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Site-specific recombinases (SSRs) are invaluable genome
engineering tools that have enormously boosted our under-
standing of gene functions and cell lineage relationships in
developmental biology, stem cell biology, regenerative medi-
cine, and multiple diseases. However, the ever-increasing
complexity of biomedical research requires the development
of novel site-specific genetic recombination technologies that
can manipulate genomic DNA with high efficiency and fine
spatiotemporal control. Here, we review the latest innovative
strategies of the commonly used Cre-loxP recombination sys-
tem and its combinatorial strategies with other site-specific
recombinase systems. We also highlight recent progress with
a focus on the new generation of chemical- and light-inducible
genetic systems and discuss the merits and limitations of each
new and established system. Finally, we provide the future
perspectives of combining various recombination systems or
improving well-established site-specific genetic tools to achieve
more efficient and precise

spatiotemporal  genetic

manipulation.

Precise genome engineering is indispensable for biomedical
research. Site-specific recombination enables conditional ge-
netic modifications and serves as an efficient complement to
gene manipulation from point mutation to large chromosomal
rearrangement by homologous recombination (HR) in murine
embryonic stem cells (1). Although the site-specific recombi-
nases (SSRs) have revolutionized biomedical science, the
application of SSRs was limited by several technical caveats.
First, the efficiency of temporal- and spatial-controlled
inducible recombination needs to be enhanced. Second, the
expression of a recombination reporter cannot reliably indicate
deletion of target gene. Third, conventional lineage tracing
used for cell fate mapping relies entirely on cell type—specific
known markers. Finally, novel strategies are required to
induce gene expression and deletion regionally and promptly.
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All of these limitations could be circumvented with remark-
able improvements and progress of SSRs technologies (2—4).

SSRs are invaluable genome engineering tools because of
their exceptional ability to excise, integrate, inverse, and
translocate genomic DNA in living organisms. The applica-
tion of DNA site-specific recombination technologies in
lineage tracing, gene activation and deletion, and cell lineage
ablation have significantly advanced and refined our under-
standing of gene functions and cell behaviors in many bio-
logical processes (5). Cre (causes/cyclization recombination)
recombinase is the most popular SSR and has been used
extensively to manipulate many types of DNA such as linear,
supercoiled, or circular in any cellular environment and a
variety of organisms in vivo (6-9). A site called loxP (locus of
crossing over (x) in P1 bacteriophage) and a trams-acting
function Cre are two components necessary for site-specific
recombination (6). The loxP site is a 34 bp consensus
sequence and consists of an 8 bp nonsymmetrical central
region flanked by two 13 bp palindromic sequences. Cre
recombinase is a 38 kD protein that catalyzes the recombi-
nation between two loxP recognition sites (Fig. 14). Cre can
recombine two loxP sites located on the same or different
DNA strand.

The mechanism of Cre/loxP recombination is a multistep
process. Cre recombinase catalyzes the DNA recombination
reaction between loxP sites via a Holliday junction interme-
diate. A dimer of Cre recombinase subunits bind at the
palindromic sequence of each loxP site. Two loxP sites are
arranged in an antiparallel manner by a tetrameric Cre com-
plex to form a “synapse”. The 8 bp nonsymmetrical central
region provides the site of strand cleavage, exchange, and
ligation. Two opposite active Cre recombinase subunits cata-
lyze the cleavage and exchange of one pair of strands to pro-
duce a Holliday junction intermediate. The nucleophilic
tyrosine 324 in Cre recombinase attacks the scissile phosphate
forming a 3’ phosphototyrosine linkage and releasing a free 5'
OH. And strands exchange occurs when the free 5" OH attacks
the neighboring 3’ phosphotyrosine intermediate to form a
Holliday junction intermediate. An isomerization of the Hol-
liday junction induces the activation the second pair of Cre
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Figure 1. Schematic of the Cre-loxP recombination mechanism. A, the loxP site is a 34 bp consensus sequence and consists of a central 8 bp
nonsymmetrical spacer flanked by two 13 bp palindromic recognition sites. Cre recombinase subunits bind each palindromic sequence and cleavage,
exchange, and ligation DNA strand at the central spacer. The spacer provides the orientation of the loxP site. The nucleophilic tyrosine 324 in Cre
recombinase attacks the phosphate forming a three phosphotyrosine bond and releasing a free 5 OH. Cleavage position is indicated by arrow. B, a dimer of
Cre subunits bind at the palindromic sequence of each loxP site. A tetrameric Cre structure arranges two loxP sites in an antiparallel fashion to stabilize a
synaptic complex. Two opposite Cre subunits cleave and exchange one pair of strands. The released 5’ OH attacks the neighboring strand to form a Holliday
junction intermediate. The second pair of Cre subunits is activated by an isomerization of the Holliday junction intermediate. The second pair of strands are
cleaved and exchanged to complete the recombination and result in the recombinant products. C, different outcomes of a Cre-loxP recombination
depending on the position and orientation of the two loxP sites. If the two loxP sites are in the same orientation, the recombination results in the excision or
integration of the DNA segment (e.g., target gene) flanked by the two loxP sequences. If the orientation of loxP elements is in opposite, the result of the
reaction is the inversion. Recombination between the two loxP sites located on different DNA strands results in the exchange or translocation.

recombinase subunits that catalyze the same cleavage and
exchange steps of the second pair of strands to result in the
recombinant products (10-12) (Fig. 1B). Different outcomes of
a Cre-loxP recombination depend on the position and orien-
tation of the two loxP sites. If the loxP sequences have the
same orientation, the recombination results in the excision of
the DNA fragment flanked by the two loxP sequences. If the
orientation of loxP elements is in opposite, the result of the
reaction is the inversion of the DNA segment flanked by the
two loxP sites. Recombination between the two loxP sites
located on different DNA molecules produces strand exchange
or translocation (10, 11) (Fig. 1C). The MGI (Mouse Genome
Informatics, http://www.informatics.jax.org/home/
recombinase) and IMPC (International Mouse Phenotype
Consortium, https://www.mousephenotype.org) are the most
comprehensive Cre database resources for academic commu-
nity (13). To enhance the expression level of Cre recombinase
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in mammalian cells, the improved Cre was designed by
reducing the high CpG content to constrain epigenetic
silencing in mammals (14).

With the identification of novel recombinases, the diverse
types of gene manipulation instruments are continuously
increasing. Many other well-established recombinases, such as
Flp (15), phiC31 (16), Dre (17), VCre, SCre (18), Vika (19), and
Nigri (20), significantly enrich the genetic manipulation
toolbox. In light of no cross-recombination among well-
established SSRs, Cre and other analogous recombinases
such as Flp, Dre, and Nigri have been successfully used in
combination for some genetic strategies to achieve more
precise and sophisticated experimental schemes that are
required for addressing controversial or complicated biological
issues (21-26). The working principles and application
guidelines of the new dual genetic approaches have been
exhaustively described in other reviews (27, 28). Here, we
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Table 1

An assessment of currently used and emerging recombination system

Recombination systems Requirements Merits Limitations Improved production Refs
Chemical-inducible system
sCreER Tamoxifen induction High efficiency; temporal control; The efficiency of the initial CreER- Efficient and temporally controlled gene 2)
reduced toxicity of tamoxifen loxP recombination-mediated deletion for functional study.
switch of sCreER into Cre de-
pends on the recombination ef-
ficiency of the loci where the
sCreER knock-in.
iSuRe-Cre Cross w/other Cre/ High efficiency; temporal control; Does not prevent the occurrence Increasing the efficiency and reliability of Cre- (3)
CreER lines; w/or w/ nontoxicity; no leakiness; reli- of gene-deletion false-negatives dependent reporter and gene function
o tamoxifen ably reports cells with gene analysis.
induction deletion; compatible with the
numerous existent loxP and
Cre/CreERT?2 alleles
Di-Cre Rapamycin induction Tight temporal control; rapid in- Toxic during development; only Tight temporal control of recombinase activity (47, 48)
duction; low background Cre can be used in adult animals for conditional gene knock-out.
activity
Roxed-Cre Dual recombinases, High-resolution recombination; A rox site remained in the coding The binary SSR system is ideal for sequential (24)
Split-Cre and Dre ideal for sequential lineage sequence of Cre may decrease lineage tracing studies aimed at unraveling
tracing Cre activity; cannot be the relationships between cellular pre-
controlled temporally cursors and mature cell types.
CrexER Dual recombinases, Organ- or tissue-specific gene Cannot be controlled temporally The intersectional genetic system achieves (25)
Cre and Dre manipulation both gene knockout and overexpression in
vascular endothelial cells in an organ- or
tissue-specific manner.
Tet-On system Genetically modified Less toxic Complexity of mice crossing; time- Temporal, spatial, and cell type-specific con- (49-51)
lines; Dox induction consuming trol of gene expression.
Light-inducible system
System based on caged biomolecules
Photocaged 4-OHT or analogs UV light illumination Precise spatiotemporal control of Cytotoxicity (DNA damage) by UV Precise temporal- and location-specific con- (61-63)
gene expression light; poor tissue penetration; trol of CreER-mediated recombination in a
limited recombination efficiency light-dependent manner.
Caged doxycycline/ UV light or two- Precise spatial and temporal con- Diffuse background fluorescence; High-resolution conditional transgene (66)
cyanodoxycycline photon illumination trol of gene expression; the low membrane permeability expression ranging from single cells to
amount of UV light needed for entire organisms.
induction is innocuous

Near-IR uncaging strategy based on Near-IR light Cytocompatible; tissue penetration Need to be validated in vivo Spatial and temporal control of drug delivery. (67)

cyanine photochemistry illumination

Light-cleavable dRap UV light illumination Simple to set up; temporal control Could not be readily placed under Protein dimerization induced by optically (68)

of gene expression photochemical control activated rapamycin dimer can be applied to
control recombinase function.

Photocaged Cre recombinase Non-photodamaging Spatiotemporal control; back- Need to be validated in vivo Tight spatiotemporal control of the activity of (70, 71)
UVA light ground-free Cre recombinase and DNA recombination.
illumination

Genetically encoded system
CRY2-CIBI system PA-Cre 1.0 Blue light illumination Fast temporal; subcellular spatial Inefficient packaging; poor pene- Fast temporal and spatial resolution without (74)
resolution; reversible trative capacity the need for exogenous cofactors.
PA-Cre 2.0 Blue light illumination High induced activity; low back- Low recombination efficiency; Five-fold improved activity allowing precise (92, 93)
ground; a single and brief light need tuning nuclear import/ spatial and temporal control of Cre
pulse; reduced light-mediated export signals to reduce sensi- recombinase ranging from single cells to
toxicity; reversible tivity to expression level differ- whole organisms.
ences to attain low background
Li-rtTA Dual induction of blue Reversible; spatiotemporal specific Complexity of mice crossing; time- Genetical labeling and lineage tracing of (95)
light and Dox consuming multiple cell types in regional skin in a
spatiotemporally specific manner.
VVD system LightOn Blue light illumination Simple and robust; spatiotemporal Poor penetrative capacity A simple and robust system to quantitatively (96)

control; reversible

and spatiotemporally control gene expres-
sion and manipulate many biological pro-
cesses in living cells and organisms.
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Some inducible systems for gene expression have been
developed to control SSR activity temporally at the post-
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Figure 2. Chemical-inducible recombination systems. A, a self-cleaved inducible CreER (sCreER) with a Cre-loxP-ER-loxP construct that switches inducible
CreER into a constitutively active Cre by itself once tamoxifen induction. B, the iSuRe-Cre is an inducible dual reporter-Cre, containing CAG promoter, N-PhiM
and MbTomato reporter gene, and a constitutively active and permanently expressed Cre. After removal of the floxed N-PhiM cassette by Cre or CreER,
iSuRe-Cre co-expresses MbTomato and a constitutively active Cre and significantly increases the efficiency and certainty of gene deletion in reporter-
expressing cells. C, the DiCre in which Cre is split into two inactive moieties and fused with FKBP12 and FRB respectively. FKBP12 and FRB can be het-
erodimerized efficiently after rapamycin treatment, leading to the complementation of inactive fragments (CreN and CreC) and Cre activity restoration. D,
the Roxed-Cre contains a Cre-N-rox-stop-rox-Cre-C construct. The reinstatement of Cre activity occurs after the removal of the rox-flanked STOP cassette by
Dre-rox recombination. E, the CrexER with a Cre-rox-ER-rox construct executes Cre activity after the removal of ER by Dre-rox recombination. F, the Tet-On
inducible system consists of two transgenes, a recombinase under the control of a TRE and a rtTA driven by a cell-specific promoter. After Dox admin-
istration, the rtTA is active and interacts with the TetO promoter. CreC, the C-terminal domain of Cre; CreN, the N-terminal domain of Cre; DiCre, dimerizable
Cre; Dox, doxycycline; FKBP12, FK506-binding protein; FRB, binding domain of the FKBP12-rapamycin associated protein; rtTA, reverse tet-controlled

transactivator; Tam, tamoxifen; TRE, Tet responsive element.

health of pregnant mice and the development of embryos.
Administration of high doses of tamoxifen can induce abortion
in pregnant mice. Administration of tamoxifen to pregnant
mice during early gestation can perturb embryonic develop-
ment. RU486 had an all or none dose-dependent effect on
fetoplacental development, resulting in either abortion or
normal development of pregnancy. These facts should be
taken into account when devising inducible SSR strategies (36,
37).

The first generation Cre-ER system, CreER™™ and Cre-
ER", was created by fusing of the Cre recombinase with a
mutated LBD of the mouse and human ER (34, 38). Both the
first generation Cre-ER systems required high tamoxifen levels
to achieve sufficient induction. To avoid possible undesired
tamoxifen-induced toxicity and abnormalities, the second
generation Cre-ER system, Cre-ER"?, was constructed by the
G400V/M543A/L544A triple mutation in the human ER LBD.
The tamoxifen sensitivity of the Cre-ER™ was ~ 4-fold and
~10-fold higher than that of Cre-ER” in cultured cells and
engineered transgenic mice, respectively. Compared with Cre-
ER, Cre-ER™? is sensitive to low dosage of tamoxifen attaining
reduced cytotoxicity and exhibits decreased background ac-
tivity (leakiness) because it is not activated by natural mouse
ER ligands (39). Cre-GR®* can be activated by synthetic li-
gands dexamethasone, triamcinolone acetonide, and RU38486
but not endogenous GR ligands corticosterone, cortisol, or
aldosterone (40). Additionally, both dihydrotestosterone
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(DHT) and OH-flutamide are able to efficiently induce Cre-AR
activity. DHT is a metabolite of testosterone. Both hormones
are classified as ARs. DHT has similar but much stronger ef-
fects. Flutamide is in a class of medications called nonsteroidal
antiandrogens. OH-flutamide is the active metabolite of flu-
tamide. Both DHT and OH-flutamide are able to efficiently
induce Cre-AR activity (41).

Induced activation of constitutive Cre for highly efficient gene
manipulation

Despite that Cre activity can be controlled temporally and
spatially by inducible recombination, inducible CreER often
exhibits low efficiency in knockout of some genes. To enhance
the efficiency of CreER, a self-cleaved inducible CreER
(sCreER) with a Cre-loxP-ER-loxP system that switches
inducible CreER into a constitutively active Cre by itself once
tamoxifen induction has been generated (Fig. 24). Compared
with the conventional CreER, sCreER significantly improved
the efficiency of genetic recombination of flox gene alleles that
are inert for recombination. The advantage of sCreER over
CreER is mainly reflected on genetic loci that are relatively
inert or inaccessible for efficient recombination such as R26-
Confetti and Kdr™*/"** alleles. Following one pulse of tamox-
ifen treatment, the efficiency of Kdr gene knockout with
endocardial driver Npr3-sCreER is significantly higher than
that with conventional Npr3-CreER (Fig. 3). In many cases,
multiple times of tamoxifen administration have to be used for

J. Biol. Chem. (2021) 296 100509 5
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efficient gene deletion (42, 43), and long-term exposure to
high-dose tamoxifen may be toxic to mice. sCreER alleviates
the toxicity of tamoxifen, as only one dose is needed and allows
efficient and temporally controlled gene deletion. The limita-
tion of sCreER is the efficiency of sCreER switch into a
constitutively active Cre mediated its initial CreER-loxP
recombination. The efficiency of gene deletion may be
affected when sCreER knock in some loci with low recombi-
nation efficiency. Even if the cells with recombination are of a
limited amount, sCreER switch into Cre can be detected by
reporter. A combination of temporal control and constitutive
Cre activity makes sCreER suitable for lineage tracing and gene
deletion simultaneously (2). Many studies have displayed that
expression of a given Cre-loxP recombination reporter cannot
reliably indicate deletion of target gene. It is unreliable to as-
sume correlation between recombination of the reporter and
the target allele because there is no genetic linkage between
the reporter allele and other allele in the cell. To alleviate this
problem, a Cre/CreERT2-inducible dual reporter-Cre-
expressing mouse allele, iSuRe-Cre, has been generated. Af-
ter Cre-loxP recombination, this new genetic tool co-expresses
a fluorescent reporter and a constitutively active Cre, ensuring
the efficiency gene deletion in reporter-expressing cells
(Fig. 2B). In addition, the iSuRe-Cre is not leaky in the male
germline and nontoxic. Ferndndez-Chacén et al. generated
transgenic (7g(iSuRe-Cre)) and ROSA26 targeted (G{ROSA)
26Sor-iSuRe-Cre) mice and found that the Tg(iSuRe-Cre)
transgenic allele is not leaky in the male germline. The

6 J Biol. Chem. (2021) 296 100509

Tg(iSuRe-Cre) transgenic allele is expressed and inducible in
most tissues and is compatible with numerous existing Cre/
CreERT2 and floxed mouse lines and significantly increases
Cre activity in reporter-expressing cells. In theory, high Cre
expression levels may result in cellular toxicity. However, the
constitutive expression of Cre from the iSuRe-Cre is nontoxic,
which is concluded after assessing potential toxicity related to
high Cre expression. Gene-deletion false-negatives occur
minimally with the iSuRe-Cre or other conventional Cre-
reporters. Some reporter-negative cells may present deletion
of other floxed genes that are easier to recombine (3).

Dual promoter-mediated Cre activity for more precise genetic
targeting

When using Cre-loxP recombination system for cell labeling
and tracing, one need to vigilantly evaluate if the Cre-driving
promoter also expresses in the undesired cell type. To more
precisely target a specific cell population, a split-Cre approach
has been designed to ensure expression of the Cre-driving
promoter in the target cell type. In this strategy, two frag-
ments of Cre recombinase coding sequence, the N terminus of
Cre (Cre-N) and the C terminus of Cre (Cre-C), were driven by
two independent promoters separately. Only when the two
gene promoters are overlapped can the split-Cre be active in
the cells of interest (44). An intein peptide that catalyzes self-
excision and rejoins the flanking peptides was combined with
split-Cre (Int-N and Int-C fragments) to increase the efficiency
of Cre-N and Cre-C (45). This split-Cre approach has been
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utilized to trace adult neural stem cells (46). Jullien et al. (47)
developed DiCre (dimerizable Cre) in which Cre is split into
two inactive moieties and fused with FKBP12 (FK506-binding
protein) and FRB (binding domain of the FKBP12-rapamycin
associated protein), respectively. Following rapamycin treat-
ment, FKBP12 and FRB can be heterodimerized efficiently,
leading to the complementation of inactive fragments and the
reconstitution of Cre activity (Fig. 2C). Given that rapamycin is
toxic during embryonic and neonatal stage, it could be used
cautiously as an inducer of DiCre in adults. The advantages of
Di-Cre are tight temporal control, rapid induction, and low
background Cre activity. The mechanism of action of the Di-
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Cre is complex. It involves a highly order protein-DNA
complex between the two loxP sites, four enzymes interact-
ing with each other, and a series of cleavage-religation steps
(48). A sequential binary SSR system based on Split-Cre has
been developed, with the Cre-N-rox-stop-rox-Cre-C (Roxed-
Cre) strategy. In the Roxed-Cre system, the reinstatement of
Cre activity occurs after the removal of the rox-flanked STOP
cassette by Dre-rox recombination. In this system, the SSRs
Dre and Cre are linked in a cascade that can be expressed from
two individual tissue-specific promoters. The Roxed-Cre sys-
tem has great potential for robust high-resolution recombi-
nation of conditional alleles and sequential lineage tracing
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Figure 4. Genetically encoded light-inducible recombination systems. A, CRY2 and the N terminus of CIB1 are fused to the CreN and CreC, respectively.
Upon the illumination of blue light, the dimerization of CRY2 and CIBN leads to the reconstitution of split Cre recombinase activity. B, the photoreceptor
Vivid (VVD) is designated as Magnets and comprises two photoswitches named pMag and nMag. The heterodimerization of pMag and nMag induced by
the blue light illumination leads to the complementation of CreN and CreC and Cre activity reconstitution. C, the PhyB absorbs red and infrared light through
the photoisomerization of a covalently bound PCB. The conformation of PhyB changes between the Pr (red-absorbing) and Pfr (far-red-absorbing) states
catalyzed by red and infrared light. The PIF only associates with PhyB in Pfr state. The heterodimerization between PhyB and PIF is reversibly triggered by red
(650 nm) and infrared (750 nm) light. D, a light-inducible transcription activation system based on BphP1-PpsR2 and TetRtetO. BphP1-mCherry and the C
terminus of NLS-PpsR2 are fused to the TetR and VP16, respectively. Upon near-infrared light illumination, BphP1 converts into the Pr state and forms
heterodimer with PpsR2. NLS facilitates the heterodimer translocates to the nucleus where BphP1 fusions interact with tetO DNA repeats via TetR. VP16
recruits the transcription initiation complex and triggers gene transcription. E, the FISC system is designed on the basis of the affinity of bacter-
iophytochrome Coh2 and DocS. In this system, DocS-CreC fusion protein is under the control of FRL-inducible promoter PFRL, CreN fused to Coh2 driven by
a constitutive promoter PhCMV. Upon FRL exposure, the active photoreceptor BphS converts GTP into c-di-GMP which induces binding of FRTA (p65-VP64-
BldD) to promoter PFRL to drive DocS-CreC expression. The interaction of Coh2 and DocS domains leads to the reunion of CreC and CreN and Cre activity
reinstatement. ¢-di-GMP, cyclic diguanylate monophosphate; CreC, the C-terminal domain of Cre; CreN, the N-terminal domain of Cre; CRY2, cryptochrome 2;
FISC system, far-red light-induced split Cre-loxP system; FRL, far-red light; FRTA, far-red light-dependent transactivator; GTP, guanylate triphosphate; NLS,
nuclear localization signal; nMag, negative Magnet; PCB, chromophore phycocyanobilin; PhyB, photoreceptor phytochrome B; PIF, phytochrome interaction
factor; pMag, positive Magnet; TetR, tetracycline repressor.
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studies on cell subpopulations. But a rox site remained in the
coding sequence of Cre may decrease the activity of Cre
recombinase (24) (Fig. 2D). Based on sequential intersectional
recombination, a new switchable CreER system with the Cre-
rox-ER-rox (CrexER) strategy was used for more precise and
organ- or tissue-specific gene manipulation. In the CrexER
system, Cre executes its activity after ER is removed by Dre-
rox recombination (Fig. 2E). The fundamental principle of
CrexER is the same as CreER, CrexER fusion protein is
retained in the cytoplasm by binding with Hsp. Cre is released
and translocated from the cytoplasm to nuclei to execute its
activity after ER is removed by Dre-rox recombination. Taking
advantage of the CrexER system, coronary or brain-specific
vascular Cre lines were generated to achieve gene deletion or
overexpression in coronary or brain vessels specifically and
efficiently. Cre activity could be controlled temporally by using
DreER and rox-stop-rox-Cre instead of Dre and CrexER. The
limitation of CrexER is that Cre activity lacks temporal control
because of constitutive Dre expression. This problem can be
resolved using DreER and rox-stop-rox-Cre instead of Dre and
CrexER (25).

Tet-regulated system for controlling Cre activity

An alternative approach of temporal control of gene
expression is to regulate SSR activity at the transcriptional
level. Transcriptional control approaches are based on the
tetracycline (tet)-inducible binary system, which contains two
transgenes, a recombinase under the control of a Tet
responsive element and a tet-controlled transactivator (tTA)
or “reverse” tet-controlled transactivator (rtTA) driven by a
cell type- or tissue-specific promoter. Following tetracycline
derivative doxycycline (Dox) induction, the tTA and rtTA are
inactive and active, respectively. In the “Tet-off” or tTA sys-
tem, transgene expression and the initiation of recombination
are activated by removal of Dox. The prompt induction of gene
deletion hinges on the rate of Dox clearance. Moreover,
continuous long-term Dox administration may have side-
effects on gene expression and organ function. Using a rtTA
or “Tet-on” system (Fig. 2F) can minimize the disadvantages of
a tTA or “Tet-off” system. Although Dox is less toxic than
tamoxifen to embryos, the tet-on/off system requires the
combination of three separate alleles, tissue-specific tTA/rtTA,
Tet responsive element-Cre, and a floxed allele, thus
increasing the complexity of mice crossing and time cost
(49-51). The Dox inducible tet-on/off system has been suc-
cessfully established and applied in various tissues and organs,
such as heart (52), kidney (53, 54), neurons (55), intestinal
epithelium (56), liver (51), and lung (57).

Light-inducible recombination systems
Light-inducible recombination systems based on caged
biomolecules

During the past decades, chemical-inducible recombination
systems have been extensively applied for temporal control of
genome engineering in vivo. However, because chemical inducers
diffuse freely and are hard to remove immediately, it is challenging
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to induce gene expression and deletion regionally and promptly.
Some disadvantages of the chemical-inducible systems including
leakiness, cytotoxicity, and potential off-target recombination
constrain them to attain a high spatiotemporal gene manipulation
(58-60). Based on UV, blue, or far-red light illumination, various
optogenetics strategies were developed to enable genome engi-
neering with high spatiotemporal precision.

Photoresponsive chemically caged inducers were the first
optogenetic tools (61). Caging groups can be installed in a key
position of chemical inducers or the catalytic site of Cre
recombinase to render the biomolecules in an inactive state.
The photocaged chemical inducers and caged Cre enzyme
reactivation following the caging group is removed by UV light
illumination. With covalent-modifying photocaged analog of
4-hydroxytamoxifen and the ligand-dependent recombinase
Cre-ERT, gene expression can be permanently switched on or
off by UV light activated recombination in cell culture systems
(62). A caged tamoxifen analog 4-hydroxycyclofen was syn-
thesized and applied to control CreER-mediated recombina-
tion upon light illumination in cell culture, organoid culture,
and in adult mice (63). Inlay et al designed photocaged
tamoxifen or 4-hydroxytamoxifen (4-OHT) through covalent
attachment to a photocleavable ortho-nitrobenzyl group. The
free tamoxifen or 4-OHT release is attained after UV illumi-
nation, leading to Cre-mediated genetic recombination. In
summary, the photocaged 4-OHT or analogs can be applied to
achieve light-inducible precise spatiotemporal control of gene
expression. However, there are some limitations of 4-OHT-
based photocaging technology such as cytotoxicity (DNA
damage) by UV light, poor tissue penetration, multiple irra-
diations, and limited recombination efficiency (64, 65). Based
on Tet-on system, caged doxycycline derivatives were gener-
ated for precise spatiotemporal control of gene expression
ranging from a single cell to organisms. As no signs of toxicity
was detected, the amount of UV light needed for induction is
innocuous. There was diffuse background fluorescence that
could be discernible from the more intense signal. Because
caged cyanodoxycycline has a low membrane permeability, it
requires longer incubation times for full transgene expression
after UV light illumination (66). Because the near-infrared (IR)
light is cytocompatible and has significant tissue penetration, a
near-IR uncaging strategy based on cyanine photochemistry
has been designed to uncage small molecules. Gene expression
can be controlled with near-IR light in CreER™/LoxP-reporter
cell line derived from transgenic mice. Because near-IR light is
cytocompatible and tissue penetrant, this uncaging strategy
enable specific delivery of small molecules. Future applications
of this near-IR uncaging strategy in complicated physiological
settings need to validate in vivo (67). Brown et al. developed a
new caged rapamycin, the light-cleavable rapamycin dimer
(dRap) that induces FKBP12 and FRB heterodimerization
through UV illumination. By fusing N terminus and C termi-
nus of Cre to FKBP12 and FRB, respectively, Brown et al.
achieved the photochemical control of Cre-catalyzed recom-
bination by dRap. The light-cleavable rapamycin dimer dRaP is
compatible with natural FKBP12 without the need for protein
engineering of the FKBP domain. The synthesis of rapamycin
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dimer dRaP is simple in just two steps. The dRap can be
applied to control biological processes that have responses to
rapamycin but could not be readily placed under photo-
chemical control (68).

A caging group was installed on the catalytic site of Cre to
inhibit Cre activity and recombination. Exposure to non-
photodamaging UVA light removes the caging group and re-
stores recombinase activity, thereby enabling tight
spatiotemporal control of gene function is achieved in
mammalian cell. To inhibit Cre activity, a light-responsive o-
nitrobenzyl caging group was installed in the catalytic site of
Cre. Upon UVA light triggering the removal of the caging
group, Cre activity restores (69). Through the site-specific
incorporation of photocaged tyrosine (ONBY) and photoc-
aged lysine (PCK) into proteins in mammalian cells, Luo et al.
developed two light-activated Cre recombinases. Photocaging
provides highly stringent spatiotemporal and background-free
control with high Cre recombinase activity. Additionally, this
light-activated Cre recombinase significantly improved the
efficiency of DNA recombination. Using photocaged Cre/loxP
system to generate knock-in or knock-out organisms needs to
be validated (70). Caging is a form of photoreversible chemical
modification that has been used in the light-mediated activa-
tion of molecules (71). Applications of caging groups can be
divided into two types: photocaged chemical inducers and
caged Cre enzyme. Caging groups can be installed in a key
position of chemical inducers or the catalytic site of Cre
recombinase to render the biomolecules in an inactive state.
The photocaged chemical inducers and caged Cre enzyme
reactivation following the caging group is removed by UV light
illumination. Application of photocaged biomolecules is
limited by the difficulties associated with introducing these
caged biomolecules into multicellular systems. The caged
systems require the introduction of exogenous caged mole-
cules and UV light illumination to trigger uncaging, yet UV
can result in cytotoxicity by direct DNA damage. Also, the free
diffusion of caged chemical inducers could lead to off-target
effects, and limited recombination efficiency was detected
following light illumination (62).

Genetically encoded light-inducible recombination systems

Various genetically encoded light-inducible Cre-loxP sys-
tems have been generated, making use of a variety of photo-
receptors and split Cre recombinase. An array of optical
dimerizer systems have been developed based on various light-
sensing components: phytochromes (72-74), cryptochromes,
light oxygen voltage (LOV domains) (75-77), Vivid (VVD) (78,
79), UVR8 (61, 80, 81), and EL222 (82) derived from pro-
karyotes, fungi, and plants. The cryptochrome 2 (CRY2-CIB1
[basic helix-loop-helix protein]) and VVD (Magnet) systems
are the most widely used optical dimerizers.

Generation and development of photoactivatable Cre
recombinase

In 2010, Kennedy ez al. developed genetically encoded blue
light—inducible dimerization modules based on Arabidopsis
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thaliana CRY?2 and CIB1 that require no exogenous cofactors.
CRY2 and the N terminus of CIB1 were respectively fused to
the N-terminal and C-terminal domain of Cre. Upon the
illumination of blue light, the dimerization of CRY2 and N
terminus of CIB1 leads to the reconstitution of split Cre
recombinase activity. This is the first generation photo-
activatable Cre recombinase called photoactivatable DNA
recombinase, photoactivatable Cre recombinase (PA-Cre) 1.0.
This system is fast temporal and subcellular spatial resolution
without the need for exogenous chromophore. The CRY-CIB
system could be improved by generating minimal domains
for efficient packaging in viral vectors and constructing mod-
ules with modified dissociation kinetics and light sensitivities.
Further optimization of the constructs of CRY-CIB modules
may improve Cre recombinase—mediated DNA recombination
efficiency (74) (Fig. 4A).

Integrating the customizable TALE DNA-binding domain
with CRY2-CIB1, Konermann et al (83) developed light-
inducible transcriptional effectors to achieve optical control
mammalian endogenous transcription and epigenetics states.
By fusing CRY2 and CIB1 to the transactivation domain and
the catalytically inactive form of Cas9, clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas9—based
photoactivatable systems have been established to control
precise endogenous gene activation in mammalian cells
(84, 85). In addition, the CRY2-CIB system has been used to
optically regulate phosphoinositide levels (86, 87), cytoskeletal
dynamics, and organelle distribution (88, 89). Combining
Brainbow gene cassette encoding tricolor fluorescent proteins
with PA-Cre, Boulina et al. (90) achieved live imaging of
multicolor-labeled cells in Drosophila. Schindler et al. (91)
demonstrated that PA-Cre recombinase can be activated by
illumination from optical fibers or a two-photon microscope
and permanently modify gene expression in the mouse brain.

Although CRY2-CIB optical dimerizer system has been
extensively used as optogenetic tool, some limitations such as
large size and dark background exist. Substitution of L348 F
mutation in this system termed PA-Cre 1.5 with minimal
background in dark, high induced activity, and sensitive
response to a single brief light pulse. Using the long-lived
L348F photocycle variant and truncated CRY2 and CIB con-
structs, Taslimi et al. generated an improved second-
generation photoactivatable Cre DNA recombinase, PA-Cre
2.0. The PA-Cre 2.0 system exhibits minimal dark back-
ground and achieves 5-fold higher levels of activity than PA-
Cre 1.0 (92). Meador et al. functionally characterized PA-Cre
2.0 in cultured cells and iz vivo in rodent brain. The PA-Cre
2.0 system shows high induced activity, low background, and
sensitive response to a single and shorter light pulse in vitro
and in vivo. The low recombination efficiency of the PA-Cre
based on the CRY2-CIB1 split Cre system is unsatisfactory.
The low dark background of PA-Cre2.0 can be attained by
tuning nuclear-cytosolic shuttling to reduce sensitivity to
expression level differences. Combining two inducible systems,
chemical-and-light dual regulated system has been designed
and generated to achieve tight control of photoactivatable Cre
recombinase gene switch (93).
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By re-engineering the homodimer interface, Kawano et al.
designed two distinct VVD variants, which is designated as
Magnets. This blue light—dependent dimerization system
comprises two photoswitches named positive Magnet (pMag)
and negative Magnet (nMag). The synergistic activation of two
photosensory units prevents dimerization in the dark state.
The Magnets provide a powerful tool for spatiotemporal
control of protein activities and related cellular functions (78).
Based on the reconstitution of split Cre fragments induced by
the blue light—-dependent heterodimerization of the Magnet
system, Kawano et al. (4) further succeeded in developing a
genetically encoded photoactivatable Cre recombinase called
PA-Cre to optogenetically control highly efficient induction of
DNA recombination with high spatiotemporal precision
in vivo (Fig. 4B). To reduce the unintentional Cre-loxP dark
leak recombination, Morikawa et al. developed an improved
version of Magnets-based PA-Cre called PA-Cre 3.0. A CAG
promoter, Magnets, and 2A self-cleaving peptide have been
used to optimize the expression of Magnets-based PA-Cre
protein. Background recombination has been significantly
reduced by codon modification in the dimerization domains.
Compared with other photoreceptors-based PA-Cre systems,
PA-Cre 3.0 have advantages with minimizing dark leakiness

and high recombination efficiency. As new genetic tools, the
PA-Cre 3.0 mouse lines and AAV-PA-Cre 3.0 could be applied
to genetic study by spatiotemporal control of Cre-loxP
recombination. The low penetrative capacity of blue light
limits the application of the PA-Cre system in vivo (94).

Iteration of light-inducible recombination systems

By fusing the two functional domains of conventional rtTA
to the light-sensitive proteins CRY2 and CIB1 separately, a
novel light activated rtTA (Li-rtTA) system has been designed.
Following the dual induction of blue light and Dox, the Li-
rtTA system enables to activate and delete genes in a spatio-
temporally specific fashion, e.g,, in the regional skin of mice.
There are several advantages of the Li-trTA system, such as
tight spatiotemporal specific gene manipulation, many avail-
able existing genetic tools, and reversible activation of gene
expression. The breeding scheme of Li-rtTA system requires
to get both TetO-Cre and Li-rtTA alleles combined with the
conditional gain or loss of function allele of interest. It is
complex and time-consuming (95). Although the genetically
encoded blue light—inducible CRY2-CIB1 split Cre system is
noninvasive and requires no UV light illumination, its
recombination efficiency still has much room to improve.
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Figure 5. Decision tree for choosing an appropriate site-specific recombination system or strategy. Flow chart summarizing site-specific recombi-
nation strategies discussed in the text and Table 1. CrexER, a switchable CreER system with the Cre-rox-ER-rox construct; Di-Cre, dimerizable Cre; iSuRe-Cre, a
Cre/CreERT2-inducible dual Reporter-Cre-expressing mouse allele; Roxed-Cre, a sequential binary SSR system with the Cre-N-rox-stop-rox-Cre-C strategy;
sCreER, self-cleaved inducible CreER with a Cre-loxP-ER-loxP construst; Tet-On system, tetracycline-inducible gene expression system.
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A blue light photoreceptor VVD derived from the filamen-
tous fungus Neurospora crassa is one of the smallest photo-
receptors and requires flavin adenine dinucleotide as its
cofactor. Upon exposure to blue light, VVD undergoes
switching from a monomer to a homodimer (79). Based on a
genetically encoded light-switchable transactivator containing
Gal4—VVD fusion protein, Wang et al. developed a simple and
robust LightOn system that could be used to control gene
expression spatiotemporally in mammalian cells and mice. The
LightOn has low background expression, low toxicity, low
interference with normal cellular function, and allows revers-
ibility. Because only a single, genetically encoded photosensi-
tive transactivator is required, the LightOn system is simple
and easy to manipulate (96). Yao et al. generated light-
inducible VVD-based Cre, Dre, and Flp recombinase system
denoted as RecV. After inducing by one-photon or two-photon
light illumination, RecV enables spatiotemporally precise
optogenomic modifications of single cells or cell populations
in mouse and zebrafish (97).

The inadequate transmittance of visible light through opa-
que tissues constrains the application of optogenetic ap-
proaches. The limitation could be broken through by using
longer wavelength light. The far-red and near-infrared light
spectrum within a spectral region (~700-900 nm) can pene-
trate through deeper tissues or visceral organs (98, 99). The
red/far-red light-switchable interaction of the photoreceptor
phytochrome B (PhyB) and the photochrome-interacting fac-
tor (PIF) from A. thaliana was optimized to control gene
expression at fine spatial and temporal resolutions in
mammalian cells. Because using red/far-red light as an
inducer, the PhyB-PIF system is rapidly reversible, precisely
adjustable, nontoxic, space- and time-resolved, and has a low
background expression. The PhyB-PIF system requires an
exogenous phycocyanobilin chromophore or several bacterial
enzymes producing chromophore. Because these exogenous
proteins interfere with cellular metabolism, it limits the
application of the PhyB-PIF system (73, 100) (Fig. 4C). A near-
infrared light mediated optogenetic system based on the het-
erodimerization of bacterial phytochrome, BphP1, and its
partner PpsR2 has been generated. This BphP-PpsR2 system
enables activating gene expression in vivo and a signaling
pathway in vitro. The BphP-PpsR2 system sensing near-
infrared light is preferable for in vivo application because of
its deep tissue penetration and low phototoxicity. This system
is orthogonal to mammalian cells and minimally affects
cellular metabolism (101) (Fig. 4D). More recently, based on
the affinity of bacteriophytochrome Coh2 and DocS and split-
Cre recombinase, a far-red light-induced split Cre-loxP system
(FISC system) has been designed and enables efficient and
precise control of DNA recombination in mammalian cells
and in liver of mice. In the FISC system, the expression of the
DocS-CreC fusion protein is under the control of far-red
light—inducible promoter Pgr;, CreN fused to Coh2 driven
by a constitutive promoter Pycymy. Upon far-red light illumi-
nation, the interaction of Coh2 and DocS domains leads to the
complementation of CreC and CreN and Cre activity recon-
stitution (Fig. 4E). In comparison to the UV and blue light—
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induced systems, the main advantages of the FISC system
are low background and photocytotoxicity, deep penetration
capacity, and high recombination efficiency with spatiotem-
poral precision. Owing to the packaging size limitation of AAV
viral vectors, the FITC system was assigned in three separate
AAV vectors for in vivo delivery. This obviously affects the
future biomedical application of the FITC system. The FISC
system still needs to be improved by developing a vector with
expanded packing capacity and small construct size to ensure
efficient delivery in vivo (102).

Comparison of the advantages and disadvantages of
SSR and CRISPR-Cas9 system

SSR and CRISPR-Cas9 are the two ubiquitously used sys-
tems to achieve genome editing. SSRs are most suitable for
insertion, deletion, or rearrangement of large fragments (e.g,
hundreds or thousands of base pairs), rather than exquisitely
targeted modifications such as point mutations. The off-site
activity of SSRs is very low because they could tolerate mi-
nor variations of the site sequence. Under optimized condi-
tions, the SSRs can complete site-specific recombination fast
and efficiently in vivo and in vitro. Site-specific recombination
requires only the SSRs and the two target sites. No other co-
factors are required. In summary, the advantages of SSRs are
specificity, simplicity, high efficiency, and fidelity. Neverthe-
less, there are some disadvantages such as toxicity, inefficiency,
and off-target activity that can limit the applications of SSRs.
Low levels of off-target recombination can be promoted by
SSR such as Phi31 recombinase at a number of “pseudosites”.
Low level but genome-wide off-target recombination could
lead to manifold potential problems such as mutation, inser-
tion, or deletion and failure of chromosome to segregate
properly. SSRs expression in vivo can be toxic or even lethal.
Persistence of recombination intermediates with strand break
and DNA damage caused by covalent SSR-DNA linkages
might also result in toxicity. Recombination reaction may be
slow or incomplete because of inherent nature of the SSR or
incompatibility with the condition of experimental system
such as temperatures (103).

CRISPR/Cas (CRISPR-associated protein) is a novel and
efficient genome editing tool. The widely used CRISPR-Cas9
system consists of two components: the Cas9 enzyme and a
guide RNA (gRNA). The advantages of CRISPR-Cas9 system
are simplicity and efficiency. This system is used for genome
editing by introducing double-strand breaks (DSBs) which are
repaired via error-prone nonhomologous end joining (NHE])
or HR. HR precisely repairs the DSBs by making use of in-
formation from a homologous template strand and occurs only
during the replicative phase of the cell cycle. Whereas NHE]
repairs the DSBs in a template-independent manner and thus
results in introducing unspecified mutations at the target site,
such as insertions, deletions, and substitutions. NHE] is the
predominant repair pathway because of it is function
throughout the cell cycle and repairs the DSBs quickly to
safeguard genomic integrity. The DNA ligase IV inhibitor
SCR7 can increase the specificity of CRISPR/Cas9 genome
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editing by tackling NHE] and favoring the more precise HR
in vitro and in vivo (104-106).

Guo et al. found that NHE] accurately repairs the DSBs in
CRISPR/Cas9-mediated genome editing with precise deletion
of a defined length. The complex HR and NHE] require many
host factors to complete the modification and may thus vary in
efficiency depending on different factors, cell types, and host
organisms. It is necessary to optimize the CRISPR-Cas9 system
for desired genome editing. In addition, variants of Cas9 are
still being generated to minimize off-target effect and enhance
specificity. The CRISPR-Cas9 and the Cre-LoxP systems can
be combined to generate conditional gene knockout and
mutant knock-in (107, 108).

The CRISPR/Cas9 system has been enhanced by incorpo-
rating a catalytically dead Cas9 fused to transcriptional effector
domains. The CRISPR interference (CRISPRi) system estab-
lished by fusing dead Cas9 to a transcriptional repressor domain
Kruppel associated box can efficiently and specifically repress
transcription of endogenous genes. A key feature of CRISPRIi is
the low incidence of off-target effect. CRISPRI is inducible,
reversible, and nontoxic and enables knockdown of noncoding
RNAs. However, there are a few limitations of the CRISPRI. It
can affect the adjacent genes, leading to unpredicted deleterious
effects. Moreover, the dependence on the location of the
nuclease-specific PAM (protospacer adjacent motif) sequences
limits the number of genes targeted by CRISPRi (109).

Conclusions and perspectives

SSRs are instrumental genetic tools to precisely manipulate
genomic DNA in multiple biomedical research disciplines. The
application of SSRs has greatly facilitated our understanding of
gene function and cell lineage relationship in the process of
development, tissue homeostasis, regeneration, and diseases.
The emerging new site-specific genetic recombination technol-
ogies enable efficient manipulation of genomic DNA with high
efficiency and fine spatiotemporal control to meet the demand of
the ever-increasing complexity of biomedical research. In this
review, we have introduced conventional and recently developed
site-specific recombination technologies, focusing on the
chemical- and light-inducible recombination systems. Each
recombination system has its own pros and cons. Thus, choosing
an appropriate recombination system or combination strategy to
address various biological questions needs to be considered. In
Figure 5, we summarize some of the considerations that would
help those who are trying to decide which strategy to use.

Multiple recombinase—mediated genetic approaches facili-
tate simultaneously analyzing multiple cell lineages and their
contribution to development and regeneration, reconstructing
cell lineage trees in the developmental programs and unrav-
eling cell lineage and cell fate determination, which is helpful
for interrogation of stem cell function during regeneration and
disease. The new dual genetic approaches combined Cre with
other analogous recombinases such as Flp, Dre, and Nigri have
been successfully utilized to design more complex and well-
designed experiments for addressing controversial or compli-
cated biological issues (21-26). A combination of Dre and Cre
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could enhance the specificity of targeting cell subpopulations,
avoid the ectopic expression of Cre recombinase by intersec-
tional genetic approach, provide evidence for the long-
standing controversial issues of stem cell differentiation
without relying on cell type-specific known markers, and
seamlessly record gene activity and cell proliferation during
development, regeneration, and diseases (22, 110, 111, 112). In
addition to more precise cell lineage tracing, dual recombi-
nation system can be used to implement gene knockout and
functional analysis in specific cell lineages or subpopulations.
The innovative site-specific recombination systems could also
be combined with other emerging technologies such as single
cell-RNA sequencing, DNA barcoding, and live imaging.
Subtypes of new cell lineages and new markers identified by
single cell-RNA sequencing provide valuable information for
generating new Cre or Dre lines to specifically target the cell
subpopulations. Over 70 Dre lines have been generated, which
enlarge the pools of multiple recombinases mouse lines and
provide a platform for the research of cell origin and fate
plasticity via innovative strategies (113).

Further, the combinatorial strategy of chemical- and light-
inducible recombination systems has been designed to spatio-
temporally manipulate specific genes in vivo. Under the dual
control of blue light illumination and doxycycline induction, the
Li-rtTA system can be combined with many existing genetic
tools to achieve diverse spatiotemporal-specific gene manipula-
tion such as in the regional skin of a mouse. This region-specific
light illumination system is also suitable for precise spatiotem-
poral control of gene expression and function analysis in specific
brain regions and other organs (95). An optimal system should
have the capacity for precise spatiotemporal control, low leaki-
ness or background, reduced toxicity and invasiveness, and
should be easy-to-use. The priorities of these requirements are
more efficient and precise spatiotemporal control and low
toxicity. Future iterations of site-specific recombination system
approach will be widely used in multiply diverse fields of life
science research that have great demand for high resolution
spatiotemporal control of gene manipulation.
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