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Abstract 27 

Sonic Hedgehog (SHH) signaling functions in temporal- and context-dependent manners to 28 

pattern diverse tissues during embryogenesis. The signal transducer Smoothened (SMO) is 29 

activated by sterols, oxysterols, and arachidonic acid (AA) through binding pockets in its 30 

extracellular cysteine-rich domain (CRD) and 7-transmembrane (7TM) bundle. In vitro analyses 31 

suggest SMO signaling is allosterically enhanced by combinatorial ligand binding to these 32 

pockets but in vivo evidence of SMO allostery is lacking. Herein, we map an AA binding pocket 33 

at the top of the 7TM bundle and show that its disruption attenuates SHH and sterol-stimulated 34 

SMO induction. A knockin mouse model of compromised AA binding reveals that homozygous 35 

mutant mice are cyanotic, exhibit high perinatal lethality, and show congenital heart disease. 36 

Surviving mutants demonstrate pulmonary maldevelopment and fail to thrive. 37 

Neurodevelopment is unaltered in these mice, suggesting that context-dependent allosteric 38 

regulation of SMO signaling allows for precise tuning of pathway activity during cardiopulmonary 39 

development.  40 
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Introduction 41 

Embryonic development relies on precise spatial and temporal coordination of cell behaviors to 42 

facilitate tissue morphogenesis. The Sonic Hedgehog (SHH) signaling pathway contributes to 43 

tissue organization by providing positional information and guiding cell fate decisions in signal-44 

responding cells 1. Through this activity, SHH instructs body asymmetry and contributes to 45 

development of diverse organ systems including the nervous system, heart, lungs, digestive 46 

tract, and musculoskeletal system 2-5. Consistent with its role as a master regulator of tissue 47 

patterning and homeostasis, dysregulation of SHH signaling leads to developmental disorders 48 

such as holoprosencephaly (HPE), congenital heart disease (CHD), and lung hypoplasia, and 49 

aberrant signaling can drive tumor formation in the cerebellum and skin 1,4-6.  50 

 51 

In most vertebrate cell types, the SHH signaling response is coordinated through the primary 52 

cilium (PC), a specialized sensory organelle that extends from the basal body and facilitates 53 

signaling by members of the G protein-coupled receptor (GPCR) superfamily 7,8. In the absence 54 

of ligand, the SHH receptor Patched (PTCH) localizes to primary cilia and depletes sterols from 55 

ciliary membrane 9-11. A low sterol content prevents ciliary membrane accumulation of the 56 

GPCR Smoothened (SMO), which functions as the transducer of the SHH signal. In this off-57 

state, the SHH transcriptional effectors GLI2 and GLI3 are phosphorylated by cAMP dependent 58 

protein kinase (PKA) in the PC, which stimulates their partial proteolysis into transcriptional 59 

repressors 12. Pathway activation occurs upon SHH binding to PTCH to stimulate its 60 

internalization and degradation 13. Removal of PTCH from ciliary and plasma membranes allows 61 

for localized accumulation of sterols that bind SMO to stimulate its PC accumulation and 62 

signaling through two distinct effector routes. The first is a “noncanonical” SMO signal that 63 

activates Gαi heterotrimeric G proteins. This signal, which does not require SMO to be in the 64 

PC, controls transcription-independent SHH responses that influence lipid metabolism, Ca2+ 65 

release, and cytoskeletal regulation 14-17. The second effector route, referred to as the canonical 66 
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SMO signal, requires SMO accumulation in the PC where it signals to block phosphorylation 67 

and partial proteolysis of GLI2/3. Full-length GLI2/3 proteins are then activated to induce the 68 

downstream transcriptional response 12,14,18. Current models suggest that accumulation and 69 

activation of SMO in the PC results from direct cholesterol binding to sites in its extracellular 70 

cysteine rich domain (CRD) and 7-transmembrane (7TM) bundle 11,19-21. Lipids including 71 

oxysterols, fatty acids, and phospholipids have also been reported to bind to sites in the CRD, 72 

7TM bundle, and/or intracellular (IC) loops to promote SMO activation 20,22-25. Although the 73 

identity of the natural ligand and location of its primary orthosteric binding pocket remain topics 74 

of debate, most reports suggest that cholesterol binding to the SMO CRD and 7TM domains is 75 

crucial for signal induction 11,19,20,22,24,26. Accordingly, mutation of the residues that coordinate 76 

cholesterol binding disrupt SHH-mediated SMO activation 11,20,24,27.  77 

 78 

Notably, many GPCRs have additional ligand binding pockets that are spatially distinct from the 79 

orthosteric site. These pockets are referred to as allosteric sites and, when occupied by 80 

allosteric ligands, allow for enhancement or suppression of orthosteric ligand-induced signaling 81 

activity 28. Consistent with this biology, we previously identified arachidonic acid (AA) as a feed-82 

forward allosteric enhancer of SHH-activated SMO signaling 15. AA production occurs in 83 

response to noncanonical SMO signaling to activate Gαi, which stimulates cytosolic 84 

phospholipase A2α (cPLA2α) at the ciliary base to cleave arachidonate-containing 85 

phospholipids 15. Localized, SHH-stimulated synthesis of AA by cPLA2α at the PC serves two 86 

purposes. First, it leads to production of prostaglandin E2 (PGE2), which activates ciliary E-type 87 

prostanoid receptor 4 (EP4) to promote anterograde intraflagellar transport (IFT) for PC length 88 

stability and signaling competency 29. Second, it enhances SMO ciliary accumulation for optimal 89 

communication with GLI2/3 (Figure 1A). Inhibition of AA production reduces the amplitude of the 90 

SHH-induced signal response, suggesting that AA may function as a feed-forward allosteric 91 

enhancer of canonical SMO signaling 15. 92 
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 93 

Multiple reports have provided structural evidence and in vitro functional data supporting that 94 

SMO allostery enhances signal output 11,15,22,24,25. However, in vivo evidence for allosteric 95 

regulation of SMO signaling has remained elusive. Herein, we interrogate SMO allostery in vitro 96 

and in vivo to define the precise contribution of AA to SMO signaling activity during tissue 97 

morphogenesis. We show that AA enhances SMO signaling induced by TM-binding cholesterol 98 

and oxysterols, map a specific AA binding site at the top of the 7TM bundle, and identify an 99 

essential anchoring residue for AA in extracellular loop 2 (EC2). A single amino acid change at 100 

this site specifically displaces AA and blunts SMO signaling without compromising the structural 101 

integrity of the binding pocket. We introduce a novel knockin mouse model for reduced AA 102 

binding and show that homozygous mutation of the AA anchoring residue leads to high perinatal 103 

lethality. Neurodevelopment occurs normally in these animals, but cardiopulmonary 104 

development is disrupted. Altogether, these results suggest that AA allosterically enhances 105 

SMO signaling and that this functionality contributes to in vivo pathway activity during embryonic 106 

development in an organ-specific manner.       107 

 108 

Results 109 

AA specifically enhances SHH-stimulated SMO ciliary enrichment. 110 

The active phosphorylated form of cPLA2 localizes to the base of ARL13B-marked primary 111 

cilia of SHH-responsive NIH-3T3 cells, where it overlaps with the centrosome marker -tubulin 112 

(Figure 1B) 15. Enrichment of cPLA2 at the PC base raises the possibility that localized 113 

production of AA might impact ciliary enrichment of proteins other than SMO. To test this 114 

hypothesis, we expressed a green fluorescent protein (GFP)-tagged version of the ciliary GPCR 115 

Somatostatin Receptor 3 (SSTR3) in NIH-3T3 cells, and then monitored PC enrichment of 116 

SSTR3-GFP and endogenous SMO following treatment with control or SHH conditioned media 117 
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and the cPLA2 inhibitor Giripladib (GIRI) 30. Consistent with our previous reports, GIRI 118 

treatment significantly reduced SMO ciliary enrichment in SHH-stimulated cells (Figure 1C-C’, 119 

cyan) 15,29. GIRI treatment did not impact SSTR3-GFP localization, indicating that AA production 120 

is unlikely to be a general modulator of GPCR ciliary translocation (Figure 1C-C’, green). PC 121 

enrichment of the GTPase ARL13B and the intraflagellar transport protein IFT88 was also 122 

unaffected by GIRI treatment, suggesting that cPLA2α is not a general modulator of PC protein 123 

trafficking and that the effect may be specific to SMO (Figure 1C-D’).  124 

 125 

AA enhances sterol-stimulated SMO signaling. 126 

SMO signaling can be induced by direct binding of cholesterol or oxysterols to distinct ligand 127 

binding pockets in its CRD and 7TM domains 20-22,26. We previously demonstrated that AA 128 

synergizes with the CRD-binding agonist 20(S)-hydroxycholesterol to augment SMO ciliary 129 

accumulation for enhanced signaling to GLI 15. AA does not induce a transcriptional response in 130 

SHH-responsive Light II reporter cells when provided in the absence of oxysterols, suggesting 131 

that AA might function as an allosteric activator of oxysterol or sterol-bound SMO (Figure 2A) 132 

15,31. Thus, we tested whether AA would enhance pathway activation by other SMO-binding 133 

oxysterols, including CRD-binding 7β,27-dihydroxycholesterol (7β,27-DHC) and 24(S),25 134 

epoxycholesterol (24,25-EpCHO), which influences SMO signaling through the CRD, 7TM 135 

bundle, and intracellular (IC) loops (Figure 2B) 22,25. SHH Light II cells were treated with 7β,27-136 

DHC or 24,25-EpCHO alone or with increasing concentrations of AA, and normalized reporter 137 

activity was determined. Although both oxysterols induced a reporter response over baseline, 138 

induction was modest compared to the response induced by incubation with SHH-containing 139 

conditioned media (Figure 2C, column 1 vs. 2 and 6). Co-stimulation with increasing amounts of 140 

AA boosted reporter induction by CRD-binding 7β,27-DHC (Figure 2C, columns 3-5) and 141 

multisite-binding 24,25-EpCHO (columns 7-9). Notably, AA augmented 24,25-EpCHO-induced 142 

SHH Light II reporter stimulation similarly to SHH conditioned media (Figure 2C, columns 1 vs. 143 
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9). Enhancement of 7β27-DHC activity, which binds exclusively to the CRD, was comparatively 144 

modest (Figure 2B-C, columns 5 vs. 9).  145 

 146 

Structural studies have revealed that, like oxysterols, cholesterol can associate through ligand 147 

binding pockets in the CRD and deep within the 7TM bundle of SMO to promote its ciliary 148 

enrichment for signaling to GLI2/3 (Figure 2B) 22,32,33. Consistent with these reports, treatment of 149 

SHH Light II cells with increasing concentrations of cholesterol-loaded methyl-β-cyclodextrin 150 

(50-250 M CHO:MβCD) 34 increased GLI reporter activity in a dose-dependent manner (Figure 151 

2D). To determine whether AA would impact CHO:MCD activation of SMO, we titrated 152 

increasing concentrations of AA into SHH Light II cell culture media along with 50 µM 153 

CHO:MβCD. AA increased GLI reporter induction in a dose-dependent manner, raising the 50 154 

µM CHO:MβCD response to a level comparable to that of high-dose CHO:MβCD (250 µM, 155 

Figure 2E, columns 2-5 vs. 6).  156 

 157 

Having established that addition of exogenous AA enhanced SMO signal induction by CRD- and 158 

7TM-binding sterols and oxysterols, we next sought to determine whether 7β,27-DHC, 24,25-159 

EpCHO, or CHO:MβCD required activity of the AA-producing enzyme cPLA2α for maximal 160 

signaling. To evaluate upstream pathway activation, we quantified SMO ciliary enrichment 161 

following oxysterol or cholesterol stimulation in cells treated with vehicle or GIRI. The ability of 162 

SHH or activating sterols to induce robust SMO ciliary accumulation was significantly reduced 163 

by GIRI treatment (Figure 2F-F’ and Supplementary Figure 1). Downstream signaling to GLI 164 

was similarly attenuated as demonstrated by significantly reduced SHH-, 7β,27-DHC-, 24,25-165 

EpCHO-, and CHO-MβCD-stimulated GLI reporter activity in GIRI treated SHH Light II cells 166 

(Figure 2G-G’). Taken together with the results presented above, these experiments 167 
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demonstrate that cPLA2α-produced AA enhances both sterol and oxysterol-stimulated SMO 168 

ciliary accumulation and downstream signaling.  169 

 170 

 AA is predicted to bind at the top of the SMO 7TM bundle.  171 

Having established that AA enhances signaling by sterol-stimulated SMO, we next sought to 172 

determine whether signal augmentation resulted from AA binding to a specific pocket in the 173 

CRD, EC loops, or 7TM domains. To identify a candidate binding site for AA, molecular docking 174 

experiments were performed using Maestro software (Schrödinger Release 2019-3) with 175 

receptor grids based upon published crystal structures of sterol- and cyclopamine-bound 176 

Xenopus and human SMO proteins 24,35,36. Grids were validated by redocking cholesterol onto 177 

the CRD and the inverse agonist cyclopamine onto the upper TM/EC loop pocket (Figure 3A). 178 

The high degree of overlap between native and docked binding molecules supported feasibility 179 

of using in silico docking to predict how AA might bind SMO (Figure 3A green vs. yellow). 180 

Experimental in silico docking predicted AA binding near the top of the SMO 7TM domain in a 181 

pocket that significantly overlapped with the cyclopamine and SAG binding site (Figure 3B-D) 32. 182 

The high degree of predicted overlap between AA and cyclopamine is consistent with our 183 

previously published observation that AA can displace Bodipy-cyclopamine from SMO in cell-184 

based binding assays 15. Although cyclopamine and AA were predicted to occupy similar space 185 

in the upper 7TM/EC pocket, they were predicted to anchor through distinct residues in the EC 186 

loops and 7TM helices (Figure 3B-C’). Cyclopamine anchors through a hydroxyl group that 187 

forms a hydrogen bond with the side chain of E491 in TM helix 7 (Figure 3C). In its most 188 

favorable predicted pose, the hydroxyl group of AA is deprotonated to form an O- anion that 189 

facilitates a salt bridge with the α-amino group of K368 in EC loop 2 (Figure 3C’). Intriguingly, 190 

the predicted topology of AA association with K368 of Xenopus SMO positions the fatty acid in a 191 

binding pocket that is predicted to be offset from the deep 7TM cholesterol pocket, suggesting 192 

that the two molecules may be able to bind simultaneously (Figure 3D). Notably, Xenopus SMO 193 
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K368 corresponds to K395 of human SMO, which is reported to contribute to binding of several 194 

small molecule SMO inhibitors 22,37. Alignment of SMO protein sequence revealed high 195 

conservation of the predicted AA anchoring lysine across most vertebrate SMO proteins, further 196 

suggesting physiological significance of the residue (Figure 3E).  197 

 198 

To test whether AA association with SMO required the conserved lysine, an alanine substitution 199 

was introduced at the corresponding residue in murine SMO-YFP (K399A), and then the ability 200 

of AA to confer thermal stability through direct binding to wild-type (WT) and K399A SMO-YFP 201 

proteins was evaluated 38. Cyclopamine binding deficient E522A SMO-YFP was used as control 202 

33. Membrane fractions from HEK293T cells expressing WT, E522A, or K399A SMO-YFP 203 

proteins were incubated with AA, cyclopamine, or vehicle control for 1 hour at 34°C prior to 204 

shifting to a higher temperature. Following thermal shift, membrane fractions were evaluated by 205 

SDS-PAGE and western blot, and densitometry analyses were performed to quantify SMO-YFP 206 

signal intensities at the increased temperatures. Consistent with direct binding of cyclopamine 207 

and AA to SMO-YFP, thermal stability of the WT SMO-YFP protein was enhanced by incubation 208 

with either molecule. Cyclopamine increased the Tm by ~9ºC and AA increased the Tm by 209 

~5.7ºC (Figure 4A and B). Whereas K399A mutation did not significantly alter the Tm shift 210 

induced by cyclopamine, it blocked the ability of AA to stabilize SMO, supporting that K399 211 

contributes to AA-SMO binding (Figure 4A vs. A’ and B vs. B’). Maintenance of the 212 

cyclopamine-induced thermal shift of SMOK399A-YFP suggests that failure of AA to stabilize the 213 

protein resulted from a specific attenuation of AA binding, and not a K399A-induced protein 214 

folding abnormality (Figure 4B’). Reciprocal results were obtained with the cyclopamine binding 215 

deficient E522A mutant. AA enhanced the thermal stability of SMOE522A-YFP by approximately 216 

4.5°C, which is comparable to the shift observed for the WT protein incubated with AA (Figure 217 

4A vs. A”). Conversely, thermal stability resulting from addition of cyclopamine was blunted from 218 

an increase of ~9.0°C for the WT protein to an increase of ~4.8°C for SMOE522A-YFP (Figure 4B 219 
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vs. B”). Taken together, these results suggest that K399 is important for AA association with 220 

SMO.    221 

 222 

AA binding allosterically activates SMO signaling. 223 

Having determined that AA is unlikely to bind SMOK399A as efficiently as it does the WT protein, 224 

we next sought to determine whether SMOK399A demonstrated attenuated ligand-induced PC 225 

enrichment or signaling activity. Because transient high-level over-expression of SMO leads to 226 

ligand-independent ciliary localization, we knocked out endogenous Smo in Flp-In competent 227 

NIH-3T3 cells using CRISPR/Cas9 and then introduced WT SMO, K399A or E522A SMO-YFP 228 

cDNAs. We sorted YFP-positive cells and selected clones expressing WT, SMOK399A and 229 

SMOE522A -YFP proteins at comparable low levels (Figure 5A). We confirmed that SMOK399A and 230 

SMOE522A mutant proteins reached the cell surface like WT SMO-YFP, and then used these 231 

validated cell lines to test SMO ciliary entry and downstream signaling activity (Figure 5B and 232 

Supplementary Figure 2A-B). WT SMO-YFP accumulated in cilia following treatment with 233 

activating ligands SHH and SAG and the inverse agonist cyclopamine, which promotes SMO 234 

ciliary enrichment despite blocking its downstream signaling to GLI2/3 (Figure 5C-C’ and 235 

Supplementary Figure 2C) 39. We previously demonstrated that SHH, but not SAG, requires 236 

cPLA2α-mediated production of AA to stimulate robust SMO ciliary enrichment 15. Accordingly, 237 

AA binding-deficient SMOK399A-YFP showed significantly reduced PC enrichment in response to 238 

SHH stimulation but maintained its ability to enter cilia following treatment with SAG or 239 

cyclopamine, which bind to the same pocket (Figures 3D and 5C-C’ and Supplementary Figure 240 

2C) 33. Cyclopamine treatment did not effectively induce ciliary enrichment of the E522A mutant 241 

protein, but SHH and SAG exposure did (Figure 5C-C’ and Supplementary Figure 2C). 242 

Importantly, diminished SHH-stimulated ciliary enrichment of SMOK399A-YFP correlated with 243 

reduced downstream signaling activity. Whereas SHH exposure stimulated GLI1 protein 244 

production in cells expressing WT or E522A SMO-YFP proteins, SHH-stimulated GLI1 was 245 
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nearly undetectable in SMOK399A-YFP Flp-In cells (Figure 5D, lanes 3-4). Thus, direct AA-SMO 246 

binding likely contributes to SMO ciliary enrichment and signaling in SHH-stimulated cells. 247 

 248 

Based on its predicted binding site at the top of the 7TM domain, we hypothesized that AA may 249 

function by “capping” the SMO 7TM core to stabilize sterol binding deep in the 7TM pocket. If 250 

this is the mechanism by which AA enhances sterol-mediated SMO activation, we reasoned that 251 

the functional consequence of the K399A mutation might be mitigated by introducing the 252 

activating D477R mutation, which is proposed to stabilize 7TM sterol binding by a similar 253 

mechanism 22,37. The oncogenic M2 modification, which stabilizes a ligand-independent active 254 

TM conformation, was also evaluated 40. Compound and single amino acid SMO-YFP mutants 255 

were stably expressed in Flp-In competent Smo-/- NIH-3T3 cells as described above, and SMO 256 

N-linked glycan modifications were analyzed to test for ER retention of single and compound 257 

mutant proteins. PNGase and EndoH treatment revealed that SMOK399A and SMOD477R single 258 

and compound mutant variants produced EndoH-resistant fractions, consistent with normal 259 

trafficking out of the ER (Supplementary Figure 2A) 41. Accordingly, both variants reached the 260 

plasma membrane, as indicated by cell surface biotinylation (Supplementary Figure 2B). SMOM2 261 

uses an unconventional secretory route that bypasses the Golgi where complex glycans are 262 

added 42. Accordingly, we did not detect EndoH-resistant N-linked glycosylation for either 263 

SMOM2 or SMOM2+K399A (Supplementary Figure 2A). Reduced cell surface biotinylation of SMOM2 264 

variants compared to controls was also noted (Supplementary Figure 2B).     265 

 266 

To evaluate signaling competency of each of the single and compound mutant SMO variants, 267 

cells were exposed to control or SHH conditioned media, and induction of endogenous GLI1 268 

was evaluated by western blot. Given the differing proteins levels of the compound mutant SMO 269 

variants, GLI1:SMO ratios were determined by densitometry, and then normalized to the β-actin 270 

loading control. Expression of either SMOD477R-YFP or SMOM2-YFP led to increased baseline 271 
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induction of GLI1 that was not further elevated upon SHH exposure (Figure 5E, lanes 1-2 vs. 5-272 

6 and 9-10 and E’). Intriguingly, constitutive SMO signaling activity that was conferred by either 273 

D477R or M2 mutations was unaltered by the introduction of the K399A mutation as GLI:SMO 274 

ratios did not change (Figure 5E’ columns 3 vs. 4 and 5 vs. 6). These results suggest that 275 

activating mutations that promote SMO signaling through 7TM capping or conformational shifts 276 

do not require AA binding to the 7TM domain.  277 

 278 

Allostery promotes in vivo SMO signaling.  279 

To interrogate whether allostery at the 7TM binding pocket is required for in vivo SMO signaling, 280 

we used CRISPR/Cas9 to generate K399A knockin mice (Supplementary Figure 3A) and 281 

evaluated control and SmoK399A/K399A mice for phenotypic indicators of altered developmental 282 

patterning. Whereas SmoK399A/K399A mice were present at expected Mendelian ratios as embryos, 283 

they were underrepresented following birth (Figure 6A). Reduced numbers of SmoK399A/K399A 284 

mice were evident by postnatal day P5 and worsened by weaning at P21 (Figure 6A-B). 285 

Whereas no survival or overt phenotypic differences were observed between Smo+/+ and 286 

SmoK399A/+ animals, SmoK399A/K399A mice that survived past birth were reduced in size and failed 287 

to thrive (Figure 6B-C’). Accordingly, computed tomography (CT) scans revealed the skulls of 288 

SmoK399A/K399A mice to be significantly smaller across several reference axes than SmoK399A/+ 289 

littermate controls (Supplementary Figure 3B-B’). These results suggest that SMO allostery 290 

contributes to SHH signaling during development.   291 

 292 

We reasoned that if poor viability of knockin mice resulted from attenuation of SMO signaling 293 

stemming from compromised AA allostery, combining SMOK399A mutation with decreased AA 294 

production would likely enhance the observed phenotype. Thus, we obtained cPLA2α-/- mice 43 295 

to remove activity of the AA-producing phospholipase that is induced downstream of SHH 15. 296 

Due to compensation by other phospholipases, cPLA2α-/- mice are viable, but females exhibit 297 
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reduced fertility 43. Strikingly, removal of one or both copies of cPla2α in the SmoK399A/K399A 298 

background significantly enhanced the perinatal lethality of the SmoK399A/K399A mice. Only two 299 

SmoK399A/K399A;cPla2α-/- and four SmoK399A/K399A;cPla2α+/- mice were recovered out of 268 total 300 

animals screened (Supplementary Table 1). All recovered compound mutants were male. 301 

Curiously, we did not observe worsening of the SmoK399A/K399A size reduction phenotype in the 302 

surviving SmoK399A/K399A;cPla2α-/- mice, suggesting that they may represent phenotypic 303 

“escapers” with compensatory signaling activity (Supplementary Figure 3C). Taken together 304 

with in vitro data that SHH-mediated induction of cPLA2α stimulates production of AA that 305 

anchors through the K399 residue, these results suggest that AA enhances in vivo SMO 306 

signaling.     307 

 308 

Because SHH is a key regulator of multiple organs and tissues during embryonic development 309 

44, identifying the cause of reduced viability of SmoK399A/K399A mutants necessitated empirical 310 

determination. We began by evaluating the nervous system because, during neural tube 311 

patterning, SHH activates distinct transcriptional programs to define specific neural progenitor 312 

cell populations in the ventral neural tube 45. We analyzed neural tubes of Smo+/+, 313 

SmoK399A/+;cPla2α+/-, SmoK399A/K399A, and SmoK399A/K399A;cPla2α-/- E9.5/25-29 somite stage 314 

embryos for induction of the floor plate marker FoxA2, ventral fate markers Nkx2.2 and Olig2 315 

and intermediate fate marker Pax6 (Figure 6D-E and Supplementary Figure 3D). Despite the 316 

observed viability defect, ventral progenitor domain establishment in SmoK399A/K399A embryos 317 

was comparable to Smo+/+ controls (Figure 6D-E). Ventral neural tube progenitor domain 318 

specification was similarly unaltered in SmoK399A/+;cPla2α+/- and SmoK399A/K399A;cPla2α-/- E9.5/25-319 

29 somite stage embryos (Figure 6E and Supplementary Figure 3D). These results suggest that 320 

the early stages of nervous system development proceed normally in mice harboring the 321 

SmoK399A allele.  322 

 323 
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To determine whether neuronal patterning defects arose at later stages of development, we 324 

analyzed cerebella of SmoK399A/+ and SmoK399A/K399A adult mice. No significant differences were 325 

detected in the ratios of cerebellar to total brain volumes between control and SmoK399A/K399A 326 

mice (Supplementary Figure 3E-E’). Taken together with the results presented above, cerebellar 327 

analyses suggest that SMO allostery through the K399 anchor is not essential for neuronal cell 328 

fate specification and that reduced viability of SmoK399A/K399A mice was not due to compromised 329 

neurodevelopment.  330 

 331 

In addition to its contributions to nervous system development, SHH also plays important roles 332 

during patterning of the heart and lungs 3,46-48. During heart development, SHH drives 333 

heterochronic gene expression to ensure proper timing of second heart field (SHF) progenitor 334 

differentiation and morphogenesis 4. In the lung, SHH signaling is active during three key stages 335 

of lung morphogenesis including initial budding of the lung from the foregut around E9.5, 336 

branching morphogenesis near E11.5, and alveolar remodeling at birth 3,6,49. We reasoned that 337 

the high perinatal lethality associated with SMOK399A mutation could result from compromised 338 

cardiopulmonary development, as suggested by observed “gasping” and a cyanotic appearance 339 

of P0 SmoK399A/K399A mice (Figure 7A). To probe for indicators of altered heart or lung 340 

development in SmoK399A/K399A embryos, we performed bulk RNAseq analysis on E9.5 341 

SmoK399A/K399A and Smo+/+ littermate control embryos (Supplementary Figure 4A-F’). Among the 342 

top pathways upregulated in SmoK399A/K399A embryos were heart development, TGFβ signaling, 343 

and prostaglandin signaling, which is driven by AA metabolism. Top downregulated pathways 344 

included multiple genes related to PC function and ciliopathies (Supplementary Figure 4A-F’).  345 

 346 

Given the established link between SHH signaling, ciliopathies, and congenital heart disease 50-347 

52, we hypothesized that disruption of ciliary SMO signaling in SmoK399A/K399A embryos might lead 348 

to compromised heart development. To interrogate this, hearts of control and SmoK399A/K399A 349 
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E14.5 embryos were subjected to histological examination. Atrioventricular septum defects 350 

(AVSD) were observed in 3 of 4 mutant embryos analyzed (Figure 7B and C-C’ compared to D-351 

D’, asterisk). We also observed mispatterning of the interventricular septum (IVS) in 352 

SmoK399A/K399A embryos (Figure 7C’-C” compared to E’-E”, arrow). These defects are consistent 353 

with the known manifestations of reduced SHH signaling during cardiac progenitor field 354 

establishment 4. The observed increase in heart development and differentiation drivers 355 

including Tbx5, Myocd, and Cyp26c1 observed in RNAseq data sets from E9.5 SmoK399A/K399A 356 

embryos are consistent with failed heterochronic differentiation control (Supplementary Figure 357 

4A-B, D-E) 4,53. 358 

 359 

Significant signal crosstalk occurs between the developing heart and lungs, suggesting that lung 360 

development might also be compromised in SmoK399A/K399A mice 54. Consistent with this 361 

hypothesis, lungs of P0 SmoK399A/K399A mice showed altered morphology compared to controls 362 

(Figure 7F). To evaluate SHH signaling activity in developing lungs, we purified SHH-responsive 363 

PDGFRα+ fibroblasts from lungs of E18.5 control and SmoK399A/K399A embryos and then 364 

quantified Gli1 expression in the PDGFRα+ population by qPCR analysis 55. Gli1 expression was 365 

significantly reduced in SmoK399A/K399A mutants compared to control, indicating compromised 366 

SHH activity in prenatal lungs (Figure 7G and Supplementary Figure 4G) 56. To determine 367 

whether reduced SHH signaling activity in PDGFR+ fibroblasts at E18.5 led to alveolar 368 

maturation defects in SmoK399A/K399A neonates, saturated phosphatidylcholine (SatPC) was 369 

measured as an indicator of lung surfactant production in embryonic and P0 mice. Surfactant 370 

secretion from alveolar type II (AT2) cells at birth facilitates the transition to air breathing by 371 

lowering air-liquid surface tension and preventing alveolar collapse 57. Failure of AT2 cells to 372 

produce or secrete surfactant compromises this essential transition, which can result in gasping 373 

or inability to breathe at birth 58. Although the precise signals that stimulate surfactant secretion 374 

are not known, in vitro studies suggest that cPLA2α and AA signaling may be involved 59,60. 375 
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Accordingly, we found that while Smo+/+ and SmoK399A/+ mice increased surfactant SatPC levels 376 

at birth, SmoK399A/K399A mice, which we hypothesize have reduced SMO responsiveness to AA, 377 

did not show a SatPC shift (Figure 7H). Although SmoK399A/+ animals showed elevated 378 

embryonic SatPC levels compared to Smo+/+ control, SatPC showed a comparable fold increase 379 

over the E18.5-19.5 baseline at birth, suggesting that control of surfactant production and 380 

release is intact. We do not know the reason for the increased baseline SatPC levels in 381 

heterozygous animals but speculate that altered AA metabolism in SmoK399A/+ animals may 382 

contribute.  383 

 384 

Although most SmoK399A/K399A mice died during the perinatal period, those that survived to P21 385 

typically reached adulthood (Figure 6B). To determine whether the surviving SmoK399A/K399A mice 386 

showed evidence of pulmonary mispatterning, we evaluated alveolar morphology in lung 387 

sections from control and surviving SmoK399A/K399A mice. Hematoxylin and Eosin (H&E) staining 388 

of adult lungs revealed alveolar simplification in SmoK399A/K399A lung sections, suggestive of 389 

reduced efficiency of gas exchange (Figure 7I-I”) 6. To evaluate the consequence of altered 390 

alveolar patterning in mutant mice, we performed unrestrained whole-body plethysmography 391 

(WBP) on control and surviving SmoK399A/K399A adults 61. WBP revealed that SmoK399A/K399A mice 392 

had significantly higher Penh scores compared to SmoK399A/+ control animals, indicating 393 

increased airway hyperresponsiveness and altered lung function (Figure 7J). To test whether 394 

this physiological abnormality correlated with altered lung mechanics, SmoK399A/K399A and control 395 

animals were intubated and exposed to methacholine (MeCH), and airway resistance was 396 

measured 62. We noted significantly increased airway resistance in SmoK399A/K399A mice 397 

compared to SmoK399A/+, control animals, indicating higher susceptibility to bronchoconstriction 398 

(Figure 7K). Altogether with the observed cardiac phenotypes, neonatal and adult lung analyses 399 

suggest that in vivo SMO allostery contributes to optimal SHH signaling during cardiopulmonary 400 

development. 401 
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 402 

Discussion 403 

Allosteric regulation of receptor and enzymatic effector activity provides cells with the ability to 404 

tune the amplitude of a ligand-induced response to meet context-specific signaling 405 

requirements. This may be one mechanism by which morphogens, which signal in time- and 406 

concentration-dependent manners, pattern tissues with temporal and spatial precision. 407 

Consistent with this hypothesis, the signal transducer activated downstream of the SHH 408 

morphogen, the GPCR SMO, is proposed to be controlled through distinct orthosteric and 409 

allosteric ligand binding pockets 11. However, in vivo evidence for SMO allostery was lacking. 410 

The results presented here begin to close this knowledge gap by identifying AA as an allosteric 411 

enhancer of SMO signaling during cardiopulmonary development. We identified murine SMO 412 

K399 as an AA-anchoring residue and demonstrated that its mutation attenuates SHH-413 

stimulated SMO ciliary enrichment, blunts downstream signaling, and triggers cardiopulmonary 414 

phenotypes in SmoK399A/K399A knockin mice.  415 

 416 

Although SHH signaling is a known contributor to heart and lung development, its dysfunction is 417 

most linked to compromised neurodevelopment 2,63. As such, it was unanticipated that neural 418 

tube patterning and cerebellar development would be unaltered in SmoK399A/K399A mice and that 419 

these animals would instead present with cardiopulmonary mispatterning. One interpretation of 420 

this result is that SMO allostery is context-specific such that the developing heart and lungs 421 

need allosteric amplification of SMO signaling while the neural tube does not. Cell fate 422 

determination during neural tube patterning occurs in response to the combined action of 423 

opposing morphogen signals controlling robust gene regulatory networks that reinforce neuronal 424 

fate choices over time 64. Thus, the neural tube may have sufficient temporal and spatial 425 

feedback mechanisms in place to compensate for hypomorphic activity of the SMOK399A mutant. 426 

By comparison, heart and lung development depends on strong bursts of SHH signaling activity 427 
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at distinct developmental time points when crucial patterning decisions are made. In the heart, 428 

first and second heart fields are directed to cardiomyocyte fates as early as E7.25, but SHF 429 

commitment must be delayed until ~E10.0 so the structures that are necessary for pulmonary 430 

circulation specify at the correct time and place 65,66. SHH instructs this precise timing such that 431 

delay or reduction of signal activation leads to cardiac mispatterning and AVSD like that 432 

observed in SmoK399A/K399A embryos 4,53.  433 

 434 

Lung morphogenesis is tightly linked to cardiac development and also requires SHH signaling 435 

activity at distinct developmental stages. SHH stimulates initial lung budding from the foregut 436 

around E9.5 and contributes to branching morphogenesis as prenatal lung patterning proceeds 437 

3,5. Strong and rapid induction of SHH signaling is also necessary during the neonatal period 438 

when surfactant secretion occurs, and the alveoli begin to mature 67. Failure to induce SHH 439 

signaling at this stage leads to alveolar simplification akin to what is observed in SmoK399A/K399A 440 

mice. Moreover, lungs of SmoK399A/K399A mice had reduced SatPC levels at birth compared to 441 

controls, suggesting that AA-mediated allosteric enhancement of SMO signaling may contribute 442 

to surfactant secretion or production. Although SHH has not been previously linked to regulation 443 

of lung surfactant, AA has been shown to stimulate surfactant release from AT2 cells 59,60. 444 

Future studies will be required to determine whether these effects result from AA activity in the 445 

SHH pathway or if signal synergy occurs between SHH and other AA impacted pathways during 446 

this crucial stage of alveolar morphogenesis.  447 

 448 

Computer docking analysis placed AA in a binding cavity at the top of the 7TM bundle and 449 

predicted that K399 in EC2 of murine SMO anchors AA into this pocket. The prediction suggests 450 

that AA, cyclopamine, and the small molecule SMO agonist SAG likely share an overlapping 451 

binding site, which is consistent with our published work showing that AA competes with 452 

cyclopamine for SMO binding and fails to enhance signaling induced by SAG 15. Because the 453 
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predicted AA pocket is offset from the cholesterol binding cavity in the 7TM domain, we 454 

hypothesized that AA and 7TM/IC binding sterols may occupy their respective pockets at the 455 

same time and that AA may function as a “cap” to stabilize sterol binding deep in the 7TM core. 456 

Accordingly, AA supplementation enhanced signaling by both CHO:MβCD and the TM/IC loop 457 

binding oxysterol 24(S),25-EpCHO while depletion of AA by inhibition of cPLA2α reduced 458 

pathway induction by sterols or SHH. AA-mediated enhancement and GIRI-mediated 459 

suppression of SMO activation by 7β,27-DHC, which binds to the extracellular CRD, was 460 

comparatively modest. Thus, AA binding may not influence SMO responsiveness to CRD-461 

binding agonists to the same extent as it does for sterols and oxysterols that bind the IC loops 462 

or deep in the 7TM pocket. Notably, the AA anchoring residue, which corresponds to K395 of 463 

human SMO, is suggested to function as a coordinating residue for “super stabilizer” ligands 464 

that place TM helix 4 in a position that promotes communication between the CRD and EC 465 

loops 21,68. Accordingly, introduction of K399A into the D477R background, which is thought to 466 

be constitutively active due to the arginine substitution “locking” cholesterol into the SMO 7TM 467 

pocket, failed to attenuate SMOD477R signaling activity 22. As such, we propose that AA allostery 468 

acts by enhancing sterol ligand retention in the SMO 7TM core and suggest that this 469 

mechanism may be active in signaling contexts where rapid and robust SHH pathway activity is 470 

required.    471 

 472 

Methods 473 
Cell culture 474 

Unless otherwise indicated, all cell lines were grown in Dulbecco’s Modified Eagle Medium 475 

(DMEM) supplemented with 10% bovine calf serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 476 

1X non-essential amino acids, and 1% penicillin-streptomycin solution (Thermo Fisher 477 

Scientific). Cells were routinely passaged using a 0.25% Trypsin/EDTA solution and maintained 478 

in a humidified incubator at 37°C with 5% CO2. All cell lines were regularly tested for 479 
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mycoplasma contamination using MycoAlert (Lonza). To promote ciliogenesis, cell lines were 480 

serum starved for 2 h in serum-free media (DMEM supplemented with 0.1 mM nonessential 481 

amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1% penicillin-streptomycin 482 

solution). After starvation, media was replaced with low serum (0.5%) media and cells were 483 

incubated for 18 h. 484 

 485 

Cloning 486 

Murine Smo was amplified from pCS2+ Smo-YFP and inserted in frame to generate the 487 

pEF5/FRT-Smo-YFP backbone using the using the pEF5/FRT/V5 Directional TOPO™ Cloning 488 

Kit (Thermo Fisher Scientific). Site-directed mutagenesis with the QuikChange XL kit (Agilent 489 

Technologies) was used to introduce K399A and E522A substitutions into the constructs. 490 

K399A, D477R, D477R+K399A, M2, and M2+K399A substitutions were created in the 491 

pEF5/FRT-Smo-YFP backbone through the custom cloning services of GenScript Biotech.  492 

 493 

Cell line generation 494 

 NIH-3T3 Smo-/- Flp-In cells have been previously described 69. Clonal cell lines stably 495 

expressing the proteins of interest were developed using the Flp-In system (Thermo Fisher 496 

Scientific). pEF5 FRT SmoWT-YFP, Smo-YFPK399A, SmoE522A-YFP, SmoD477R-YFP, Smo M2-YFP, 497 

SmoD477R+K399A -YFP, or Smo M2+K399A -YFP and pOG44 Flp-recombinase vector were transfected 498 

using Lipofectamine 3000 (Thermo Fisher Scientific) and selected using Hygromycin B. After 499 

chemical selection, cell lines were sorted on the BD FACSDiscover™ S8 for mid-low YFP 500 

expression. All cell lines were routinely validated using functional assays and western blotting 501 

as appropriate. 502 

 503 

Chemicals 504 
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Oxysterols (Avanti Polar Lipids) were dissolved in DMSO. Cyclopamine, SAG, and arachidonic 505 

acid (Cayman Chemical) were dissolved in ethanol. Giripladib (GIRI) was synthesized as 506 

described 29. Resuspended chemicals were stored at -20°C. 507 

 508 

To prepare water-soluble cholesterol-MCD complexes, 40 mM cholesterol and MβCD stock 509 

solutions were made. Cholesterol was dissolved in ethanol and MβCD was dissolved in low 510 

serum media. A glass vial was prepared with 2.5 mM of cholesterol from the organic stock 511 

solution. Nitrogen gas was streamed over the cholesterol solution until the organic solvent was 512 

evaporated completely, generating a thin film in the vial. One mL of 25 mM MβCD was added to 513 

the dried cholesterol film in the glass vial. The solution was vortexed to dissolve the mixture until 514 

it became clear. Solutions were passed through a 0.2 μm filter and stored in glass vials at 4°C. 515 

Unless otherwise stated, the cholesterol:MβCD ratio was 1:10 in inclusion complexes. 516 

 517 

Expression vectors and transient transfection 518 

SSTR3-GFP (Addgene #49098) 70 and ARL13B-GFP (Addgene #40879) 71 expression 519 

constructs were transfected into NIH-3T3 cells 24 h prior to serum starvation and drug 520 

treatments. Transfection of plasmid DNA for transient protein expression was performed using 521 

Lipofectamine 3000 (Thermo Fisher Scientific) per the manufacturer’s instructions. 522 

 523 

Immunofluorescence  524 

Cells were cultured on coverslips (Corning) for 18 h and then pretreated with either vehicle, 525 

GIRI or cyclopamine in serum-free media. After 2 h, the media was replaced with low serum 526 

media containing vehicle, GIRI, SHH-N conditioned media (100 µL/mL), SAG (100 nM), 527 

cyclopamine (10 µM), oxysterols (30 µM), or cholesterol:MβCD, and incubated for 528 

approximately 20 h. Post-incubation, the cells were washed with PBS and fixed in 4% 529 

paraformaldehyde for 12 min. Cells were then washed three times with a wash buffer (PBS with 530 
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0.1% Triton X-100) for 5 min each and incubated in the blocking buffer (PBS with 2% BSA, 531 

0.1% Triton X-100, 1% goat serum) for 60 min at room temperature (22°C). 532 

 533 

Primary antibody incubations were carried out overnight at 4°C using the following antibodies 534 

and dilutions: anti-SMO (Santa Cruz, 1:500), anti-acetylated-α tubulin (Cell Signaling, 1:1000), 535 

anti-IFT88 (Proteintech, 1:500), anti-p-cPLA2 (Cell Signaling, 1:1000), anti-gamma tubulin 536 

(Abcam, 1:1000), and/or anti-ARL13B (BiCell Scientific, 1:1000) in blocking buffer. Secondary 537 

antibody incubations were performed with AlexaFluor 488, 555, and 647 (1:1000) conjugated 538 

secondary antibodies (Thermo Fisher Scientific) and DAPI for 60 min at room temperature. 539 

Following secondary antibody incubation, coverslips were washed with wash buffer three times 540 

for 5 min each and mounted using ProLong Glass Antifade Mountant (Thermo Fisher Scientific). 541 

Microscopy images were captured using a TCS SP8 STED 3X confocal microscope (Leica). For 542 

all immunofluorescence experiments, ≥75 cells were examined over at least two experiments, 543 

with representative images shown. 544 

 545 

Quantification of fluorescence intensities 546 

For ciliary SMO/SSTR3/IFT88/ARL13B signal intensity determination, each cilium surface area 547 

was traced from the base to the tip using the spline profile function using LASX software. The 548 

average fluorescence measurement adjacent to the cilium was subtracted from ciliary 549 

fluorescence to correct for background. The intensity values along the cilium were exported and 550 

analyzed via GraphPad Prism version 10 (GraphPad Software, La Jolla, CA, USA). 551 

 552 

Luciferase assays 553 

SHH Light II cells, which stably express a GLI-responsive firefly luciferase reporter and a 554 

constitutive TK-renilla 31, were pretreated with either GIRI or a vehicle for 2 h at 37ºC in serum-555 

free media. Media was then replaced with low serum (0.5%) media containing GIRI, SHH-N 556 
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conditioned media (100 μl/mL), cholesterol:MβCD, oxysterols, SAG (100 nM), or arachidonic 557 

acid as indicated and incubated for 36 h. SHH-N-conditioned media was collected from 558 

HEK293T cells stably expressing the amino-terminal signaling domain of SHH 72. Luciferase 559 

activity was measured using the Dual-Luciferase Reporter Assay system (Promega).  560 

 561 

Ligand docking 562 

The published ligand-bound SMO structures were obtained from the Protein Data Bank entries 563 

5L7D (cholesterol-bound), 6D32 (cyclopamine-bound), and 6O3C (structure of active 564 

Smoothened bound to SAG21k, cholesterol, and NbSmo8) and subsequently loaded into 565 

Maestro (Schrödinger Release 2019-3). To prepare the protein for docking, the protein 566 

preparation wizard was used to assign bond orders, add hydrogens, create disulfide bonds, and 567 

fill in missing side chains and loops. Default parameters were used for optimization of hydrogen 568 

bond assignment (sampling of water orientations and use of pH 7.0). Waters beyond 5 Å of het 569 

groups or with less than three hydrogen bonds to non-waters were removed. Restrained energy 570 

minimization was then applied using the OPLS3e forcefield 73. Prepared protein systems were 571 

further checked with Ramachandran plots to ensure there were no steric clashes. To generate 572 

receptor grids for docking, the ligand respective of each structure was first selected as the grid-573 

defining ligand (cholesterol or cyclopamine). Default Van der Waals radius scaling parameters 574 

were used (scaling factor of 1, partial charge cutoff of 0.25). Chemical structures of cholesterol, 575 

arachidonic acid, and cyclopamine were obtained from the PubChem database 576 

(https://pubchem.ncbi.nlm.nih.gov/) as SMILES identifiers, and subsequently loaded into the 577 

LigPrep panel of Maestro (to convert to a 3D structure at target pH of 7.0 ± 2.0 and retaining 578 

specified stereochemical properties). Ligands were then docked using the most stringent 579 

docking mode (extra precision, “XP”) of Glide 74, with the following parameters: dock flexibly, 580 

perform post-docking minimization, and keep 100% of scoring compounds. 581 

 582 
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Sequence alignment 583 

The Clustal W2 program was used to align Xenopus (UniProt A0A974HT42), human (UniProt 584 

Q99835), mouse (UniProt P56726), rat (UniProt P97698), chicken (UniProt O42224), zebrafish 585 

(UniProt Q5RH73) and fruit fly (UniProt P91682) SMO sequences.  586 

 587 

Immunoblotting  588 

Cells were serum-starved for 2 h, followed by overnight treatment with SHH-N in low serum 589 

media. Following incubation, cells were then washed once with cold PBS and lysed in RIPA 590 

buffer (150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium 591 

dodecyl sulfate, 50 mM Tris, pH 8.0) supplemented with EDTA-free complete protease inhibitor 592 

cocktail tablets (Roche). Lysates were then sheared 10 times with a 23G needle and kept on ice 593 

for 30 min at 4°C. Centrifugation at 14,000 x g at 4°C for 20 min was performed post incubation 594 

and the supernatant was collected and quantified for protein concentration using the Pierce 595 

BCA Protein Assay Kit (Thermo Fisher). 596 

 597 

Samples were diluted in 5X SDS sample buffer and were run on 4%–15% Tris-glycine SDS-598 

PAGE gels (Bio-Rad) and transferred onto Immobilon-P PVDF membranes (Millipore) using 599 

Tris/Glycine buffer (Bio-Rad) at 100 V for 1 h. Membranes were blocked with 5% milk in Tris-600 

buffered saline with 0.1% Tween-20 (TBST) for 1 h at room temperature (22°C). 601 

Primary antibody incubations were performed at 4°C overnight with the following dilutions: 602 

mouse anti-SMO (Santa Cruz, 1:500), rabbit anti-Kinesin (KIF5B, Abcam, 1:5000), mouse anti-603 

GLI1 (Cell Signaling, 1:1000), mouse anti-β-actin (Santa Cruz, 1:500), or rabbit anti-GFP 604 

(Rockland, 1:4000). Blots were washed three times in TBST buffer and incubated for 1 h with 605 

corresponding HRP-conjugated secondary antibodies (Jackson ImmunoResearch Labs, 606 

1:5000). Blots were developed using the Odyssey Fc imaging system (Li-COR) with the ECL 607 

Prime chemiluminescent substrate (Cytiva). 608 
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 609 

Membrane thermal shift assay (MTSA) 610 

Membranes were prepared from HEK293T cells transfected with SmoWT-YFP, Smo K399A-YFP, 611 

and SmoE522A-YFP using Lipofectamine 3000. Approximately 36 hours after transfection, media 612 

was aspirated, and cells were washed with 1X PBS. Cells were collected in hypotonic (HK) lysis 613 

buffer (20 mM HEPES, 10 mM KCl, pH 7.9) with PIC (Roche, 1X) and DTT (5 µM), and 614 

incubated on ice for 20 min. Cells were then Dounce homogenized (type B pestle) and cleared 615 

of nuclei (centrifuged 2,000 × g for 15 min at 4°C). Supernatants were centrifuged at 100,000 × 616 

g for 30 min at 4°C. The resulting supernatant was separated from the membrane enriched 617 

pellet. The membrane enriched pellet was resuspended in HK containing 1% NP-40 buffer. 618 

 619 

Membranes (5 µg protein/20 µL final reaction volume) were incubated at 37°C with vehicle, 620 

cyclopamine (10 µM), or arachidonic acid (12.5 µM) for 1 h and then incubated for 3 min at 621 

various temperatures (34°C–64°C) to establish a thermal denaturation curve. Samples were 622 

then treated with ice-cold HK buffer supplemented with NP-40 to a final concentration of 0.8% 623 

and snap-frozen in liquid nitrogen. Samples were then thawed at 25°C in a thermo shaker 624 

before being transferred to ice. The freeze-thaw cycle was repeated, and ultracentrifugation at 625 

100,000 x g was performed for 20 min at 4°C to precipitate the denatured protein. The 626 

supernatant was subjected to immunoblotting. For MTSA plots, western blot intensities were 627 

obtained by quantifying the chemiluminescence count per square millimeter (I = counts per 628 

mm2) using ImageJ-win 64 (Fiji) and normalized to intensity at the lowest temperature. GLI1 and 629 

SMO intensities were analyzed by densitometry using Fiji/ImageJ and calculated as GLI1:SMO 630 

divided by densitometry of β-actin. All experiments were carried out three times except for 631 

SMOE522A-YFP plus AA, which was evaluated twice. Normalized data were pooled and plotted 632 

using GraphPad Prism v10.  633 

 634 
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Cell surface biotinylation 635 

Smo-/- cells stably expressing various Smo constructs were seeded at a density of ~8x105 636 

cells/60-mm dish and allowed to grow for 24 h. Cells were then incubated overnight in culture 637 

media supplemented with 0.5% BCS. Forty-eight hours post seeding, cells were washed twice 638 

with cold 1x PBS pH 7.4 and incubated for 30 min at room temperature (22°C) in 1 mL of 1x 639 

PBS containing 0.5 mg/ml EZ-Link Sulfo-NHS-Biotin (Pierce). Biotinylation was quenched by 640 

washing cells twice with cold 1x PBS containing 100 mM Glycine. Cells were harvested and 641 

lysed in RIPA buffer. Lysates were incubated with 40 μL of Streptavidin agarose beads (Thermo 642 

Fisher Scientific) for 2 h at 4°C. Beads were washed three times with RIPA buffer and bead 643 

purified proteins were extracted in 2X sample buffer containing 2 mM free biotin. Proteins from 644 

the supernatant and Streptavidin-purified beads were analyzed by SDS-PAGE and 645 

immunoblotting.  646 

 647 

Deglycosylation and phosphatase treatments 648 

RIPA lysates from Smo-/- Flp-In cells were incubated with 1000 U of peptide-N-glycosidase F 649 

(PNGase F) or 1000 U of endoglycosidase H (EndoH) for 2 h at room temperature before being 650 

subjected to SDS-PAGE and western blot analysis. All enzymes were sourced from New 651 

England Biolabs.  652 

 653 

Mouse models 654 

Data and materials generated from animals were obtained in accordance with the IACUC-655 

approved St. Jude Children’s Research Hospital protocol 608-100616-10/19. All animal 656 

husbandry and procedures were performed in accordance with protocols approved by St. Jude 657 

Children’s Research Hospital (SJCRH). 658 

 659 

cPLA2α-/- mice have been previously described 43. 660 
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 661 

SmoK399A mouse generation  662 

The SmoK399A mouse model was created using CRISPR-Cas9 technology and direct zygote 663 

injection at the SJCRH Genetically Engineered Mouse Model (GEMM) Core Unit. Briefly, a 664 

mixture of the 40 ng/µL 3X NLS SpCas9 protein (SJCRH Protein Production Core), 20 ng/µL 665 

chemically modified sgRNA (CAGE1103.Smo.g2 – 5’-UUGUAGGCUACAAGAACUAU-3’; 666 

Synthego), and 10 ng/µL donor ssODN(CAGE1103.g2.sense.ssODN 5’ 667 

agatggagactccgtgagtggcatctgttttgtaggctacGCCaactatcggtaccgtgctggctttgtcctggccccaattggcc 3’; 668 

IDT AltR modification) was injected into fertilized zygotes as previously described 75. Animals 669 

were genotyped by targeted deep sequencing using CAGE1103.Smo.F – 5 ’ 670 

ctacacgacgctcttccgatctCACCTGCTCACGTGGTCACTCCCCT 3’ and CAGE1103.Smo.R – 5’ 671 

cagacgtgtgctcttccgatctAGAGGAAGGCAGTGGAGCTGGAAGC 3’ at the Center for Advanced 672 

Genome Engineering (SJCRH); the resulting sequences were analyzed using CRIS.py as 673 

described 76. Animals positive for the desired K399A modification were backcrossed to 674 

C57BL/6J mice and then bred to homozygosity.   675 

 676 

Mouse immunohistochemistry 677 

Wild-type C57BL/6J (JAX#000664) and SmoK399A mutant embryos on a C57BL/6 background 678 

were collected and prepared for immunohistochemistry at E9.5. Pregnant dams were 679 

euthanized, uterine horns were removed, and embryos were dissected in 1X PBS before being 680 

rinsed three times. Whole embryos were imaged using a Stereo Microscope (Leica) and 681 

somites were counted. The embryos were then fixed in 4% PFA at room temperature (22°C) for 682 

1 h, rinsed three times with 1X PBS, and cryo-protected by moving to 30% sucrose. The next 683 

day, embryos were frozen in O.C.T. Compound (Tissue-Tek) on dry ice. Transverse sections of 684 

the embryos were cut at a thickness of 10 µm using a Leica Microm CM1950 cryostat. The 685 

sections were briefly dried, washed in 1X TBST, and blocked with a buffer containing 2% BSA, 686 
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1% goat serum, and 0.1% Triton-X-100 in 1X PBS. Antibodies diluted in the blocking buffer 687 

were applied to the sections and incubated overnight at room temperature in a humidified 688 

chamber. The following antibodies and their dilutions were used: mouse anti-PAX6 (1:10, 689 

DSHB, PAX6), rabbit anti-OLIG2 (1:300, Millipore, AB9610), rabbit anti-FOXA2 (1:250, Abcam, 690 

ab108422), and rabbit anti-NKX2.2 (1:200, Novus Bio, NBP1-82554). After removing the 691 

primary antibodies, the sections were washed three times with 1X TBST, then incubated with 692 

secondary antibodies (Invitrogen) at a 1:500 dilution for 3 h. The sections were washed three 693 

times with 1X TBST, rinsed with tap water, dried, and mounted with cover slips using ProLong 694 

Gold mounting media. Imaging was performed using a Leica DMi8 widefield microscope and 695 

processed with LAS X software. A minimum of five sections each from at least three embryos 696 

per genotype were analyzed. Embryos of matching somite numbers were compared to each 697 

other. Analyses were performed on pairs of embryos ranging in number from 25-29.  698 

 699 

All images analyzed for neural tube patterning were from the cardiac region adjacent to somites 700 

2 and 3. The branchial pouches, aortic sac, and the size and morphology of the atria and 701 

ventricles were used as landmarks to identify and align the transverse sections at the cardiac 702 

level. Reference images g and h from the Kaufman Atlas of Mouse Development Plate 19b 703 

illustrate the cardiac level regions analyzed for expression domain quantifications 77. 704 

 705 

Neural tube progenitor domain quantification 706 

Using the Segmented Line Tool in ImageJ, both the neural tube area and the indicated 707 

progenitor domain areas were determined. The expression domain areas were then normalized 708 

to the total neural tube area for each section analyzed 29. Analysis was performed on three to 709 

five embryos per genotype, with 4–6 sections examined per embryo. 710 

 711 

RNA sequencing  712 
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Mature SmoK399A/+ females were crossed with SmoK399A/+ males to generate litters of E9.5 Smo+/+ 713 

and SmoK399A/K399A embryos.  Multiple litters were harvested and pairs of littermates were used 714 

to maximize genetic variability (n=4 embryos per genotype analyzed). Pregnant dams were 715 

harvested, embryos were dissected, and each embryo was placed in a 1.5-mL Eppendorf tube 716 

and flash frozen in liquid nitrogen, then stored at -80°C while genotyping was performed. Once 717 

four pairs of embryos were generated, all samples were purified at the same time. Each whole 718 

embryo was homogenized, and RNA was extracted by using a RNeasy Micro Kit (Qiagen) 719 

following the manufacturer’s protocol. RNA sequencing libraries for each sample were prepared 720 

with 1 mg total RNA by using the Illumina TruSeq RNA Sample Prep v2 Kit per the 721 

manufacturer’s instructions, and sequencing was completed on the Illumina NovaSeq 6000. The 722 

100-bp paired-end reads were trimmed, filtered for quality (Phred-like Q20 or greater) and 723 

length (50-bp or longer), and aligned to a mouse reference sequence GRCm38 (UCSC mm10) 724 

by using CLC Genomics Workbench v12.0.1 (Qiagen). The transcript per million (TPM) counts 725 

were generated from the CLC RNA-Seq Analysis tool. The differential gene expression analysis 726 

was performed by using a non-parametric analysis of variance (ANOVA) using the Kruskal-727 

Wallis and Dunn’s tests on log-transformed TPM between four biological replicates from each of 728 

two experimental groups, implemented in Partek Genomics Suite v7.0 software (Partek Inc.). 729 

The gene sets enrichment and pathway analyses were performed using GSEA 78. 730 

 731 

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) 732 

Total RNA was extracted from cells using the TRIzol™ (Invitrogen) method according to 733 

manufacturer’s instruction. One thousand nanograms of RNA was used to synthesize 734 

complementary DNA (cDNA) using High-Capacity cDNA Reverse Transcription Kit (Applied 735 

Biosystems). qRT-PCR reactions were performed on a QuantStudio 7 Flex PCR machine using 736 

PowerUp Sybr Green Master Mix (Applied Biosystems). Corresponding changes in the 737 
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expression levels of Gli1 was calculated using the ΔΔCT method relative to housekeeping 738 

genes, Ppia, and Btf3 15.  739 

 740 

PDGFRA+ cell isolation from embryonic lungs 741 

Lungs from E18.5 SmoK399A/K399A and Smo+/+ littermates were harvested, and lung tissue was 742 

placed in pre-warmed DMEM with collagenase IV (310 U/mL). Lungs were minced using 743 

scissors and incubated at 37°C for 1 h. Following digestion, an equal volume of DMEM 744 

supplemented with 2% FBS was added, and the samples were filtered through a 70-µm cell 745 

strainer. The resulting cell suspension was centrifuged at 200 x g for 5 min at 4°C, and the pellet 746 

was treated with RBC lysis buffer (Invitrogen) for 5 mins at room temperature. After a second 747 

centrifugation, cells were resuspended in purification buffer (PBS with 0.2% BSA and 2% FBS) 748 

at a concentration of 1x106/ml. The cell suspension was incubated with biotin-conjugated 749 

PDGFRA antibody (1:100, R&D Systems) at room temperature for 10 mins, followed by the 750 

addition of streptavidin magnetic beads (Pierce). This cell suspension was then incubated at 751 

4°C for 1 h on a rotator. After incubation, the streptavidin beads were washed three times for 5 752 

min each with wash buffer (PBS with 2% FBS) at room temperature (22°C). TRIzol™ was 753 

added directly to the beads and RNA was extracted according to the manufacturer’s 754 

instructions. PDGFRA-positive cell enrichment was validated by analyzing Pdgfra expression 755 

levels in RNA isolated from pre-conjugated cell suspension compared to post-purification. Gli1 756 

expression levels were analyzed in enriched PDGFRA+ positive lungs cells. 757 

 758 

Embryo histology for cardiac phenotyping 759 

Smo+/+, SmoK399A/+, and SmoK399A/K399A E14.5 embryos were dissected and fixed in 4% 760 

paraformaldehyde overnight at 4°C. Embryo trunk tissues were then dehydrated, embedded in 761 

paraffin, and sectioned at a thickness of 5 µm prior to hematoxylin and eosin (H&E) staining by 762 

The Human Tissue Resource Center at The University of Chicago facility. A genotype-blind 763 
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approach was used for cardiac phenotyping and images were taken using a Leica DM2500 764 

optical microscope. 765 

 766 

To analyze lung morphology in adult mice, lungs were dissected and embedded in paraffin 767 

blocks, sectioned, and stained with H&E for histology imaging. The vacuole area within 768 

randomly chosen lung sections was calculated using Fiji/ImageJ. A threshold on images was set 769 

to segment the void spaces and the % area was calculated. Two randomly chosen areas from 770 

each lung section were analyzed. Sections from five mice/genotype were included in analysis. 771 

 772 

Lung function measurement 773 

Assessment of airway hyperresponsiveness by whole body plethysmography (WBP): 774 

Unanesthetized mice were randomly placed into an 8-chamber plethysmograph and allowed to 775 

acclimate for 30 minutes before collecting measurements. To evaluate the change in airway 776 

physiological parameters, the pressure within each of the plethysmograph chambers was 777 

compared to a reference chamber. Following baseline measurements, breathing frequency, tidal 778 

volume, inspiratory, and expiratory events were simultaneously recorded in each chamber at 779 

intervals of five minutes for a duration of 45 minutes. The enhanced pause (Penh) parameter 780 

was calculated using Buxco Finepointe software (Data Sciences International). 781 

 782 

Assessment of lung resistance and dynamic lung compliance in response to Methacholine 783 

inhalation: Lung resistance (RI) and dynamic lung compliance to increasing doses of nebulized 784 

methacholine were measured using the Buxco Finepointe Resistance and Compliance system 785 

(Data Sciences International). Anesthetized mice were mechanically ventilated through 786 

endotracheal intubation. Gradient doses of methacholine (MeCH: 3.125, 6.25, 12.5, and 25 787 

mg/mL) were nebulized to the heated chamber. Airway resistance and dynamic lung compliance 788 
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were measured over 3 min with a 1 min recovery period at each MeCH dose. Results were 789 

collected and quantified using Buxco Finepointe software (Data Sciences International).  790 

 791 

Saturated phosphatidylcholine (SatPC) analysis 792 

Lung tissue was collected from fetal (E18.5-19.5) and newborn (P0) mice and flash frozen. 793 

Lipids were extracted from homogenized lung tissue by the Bligh and Dyer method 79. SatPC 794 

was isolated using the osmium tetroxide-based method of Mason et al. 80 and quantitated by 795 

phosphorous measurement, as we have previously described 81. SatPC levels reported here 796 

represent the total amount of lung SatPC in the lung normalized to lung weight. 797 

 798 

Magnetic resonance imaging 799 

Magnetic resonance imaging (MRI) was performed with a Bruker Clinscan 7T MRI system 800 

(Bruker Biospin MRI GmbH). Prior to imaging, mice were anesthetized in a chamber with 3% 801 

Isoflurane in oxygen at a flow rate of 1 L/min. Mice were maintained in an anesthetized state 802 

with 1%–2% Isoflurane via nose-cone delivery system with a flow rate of 1 L/min. Thermal 803 

support was provided to the animals using a heated bed with warm water circulation, and a 804 

physiological monitoring system tracked their breath rate. During the MRI procedure, a mouse 805 

brain volume coil was positioned over the mouse head, with the mouse placed inside a 72-mm 806 

transmit/receive coil. 807 

 808 

The imaging protocol included T2-weighted turbo spin echo sequences in horizontal (TR/TE = 809 

3080/40 ms, matrix size = 256 x 256, field of view = 36 mm x 36 mm, slice thickness = 0.5 mm, 810 

number of slices = 20), coronal (TR/TE = 4760/42 ms, matrix size = 192 x 192, field of view = 15 811 

mm x 15 mm, slice thickness = 0.5 mm, number of slices = 30), and sagittal (TR/TE = 3580/39 812 

ms, matrix size = 128 x 256, field of view = 16 mm x 32 mm, slice thickness = 0.5 mm, number 813 

of slices = 24) orientations. 814 
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 815 

MRI image analysis was performed using 3D Slicer (Surgical Planning Laboratory). Coronal 816 

images were segmented by manually outlining regions of interest to delineate the entire brain. 817 

This segmentation process was repeated across all slices to cover the entire brain volume. The 818 

brain volume was then calculated based on voxel dimensions. Similarly, a separate 819 

segmentation was created for the cerebellum, and its volume was determined using the same 820 

method. 821 

 822 

Computed tomography 823 

Computed tomography (CT) scans were conducted using a Siemens Inveon PET/CT system at 824 

an isotropic resolution of 45 µm. Mice were anesthetized and positioned as described above. 825 

The total duration of the scan was 16 min and 34 sec. The CT images were analyzed using 826 

Inveon Research Workplace software (Siemens). Measurements of L1 to L10 dimensions were 827 

taken based on predetermined measurement locations. 828 

 829 

Statistical methods 830 

All statistical analyses were performed using GraphPad Prism v10. Student’s t-test was carried 831 

out to compare statistical significance between two means, and one-way unpaired non-832 

parametric ANOVA was performed for comparison of multiple means. Overall Chi-square 833 

analysis was performed to determine significance between expected and observed Mendelian 834 

ratios between different genotypes and correlation of heart defects to the mouse genotypes.  835 

 836 

Statistics for ciliary quantification were calculated from at least two independent experiments 837 

with at least 50 cilia per condition per experiment. All quantified data are presented as mean ± 838 

SD, with p < 0.05 considered statistically significant. Significance depicted as *p < 0.05, **p < 839 

0.01, ***p < 0.001, ****p <0.0001 and ns = not significant.  840 
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 841 

Materials availability 842 

Plasmids generated in this study will be deposited to Addgene at the time of peer reviewed 843 

publication. Cell lines and mouse models will be available upon request to the lead contact 844 

pursuant to SJCRH material transfer agreements.   845 

Data and code availability  846 

The RNAseq dataset was deposited into GEO with an accession number of GSE283994. Raw 847 

data will be available upon request to the corresponding author Stacey.Ogden@stjude.org.  848 
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Figure Legends 1093 

Figure 1. Specificity of cPLA2α contributions to ciliary trafficking. (A) SMO signal induction 1094 

by a CRD-binding agonist (blue) activates Gαiβγ to stimulate cPLA2α production of arachidonic 1095 

acid (AA). AA is proposed to interact with the 7TM domain of active SMO to enhance its 1096 

enrichment in the PC for increased signaling to GLI2/3 transcriptional effectors (pink). (B) A 1097 

fraction of endogenous phospho-cPLA2α (magenta) localizes to the base of the PC (marked by 1098 

γ-tubulin, cyan) in NIH-3T3 cells. ARL13B-GFP (green) marks the ciliary axoneme. Scale bar = 1099 

2 μm. (C) NIH-3T3 cells expressing SSTR3-GFP were treated with vehicle (DMSO), GIRI 1100 

(2μM), and control or SHH conditioned media as indicated for 18h. The ciliary axoneme is 1101 

marked with ARL13B (magenta). Endogenous SMO is cyan. DAPI is blue. Scale bar = 5 μm. 1102 

(C’) Quantification of ciliary signal intensity for SSTR3-GFP, SMO, and ARL13B in cells treated 1103 

with control or SHH conditioned media plus 2 µM GIRI or vehicle control. The experiment was 1104 

performed twice with 30 cilia imaged per condition per experiment and all data were pooled. (D) 1105 

NIH-3T3 cells were treated with control or SHH conditioned media in the presence of 2 µM GIRI 1106 

or vehicle. IFT88 is shown in magenta, SMO is green, DAPI (blue) marks nuclei. Scale bar = 5 1107 

μm. (D’) Quantification of ciliary signal intensity for IFT88 and SMO in cells treated with control 1108 

or SHH conditioned media, 2 µM GIRI, or vehicle control. The experiment was performed twice 1109 

with 30 cilia imaged per condition per experiment and all data were pooled. For all graphs, 1110 

significance was determined using a one-way ANOVA. Significance is indicated as follows: 1111 

*<0.05, **<0.01, ***<0.001, ****<0.0001, and ns, p > 0.05. Data are represented as mean ± SD. 1112 

 1113 

Figure 2. AA enhances sterol-mediated SMO activation. (A) SHH Light II cells were treated 1114 

with the indicated concentrations of AA. The average Luciferase/Renilla value is shown as fold 1115 

change over vehicle. The experiment was repeated three times with 3-4 technical replicates per 1116 

experiment and all data were pooled. (B) A diagram of reported binding regions for oxysterols 1117 

(7β,27-DHC and 24(S),25-EpCHO) and cholesterol (CHO) on SMO. (C) SHH Light II cells were 1118 
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treated with control or SHH conditioned media, and 15 µM 7β,27-DHC or 24(S),25-EpCHO 1119 

alone or in combination with increasing concentrations of AA (1x=12.5 μM). The average 1120 

Luciferase/Renilla value is shown as fold change over vehicle. The experiment was repeated 1121 

three times with 2-3 technical replicates per experiment and all data were pooled. (D) Activation 1122 

of SHH pathway in response to increasing CHO:MꞵCD (1:10) was measured in SHH Light II 1123 

cells. The average fold change was calculated from three independent experiments, all done in 1124 

triplicate. All data were pooled. (E) SHH Light II cells were treated with 50 μM CHO:MꞵCD plus 1125 

vehicle or increasing concentrations of arachidonic acid (1x=12.5 μM). The maximum response 1126 

is shown using 250µM CHO:MβCD. The average fold change was calculated from three 1127 

independent experiments done in triplicate. All data were pooled. (F-F’) Quantification of SMO 1128 

ciliary signal intensity in NIH-3T3 cells. (F) Cells were treated with DMSO, 30 µM 7β,27-DHC or 1129 

24(S),25-EpCHO following pretreatment with 4 µM GIRI or vehicle. (F’) Cells were treated with 1130 

MꞵCD or CHO:MꞵCD (250 µM) plus control or SHH conditioned media following pretreatment 1131 

with 1 µM GIRI or vehicle control. Lower concentrations of GIRI were used when combined with 1132 

MβCD to prevent cells sloughing off the dish. Experiments were repeated twice with 75 cilia 1133 

imaged per condition per experiment and all data pooled. (G-G’) cPLA2α is required 1134 

downstream of SHH and SMO sterol agonists for maximal downstream transcriptional 1135 

activation. SHH Light II cells were incubated with vehicle, 30 µM 7β,27-DHC, 30 µM 24(S),25-1136 

EpCHO, 250 µM CHO-MβCD (G’) and control or SHH conditioned media following vehicle or 4 1137 

µM GIRI pretreatment. Luciferase expression was normalized to Renilla. The average fold 1138 

change over vehicle control was calculated from three independent experiments done in 1139 

triplicate and all data were pooled. Error bars indicate SD. Statistical significance was 1140 

determined using one-way ANOVA and indicated as follows: *<0.05, **<0.01, ***<0.001, 1141 

****<0.0001, and ns, p > 0.05. 1142 

 1143 
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Figure 3. In silico docking predicts an AA binding site on SMO. (A) In silico docking (yellow) 1144 

of cholesterol recapitulates the native (green) binding pose observed in the crystal structure of 1145 

cholesterol bound to the human SMO extracellular CRD (PDB ID: 5L7D). Docking of 1146 

cyclopamine occupies the same pocket with a similar binding pose as in the crystal structure of 1147 

cyclopamine bound to the Xenopus SMO transmembrane domain (PDB ID: 6D32). (B) In silico 1148 

docking of cyclopamine and AA onto Xenopus SMO using Maestro software predicts 1149 

cyclopamine and AA bind through an overlapping pocket near the top of the 7TM of SMO. (C) 1150 

Cyclopamine is anchored by Xenopus SMO E491 (E522 in murine SMO) in transmembrane 1151 

helix 7. (C’) AA is predicted to form a salt bridge with Xenopus SMO K368 (murine SMO K399) 1152 

in EC2. (D) In silico docking predicts that the AA (yellow) binding pocket overlaps with the SAG 1153 

(blue) pocket, but not with the deep 7TM cholesterol (green) binding pocket of the murine SMO 1154 

structure (PDB ID: 6O3C). (E) Alignment of EC2 sequence from SMO proteins. The predicted 1155 

AA anchoring residue is conserved across most vertebrate species (dotted box). 1156 

 1157 

Figure 4. K399 facilitates AA binding to murine SMO. (A-B”) Ligand-induced thermal stability 1158 

changes were evaluated for wild-type (WT), K399A (AA binding mutant) and E522A 1159 

(cyclopamine binding mutant) SMO-YFP proteins. Membrane fractions from cells expressing the 1160 

indicated SMO-YFP proteins were incubated with vehicle, 12.5 μM AA, or 10 µM cyclopamine 1161 

and then incubated at the indicated temperatures. Thermal stability was assessed by western 1162 

blot. Signal intensity relative to the 34°C start point (set to 100%) is shown. The experiment was 1163 

repeated twice for SMOE522A-YFP + AA and three times for all other conditions. All data were 1164 

pooled and shown on the summary graphs. Error bars indicate SEM.  1165 

 1166 

Figure 5. SMOK399A shows reduced ligand responsiveness. (A) Smo-/- Flp-In-NIH-3T3 cells 1167 

were stably transfected with SmoWT-YFP, SmoK399A-YFP, or SmoE522A-YFP cDNAs. Protein 1168 

levels in cell lysates were analyzed by western blot. Kinesin is the loading control. (B) Cell 1169 
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surface biotinylation was performed on Smo-/- cells stably expressing YFP-tagged SmoWT, 1170 

SmoK399A or SmoE522A. Biotinylated proteins were collected on streptavidin beads and analyzed 1171 

by western blot. Kinesin marks the cytoplasmic input. (C) SHH-stimulated SMO ciliary 1172 

translocation in the indicated cell lines was evaluated by confocal microscopy. The ciliary 1173 

axoneme is marked by acetylated α-tubulin (magenta) and SMO is shown in green. DAPI (blue) 1174 

marks nuclei. Scale bar = 5 μm.  (C’) Flp-In-NIH-3T3 cells expressing the indicated SMO 1175 

constructs were treated with control or SHH-containing conditioned media and vehicle, SAG, or 1176 

cyclopamine, and then SMO ciliary localization was quantified. Results are presented as 1177 

percent cilia with positive SMO signal. The experiment was performed twice with 50 cells 1178 

counted for each condition. All data were pooled. (D-E) GLI1 and SMO protein levels were 1179 

analyzed in lysates from control or SHH conditioned media treated Smo-/- Flp-In-NIH-3T3 cells 1180 

stably transfected with the indicated Smo-YFP cDNAs. ꞵ-actin is the loading control. 1181 

Experiments were performed three times. Representative blots are shown. (E’) Densitometry 1182 

analysis of GLI1, SMO, and β-actin was performed. GLI1:SMO ratios relative to β-actin are 1183 

shown. The graph shows pooled data from 3 independent experiments. For all panels, 1184 

significance was determined using a one-way ANOVA. Significance is indicated as follows: 1185 

*<0.05, **<0.01, ***<0.001, ****<0.0001, and ns, p > 0.05. 1186 

 1187 

Figure 6. SmoK399A/K399A knockin mice fail to thrive. (A) SmoK399A/K399A knockin mice show 1188 

normal Mendelian ratios at E9.5 and exhibit skewed Mendelian ratios at P5 and P21. Overall 1189 

Chi-square values are shown for each timepoint. (B) A Kaplan-Meier survival curve shows 1190 

reduced viability of SmoK399A/K399A mice compared to SmoK399A/+ and Smo+/+ controls. Litters were 1191 

monitored weekly from P0. n ≥ 200 total mice analyzed. (C-C’) SmoK399A/K399A mice are reduced 1192 

in size (C) and weight (C’) compared to controls. (D) Cardiac level sections of developing neural 1193 

tubes of E9.5/25-29 somite stage embryos were stained for the floor plate marker FOXA2 and 1194 

ventral progenitor markers NKX2.2, OLIG2, and PAX6. DAPI marks nuclei. Scale bar = 50μm. 1195 
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(E) Mean expression domain areas of the indicated progenitor markers were measured and 1196 

normalized to overall neural tube area. At least 3 embryos per genotype with 3-5 sections per 1197 

embryo were analyzed. Data are represented as mean ± SD. For C’ and E, statistical 1198 

significance was calculated using a Student’s t-test between Smo+/+ and SmoK399A/K399A and is 1199 

indicated by *p < 0.01 and ns = not significant. 1200 

 1201 

Figure 7. SmoK399A/K399A mice have cardiopulmonary defects. (A) A P0 litter shows the 1202 

cyanotic appearance of SmoK399A/K399A mice compared to Smo+/+ and SmoK399A/+ littermates. (B) 1203 

Overall Chi-square analysis correlating the effect of SmoK399A/K399A mutation with cardiac 1204 

mispatterning. (C-E”) Transverse cardiac sections of E14.5 embryos were stained with 1205 

Hematoxylin/Eosin (H&E). Whole heart sections (C, D, E) and higher magnifications (C’-E”) of 1206 

Smo+/+ and SmoK399A/K399A embryos reveal AVSD (C’-D’) and IVS (C”-E”) patterning defects 1207 

(arrow). DMP = Dorsal Mesenchymal Protrusion, IVS = Interventricular Septum, * = 1208 

Atrioventricular Septal Defect. Scale bar = 200µm. (F) Hearts and lungs of P0 Smo+/+ and 1209 

SmoK399A/K399A mice are shown. (G) qRT-PCR analysis of Gli1 expression in PDGFRA+ cells 1210 

isolated from E18.5 lungs of Smo+/+ and SmoK399A/K399A mutant mice is shown. Fold-change in 1211 

expression was determined using the 2–∆∆Ct method. Average fold change was calculated across 1212 

3 technical replicates each from 5 Smo+/+ and 4 SmoK399A/K399A embryos. (H) Saturated 1213 

phosphatidylcholine (SatPC) was measured in dissected embryonic (E18.5-E19.5) and P0 1214 

lungs. Total SatPC for each mouse was normalized to lung weight. At least 3 mice per genotype 1215 

per timepoint were analyzed and all data were pooled. Error bars indicate SD. (I-I’) H&E stains 1216 

of adult (P27) lung sections from Smo+/+ and SmoK399A/K399A mice are shown. Scale bar = 0.5 1217 

mm. (I”) Quantification of vacuole area in lung sections from Smo+/+ and SmoK399A/K399A animals. 1218 

At least 2 randomly chosen 8x zoom regions of lung sections from 5 mice each were evaluated. 1219 

The yellow dots indicate the sections shown in (I). Significance was calculated using a Student’s 1220 

t-test and denoted as: *<0.05, **<0.01, ****<0.0001. Error bars indicate SD. (J) SmoK399A/+ and 1221 
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SmoK399A/K399A mice were subjected to whole-body plethysmography. Enhanced pause (Penh) 1222 

values were recorded over 45 minutes at 5-minute intervals. Results are plotted as maximal fold 1223 

increase in Penh relative to baseline and expressed as mean ± SE, where n=6 mice per group. 1224 

(K) Airway resistance was evaluated before and after exposure to the indicated concentrations 1225 

of aerosolized methacholine (MeCH). * Difference from the SmoK399A/+ mice, p< 0.05. 1226 
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