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Abstract

The Cre/Lox system has revolutionized the ability of biomedical researchers to ask very specific 

questions about the function of individual genes in specific cell types at specific times during 

development and/or disease progression in a variety of animal models. This is true in the 

skeletal biology field, and numerous Cre driver lines have been created to foster conditional gene 

manipulation in specific subpopulations of bone cells. However, as our ability to scrutinize these 

models increases, an increasing number of issues have been identified with most driver lines. All 

existing skeletal Cre mouse models exhibit problems in one or more of the following three areas: 

(1) cell type specificity—avoiding Cre expression in unintended cell types; (2) Cre inducibility

—improving the dynamic range for Cre in inducible models (negligible Cre activity before 

induction and high Cre activity after induction); and (3) Cre toxicity—reducing the unwanted 

biological effects of Cre (beyond loxP recombination) on cellular processes and tissue health. 

These issues are hampering progress in understanding the biology of skeletal disease and aging, 

and consequently, identification of reliable therapeutic opportunities. Skeletal Cre models have 

not advanced technologically in decades despite the availability of improved tools, including 

multi-promoter-driven expression of permissive or fragmented recombinases, new dimerization 

systems, and alternative forms of recombinases and DNA sequence targets. We review the current 

state of skeletal Cre driver lines, and highlight some of the successes, failures, and opportunities 
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to improve fidelity in the skeleton, based on successes pioneered in other areas of biomedical 

science.
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An effective way to understand the function of a particular gene of interest (GOI) on 

an organ system, physiologic process, developmental checkpoint, or disease initiation/

progression, is to disrupt or extinguish the expression of that gene and study the 

consequences on the relevant biology. For many studies in skeletal biology, an intact 

postnatal skeleton is required to make meaningful observations regarding the skeletal 

effects of a particular gene’s absence on disease or bone cell behavior, which poses a 

significant problem if disruption of the GOI causes early lethality. It is not uncommon for 

such a case to emerge in skeletal biology studies, as many of the genes that are relevant 

to the skeletal biology community can play significant roles in other tissues and can be 

critical to the embryonic developmental processes or postnatal survival. Fortunately, tools 

have been developed to allow selective deletion of GOIs in select cell/tissue types, while 

other cell/tissue types within the same mouse are spared of gene disruption. This strategy 

can allow critical processes necessary for life to carry on, while targeted deletion of the 

GOI can be restricted to the skeleton, where the effects can be studied in an otherwise 

healthy mouse. Known as the Cre/Lox system, this approach has revolutionized the ability 

of biomedical researchers to ask very specific questions about the function of individual 

genes in particular cell types at crucial times during development and/or during disease 

progression in mammalian models.

The Cre/Lox system has at its core a different strategy for gene disruption than the 

“global” or “germline” deletion strategy described above. Rather than modifying the GOI 

sequence in a manner that makes it immediately dysfunctional (e.g., introducing a frameshift 

mutation, removal of critical exons, introducing stop codons, among others) in every cell, 

alternatively, the gene can be modified in a manner that takes advantage of the fact that, 

unlike prokaryotes, eukaryotes have long stretches of non-protein-coding DNA sequence—

known as introns—interspersed between the shorter islands of coding sequence (exons). 

Introns are transcribed in the immature mRNA but they are quickly spliced out by RNA 

processing machinery, and the exons are joined together, prior to protein translation in the 

ribosome. The presence of introns provides an opportunity to alter DNA sequence within 

the GOI without altering the ultimate amino acid sequence of the resulting protein. This 

might seem pointless, since modifying the introns achieves nothing in terms of altering the 

function of the gene (i.e., the eventual protein is not changed). But as we discuss below, 

these intron modifications provide a “trojan horse” that can be selectively manipulated, in 

both space and time, to dramatically affect gene function. To gain some sense of perspective 

for intron modification opportunities, in the human genome the average gene has ~9 exons 

and ~8 introns, but the vast majority of exons are less than 200bp in length, whereas the 

most introns are several thousand bp in length, and 10% of introns are >10kbp long.(1)
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What type of intronic modifications can achieve selective deletion/disruption of a GOI, if 

they do not contribute to coding differences in the protein? Introducing a pair of specific, 

short DNA sequences (34 bp in length, known as the locus of X-over P1 [LoxP] sequence) 

into the intronic regions of a gene can provide the “trojan horse” function indicated above, 

where one LoxP sequence is added to each of two introns (Fig. 1). The addition of loxP sites 

into the introns that flank crucial exons of a GOI is known as “floxing” a gene, and although 

the floxed allele is usually only slightly different (i.e., longer by 34 bp X 2 = 64 bp different) 

than the WT allele, floxed alleles can usually be distinguished from WT alleles by specific 

PCR reactions on genomic DNA. Transcript expression levels of floxed and WT alleles 

should be indistinguishable if the recombineering is done properly (LoxP-containing introns 

are spliced out of the mature mRNA), so gene expression assays (e.g., qPCR) conducted 

on mature RNA are usually uninformative in differentiating WT from floxed alleles in their 

unrecombined state. The rationale for choosing which introns to target for LoxP addition, 

for any particular GOI, is beyond the scope of this review, but very briefly it is based on 

ensuring that crucial exons for the gene’s function are between the two LoxP sites, and 

placement of the LoxP sites does not disturb intronic elements such as the branchpoint 

sequence and polypyrimidine tract. The LoxP sequences have several key properties, when 

engineered properly into a gene:

1. They do not interfere with the targeted gene’s function. Here, introduction of 

LoxP sequences into the two introns, if done correctly, has no measurable effect 

on expression of the gene into which they were introduced (Fig 1). In other 

words, expression of the “floxed” allele should exhibit the same expression 

profile as the wild-type allele. Because the LoxP-containing introns are spliced 

away during mRNA processing, the mature mRNA is identical between the WT 

and floxed alleles, and therefore the protein product should be identical.

2. They are highly susceptible to recognition by a restriction enzyme know as Cre 

(Cyclization Recombination Enzyme) derived from the E. coli bacteriophage P1. 

Cre selectively recognizes the 34bp LoxP sequences, and its recombinase activity 

cuts LoxP near the center of each sequence (at both loxP sites), excises the 

intervening DNA between the two cuts, and joins the two remaining halves of 

loxP together. This results in a single “lonely” LoxP site sitting in the newly 

created hybrid intron, and, more importantly, deletion of the (key) exons that 

were housed between the loxP sites. Now, transcripts from this “recombined” 

allele will be missing key coding sequence, rendering the gene dysfunctional.

Because Cre recombinase is a viral gene/protein, it is not contained in the mammalian 

genome and therefore mice with genes that harbor introduced LoxP sites are not in jeopardy 

of having those floxed alleles undergo recombination. Consequently mice with floxed 

alleles represent only half of the system required to achieve time- and tissue-selective gene 

deletion. The other half of the system requires introducing a (foreign) gene coding for Cre 

recombinase, into the floxed mice so that the LoxP sites can be cut, recombined, and gene 

deletion achieved.

If we were to generate mice with homozygous floxed GOI and infect them with an 

adenovirus that expresses Cre, assuming 100% efficacy of the virus, every cell in the 
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mouse’s body would take up the virus, transcribe and translate the viral DNA for Cre, 

and the expressed Cre protein would enter the nucleus to recombine the floxed alleles 

and essentially produce a global knockout. While this strategy is useful for conceptually 

understanding how to integrate both parts of the Cre/Lox system to achieve LoxP 

recombination, especially the temporal control aspect of the system mentioned above (we 

could give the virus at any age of the mouse and achieve deletion), it is not practical 

experimentally.

A practical and widely used alternative is to generate a separate mouse model, in which 

a Cre-expressing genetic sequence is added to the mouse genome, so that Cre is made 

as a normal part of the expression profile of the target cells. It is at this stage that 

we can begin to understand how the cell/tissue specificity capabilities of the system are 

possible. If we generate a transgene where Cre is expressed under regulatory sequences that 

specify expression in, for example, osteoclasts (e.g., use the Cathepsin-K promoter to drive 

expression of Cre), and we stably introduce that transgene into the genome of a mouse (the 

strategy for creation of transgenics is beyond the scope of this communication), that mouse 

will express Cre in any cell that expresses Cathepsin-K. Since osteoclasts strongly express 

Cathepsin-K but the kidney, for example, does not, we can expect to find Cre production in 

osteoclasts but not in kidney epithelial cells. If we breed that Ctsk-Cre transgenic mouse to a 

floxed GOI mouse, Cre will be produced in the osteoclasts, where it will find the LoxP sites 

in the osteoclast nuclei, recombine them and render the GOI dysfunctional only in those 

cells that expressed Cre. However, in the kidney epithelial cells (and most other cells) of 

those mice, we can expect to see no Cre production and therefore, no LoxP recombination 

and normal expression of the GOI. To further make the point, if we were to cross our floxed 

GOI mouse with a Cre driver line that uses a promoter expressed in all cells (e.g., CAG-Cre, 

EIIa-Cre), we would essentially create a global knockout, though we would have arrived at a 

global knockout by non-traditional means. To put this approach into a historical context, the 

first published report of tissue-selective gene deletion in a normal mouse appeared in 1994, 

where loxP sites were introduced into the DNA polymerase β (Polb) gene and selective 

deletion in T-cells was accomplished using the Lck-Cre.(2)

The promoter sequence chosen to drive Cre expression confers specificity to LoxP 

recombination activity in space (i.e., in certain cells/tissues but not others) but what about 

specificity in time (at some predetermined point in time, but not before)? Above, we used an 

example of temporal control, where Cre-expressing virus was injected to a floxed mouse at 

any desired time point. Using that approach we could enact an experimental design where 

we injected virus at 2 days of age, 2 weeks of age, 2 months of age, or 2 years of age 

(or anything in between), to study GOI deletion at various stages of growth, development, 

and even senescence. Obviously, systemic administration of Cre-expressing virus, beyond 

other manifold problems, forfeits any hope of cell/tissue selectivity, and even local tissue 

injection of virus still has the propensity to spread throughout the body and induce mosaic 

recombination in unintended tissues. There are, however, better (transgenic) ways to induce 

GOI recombination at different points in time, that can simultaneously provide spatial 

control. By far the most widely used method for temporal control of LoxP recombination 

involves modifying the Cre enzyme to include an additional protein fragment derived from 

a mutant form of the mouse estrogen receptor (ER), such that the expressed protein is now 
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a larger chimeric protein containing an active Cre domain and an active ER domain. We 

are already aware of the function of the Cre domain; the mutant ER domain has several 

properties that are important. First, the ER domain retains the steroid receptor properties 

of wild-type ER, which restricts fusion protein localization to the cytosol and outer nuclear 

envelope (out of the nucleus). Thus the ER fragment, in its unprovoked state, prevents access 

of the attached Cre domain to the chromatin and LoxP sites contained therein. Second, 

the mutant ER domain has been intentionally engineered to be highly responsive to the 

synthetic estrogen analog tamoxifen, with low to no sensitivity to endogenous estrogens 

(E2). Therefore, mice that express the CreER fusion protein in cells that also harbor floxed 

alleles typically experience no recombination, since the CreER protein is sequestered in 

the cytosol. However, once the mouse is systemically injected with an appropriate dose 

of tamoxifen (which can be at any age), cells where CreER is expressed will undergo 

translocation of the CreER protein from the cytosol to the nucleus, where CreER finds the 

LoxP sites, ultimately resulting in LoxP recombination and GOI modification. The CreER 

system has undergone iterative improvement for sensitivity and specificity. Newer versions 

are known as CreERt2,(3) which contains a few additional point mutations that improve 

selectivity, and the so-called MerCreMer(4) protein, which includes an additional (second) 

mutant ER domain so that Cre is flanked on either side by a mutant ER (Mer = mutant 

estrogen receptor). Whatever the version, the addition of a cell-selective promoter to drive 

the Cre–ER fusion protein provides spatial control to the temporally controllable protein, 

and ultimately, LoxP recombination when and where the investigator chooses. For example, 

returning to our Cstk-Cre model discussed above, there also exists the tamoxifen-inducible 

Ctsk-CreERt2 version in the mouse, which can be treated with tamoxifen to recombine 

floxed alleles in osteoclasts during a predetermined and defined stage in mouse growth and 

development.

The CreER approach is not the only system available to achieve temporal control of Cre 

activity. A second system used for inducible Cre activity is the so-called tet-on/tet-off 

systems. This model borrows some of the antibiotic (tetracycline, or “tet”) resistance 

machinery present in certain bacteria. In mice engineered to express the tet-responsive 

system, two different transgenes are required in order to produce a functional Cre protein 

that necessary to recombine a floxed allele. The first transgene codes for Cre, and it is 

driven by a ubiquitously expressed artificial promoter, tetO.CMV. The tetO.CMV-Cre gene 

is, in its natural state, turned off, because it requires a special transcription factor not present 

in the mammalian genome, for activity at the tetO.CMV promoter (Fig. 2). Consequently, 

Cre is not expressed in this transgenic mouse. However, the tetO.CMV promoter can be 

turned on, and Cre transcribed, only if an engineered transcription factor known as tTA 

(tetracycline-controlled transcriptional activator) is also present and bound to the tetO.CMV 

promoter. Thus, a second transgene, coding for tTA is required to turn the system on. If the 

tTA sequence is driven by a tissue selective promoter (e.g., in the context of our osteoclast 

example, Ctsk-tTA), introduced into the mouse genome, and bred to the tetO.CMV-Cre, 

then we can achieve Cre expression selectively only in Ctsk-expressing cells. So essentially, 

the tetO.CMV-Cre transgene is lying dormant in every cell, waiting to be turned on; but 

it can only be turned on by co-expression of the permissive tTA. Spatial control of Cre 

expression is achieved by driving tTA expression using a cell-selective promoter. There is 
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one crucially important, final detail with this system. tTA is prevented from binding the 

tetO.CMV promoter if tetracycline is present (usually doxycycline, or “dox” is used). So 

mice that harbor, for example, both a Ctsk-tTA transgene and a tetO.CMV-Cre transgene 

will not recombine floxed alleles if they are kept on a diet that includes proper doses 

of doxycycline in their chow, because the dox prevents tTA-mediated transcription of the 

tetO.CMV-Cre gene in Ctsk-expressing cells. However, switching these mice to a standard 

lab diet will remove dox from the circulation, de-inhibit the tTA transcription factor, and Cre 

will turn on only in Ctsk-expressing cells. The dox removal component provides temporal 

control of Cre activity (the dox diet can be removed at any age to turn on Cre), and, as 

mentioned earlier, the promoter used to drive tTA provides spatial control. The system just 

described constitutes the “tet-off” configuration, because keeping the mice on a tetracycline/

doxycycline-supplemented diet keeps Cre activity off. But very clever molecular biologists 

have discovered a way to reverse tTA activity such that the presence, rather than the absence, 

of dox turns the system on. This “tet-on” system is identical in principle, but the reverse 

tTA (rtTA) factor is used instead of tTA, where rtTA requires dox to bind and transcribe 

tetO.CMV-Cre. The tet-on and tet-off systems are not as widely used as the CreER-based 

systems in skeletal biology studies, perhaps because an additional transgene is required 

(one transgene for the tetO.CMV-Cre cassette and another for the tissue-specific tTA or 

rtTA cassette, in addition to the floxed alleles). To alleviate this additional step, some 

investigators have combined both constructs into one larger transgene so that a single locus 

contains both of the tet-on/off elements to turn on Cre. An example of this in the bone field 

is the Osx1-GFP∷Cre mouse, which harbors a large, single transgene, where tTA is driven by 

the Osterix promoter, and immediately downstream of that sequence, within the same donor 

DNA, is the tetO-CMV-Cre cassette (here, Cre happens to be fused to GFP for visualization 

of Cre expression).

The list of publicly available floxed mice is growing every year, and it is very likely that 

floxed mouse models will be available for every gene in the genome by the end of this 

decade. This endeavor has been fast-tracked because it serves a very large biomedical 

community, much larger than the skeletal biology community, i.e., researchers from 

neuroscience, diabetes, cardiovascular disease, renal biology, cancer, and so on. Recall that 

the floxed models are really only half of the system, and while the number and availability 

of floxed mouse models has taken off, the number of new skeletal-based Cre driver lines 

has not. Moreover, the closer we look at the existing skeletal Cre driver lines, the more 

issues emerge as to their specificity, toxicity, and for inducible models, their induction 

capacity. Creation of new, next-generation skeletal Cre driver mouse models will be required 

for improved success and high-fidelity tissue-targeted deletion/recombination studies in the 

coming years. This effort has languished for bone cell drivers but not for other fields 

of study, and there is a great deal to learn from the other fields that have successfully 

implemented newer technologies to improve Cre model fidelity. To further illustrate the 

depth of the problem, the reader is encouraged to browse the discussion section of the 

typical paper published (particularly more recent ones) using skeletal Cre/Lox mice, where 

the authors invariably have to address trying to account for and rectify the off-target, leaky, 

toxic, or phenotypic effects of the Cre driver they have used in their floxed model. The 

problem is that there has been no real large-scale movement in the field, in trying to 
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remedy the state of affairs when it comes to improving our options for Cre models in bone 

biology. The remainder of this review will focus on problems and solutions to the Cre model 

shortcomings in skeletal biology. We address the three main issues with skeletal Cre mouse 

models, namely (1) Cre specificity—avoiding Cre expression in unintended cell types; (2) 
Cre toxicity—reducing the unwanted effects of Cre (beyond loxP recombination) on cellular 

processes and tissue health; and (3) Cre inducibility—improving the dynamic range for Cre 

in inducible models (introduced below), where there is little to no unprovoked Cre activity in 

the baseline state and high Cre activity after induction.

Why do we need new Cre driver lines in skeletal biology? The problems of 

specificity, toxicity, and inducibility

The first step in addressing the “Cre crisis” in the genetic models of bone biology requires 

identifying how and why the current models fall short. Among the 3 major bone cell types 

in which investigators seek to recombine floxed alleles—osteocytes, osteoblasts, osteoclasts

—there are essentially 2 Cre drivers for osteocytes (Dmp1-Cre and Sost-Cre), 3 drivers for 

osteoblasts (Ocn-Cre, Col1-Cre, Osx-Cre), and 4 drivers for osteoclasts (Trap-Cre, Ctsk-Cre, 

Rank-Cre, and LysM-Cre). Tamoxifen-inducible versions (CreERt2) of each of these drivers 

have also been generated, with the exception of Trap.

(1) Specificity:

A conceptual example was provided above, regarding the use of an osteoclast Cre driver 

line (Ctsk-Cre) to recombine a generic floxed GOI allele. We described the system in the 

context of targeting osteoclasts, while sparing other cell types, including kidney epithelial 

cells. Although the example served its purpose in highlighting the concept of selectivity of 

targeted cell types, what was omitted from discussion is that Ctsk-Cre is active not only in 

osteoclasts, but a variety of other cell types including osteocytes, periosteal cells, marrow 

cells, and gametes (testes and ovaries). Because of the unwanted/unintended expression in 

cells other than osteoclasts—a phenomenon known as “off-target expression”—it becomes 

very difficult to assign a particular phenotype observed in Ctsk-Cre × floxed GOI mice 

to the osteoclast per se, since recombination occurred in a variety of cells and any one 

of those non-osteoclast cell types (or some combination) could be driving the phenotype. 

In other words, the phenotype might have nothing to do with GOI loss in the osteoclast. 

While this phenomenon of off-target expression applies to the Cre driver lines targeting 

all of the major bone cell types, it should not be that surprising that each promoter has 

off target effects outside the bone cell of interest. It is extremely rare to find a gene or 

promoter in the mammalian genome that has exclusive expression to only one cell type, 

at one stage of differentiation, especially when one considers the very complex and still 

poorly understood transcriptional events that occur during embryonic development. Below, 

we briefly review what is known about specificity problems from the published literature 

and personal observations in a variety of skeletal Cre models. A more thorough treatment of 

off-target effects can be found in Couasnay et al.(5)

Osteocyte lines: The most widely used osteocyte Cre driver line is Dmp1-Cre, which 

uses a portion of the Dentin Matrix Protein-1 promoter to drive Cre expression. Dmp1 
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is an extracellular matrix protein that is highly enriched in mineralized tissues, thus it 

is intuitive that the Dmp1 promoter would be active in bone. It is highly expressed 

by osteocytes and late-stage osteoblasts, and also in dentin-producing odontoblasts (thus, 

its name). Dmp1-Cre produces reliable recombination in the osteocyte population. Two 

versions of Dmp1-Cre have been generated, which differ in their promoter fragment length, 

and likely, their integration site, though these are not known/reported. The 10kbDmp1-Cre 

is more widely used, but the newer 8kbDmp1-Cre is also used. Despite being primarily 

known as an osteocyte driver, Dmp1-Cre mice exhibit significant Cre activity in osteoblasts. 

They also exhibit Cre activity in hypertrophic chondrocytes, skeletal muscle, cerebellum, 

kidney, intestine, and marrow cells.(6–9) A thorough characterization of the Dmp1-CreERt2 

expression profile—other than limb tissues—has not been published, so other off target 

expression, if it exists, is currently unknown.

More recently, a Sost-Cre driver has been recently developed to target recombination 

in osteocytes. Sost is the gene coding for sclerostin, a potent secreted inhibitor of the 

Wnt co-receptors Lrp5/6. The Sost-Cre is efficient in targeting osteocytes, but ~90% of 

marrow cells expressed a fluorescent Cre reporter indicating Cre activity in hematopoietic 

progenitor cells.(10) In addition, the fluorescent reporter signal co-localized with Trap 

staining, indicating Sost-Cre activity in osteoclasts. The inducible version, Sost-CreERt2, 

also nicely targets osteocytes and avoids osteoblasts, marrow, and muscle, but this transgenic 

mouse has a significant muscle mass phenotype that has thus far been poorly understood.(11)

Osteoblast lines: Many would consider the “gold standard” osteoblast Cre line to be 

the Ocn-Cre (aka Bglap-Cre). Like Dmp1, Ocn is a matrix protein highly enriched in 

mineralized tissues. Thus, Ocn-Cre mice exhibit strong expression of Cre in osteoblasts 

and osteocytes; however, work from our lab and others indicates that Ocn-Cre mice exhibit 

significant Cre activity in arteriolar pericytes, reticular cells, hippocampus, and cerebellum.
(12) The off-target effects of Ocn-Cre are not trivial, as we found they cause lethality in 

conditional Pik3aCA mice by ~3wks of postnatal life, which could not be explained by 

hyperactivation of Pik3a in bone.(13) The inducible version, Ocn-CreERt2, has not been as 

widely used as the non-inducible version, and only a few studies describing its use have 

been published.(14–16) One study looked at off-target effects in liver, fat, and muscle only,(15) 

and reported no discernible recombination in those tissues. It is unclear whether a more 

thorough evaluation would identify off-target effects for this inducible driver as well (e.g., 

those Cre-positive tissues identified for Ocn-Cre).

The Col1a1-Cre (Col3.6-Cre Col2.3-Cre) lines are perhaps the next most widely used 

Cre drivers for targeting early- and late-stage osteoblasts, respectively. Col1a1 is the most 

abundant protein in bone, so it is an obvious choice to drive Cre expression in bone 

tissue. But it is also expressed at high levels in most connective tissues, which prompted 

investigators to begin “chopping up” the Col1a1 promoter to see if they could find fragments 

of the promoter that were capable of selective expression in osteoblasts, perhaps at different 

stages of differentiation.(17,18) That work resulted identification of a 3.6kb fragment of 

the Col1a1 promoter that could selectively drive expression in preosteoblasts, and a 2.3kb 

fragment driving expression in more mature, differentiated osteoblasts. Beyond targeting 

in their intended bone cells, these models shown recombination in brain, tendon, muscle, 
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skin and fat.(19–21) The tamoxifen inducible version—3.2kbCol1a1-CreER—exhibits Cre 

expression (and the IRES-linked transgene DsRed) in osteoblasts, but also in ligament, 

meniscus, and muscle fascia.(22)

Finally, the Osx1-GFP∷Cre driver, which was introduced above, is a tet-off inducible model 

that has been used to recombine LoxP sites in osteoblasts. Osterix (Osx) is an essential 

transcription factor for osteoblast differentiation. The Osx1-GFP∷Cre line uses doxycycline 

supplementation to keep Cre activity in the “off” state. It achieves good osteoblast 

recombination activity once dox is removed, but careful examination of the expression 

profile in these mice indicates additional Cre activity in stromal cells, hypertrophic 

chondrocytes, adipocytes, perivascular cells, olfactory glomerular cells, and gut epithelium.
(23–25) The tamoxifen inducible version—Osx-CreERt2—is expressed osteoblasts, but has 

off-target activity in the nucleus pulposus and annulus fibrosis of the IV disk.(26)

Osteoclast lines: Osteoclast Cre driver lines have been equally challenging, in terms 

of off-target effects, as those described for osteoblasts and osteocytes. The most widely 

used osteoclast Cre driver has been the Ctsk-Cre. Cathepsin-K (Ctsk) is a potent protease, 

secreted by the osteoclast to degrade collagen and other bone matrix proteins during 

bone resorption. Ctsk-Cre driver lines have been developed using both knockin(27) and a 

transgene(28) approaches. Both models show Cre activity in mature osteoclasts, but also in 

inner periosteum.(29) We have reported significant Cre activity in the osteocyte population,
(30) likely due to the expression of this gene during osteocyte perilacunar remodeling.(31) 

Moreover, we found strong evidence for germline recombination in the transgenic,(30) and 

others have reported the same problem with the knockin.(32,33) Ctsk-CreERt2 mice have 

been created and exhibit Cre expression in osteoclasts upon tamoxifen induction, but these 

authors only looked at embryos, where gut, lung, and pancreas generated a detectable signal. 

Further, the authors report that “some leakiness was still observed” the exact extent of which 

is not well described.(34)

The Trap-Cre line(28) has been much less widely used as compared to the Ctsk-Cre. Tartrate 

resistant acid phosphatase (Trap) is an enzyme secreted by osteoclasts that participates in 

degradation of matrix-bound phosphoproteins during resorption. While Trap does exhibit 

strong activity in osteoclasts, it also (like Ctsk-Cre) exhibits significant expression in 

osteocytes for the same reasons (i.e., perilacunar remodeling). However, this line also 

exhibits Cre expression in brain, testes, ovary, heart, kidney, colon, lung, liver, stomach, 

and spleen.

The Rank-Cre is the most recently developed osteoclast Cre line.(35) The receptor activator 

for NF-κB (Rank, aka Tnfrsf11a) is a cytokine receptor for Rank ligand (RankL) that is 

enriched on the osteoclast plasma membrane. This model was created by knocking Cre into 

the 3’UTR, where an intervening IRES sequence permitted expression of the Cre transcript 

when and where Rank was expressed, without disrupting Rank expression. Few off-target 

reports (either positive or negative) were reported for Rank-Cre, but it is expressed in liver 

macrophages (Kupfer cells),(36) and quite possibly in other cell types beyond osteoclasts 

where Rank is expressed, though it simply has not been investigated.
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The LysM-Cre is often used for recombination of floxed alleles in osteoclasts, but LysM 

is expressed so early in the myeloid lineage that it has wide expression in many myeloid-

lineage cells including monocytes, granulocytes, and macrophages,(37) but also in the earlier 

hematopoietic stem progenitor cells(38) and also in some neurons.(39)

(2) Toxicity:

Cre recombinase is a bacterial enzyme, and its expression in mammalian cells can have 

toxic effects, usually in a dose dependent fashion.(40,41) Eukaryotic cells exposed to Cre 

can undergo significant DNA damage even in the absence of LoxP sites.(42–44) Further, 

growth arrest, chromosomal abnormalities, and increased cell death have been observed 

among Cre-expressing cells. (45–48) Similar effects have been reported for CreER. In the 

skeletal Cre models, the most widely known model with overt Cre toxicity issues is the Osx-

tTA,tetO-EGFP/cre. This mouse has a skeletal phenotype for numerous endpoints, regardless 

of whether floxed alleles are present or not. Reported effects of the Cre allele system include 

significant negative effects on long bone growth, cortical bone accrual, calvarial ossification, 

spontaneous fractures, and reduced body weight,(49–52). Beyond the Osx-tTA,tetO-EGFP/cre 

model, other skeletal Cre models have not been thoroughly investigated for toxicity, so it 

is difficult to clearly define how and why they might introduce confounding factors into 

in vivo Cre/Lox studies. Simple lack of a “Cre-only” gross phenotype sometimes does not 

preclude toxic effects in the model. In other words, Cre effects need not be as obvious as 

those for Osx-Cre in order to have confounding effects in an experiment. Among fields that 

have done a more thorough job of evaluating Cre toxicity in their preferred Cre drivers, 

toxic effects (or at the very least, cell-altering effects) are frequently observed. For example, 

the most widely used Cre driver line for ocular lens recombination is the Le-Cre, which is 

associated with cataracts and microphthalmia,(53) among other abnormalities.(54) Significant 

cellular toxicity has been measured in Cre driver mice designed to target sperm,(44) immune 

cells,(55,56) fibroblasts,(40) neurons,(57) and gastric epithelium,(58) among others. Within 

the musculoskeletal system, the popular muscle driver αMHC-MerCreMer exhibits heart 

fibrosis and increased expression of inflammatory cytokines regardless of the presence of 

floxed alleles.(59–61) Numerous studies have revealed that Cre toxicity is related to Cre 

expression levels,(40,44,47,48,55) which is ironic because once a gene promoter is selected 

to drive Cre, typically the most prominently expressed promoter fragment is chosen from 

among the various known fragments to drive Cre expression.(6)

In summary, many Cre driver lines exhibit toxic effects in the Cre-targeted cell populations. 

In some cases the toxic effects are overt (e.g., Osx), with a gross phenotype clearly 

discernible. In other models the toxicity might more subtle, affecting gene transcription 

and/or cell viability. Regarding skeletal Cre models specifically, very few investigators have 

looked closely enough to determine the presence and/or severity of Cre toxicity for most 

of the lines; thus we are agnostic as to the toxicity effects for most of the commonly used 

skeletal drivers.

(3) Inducibility:

The majority of inducible Cre driver lines, regardless of target tissue, employ the CreER 

system which was described earlier. The Cre-ERT (and later CreERt2) system has been 
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existence in mice since 1996, when the first tamoxifen-inducible mouse line was created 

using a ubiquitous promoter (CMV-CreERT).(62) Since then, it has been adopted into 

virtually every tissue/cell type, to the point where it is difficult to find a promoter used 

to drive Cre that is not also used to drive CreERt2. As mentioned above, the skeletal biology 

field has access to Dmp1-CreERt2 and Sost-CreERt2 for inducible osteocyte recombination, 

to Col1a1-CreERt2 and Osx-CreERt2 for inducible osteoblast recombination, and to the 

Ctsk-CreERt2 for inducible osteoclast recombination. The chemical induction agent for 

CreERt2 is tamoxifen. This is an unfortunate requirement since tamoxifen—a clinically used 

agent—is an active SERM with well-known potent effects on bone metabolism. Tamoxifen 

is commonly administered to breast cancer patients, who can expect to undergo increases in 

BMD and reduced fracture risk as a side effect of tamoxifen treatment.(63) We have found 

both anti-catabolic and anabolic effects in the skeletons of mice treated with inductive doses 

of tamoxifen,(64,65) a result that has been confirmed in other labs.(66,67) Further, tamoxifen 

is reported to increase femur length. Thus, ironically, tamoxifen is perhaps one of the least 

desirable ligands that could be used for an inducible Cre system for bone studies, yet it is 

the dominant system in bone inducible Cre models. Its strong effects on bone properties, 

independent of any genetic recombination effects it might have through CreERt2 activation, 

complicate interpretation of genetic studies, and frequently necessitate large numbers of 

additional control groups.(64,65)

Beyond the complicating effects of CreERt2’s active ligand (i.e., tamoxifen) on bone 

metabolism, another problem with this system is the dynamic range. Here, we define the 

dynamic range as the range between baseline leakiness and ligand-driven induction of the 

recombinase. Leakiness is unprovoked, or uninduced, recombination; that is, recombination 

in the absence of tamoxifen. Conversely, induction is the ability of ligand-provoked cell 

populations to become active and undergo Lox recombination. A large dynamic range 

is desirable for inducible models: a very low percentage of cells expressing background 

activity prior to induction, and a very high percentage of target cells exhibiting recombinase 

activity upon ligand-based induction. Unfortunately, many of the skeletal inducible Cre 

models have a poor dynamic range. For example, we have found around 15–20% leakiness 

in the Dmp1-CreERt2 line, and induction with a reasonably strong tamoxifen dose brings 

the percent of Cre-active osteocytes up to around 45%. The other popular inducible 

osteocyte driver line—Sost-CreERt2—also has a poor dynamic range (Fig. 3). In 2-mo old 

female mice, leakiness was around 12% and after tamoxifen induction the active osteocyte 

population reached 25%, for a net dynamic range of ~13%. In males, 31% baseline 

recombination and ~63% tamoxifen-induced recombination yielded a dynamic range of 

~32%.(11) Unfortunately, dynamic ranges for the other bone cell active CreERt2 lines have 

not been rigorously reported, so it is difficult to estimate whether they have similar dynamic 

ranges as those reported for inducible osteocyte drivers. Using the mT/mG reporter line, 

the 2.3kbCol1a1-CreERt2 has a reported inducibility of 54% in osteoblasts, and low (not 

specified) leakiness.(67)

Moving toward solutions for skeletal Cre models:

While it is apparent that selectivity, toxicity, and inducibility are problems in varying 

degrees for current skeletal Cre models, solutions do exist for most of these issues. Many of 
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these solutions have been achieved in other cell types and target tissues, and thus the time is 

ripe to begin importing those remedies into the skeletal biology world.

Solutions for specificity:

The most high-yield improvement to tissue/cell selectivity is the two-promoter approach. 

As mentioned earlier, there is no “silver bullet” single promoter that achieves selectivity 

in only one cell type through all stages of embryonic development, growth, and maturity. 

Thus it is unreasonable to expect that a single promoter can yield the specificity requires 

by many experimental hypotheses and designs. The two promoter approach is based on 

the principle of overlapping expression in the cell type of interest. For example, osteocytes 

strongly express both Mepe and Sost. However, neither of these genes are exclusive to the 

osteocyte. Sost expression is found in coronary arteries and hypertrophic chondrocytes, and 

Mepe expression is found in the amygdala and cerebral cortex. The key point here is that 

the non-osteocytic expression of Sost does not overlap with the non-osteocytic expression 

of Mepe, an observation that is best represented by the Venn diagram in Fig. 4A. If the 

expression of Cre is restricted to only those cells where both Mepe and Sost are expressed 

(the overlapping green area in 2A), true osteocyte selectivity could be achieved. This can 

be accomplished at least two different ways. The first is a “sequential release” approach, 

where expression of one promoter is required to turn on the Cre, driven by a different 

promoter. If we take the Mepe/Sost example, we could design a simple Mepe-Dre transgenic 

mouse, where the recombinase Dre is driven by the Mepe promoter. Dre is an alternate form 

of Cre that recognizes its own target sequence known as Rox. Much like Cre recognizes 

and recombines LoxP, Dre recognizes and recombines Rox sites.(68) Fortunately, Cre does 

not cut Rox and Dre does not cut LoxP (i.e., there is no detectable “crossover”), making 

these two systems independently functional within the same cell. If we designed a second 

transgenic mouse, Sost-RSR.Cre, where Sost drives expression of Cre but the Cre is inactive 

due to a “roxed” stop sequence (i.e.., Rox-Stop-Rox-Cre), then only when both transgenes 

are present will the Mepe-driven Dre unlock expression of the Sost-driven Cre. If only 

Sost is expressed in a cell (and not Mepe), there will be no Cre expression since Dre is 

required to turn on Cre. If only Mepe is expressed, (and not Sost) there will be no Cre 

expressed since the promoter for Cre is not expressed. It is only among cells where both 

are expressed that we will get Cre recombinase expression. The sequential release requires 

an understanding of expression profiles during differentiation in order to fully capitalize on 

the system. The system has been used successfully to improve Cre selectivity in the mouse 

heart, where αMCH-Dre and Ki67-RSR.Cre were used sequentially to selectively recombine 

cardiomyocytes.(69)

Another successful use of the two-promoter approach is to split the coding sequence 

for Cre into two pieces, and have each portion driven by a different promoter (Fig. 

5). Of course, there must be a mechanism for post-translationally rejoining the two Cre 

protein portions back together so that the ligated Cre protein is functional and capable 

of inducing recombination. Rejoining the two portions can be accomplished by fusing 

each Cre fragment with a dimerization fragment, which either induces self-assembly to 

the other Cre fragment without chemical prompting (e.g., inteins(70)) or reassembles Cre 

in the presence of a dimerization molecule.(71) Choices for dimerization fragments are 
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broad, and include peptides that respond to the rapamycin analog rapalog (AP29167), and 

the plant hormones gibberellic acid or abscisic acid. Moreover, dimerization fragments 

are available that respond to other co-expressed proteins like GFP,(72) and light-inducible 

systems for Cre reassembly are available,(73) but these are unlikely to gain much traction 

in bone Cre models given the density of bone tissue and refraction properties of packed 

mineral. To provide an example of how the split Cre system could be used in bone 

models, we will use the Mepe/Sost dual promoter example. We can create a transgenic 

mouse that harbors a Mepe-NCre.GAI allele. Here, the Mepe promoter drives expression 

of an N-terminal Cre fragment, which is fused to the dimerization molecule GAI. A 

second transgenic mouse could be designed to harbor a Sost- CCre.GID1 allele. Here, 

the Sost promoter drives expression of the remaining C-terminal portion of Cre, fused to 

the complementary dimerization molecule GID1. In a mouse that harbors both transgenes, 

both Cre fragments are made simultaneously only in cells that express both Mepe and 

Sost (i.e., mature osteocytes) but the two fragments do not associate and therefore there 

is no recombination activity. Injection of gibberellin, a synthetic phytohormone that is not 

present in the mammalian genome, induces the dimerization of GID1 and GAI, bringing 

the two Cre fragments into alignment and ultimately, inducing recombination. Note some 

differences between the sequential Cre approach and the split Cre approach, both of which 

use two promoters for specificity. The sequential Cre approach does not require that both 

promoters to be active in the same cell at the same time. It does require that the Dre 

expresser be active sometime prior to the RSR.Cre expresser. For example, if we were to 

use Dmp1 and Sost promoters for our two-promoters in a sequential Cre approach, we 

would need to drive Dre with Dmp1 and drive RSR.Cre with Sost, and not vice versa, 

since Dmp1 comes on earlier in the osteocyte (i.e., in the transitional osteocyte) than does 

Sost. By the time Sost is expressed, there is very little Dmp1 expression. Conversely, 

the disadvantage of the split Cre approach is the requirement of simultaneous expression 

of both promoters, but the advantage is that it represents an inducible model once both 

constructs are expressed (though RSR.CreErt2 could be used instead of RSR.Cre, making 

the sequential Cre approach inducible). Another advantage of the split Cre approach over 

current (CreERt2) approaches for induction is that the ligands used for dimerization and 

Cre activation in the split Cre model likely come with milder side effects than tamoxifen, 

though this needs to be demonstrated experimentally. The split-Cre approach has been used 

successfully in neuroscience applications to target parenchymal microglia (Sall1-NCre + 

Cx3cr1-CCre) and vasculature associated macrophages (Lyve-NCre + Cxcr1-CCre). Partial 

models have also been developed where one component is a transgene in the mouse genome 

and the other Cre component is injected as a virus.(74) The successful use of two promoter 

approaches in neuroscience suggests that similar advances can be made in the skeletal 

biology field to improve specificity.

Solutions for toxicity:

One of the main problems with Cre expression, whether constitutive or activated inducible, 

is the persistence of Cre after LoxP sites are recombined. LoxP recombination can occur 

relatively quickly after Cre is translated or activated with ligand, and once the LoxP sites 

are recombined there is no need for Cre to be present in the cell. Once LoxP is recombined 

by Cre, the DNA is permanently altered in that cell and all daughter cells that arise, so 
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the persistence of Cre expression after LoxP recombination has no utility and is only 

problematic. To provide some context, an Ocn-Cre driver will express Cre in the osteoblast 

population as these cells mature and begin producing matrix; but some of those cells will 

go on to become osteocytes and potentially live in the mineralized matrix for a year or 

more, all the while producing Cre (since osteocytes express Ocn, albeit at lower levels that 

the osteoblast). Self-limiting Cre constructs have been developed and validated in vitro for 

mammalian cells, but to our knowledge they have not been adopted to in vivo models. The 

approach basically works by flanking the Cre coding sequence with LoxP sites, so that 

once Cre is transcribed and translated, it will find and recombine the LoxP sites with the 

GOI but also those that flank the Cre gene itself (Fig. 6). That way, the GOI is inactivated 

simultaneously with Cre gene inactivation, and only a very brief window of Cre expression 

is occurs in order to achieve the genomic modification to the target gene. These self-excising 

modifications have not made their way into Cre mouse drivers but the successful proof-of-

principle experiments done in cultured cells,(48,75) as well as in plants(76) (including in the 

context of split Cres), suggest that the time is ripe to begin engineering Cre drivers in mice 

with self-limiting capacity to reduce toxicity.

Solutions for inducibility:

As discussed earlier, all of the inducible skeletal Cre models currently in existence 

suboptimal dynamic ranges, driven either by high baseline (unprovoked) Cre activity, 

relatively low induction activity/penetrance after stimulation, or both. Moreover, the 

tamoxifen/CreERt2 system for induction was never designed for bone—it was simply 

adopted into skeletal models “after-the-fact” because it worked in other tissues where 

tamoxifen effects were of little concern. However, other approaches have been developed 

that could replace the tamoxifen/CreERt2 system. The first is a next-generation induction 

strategy known as ddCre (Fig. 5). This system similar to CreER in that it creates a Cre 

fusion protein where Cre is joined to a ligand-sensitive protein. In this case, the protein 

domain is a mutant (destabilizing) form of bacterial dihydrofolate reductase (ecDHFR), 

which causes the entire fusion protein to be rapidly and consistently degraded by the 

proteosome. Injecting the mice with small doses of antibiotic trimethoprim (TMP) blocks 

proteosome access to the ddCre protein, and Cre can survive to recombine LoxP sites. TMP-

induced protein stabilization is particularly attractive for in vivo applications because TMP 

can be easily delivered to laboratory animals, exhibits a high rate of diffusion in peripheral 

tissues and does not have known endogenous targets in mammals. The ddCre model was 

successfully adopted in the neuroscience field to achieve recombination in forebrain by 

generating a Camkk2α-ddCre transgenic mouse, and in the ventromedial hypothalamus by 

generating a cFos-ddCre mouse line. This approach is reported to achieve a greater dynamic 

range that the tamoxifen-based CreERt2 system.

Turning to the two-promoter system (which also improved specificity), the split-Cre 

approach is quite amenable to inducibility since there are two protein fragments that can 

be brought together by a ligand. As discussed earlier, this involves splitting the Cre protein 

into two portions, and attaching a dimerization peptide that can allow the two fragments 

to rejoin. Considerable work has been performed in how to best split Cre into two (and 

even three) pieces. Cre contains 334 amino acids, and there is some controversy in the 
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literature as to where the best split site is located, though several good sites have emerged. 

Splitting between aa270/aa271 or aa229/aa230 appears to be highly successful in multiple 

models.(70,71,77–79) There are now numerous dimerization domain pairs to choose from 

(FKBP/FRB joined by rapalog, PYL/ABI joined by abscisic acid, GID1/GAI joined by 

gibberellin, GBP2/GBP7 joined by GFP). (71,72,77,80–82) The most efficient, dynamic, and 

least leaky system at this stage appears to be the gibberellin (GIB) -induced dimerization 

of GID1 and GAI.(71) In cultured mammalian cells, the GID1/GAI system exhibited several 

fold increase in signal to noise ratio compared to the CreERt2 system. These next-generation 

dimerization systems for Cre have not made their way into mouse driver lines but the 

successful proof-of-principle experiments done in cultured cells suggest that the skeletal 

biology field can engineer Cre drivers with new dimerization tools to improve the dynamic 

range of recombination in bone cells.

Summary

Cre/lox mouse models have revolutionized our ability to conduct in vivo research, to better 

understand the molecular biology musculoskeletal diseases and disorders. As with any 

model system, they are imperfect and have their shortcomings. However, new discoveries 

in genetic engineering, dimerization kinetics, recombineering, and cell identity provide new 

opportunities to improve in vivo experimental design in genetic studies. Some of these 

improvements have already made their way into mouse models in other fields of science, 

while others show great promise in vitro but have yet to be validated for in vivo model 

use. If skeletal research is to advance at a pace needed to combat the increasing burden of 

musculoskeletal diseases, the time is upon us to begin improving skeletal Cre models to 

more precisely understand the in vivo biology of different skeletal cells, and ultimately, the 

origins of disease.
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Figure 1: 
Schematic overview of the Cre/Lox system for recombining genomic DNA. A typical 

gene of interest (GOI) is depicted, with hypothetical exons shown in grey boxes and the 

intervening introns shown as black lines. 34bp LoxP sequences introduced into the 1st and 

3rd introns are indicated by orange triangles, but their presence does not affect the messenger 

RNA molecule, as indicated by the identical transcript shown for WT and floxed GOI. 

(B) Nucleotide-level view of the 5’ loxP site, indicating the 13bp inverted palindromic Cre 

recognition sites, as well as the intervening spacer which provides directionality and is the 

site for restriction activity. The lower panel shows a pair of Cre molecules binding to the 
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recognition sites, with idealized extensions cutting after the first base (in each direction) of 

the spacer region. (C) Enzymatically cleaved LoxP site, opened up to show the 6bp overhang 

created, which will ultimately ligate with the complementary overhang from the 3’ loxP site 

after the intervening piece is removed.
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Figure 2: 
Idealized depiction of the tet-off system for driving Cre expression in osteoclasts. The 

lower left image shows the Cre transgene, which is driven by the tetO.CMV promoter. 

The tetO.CMV promoter requires 2 components in order to transcribe Cre. The first is 

the presence of a specialized transcription factor known as tTA, and the second is the 

absence of the antibiotic doxycycline in order to allow tTA to be active. The upper panel 

shows tTA expression being driven by the cathepsin-K promoter, which gives cell selectivity 

(osteoclast) to the system. The lower right panel shows the presence of tTA, and the 

absence of dox, which meets the permissive requirements for tetO.CMV activation and 

Cre transcription. The Ctsk promoter driving tTA expression provides spatial (cell type) 

control of Cre, while the removal of dox from the diet provides temporal control of Cre. As 

mentioned in the text, reverse tet systems are also used (tet-on), where dox activates rather 

than inhibits tTA.
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Figure 3: 
Three doses of tamoxifen in Sost-CreERt2 mice crossed onto the Ai9-tdTomato reporter 

reveals a poor dynamic range (compare top induced panel with middle uninduced panel). 

The tdTomato reporter has no detectable activity in Cre-negative mice (lower panel).
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Figure 4: 
(A) Venn diagram indicating the expression characteristics for two well-known osteocyte 

genes—Sost and Mepe. Both exhibit expression outside of the osteocyte population, but 

their extra-osteocytic expression profiles do not overlap. (B) Splitting the Cre molecule into 

two components and driving each component by different promoters (in this case, using 

Sost and Mepe as hypothetical drivers) allows expression of both Cre components only 

in cells where Mepe and Sost expression overlap—i.e., in the osteocytes. The components 

are able to reassemble and gain activity by designing the Cre sequences such that the 

two resulting protein fragments are attached to protein splicing elements known as inteins. 
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Complementary inteins attract to one another and enact a series of autocatalytic peptide 

bone rearrangements that induces self-excision of the intein components and ligation of the 

flanking polypeptides. (C) In cells that express Sost but not Mepe (for example, coronary 

artery smooth muscle cells), the c-terminal fragment of Cre alone is expressed, but without 

the complementary n-terminal fragment, no active Cre is produced. In cells that express 

Mepe but not Sost (for example, cerebral cortex neurons), the n-terminal fragment of Cre 

alone is expressed, but without the complementary c-terminal fragment, no active Cre is 

produced. In cells that express both Sost and Mepe (i.e., osteocytes), both n- and c-terminal 

Cre fragments are expressed, and the associated inteins self-assemble the Cre fragments and 

auto-excise the intein, rendering active Cre protein only in osteocytes.
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Figure 5: 
Next-generation inducible Cre systems to achieve greater inducibility, lower leakiness, and 

reduced off-target effects (e.g., tamoxifen effects on bone) in the cell type of interest. (A) 

The two-promoter approach is explained in Fig 3, but here it is assumed to drive Cre 

fragments that are fused to dimerization elements. For sake of example, the Cre protein is 

split between amino acids 270 and 271 such that the n-terminal contains aa1-270 and the 

c-terminal fragment contains aa271-334. Two dimerization systems are depicted; on the left 

is the GAI/GID1 system which dimerizes via exposure to gibbirelin (GIB)and brings the two 

Cre fragments into a configuration where they can ligate and induce recombination activity. 

On the right is the rapamycin (RAPA)-sensitive FKBP/FRB system, which functions 

similarly to the GAI/GID1 system. (B) Inducible system using degraded Cre-ecDHFR 

fusion protein (ddCre). ddCre is rapidly degraded by the proteosome, rendering it useless 

to recombine LoxP sites. ddCre is stabilized by the addition of the antibiotic analog 

trimethoprim (TMP), which induces ddCre survival and results in Cre activity.
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Figure 6: 
Self-inactivating Cre systems have been designed and implemented in other model 

organisms, but not in mice. Self-inactivation can be achieved by flanking the Cre-producing 

sequence with LoxP sites, such that both the gene of interest (GOI) and the Cre sequence 

are recombined away soon after Cre turns on, leaving a lonely LoxP site at each locus. This 

self-limiting approach is likely to reduce the toxic effects of sustained Cre expression, which 

serves no purpose once LoxP is recombined.
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