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ABSTRACT: New approaches that allow precise spatiotemporal control of gene
expression in model organisms at the single cell level are necessary to better dissect the
role of specific genes and cell populations in development, disease, and therapy. Here,
we describe a new optochemogenetic switch (OCG switch) to control CreER/loxP-
mediated recombination via photoactivatable (″caged″) tamoxifen analogues in
individual cells in cell culture, organoid culture, and in vivo in adult mice. This
approach opens opportunities to more fully exploit existing CreER transgenic mouse
strains to achieve more precise temporal- and location-specific regulation of genetic
events and gene expression.

■ INTRODUCTION
Site-specific recombination mediated by Cre recombinase is a
powerful genetic tool to manipulate genetic elements in model
organisms.1 When placed under the control of a tissue-specific
promoter, Cre/LoxP-mediated recombination allows tissue-
specific investigation of gene functions.1 Fusing Cre with a
mutant form of the estrogen receptor (ER) ligand binding
domain further enables temporal control of recombination.1

While this conditional CreER system allows for temporal
control, the spatial control through tissue-specific promoters is
limited by relatively broad activation in all target cells,
nonspecificity of many of such cell type-”specific” promoters
and/or the lack of validated promoters in certain cell types. We
argue that, to better dissect the roles of different cell
populations within tissues and organs, it would be highly
desirable to develop methods that allow cell rather than tissue
specific gene activation.
The prerequisite for selectively modulating biological

function at a cellular level is the use of activation tools that
can be confined to a cellular or even subcellular volume. Light
can be used as an external orthogonal stimulus to activate
biological functions in a spatiotemporally controlled fashion.2,3

Light can furthermore be manipulated in a very precise manner
to achieve activation of groups of cells or even individual cells
in spatially defined regions of interest. Photochemical control of
protein functions has been achieved through a variety of
approaches, including caged small molecules, installation of

caging groups or photoswitchable groups on the proteins, or
fusion with photoactivatable protein domains.4 A general
method for creating photoactivatable caging systems is to first
mask the activity of the biologically active substance through
attachment of a photolabile protecting group, termed “caging
group”. Light then can be used to remove this caging group to
activate and restore the native biological activity of the parent
compound.5−7 This approach has been applied to address
various biological questions regarding cellular signaling path-
ways and neurological processes.6,8−10

Several approaches have been developed to render Cre-
mediated recombination inducible by light. One study showed
that Cre activity can be photoregulated by caging the critical
residue Tyr324 in the protein structure.11 However, the in vivo
application of the method would require the generation of new
Cre mutant animals. Alternatively, certain small molecule ER
antagonists (tamoxifen and its derivatives) can be caged and
photoreleased to control CreER activity. The feasibility of these
approaches has been demonstrated in cell culture systems and
the zebrafish model.12−15 However, it is currently unknown
whether caged tamoxifen analogues would work reliably in
CreER transgenic mice where pharmacokinetics of caged drugs,
delivery barriers, and complex light/tissue interactions are
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formidable obstacles. To address this question, we synthesized
a caged tamoxifen analogue and applied the compound to a
series of in vitro and in vivo photoactivation experiments to
investigate whether it could reliably induce efficient light-
dependent Cre-mediated recombination in mice. We confirmed
the activity of this photochemogenetic (OCG) switch and
suggest its application may significantly improve the current
methods of modeling human diseases in mice where the CreER
technology is employed.

■ EXPERIMENTAL PROCEDURES
Reagents and Instruments. Unless otherwise stated, all

the reagents for the synthesis of caged 4-hydroxycyclofen (4-
OHC) were obtained from Sigma-Aldrich (St. Louis, Missouri,
USA) and used as received. 1H NMR spectra were recorded on
a Varian 400 MHz spectrometer. High-performance liquid
chromatography−mass spectrometry (HPLC-MS) analysis was
performed on a Waters (Milford, MA) LC-MS system. In the
LC-MS system, electrospray ionization (ESI) was used to
obtain mass spectrometry. A Waters XTerra C18 5 μm column
was used for HPLC-MS analysis (eluents: 0.1% trifluoroacetic
acid (v/v) in water and acetonitrile; gradient: 0−9.5 min, 5−
100% B; 9.5−10.0 min 100% B). The chromatograms were
processed using MassLynx software (from Waters). UV−vis
spectra were recorded in a TECAN microplate reader. A 6 W
hand-held UV lamp (UVP, LLC) was used for uncaging the
caged 4-OHC both in vitro and in vivo.
Mice. All animal studies were approved by the Institutional

Animal Care Committee. Homozygous Rosa26CreERT2, mT/
mG, and R26R mice in C57BL/6 background were obtained
from Jackson Laboratory (Stock Number: 8463, 7676 and
3474, respectively). Heterozygous Rosa26CreERT2;mT/mG, and
Rosa26CreERT2;R26R mice were generated by crossing the
homozygous mice and were then used throughout the study.
Synthesis of Caged 4-OHC. The DMNPE caging group

and 4-OHC were synthesized by following a previously
described procedure.14,27 1-(4,5-Dimethoxy-2-nitrophenyl)-
ethyl (DMNPE) moiety was conjugated to 4-OHC under
Mitsonobu coupling conditions. Briefly, in a 25 mL round-
bottom flask, DMNPE (0.014 g, 0.063 mmol), 4-OHC (0.020
g, 0.057 mmol), and triphenyl phosphine (PPh3, 0.016 g, 0.063
mmol) were mixed together in 0.5 mL of tetrahydrofuran
(THF) under an argon atmosphere. After stirring the solution
at room temperature (RT) for ∼5 min, diisopropyl
azodicarboxylate (DIAD, 0.012 mL, 0.063 mmol) was added
dropwise to the reaction mixture. The reaction mixture was
allowed to stir at RT for ∼2.5 h. The crude product was directly
charged to a SiO2 column for purification (eluent: 100%
dichloromethane to 10% methanol in dichloromethane v/v).
Caged 4-OHC was isolated as a yellow solid. Yield = 31%. 1H
NMR (400 MHz, CDCl3): 7.65 (s, 1H), 7.20 (s, 1H), 6.93 (m,
4H), 6.79 (d, 2J = 8.8 Hz, 2H), 6.67 (d, 2J = 8.8 Hz, 2H), 6.10
(q, 4J = 6.13 Hz, 1H), 4.03 (t, 3J = 5.8 Hz, 2H), 3.94 (s, 3H),
3.89 (s, 3H), 2.72 (t, 3J = 5.8 Hz, 2H), 2.35 (s, 6H), 2.18 (m,
4H), 1.67 (d, 2J = 6 Hz, 3H), 1.56 (m, 6H). MS (electrospray
ionization mass spectrometry: ESI-MS) calculated: 560.29,
found: 561.40 [M+H]+.
UV−vis and HPLC-MS Characterization of the Photo-

cleavage of Caged 4-OHC. A 0.25 mM solution of caged 4-
OHC in 1:1 (v/v) water/acetonitrile was used for the UV−vis
spectroscopic characterization of the photocleavage reaction.
The solution of the caged 4-OHC was placed in a 96 well black,
clear-bottom microplate. The solution was then irradiated at

∼365 nm using a hand-held UV lamp. After light exposure,
UV−vis spectra of the solution were recorded in a TECAN
microplate reader. Time course of the photocleavage reaction
was monitored by exposing the caged 4-OHC solution to light
for different durations, and subsequently recording the UV−vis
spectra of the solution. A 2.0 mM solution of caged 4-OHC in
1:1 (v/v) water/acetonitrile was used for the HPLC-MS study.
The solution of the caged 4-OHC was placed in a glass vial and
irradiated at ∼365 nm using a hand-held UV lamp. Aliquots
were taken at different time intervals and injected to the HPLC-
MS machine for analysis. Prism 5 (GraphPad, La Jolla, CA) for
Mac was used to plot the data.

MEF Isolation and Photoactivation Procedure. Mouse
embryonic fibroblasts were isolated from embryos of the cross
between homozygous Rosa26CreERT2 and homozygous mT/
mG (or R26R) following previously described protocol28 and
grown in DMEM with 10% FBS. To illuminate UV light on the
cells, the cells were first grown in 60 mm dish overnight to
become nearly confluent. Next day, the medium was replaced
with medium containing caged 4-OHC at 5 μM and incubated
for 30 min. The cells were washed twice quickly with warm PBS
and covered with fresh medium. The dish was placed on the
UV emission surface of a hand-held 6 W long-wavelength UV
lamp (UVP, LLC), and UV light was kept on for a designated
period of time. The cells were returned to the incubator to
culture for 48−72 h before live imaging or flow cytometric
analysis.

Mammary 3D Culture and Photoactivation Proce-
dure. Mouse mammary epithelial cells were isolated from 6- to
8-week-old female Rosa26CreERT2;mT/mG mice as previously
described.29 Briefly, mammary glands were excised, minced
using scalpels, and digested for 1 h in 300 U/mL type 1A
collagenase (Sigma) and 100 U/mL hyaluronidase (Sigma).
Cells were then treated with 0.25% trypsin/EDTA, Dispase
(Invitrogen)/DNase (Sigma), and ACK lysing buffer (Invi-
trogen) in succession. Between each treatment, cells were
rinsed in MEGM (1:1 DMEM/F12 Ham supplemented with 5
mg/mL insulin, 500 ng/mL hydrocortisone, 10 ng/mL EGF,
20 ng/mL cholera toxin, 5% bovine calf serum, and 1×
penicillin/streptomycin). Afterward, cells were filtered twice
through 40 mm nylon cell strainers and seeded in 35 μm dishes
that contained a layer of Growth factor Reduced Matrigel (BD
Biosciences) measuring approximately 1−2 mm thickness.
Acini usually formed in 4−8 days. During photoactivation, the
acini were incubated with MEGM containing 5 μM caged 4-
OHC for 1 h. The cells were washed twice quickly with warm
PBS and covered with fresh medium. The dish was placed on
the UV emission surface of a hand-held 6 W long-wavelength
UV lamp (UVP, LLC, exposure time: 1 min) or above the 60×
objective of an inverted epifluorescent microscope equipped
with a standard DAPI filter set. The cells were returned to the
incubator to culture for >48 h before live cell imaging using an
upright Zeiss 710 laser scanning confocal microscope equipped
with 20× and 40× water immersion objectives.

Photoactivation Procedure in Mice. Female mice of 6−8
weeks old were clean-shaven on the dorsal and ventral sides.
The caged 4-OHC was formulated in 1:1:8 N,N-dimethylace-
tamide/solutol/saline for in vivo delivery. The vehicle or 1 mg
caged 4-OHC in vehicle was injected intraperitoneally. One
hour later, the mice were anesthetized with isoflurane and
exposed to UV light from the hand-held 6 W long-wavelength
UV lamp (UVP, LLC) for 15 min. Alternatively, for mammary
tissue illumination, the right inguinal (#4) mammary fat pad
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was exposed by creating a small skin flap and illuminated with
UV light for 15 min. For enhanced photoconversion, this
procedure was repeated four times. On the seventh day, the
mice were imaged with Olympus OV-110 epifluorescence
imager to detect fluorescent signals emitted from the skin on
the dorsal and ventral sides. Alternatively, the left and right
mammary glands were dissected and immediately imaged using
the intravital laser scanning microscope IV-110.

■ RESULTS
To design a biological system that can faithfully report on the
induced activity of CreER, we took advantage of a recently
developed double-fluorescent Cre reporter mouse, the mT/mG
strain, 16 which expresses tdTomato prior to and EGFP
following Cre-mediated recombination ubiquitously in tissues.
The homozygous mT/mG mouse was crossed to the
homozygous Rosa26CreERT2 strain,17 and the progenies,

Rosa26CreERT2;mT/mG, were heterozygous for both alleles.
We reasoned that, by illuminating cells and tissues from these
mice with UV light and looking for EGFP-expressed cells, we
would be able to test the photoinduced activity of caged
tamoxifen analogues (Figure 1).
We used the 4-hydroxytamoxifen (4-OHT) analogue, 4-

hydroxycyclofen (4-OHC) as a small molecule agonist of the
ER component of the fusion protein. Although 4-OHT and 4-
OHC have similar binding affinity to the ER, 4-OHC is
preferred over 4-OHT in view of its synthetic accessibility and
better photostability.14 As shown in Figure 2A, 4-OHC was
caged by attaching a photolabile 1-(4,5-dimethoxy-2-
nitrophenyl)ethyl (DMNPE) moiety to the free hydroxy
group of 4-OHC using the Mitsonobu reaction.14 Under
ambient light, the DMNPE caging group is stable in
physiological conditions. However, exposure to longwavelength
UV irradiation (∼350−410 nm with a peak at 365 nm) leads to

Figure 1. Schematics showing the photoactivation-dependent CreER/loxP system in the Rosa26CreERT2;mT/mG reporter mice. To produce a light-
sensitive CreER/loxP system, 4-OHC was modified with a light-sensitive caging group to inhibit its ability to induce CreER-mediated recombination.
Photoactivated release of 4-OHC induces EGFP gene expression in illuminated cells.

Figure 2. Synthesis of caged 4-OHC and photocleavage characterization. (A) Synthesis of caged 4-OHC under Mitsonobu reaction condition and
activation (uncaging) of caged 4-OHC using 365 nm UV light. (B) Changes in UV−vis absorbance during the photocleavage of caged 4-OHC in
water/acetonitrile (1:1 v/v). Inset shows the change in absorbance at 375 nm over UV irradiation time. Note that the photocleavage is complete
within 10 min of irradiation. (C) HPLC-MS chromatograms showing the quantitative formation 4-OHC from caged 4-OHC upon UV irradiation.
Caged 4-OHC solutions, before (0 min) and after light exposure (10 min UV), were analyzed by HPLC-MS. Formation of 4-OHC was identified by
the appearance of molecular mass corresponding to 4-OHC (m/z 352.31 [M+H]+). The peak other than the 4-OHC appeared in the 10 min UV
chromatogram belongs to the cleaved caging group (see (A) for the photocleavage reaction).
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photolytic cleavage, releasing 4-OHC (Figure 2A). The
photocleavage reaction of the caged 4-OHC was monitored
by UV−vis spectroscopy. A change in UV−vis absorption
spectrum was observed when a solution of caged 4-OHC was
exposed to a hand-held 365 nm UV lamp and was typical of the
breakage of DMNPE caging group (Figure 2B). The photo-
chemical reaction was complete within 10 min of exposure
(inset of Figure 2B). High-performance liquid chromatog-
raphy−mass spectrometry (HPLC-MS) verified the chemical
identity of the photoreleased products and also confirmed
quantitative, unidirectional conversion to 4-OHC (Figure 2C).
Overall, these characterizations indicate that the caged 4-OHC
undergoes efficient photocleavage at 365 nm UV light and
releases 4-OHC.
To test the caged 4-OHC activity, we started with a simple

biological system, the mouse embryonic fibroblasts (MEFs)
isolated from the Rosa26CreERT2;mT/mG mice in cell culture
conditions. Rosa26CreERT2;mT/mG MEFs were treated with
either 4-OHC or caged 4-OHC and illuminated at 365 nm. As
expected, photocleavage of the caged 4-OHC induced EGFP
expression in a stringent fashion (Figure 3A,B). To provide an
independent tester for the compound, we generated another
reporter mouse, Rosa26CreERT2;R26R by crossing homozygous
Rosa26CreERT2 with homozygous Rosa26-loxP-STOP-loxP-lacZ
mice18 (Figure S1A). Similar results were observed in the

Rosa26CreERT2;R26R MEFs (Figure S1B). We did not observe
any major phototoxicity or cell viability changes due to the UV
irradiation in our experiments (energy density 1.6 mW/cm2,
photon energy 3.4 eV, number of photons per second per cm2

2 × 1015, up to 3 min exposure time), consistent with other
reports.5,19

While a convenient system, the 2D cell culture cannot
manifest all the biological responses of cells to external
perturbations in a 3D environment. Therefore, we went on
to test whether caged 4-OHC would enable light-dependent
Cre-mediated recombination in a well-established organoid
model, the mammary acinus culture.20 Mammary epithelial cells
from Rosa26CreERT2;mT/mG mice were isolated and overlaid
on a basement membrane to allow polarized acinar structure
development. The formed acini were subjected to caged 4-
OHC treatment with or without subsequent brief UV
illumination by the UV lamp (energy density 1.6 mW/cm2,
photon energy 3.4 eV, number of photons per second per cm2

2 × 1015, 1 min exposure time) (Figure 3C and Video S1−2) or
the 60× objective of an inverted fluorescent microscope
equipped with a standard DAPI filter set (Figure S2 and
Video S3−4). Similar to 2D culture results, the caged 4-OHC
allowed very tight control of EGFP expression in response to
photoactivation.

Figure 3. Photoactivation of caged 4-OHC in vitro. (A) Induction of EGFP expression by 365 nm UV activation of caged 4-OHC in MEFs isolated
from Rosa26CreERT2;mT/mG embryos. (B) Flow cytometric quantification of EGFP+ MEF cells upon treatment with 4-OHC and caged 4-OHC
under different durations of UV activation. The “intracellular + medium″ group represents cell samples without PBS wash before UV irradiation,
whereas the “intracellular only” group represents cell samples washed twice with PBS before UV irradiation. Data represent mean ± SD (C) EGFP
expression induced by 365 nm UV activation of caged 4-OHC in mammary epithelial cells isolated from Rosa26CreERT2;mT/mG female mice and
cultured to form acini on Matrigel. All acini grown on the dish were illuminated in a uniform manner to induce EGFP expression. Images shown are
projections of the Z-stack confocal images.
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Finally and most importantly, we demonstrated that caged 4-
OHC was able to induce gene activation in vivo in mice upon
photoactivation. We focused on two organs, skin and mammary
glands, given their ease of imaging, accessibility to light and
breadth of different cell populations. We used a custom-built
broad illumination method for in vivo testing. We first
monitored EGFP/tdTomato expression at the whole mouse
level using the Olympus OV-110 epifluorescence imager.21

Very low green autofluorescence was detected in Rosa26-
CreERT2;mT/mG mice when treated with vehicle control and
irradiated with 365 nm UV, and strong EGFP signal was
detected when treated with 4-OHC (Figure S3). In the test
experiment, Rosa26CreERT2;mT/mG mice were injected intra-
peritoneally with caged 4-OHC and subjected to UV
illumination only on the ventral (but not dorsal) skin. Resultant
EGFP signal was observed on the ventral skin but not on the
dorsal skin (Figure 4A) with an average 2.5-fold increase in
fluorescence intensity. Because the increase of the EGFP signal
was concomitant with the decrease of the tdTomato signal,
EGFP/tdTomato ratios were presented in Figure 4A for both
ventral and dorsal skin.
We next tested the OCG switch on mammary glands of the

female Rosa26CreERT2;mT/mG mice. The mice were injected
with vehicle or caged 4-OHC, and only the right mammary
gland was exposed to the 365 nm light, whereas the left was not
(Figure 4B). Seven days later, the right and left mammary
glands were resected for ex vivo imaging at a high spatial
resolution using the Olympus Intravital Laser Scanning
Microscope IV-110.22 We first confirmed that 365 nm UV
illumination of the mammary gland alone did not cause

noticeable green autofluorescence increase or tissue morpho-
logical changes (Figure 4C). However, when caged 4-OHC was
injected, the right, but not the left, mammary gland showed
strong EGFP induction (Figure 4D). Taken together, the skin
and mammary gland data clearly establish that the caged 4-
OHC displayed superior in vivo inducibility by light and limited
diffusion after uncaging to affect other organs.

■ DISCUSSION
In this study, we show that caged 4-OHC can efficiently
regulate CreER-mediated recombination in a light-dependent
manner not only in cell culture, but also in adult mice. While
caged 4-OHT analogues were shown to control CreER-
mediated gene expression in response to photoactivation in
cell culture12 and zebrafish,14,15 our results demonstrate that
this approach can indeed be applied to adult mice to induce
localized gene activation as a function of light illumination.
Photoregulation of protein activity can be achieved through

either photo-uncaging as shown in this study or using
genetically engineered light-gated modules,2 for example, split
Cre recombinase fused to light-dependent dimerization
partners CRY2 and CIBN.23 One major advantage of using
caged 4-OHC over other methods of making Cre activity
photoregulatable is that one can seamlessly integrate the
technology into numerous existing CreER mouse strains to
achieve an additional level of stringent control, i.e., regional and
cell-specific control of gene expression. This is of particular
interest if the investigated biological questions require photo-
regulatable Cre activity in a mammalian model organism and
can be studied based on existing CreER strains, because

Figure 4. Photoactivation of caged 4-OHC in vivo. (A) Strong induction in EGFP expression on the ventral skin as a result of 365 nm UV
illumination of the Rosa26CreERT2;mT/mG mice injected with caged 4-OHC. The dorsal skin was not illuminated and showed little EGFP signal. An
increase in EGFP signal is followed by a decrease of tdTomato signal; low values of EGFP/tdTomato ratio correspond to low EGFP and high
tdTomato, while high values of ratios correspond to high EGFP and low tdTomato. (B) Experimental design for intraperitoneal injection of vehicle
or caged 4-OHC into the Rosa26CreERT2;mT/mG female mice and subsequent 365 nm illumination on the right inguinal (#4) mammary fat pad.
(C,D) The results of experiments in (B) with mammary tissue ex vivo imaged with IV-110. Only the right illuminated mammary gland from the
mouse injected with caged 4-OHC expressed EGFP.
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constructing new mouse strains possessing the necessary light-
gated modules will be a lengthy and costly process. For
example, the villin-CreERT2 mouse allows efficient target gene
recombination throughout the entire digestive epithelium in
response to systemic tamoxifen treatment,24 and by restricting
light activation of caged 4-OHC to the colon, this mouse strain
may become an excellent driver for spatiotemporal modeling of
colorectal cancer in mice.
The application of the OCG switch is not confined to

CreER; instead, it should provide photoregulation of a
spectrum of ER-fusion proteins. These proteins were fused
with ER to allow tamoxifen-dependent control of nuclear
localization and protein activity.25 For example, using the ER-
fusion approach, we recently reported the marked reversal of
systemic degenerative phenotypes in aged telomerase-deficient
TERT-ER mice by tamoxifen treatment and telomerase
reactivation.26 It will be interesting to apply the OCG switch
to this system to determine the contribution of each organ
system to the phenotypic reversal.
In summary, we foresee the described OCG switch approach

to find broad applications, especially in tumor and devel-
opmental biology, where localized and pattern-specific gene
manipulation is of central importance to address many
outstanding questions. We believe that this approach could
likewise be applied to spatiotemporally controlled gene
activation in internal organs by employing UV light guided
through an optical fiber. Alternatively, two-photon activation
can be used to somewhat increase the tissue penetration.
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