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Abstract

Purpose Transgenic Cre lines are a valuable tool for conditionally inactivating or activating genes to understand their function.
Here, we provide an overview of Cre transgenic models used for studying gene function in bone cells and discuss their
advantages and limitations, with particular emphasis on Cre lines used for studying osteocyte and osteoclast function.

Recent Findings Recent studies have shown that many bone cell-targeted Cre models are not as specific as originally thought. To
ensure accurate data interpretation, it is important for investigators to test for unexpected recombination events due to transient
expression of Cre recombinase during development or in precursor cells and to be aware of the potential for germ line recom-
bination of targeted genes as well as the potential for unexpected phenotypes due to the Cre transgene.

Summary Although many of the bone-targeted Cre-deleter strains are imperfect and each model has its own limitations, their
careful use will continue to provide key advances in our understanding of bone cell function in health and disease.

Keywords Osteocyte - Osteoclast - Cre recombinase - Conditional knockout - Cre-loxP - Bone

Introduction

Transgenic Cre lines have been an extremely valuable tool for
conditionally inactivating or activating genes in bone cell lin-
eages in order to understand the function of these genes in
skeletal development, growth, remodeling, and disease.
Conditional gene deletion can be especially informative in
situations where global deletion of the gene is embryonic le-
thal (which is particularly problematical for bone research if
lethality occurs prior to formation of the skeletal elements) or
where postnatal lethality prevents researchers from examining
the function of the gene in the postnatal or adult skeleton.
Bone-specific Cre mouse models have also provided a pow-
erful tool for dissecting out the precise function of genes in
specific bone cell lineages [1-5]. Additionally, Cre models
have been used with great success for lineage tracing studies
in mineralized tissues [6—8]. This review provides an over-
view of the different types of Cre transgenic models that have
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been used for the study of gene function in bone and their
advantages and limitations. We have chosen to focus the re-
view on Cre lines used for studying osteocytes and osteo-
clasts, their limitations, and important considerations in using
them. Many of the guiding principles and limitations of these
Cre models are also applicable to working with the numerous
osteoblast-specific Cre mouse models that are also available.

The Cre-loxP System

The conditional gene inactivation or activation approach ex-
ploits the Cre-loxP system in which Cre recombinase (Cre) is
used to excise or invert “target” DNA sequences that have
been engineered to be flanked by two 34-bp DNA sequences,
termed loxP sites (reviewed in [9, 10]). Cre recombinase is a
38-kDa protein originally discovered in bacteriophage P1 [11]
that mediates site-specific intermolecular DNA recombination
between two loxP sites. Cre recombinase recognizes the loxP
sequences flanking a targeted DNA sequence and creates a
DNA loop. The Cre then excises or inverts the looped DNA,
depending on the orientation of the loxP sites (see Fig. 1). To
take advantage of this technology, a Cre-driver mouse strain is
first generated in which Cre expression is driven by a promot-
er that specifically targets the cell type of interest (e.g., osteo-
blast, osteocyte, or osteoclast). Conditional knockout or
knock-in (KI) animals are then generated by crossing the
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Fig. 1 The orientation of loxP sites determines whether Cre-mediated
recombination results in DNA excision, inversion, or translocation. The
paired loxP sites (orange triangles) have directionality and can be
engineered either on the same DNA strand (cis) or on different DNA
strands (trans). a Cre recombinase creates a DNA loop and excises the
intervening DNA between two LoxP sites placed in a cis arrangement and

Cre-driver strain with a second “floxed” mouse strain in which
a region of DNA is engineered to be flanked by “loxP” se-
quences. Depending on how the floxed gene locus is de-
signed, Cre-mediated DNA recombination will inactivate
(knockout) or activate a gene of interest or knock-in a desired
disease mutation. Cre-driver strains in which the Cre is driven
by a ubiquitous promoter can also be used to generate a global
gene knockout for comparison to tissue-specific knockouts. In
addition, Cre-driver lines can be used for lineage tracing when
crossed with reporter lines in which Cre-mediated recombina-
tion induces expression of a reporter such as lacZ [8] or a
fluorescent reporter [6]. When using such Cre-loxP reporter
models, it is important to keep in mind that, because the Cre-
mediated DNA recombination event is irreversible, positive
expression of the reporter does not necessarily mean that the
cell is currently or has been recently expressing Cre. Rather, it
means that the Cre transgene was expressed at some time
point in the cell’s life history, including in an earlier precursor
cell, for example during embryonic development. This ex-
plains why Cre-induced reporter models can often show a
wider tissue expression pattern than reporters that are directly
driven by the promoter and therefore only reflect current or
recent expression of the promoter. As will be demonstrated in
this review, it also explains why unexpected off-target gene
deletion or activation can sometimes occur in Cre-loxP
models.

Many of the earlier Cre-driver mouse lines used relatively
short promoter regions fused to Cre recombinase to drive its
expression. Larger bacterial artificial chromosomes (BAC) of
~200 kb that include additional promoter regulatory regions
for the gene of interest have also been used for Cre insertion to
provide more faithful Cre expression. In both of these ap-
proaches, the transgene is integrated randomly into the ge-
nome. While this approach has been valuable, there is the
potential for mis-expression or disruption of other important
genes, depending on the insertion site. An alternative strategy
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oriented in the same direction. b Cre inverts the DNA sequence between
two LoxP sites placed in a cis arrangement and oriented in opposite
directions. ¢ Cre-mediated recombination between loxP sites on two
different DNA strands (trans) results in translocation of the DNA
segments flanking the loxP sites (modified from Kuhn and Torres [82]
and Bouabe et al. [10])

is to use gene targeting by homologous recombination in em-
bryonic stem cells. This has recently been superseded by using
clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9 (CRISPR/Cas9) technology.
With both these approaches, the Cre recombinase is expressed
using the endogenous gene promoter, which gives more faith-
ful Cre expression, but insertion of the Cre recombinase is
likely to disrupt expression of the gene, creating a null allele.
Therefore, this strategy is less useful where haploinsufficiency
of the gene results in a baseline phenotype in the absence of
any floxed transgene. The bone field has readily embraced
Cre-loxP approaches, resulting in the generation of numerous
Cre-driver strains specific for osteoblast, osteocyte or osteo-
clast cell lineages that fall into the above categories. In addi-
tion, many floxed mouse lines have been developed in which
DNA sequences for genes important in bone cell function
have been flanked by loxP sites. The following sections will
review Cre-transgenic mice used for the study of osteocytes
and osteoclasts.

Cre Transgenic Mice Used for Studies
in Osteocytes

Osteocytes were previously viewed as inactive cells.
However, in the past 15 years they have come to the forefront
of bone research and are now known to have diverse functions
in the skeleton, including regulation of osteoblast and osteo-
clast activity, mechanosensation, and regulation of phosphate
homeostasis (reviewed in [12, 13]). Several marker genes are
highly expressed in osteocytes, all of which are candidate
promoters for generating transgenic Cre lines. These include
among others, dentin matrix protein-1 (Dmpl) and E11/gp38
(a.k.a. podoplanin), which are expressed in the early osteo-
cyte, and sclerostin (encoded by the Sost gene), which is
expressed in mature osteocytes (reviewed in [12, 13]). The
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most widely used Cre transgenic lines for conditional in vivo
gene deletion in osteocytes have used various versions of the
Dmp1 promoter to drive Cre recombinase expression. These
include a 10-kb Dmp1-Cre mouse [14], an 8-kb Dmp1-Cre
mouse [1], and more recently, a tamoxifen-inducible
10kbDmp1-Cre-ERT2 transgenic line for deletion of genes
in osteocytes in an inducible (time-dependent) manner [15].

The 10-kb Dmp1-Cre model has been used for osteocyte-
specific deletion of numerous important regulatory molecules
in the skeleton. It is not possible to describe all here, but some
interesting examples include [3-catenin [16, 17], Rankl [18,
19], and Fgfrl [2]. This work has revealed a key role for
osteocyte (3-catenin signaling in maintaining bone mass [17]
and in mechanical responses to loading [16] and has also
shown that osteocytes are a key source of RANKL for osteo-
clast formation in postnatal bone remodeling [ 18] as well as in
bone loss in secondary hyperparathyroidism induced by die-
tary calcium deficiency [19]. Deletion of Fgfrl in osteocytes
using Dmp1-Cre showed a dramatic reduction in FGF23 ex-
pression and serum FGF23 concentrations, suggesting an im-
portant role for osteocyte FGFR1 signaling in phosphate reg-
ulation [2]. An example of the 10-kb Dmp1-Cre being used
for gene activation is from the study of Chen et al. [20], in
which [3-catenin was constitutively activated in osteocytes by
crossing Catnb+/lox(exon 3) mice with the 10-kb Dmp1-Cre
mice. These mice showed increased cancellous bone mass, but
surprisingly showed reduced bone strength due to cortical
thinning and increased cortical porosity. The 8-kb Dmp1-Cre
model has been used for osteocyte-specific deletion of
connexin 43 (Cx43) [1, 21]. This work revealed a key role
for this gap junction protein in osteocyte survival and in con-
trolling osteoblast and osteoclast activity via regulation of
sclerostin and osteoprotogerin levels [1], as well as a negative
regulatory role in bone mechanoresponsiveness.

Based on earlier studies, Dmp1 expression was thought to
be mainly restricted to preosteocytes, osteocytes, odonto-
blasts, and some pulp cells. These reports included studies
examining expression of Dmp/ mRNA and protein [22, 23]
and expression studies using lacZ knocked in to the Dmp1
locus or lacZ or GFP driven by various Dmp promoter frag-
ments [14, 22, 24]. In their original paper describing the 10-
kb-Dmp1-Cre mouse using a ROSA26R-LacZ reporter mod-
el, Lu and colleagues reported Cre expression in osteocytes
and odontoblasts postnatally, but saw little or no Cre expres-
sion during embryonic development and did not report nota-
ble off-target expression in other tissues [ 14]. However, recent
studies using more sensitive TdTomato reporter lines crossed
with Dmp1-Cre models have shown that Cre-mediated recom-
bination may also occur in other cell types, leading to con-
cerns about off-target effects [25+¢, 26]. Kalajzic and
colleagues used a reporter line, termed Ai9, which carries
the Rosa-CAG-LSL-tdTomato-WPRE conditional allele
(Jackson labs, #007905) in which Cre-mediated recombination
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causes activation of TdTomato expression. Using this reporter,
they showed expression of Dmp1-Cre in osteoblasts, skeletal
muscle, a few cells within bone marrow, and in subsets of cells
in brain and kidney [25¢¢]. The 8-kb Dmp1-Cre model showed
a similar expression pattern, but with slightly less expression in
osteoblasts. Lim and colleagues, using the same TdTomato
reporter line [26], showed similar off-target Dmp1-Cre expres-
sion and reported expression in a subset of gastric and intestinal
mesenchymal cells. They further showed that deletion of the
type IA BMP receptor using Dmp1-Cre resulted in the forma-
tion of polyps in the gastrointestinal tract, showing that Dmp1-
Cre-mediated recombination caused an off-target phenotype.
Studies in our own laboratory using the Ai9 TdTomato reporter
line have shown Dmpl-Cre expression in some osteoblasts,
skeletal muscle, a subset of cells in the marrow, stomach, small
intestine, skin, brain, eye, and an even more restricted subset of
cells in the lung and kidney (see Fig. 2). Unlike skeletal muscle,
there was negligible expression in heart muscle and lung was
also negative.

Off-target Cre-mediated DNA recombination may be con-
struct-dependent, since some floxed loci seem to be less effi-
ciently recombined by Cre than others [27]. For example,
Gorski and colleagues used the 10-kb Dmp1-Cre to delete
Mitbpsl in osteocytes and showed effects on muscle size and
contractility in the absence of any detectable reduction of
MTBPSI protein in muscle [28]. Detection of off-target Cre
activity may also be dependent on the sensitivity of the report-
er system. For example, lacZ-based reporters appear generally
less sensitive than fluorescence-based reporters. Some of the
highly sensitive Cre reporter lines, such as the Ai9 TdTomato
reporter strain described above, may be exquisitely sensitive
to trace amounts of Cre expression that are not sufficient to
delete other floxed transgenes. Therefore, using these reporter
models likely indicates a “worst case scenario” of where the
off-target expression could occur, which may end up being
less extreme with other floxed constructs.

As an approach to overcome off-target Cre expression, in-
ducible Cre models can be very useful. This allows the inves-
tigator to induce Cre expression at a specific time, in a tissue-
specific manner. Powell and colleagues developed a
tamoxifen-inducible Dmp1-Cre transgenic line (10kbDmp]1-
Cre-ERT2) [15]. In this model, the Cre is theoretically induced
only in cells expressing Dmp1 at the time of the tamoxifen
treatment. This model was shown to have a much more re-
stricted expression pattern compared to the 8- and 10-kb
Dmp1-Cre mice, with robust expression in osteocytes and
minimal expression in osteoblasts, especially at lower doses
of tamoxifen. There was no detectable Cre activity in muscle
[15, 25¢¢]. Although advantageous for some applications, in-
ducible models are not without their own limitations. Doses of
inducer agents, such as tamoxifen, must be carefully
optimized to avoid effects on bone formation and resorption.
Also, some amount of “leaky” expression often occurs in the
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Fig. 2 Tissue distribution of 10-kb-Dmp1-Cre Expression Revealed by
the Ai9 TdTomato Reporter Mouse [red = TdTomato, blue = DAPI
nuclear stain]. a Low-power image of the cut face of the tissue block
showing the femur from a 2-week-old 10-kb Dmp1-Cre(+) mouse
compared to a Cre(—) littermate. Both mice carry the Ai9 TdTomato
reporter. Note that even without fluorescence illumination, the muscle
tissue in the Cre(+) mouse appears red, suggesting muscle expression of
10-kb Dmp1-Cre. b Fluorescence images showing TdTomato reporter
expression in 10-kb Dmp1-Cre(+) mice and Cre(—) littermates which
both carry the Ai9 TdTomato reporter. Note the lack of baseline
TdTomato expression in Cre(—) mice. In bone tissues in Imo and 2mo
femur, expression is seen in osteocytes (OCY) and in the osteoblast layer
(OBL). Strong expression is also seen in muscle fibers and in a subset of
cells in the marrow. ¢ Soft tissue panel, including stomach, intestine, skin,

absence of the inducer. This was shown to be the case in the
10kbDmp1-Cre-ERT2 model using the Ai9 TdTomato report-
er, where a small proportion of osteocytes (10-20%) showed
Cre activity in 3—4-week-old mice without tamoxifen treat-
ment [25¢¢]. Also, the inducible Dmp1-Cre model may not
hit mature osteocytes that have already progressed past ex-
pressing Dmpl at the time of the tamoxifen injection.
Therefore, the osteocyte population as a whole may only be
“deficient” in the gene rather than achieving a complete
knockout. The degree of leaky expression and Cre-mediated
recombination appears to be both age- and construct-depen-
dent. In a recent study, Kang and co-workers used the
10kbDmp1-Cre-ERT2 to delete [3-catenin in osteocytes in
skeletally mature mice [29]. An approximately 40% reduction
in -catenin expression was seen in cortical bone in the
10kbDmp1-Cre-ERT2/p-catenin™™ mice at 18 weeks even
without tamoxifen treatment, suggesting significant leaky

brain, and eye showed significant TdTomato reporter expression in 10-
kb-Dmp1-Cre(+) mice compared to Cre(—) littermates. All mice carry the
Ai9 TdTomato reporter. Inset shows a higher power view of TdTomato
positive areas in brain. Bars =200 pm. d Lung and kidney showed a low
level of TdTomato reporter expression in 10-kb Dmp1-Cre(+) mice
compared to Cre(—) littermates. The expression was seen in only a
small subset of cells within the tissue. All mice carry the TdTomato
reporter. Insets show higher power views of the TdTomato positive
cells. Bars =200 pum. e Heart and liver showed no detectable TdTomato
reporter expression in either the 10-kb-Dmp1-Cre(+) mice or Cre(—)
littermates. Bars =200 pum. Similar results as those depicted (a—e) were
seen in tissues from mice at all ages examined (2 weeks and 1, 2, and
6 months)

expression of the Cre transgene. Tamoxifen injection induced
further gene deletion, resulting in an 80% reduction in 3-
catenin expression. This adult-onset reduction in osteocyte
[3-catenin expression by about 80% was associated with re-
duced skeletal mass but no impairment in the periosteal bone
anabolic response to applied mechanical loading of the ulna.

For targeting the mature osteocyte, the most obvious
osteocyte-specific marker gene is Sost, which encodes the
protein sclerostin and is expressed in mature osteocytes but
not osteoblasts and lining cells [30]. Xiong and colleagues
generated a Sost-Cre transgenic line by inserting Cre
recombinase into the second exon of the murine Sost gene
using a BAC clone [3]. Using this line crossed with the Ai9
TdTomato reporter, they observed recombination in osteo-
cytes but not osteoblasts or lining cells. Although this promot-
er showed greatly improved osteocyte specificity among cells
in the osteoblastic lineage, surprisingly, some recombination
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was observed in osteoclasts on the bone surface and about 90%
of the bone marrow cells expressed TdTomato. Their data further
suggested that Sost-Cre was expressed in an early hemopoietic
progenitor. This provides an explanation for recombination oc-
curring in osteoclasts, which are of hemopoietic origin. These
investigators used the Sost-Cre strain to delete 7Tnfsf1/ (the gene
encoding RANKL) in osteocytes, while avoiding deletion in
osteoblasts or lining cells. Their data showed that Sost-Cre-
mediated deletion of Tnfsfl1] resulted in increased cancellous
bone mass and mimicked the phenotype obtained by deletion
of Tnfsf11 using Dmp1-Cre, providing further evidence that os-
teocytes rather than osteoblasts or lining cells provide a critical
source of RANKL to support osteoclast formation for cancellous
bone remodeling. Overall, while osteocyte-targeted Cre models
have provided exciting insights into the biology of these unique
cells, the advantages and disadvantages of each model must be
considered when using them and when interpreting the data. A
summary of osteocyte-targeted Cre models and their advantages
and disadvantages is provided in Table 1. In addition to these
models, an inducible SOST-Cre-ERT?2 strain has recently been
developed and may soon be available to mineralized tissue re-
searchers [31].

Although not the main focus of this review, a number of
Cre-transgenic lines have also been developed for gene dele-
tion in osteoblasts. These include, but are not limited to,
osterix-Cre (Osx-Cre) [32] osteocalcin-Cre [4], Runx2-Cre
[33], and transgenic lines in which Cre is driven by various
fragments of the type I collagen promoter with or without
tamoxifen induction [7, 34, 35]. These Cre lines have their
own advantages and limitations similar to those described
above for osteocyte-Cre models. Particularly noteworthy, is
the Osx-Cre model, which was shown to have off-target ex-
pression in stromal cells, adipocytes, perivascular cells in
bone marrow, olfactory glomerular cells, and a subset of gas-
tric and intestinal epithelial cells [36]. The Osx-Cre model was
also shown to exhibit unexpected skeletal phenotypes of de-
layed calvarial ossification and multiple fracture calluses,
which could complicate bone studies performed using these
mice [37¢¢, 38]. This phenotype occurred with the Osx-Cre
transgene alone (i.e., without crossing to any floxed mouse
strain). It is also important to keep in mind that Cre models
that are targeted to osteoblasts will actually delete genes in
both osteoblasts and osteocytes, since osteocytes are terminal-
ly differentiated osteoblasts. Therefore, phenotypes obtained
using osteoblast-specific Cre-driver lines can be due to dele-
tion of the gene in osteoblasts, osteocytes or both.

Cre Transgenic Mice Used for Studies
in Osteoclasts

Targeting gene deletion to the osteoclast lineage can provide
key insights into the molecular mechanisms of osteoclast
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formation and function and their role in regulating bone mass
in vivo under physiological and pathological conditions. A
number of Cre transgenic lines have been developed as tools
to investigate gene functions in osteoclasts. In general, these
can be divided into Cre drivers that target the mature osteo-
clasts (cathepsinK, TRAP) and those that target earlier steps in
the osteoclast lineage (e.g., myeloid lineage).

The most widely used Cre transgenic mouse line for the in
vivo study of osteoclasts is the CathepsinK (CtsK)-Cre knock-
in (KI) mouse [39]. In this line, selectivity of Cre expression in
osteoclasts is thought to be reliable because the Cre gene is
knocked into the CtsK gene locus, a well-accepted mature
osteoclast marker gene. In spite of its many advantages, re-
searchers using this transgenic line need to be aware that a
study by Winkeler and colleagues has shown Cre activity in
the testis and ovary in these mice [40¢¢]. Our laboratory has
also observed germ line deletion on the C57BL/6 and 129Sv
mixed background (YU, personal communication). Thus, it is
possible that the targeted (floxed) genes may be deleted in the
germ line, which can potentially cause systemic deletion of
target genes. However, some studies suggest that this germ
line deletion of target genes occurs in a gene- or gender-
dependent manner or only under certain genetic or environ-
mental conditions. For example, when genes essential for de-
velopment are deleted using this Ctsk-Cre KI line, embryonic
lethality is avoided in the cases of PI3Ks and Racl/2 [5, 41,
42]. Routine genotyping by PCR with genomic DNA isolated
from non-bone tissues with a primer set that distinguishes the
deleted allele of the target gene from the wild-type and floxed
alleles is therefore essential to identify any mice that
underwent unexpected germ line deletion. It is also important
to keep in mind that because the CtsK-Cre mice are KI mice,
endogenous cathepsin K expression is disrupted. Since com-
plete deficiency of Ctsk leads to an osteopetrotic phenotype in
these mice [43—47], generation of conditional knockout mice
under a homozygous CtsK-Cre/CtsK-Cre KI background
must be avoided. Also, mice on a heterozygous KI (Ctsk-
Cre/+) background should be used as controls. Homozygous
and heterozygous Ctsk-Cre K1 alleles can be distinguished by
PCR [40e].

Ctsk-Cre-KI mice have been used to delete numerous
genes in mature osteoclasts. Although it is not possible to
review all here, some notable examples include estrogen
receptor-o« (ER ) [39], BelxL [48], and dicer [49]. This work
has revealed a key role for osteoclast ER« signaling in fe-
males in maintaining bone mass through promoting osteoclast
apoptosis [39]. BelxL, which is normally known as an anti-
apoptotic factor, was shown to have an unexpected role in
osteoclasts to promote osteoclastic bone resorption through
upregulation of c-Src and decreased ECM production [48].
Osteoclast-targeted deletion of dicer resulted in increased
bone mass due to suppression of bone resorption. This re-
vealed a previously unknown role for this protein, important
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Table 1

Comparison of osteocyte-targeted Cre models

Cre Model

Targeted cells

Advantages

Limitations

Ref

10-kb Dmp1-Cre
(overexpression)

8-kb Dmp1-Cre
(overexpression)

10kbDmp1-Cre-ERT2
(inducible
overexpression)

SOST-Cre
(overexpression/
BAC construct)

Early and mature osteocytes,
preosteocytes, odontoblasts,
some pulp cells

Early and mature osteocytes,
preosteocytes, odontoblasts,
some pulp cells

Early and mature osteocytes,
preosteocytes, odontoblasts,
some pulp cells

Mature osteocytes

* Can be used to determine
gene function in early and
late osteocytes

* Robust expression and
efficient recombination

* Available from JAX

* Can be used to determine
gene function in early and
late osteocytes

* Robust expression and
efficient recombination

* Can be used to determine
gene function in early
and some late osteocytes

* Inducible to avoid effects
of gene deletion during
development/growth

* No off-target expression in
muscle and much less off
target Cre expression in
other tissues compared to
8- and 10-kb Dmp1-Cre models

* Fairly robust expression
and efficient recombination

* Available from JAX

* Construct made using Sost
gene within a BAC clone
for more faithful expression

* Can be used to determine
gene function in mature
osteocytes

* 10-kb fragment of
Dmp1 promoter

* Potential for off-target
Cre-mediated recombination
in osteoblasts, muscle and
several soft tissues

* 8-kb fragment of Dmp1
promoter

* Potential for off-target
Cre-mediated recombination
in osteoblasts, muscle, and
some soft tissues

* 10-kb fragment of Dmp1
promoter

* Some degree of “leaky”
expression without tamoxifen
induction

* Tamoxifen dose must be
optimized to avoid effects
on bone

* Mature osteocytes that have
progressed past expressing
Dmp1 at the time of tamoxifen
treatment may escape
gene deletion

* Potential for off-target
Cre-mediated recombination in
hemopoietic cells/osteoclasts
and possibly other soft tissues

[13]

(1]

[15]

(3]

* No off-target expression in
osteoblasts or muscle

JAX the Jackson laboratory

in generation of siRNAs and miRNAs, in regulating osteoclast
differentiation and function. Other CtsK-Cre lines have also
been reported that are not knock-in lines, but based on Ctsk-
Cre transgenic overexpression [50, 51]. These have been used
for deletion of Fcgr4 [52], Vdr [53], and Pstpipl [54] and
have shown roles for these genes in osteoclasts in physiolog-
ical and pathological conditions.

Tartrate-resistant acid phosphatase (TRAP) is another ma-
ture osteoclast marker gene that is strongly induced during
osteoclastogenesis. Two TRAP-Cre overexpression transgen-
ic lines have been created as models for osteoclast-specific
Cre recombination [50, 55]. One of these lines has been used
for deletion of Ilk [55], NfI [56], and Pdgfb [57] genes in
osteoclasts. These studies revealed a role for //k in regulating
osteoclast resorptive activity but not differentiation and
showed a mild bone phenotype of reduced tibial bone perim-
eter and reduced bone marrow cavity diameter in mice with

osteoclast-targeted NfI deletion. Osteoclast-specific deletion
of Pdgfb revealed a previously unknown role for osteoclast-
derived PDGF-BB in regulating blood vessel formation dur-
ing bone formation. However, off-target Cre activity was de-
tected in chondrocytes in one of these TRAP-Cre-deleter
strains and some expression of Cre mRNA was detected in
colon, liver, kidney and testes, depending on the founder line
[50]. Therefore, a more thorough evaluation of off-target
TRAP-Cre expression in non-bone tissues is needed to con-
firm the selectivity of the TRAP promoter in osteoclasts in
vivo in these models.

One of the most widely used mouse lines for targeting
earlier stages in the osteoclastic lineage is the LysM-Cre
knock-in mouse in which Cre recombinase is targeted into
the endogenous lysozyme M (LysM) locus [58]. Thus, similar
to the CtsK-Cre KI mouse described above, endogenous
LysM expression is disrupted. The popularity of this Cre line
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is partly due to the fact that LysM-positive macrophages are
precursors of osteoclasts and that the mice are available from
The Jackson Laboratory (#004781). The Cre activity in LysM-
Cre KI mice is restricted to the myeloid cell lineage [58], but is
also observed in neurons [59]. Deletion of various genes such as
Syk in bone marrow-derived macrophages using LysM-Cre has
been reported [60, 61]. For in vivo studies, careful attention
should be given to the fact that the Cre is expressed in cells other
than osteoclast precursor cells, including mature macrophages,
monocytes, and neutrophils. While LysM is highly expressed in
myeloid lineage cells, it was reported that deletion of the Nfazc!
gene did not occur in bone marrow-derived macrophages in
Nfatcl floxed mice crossed with LysM-Cre mice and that these
mice do not show abnormal skeletal phenotypes [62]. These
results suggest that the deletion efficiency may be dependent
on the type of floxed allele; therefore, target gene deletion always
needs to be confirmed when using LysM-Cre mice in osteoclast
studies. Unsuccessful or inefficient deletion of the target gene
with heterozygous LysM-Cre KI mice can be overcome on a
homozygous LysM-Cre KI background (YU, personal experi-
ence), which can be distinguished from wild-type and heterozy-
gous LysM-Cre alleles by PCR [63]. In these cases, mice that are
wild-type for the target gene on a homozygous LysM-Cre KI
background should be used as controls. There have been no
reports showing a skeletal phenotype in hetero- or homozygous
LysM-Cre KI mice in the absence of a floxed target gene. The
CtsK-Cre KI and LysM-Cre KI lines were used for the etiolog-
ical study of rare bone disorders such as Hajdu-Cheney syn-
drome and cherubism [60, 64]. These studies have shown that
accumulation of NOTCH2 protein in osteoclasts and increased
activation of SYK by accumulation of SH3BP2 protein in mye-
loid lineage cells are responsible for the bone phenotypes,
respectively.

Receptor activator of nuclear factor-kB (RANK) is expressed
in a premature macrophage population [65], and RANK-Cre KI
mice have been used as another deleter strain for osteoclasts that
is more specific to the osteoclast lineage [66]. Endogenous
RANK expression is likely not abrogated in the mice because
the GFP-Cre cassette is inserted into the 3’ UTR of the Rank
gene. Analysis using a reporter mouse crossed with the
RANK-Cre mice revealed that Cre activity is found in osteoclast
lineage cells [66], and that genes such as Dnmt3a [67], Ahr [68],
and Ror2 [66] were successfully deleted in osteoclasts. These
studies showed important roles for these genes in osteoclast pre-
cursors in regulating bone mass. However, a drawback is that
RANK is also expressed in various cell types other than hema-
topoietic cells. Therefore, attention should be given to potential
off-target effects in other cells [41].

Several other myeloid-targeted Cre expressing strains have
been developed [69]. Previous studies using CD11b-Cre mice
showed that genes were successfully deleted in the osteoclast
lineage [70-73], although Cre activity can also be detected in
T cells, B cells, dendritic cells, neutrophils, mast cells, NK
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cells, basophils, and eosinophils in CD11b-Cre overexpres-
sion transgenic mice [69, 74]. Therefore, this mouse line does
not specifically target the osteoclasts. Other myeloid-selective
Cre transgenic lines on an FVB background have been devel-
oped, and could potentially be useful for gene deletion in
osteoclasts, although there are not yet any reports of
osteoclast-related studies using these lines. Cre is expressed
under control of a 7.2-kb fragment of the colony stimulating
factor 1 receptor (Csf1r) promoter in Csflr-iCRE mice for
constitutive Cre expression [75] and Csflr-Mer-iCre-Mer
mice for tamoxifen-inducible Cre expression [76]. These
strains are available from the Jackson laboratory (#021024
and 019098, respectively). A summary of osteoclast-targeted
Cre models and their advantages and disadvantages is provid-
ed in Table 2.

Designing Appropriate Controls when Using
Cre-Mediated Recombination

When using Cre-loxP models for gene activation or inactivation,
careful consideration of the appropriate control genotypes is im-
portant in order to accurately attribute phenotypic differences to
the gene activation or inactivation rather than other factors. In
general, controls carrying the floxed gene but negative for Cre
are often used. However, in many cases, it is important to also
include controls expressing Cre but without the floxed gene. This
is particularly important for models where the Cre is knocked in
to the endogenous gene locus and therefore inactivates one or
more alleles of the gene (e.g., the CtsK-Cre KI model described
above [39]). For inducible Cre expression models, it is critical to
include controls with an identical genotype to the experimental
animals (e.g., carrying the floxed allele and positive for the in-
ducible Cre transgene) but treated with vehicle instead of the
inducing agent. This controls for any leaky expression of the
Cre recombinase that may occur even in the absence of the
inducer. Ideally, littermates should always be used to make ac-
curate comparisons and offspring from more than one set of
parents should be evaluated. In some cases, investigators have
combined conditional knockout mouse models with global
knockouts, such that one allele of the gene of interest is globally
deleted and the other allele is floxed. Therefore, Cre recombinase
in the target tissues only needs to delete one allele of the gene to
achieve a complete gene knockout in the target cells. In this type
of model, the appropriate controls would be Cre-negative mice
with one globally deleted and one floxed allele of the target gene.

Summary and Conclusions

It is clear from the above discussion that caution must be used
when employing any tissue-specific Cre model. As more stud-
ies are performed using these Cre models, it is becoming
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Table2 Comparison of Cre Mouse lines used in osteoclast studies
Cre model Targeted cells Advantages Limitations Ref
CtsK-Cre KI Mature osteoclasts * Knocked in to CtsK locus, « CtsK gene is knocked out [39]
(knock-in) so Cre expression under control by Cre insertion
of authentic expression machinery « Potential for deletion in
germ line cells
CtsK-Cre Mature osteoclasts » Tamoxifen-inducible * 5.0-kb fragment of the [50, 51]
(overexpression Cre expression [51] CtsK promoter [50]
and inducible * 3.48-kb fragment of the
overexpression) CtsK promoter [51]
 Tamoxifen dose must be
optimized to avoid effects
on bone [51]
TRAP-Cre Mature osteoclasts * Promoter is * 0.62-kb fragment of the TRAP [50, 55]
(overexpression) well-characterized [77] promoter [50, 78]
* 1.8-kb fragment of the TRAP
promoter [55, 77].
« Potential off-target expression
in chondrocytes [50].
* No successful report of gene
deletion using one of
the lines [41]
LysM-Cre KI Myeloid lineage cells » Knocked in to LysM locus, » LysM gene is knocked out by [58]
(knock-in) so Cre expression under control Cre insertion
of authentic expression machinery « Off-target expression in
* Available from JAX neutrophils [58] and neurons [59]
RANK-Cre KI Osteoclast precursors » Knocked in to RANK locus, so « Off-target expression in a subset [66]
(knock-in) Cre expression under control of of intestinal epithelial immune
authentic expression machinery cells [79, 80] and neurons [81]
* RANK gene expression is not
disrupted by Cre insertion
CDI11b-Cre Macrophages and » Cell types with off target expression * 1.7-kb fragment of the CD11b [74]
(overexpression) granulocytes are characterized [69] promoter [74]
« Off-target expression in other types
of immune cells [69]
Csflr-Cre Monocyte/macrophage » Tamoxifen-inducible Cre * 7.2-kb fragment of the Csflr [75,76]

(overexpression
and inducible
overexpression)

lineage cells

expression [76]
* Available from JAX

promoter [75]

» Tamoxifen dose must be optimized
to avoid effects on bone [76]

* No report of using the lines in
osteoclast studies

JAX the Jackson laboratory

increasingly apparent that many tissue-specific Cre models are
not as specific as originally thought and that different loxP-
flanked alleles may vary in their recombination efficiency
when crossed with the same deleter strain [9]. Accurate data
interpretation with these models is dependent on a complete
understanding of the tissue specificity for Cre expression.
Investigators should always confirm that the desired DNA
recombination has occurred in the target cells and that the
targeted gene has been activated or inactivated. In addition,
other tissues should be examined to determine whether off-
target recombination has occurred in other cell types or

whether there was any germ line recombination. This should
be performed for each floxed strain and for different genetic
backgrounds. It should be done by a combination of PCR on
the genomic DNA to detect the recombined DNA sequence
and qPCR or western blotting to confirm whether mRNA or
protein expression levels of the target gene are altered in
targeted and non-targeted tissues. Additional information on
how to evaluate Cre transgenic lines and avoid problems when
using them is provided in an excellent review by Song and
Palmiter [9]. While off-target Cre expression does not neces-
sarily negate the results of conditional knockout experiments,
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it must factor into a more nuanced interpretation of the data.
Off-target Cre expression may also be less important when the
floxed gene being deleted has a restricted expression pattern as
compared to genes that are widely expressed in other tissues (for
example, if the targeted gene is not normally expressed in a
particular tissue, Cre-mediated recombination will likely have
negligible effect in that tissue). It is increasingly apparent that
few to none of the above osteocyte, osteoblast or osteoclast-
targeted Cre-deleter strains are perfect. Each model has its own
limitations, but these models still provide a powerful tool for
interrogating bone cell biology and function.
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