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SUMMARY

Hedgehog pathway components and select GPCRs localize to the primary cilium, an organelle 

specialized for signal transduction. We investigated whether cells distinguish between ciliary and 

extraciliary GPCR signaling. To test whether ciliary and extraciliary cAMP convey different 

information, we engineered optogenetic and chemogenetic tools to control the subcellular 

site of cAMP generation. Generating equal amounts of ciliary and cytoplasmic cAMP in 

zebrafish and mammalian cells revealed that ciliary cAMP, but not cytoplasmic cAMP, inhibited 

Hedgehog signaling. Modeling suggested that the distinct geometries of the cilium and cell 

body differentially activate local effectors. The search for effectors identified a ciliary pool 

of Protein Kinase A (PKA). Blocking the function of ciliary PKA, but not extraciliary PKA, 

activated Hedgehog signal transduction and reversed the effects of ciliary cAMP. Therefore, cells 

distinguish ciliary and extraciliary cAMP using functionally and spatially distinct pools of PKA, 

and different subcellular pools of cAMP convey different information.
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INTRODUCTION

Development and homeostasis require cells to discriminate between signals, many of 

which are received by G protein-coupled receptors (GPCRs), the largest class of vertebrate 

receptors and the targets of many therapeutic drugs (Hauser et al., 2017; Pierce et al., 

2002). Ligand binding rearranges GPCR transmembrane domains to activate heterotrimeric 

G proteins such as Gαs and Gαi. Activating Gαs stimulates adenylyl cyclases to produce 

cAMP whereas activating Gαi inhibits cAMP production (Pierce et al., 2002).

A subset of GPCRs localize not to the plasma membrane, but to the membrane of the 

primary cilium, an organelle specialized for signal transduction and present on most 

vertebrate cells (Anvarian et al., 2019; Gigante and Caspary, 2020). The distinct lipid and 

protein composition of the cilium is maintained through a diffusion barrier at the ciliary base 

called the transition zone (Gonçalves and Pelletier, 2017). More than 30 different GPCRs 

localize to cilia, including SSTR3, GPR161 and MC4R, as well as the GPCR-related protein 

Smoothened (SMO) (Mykytyn and Askwith, 2017).

SMO is the central component of the Hedgehog (HH) signal transduction pathway and, in 

vertebrates, functions at primary cilia to activate GLI transcriptional effectors (Bangs and 

Anderson, 2017; Corbit et al., 2005; Huangfu et al., 2003). In addition to positive effectors 

of HH signal transduction, negative pathway regulators localize to cilia, including GPR161 

(Mukhopadhyay et al., 2013). Apart from GPR161, both cAMP and PKA negatively regulate 

HH signal transduction (Hammerschmidt et al., 1996; Jiang and Struhl, 1995; Kong et al., 

2019; Li et al., 1995; Wang et al., 1999).
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HH signaling orchestrates diverse developmental and homeostatic processes, including 

patterning of somites (Fan and Tessier-Lavigne, 1994). Somites are segmental mesodermal 

aggregates that give rise to multiple cell types, including muscle (Blagden et al., 1997; 

Devoto et al., 1996; Morin-Kensicki and Eisen, 1997; Roy et al., 2001). In zebrafish, the 

notochord produces Sonic hedgehog (Shh) which at high levels specifies muscle pioneers 

(MPs) which express the transcription factors Engrailed (En) and Prox1 and at lower levels 

specifies superficial slow fibers (SSFs) which express the transcription factor Prox1 alone 

(Barresi et al., 2000; Hirsinger et al., 2004; Wolff et al., 2003).

Despite the many signals communicated through cAMP, cells distinguish these signals in 

order to impart distinct effects (Calebiro and Koszegi, 2019; Zaccolo and Pozzan, 2002). 

For example, epinephrine and prostaglandin E1 induce similar increases in cAMP and PKA 

activity in cardiomyocytes, but only epinephrine induces Troponin I phosphorylation and 

increases contractility (Brunton et al., 1979; Keely, 1979).

How cells distinguish signals that induce a shared diffusible second messenger is poorly 

understood. One suggestion has been that different receptors form stable complexes with 

dedicated effectors (Tolkovsky and Levitzki, 1978a, 1978b). Another hypothesis is that 

different signals are transduced in distinct subcellular domains (Buxton and Brunton, 1983). 

Subcellular domains with differential GPCR activity include lipid nanodomains and clathrin­

associated hot spots within the plasma membrane (Agarwal et al., 2014; Allen et al., 2007; 

Insel et al., 2005; Sungkaworn et al., 2017).

We hypothesized that physically sequestering signaling pathways to either the cilium or the 

cell body allows parallel information processing without crosstalk. To test whether cells 

distinguish ciliary and nonciliary cAMP, we generated optogenetic and chemogenetic tools 

to specifically manipulate ciliary and nonciliary cAMP levels.

RESULTS

An optogenetic system to generate cAMP inside or outside cilia

To assess whether cAMP generated inside or outside cilia communicate different 

information, we developed an optogenetic system based on a bacterial photoactivatable 

adenylyl cyclase (bPAC) (Figure 1A) (Stierl et al., 2010). bPAC generates cAMP in 

proportion to the amount of blue light delivered. We generated transgenic zebrafish that 

express either MYC-tagged cytoplasmic bPAC (Cyto-bPAC) or MYC-tagged ARL13B­

bPAC (Cilia-bPAC) to investigate the functions of cytosolic and ciliary cAMP during 

vertebrate development. Immunofluorescence imaging of Cyto-bPAC and Cilia-bPAC in 

zebrafish embryos revealed that as expected, Cyto-bPAC localized to the cytoplasm and 

Cilia-bPAC localized to the cilium (Figure 1B and S1A).

To assess whether Cyto-bPAC and Cilia-bPAC embryos generate cAMP specifically upon 

stimulation with blue light, we measured cAMP levels and found that Cyto-bPAC and 

Cilia-bPAC embryos raised in the dark contained levels of cAMP equivalent to those 

of wild-type embryos (Figure 1C). Treatment with the adenylyl cyclase agonist forskolin 

increased cAMP levels, as expected (Figure 1C). Similar to forskolin, blue light regimens 
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induced equivalent amounts of cAMP in Cyto-bPAC and Cilia-bPAC transgenic embryos 

(Figure 1C). Transgenic embryos treated with these light regimens were morphologically 

indistinguishable from light-stimulated wild-type embryos or transgenic embryos raised in 

the dark, indicating that neither blue light nor the resultant cAMP grossly alters development 

(Figure S1B).

Ciliary cAMP specifically modulates HH signal transduction

As cAMP negatively regulates HH signal transduction (Barresi et al., 2000; Wang et al., 

1999), we investigated whether ciliary or cytoplasmic cAMP affect HH signal transduction. 

To begin to investigate HH signaling, we assessed Gli:mCherry, a previously described 

reporter that induces mCherry expression upon activation of HH signaling (Mich et 

al., 2014). As expected, treating zebrafish embryos with forskolin reduced Gli:mCherry 
expression in the developing somite (Figure 1D). Cilia-bPAC expression in the absence of 

light had no effect on Gli:mCherry expression (Figure 2A,B), indicating that the ARL13B 

ciliary targeting sequence does not affect HH signaling. Notably, treating Cyto-bPAC 

transgenic zebrafish embryos with light had no effect on Gli:mCherry expression (Figure 

2A,B). In striking contrast, activating Cilia-bPAC attenuated Gli:mCherry expression (Figure 

2A,B).

As another control for the dependence on ciliary localization, we created a version of Cilia­

bPAC containing a missense mutation in human ARL13B that prevents ciliary localization, 

V359A (Gigante et al., 2020; Higginbotham et al., 2012). We injected mRNA encoding 

either MYC-tagged ARL13BV359A-bPAC (Nonciliary-bPAC) or Cilia-bPAC. As expected, 

Nonciliary-bPAC did not localize to cilia in zebrafish embryos and generates cAMP upon 

blue light stimulation (Figure S2A,B). Similar to Cyto-bPAC, stimulating Nonciliary-bPAC­

expressing embryos with blue light had no effect on Gli:mCherry expression (Figure 

S2C,D). In contrast, blue light stimulation of embryos injected with mRNA encoding Cilia­

bPAC decreased Gli:mCherry expression (Figure S2C,D). Therefore, in developing somites, 

cAMP generated in cilia, but not outside cilia, affects HH signaling.

In the developing zebrafish somite, HH signaling specifies slow muscle fiber types (Barresi 

et al., 2001; Blagden et al., 1997; Wolff et al., 2003). High levels of HH signaling specify 

high En- and Prox1-expressing MPs whereas lower levels specify Prox1-expressing SSFs. 

Attenuation of HH signaling therefore preferentially depletes MPs (Figure 2C). To test 

whether cytoplasmic or ciliary cAMP affect HH-dependent patterning, we quantified En- 

and Prox1-expressing somitic cells. Cyto-bPAC and Cilia-bPAC embryos raised in the 

dark produce numbers of En- and Prox1-expressing cells equivalent to those of wild-type 

embryos, confirming that the ARL13B ciliary targeting sequence does not affect HH 

signaling (Figure 2D–F). Stimulating wild-type or Cyto-bPAC embryos with light did not 

alter the number of En- or Prox1-expressing somitic cells (Figure 2D–F). In contrast, 

stimulating Cilia-bPAC embryos with light reduced the numbers of both En- and Prox1­

expressing cells (Figures 2D–F). Thus, HH-dependent cell fates in the developing somite are 

preferentially inhibited by ciliary, but not cytoplasmic, cAMP production.

To test whether ciliary or cytoplasmic cAMP affect HH signaling in tissues beyond the 

somites, we examined how cAMP affects HH-dependent cell fates in the developing neural 
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tube. In vertebrates, Shh produced in the notochord and medial floor plate patterns the 

ventral neural tube (Figure S2E) (Briscoe et al., 2000; Chiang et al., 1996; Ericson et al., 

1996). Lateral floor plate cells expressing nkx2.2b are specified by high HH signaling, 

and neighboring motor neuron progenitor cells expressing olig2 are specified by lower HH 

signaling (Guner and Karlstrom, 2007; Odenthal et al., 2000). As in somite development, 

neither embryos expressing Cyto-bPAC and stimulated with light nor embryos expressing 

Cilia-bPAC and raised in the dark exhibited perturbation of HH-mediated patterning 

(Figure S2F,G). In contrast, Cilia-bPAC embryos treated with light exhibited decreased 

expression of both nkx2.2b and olig2 (Figure S2F,G). Thus, in neural tube patterning, as 

in somite patterning, cilium-generated cAMP but not cytoplasm-generated cAMP inhibits 

HH signaling. We conclude that zebrafish cells interpret cAMP generated in the cilium 

differently from cAMP generated in the cytoplasm.

To assess whether mammalian cells also differentially interpret cilium- and cytoplasm­

generated cAMP, we generated NIH/3T3 cell lines stably expressing either GFP-tagged 

Cyto-bPAC or Cilia-bPAC. Immunofluorescence imaging revealed that, as in zebrafish, 

Cyto-bPAC localized to the cytoplasm and Cilia-bPAC localized to the cilium (Figure 3A). 

Immunoblot revealed that Cyto-bPA and Cilia-bPAC are expressed at comparable levels 

(Figure 3B). Blue light stimulation of Cyto-bPAC and Cilia-bPAC cell lines generated 

similar levels of cAMP, as measured by ELISA (Figure 3C).

As cAMP is highly diffusible and no membrane barrier exists between the cilium and 

the cytoplasm, we predicted that cAMP generated in the cilium can enter the cytoplasm 

and vice versa. To test this hypothesis, we visualized cAMP dynamics in the cilium and 

cytoplasm upon Cyto-bPAC and Cilia-bPAC activation. To record cAMP levels independent 

of blue light stimulation of bPAC, we utilized a red fluorescent cAMP indicator, Pink 

Flamindo (Pink Fluorescent cAMP indicator) (Harada et al., 2017). cAMP increases Pink 

Flamindo fluorescence and, as expected, stimulating Cyto-bPAC and Cilia-bPAC with blue 

light induced similar increases in Pink Flamindo fluorescence (Figure S3A).

To generate a ratiometric cAMP biosensor targeted to cilia, we fused it to RAB23 Q68L, 

which constitutively localizes to cilia, and a far-red fluorescent protein mIFP to generate 

Ciliary Pink Flamindo (Lim and Tang, 2015; Yu et al., 2015). As expected, forskolin 

increased the ratio of Pink Flamindo to mIFP fluorescence at the cilium (Figure S3B,C). 

To measure cAMP diffusion between the cytoplasm and cilium, we deployed Ciliary Pink 

Flamindo in Cyto-bPAC and Cilia-bPAC cells. Consistent with the absence of barriers to 

cAMP diffusion between the cytoplasm and the cilium, stimulating Cyto-bPAC increased 

Ciliary Pink Flamindo fluorescence (Figure 3D). Interestingly, Cyto-bPAC activation did not 

increase Ciliary Pink Flamindo fluorescence to the same levels as did Cilia-bPAC activation 

(Figure 3D). Thus, cAMP produced in the cytoplasm diffuses into the cilium but does not 

reach levels equivalent to those caused by local production.

As cilium-generated cAMP specifically inhibits HH-dependent patterning in zebrafish 

embryos, we investigated whether cilium-generated or cytoplasm-generated cAMP inhibits 

HH signal transduction in mammalian cells. To this end, we treated wild type, Cyto­

bPAC- or Cilia-bPAC-expressing cells with the Smoothened agonist SAG. Each cell line 
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equivalently induced Gli1 in response to SAG, indicating that neither unstimulated bPAC 

nor its ciliary targeting sequence perturbs HH signaling (Figure 3E,F). Stimulating Cyto­

bPAC-expressing cells with blue light had no effect on SAG-mediated induction of Gli1 
(Figure 3E,F). In contrast, stimulating Cilia-bPAC-expressing cells with blue light inhibited 

SAG-mediated induction of Gli1 (Figure 3E,F). Thus, as in zebrafish, cilium-produced 

cAMP preferentially inhibits HH signal transduction in mammalian cells.

To investigate how cilium-produced cAMP preferentially inhibits HH signal transduction, 

we examined whether cAMP affects the trafficking of SMO and GPR161 at cilia. In the 

absence of HH stimulation, the GPCR GPR161 accumulates in cilia (Mukhopadhyay et 

al., 2013). Addition of HH ligand causes coordinated trafficking of SMO into cilia and 

GPR161 out of cilia (Corbit et al., 2005; Pal et al., 2016). To determine whether ciliary 

cAMP impacts trafficking of SMO or GPR161 to or from cilia, we quantified SMO and 

GPR161 fluorescence at the cilium in wild-type, Cyto-bPAC and Cilia-bPAC-expressing 

cells, both with and without SAG. SMO robustly localized to cilia in the presence of 

SAG (Figure S3D,E). Stimulation of wild-type, Cyto-bPAC or Cilia-bPAC cells with blue 

light did not attenuate SAG-induced ciliary localization of SMO (Figure S3D,E). GPR161 

localized to cilia in vehicle (DMSO)-treated cells and not upon SAG treatment (Figure 

S3F,G). Stimulation of wild-type, Cyto-bPAC and Cilia-bPAC cells with blue light in the 

presence of SAG did not attenuate GPR161 exit from cilia (Figure S3F,G). Therefore, ciliary 

cAMP does not affect the regulated ciliary trafficking of SMO or GPR161.

In the absence of HH, GLI3 is proteolytically processed to form GLI3R, a truncated 

form that functions as a transcriptional repressor of HH transcriptional targets (Dai et al., 

1999; Wen et al., 2010). Activation of HH signaling inhibits GLI3R formation (Humke 

et al., 2010; Jiang and Struhl, 1998; Wang et al., 2000). To determine whether cilium- 

or cytoplasm-generated cAMP affects GLI3 processing, we activated HH signaling in 

wild-type, Cyto-bPAC-expressing or Cilia-bPAC-expressing cells using SAG either with or 

without blue light stimulation and immunoblotted for GLI3. In the absence of blue light, 

SAG reduced GLI3R in all three cell lines (Figure 3G,H). Blue light had no effect on this 

reduction of GLI3R in wild-type or Cyto-bPAC-expressing cells (Figure 3G,H). In contrast, 

blue light blocked the SAG-induced reduction of GLI3R in Cilia-bPAC-expressing cells 

(Figure 3G,H). Thus, ciliary cAMP generation specifically inhibits HH signal transduction 

downstream of SMO and GPR161 trafficking and upstream of GLI3 processing.

Ciliary GPCRs regulate HH pathway output

If cilium-generated cAMP specifically inhibits the HH pathway, we hypothesized that ciliary 

GPCRs should regulate the HH pathway, but plasma membrane GPCRs should not. To test 

this hypothesis, we developed cilium- and plasma membrane-localized versions of a Gαs­

coupled designer receptor exclusively activated by a designer drug (DREADD). DREADDs 

are GPCRs engineered to be selectively activated by the otherwise pharmacologically inert 

drug clozapine-N-oxide (CNO) (Armbruster et al., 2007; Roth, 2016). Upon binding of 

CNO, Gαs-coupled DREADD activates the production of cAMP (Guettier et al., 2009). To 

localize Gαs-coupled DREADD to cilia, we fused it to the ciliary protein ARL13B and 

GFP (hereafter referred to as Cilia-DREADD, Figure 4A). We generated NIH/3T3 fibroblast 
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cell lines stably expressing GFP-tagged Cilia-DREADD or DREADD without ARL13B 

(hereafter referred to as Plasma membrane- or PM-DREADD). Immunofluorescence 

imaging confirmed that, as expected, PM-DREADD localized to the plasma membrane and 

Cilia-DREADD localized to the cilium (Figure 4B, Figure S4A). Immunoblotting whole-cell 

lysates from PM-DREADD- and Cilia-DREADD-expressing cells for the GFP tag indicated 

that the DREADDs are expressed at similar levels (Figure S4B).

To test whether Cilia-DREADD can activate G proteins, we expressed mini-G, a 

fluorescently-tagged engineered G protein that is recruited to active GPCRs (Carpenter 

and Tate, 2016; Wan et al., 2018). In Cilia-DREADD-expressing cells, CNO induced 

translocation of mApple-tagged mini-G to the cilium (Figure S4C,D). Thus, Cilia-DREADD 

adopts an active conformation in the cilium specifically upon ligand binding. Importantly, 

PM-DREADD- and Cilia-DREADD-expressing cells with CNO generated equivalent 

amounts of cAMP (Figure 4C). Activating either DREADD with CNO did not affect cell 

survival or ciliary length (Figure S4E,F).

Because we had found that ciliary, but not cytoplasmic, cAMP regulated HH signaling, we 

hypothesized that ciliary, but not plasma membrane, GPCR signaling would regulate HH 

signaling. To begin to test whether ciliary and nonciliary GPCRs can modulate HH pathway 

activity, we treated wild-type, PM-DREADD- or Cilia-DREADD-expressing NIH/3T3 cells 

with SAG. Each cell line induced Gli1 in response (Figure 4D). Treatment with CNO alone 

did not affect basal Gli1 expression (Figure S4G). Activating PM-DREADD with CNO in 

the presence of SAG did not affect Gli1 induction (Figure 4D,E). In contrast, activating 

Cilia-DREADD with CNO inhibited the ability of SAG to induce Gli1 (Figure 4D,E). Thus, 

as with cAMP, ciliary GPCR activity specifically affects HH signal transduction.

Whereas Gαs-coupled GPCRs, such as Cilia- and PM-DREADDs, stimulate cAMP 

production, Gαi-coupled GPCRs inhibit cAMP production. As Cilia-DREADD, a ciliary 

Gαs-coupled GPCR, inhibits the HH pathway, we hypothesized that a ciliary Gαi-coupled 

GPCR would activate the HH pathway. To test this hypothesis, we investigated the activity 

of SSTR3, a Gαi-coupled GPCR that localizes to primary cilia (Berbari et al., 2008; Green 

et al., 2015; Händel et al., 1999). We stably expressed GFP-tagged SSTR3 in NIH/3T3 cells 

(Figure 4F). As expected, activating SSTR3 with somatostatin opposed forskolin-mediated 

induction of cAMP, confirming that SSTR3 is Gαi-coupled (Figure 4G). We stimulated 

wild-type or SSTR3-expressing cells with somatostatin and assayed HH pathway activity. 

Wild-type cells showed increased expression of the HH target gene Gli1 in response to 

SAG, but not somatostatin. However, stimulating SSTR3-expressing cells with somatostatin 

induced Gli1 expression to similar levels as treatment with SAG (Figure 4H). Thus, whereas 

ciliary cAMP inhibits the HH transcriptional response, activating a ciliary Gαi-coupled 

GPCR activates the HH transcriptional response.

Together, these experiments with engineered and natural GPCRs further support the 

conclusion, demonstrated above using subcellular control of cAMP generation, that ciliary 

and nonciliary cAMP convey separate information to the cell. Additionally, the ability 

of a ciliary Gαi-coupled GPCR to activate the HH transcriptional response and a ciliary 

Truong et al. Page 7

Cell. Author manuscript; available in PMC 2022 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gαs-coupled GPCR to do the opposite indicates that HH signal transduction is responsive to 

both increases and decreases in ciliary cAMP.

Ciliary PKA regulates HH signal transduction

The diffusibility of cAMP between the cytoplasm and the cilium would seem to preclude the 

cell from distinguishing subcellular pools, critical for the ability of separate pools to impart 

distinct information (Marley et al., 2013). To investigate how the cell may distinguish ciliary 

and extraciliary cAMP even without barriers to its intracellular movement, we constructed 

a computational model of a ciliated cell and modeled the kinetics of how ciliary and 

extraciliary cAMP activate a cAMP effector protein, such as PKA, at the cilium (Figure 

5A and Table S1). Our model illustrated that the approximately 13-fold greater surface to 

volume ratio of the cilium can account for more efficient activation of a ciliary cAMP 

effector protein by ciliary cAMP than by nonciliary cAMP (Figure 5A and Figure S5A,B). 

Interestingly, this difference in effector sensitivity did not require differences in ciliary 

and nonciliary diffusion or PKA concentrations but did depend on both ciliary length and 

diameter (Figure S5C,D). Thus, the different geometries of the cilium and cell body may 

allow cells to differentially activate cAMP effector proteins at the cilium and cell body.

One prediction of this computational model is that producing supraphysiological levels 

of cAMP will overcome the geometric differences preventing cytoplasmic cAMP from 

triggering ciliary effectors (Figure S5E,F and Table S2). To test this prediction, we shined 

more light on Cilia-bPAC- or Cyto-bPAC-expressing zebrafish embryos. Increasing the 

amount of blue light delivered to Cilia-bPAC-expressing zebrafish embryos 5.4-fold or 13.4­

fold further reduced the number of En-expressing somite cells, and blocked En-expressing 

cell formation at the high level (Figure S5G). As predicted by the model, stimulating Cyto­

bPAC-expressing zebrafish embryos with more light attenuated the number of En-expressing 

somite cells (Figure S5G). Interestingly, even at the highest amount of light, Cilia-bPAC 

more potently inhibited the induction of En-expressing cells (Figure S5G). Similarly, in 

Cilia-DREADD-expressing NIH/3T3 cells, treatment with 20-fold increased concentrations 

of CNO further inhibited Gli1 induction in response to SAG (Figure S5H). As predicted 

by the model, treatment with high concentrations of CNO also attenuated relative Gli1 
induction in response to SAG in PM-DREADD cells (Figure S5H). These results suggest 

that differential interpretation of cAMP generated inside and outside of the cilium can be 

overwhelmed by high, possibly supraphysiological concentrations of cAMP.

As the model suggested that even in the absence of a barrier to cAMP diffusion, differences 

in geometry can account for differential activation of a ciliary cAMP effector by cilium- 

and nonciliary-generated cAMP, we investigated whether the cAMP effector PKA was 

present in the cilium. In its inactive state, PKA is comprised of regulatory (e.g., PKA-RIα) 

and catalytic subunits (e.g., PKA-Cα) bound to an A kinase anchoring protein (AKAP) 

(Taylor et al., 2012; Wong and Scott, 2004). To test whether PKA can localize to cilia, we 

co-expressed PKA-RIα, PKA-Cα and the previously described ciliary AKAP GPR161 in 

NIH/3T3 cells (Bachmann et al., 2016). Co-expressed PKA-RIα and PKA-Cα co-localized 

with GPR161 in cilia (Figure S6A–C), suggesting that a ciliary pool PKA may allow the cell 

to discriminate between ciliary and cytoplasmic cAMP.
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Previous work suggested that PKA acts at the basal body to regulate HH output, as PKA 

antibody staining shows an enrichment at the ciliary base (Barzi et al., 2009; Tuson 

et al., 2011). To test where within the cell PKA regulates HH signal transduction, we 

targeted dominant negative PKA (dnPKA), a constitutively repressive version of PKA­

RI that is insensitive to cAMP (Clegg et al., 1987; Ungar and Moon, 1996), to three 

subcellular locations: the basal body, the cilium and outside of the cilium (Figure 5B). More 

specifically, we targeted dnPKA to the to the basal body by fusing it to tandem PACT 

domains (Gillingham and Munro, 2000). To target dnPKA to the cilium, we fused it to 

RAB23 Q68L, which constitutively localizes to cilia (Lim and Tang, 2015). To exclude 

dnPKA from the cilium, we fused it to RAB23 S23N, which localizes to the cell body 

(Leaf and von Zastrow, 2015). Expression of either RAB23 S23N or RAB23 Q68L by 

themselves in zebrafish did not affect somite patterning (Figure S6D–F). To assess the 

subcellular localization of the targeted forms of dnPKA, we expressed GFP-tagged versions 

in zebrafish embryos and assessed subcellular localization. As anticipated, dnPKA-GFP-2x­

PACT localized to the ciliary base, dnPKA-GFP-RAB23 Q68L localized to cilia, and 

dnPKA-GFP-RAB23 S23N was extraciliary (Figure 5C). Therefore, we subsequently refer 

to these three forms of dnPKA as Basal body dnPKA, Ciliary dnPKA and Extraciliary 

dnPKA, respectively.

We hypothesized that, if ciliary PKA responds to ciliary cAMP to inhibit HH signaling, 

then blocking PKA within the cilium, but not at the basal body or outside the cilium, 

would activate the HH pathway. To begin to test this hypothesis, we assessed how inhibiting 

different subcellular pools of PKA affected the Gli:mCherry reporter of HH signaling in 

zebrafish embryos. Consistent with earlier reports, expression of GFP alone did not affect 

HH pathway activity and expression of untargeted dnPKA-GFP increased HH pathway 

activity (Figure 5D,G) (Barresi et al., 2000; Du et al., 1997). Neither Basal body dnPKA 

nor Extraciliary dnPKA affected Gli:mCherry reporter activity (Figure 5D,G). In contrast, 

expression of equivalent amounts of Ciliary dnPKA, as assayed by immunoblot and 

immunofluorescence quantification, expanded Gli:mCherry reporter activity (Figure 5D–G).

To assess whether ciliary PKA regulates, in addition to HH signal transduction, HH­

mediated patterning, we examined whether inhibiting PKA in different subcellular locations 

affects somite patterning. Consistent with previous reports, expression of untargeted 

dnPKA-GFP increased the number of En-expressing cells per somite (Figure 5D,H) 

(Hammerschmidt et al., 1996). Extraciliary and Basal body dnPKA did not affect numbers 

of En-expressing cells. In contrast, Ciliary dnPKA increased En-expressing cells (Figures 

5D,H). As inhibiting PKA in the cilium, but not elsewhere, activates GLI-dependent 

transcription and increases a HH-dependent fate, we conclude that a ciliary pool of PKA 

specifically regulates the HH pathway.

Ciliary PKA interprets ciliary cAMP

As we had found that ciliary PKA controls HH signal transduction, we hypothesized that 

ciliary PKA specifically interprets ciliary cAMP. However, Drosophila PKA acts in the HH 

pathway independent of cAMP (Jiang and Struhl, 1995). We predicted that if vertebrate 

ciliary PKA acts differently from Drosophila PKA and interprets ciliary cAMP levels, 
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inhibiting ciliary PKA, but not extraciliary PKA, would restore HH-dependent cell fates 

suppressed by ciliary cAMP.

To begin to test the hypothesis that vertebrate PKA interprets ciliary cAMP, we made use of 

Cilia-bPAC transgenic embryos. Consistent with prior results, light-stimulated Cilia-bPAC 

transgenic embryos formed fewer HH-dependent high En-expressing cells than Cilia-bPAC 

transgenic embryos not stimulated with light (Figure 6A,B). Injection of untargeted dnPKA­
GFP mRNA into Cilia- bPAC embryos stimulated with light restored the number of high 

En-expressing cells. Thus, cAMP affects HH-dependent patterning through activating PKA.

To address whether ciliary and extraciliary PKA respond differently to cilium- and 

cytoplasm-produced cAMP, we injected Cilia-bPAC transgenic embryos with mRNA 

encoding Basal Body, Extraciliary or Ciliary dnPKA and stimulated them with light. 

Expression of Basal Body or Extraciliary dnPKA did not restore En-expressing cells. In 

contrast, expression of Ciliary dnPKA specifically restored formation of En-expressing cells 

in Cilia-bPAC transgenic embryos treated with light (Figures 6A,B). These data demonstrate 

that ciliary PKA interprets ciliary cAMP to regulate vertebrate HH signal transduction in 
vivo.

DISCUSSION

The primary cilium transduces some forms of intercellular signaling, including signaling 

via the HH pathway and select ciliary GPCRs (Gigante and Caspary, 2020). Ciliary signals 

are transduced through diffusible second messengers, such as cAMP and calcium, that are 

shared with nonciliary signaling, raising the question of whether cells distinguish ciliary and 

extraciliary signaling. To investigate whether cells distinguish ciliary and extraciliary cAMP, 

we engineered optogenetic and chemogenetic tools that enable precise spatiotemporal 

control of cAMP production or GPCR activation specifically inside or outside of cilia.

Using the optogenetic tools in mammalian cells or zebrafish development revealed that 

activating cAMP production in cilia, but not outside cilia, preferentially inhibited HH signal 

transduction and HH-dependent cell fate specification in vivo. Similarly, in mammalian 

cells, generating cAMP in cilia, but not outside cilia, inhibited HH signal transduction. Thus, 

cilia-generated cAMP is functionally distinct from cAMP produced in the cytoplasm, and 

the information content of cAMP depends on its site of origin.

The conventional view of GPCR signaling is that coupling to heterotrimeric G proteins 

occurs at the plasma membrane (Neves et al., 2002). The primary ciliary membrane is 

contiguous to, but compositionally distinct from, the plasma membrane. To directly test 

how ciliary and plasma membrane GPCRs may function differently, we engineered a Gαs­

coupled DREADD localized to either the ciliary or plasma membranes. Interestingly, we 

found that only ciliary DREADD activation inhibited HH target gene induction. Thus, 

both subcellularly targeted bPAC and DREADDs reveal that the cell distinguishes between 

cilium-generated and nonciliary cAMP (Figure 6C).

We conclude that, by discriminating between ciliary and plasma membrane production 

of cAMP, cells independently interpret GPCR-mediated information in these two 
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compartments even though both are transduced through a common, diffusible second 

messenger. In addition to SSTR3 and GPR161, approximately 30 GPCRs localize to primary 

cilia (Hilgendorf et al., 2016; Mykytyn and Askwith, 2017). We previously demonstrated 

that one of these, MC4R, operates at the primary cilia of hypothalamic neurons to trigger 

satiety and control feeding behavior (Siljee et al., 2018). We propose that the dependence 

of MC4R and other cilium-localized GPCRs on the cilium reflects the fact that their 

physiological effects are mediated, like HH patterning, specifically by ciliary cAMP.

One possible explanation for how cells differentially interpret equivalent amounts of cAMP 

produced in the cilium or cytoplasm would be if the ciliary transition zone, in addition to 

controlling protein trafficking between the cilium and cell body, also prevented the free 

diffusion of cAMP. However, the use of the Ciliary Pink Flamindo cAMP biosensor revealed 

that no barrier to cAMP diffusion exists. Instead, our computational model suggested that 

ciliary PKA can be specifically activated by ciliary cAMP to generate specific outputs, 

such as modulating HH signal transduction. Generating an equal amount of cAMP in the 

cilium or cytoplasm is expected to result in a higher local concentration in the cilium due 

to the approximately 5,000-fold difference in volume. Thus, even in the absence of a barrier 

to the free diffusion of cAMP separating the two compartments or differences in PKA 

concentration, ciliary PKA is differentially sensitive to ciliary cAMP.

In addition, as adenylyl cyclases are integral membrane proteins and the ratio of membrane 

area to cytosol volume is higher for a cylindrical cilium than for a spherical cell, the 

different geometries of the two compartments are also expected to contribute to differential 

sensitivity of ciliary PKA to ciliary cAMP. Our modeling further suggests that the length 

and diameter of the cilium tunes the cell’s differential sensitivity to ciliary and nonciliary 

cAMP. Similarly, modeling of neurons indicates that the length and diameter of dendrites 

and their spines affects cAMP-regulated calcium dynamics (Neves et al., 2008; Ohadi and 

Rangamani, 2019). While the model we computed does not incorporate the possibility that 

different adenylyl cyclases generate different basal levels of cAMP in the cell body and 

cilium, nor account for the possibility of differential sensitivity of PKA to cAMP (Jiang et 

al., 2019; Koschinski and Zaccolo; Moore et al., 2016), it does indicate that differences in 

geometry can explain how different subcellular locales can impart different information to 

the cell, even if the locales are contiguous and the information is diffusible.

PKA is a prominent effector of cAMP and an evolutionarily conserved regulator of the 

HH pathway (Hammerschmidt et al., 1996; Jiang and Struhl, 1995; Li et al., 1995). PKA 

prominently localizes to the basal body, where it has been proposed to inhibit the HH 

pathway (Tuson et al., 2011). Previous proteomics studies have identified PKA subunits 

in cilia (Bachmann et al., 2016; Mick et al., 2015). To test whether PKA acts at the 

basal body or cilium to interpret ciliary cAMP, we targeted dnPKA to the basal body, the 

cilium, or outside of cilia in zebrafish embryos. Whereas inhibiting PKA outside the cilium 

or at the basal body had no effect on HH signal transduction, blocking PKA within the 

cilium specifically activated HH signal transduction and expanded HH-dependent cell fates. 

Moreover, blocking PKA in the cilium restored MPs suppressed by Cilia-bPAC stimulation 

indicating that a functionally distinct pool of PKA within the cilium interprets ciliary cAMP. 
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Importantly, blocking PKA in the cilium was sufficient to perturb HH signaling downstream 

of endogenous cAMP concentrations in the developing embryo.

We conclude that a ciliary pool of PKA is regulated specifically by ciliary cAMP to control 

HH signal transduction, and this local interpretation allows ciliary and extraciliary cAMP 

to impart different information to the cell. Ultimately, it is likely that ciliary PKA activity 

is communicated to the cell via regulation of GLI transcription factors that move from 

the cilium to the nucleus (Figure 6C) (Aza-Blanc et al., 1997; Méthot and Basler, 1999; 

Niewiadomski et al., 2013; Price and Kalderon, 1999; Wang et al., 1999). Consistent with 

this possibility, we found that generating cAMP in the cilium specifically affected GLI3 

proteolytic processing. The finding that ciliary cAMP promotes GLI3 processing does not 

exclude the possibility that ciliary cAMP also inhibits GLI2 activation, especially as the 

fates inhibited by ciliary cAMP in the somite and neural tube partially depend on GLI2 

activation (Karlstrom et al., 2003; Tyurina et al., 2005). It will be interesting to assess 

whether other second messengers use specific local effectors to distinguish the information 

content of different subcellular pools. Calcium may be another example, as it, like cAMP, 

diffuses and its concentration within the cilium and cell body can be independently regulated 

to have distinct biological effects (Delling et al., 2013; McGrath et al., 2003; Nonaka et al., 

1998; Pazour et al., 2002; Pennekamp et al., 2002; Yoshiba et al., 2012).

This work reveals that ciliary cAMP, but not cytoplasmic cAMP, preferentially inhibits HH 

signaling in vivo. Ciliary cAMP activates PKA in the cilium to modulate HH signaling. 

More generally, our results reveal that cells differentially interpret cAMP generated in 

different subcellular domains, allowing for a shared second messenger to denote different 

meanings to the cell.

Limitations of the Study

The mathematical model of activation of PKA by ciliary and nonciliary cAMP assumed 

that the diffusion constant of cAMP in zebrafish cilia is similar to that measured in 

mammalian cytoplasm and that ciliary ATP is not limiting. Moreover, our model did not 

incorporate phosphodiesterase function, as the kcat, Vmax and subcellular locale of many 

phosphodiesterases are poorly defined. To investigate the ciliary and nonciliary functions 

of cAMP and PKA, we used multiple orthogonal tools that we localized to cilia, cytosol 

or plasma membrane using a variety of mechanisms. A small proportion of each may not 

localize to the principal subcellular location, and this subpopulation may contribute to the 

observed outputs. The recapitulation of key results using bPAC, a GPCR (SSTR3) and 

chemogenetic tools (DREADDs) suggests that levels of ciliary cAMP generated in this work 

are physiological. Confirming that the experimentally produced ciliary cAMP levels are 

physiological will require measuring ciliary cAMP concentrations in cilia under different 

signaling conditions.

Truong et al. Page 12

Cell. Author manuscript; available in PMC 2022 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the Lead Contact, Jeremy Reiter 

(jeremy.reiter@ucsf.edu).

Materials Availability—All unique/stable reagents generated in this study are available 

from the Lead Contact without restriction.

Data and Code Availability—All software and code used in this study has been 

described and referenced under “Quantification and Statistical Analysis”.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish husbandry—Adult Danio rerio zebrafish were maintained under standard 

laboratory conditions. Embryos were maintained at 28°C and staged as described previously 

(Kimmel et al., 1995). Cyto-bPAC and Cilia-bPAC transgenic zebrafish were raised in 

the dark until 5 days post fertilization, and then maintained on a 14h light/10h dark 

cycle. Zebrafish of Ekkwill (EKW) background were used as wild type. Cyto-bPAC 

and Cilia-bPAC transgenic lines were maintained on an EKW background. Gli:mCherry 
(Tg(8xGliBS:mCherry-NLS-Odc1)) transgenic zebrafish were a gift from James Chen 

(Mich et al., 2014). Embryos were maintained in egg water containing 60μg/mL sea salt 

(Instant Ocean) in distilled water. For forskolin treatment, embryos were incubated in 

forskolin dissolved in DMSO from 6 hours post fertilization (hpf) until 24hpf. Experimental 

zebrafish embryos typically were less than 24hpf, a stage at which sex cannot be readily 

determined and is unlikely to influence the biological processes under study. All zebrafish 

protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of 

the University of California, San Francisco.

Mammalian Cell culture—NIH/3T3 Flp-In cells (ThermoFisher Scientific) were cultured 

in Dulbecco’s modified Eagle’s medium with high glucose (Gibco Cat# 11965118) 

supplemented with 10% newborn bovine calf serum (Gibco Cat# 16010159) and GlutaMAX 

supplement (Gibco Cat# 35050061). Cells were grown in the absence of antibiotics. To 

induce ciliation, cells were grown to confluence and starved overnight in Opti-MEM 

reduced serum medium (UCSF Cell Culture Facility).

METHOD DETAILS

Vector construction and mRNA synthesis—We amplified bPAC and full length 

human ARL13B (PfuUltra II, Stratagene) and cloned the amplicons into pDONR221 using 

BP Clonase II (ThermoFisher) to create pENTR-Cyto-bPAC-6x Myc and pENTR-Cilia­

bPAC-6x Myc. bPAC was a gift from Mark von Zastrow (Tsvetanova and von Zastrow, 

2014). To generate transposons, we combined pENTR-Cyto-bPAC or pENTR-Cilia-bPAC 

with p5E-Ub, Tol2 and p3E-MT-pA using LR Clonase II Plus (ThermoFisher Scientific) 

(Kwan et al., 2007). Clones were verified by sequencing (Integrated DNA Technologies).
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For generating NIH/3T3 Flp-In cell lines expressing bPAC, Cyto-bPAC-GFP and Cilia­

bPAC-GFP were cloned into a version of pGLAP5 (gift from Peter Jackson, Addgene 

Cat# 19706) with a minimal chicken lens δ-crystallin promoter (Ye et al., 2018) using 

the In-Fusion HD cloning kit (Takara). To generate a red-shifted ratiometric ciliary cAMP 

sensor, Pink Flamindo was fused to monomeric infrared fluorescent protein (mIFP) and 

RAB23 Q68L using In-Fusion. mIFP and RAB23 Q68L were gifts from Xiaokun Shu and 

Carol Wicking, respectively (Evans et al., 2003; Yu et al., 2015). Both Ciliary Pink Flamindo 

and Pink Flamindo alone were cloned into lentiviral vector pLVX to generate pLVX-Pink 

Flamindo-mIFP-RAB23 Q68L and pLVX-Pink Flamindo, respectively. Lentivirus was 

generated using the Lenti-X packaging single shot kit according to the manufacturer’s 

protocol (Takara).

For generating mRNA encoding ARL13B-bPAC-6xMyc, ARL13B-bPAC-6xMyc was 

cloned into the pCS2+8 expression vector using In-Fusion HD. The nonciliary control, 

ARL13BV359A-bPAC-6x Myc, was subsequently generated by site-directed mutagenesis 

using In-Fusion. To generate ciliary, nonciliary, and basal body dnPKA constructs, Rab23 

or tandem PACT domains were appended to the 3’ end of pCS2+-dnPKA-GFP (Ungar and 

Moon, 1996) using In-Fusion. dnPKA is a PKA RIα (Prkar1a) containing mutations at 

cAMP binding sites (Addgene #16716) (Clegg et al., 1987). 2x PACT was amplified from 6x 

Halo-EGFP-2x PACT (Addgene #107265). RAB23 Q68L and RAB23 S23N constructs were 

gifts from Carol Wicking (Evans et al., 2003). For zebrafish injections, we synthesized 

capped messenger RNA using the mMESSAGE mMACHINE SP6 kit (Ambion) from 

pCS2+ constructs linearized with NotI.

Generation of stable cell lines and transient transfections—NIH/3T3 cell lines 

stably expressing Cyto-bPAC, Cilia-bPAC, PM-DREADD, Cilia-DREADD and SSTR3 

were generated using the Flp-In system following manufacturer’s instructions. In brief, 

Flp-In NIH/3T3 cells (ThermoFisher) were transfected with Lipofectamine LTX with Plus 

reagent (Invitrogen) with the appropriate plasmids and a mouse codon-optimized FLP 

recombinase (gift from Philippe Soriano, Addgene Cat# 13793) and selected with 70μg/mL 

hygromycin (Gibco), with the exception of clones expressing bPAC under the control of 

an attenuated promoter when 40μg/mL was used. Single colonies were expanded, and 

protein expression was confirmed by immunoblotting and fluorescence microscopy for GFP 

(1:1000, Rockland, RRID:AB_218182).

To generate bPAC cell lines stably expressing Pink Flamindo-based cAMP biosensors, cells 

were transduced with lentivirus containing either Pink Flamindo or Ciliary Pink Flamindo in 

the presence of 4μg/mL polybrene and selected with 1μg/mL puromycin.

Transient transfections were performed using Transit-X2 transfection reagents (Mirus Bio) 

according to manufacturer’s instructions for NIH/3T3 cells. Plasmids encoding GPR161, 

PKA-RIα and PKA-Cα were generous gifts from Mark von Zastrow, Max Nachury and 

Roshanak Irannejad, respectively (Irannejad et al., 2017; Mick et al., 2015). mApple-tagged 

Mini-Gs was a generous gift from Roshanak Irannejad.
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Generation of transgenic zebrafish and mRNA injection—Transgenic zebrafish 

were generated through Tol2-based transgenesis, as previously described (Kawakami et al., 

2004). The resulting adults were mated with wild-type EKW fish and founders transmitting 

Cyto-bPAC or Cilia-bPAC were identified by genotyping progeny. Genotyping was 

performed using DNA extracted from either dechorionated embryos or adult fins. In brief, 

samples were incubated in DNA extraction buffer (10mM Tris pH8.0, 2mM EDTA, 0.2% 

Triton X-100) supplemented with 200μg/mL Proteinase K (Millipore Sigma) for 2 hours 

at 55°C. Proteinase K was inactivated by incubation at 100°C for 5 minutes. Genotyping 

was performed with specified primers (see Key Resources Table) using DreamTaq Green 

DNA Polymerase (ThermoFisher Scientific). We outcrossed founders to EKW wild-type 

zebrafish at least three times before experimentation. For each experiment, eggs were 

collected from a natural mating of one Cyto-bPAC or Cilia-bPAC transgenic animal and 

one EKW wild-type animal. This yielded approximately 50% transgenic embryos in each 

clutch. For dnPKA mRNA injections, we injected 45pg of capped mRNA at the one-cell 

stage. For bPAC mRNA injections, we injected 4.5pg of capped mRNA at the one-cell stage, 

examined localization of Nonciliary-bPAC and Cilia-bPAC at 18hpf, and stimulated with 

pulsed (500ms on, 500ms off) 0.35mW/cm2 470nm blue light from 14–18hpf. For injection 

of Rab23 S23N and Rab23 Q68L alone, we injected 18pg of capped mRNA at the one-cell 

stage. We incubated injected embryos in egg water and unfertilized embryos were removed 

6–8 hours post injection.

Optogenetic stimulation—We performed optogenetic experiments in 35mm dishes using 

custom LED devices. Briefly, the device consisted of 1) a printed circuit board with LEDs 

and control circuitry positioned to illuminate six individual 35 mm dishes; 2) a 3D printed 

adapter to ensure diffuse illumination and no cross-stimulation between samples; 3) an 

Arduino microcontroller to control the LED illumination during the experiment. The printed 

circuit board was designed using KiCad Electronic Design Automation software (KiCad) 

and manufactured by PCB Unlimited. The circuit board accommodated 10 blue/red bi-color 

LEDs (Wurth, Cat# 150141RB73100) under each of six 35mm wells. Groups of five LEDs 

were controlled by one pin of a constant-current LED driver chip (Texas Instruments, Cat# 

TLC5947) supporting independent 12-bit control (4096 steps) by pulse-width modulation, 

as used in similar devices (Bugaj and Lim, 2019; Repina et al., 2019). The LED drivers 

were controlled by an Arduino Uno microcontroller, which was programmed with a custom 

script written in the Arduino Integrated Development Environment. 3D printed adapters that 

mated the LED array with the 35 mm plates were designed using Inventor CAD software 

(Autodesk) and printed on a uPrint 3D printer (Stratasys).

We collected zebrafish embryos from timed natural matings and raised them in the dark. We 

identified transgenic lines that generate equivalent amounts of cAMP upon light stimulation. 

For light titration experiments, we stimulated embryos with four hours of pulsed (500ms on, 

500ms off) low (0.065mW/cm2), medium (0.35mW/cm2) or high (0.87mW/cm2) amounts 

of 470nm blue light. For all other activations of transgenic bPAC-expressing zebrafish, 

we used the low (0.065mW/cm2) amount of 470nm blue light. We measured lighting 

power density with a digital power meter console (Thorlabs Cat# PM100D). For each 

zebrafish experiment, eggs were collected from a natural mating of one Cyto-bPAC or 
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Cilia-bPAC transgenic zebrafish and one EKW wild-type zebrafish, yielding approximately 

50% transgenic embryos in each clutch. For immunofluorescence analyses, we stimulated 

embryos from 14–18hpf, fixed at 24hpf, and assessed patterning of somites 12–15. For 

embryos injected with mRNA encoding either Cilia-bPAC (ARL13B-bPAC) and Nonciliary­

bPAC (ARL13BV359A-bPAC), we stimulated at 14–18hpf with pulsed (500ms on, 500ms 

off) 0.35mW/cm2 470nm blue light, fixed at 24hpf, and assessed patterning of somites 12–

15. For cAMP measurements in transgenic animals, we stimulated embryos from 24–28hpf 

with 0.065mW/cm2 light in the presence of 100μM IBMX. For cAMP measurements in 

injected embryos, we stimulated embryos from 14–18hpf with 0.35mW/cm2 470nm pulsed 

blue light in the presence of 100μM IBMX.

To optogenetically stimulate bPAC-expressing NIH/3T3 cell lines, we plated cells in 35mm 

dishes, grew them to confluency, and serum starved overnight in Opti-MEM to promote 

ciliation. Prior to qRT-PCR, immunofluorescence or immunoblot analysis, we stimulated 

the cells for four hours of pulsed (500ms on, 500ms off) 0.14mW/cm2 470nm blue light 

while incubating with the indicated drugs diluted in Opti-MEM. Prior to ELISA-based 

measurement of cAMP levels, we stimulated the cells with 0.87mW/cm2 470nm blue light 

for 30 minutes in the presence of 100μM IBMX.

Immunofluorescence staining—We fixed zebrafish embryos in 4% methanol-free PFA 

(Electron Microscopy Sciences Cat# 100504–782) diluted in PBS for 2 hours at room 

temperature on a nutator and then stored them in 100% methanol at −20° C until further 

analysis. We rehydrated embryos in a graded series of methanol and PBST (PBS+0.1% 

Tween) solutions (75%, 50%, 25% and 0% methanol). For Engrailed staining, we incubated 

embryos in −20°C acetone for 7 minutes. We blocked embryos in 10% donkey serum, 1% 

DMSO, 1% BSA and 0.5% Triton X-100 in PBS for 1 hour. After blocking, we incubated 

embryos overnight at 4°C with primary antibodies diluted in PBDT (1% DMSO, 1% BSA, 

0.5% Triton X-100 in PBS). Primary antibodies used were: goat anti-Myc (1:500, Novus, 

RRID:AB_10002720), rabbit anti-TubAC (1:500, Cell Signaling, RRID:AB_10544694), 

rabbit anti-mCherry (1:500, Abcam, RRID:AB_2571870), mouse anti-Eng (1:10, DSHB, 

RRID:AB_528224), rabbit anti-Prox1 (1:100, EMD Millipore, RRID:AB_177485), goat 

anti-GFP (1:1000, Rockland, RRID:AB_218182), mouse anti-γ-Tub (1:500, Sigma Aldrich, 

RRID:AB_477584). Subsequently, we incubated embryos in donkey Alexa Fluor-conjugated 

secondary antibodies (1:500, Life Technologies) and Hoechst (ThermoFisher Scientific) 

diluted in PBDT for 2 hours at room temperature, nutating. We mounted embryos in 

ProLong Diamond antifade mountant (ThermoFisher Scientific Cat# P36970).

We seeded cells on 12mm coverslips (Azer Scientific, Cat# ES0117520) at a density 

of 5×104 cells per well in a 24-well plate and starved in Opti-MEM reduced 

serum media (UCSF Tissue Culture). We transfected PKA using TransIT-X2 (Mirus 

Bio) 24h after seeding. 48h after seeding, we starved cells overnight in Opti-MEM. 

We fixed cells for 10 minutes in 4% PFA diluted in PBS. We also fixed PKA­

transfected cells in −20°C methanol for 3 minutes after PFA fixation. We blocked 

cells in 0.1% Triton X-100, 2.5% BSA and PBS for 1h at room temperature. We 

diluted primary antibodies in blocking buffer and incubated them overnight at 4°C. 

Primary antibodies used were goat anti-GFP (1:1000, Rockland, RRID:AB_218182), 
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rabbit anti-TUBAC (1:500, Cell Signaling, RRID:AB_10544694), mouse anti-γ-TUB 

(1:500, Sigma Aldrich, RRID:AB_477584), mouse anti-ARL13B (1:1000, NeuroMab, 

RRID:AB_11000053), rabbit anti-FOP (1:500, ProteinTech, RRID:AB_2103362), mouse 

anti-FLAG (1:500, Sigma Aldrich, RRID:AB_439685), mouse anti-mNeonGreen (1:1000, 

ChromoTek, RRID:AB_2827566), mouse anti-SMO (1:100, Santa Cruz Biotechnology, 

RRID:AB_2239686), mouse anti-TUBAC (1:500, Sigma-Aldrich, RRID:AB_477585), rabbit 

anti-GPR161 (1:100, Proteintech, RRID:AB_2113965). Subsequently, we incubated cells 

in donkey Alexa Fluor-conjugated secondary antibodies (1:500, Life Technologies) and 

Hoechst (ThermoFisher Scientific) diluted in blocking buffer at room temperature for 2 

hours. We mounted coverslips in ProLong Diamond antifade mountant (ThermoFisher 

Scientific Cat# P36970).

Image Acquisition—We imaged live zebrafish with a Zeiss Observer D1 microscope and 

an Axiocam MRc camera. We imaged live cells using a Yokogawa CSU-X1 spinning disk 

confocal equipped with a 60× 1.4 numerical aperture oil objective, a Nikon Perfect Focus 

system, and a Prime95B sCMOS camera (Photometrics). We seeded cells onto 35mm dishes 

with Poly-D-Lysine coated No. 1.5 coverslips (MatTek Cat# P35GC-1.5–10-C). After 24h 

of growth, we transfected cells using Transit-X2 transfection reagents (Mirus Bio). 48h 

after seeding, we starved cells in Opti-MEM reduced serum media overnight. On the day 

of imaging, we incubated cells in SiR-Tubulin without verapamil (Spirochrome) to label 

cilia. During imaging, we maintained cells at 37°C and 5% CO2 using an OkoLab Cage 

Incubator and CO2 mixer. We added drugs one minute after the start of image acquisition 

and imaged cells every 30 seconds for 15 minutes in FluoroBrite DMEM (ThermoFisher 

Cat# A1896701) supplemented with 25mM HEPES, pH7.4 (ThermoFisher Cat# 15630080). 

For Ciliary Pink Flamindo and Pink Flamindo imaging, we stimulated bPAC-expressing 

NIH/3T3 cells with 100ms 52.7mW/cm2 light (Axiom Optics, Argo-POWER) using the 

488nm laser (Vortran) during image acquisition. For each cell, images were continuously 

acquired for 1 minute with the 488nm laser to stimulate bPAC, the 640nm laser to identify 

cilia stained either with SiR-Tubulin (in the case of cytoplasmic Pink Flamindo) or mIFP 

(in the case of Ciliary Pink Flamindo), and the 561nm laser to image Pink Flamindo 

fluorescence. bPAC stimulation began after two acquisitions of ciliary and Pink Flamindo 

fluorescence detection in the absence of blue laser stimulation. Cells were stimulated with 

100μM Forskolin after bPAC stimulation was completed.

We imaged fixed cells with a Zeiss LSM 800 laser scanning confocal microscope equipped 

with a 63x/1.4 oil immersion objective and captured using the Zen Imaging Software 

(Zeiss). We imaged fixed zebrafish with either a Leica TCS SPE or a Zeiss LSM 800 

laser scanning confocal microscope. We imaged zebrafish somite cilia using a 63x/1.4 oil 

immersion objective and somites 12 through 15 using either a 20x air objective or 40x 

oil objective. While collecting images, we held constant the gain, offset and laser power 

for each antibody combination. We processed images identically and used FIJI software to 

generate maximal projections.

cAMP measurement—To measure cAMP concentrations in cultured cells, we used a 

Direct cAMP ELISA kit (Enzo, Cat# ADI-900–066) without the optional acetylation step. 
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Prior to determining cAMP concentration in DREADD- or SSTR3-expressing cells, we 

seeded NIH/3T3 cells in 12-well plates at a density of 1×105 cells per well. For bPAC-based 

NIH/3T3 experiments, we seeded bPAC-expressing cells in 35mm dishes at a density of 

2×105 cells per well. 24h after seeding, we starved cells overnight in Opti-MEM reduced 

serum medium to promote ciliation. On the day of treatment, we treated cells with drugs 

or light in the presence of 10μM IBMX for DREADD and SSTR3 experiments and 100μM 

IBMX for bPAC cells (Millipore Sigma) diluted in Opti-MEM reduced serum medium. 

We stimulated SSTR3-expressing cells with Somatostatin for 30 minutes. We stimulated 

DREADD-expressing cells with CNO for 3 hours. Immediately after stimulation, cells were 

scraped into lysis buffer (0.1M HCl, Enzo). We calculated cAMP concentrations using a 

4-parameter logistic (4PL) curve fitting program (Prism version 8, GraphPad Software). We 

normalized interpolated cAMP values using total protein concentrations determined by BCA 

assay (Thermo Scientific Pierce Cat# PI23228).

To measure cAMP in zebrafish embryos stably expressing bPAC, we stimulated embryos 

from 24–28hpf with pulsed blue light or 10μM forskolin in the presence of 100μM 

IBMX (Millipore Sigma) diluted in egg water. For embryos injected with mRNA encoding 

either Cilia-bPAC (ARL13B-bPAC) or Nonciliary-bPAC (ARL13BV359A-bPAC), we shined 

pulsed (500ms on, 500ms off) 0.35mW/cm2 470nm blue light in the presence of 100μM 

IBMX from 14–18hpf. Injected embryos were lysed at 18hpf. After light stimulation, we 

dechorionated and lysed embryos in 0.1M HCl (Enzo). We lysed control embryos raised 

in the dark in batches of 10 embryos and calculated the average concentration per embryo. 

Transgenic embryos stably expressing bPAC were lysed individually. Injected embryos 

were lysed in pairs at 18hpf and the average concentration of cAMP per embryo reported. 

ELISA was performed as described above using 100μL undiluted embryo lysate without the 

optional acetylation protocol. cAMP concentration was determined utilizing a 4-parameter 

logistic (4PL) curve fitting program (Prism version 8, GraphPad software).

Immunoblotting—Cells were lysed using RIPA buffer (150nm NaCl, 50mM Tris, pH 

7.6, 0.1% SDS, 0.1% NP-40 and 0.5% sodium deoxycholate) supplemented with protease 

inhibitors (Roche). Protein concentration was determined using a Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific). Zebrafish embryos were deyolked before lysis in 

RIPA buffer supplemented with protease inhibitors, as previously described (Link et al., 

2006). All lysates were boiled for 5 minutes in 4x SDS-PAGE loading buffer, except prior 

to immunoblotting for DREADD expression, for which lysates were incubated at room 

temperature for 45 minutes. Protein samples were separated on 4–15% gradient TGX precast 

gels (Bio-Rad) and transferred to PVDF membrane (Bio-Rad). 5% non-fat dried milk in 

TBS with 0.1% Tween was used to block membranes and to dilute antibodies. HRP signal 

was detected using Clarity Western ECL substrate (Bio-Rad). Primary antibodies used were 

goat anti-GFP (1:1,000, Rockland, RRID:AB_218182), mouse anti-GAPDH (1:100,000, 

Proteintech, RRID:AB_2107436), goat anti-GLI3 (1:200, R&D Systems, Cat #AF3690), 

goat anti-c-Myc (1:5,000, Novus, RRID:AB_10004121) and mouse anti-β-actin (1:100,000, 

Proteintech, RRID:AB_2687938). We used HRP-conjugated secondary antibodies at 1:5,000 

dilution (Jackson ImmunoResearch Laboratories, Inc).
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In situ hybridization—In situ probes for Nkx2.2b, Olig2 and Pax3 were gifts from 

Peng Huang. Nkx2.2b was digested with BamHI and in vitro transcribed using T7 

RNA polymerase. Olig2 was digested with BglII and in vitro transcribed using T3 

RNA polymerase. Pax3 was digested with NotI and in vitro transcribed using T7 RNA 

polymerase. Probes were purified using lithium chloride and ethanol precipitation. Whole 

mount in situ hybridization was performed on 24hpf embryos fixed overnight at 4°C in 4% 

paraformaldehyde and stored in methanol at −20°C. Hybridization with dioxigenin (DIG) 

(Roche)-labeled riboprobes was performed following standard procedures, as described 

previously (Reiter et al., 1999). In brief, embryos were rehydrated into PBST (0.1% 

Tween-20), digested with 10μg/mL proteinase K (Roche) for 10 minutes and re-fixed 

with 4% paraformaldehyde, followed by thorough washing. Embryos were prehybridized 

in in hybridization solution (50% formamide, 5x SSC, 500μg/mL yeast tRNA, 50μg/mL 

heparin, 0.1% Tween-20, 9mM citric acid) for at least 1 hour at 68°C, followed by 

hybridization overnight at 68°C. Embryos were blocked for 2 hours (PBST, 2mg/mL BSA, 

5% sheep serum), then incubated with anti-Digoxigenin-AP, Fab fragments (Roche) diluted 

in block overnight at 4°C. The next day, embryos were washed extensively in PBST/BSA, 

equilibrated in fresh NTMT buffer (0.1M Tris, pH 9.5, 0.1M NaCl, 0.05M MgCl2, 0.1% 

Tween-20), then stained with NBT and BCIP (Roche) diluted in NTMT buffer. Embryos 

were mounted in 70% glycerol. Transverse sections and wholemount embryos were imaged 

using a Zeiss Observer D1 microscope equipped with an Axiocam MRc camera.

Quantitative RT-PCR—Cells were seeded in 12-well plates at a density of 1×105 

cells per well. 24h after seeding, cells were starved in Opti-MEM reduced serum media 

overnight to promote ciliation. Cells were incubated with indicated drugs diluted in Opti­

MEM for 5 hours. RNA was extracted using RNeasy Mini (Qiagen) according to the 

manufacturer’s instructions. RNA was used to make cDNA using the iSCRIPT cDNA 

synthesis kit (Bio-Rad). qRT-PCR was performed in technical quadruplicates on a 384-well 

plate (USA Scientific, Cat# 1438–4700) using PowerUp SYBR Green master mix (Applied 

Biosystems) and run on a QuantStudio 5 real-time PCR system (Applied Biosystems). 

Relative expression was calculated using the ΔΔCT method normalized to HPRT and 

RLPL0 expression. Data were normalized to wild-type cells treated with DMSO.

Mathematical modeling of cAMP subcellular dynamics and PKA activation—
A frame-by-frame Monte Carlo simulation was performed for the diffusion of cAMP 

molecules in cells. The cell-cilium system was modeled as a ball-shaped cell body (radius R 
= 5 μm) connected with a cylindrical-shaped cilium (length L = 5 μm, diameter Φ = 300 nm) 

through a smooth junction at the ciliary base.

cAMP molecules were introduced at random locations in either the ciliary membrane or 

the plasma membrane at a constant rate of 34 molecules per second (Figure 5A and 

Figure S5A–D) or 340 molecules per second (Figure S5E–F) to simulate ciliary and plasma 

membrane cAMP generation, respectively. The cAMP molecules underwent random walks 

in the cell (Berg, 1993). For each step of random walk, the probability distribution function 

for a cAMP initially located at position (x0,y0,z0) in a frame to be found at position (x,y,z) in 

the next frame after time Δt takes the form of 3D-Gaussian distribution:
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p x, y, z, Δt ∣ x0, y0, z0 = 1
( 2πσ)3exp − x − x0

2 + y − y0
2 + z − z0

2

2σ2 (1)

Here, σ is the standard deviation of each step, and is related to the diffusion coefficient (D) 

and the time interval between two frames (Δt) by

D = σ2/2Δt (2)

In our simulation, we used σ = 100 nm. This value was specified to be smaller than the 

smallest dimension of the cell (diameter of cilium Φ = 300 nm), yet not exceedingly small 

to allow for reasonable computation speed. An assumed diffusion coefficient D = 10 μm2/s 

therefore corresponded to Δt = 0.5 ms. We considered elastic collisions between the cAMP 

and the cell membrane so that the cAMPs appeared at their mirrored positions with respect 

to the cell membrane in cases where cAMP trajectories would have exited the cell after 

the application of equation (1). We recorded the PKA interaction locations (xc,yc,zc) for the 

further analysis of the PKA activation.

The PKA molecules were modeled to be evenly distributed on the ciliary and the plasma 

membranes at the same surface density, ρ = 1 PKA / (140nm)2. Each PKA holoenzyme 

was activated by binding of 4 cAMP molecules. To simulate binding, we modeled PKA 

molecules to have a radius of rPKA = 2.5 nm, and one binding event was counted when 

a cAMP molecule collided with the adjacent membrane within rPKA of the PKA center 

(xPKA,yPKA,zPKA):

xc − xPKA
2 + yc − yPKA

2 + zc − zPKA
2 < rPKA2 (3)

A PKA molecule was considered activated after encountering 4 such binding events.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all cell culture experiments shown, sample size (n) indicates the number of independent 

experiments. In all data panels, representative data from 3–5 independent experiments 

are shown. For zebrafish experiments, all sample sizes (n) are indicated for the number 

of embryos used in each experiment. To calculate the number of En-expressing, mCherry­

expressing or Prox1-expressing cells per somite, images were converted to binary images 

using the threshold function and a minimum/maximum size exclusion filter was applied in 

Fiji. Cells were counted using the 3D objects counter function in Fiji. Cells in somites 12 

through 15 were counted and an average value of cells per somite was determined for each 

embryo. The average values per embryo were used as individual data points in all graphs and 

statistical analyses.

For fluorescence intensity measurements, a sum projection containing 10 slices was 

generated. Raw integrated density was measured in Fiji for a region of interest that was 

used for all measurements. For quantification of ciliary enrichment and quantification of 

SMO and GPR161 trafficking in cultured cells, a sum projection containing 10 optical 
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sections was generated. A 5-pixel-wide segmented line was used to trace cilia, as defined by 

staining for TubAC. For ciliary enrichment, raw integrated density was measured in Fiji and 

calculated as the ratio of signal at the cilium to the average of two cell body measurements. 

For quantification of ciliary SMO and GPR161 fluorescence, the average of two background 

fluorescence measurements adjacent to the cilium was subtracted from ciliary fluorescence. 

A negative value indicates background fluorescence was greater than ciliary fluorescence. 

Fluorescence was normalized to the mean of wild-type cells treated with vehicle in the dark.

For quantification of ciliary cAMP levels, a 5-pixel-wide segmented line was used to 

trace cilia at each timepoint. The ratio of ciliary Pink Flamindo to mIFP raw integrated 

density was measured for each timepoint using Fiji software. Relative intensity change was 

calculated using the fluorescence intensity ratio F/F0. Quantification of cytoplasmic Pink 

Flamindo fluorescence was performed on unprocessed TIFF images using MATLAB (Jullié 

et al., 2020). Briefly, Pink Flamindo fluorescence intensity was measured after thresholding 

and background fluorescence subtraction. Data are represented as the ratio of Pink Flamindo 

F/F0, where F0 is the Pink Flamindo fluorescence before stimulation. Average measurements 

for >20 cells over three independent experiments are reported.

Quantification of GLI3R was performed in Fiji. In brief, Mean Grey Value was measured 

for each band using a defined region of interest and an adjacent background value was 

subtracted. This resulting value for this GLI3R band was normalized to the loading control 

(GAPDH). All values were normalized to Wild-type cells treated with vehicle and no light.

For statistical analyses of two samples, significance was determined via two-tailed unpaired 

t-test. For more than two samples, significance was determined via one-way ANOVA 

followed by Tukey’s multiple comparison test for one variable or two-way ANOVA followed 

by Tukey’s multiple comparison test for two variables. A p value less than 0.05 was 

considered statistically significant and is denoted as follows: *<0.05, **<0.01, ***<0.001, 

and ****<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Truong et al., 2021 Highlights

• Primary cilium-generated cAMP communicates different information than 

extraciliary cAMP

• Vertebrate Hedgehog signaling is preferentially regulated by cilium-generated 

cAMP

• The distinct subcellular geometry of the cilium contributes to information 

integrity

• A ciliary pool of protein kinase A (PKA) interprets ciliary cAMP
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Figure 1. An optogenetic system for inducing cAMP in vivo at specific subcellular locations
(A) Schematic of system to optogenetically control cAMP generation by targeting bPAC, a 

blue-light activated adenylyl cyclase, to subcellular locations. Cyto-bPAC (green) localizes 

to the cytoplasm. Cilia-bPAC (green), a fusion of bPAC and the ciliary protein ARL13B, 

localizes to cilia.

(B) Immunofluorescence imaging of wild-type and transgenic zebrafish expressing either 

Myc-tagged Cyto-bPAC or Cilia-bPAC. Images depict 24hpf somites stained for bPAC 

(Myc, green), cilia (acetylated tubulin, TubAC, red) and nuclei (Hoechst, blue). Arrowheads 
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indicate cilia depicted in the insets. Insets display overlay of bPAC, cilia and nuclei (top), 

cilia alone (middle), and bPAC alone (bottom). Scale bars, 10μm and 1μm (inset).

(C) Quantification of cAMP in wild-type and transgenic bPAC embryos with and without 

light stimulation. The adenylyl cyclase agonist forskolin (FSK, 10μM) increased cAMP in 

wild-type embryos. The phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX, 

100μM) was used to inhibit cAMP degradation for all conditions. n=9–17 embryos per 

condition. Significance was determined via two-way ANOVA followed by Tukey’s multiple 

comparison test throughout. A p value less than 0.05 was considered statistically significant 

and is denoted as follows: *<0.05, **<0.01, ***<0.001, and ****<0.0001. Data are 

represented as means ± SD.

(D) Immunofluorescence imaging of somites expressing Gli:mCherry, a reporter of 

Hedgehog signal transduction. Embryos treated with increasing doses of FSK from 6 to 

24hpf were stained for Gli:mCherry (mCherry, red) and nuclei (Hoechst, blue). Scale bar, 

40μm.
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Figure 2. Cilium-generated cAMP specifically inhibits HH signal transduction
(A) Immunofluorescence imaging of somites 12–14 in 24hpf Gli:mCherry transgenic 

embryonic somites without bPAC (Control), expressing Cyto-bPAC or expressing Cilia­

bPAC raised in the dark or stimulated with light. Scale bar, 40μm.

(B) Quantification of Gli:mCherry-expressing cells per somite. n=8–10 embryos collected 

over two independent clutches. Cells in somites 12 through 15 were counted and an average 

value of cells per somite was determined for each embryo. The average values per embryo 

were used as individual data points in all graphs and statistical analyses.
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(C) Schematic of how HH signaling affects somitic cell fate. Muscle pioneer cells (MPs, 

green) express high levels of En and are specified by high levels of HH signaling. Superficial 

slow fibers (SSFs) express Prox1 and are specified by lower levels of HH signaling. Modest 

attenuation of HH signaling attenuates MP development, and more severe attenuation of HH 

signaling attenuates SFF development.

(D) Immunofluorescence imaging of En (green) and Prox1 (magenta) in wild-type and 

Cyto-bPAC- or Cilia-bPAC-expressing embryos with or without light stimulation. Scale bar, 

40μm.

(E) Quantification of the average number of En-expressing cells per somite.

(F) Quantification of the average number of Prox1-expressing cells per somite. n=9–20 

embryos for each condition. Each data point represents the average number of En or Prox1 

expressing cells per somite 12 through 15 per 24hpf embryo. Significance was determined 

via two-way ANOVA followed by Tukey’s multiple comparison test. A p value less than 

0.05 was considered statistically significant and is denoted as follows: *<0.05, **<0.01, 

***<0.001, and ****<0.0001. Data are represented as means ± SD.
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Figure 3. Cilium-generated cAMP inhibits HH signal transduction in mammalian cells
(A) Immunofluorescence imaging of wild-type and transgenic NIH/3T3 cells stably 

expressing GFP-tagged Cyto-bPAC or Cilia-bPAC under the control of a minimal δ­

crystallin promoter stained for GFP-tagged bPAC (green), cilia (TUBAC, red), basal bodies 

(γTUB, grayscale) and nuclei (blue). Arrowheads indicate cilia depicted in insets. Insets 

display overlay (top), cilia and basal bodies alone (middle), and GFP-tagged bPAC alone 

(bottom). Scale bars, 10μm and 2μm (inset).
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(B) Immunoblot of wild-type and transgenic NIH/3T3 cells stably expressing GFP-tagged 

Cyto-bPAC and Cilia-bPAC under the control of the EF1α promoter. Whole-cell protein 

lysates were immunoblotted with antibodies to GFP and GAPDH loading control.

(C) Quantification of cAMP in wild-type or transgenic cells expressing Cyto-bPAC or Cilia­

bPAC under the control of a minimal δ-crystallin promoter by ELISA. Cells were stimulated 

with pulsed 0.14mW/cm2 470nm blue light or kept in the dark in the presence of 100μM 

IBMX for 30 minutes. cAMP concentration was determined by ELISA and normalized to 

total protein content. n=4 biological replicates. Significance was determined via two-way 

ANOVA followed by Tukey’s multiple comparison test.

(D) Quantitation of Ciliary Pink Flamindo fluorescence in Cyto-bPAC-expressing (red) or 

Cilia-bPAC-expressing (blue) cells either with (open points) or without blue light (filled 

points). Cells were stimulated with 100ms pulses of 52.7mW/cm2 blue light every three 

seconds for 1 minute. At the end of that minute, 100μM Forskolin was added. We calculated 

the ratio of Pink Flamindo to mIFP fluorescence normalized to the ratio at t=0. Each 

trace represents n>12 cells from three independent experiments. The maximum Ciliary Pink 

Flamindo fluorescence upon blue light stimulation is also shown. Significance was assessed 

using two-way ANOVA followed by Tukey’s multiple comparison test.

(E) qRT-PCR measurement of Gli1 expression by wild-type, Cyto-bPAC-expressing or 

Cilia-bPAC-expressing cells stimulated for 4 hours with vehicle (DMSO), 200nM SAG, 

or 200nM SAG with pulsed 0.14mW/cm2 470nm blue light. n=3 biological replicates. 

Significance was assessed using one-way ANOVA followed by Tukey’s multiple comparison 

test.

(F) Ratios of Gli1 expression in wild-type and Cyto-bPAC-expressing or Cilia-bPAC­

expressing cells treated with 200nM SAG and blue light to Gli1 expression treated with 

200nM SAG alone. Significance was assessed using one-way ANOVA followed by Tukey’s 

multiple comparison test.

(G) Immunoblots of GLI3 and GAPDH of whole-cell lysates from wild-type, Cyto-bPAC­

expressing or Cilia-bPAC-expressing cells stimulated as in (E).

(H) Quantification of GLI3 repressor (GLI3R) normalized to GAPDH (loading control). n=3 

biological replicates. For all panels, p values are indicated as follows: *<0.05, **<0.01, 

***<0.001 and ****<0.0001. Data are represented as means ± SD.
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Figure 4. Ciliary GPCR activity specifically modulates HH signal transduction
(A) Schematic of tools to control a Gɑs-coupled designer GPCR at distinct subcellular 

locations. PM-DREADD localizes to the plasma membrane. Cilia-DREADD, a fusion with 

the ciliary protein ARL13B, localizes to cilia. These Gɑs-coupled DREADDs induce cAMP 

generation upon stimulation with their ligand, the otherwise pharmacologically inert drug 

CNO.

(B) Immunofluorescence imaging of wild-type and transgenic NIH/3T3 cells stably 

expressing GFP-tagged PM-DREADD or Cilia-DREADD. Images depict cells stained 
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for the GFP-tagged DREADDs (GFP, green), cilia (TUBAC, red), basal bodies (γTUB, 

grayscale) and nuclei (Hoechst, blue). Insets indicate amount of GFP-tagged DREADD 

localization to the cilium (defined by TUBAC and γTUB). Scale bars, 10μm and 1μm (inset).

(C) Quantification of cAMP in wild-type and PM-DREADD- or Cilia-DREADD-expressing 

NIH/3T3 transgenic cell lines. Cells were stimulated with either vehicle (DMSO) or 100nM 

CNO in the presence of 10μM IBMX for 3 hours. cAMP concentration was determined by 

ELISA and normalized to total protein content. n=4 biological replicates. Significance was 

determined via two-way ANOVA followed by Tukey’s multiple comparison test. Data are 

represented as means ± SD.

(D)Expression of Gli1 by wild-type and PM-DREADD- or Cilia-DREADD-expressing cells 

stimulated with vehicle (DMSO), 200nM SAG, or 200nM SAG and 5nM CNO for 5 hours 

before measurement by qRT-PCR. n=4–5 biological replicates. Significance was determined 

via one-way ANOVA followed by Tukey’s multiple comparison test.

(E) Ratios of Gli1 expression in WT and PM-DREADD- or Cilia-DREADD-expressing 

cells treated with 200nM SAG and 5nM CNO to Gli1 expression treated with 200nM SAG 

alone. Significance was determined via one-way ANOVA followed by Tukey’s multiple 

comparison test. n=4–5 biological replicates.

(F) Immunofluorescence imaging of wild-type and transgenic NIH/3T3 cells stably 

expressing SSTR3-GFP, a ciliary Gαi-coupled GPCR, fused to GFP. Images depict cells 

stained for SSTR3-GFP (GFP, green), cilia (ARL13B, red), basal bodies (FOP, grayscale) 

and nuclei (Hoechst, blue). Cells were treated either vehicle (DMSO) or 10μM somatostatin 

(SST) for 5 hours. Insets depict SSTR3-GFP localization to the cilium (defined by ARL13B 

and FOP). Scale bars, 10μm and 1μm (inset).

(G) Quantification of SSTR3-mediated inhibition of cAMP production. Wild-type and 

SSTR3-GFP-expressing NIH/3T3 cells were stimulated with either vehicle (DMSO), 10 

μM FSK, or 10μM FSK and 10μM SST in the presence of 10μM IBMX for 30 minutes. 

cAMP concentration was measured by ELISA and normalized to total protein content. 

n=3–6 biological replicates. Significance was determined via one-way ANOVA followed by 

Tukey’s multiple comparison test. Data are represented as means ± SD.

(H) Expression of Gli1 by wild-type and SSTR3-GFP-expressing NIH/3T3 cells treated 

with vehicle (DMSO), 3nM SAG or 10μM SST for 5 hours and measured by qRT-PCR. 

n=4 biological replicates. Significance was determined via one-way ANOVA followed by 

Tukey’s multiple comparison test. Data are represented as means ± SD. For all panels, a 

p value less than 0.05 was considered statistically significant and is denoted as follows: 

*<0.05, **<0.01, ***<0.001, and ****<0.0001.
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Figure 5. PKA acts at cilia to regulate HH signal transduction in vivo
(A) Modeling differential ciliary membrane localized PKA activation upon cAMP generated 

at either the ciliary membrane or at the plasma membrane. Left panel, simulated distribution 

of PKA localization to the plasma membrane and cilium (inset). Scale bar, 5μm. Right 

panel depicts the percent of activated ciliary membrane localized PKA upon either ciliary 

membrane or plasma membrane cAMP generation.

(B) Schematic of tools to inhibit PKA at distinct subcellular locations. Dominant negative 

PKA (dnPKA), a form of PKA-R that constitutively binds and inhibits PKA-C, was fused to 
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RAB23 S23N to prevent it from localizing to cilia (Extraciliary dnPKA). dnPKA was fused 

to RAB23 Q68L to localize it to cilia (Ciliary dnPKA). dnPKA was fused to 2x-PACT to 

localize it to the basal body (Basal Body dnPKA).

(C) Immunofluorescence imaging of zebrafish somites either uninjected or expressing GFP­

tagged untargeted dnPKA, Extraciliary dnPKA, Basal Body dnPKA, or Ciliary dnPKA. 

Images depict 24hpf somites stained for the GFP tag on dnPKA (green), cilia (TubAC, 

red), basal bodies (γTUB, grayscale) and nuclei (Hoechst, blue). Arrowheads indicate cilia 

depicted in inset. Insets display overlay of dnPKA, cilia and basal bodies (left), overlay of 

cilia and basal bodies (middle), and dnPKA alone (right). Scale bars, 4μm and 1μm (inset).

(D) Immunofluorescence imaging of Gli:mCherry-transgenic somites expressing GFP alone 

or the indicated dnPKAs. Images depict 24hpf somites stained for En (green) and mCherry 

(magenta). Scale bar, 40μm.

(E) Immunoblot of lysates from 24hpf zebrafish embryo expressing indicated GFP-tagged 

forms of dnPKA. Blotting for β-actin controls for loading.

(F) Relative GFP fluorescence of control uninjected embryos, Extraciliary dnPKA­

expressing embryos and Ciliary dnPKA-expressing embryos. Fluorescence was normalized 

to the mean of uninjected embryos. Data are represented as means ± SD.

(G) Quantification of Gli:mCherry-expressing cells per somite of uninjected embryos, and 

those expressing GFP, untargeted dnPKA, Extraciliary dnPKA, Basal Body dnPKA, or 

Ciliary dnPKA. Each point represents the number of mCherry-expressing cells averaged 

over four somites per embryo. Cells in somites 12 through 15 were counted and an average 

value of cells per somite was determined for each embryo. The average values per embryo 

were used as individual data points in all graphs and statistical analyses.

(H) Quantification of En-expressing MPs per somite of uninjected embryos, and those 

expressing GFP, untargeted dnPKA, Extraciliary dnPKA, Basal Body dnPKA, or Ciliary 

dnPKA. For Basal Body dnPKA-expressing embryos, n=18 and for all other conditions, 

n>30 from three independent injections. Significance was determined via one-way ANOVA 

followed by Tukey’s multiple comparison test. A p value less than 0.05 was considered 

statistically significant and is denoted as follows: *<0.05, **<0.01, ***<0.001, and 

****<0.0001. Data are represented as means ± SD.
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Figure 6. Ciliary PKA interprets ciliary cAMP to inhibit HH signal transduction
(A) Immunofluorescence imaging of Cilia-bPAC transgenic embryos expressing GFP, 

untargeted dnPKA, Extraciliary dnPKA, Basal Body dnPKA, or Ciliary dnPKA and either 

raised in the dark or stimulated with light. Images depict 24hpf somites stained for MPs (En, 

green) and nuclei (Hoechst, blue). Scale bar, 40μm.

(B) Quantification of En-expressing cells per somite. Dark bars indicate embryos raised in 

the dark. Light bars indicate embryos stimulated with light. n=12–20 embryos per condition, 

from three independent injections. Statistical significance was assessed using a two-tailed 

unpaired t-test test to compare dark- and light-treated embryos for each construct. A p value 

less than 0.05 was considered statistically significant and is denoted as follows: *<0.05, 

**<0.01, ***<0.001, and ****<0.0001. Data are represented as means ± SD.

(C) Schematic model of how ciliary cAMP and PKA regulate HH signal transduction. 

Ciliary cAMP regulated by ciliary GPCRs locally activates a pool of ciliary PKA, which 

phosphorylates GLI to generate its transcriptional repressor form (GLIR). Equivalent 

amounts of cAMP produced by GPCRs in the plasma membrane do not activate ciliary 
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PKA. Thus, upon HH stimulation and in the absence of ciliary PKA activity, GLI assumes 

its transcriptional activator form (GLIA) and induces HH target genes in the nucleus.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-TUBAC Cell Signaling Cat# 5335; RRID:AB_10544694

Rabbit anti-mCHERRY Abeam Cat# ab167453; RRID:AB_2571870

Mouse anti-ENG Developmental Studies 
Hybridoma Bank

Cat# 4D9 anti-engrailed/invected; 
RRID:AB_528224

Rabbit anti-PROX1 EMD Millipore Cat# AB5475; RRID:AB_177485

Goat anti-GFP Rockland Cat# 600–101-215; RRID:AB_218182

Mouse anti-yTUB Sigma Aldrich Cat# T6557; RRID:AB_477584

Mouse anti-ARL13B UC Davis/NIH Neuromab Facility Cat# 73–287; RRID:AB_11000053

Mouse anti-SMO Santa Cruz Cat# sc-166685; RRID:AB_2239686

Mouse anti-TUBAC Sigma Aldrich Cat# T6793; RRID:AB_477585

Rabbit anti-GPR161 Proteintech Cat# 13398–1-AP; RRID:AB_2113965

Goat anti-MYC Novus Cat# NB600–335; RRID:AB_10002720

Rabbit anti-FOP Proteintech Cat# 11343–1-AP; RRID:AB_2103362

Mouse anti-FLAG, clone M2 Sigma Aldrich Cat# P2983; RRID:AB_439685

Mouse anti-mNeonGreen ChromoTek Cat# 32f6–100; RRID:AB_2827566

Donkey seceondary antibodies for immunofluorescence ThermoFisher Scientific N/A

Hoechst 33342 ThermoFisher Scientific Cat# H2570

Goat anti-GLI3 R&D Systems Cat # AF3690; RRID: AB_2232499

Mouse anti-p-actin Proteintech Cat# 66009–1 -Ig; RRID:AB_2687938

Mouse anti-GAPDH Proteintech Cat# 60004–1-Ig; RRID:AB_2107436

Goat secondary HRP conjugated antibodies Jackson ImmunoResearch 
Laboratories, Inc

N/A

Chemicals, peptides, and recombinant proteins

Forskolin Cayman Chemical CAS# 66575–29–9, Cat# 11018

3-isobutyl-1 -methylxanthine (IBMX) Millipore Sigma CAS# 28822–58–4, Cat# I5879

SAG Millipore Sigma CAS# 364590–63–6, Cat# 566660

Clozapine N-oxide Abeam CAS# 34233–69–7, Cat# ab141704

Somatostatin Millipore Sigma CAS# 38916–34–6, Cat# S1763

SiR-Tubulin Spirochrome Cat# CHF420.00

Hygromycin Thermo Fisher Scientific Cat# 10687010

Puromycin EMD Millipore Cat# 5.08838.0001

DMSO ATCC Cat# ATCC 4-X

Critical commercial assays

mMessage Machine Sp6 Transcription Kit ThermoFisher Cat# AM 1340

RNeasy Plus Mini Kit QIAGEN Cat# 74136

iSCRIPT cDNA synthesis Kit Bio-Rad Cat# 74136

cAMP ELISA Enzo Cat# ADI-901-066
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

GS-DREADD-EGFP This paper N/A

GS-DREADD-ARL13B-EGFP This paper N/A

SSTR3-EGFP Gift from Mark Von Zastrow N/A

EF1 α-Cyto-bPAC-GFP This paper N/A

EF1 α-Arl13b-bPAC-GFP This paper N/A

CRYS-Cyto-bPAC-GFP This paper N/A

CRYS-Arl13b-bPAC-GFP This paper N/A

CRYS-Cyto-bPAC-GFP + Pink Flamindo-mlFP-Rab23 Q68L This paper N/A

CRYS-Arl13b-bPAC-GFP + Pink Flamindo-mlFP-Rab23 
Q68L

This paper N/A

CRYS-Cyto-bPAC-GFP + Pink Flamindo This paper N/A

CRYS-Arl13b-bPAC-GFP + Pink Flamindo This paper N/A

Flp-ln NIH/3T3 Cell Line ThermoFisher Cat# R76107

Experimental models: Organisms/strains

Zebrafish: Tg(8xGli:mCherry-NLS-Odc1) Gift from James Chen; Mich et 
al.f 2014

N/A

Zebrafish: Tg(Arl13b-bPAC-Myc) This paper N/A

Zebrafish: Tg(Cyto-bPAC-Myc) This paper N/A

Zebrafish Danio rerio Ekkwill wildtype EkkWill Waterlife Resources ZDB-G ENO-990520–2

Oligonucleotides

Cyto-bPAC F genotyping primer 
(GTCAACCGGTACTTCAGCAT CT)

Integrated DNA Technologies N/A

Cyto-bPAC R genotyping primer 
(TCGTAGTACTTCTGGGCCTCAT)

Integrated DNA Technologies N/A

Cilia-bPAC F genotyping primer 
(AGATGACTGTGCTCCTGAGA)

Integrated DNA Technologies N/A

Cilia-bPAC R genotyping primer 
(ACCAGGATTTTCTTGTACAGCT)

Integrated DNA Technologies N/A

GIH qPCR F primer (TTATGGAGCAGCCAGAGAGA) Integrated DNA Technologies N/A

Gli1 qPCR R primer (GAGCCCGCTTCTTTGTTAAT) Integrated DNA Technologies N/A

HPRT qPCR F primer (CATAACCTGGTTCATCATCGC) Integrated DNA Technologies N/A

HPRT qPCR R primer (TCCTCCTCAGACCGGTTTT) Integrated DNA Technologies N/A

RPLPO qPCR F primer (TATAACCCT 
GAAGTGCTCGACA)

Integrated DNA Technologies N/A

RPLPO qPCR R primer (GCGCTTGTACCCATTGATGAT) Integrated DNA Technologies N/A

Recombinant DNA

pPGKFLPobpA Gift from Philippe Soriano, 
Addgene

RRID:Addgene_13793

pgl_AP5-EF1 α-bPAC-GFP This paper N/A

pgl_AP5-EF1 α-Arl13b-bPAC-GFP This paper N/A

pgLAP5-CRYS-bPAC-GFP This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pgl_AP5-CRYS-Arl13b-bPAC-GFP This paper N/A

pgLAP5 Gift from Peter Jackson, Addgene RRID:Addgene_19706

pgl_AP5-Gs-DREADD-EGFP Gift from Mark Von Zastrow N/A

pgLAP5-Gs-DREADD-ARL13B-EGFP Gift from Mark Von Zastrow and 
Aaron Mar ley

N/A

mApple-C1-Mini Gs Gift from Roshanak Irannejad N/A

plRES-Neo3-SS-Flag-hGPR161 Gift from Mark Von Zastrow and 
Aaron Mar ley

N/A

pcDNA3.1-PKAC Gift from Roshanak Irannejad; 
Irannejad et al., 2017

N/A

pEF5B-mNeonGreen-PKA-Rlα Gift from Maxence Nachury; 
Mick et al., 2015

N/A

pCS2+-dnPKA-GFP: linearize Noti, polymerase SP6 Gift from Randall Moon, Addgene RRID:Addgene_16716

pCS2+-dnPKA-GFP-Rab23 Q68L linearize Noti, polymerase 
SP6

This paper N/A

pCS2+-dnPKA-GFP-Rab23 S23N: linearize Noti, polymerase 
SP6

This paper N/A

pCS2+-dnPKA-GFP-2x PACT: linearize Noti, polymerase 
SP6

This paper N/A

pEGFP-C1-Rab23 Q68L Gift from Carol Wicking; Evans et 
al., 2003

N/A

pEGFP-C1-Rab23 S23N Gift from Carol Wicking; Evans et 
al., 2003

N/A

pCS2+-EGFP-Rab23 Q68L This paper N/A

pCS2+-EGFP-Rab23 S23N This paper N/A

6x Halo-EGFP-2x PACT Gift from Michael Lampson, 
Addgene

RRID:Addgene_107265

pcDNA3.1-bPAC Gift from Mark Von Zastrow; 
Tsvetanova and von Zastrow, 2014

N/A

pcDNA3.1-Pink Flamindo Gift from Tetsuya Kitaguchi, 
Addgene; Harada et al., 2017

RRID:Addgene_102356

mIFP Gift from Xiaokun Shu, Addgene; 
Yu et al., 2015

RRID:Addgene_54620

pLVX-Pink Flamindo-mlFP-Rab23 Q68L This paper N/A

pCS2+-Arl13b-bPAC-6x Myc: linearize Notl, polymerase SP6 This paper N/A

pCS2+-Arl13b V359A-bPAC-6x Myc: linearize Notl, 
polymerase SP6

This paper N/A

nkx2.2b in situ probe: linearize BamH\, polymerase T7 Gift from Peng Huang N/A

olig2 in situ probe; linearize BglII, polymerase T3 Gift from Peng Huang N/A

pTol2-Ubi-bPAC-Myc-6x Myc This paper N/A

pTol2-Ubi-ARL13B-bPAC-6x Myc This paper N/A

Software and algorithms

Adobe Illustrator version 24.1.0 Adobe Systems https://www.adobe.com/products/
illustrator.html

KiCad software suite KiCad http://kicad.org/

MATLAB R2020a Math Works https://www.rnathworks.com/products/
matlab.html

Arduino IDE version 1.8.0 Arduino https://www.arduino.cc/en/software
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fiji Open Source https://fiji.se/

GraphPad Prism version 8 GraphPad Software https://www.graphpad.com/scientific­
software/prism/
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