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Wwox specific ablation in mammary gland development (Abdeen et al., 2012), and adult
tissue specific tumorigenesis.
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Fig. 1.
Conditional targeted disruption of the Wwox gene. A: The Wwox genomic locus was altered
by inserting two loxp sites flanking Exon 1 and thus generating floxed-Wwox allele. A
targeting cassette containing chimeric sequences of Frt-PGK-NeoR-pA-Frt was inserted 5′ of
Exon 1. A 5′ or 3′ genomic probe (horizontal dark box) that recognized a 10 kb WT
fragment and a 6 kb targeted BglII fragment was used for genotyping by Southern blotting.
Three primers (arrows), a shared 5′ primer (E1), distinct 3′ primers that recognized wild type
locus (WT), and the other 3′ primers specific for targeting cassette (KO) allowed PCR
genotyping. B: Southern blot screening analysis of genomic DNA extracted from mouse
targeted ES cells and digested with BglII showing 3 positive clones (*). (C) PCR genotype
of gDNA extracted from mouse-tails showing the different genotypes. Mw, molecular
weight; WT, wildtype; HET, heterozugous; KO, knockout.
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Fig. 2.
Validation of WWOX expression in Wwoxfl/fl mice. A: Real-time PCR of mouse tissues
(liver, spleen, and testis) indicating expression of Wwox mRNA in homozygous Wwoxfl/fl

mice. B: Western blot analysis of mouse tissues (liver, spleen, and testis) with anti-WWOX
antibody showing presence of WWOX. GAPDH levels were used for normalization.
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Fig. 3.
Total Wwox ablation using EIIA-cre transgenic mice. Deletion of Wwoxfl/fl alleles was
validated using a general deleter mouse strain carrying the Cre-recombinase gene under
control of the adenoviral EIIA-promoter. A: Real-time PCR of mouse tissues isolated from
control Wwoxfl/fl (WWOX) and Wwoxfl/fl –EIIA-cre (WwoxΔ/Δ) mice. Ubc levels was used
for normalization. B: Western blot analysis of liver tissues using anti-WWOX antibody
showing deletion of WWOX in WwoxΔ/Δ mice. GAPDH levels were used for normalization.
C: Immunohistochemical staining of bone tissues using anti-WWOX antibody showing
absent WWOX expression (brown) in WwoxΔ/Δ mice. D: A photograph showing growth
retardation of WwoxΔ/Δ mice (right) as compared to Wwoxfl/fl control mice (left) at age 18
days.
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Fig. 4.
Delayed bone formation in WwoxΔ/Δ mice. A: Microcomputed tomography (μCT) three-
dimensional images of control (Wwoxfl/fl) and knockout (WwoxΔ/Δ) at 14 days old mice. Top
parts, representative image from the midsection of femur that shows less trabecular bone and
a delay in the secondary center of ossification in WwoxΔ/Δ mice; middle parts, cross-section
at mid-diaphysis shows thin cortical bone of WwoxΔ/Δ; Lower parts, μCT image of the
metaphysis region of Wwoxfl/fl and WwoxΔ/Δ femur at Day 14 showing less volume of
trabecular bone. B, C: Quantitation of selected cortical (B) or trabecular (C) bone formation
parameters from μCT data analyses as indicated. Parameters of control Wwoxfl/fl mice
(CTRL) are compared to those of WwoxΔ/Δ (CKO). P value is at least <0.05.
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Fig. 5.
Histologic detection of tumor-like cells in in WwoxΔ/Δ femorla bones. A: Toluidine blue
stained sections of demineralized femoral bones of 14-day-old mice showing less trabceulae
in WwoxΔ/Δ as compared to control mice. Growth plate and cartilage tissue within trabecular
bone spicules are identified by purple color. B: Histologic sectioning of femoral bone from
14 days old WwoxΔ/Δ mouse showing malignant osteoblasts.
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