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INTRODUCTION
Small-molecule inhibitors are increasingly utilized as loss-of-
function tools to investigate mechanisms of development. Their
ease of delivery, reversibility, concentration-dependent phenotypes
and cross-species activity have made these compounds invaluable
for investigating the role of specific signaling pathways in dynamic
morphogenetic processes including organogenesis and regeneration
(e.g. Mathew et al., 2009; Moura et al., 2011). Although small
molecule exposure can be limited to precise developmental
windows, the effects are not spatially restricted, limiting their utility
for studies of a specific region of interest within the context of the
whole embryo.

Effective spatiotemporal control of biologically active molecules
has been achieved by the addition of ‘caging’ groups installed via
a photocleavable bond on a key substituent essential for activity.
The caging group hinders function until the molecule is liberated,
or ‘decaged’, by exposure to a specific wavelength of light (Ellis-
Davies, 2007; Deiters, 2010). Although photoactivatable reagents
have been used successfully in live embryos, existing
methodologies require caged reagents to be delivered by

microinjection (Shestopalov et al., 2007; Deiters et al., 2010), work
only in the context of a properly engineered fusion protein (e.g.
Sinha et al., 2010), and/or function in a transgenic context (Wang
et al., 2010; Cambridge et al., 2009), thus limiting their general
utility. By contrast, caged pharmacological inhibitors that are
deliverable by passive diffusion and that target evolutionary
conserved cell signaling proteins would be broadly applicable for
the analysis of protein function during development.

One protein that would be desirable to target with such a reagent
is RhoA. Rho family GTPases play roles in many morphogenetic
events including cell rearrangement, tissue elongation,
organogenesis and epithelial morphogenesis (Kim and Han, 2005;
Lai et al., 2005; Thumkeo et al., 2005). Rho signals via Rho-
associated kinases (Riento and Ridley, 2003), and small-molecule
Rho kinase inhibitors [e.g. Y27632 (Aznar et al., 2004; Tamura et
al., 2005)] have been developed to specifically inhibit this
important signaling component. Numerous research endeavors
have relied on these inhibitors to reveal the role of Rho signaling
in various morphogenetic contexts in different species (He et al.,
2010; Sherrard et al., 2010; Simoes et al., 2010; Wei et al., 2001;
Remond et al., 2006), as well as in regeneration and stem cell
biology (Cadotte and Fehlings, 2011; Watanabe, 2010; Rizzino,
2010). Here, we report the engineering and application of a
photoactivatable small-molecule inhibitor of Rho kinase.

MATERIALS AND METHODS
Synthesis of caged Rockout
Sodium hydride (15 mg, 0.61 mmol) was added to a solution of 3-(4-
pyridyl)-1H-indole [Rockout, RO (Yarrow et al., 2005)] (100 mg, 0.51
mmol) in DMF (1 ml) at 0°C. The reaction was stirred for 1 hour at 0°C.
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SUMMARY
To uncover the molecular mechanisms of embryonic development, the ideal loss-of-function strategy would be capable of
targeting specific regions of the living embryo with both temporal and spatial precision. To this end, we have developed a novel
pharmacological agent that can be light activated to achieve spatiotemporally limited inhibition of Rho kinase activity in vivo. A
new photolabile caging group, 6-nitropiperonyloxymethyl (NPOM), was installed on a small-molecule inhibitor of Rho kinase,
Rockout, to generate a ‘caged Rockout’ derivative. Complementary biochemical, cellular, molecular and morphogenetic assays in
both mammalian cell culture and Xenopus laevis embryos validate that the inhibitory activity of the caged compound is
dependent on exposure to light. Conveniently, this unique reagent retains many of the practical advantages of conventional
small-molecule inhibitors, including delivery by simple diffusion in the growth medium and concentration-dependent tuneability,
but can be locally activated by decaging with standard instrumentation. Application of this novel tool to the spatially
heterogeneous problem of embryonic left-right asymmetry revealed a differential requirement for Rho signaling on the left and
right sides of the primitive gut tube, yielding new insight into the molecular mechanisms that generate asymmetric organ
morphology. As many aromatic/heterocyclic small-molecule inhibitors are amenable to installation of this caging group, our
results indicate that photocaging pharmacological inhibitors might be a generalizable technique for engendering convenient
loss-of-function reagents with great potential for wide application in developmental biology.
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The solution was cooled to –78°C, followed by the addition of 6-
nitropiperonyloxymethyl chloride [NPOM-Cl (Lusic and Deiters, 2006)]
(158 mg, 0.61 mmol) in DMF (0.3 ml). The reaction was stirred for 12
hours at room temperature, quenched by the addition of saturated NaHCO3

(1 ml), diluted with ethyl acetate (10 ml) and washed with water (10 ml)
and saturated NaCl (10 ml). The organic layer was dried over Na2SO4,
filtered and concentrated under vacuum; residue was purified by silica gel
chromatography using hexanes:ethyl acetate (7:3, containing 1%
triethanolamine), affording 1-{[1-(6-nitrobenzo[d][1,3]dioxol-5-
yl)ethoxy]methyl}-3-(pyridin-4-yl)-1H-indole (caged Rockout, cRO) in
47% yield as a brown solid (97 mg, 0.23 mmol). For full characterization,
see supplementary material Fig. S1.

Embryos
Experiments complied with all institutional and national animal welfare
laws. In vitro fertilization, culture in 0.1� MMR, and staging of X. laevis
were as described (Sive et al., 1998; Nieuwkoop and Faber, 1994).
Synthetic RNA encoding Eos was synthesized using the mMessage
mMachine kit (Ambion) via the pEosFP-CS2 plasmid [gift of S. Wacker
(Wacker et al., 2007)] and injected in ventro-vegetal blastomeres at the 8-
cell stage to serve as a lineage tracer for UV exposure.

In vivo decaging
Stage 35-39 embryos were exposed to 1-40 M cRO in 0.1� MMR or the
equivalent volume of DMSO for 60-270 minutes in a light-proof chamber,
rinsed in 0.1� MMR, exposed to UV (focused via a Zeiss Lumar
stereomicroscope, DAPI filter, 150 W mercury bulb) for 30-120 seconds,
and cultured in 0.1� MMR in the dark until stage 46. Tadpoles were
anesthetized in 0.05% MS222 (Sive et al., 1998).

Immunohistochemistry
Stage 45/46 embryos were fixed, embedded, cryosectioned and stained as
previously described (Reed et al., 2009) using anti--catenin (Sigma, C2206;
1:200) and anti-smooth muscle actin (Sigma, A5228; 1:1000) antibodies.

Decaging in cells
NIH3T3 cells (ATCC number CRL-1658) were grown in DMEM containing
10% bovine serum and antibiotics at 37°C, 5% CO2. Cells were grown in
four-chamber slides to 70% confluency and starved overnight in 0.1% serum
before being exposed to 40 M RO or cRO for 10-15 minutes in light-proof
chambers. Cells were then rinsed in PBS, exposed to 365 nm UV light
(Spectroline lamp) for 10 minutes, and then cultured for 15 minutes before
fixation (4% paraformaldehyde) and permeabilization (0.1% Triton X-100).
Actin was visualized with Alexa Fluor 488-phalloidin.

Rho kinase assay
Rho kinase activity was measured by the ability of purified human Rho
kinase to phosphorylate threonine 696 on the myosin-binding subunit of
myosin phosphatase using an ELISA-based kit (Cyclex, CY-1160).

RESULTS AND DISCUSSION
Synthesis of photoactivatable Rho kinase inhibitor
Heterocyclic rings are widely used as the core scaffold of small-
molecule inhibitors of important biological targets. We recently
developed a new photocaging group for such compounds, 6-
nitropiperonyloxymethyl (NPOM), that yields stably caged N-
heterocyclic molecules under physiological conditions but readily
decages upon exposure to non-photodamaging 365 nm ultraviolet
(UV) light (Lusic et al., 2007; Lusic and Deiters, 2006). We have
shown that this photolabile group can be effectively and safely
decaged in live embryos using a fluorescence microscope, UV LED
fiber optic instruments or a hand-held UVA lamp (Deiters et al., 2010).

To test the feasibility of using this protecting group to generate
photoactivatable pharmacological inhibitors, we generated a caged
version of 3-(4-pyridyl)-1H-indole or Rockout (RO) (Yarrow et al.,
2005), an inhibitor of Rho kinase with an N-heterocyclic core
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Fig. 1. Synthesis of a photoactivatable Rho kinase inhibitor. (A)Caged Rockout (cRO) was generated by installing 6-nitropiperonyloxymethyl
(NPOM) on the indole nitrogen of Rockout (RO). Exposure to UV light releases the NPOM caging group, restoring Rho kinase inhibitory activity.
(B)Rho kinase activity was assayed in vitro using a Rho kinase assay, under standard conditions (---) or in the presence of DMSO (solvent control),
50M RO, or 50M cRO with (+ UV) and without (no UV) irradiation. The assay was also run without ATP as a negative control (no ATP). The data
shown are representative of several independent trials; in the trial shown, the effect of cRO + UV is slightly greater than the effect of RO itself
(P<0.05), but this result was not consistently observed. **, P<0.01 (one-way ANOVA); error bars indicate s.d. (C-H) NIH3T3 cells were untreated (C)
or exposed to RO (D), DMSO (E,F) or cRO (G,H) and left in the dark (C-E,G) or exposed to UV irradiation (F,H). Blue, DAPI; green, phalloidin. D
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structure (Fig. 1A). We installed NPOM on the indole nitrogen, a
substituent previously shown to be required for Rho kinase
inhibitory activity (Yarrow et al., 2005), yielding NPOM-caged
Rockout (cRO) (Fig. 1A; see Materials and methods). The caged
compound proved resistant to hydrolysis under physiological
conditions (supplementary material Fig. S2). In vitro decaging
confirmed UV-dependent disappearance of the caged substrate and
recovery of the decaged molecule (supplementary material Fig.
S3). As expected, in the absence of UV light cRO has a negligible
effect on Rho kinase activity (Fig. 1B). By contrast, after UV
exposure (~365 nm), Rho kinase activity is inhibited by 91.2%,
confirming that cRO effectively inhibits Rho kinase signaling in a
light-dependent manner.

Caged Rockout is cell permeable and its inhibitory
activity is light dependent
Rockout was discovered in a cell-based screen (Yarrow et al.,
2005) in which it was found to disrupt actin polymerization,
promoting the loss of stress fibers and generation of ruffling
protrusions. To validate the efficacy of our NPOM-caged version
of this compound in vivo, we assessed these actin-dependent
morphologies in an uncaging experiment with cultured cells.
Serum-starved NIH3T3 cells were exposed to cRO for 10 minutes
and rinsed prior to irradiation to eliminate any cRO that had not
been taken up by passive diffusion. Importantly, cells exposed to
cRO but cultured in the dark exhibited normal actin architecture
(Fig. 1G, supplementary material Fig. S4D), comparable to that of

untreated cells (Fig. 1C, supplementary material Fig. S4A) and
DMSO-treated controls (Fig. 1E, supplementary material Fig.
S4B), thus confirming the lack of background cRO activity in the
absence of light, a vital prerequisite for light-activation
experiments. By contrast, upon exposure of cRO-treated cells to
UV light, stress fiber formation was dramatically reduced and
irradiated cells exhibited ruffling protrusions (Fig. 1H,
supplementary material Fig. S4E), similar to the defects induced
by exposure to conventional RO (Fig. 1D, supplementary material
Fig. S4F). Importantly, light-induced changes were not observed in
DMSO controls (Fig. 1F, supplementary material Fig. S4C),
confirming that these effects are not due to phototoxicity. Thus,
cRO is both cell permeable and exhibits light-dependent Rho
kinase inhibitory activity in cell culture.

Caged Rockout activity is light dependent in
whole embryos
To determine whether the caged Rho kinase inhibitor can permeate
complex tissues and exert light-dependent activity in whole embryos,
tailbud stage Xenopus were exposed to cRO. After equilibration in
40 M cRO, liquid chromatography/mass spectrometry analysis
confirmed effective uptake of the caged compound into embryonic
tissues (intra-embryonic concentration, 45 M; supplementary
material Table S1). Importantly, when cultured in the dark, the
treated embryos exhibited completely normal morphology (compare
Fig. 2D with 2H), showing that cRO is non-toxic and exhibits no
background inhibitory activity.
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Fig. 2. In vivo efficacy of caged Rockout.
(A-C)Stage 39 Xenopus embryos were exposed to
40M cRO for 2 hours, rinsed and individually
irradiated on the right-hand side of the prospective
gut (A); green-to-red photoconversion of EosFP
indicates the decaged region (B, ventral view; C,
right view). (D-I)Irradiated groups were then cultured
in embryo medium (0.1� MMR) in the dark until the
end of gut morphogenesis (stage 46). Embryos
grown in the dark in 0.1� MMR (untreated, D),
DMSO (F) or cRO (H) have long coiled guts,
compared with those cultured in 30M RO (E),
which have uniformly straight, un-elongated guts.
Right side UV irradiation does not affect gut
morphology in DMSO controls (G), but induces
regions of defective elongation on the right side of
the gut (arrowheads) in cRO-exposed embryos (I). 
(J-O)The proportion of normal (J), mild (K) and
severe (L) gut elongation defects induced by
decaging of cRO is dependent on the concentration
of cRO to which the embryos are exposed (120
minutes uptake, 60 seconds irradiation; M), the
uptake time (15M cRO, 60 seconds irradiation; N),
and the length of UV irradiation (15M cRO, 120
minutes uptake; O). Control embryos may be
exposed to UV for up to 2 minutes or cRO for up to
240 minutes (non-irradiated) without adverse effect
(not shown).
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We previously showed that Rho kinase inhibitors perturb the
elongation of the primitive gut tube in Xenopus (Reed et al., 2009).
Therefore, to validate that cRO can be effectively decaged in vivo,
we assessed its ability to induce localized gut elongation defects.
After equilibration in 40 M cRO, embryos were rinsed in normal
growth medium (0.1� MMR) to eliminate any cRO that had not
been taken up by passive diffusion, anesthetized in MS222, and
placed on their left side. They were then individually irradiated (or
mock irradiated) for 1 minute with UV light to photoactivate cRO
on only the right-hand side of the prospective gut tube (Fig. 2A),
and subsequently cultured in 0.1� MMR until stage 46. Irradiated
areas were verified by green-to-red photoconversion of EosFP (Fig.
2B,C; see Materials and methods).

Irradiated cRO-treated embryos exhibited defects in gut elongation
that were comparable in severity to those induced by global
application of Rho kinase inhibitors (Reed et al., 2009) (Fig. 2E), but,
remarkably, the abnormal morphogenesis was localized to the
irradiated side, yielding novel, unilaterally shortened gut phenotypes
(Fig. 2I). Importantly, both irradiated and non-irradiated control
embryos exposed to DMSO developed normal gut morphology,
confirming that the deformities are not elicited by UV exposure
alone (Fig. 2F,G). Additional control experiments indicate that the
release of the NPOM caging group itself is not responsible for the
observed phenotype (not shown), consistent with our previous
observations that NPOM is non-toxic in embryos (Deiters et al.,
2010). Importantly, the UV-induced gut phenotypes in cRO-treated
embryos correlate with a significant (88-91%) decrease in the intra-
embryonic concentration of cRO, accompanied by a significant (14-
to 17-fold) increase in the intra-embryonic concentration of decaged
RO (supplementary material Table S1).

Gut phenotypes of varying severity (Fig. 2J-L) can be obtained
by varying the concentration of cRO in the media (Fig. 2M), the
equilibration/uptake time (Fig. 2N) and/or the duration of UV
exposure (Fig. 2O). These results demonstrate the remarkable
tuneability of this reagent. Here, 150 minutes of uptake at 15 M
cRO, followed by 60 seconds of irradiation, proved optimal;
however, these adjustable parameters can be optimized for different
species, stages or developmental processes.

Caged Rockout induces light-dependent localized
Rockout phenotypes
To confirm that cRO can fully phenocopy the expected
morphogenetic effects of Rho kinase inhibition, unilateral gut
defects were analyzed at the tissue and cellular level. We found
previously (Reed et al., 2009) that global exposure to RO leads
to aberrant cell rearrangements and abnormal epithelial
morphogenesis in the shortened gut tube (compare Fig. 3A-D
with 3E-H). As expected, the irradiated, decaged side of cRO-
exposed guts exhibited similar defects in cellular architecture,
including failure to form a single-layer epithelium and to
apically localize -catenin (Fig. 3I-L, right side epithelia),
comparable to the defects induced globally by RO (Reed et al.,
2009) (Fig. 3E-H). By contrast, the non-irradiated side of cRO-
exposed guts had completely normal epithelial architecture (e.g.
compare left side epithelium in Fig. 3J-L with 3B-D). The
irradiated gut cells also failed to undergo the normal tissue-
elongating rearrangements observed in control embryos
(supplementary material Fig. S5). Thus, cRO phenocopies RO at
the organ, tissue and cellular level in a light-dependent and
spatially localized manner.
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Fig. 3. Caged Rockout locally affects gut epithelial morphogenesis in a light-dependent manner. (A-L)Stage 39 Xenopus embryos were
exposed to cRO (A-D,I-L), rinsed and kept in the dark (A-D) or irradiated on the right-hand side (I-L), as in Fig. 2. Stage 46 embryos (A,E,I) were
sectioned and stained for -catenin (red) and smooth muscle actin (green); DAPI (blue) indicates nuclei. In contrast to the single-layer columnar
epithelium in control (non-irradiated) embryos (B-D), epithelial architecture on the irradiated right side of cRO-treated embryos is highly stratified
and disorganized (‘R’ in J-L), similar to that observed throughout the gut in embryos globally exposed to RO (F-H). In non-irradiated embryos, and
on the non-irradiated left (‘L’) side of cRO-treated embryos, -catenin is concentrated at the apical surface of the columnar epithelium (arrows in
C,D,K,L). By contrast, very little -catenin appears apically localized in RO guts (asterisks in H) or within the irradiated right side (‘R’) of cRO-treated
guts (asterisks in L). B,F,J, 100�; C,G,K, 200�; D,H,L, 400�.
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Caged Rockout reveals a side-specific role for Rho
kinase in left-right asymmetric morphogenesis
The Xenopus gut develops a prominent rightward curvature that
initiates intestinal rotation. The direction of this asymmetry is
dependent on early left-right asymmetric gene expression (Ibanes
and Izpisua Belmonte, 2009), but the specific morphogenetic
mechanisms that shape gut curvature are largely unknown. It has
been reported that the right side of the midgut elongates more
rapidly than the left (Muller et al., 2003), suggesting that
asymmetric tissue elongation could generate this important
morphological asymmetry. Since Rho signaling regulates gut
elongation there might be unequal requirements for Rho kinase on

the left and right sides of the gut tube. If so, disrupting Rho kinase
activity on the more rapidly elongating right side would be
expected to equalize the rate of elongation on the two sides,
reducing or eliminating the curvature. By contrast, disruption of
Rho kinase activity on the left would be predicted to have no effect
on the direction of curvature as this would merely enhance the
existing asymmetry in tissue elongation.

We employed cRO to directly address this issue with
spatiotemporal precision. When cRO was decaged on only the left
side of the prospective gut tube just prior to looping, all embryos
(n20) retained the normal direction of midgut curvature.
Compared with non-irradiated controls (Fig. 4A), however, the
average degree of curvature was slightly exaggerated (Fig. 4B,D;
P<0.05), a result consistent with a reduced ratio of left to right side
elongation. By contrast, 52% (n25) of embryos with cRO decaged
on the right side exhibited a significantly less curved midgut
compared with non-irradiated controls (Fig. 4C,D; P<0.01), a
phenotype consistent with more equal tissue elongation on the two
sides. Strikingly, in 40% of cases (n25), right side Rho kinase
inhibition even reversed the direction of the midgut curvature (Fig.
4C, inset). These data raise the intriguing possibility that late-stage
left-right differences in Rho-mediated tissue elongation shape the
curvature of the looping gut tube.

Our results demonstrate the power of light-controlled small-
molecule inhibitors to provide novel insight into development
without laborious injections or transgenesis. The use of cRO might
facilitate investigations in regenerating neurons, stem cell
environments, engineered tissues, organ culture or other contexts
in which localized Rho signaling is relevant. Moreover, because
most type I kinase inhibitors (Zhang et al., 2009) have a core
heterocyclic scaffold that is amenable to installation of NPOM,
photocaging might be a generalizable strategy for creating loss-of-
function reagents for numerous signaling pathways. The elegant
combination of light control with the tuneability and cross-species
efficacy of pharmacology will make caged inhibitors widely
applicable in multiple developmental contexts.
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