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Abstract

Optogenetics uses light-inducible protein-protein interaction to precisely control the timing, 

localization, and intensity of signaling activity. The precise spatial and temporal resolution of 

this emerging technology has proven extremely attractive to the study of embryonic development, 

a program faithfully replicated to form the same organism from a single cell. We have previously 

performed a comparative study for optogenetic activation of receptor tyrosine kinases, where we 

found that the cytoplasm-to-membrane translocation-based optogenetic systems outperform the 

membrane-based dimerization strategy in activating the receptor tyrosine kinase signaling in live 

Xenopus embryos. Here, we determine if this engineering strategy can be generalized to other 

signaling pathways involving membrane-bound receptors. As a proof of concept, we demonstrate 

that the cytoplasm-to-membrane translocation of the low-density lipoprotein receptor-related 

protein-6 (LRP6), a membrane-bound coreceptor for the canonical Wnt pathway, triggers Wnt 

activity. Optogenetic activation of LRP6 leads to axis duplication in developing Xenopus embryos, 

indicating that the cytoplasm-to-membrane translocation of the membrane-bound receptor could 

be a generalizable strategy for the construction of optogenetic systems.
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Introduction

Membrane-bound receptors serve as antennas for cells and integrate signals from the 

extracellular environment. These signals are then transmitted to the cell interior and regulate 

the cellular responses to environmental stimuli. Under physiological conditions, ligand 

binding induces a conformational to activate the receptor. Because one type of ligand could 

bind to different types of receptors or different isoforms of the same receptor, understanding 

the mechanism by which cells achieve signaling specificity remains challenging. For 

instance, in the context of neurotrophic signaling pathways, nerve growth factors could 

bind to both TrkA and p75NTR, each of which elicits distinct cellular outcomes [1].

To delineate the signaling outcome from individual receptor tyrosine kinases, we and others 

have developed optogenetic receptor tyrosine kinases that use light-induced protein-protein 

interaction to either dimerize the receptor or translocate the intracellular domain of the 

RTK to the plasma membrane [2–7]. Mounting evidence suggests that these optogenetic 

systems activate downstream signaling in a ligand-independent way, thereby enabling 

intricate perturbation of the temporal profiles in RTK signaling. More importantly, the 

precise spatial resolution allows for light-guided cellular growth and neuronal repair in 

multicellular organisms such as Drosophila and zebrafish.

In our previous work, we performed a comparative study of optogenetic approaches to 

activate receptor tyrosine kinases in cultured mammalian cell monolayers and Xenopus 
embryos [8]. We found that optimal optogenetic design requires a sufficient dynamic range 

(i.e., light versus dark outcome) and a relatively low basal activity. For instance, although 

optogenetically-induced dimerization of membrane-bound TrkA produced an acceptable 

dynamic range in the signal readout, its high basal activity in the dark reduced its 

effectiveness in the live embryos. Adjusting the expression level could ameliorate the basal 

activity to an extent but requires time-consuming empirical testing to achieve desired activity 

levels. A better approach to minimize basal activity involves expressing the receptor’s 

intracellular domain in the cytosolic compartment where homodimerization is less likely, 

followed by light-mediated translocation to the dimerization-conducive environment of the 

plasma membrane. This cytoplasm-to-membrane translocation-(CMT)-based strategy has 
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been successfully utilized to construct multiple optogenetic receptor tyrosine kinases (RTK) 

such as CMT-optoTrkA, TrkB, TrkC, and FGFR [8, 9]. We speculated that cytoplasmic 

expression of the RTKs’ intracellular domain (ICD) effectively lowers the avidity of the 

otherwise membrane-bound receptor ICDs, and therefore reduces the basal activity of the 

optogenetic RTK system.

In this work, we aim to determine if a similar engineering strategy could be generalized 

to other signaling pathways that involve membrane-bound receptors. We focus on the 

canonical Wnt signaling pathway, which mediates essential functions in embryogenesis, 

organogenesis, and stem cell self-renewal in adult tissues [10, 11]. Prominent roles of the 

canonical Wnt pathway during vertebrate early embryonic development include patterning 

of the dorsal/ventral and anterior-posterior body axes [12], regulation of somitogenesis [13, 

14], cell fate specification in the skeletal[15] and nervous systems [16], and development 

and maintenance of zonation in the adult liver [17, 18] to name a few. Activation of the 

canonical Wnt pathway is mediated by ligand binding to the membrane-bound coreceptor, 

LRP6. Here, we showed that light-mediated cytoplasm-to-membrane translocation of the 

cytosolic domain of LRP6 (LRP6c) effectively activates the canonical Wnt pathway. 

Signaling outcome was confirmed in both culture cells and live Xenopus laevis embryos. 

Notably, we successfully demonstrated that optogenetic control of the Wnt signaling results 

in duplication of the body axis in developing Xenopus embryos, which involves the 

formation of ectopic Spemann Organizer during gastrulation.

Results and discussion

Membrane-anchoring of LRP6c enhances its signaling activity

We previously showed that the cytoplasm-to-membrane translocation-based optogenetic 

systems enable precise activation of the RTK signaling, raising the possibility that this 

engineering strategy may be generalized for the development of novel optogenetic tools 

to modulate signaling pathways involving membrane-bound receptors [8]. To test this 

hypothesis, we chose to focus on the Wnt pathway, which plays numerous roles during 

embryonic development, adult tissue homeostasis, and tumorigenesis.

To determine if the cytoplasm-to-membrane translocation-based optogenetic strategy works 

for the Wnt pathway, we chose LRP6, the coreceptor of the Wnt ligand [19]. It has been 

reported that the full-length LRP6 exists in an inactive state by default and is ineffective in 

manifesting the Wnt phenotype in Xenopus embryos in the absence of the ligand [20]. LRP6 

contains an extracellular ligand-binding domain (ECD), a transmembrane domain (TMD), 

and a cytosolic domain. The ligand-responsive ECD serves to regulate the protein’s activity, 

whereas the C-terminal end of the molecule, once activated, is responsible for triggering 

the downstream intracellular signaling cascade. Truncations of the ECD or the ICD produce 

a constitutively active or a dominant-negative version of the protein, respectively [21]. 

Interestingly, LRP6c alone cannot activate Wnt-independent β-catenin signaling unless 

expressed at very high levels, whereas the TM-containing LRP6c can potently activate 

signaling [22]. In agreement with this report, we found GFP-tagged LRP6c elicited no 

detectable activity in the widely used Wnt-responsive TOP-Flash reporter assay. In contrast, 

the membrane-anchored form showed significantly higher activity (Figure 1(a)), which 

Krishnamurthy et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2022 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suggests that LRP6c may be an ideal candidate for developing an optogenetic tool to control 

the Wnt pathway via the cytoplasm-to-membrane translocation strategy.

Light-inducible cytoplasm-to-membrane translocation of LRP6c activates Wnt signaling

The cytoplasm-to-membrane translocation-based optogenetic systems we had previously 

engineered relies on blue light-induced heterodimerization of the photolyase-homologous 

region (PHR) domain from Arabidopsis cryptochrome2 (CRY2) protein and its 

heterodimerizing partner cryptochrome interacting basic helix-loop-helix N-terminal domain 

(CIBN) [23]. We adapted the system by replacing Raf1 with human LRP6c to create 

an OptoLRP6 (Figure 1(b)). When expressed in cells, this single polyprotein CRY2PHR­

mCherry-LRP6c-P2A-CIBN×2-GFP-CaaX splits into a cytosolic CRY2PHR-mCherry­

LRP6c and a membrane-anchored CIBN×2-GFP-CaaX due to the ribosomal skipping 

activity of the P2A peptide. Since blue light has been shown to promote CRY2-CIBN 

interaction and, to a lesser extent CRY2 homo-association [24], we reasoned that LRP6c 

fused to CRY2PHR will experience both a translocation to the membrane-located CIBN 

and a clustering effect from CRY2 oligomerization, both of which should enhance the 

LRP6c activity. We then confirmed that blue light could induce the translocation of the 

LRP6c to the plasma membrane via live-cell imaging (Figure 1(c) and (d)). The membrane 

translocation reached saturation levels with a few short pulses (Figure 1(e), t1/2 ~ 4 sec). 

In HEK293T cells overexpressing OptoLRP6, blue light also increased TopFlash luciferase 

levels compared to the dark controls. However, this light-induced increase of activity was 

only a modest two-fold over dark (Figure 1(f), Figure 2(a) system 2).

Improving the dynamic range of OptoLRP6 by structural optimization

We sought to optimize the construct to achieve a better light/dark dynamic range to match 

the levels achievable with a canonical Wnt ligand (~25–30 fold) [25]. As a first step, we 

eliminated mCherry, bringing LRP6c closer to the plasma membrane when recruited. This 

construct significantly enhanced the fold change produced by OptoLRP6, reaching a 12-fold 

light/dark ratio (Figure 2(a), system 3). When we supplemented the membrane-targeting 

sites by co-transfecting a membrane-anchored CIBN plasmid (CIBN-CaaX) alongside 

OptoLRP6 lacking mCherry, we observed remarkably improved TopFlash reporter activity, 

producing a 46-fold light-over-dark ratio. (Figure 2(a), system 4). These results suggested 

that LRP6c proximity to the plasma membrane and increased binding avidity are more 

conducive to LRP6c activation, drawing similarities to our earlier experiences with Raf1 

[23]. Because the phosphorylation of LRP6c, especially at its five “PPPSPxS” motifs A-E 

[20], is crucial to its recruitment of Axin, we sought to improve the activation state of LRP6c 

by facilitating its phosphorylation. The transmembrane protein TMEM198 has been shown 

to enhance LRP6 function by promoting its aggregation and CK1γ-induced phosphorylation 

[26]. Fusing the cytosolic domain of TMEM198 to LRP6c resulted in more robust LRP6c 

phosphorylation by CK1γ [26]. We speculated that including this short tail region of TMEM 

(TMEMc) will enhance the functionality of our optogenetic construct. We fused TMEMc to 

the membrane-anchored CIBN, reasoning that CRY2-LRP6c recruited to the CIBN-TMEMc 

can be phosphorylated more strongly. We observed that this fusion indeed further activated 

the TopFlash reporter more than 18-fold upon blue light illumination (Figure 2(a), system 5), 

a nine-fold improvement over the original OptoLRP6 (Figure 2(a), system 2).
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Because the activity of LRP6 is strongly correlated with both its clustering ability and its 

membrane proximity, we sought to increase the local concentration of CRY2-LRP6c at 

the plasma membrane. We also obtained significant gains in signaling activity when we 

substituted CIBN with its truncated form CIB81 [27], which shortens further the distance 

between LRP6c and the membrane (Figure 2(a), system 6). Substitution of 2×CIBN with 

4×CIB81 resulted in a TopFlash activity close to 50-fold, thereby surpassing our desired 

activity level within a single construct (Figure 2(a), system 8). To confirm the observed 

enhancement of luciferase activity results from LRP6c activity, we truncated the last 

three phosphorylation repeats (C, D, and E) of LRP6c (LRP6cABΔCDE). As expected, 

LRP6cABΔCDE failed to show any degree of activity in the reporter assay (Figure 2(a), 

system 7), suggesting that the luciferase signal is induced by LRP6c activity. We thus 

referred to this optimized 4×CIB81-containing construct (Figure 2(a), system 8, and Figure 

2(b)) as OptoLRP6opt. Comparable to a mock-transfected control, optoLRP6opt exhibited 

low basal activity in the dark and showed evident dose-dependent activity between 10 ng and 

100 ng of transfected DNA per well in a standard 48-well tissue culture plate (1.1 cm2 per 

well) (Figure 2(c)).

OptoLRP6opt activation causes β-catenin stabilization in HEK293T cells

To confirm that optoLPR6opt activates the canonical Wnt signaling pathway, we probed the 

level of stabilized β-catenin, the primary downstream effector of LRP6. In the absence of 

the Wnt ligand, the destruction complex, a tertiary complex containing Axin, adenomatous 

polyposis coli (APC), the Ser/Thr kinases GSK-3 and CK1α, protein phosphatase 2A 

(PP2A), and the E3-ubiquitin ligase β-TrCP, phosphorylates β-catenin, which subsequently 

undergoes proteasomal degradation [28]. Wnt ligand-binding causes dephosphorylation and 

stabilization of β-catenin, allowing its association with T-cell factor in the nucleus to 

regulate transcription.

To demonstrate that light-activated OptoLRP6opt enhances β-catenin levels and to follow 

the kinetics of its stabilization, we carried out two-color flow cytometry experiments in 

HEK293T cells co-transfected with β-catenin-mRuby2 and optoLRP6opt (labeled with 

EGFP) stimulated with different duration of blue light ranging from 0 to 8 hours. 

Cells were categorized into different groups, including non-transfected (orange), β-catenin­

mRuby2 singly transfected (red), optoLRP6opt (or CIBN-EGFP-CaaX) singly transfected 

(green), or doubly-transfected (pink) (Figure S1). Blue light-treatment led to an exposure 

time-dependent increase in the emergence of mRuby2-positive cells in the OptoLRP6opt­

transfected population, but not in the control group consisting of β-catenin-mRuby2 co­

transfected with CIBN-GFP-CaaX, indicating the stabilization of β-catenin-mRuby2 upon 

optoLRP6 activation (Figure 2(d)). Such stabilization peaks at 6 hours and showed a slight 

decrease at 8 hours, likely due to intrinsic β-catenin-mRuby2 degradation. We also noted 

that the basal level of double-positive cells is higher in optoLRP6opt transfected cells 

(45%) when compared with CIBN-EGFP-CaaX-transfected cells (15%), likely a result of 

the slight stabilization effect from optoLRP6opt overexpression. Because β-catenin-mRuby2 

is constitutively unstable, we imposed a conservative gate for our flow experiment so that 

even cells with faint β-catenin-mRuby2 signal could be identified. Indeed, the basal-level 
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β-catenin-mRuby2 stabilization in the dark (45%) does not cause significant Wnt activation, 

as shown in the following embryonic assays.

Besides causing an increase in the percentage of double-positive cells, OptoLRP6opt 

activation also led to a significant increase of normalized β-catenin-mRuby2 intensity 

(Figure 2(e)), suggesting an accumulation of stabilized β-catenin. The normalized β­

catenin-mRuby2 intensity peaks at 2 hours after light stimulation and reaches a plateau 

afterward, suggesting establishing a new balance between β-catenin-mRuby2 stabilization 

and degradation. In contrast, in cells co-transfected with β-catenin-mRuby2 and CIBN­

EGFP-CaaX, blue light stimulation did not change the β-catenin-mRuby2 levels (Figure 

2(e)).

OptoLRP6opt activation elicits duplication of the body axis in Xenopus embryos

To test whether OptoLRP6opt functions in whole organisms, we carried out optogenetic 

activation in Xenopus laevis embryos (Figure 3(a)). Normal Xenopus embryos contain a 

single Spemann Organizer, which induces dorsal tissues during development by secreting 

several bone morphogenetic protein (BMP) inhibitors, including Chordin, Noggin, and 

Follistatin [29]. To confirm that optoLRP6opt elicits the canonical Wnt signaling, we used 

an animal cap assay to determine the optogenetic transcriptional induction of xnr3 and 

siamois, both of which contain multiple TCF/LEF binding sites in their promoter and are 

direct targets of Wnt signaling. We injected 10 pg and 50 pg of optoLRP6opt mRNA into 

the animal pole of fertilized eggs. Half of the embryos were exposed to blue light from stage 

6 to stage 8.5, while other embryos were cultured in the dark. Animal caps were dissected 

at stage 9 and harvested at stage 10 for RT-PCR. As expected, optoLRP6opt activation 

increased the mRNA level of xnr3 and siamois in a dose-dependent manner (Figure 3(b)), 

demonstrating activation of the canonical Wnt signaling pathway in animal caps. Since 

ectopic activation of Wnt signaling in Xenopus embryos induces a secondary Organizer 

[30], we asked if OptoLRP6opt can induce axis duplication. OptoLRP6opt transcripts were 

microinjected into a ventral blastomere at the 4-cell stage. The embryos were illuminated 

with blue light from the 32-cell stage to the mid-blastula transition (MBT) and fixed at 

stage 10 for Chordin in situ hybridization (ISH). OptoLRP6opt-injected embryos subject to 

illumination showed two chordin expression domains, demonstrating the formation of the 

ectopic Spemann Organizer (Figure 3(c)). Furthermore, the secondary Organizer was fully 

functional as evidenced by the appearance of a secondary body axis (Figure 3(d), 3(e), and 

3(g)) in a dose-dependent manner, independent of and indistinguishable from the primary 

axis, a phenotypic trait of Wnt overexpression.

Whereas ventral activation of Wnt signaling leads to axis duplication, dorsal activation of 

the Wnt pathway causes posteriorization during development. To determine if optoLRP6opt 

could induce such a phenotype, we injected mRNA into both dorsal blastomeres at 

the four-cell stage, cultured embryos in light and dark, and compared the embryonic 

development at the tailbud stage. Whereas embryos in the dark developed normally, embryos 

exposed to blue light showed severe truncation of the head (Figure 3(f) and 3(h)). These 

results demonstrate the functionality of OptoLRP6opt in embryos. To our knowledge, 
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OptoLRP6opt represents the first successful optogenetic tool capable of activating the 

canonical Wnt signaling in vertebrate embryos.

Notably, Bugaj et al. demonstrated that clustering LRP6c in the cytoplasm using CRY2 is 

sufficient to induce Wnt responses in cultured cells [31]. Since the application of blue-light 

optogenetics in tissues or organisms is more challenging due to limited light penetration, 

and CRY2 clustering has a higher power requirement when compared with CRY2-CIBN 

hetero-association [32], we compared the light responsivity of these two systems at different 

blue light intensities. We observed higher light responsiveness with our system as predicted 

(Figure S2(a)). We then compared the activities of optoLRP6opt and CRY2-mCh-LRP6c in 

the Xenopus axis duplication assay. Unlike the successful induction of axis duplication by 

optoLRP6opt (Figure S2(b) and S2(d)), the same doses of cytosolic CRY2-LRP6 system 

were insufficient to induce the secondary axis under blue light stimulation (Figure S2(c) and 

S2(e)), consistent with the result from the cultured cells. Thus, the optoLRP6opt could be 

applied to multicellular tissue or organisms with higher light sensitivity.

Conclusion

In summary, we report the generation of a CRY2-CIBN-based optogenetic tool that activates 

canonical Wnt signaling at the organismal level using LRP6. Our design reiterates the 

suitability of employing plasma membrane proximity as a switch to activate intracellular 

signaling pathways. This and other recent reports [9, 23] indicate that the cytoplasm-to­

plasma membrane translocation-based optogenetic systems can be generalized to signaling 

pathways involving membrane-bound receptors.

We expect that our system will be applicable across different vertebrate cells and tissues, 

especially since the Wnt pathway and its components, such as LRP6, are well conserved. 

Moreover, the same unmodified construct OptoLRP6opt was potent in both human kidney 

cells and Xenopus embryos. Whether this tool can be feasibly applied in the interior tissues 

of bigger animal models such as mice or rat remains to be tested, largely due to the 

limited penetration depth of the blue light. Nonetheless, technological innovations such as 

upconversion nanoparticles [33] and fiber-optic light guides [34, 35] compensate for the 

limitation in blue light tissue penetrance. In addition, red-light or infra-red light-driven 

optogenetic tools could be more favorable [6, 36]. Since our construct is modular, we expect 

the mechanistic principles and motif elements to be transferrable to such new designs. 

Efforts along that direction are already underway.

Materials and Methods

Plasmids

CRY2PHR-mCherry-LRP6c-P2A-CIBNx2-GFP-CaaX (OptoLRP6) was generated by 

linearization of the 2-CIBN-containing optoRaf1 [23] with KpnI and Kpn2I, which removes 

Raf1, followed by insertion of human LRP6 intracellular domain (NCBI NP_002327.2; 

residues 1394–1613) using In-Fusion cloning. CRY2PHR-LRP6c-P2A-CIBN×2-GFP-CaaX 

was generated by removing CRY2-mCh using NheI and Kpn2I and ligating CRY2. Human 

TMEM198 cytosolic domain (NCBI NP_001290027.1; residues 235–360) was amplified 
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from HEK293T cDNA and inserted into the BamHI site following the P2A peptide in the 

previous construct. The AB∆CDE mutant of LRP6c was generated by removing residues 

1575–1613 of LRP6c by PCR and cloned as described earlier. OptoLRP6opt was generated 

by removing the 2xCIBN module by inverted PCR and infusion of a gene-block encoding 

4xCIB81 module. The entire open reading frame for OptoLRP6 was amplified using high­

fidelity PCR and inserted into the XbaI site of pCS2+. M50 Super 8× TOPFlash was a gift 

from Randall Moon (Addgene plasmid # 12456; RRID: Addgene_12456).

Cell cultures and transfection

BHK21 cells were used for epifluorescence microscopy. HEK293T cells were used for 

luciferase assays and epifluorescence microscopy. BHK21 and HEK293T cells were 

cultured in Dulbecco’s modified Eagle’s Medium (DMEM) containing 4.5 g/L glucose, 

L-glutamine, and sodium pyruvate (Corning #10–013-CV), supplemented with 10% fetal 

bovine serum (Sigma-Aldrich) and 1× penicillin-streptomycin (Corning #30–002-CI). 

Cells were maintained in a standard incubator at 37 ºC with 5% CO2. Transfections 

were performed using Turbofect reagent (ThermoFisher Scientific #R0534) following 

manufacturer instructions. For Luciferase assays, the dishes were transfected at 50% 

confluence.

Live-cell imaging for protein localization

For light-mediated membrane translocation of proteins, HEK293T cells were transfected 

with CMT-optoLRP6 and recovered overnight before fluorescence imaging. Cells were 

incubated with light for 24 h before live-cell imaging with the EGFP fluorescence. An epi­

illumination inverted fluorescence microscope (Leica DMI8) equipped with a 10× objective 

and a light-emitting diode illuminator (SOLA SE II 365) was used to visualize transfected 

cells. Green fluorescence was detected using the EGFP filter cube (Leica, excitation filter 

472/30, dichroic mirror 495, and emission filter 520/35). The exposure time for both 

fluorescence channels was 200 ms. Confocal imaging was performed using a Zeiss LSM 

700 microscope. Excitation beams were focused via a 60× dry objective.

Luciferase assays

Cells grown in the appropriate dishes were transiently transfected with the luciferase 

and control plasmids as explained in the figures and lysed after the indicated times by 

incubating with 1× passive lysis buffer and gently shaking at room temperature for 30 

min. The lysate was centrifuged at maximum speed on a tabletop centrifuge (17000×g; 

10 min), and the cleared supernatant was used for luciferase measurements in a Promega 

GloMax Luminometer (Promega Cat. #E5311) as per manufacturer recommendations. The 

Dual-luciferase reporter assay system and the control pRL-TK vector for luciferase assays 

were procured from Promega (Cat. #E1980, #E2241).

Flow cytometry and analysis

HEK293T cells grown in 12-well plates were transfected with 500 ng of total DNA per 

well consisting of 200 ng of β-catenin-mRuby2 and 300 ng of OptoLRP6opt or CIBN­

EGFP-CaaX plasmids. Individual wells were subjected to continuous 750 μW/cm2 blue 
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light (465nm, lab-built LED array) 16 h after transfection from 0 to 8 hours. Following the 

illumination, the cells were immediately trypsinized, pelleted in individual 1.5 mL tubes and 

fixed for 15 min in 4% Formaldehyde-containing PBS (ThermoFisher Scientific #FB002). 

The fixed cells were next centrifuged and resuspended in cold PBS containing 2.5 mM 

EDTA and 25 mM HEPES, followed by flow cytometry (BD FACS ARIA II sorter) for 

analysis.

The percentage of EGFP, mRuby2 double-positive cells in Figure 2(d) was calculated as:

% Double ‐ positive cells = # Double ‐ positive cells
# Double ‐ positive cells + # GFP single positive cells ∗ 100

Normalized β-catenin fluorescence intensity in Figure 2(e) was calculated as follows: First, 

the optoLRP6opt (or CIBN-EGFP-CaaX) and β-catenin-mRuby2 expression levels in the 

double-positive population were benchmarked to the respective average intensity of all 

single-positive cells in the eGFP+ and mRuby+ channels (Figure S1) to obtain IGFP(t) and 

ImRuby(t). The β-catenin-mRuby2 intensity was then calculated as the ratio ImRuby2(t)/IGFP(t) 

at each time point. Finally, the normalized β-catenin fluorescence intensity was calculated 

by dividing all ratios by the value of dark sample (i.e., 0 h) for OptoLRP6opt (or CIBN­

EGFP-CaaX).

Xenopus embryos harvest and manipulations

Xenopus embryos were obtained and microinjections were performed as described [37]. 

When performing microinjection, embryos were placed in 0.5× Marc’s Modified Ringer’s 

with 3% Ficoll. RNA was injected into one of the ventral blastomeres at the 4-cell stage 

using a Narishige IM300 microinjector. The dosage of RNA for microinjection is indicated 

in the text or figures. After injection, embryos were cultured in 0.2× Marc’s Modified 

Ringer’s and illuminated with blue light from the 32-cell stage to the MBT. Embryos were 

harvested at various stages for imaging or in situ hybridization. In situ hybridization was 

performed according to the standard protocol [38]. Embryos were imaged with a Leica 

M165 FC dissecting scope connected to a Leica DFC450 C digital camera using Leica 

Application Suite software v4.0. The animal cap assay and RT-PCR primers were performed 

as previously described [38]. All Xenopus procedures were approved by the University of 

Illinois at Urbana-Champaign Institutional Animal Care and Use Committee (IACUC) under 

animal protocol #20125, and performed in accordance with the recommendations of the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Light-dependent cytoplasm-to-membrane translocation of LRP6 activates 

canonical Wnt signaling

• Optogenetic activation of optoLRP6 results in axis duplication in Xenopus 
laevis

• Axis duplication results from the formation of ectopic Spemann Organizer
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Figure 1. Construction and validation of the OptoLRP6 system.
(a) TopFlash luciferase assay for HEK293T cells in 48-well plates transiently transfected 

with the indicated mass of EGFP-labeled LRP6c or LRP6c-CaaX constructs. Twenty-four 

hours following transfection, the cells were lysed, and luciferase assay was performed. 

Values represent mean s.d. of three biological replicates (n=3). Representative images of 

BHK21 cells transiently transfected with EGFP-labeled LRP6c or LRP6c-CaaX shown 

in the inset. (b) Schematic of the OptoLRP6 construct and its proposed mechanism 

of action. Cytosolic CRY2-mCherry-LRP6c is reversibly recruited to plasma membrane­

anchored CIBN with blue-light and subsequently homo-associates via the double CIBN. 

(c) Epifluorescence microscopic images of OptoLRP6 in transfected HEK293T cells. Cells 

plated on glass coverslips were transiently transfected and imaged after 24 h. Images from 

the GFP and mCherry channels were recorded before and after administration of ten short 

(100 ms) blue light (488 nm) pulses using the microscope 100 objective. (d) Intensity plot 
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profiles of lines 1 and 2 represented in (c). Pre-blue light profiles (black) and the post-blue 

light profiles (blue) are indistinguishable for GFP, whereas mCherry shows marked breaking 

of symmetry due to its redistribution from the cytosol to the plasma membrane. (e) Kinetics 

of plasma membrane translocation of cytosolic mCh-LRP6c in HEK293T transfected with 

OptoLRP6. Cells were imaged under the 100 objective while being pulsed with 100 ms 

pulses of blue light every 5s. Each point represents the average membrane/cytoplasmic 

fluorescence ratio of arbitrarily selected regions of interest from ten cells (n=10) after 

background normalization (f) TopFlash luciferase assay for HEK293T cells grown in 48­

well plates and transiently transfected with 50 ng OptoLRP6 along with two luciferase 

reporter constructs, one of which serves as a transfection normalization control. Sixteen 

hours following transfection, the cells were illuminated for 24 h with 450 W/cm2 blue 

light (460 nm), and luciferase assay was performed. The readings were normalized to 

non-illuminated optoLRP6-transfected cells. Values represent mean s.d. of three biological 

replicates (n=3).
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Figure 2. Optimization of the OptoLRP6 system.
(a) TopFlash luciferase assays for the modified OptoLRP6 constructs bearing various 

improvements described in the main text. Cell plating, transfection, and illumination were 

done as described in Figure 1(f). For cells co-transfected with CIBN-CaaX, 150 ng of 

the construct was used. A plasmid containing the mRuby2 fluorophore was used as a 

filler to keep the total transfected DNA constant across all experimental conditions. The 

control sample is CIBN-CaaX. The values are fold-changes of light- over dark-incubated 

samples. The fold-changes are indicated at the right of each column. The numbers left 

to the columns serve as system identifiers. The five phosphorylation “PPPSPxS” motifs 

A-E are indicated as red circles on LRP6c. The mutant in (a) lacks three of these motifs. 

RLU is relative luciferase units. TMEMc is marked as a blue “T” in the scheme. The 

data were obtained from three biological replicates (n=3). (b) Schematic of the optimized 

optoLRP6opt system. (c) Dose-resistance of non-illuminated HEK293T cells (black bars) 
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in 48-well plates transfected with the indicated doses of OptoLRP6opt. Cells illuminated 

with 450 W/cm2 blue light show luciferase signals scaling nearly linearly with dose 

(grey bars). The control sample is CIBN-CaaX. (n=3) (d) Flow-cytometry analysis of 

double-positive percentage in HEK293T cells co-transfected with ?-catenin-mRuby2 and 

optoLRP6opt (blue) or CIBN-EGFP-CaaX (black) in response to blue light stimulation from 

0 to 8 hours. (e) Flow-cytometry analysis of normalized ?-catenin-mRuby2 fluorescence 

intensity in HEK293T cells co-transfected with ?-catenin-mRuby2 and optoLRP6opt (blue) 

or CIBN-EGFP-CaaX (black) in response to blue light stimulation from 0 to 8 hours. Cell 

counts for each conditions (double positive/total EGFP expression) are 0 h: 2957/6575, 2 

h: 2261/4847, 4 h: 13265/22962, 6 h: 9551/14474, 8 h: 2947/4664 for optoLRP6opt and 0 

h: 4114/29200, 2 h: 4656/31127, 4 h: 5230/31127, 6 h: 3351/21929, 8 h: 4339/27836 for 

CIBN-EGFP-CaaX.
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Figure 3. Activation of OptoLRP6opt in Xenopus laevis embryos.
(a) Experimental scheme for optoLRP6opt activation. Fertilized eggs were uninjected or 

microinjected with in vitro-transcribed OptoLRP6opt mRNA and fixed at the gastrula 

stage after illumination with 5 mW/cm2 blue light lasting from the 32-cell stage till the 

MBT (stage 8.5). (b) Expression of xnr3 and siamois was analyzed by RT-PCR with 

different doses (10 pg and 50 pg) of optoLRP6opt mRNA upon blue light stimulation 

with the conditions indicated in (a). (c) The expression of Chordin was analyzed by 

in situ hybridization. Light-activated embryos show two expression domains of Chordin 

(blue arrows), concordant with the induction of a secondary Organizer by blue light. (d) 

Blue light-activated OptoLRP6opt-injected embryos examined at the neurula stage show 

two body axes (arrows). (e) Dorsal and ventral views of an optoLRP6opt-injected, light­

activated embryo in the tailbud stage, showing further development of body axes and a full 

complement of ectopic anterior structures including 2 heads and 4 eyes. (f) Side views of 
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tailbud stage uninjected embryos (upper panel) and embryos that were dorsally-injected with 

optoLRP6opt (middle and lower panel). Compared with uninjected embryos and injected 

ones kept in the dark, light activation of optoLRP6opt causes truncation of head (lower 

panel). (g) Quantitative analysis of percentage of embryos with duplicated axis shown in (d). 

The number of embryos for each condition (dark, light) is n=18,17 (0 pg), 18, 20 (10 pg), 

19, 21 (25 pg), 17, 14 (50 pg), and 15, 19 (100 pg). (h) Quantitative analysis of percentage 

of embryos with normal head and no head phenotypes upon dorsally-injected optoLRP6opt 

activated by blue light shown in (f). The number of embryos for each condition is n=18 (0 

pg), 6 (50 pg, dark), and 17 (50 pg, light).
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