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The intraflagellar transport (IFT) machinery is essential for cilia assembly, maintenance, and trans-localization of signaling proteins. The IFT machinery consists of two large multiprotein complexes, one of which is the IFT-B. TTC30A and TTC30B are integral components of this complex and were previously shown to have redundant functions in the context of IFT, preventing the disruption of IFT-B and, thus, having a severe ciliogenesis defect upon loss of one paralog. In this study, we re-analyzed the paralog-specific protein complexes and discovered a potential involvement of TTC30A or TTC30B in ciliary signaling. Specifically, we investigated a TTC30A-specific interaction with protein kinase A catalytic subunit α, a negative regulator of Sonic hedgehog (Shh) signaling. Defects in this ciliary signaling pathway are often correlated to synpolydactyly, which, intriguingly, is also linked to a rare TTC30 variant. For an in-depth analysis of this unique interaction and the influence on Shh, TTC30A or B single- and double-knockout hTERT-RPE1 were employed, as well as rescue cells harboring wildtype TTC30 or the corresponding mutation. We could show that mutant TTC30A inhibits the ciliary localization of Smoothened. This observed effect is independent of Patched1 but associated with a distinct phosphorylated PKA substrate accumulation upon treatment with forskolin. This rather prominent phenotype was attenuated in mutant TTC30B. Mass spectrometry analysis of wildtype versus mutated TTC30A or TTC30B uncovered differences in protein complex patterns and identified an impaired TTC30A–IFT57 interaction as the possible link leading to synpolydactyly. We could observe no impact on cilia assembly, leading to the hypothesis that a slight decrease in IFT-B binding can be compensated, but mild phenotypes, like synpolydactyly, can be induced by subtle signaling changes. Our systematic approach revealed the paralog-specific influence of TTC30A KO and mutated TTC30A on the activity of PRKACA and the uptake of Smoothened into the cilium, resulting in a downregulation of Shh. This downregulation, combined with interactome alterations, suggests a potential mechanism of how mutant TTC30A is linked to synpolydactyly.
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1 INTRODUCTION
Cilia are highly conserved organelles extending from the cellular surface of nearly all eukaryotic organisms. They can be divided into motile and non-motile subtypes (Wheatley, 1995; Pazour and Witman, 2003; Satir and Christensen, 2007; Berbari et al., 2009; Ishikawa and Marshall, 2011; Wheway et al., 2018). Non-motile (primary or sensory) cilia are comprised of several compartments that are crucial for maintaining ciliary function. The axoneme, a microtubule scaffold, provides the basis for intraflagellar transport (IFT). For cilium assembly, proteins are trafficked from the proximal end of the cilium, the basal body, to the distal ciliary tip. At the tip, the transported cargo is released and integrated into the growing cilium (Lee and Chung, 2015). IFT is a bidirectional transport process that is facilitated by large protein complexes and the support of motor proteins. The movement in an anterograde manner is driven by kinesin-2, and the retrograde transport is driven by dynein-2 (Vashishtha et al., 1996; Pazour et al., 1999; Lechtreck, 2015; Hoffmann et al., 2022). The IFT particles are large multiprotein complexes that can be classified into two subcomplexes, IFT-A and IFT-B (Lechtreck, 2015). They contain 6 (A) and 16 (B) unique proteins (Cole et al., 1998). IFT-B can be further separated into a stable core complex, IFT-B1 (IFT88, −81, −74, −70, −52, −46, −27, −25, and −22), which interacts with a peripheral subcomplex, IFT-B2 (IFT172, −80, −57, −54, −38, and −20) (Boldt et al., 2016; Taschner and Lorentzen, 2016). The IFT-B1 protein IFT70/TTC30 is essential for IFT-B stability. The depletion of DYF-1, the IFT70 ortholog in Chlamydomonas reinhardtii, results in a reduction of ciliary length (Fan et al., 2010). The IFT70 ortholog in Danio rerio, fleer (flr), led to mutation to an identical phenotype. Here, shortened cilia were connected to a reduction of polyglutamylated tubulin, which was already shown to influence axoneme stability (Pathak et al., 2007). There are two paralogs present in humans, TTC30A and B, which are essential for IFT-B core complex stability. TTC30A and B have an almost identical nucleotide sequence and, as a result, also have a highly similar protein structure, which is conserved across species (Du et al., 2019; Hoffmann et al., 2022). Each human paralog individually interacts with the IFT-B complex and is able to maintain cilia assembly. However, cilia length is decreased, and tubulin polyglutamylation is reduced upon the expression of one paralog only. Concomitant loss of TTC30A and B results in the absence of ciliogenesis, which emphasizes the relevance of TTC30 in IFT-B-mediated ciliary assembly (Fan et al., 2010; Takei et al., 2018; Hoffmann et al., 2022).
The ciliary membrane consists of a particular subset of proteins, such as transmembrane receptors and ion channels. This specific composition, together with the ciliary tip, allows involvement in several signaling pathways (Satir and Christensen, 2007; Rohatgi and Snell, 2010; Hildebrandt et al., 2011; Lee and Chung, 2015; Wheway et al., 2018). So far, Wnt, Notch, Hippo, GPCR, TGF-β, and Sonic hedgehog (Shh) pathways have been linked to the cilium, with Shh being one of the most intensively studied primary cilia-dependent signaling pathways. External stimuli initiate intraciliary interaction cascades. The signal is transduced and regulated, and it subsequently alters the activity of transcription factors, which then translocate to the nucleus and ultimately regulate proliferation, cellular growth, differentiation, and ciliogenesis (Berbari et al., 2009; Mitchison and Valente, 2017; Wheway et al., 2018; Anvarian et al., 2019). Disrupted signaling pathways are often connected to severe diseases (e.g., cancer) or are even lethal in embryonic development, whereas dysregulation leads to rather mild phenotypes. For instance, impaired Shh is connected to synpolydactyly (Towers et al., 2008; Zhu and Mackem, 2017; Zhu et al., 2022). Intriguingly, a previous study discovered a rare missense mutation in TTC30B in a Chinese pedigree. The authors could link the A375V missense mutation to Shh signaling (Du et al., 2019).
In the absence of Hedgehog (Hh) ligand, the 12-pass transmembrane receptor Patched1 (Ptch1) is located at the ciliary membrane and prevents the 7-pass transmembrane protein Smoothened (Smo) from localizing to the cilium (Rohatgi et al., 2007; Rohatgi and Snell, 2010; Arensdorf et al., 2016; Wheway et al., 2018). Additionally, an active G protein-coupled receptor, GPR161, increases intraciliary cAMP levels (Humke et al., 2010). The binding of cAMP to the two regulatory subunits of protein kinase A (PKA) leads to a dissociation of this tetrameric holoenzyme and relieves the inhibition of the two catalytic subunits (PKAcat) (Taylor et al., 2013). Activated PKAcat, glycogen synthase kinase 3β (GSK3β), and casein kinase (CK) phosphorylate full-length glioma-associated oncogene transcription factors Gli2 and Gli3 (GliFL). Phosphorylation and the following proteolytic cleavage convert Gli transcription factors into their repressed inactive form (GliR) (Wang and Li, 2006; Mukhopadhyay and Rohatgi, 2014; Cohen et al., 2015; Niewiadomski et al., 2019).
In the Shh on state, Hh ligand binds to Ptch1. Ptch1 then exits the ciliary membrane, and its inhibiting effect on Smo is lifted. Smo and Gli1 translocate to the cilium and are transported to the ciliary tip in an IFT-dependent manner. Accumulation of Smo at the tip results in a dissociation of the suppressor of fused (SuFu) from GliFL. This is followed by phosphorylation and the subsequent formation of Gli transcriptional activator (GliA) (Wang et al., 2010; Chen et al., 2011; Niewiadomski et al., 2014). In addition, GPR161 exits the cilium, the cAMP level decreases, and PKA activity is reduced, ultimately leading to GliR downregulation (Singh et al., 2015). Thus, the ratio of active GliA to inactive GLiR is shifted toward GliA and, hence, to induction of nuclear Hh target genes (Rohatgi et al., 2007; Humke et al., 2010; Chen et al., 2011; Robbins et al., 2012; Santos and Reiter, 2014), which are involved not only in ciliogenesis but also in embryonic development and tissue homeostasis (Lettice et al., 2003; Jacob et al., 2011; Robbins et al., 2012).
In this study, our aim was to understand disease-related mechanisms induced by the missense mutation (MM) A375V. In a first attempt, changes in protein–protein interaction were investigated by affinity purification to identify candidates that might be involved in A375V dysfunction. Differences in the abundance of protein interactors hinted at a disturbed interaction pattern. Second, the paralog-specific role of wildtype and mutant TTC30A and B was investigated. Therefore, single-knockout, double-knockout, and TTC30A/B wildtype rescue cells generated in a previous study (Hoffmann et al., 2022), as well as newly created TTC30A/B A375V mutant rescue cells, were analyzed. Loss or mutation of TTC30A led to a specific transport defect of Shh signaling components and cAMP-related PKA substrate localization, which was not seen upon TTC30B disturbance. The data presented here integrate the paralog TTC30A as an essential component of the Shh pathway, whereas TTC30B dysfunction might reflect a rather subtle Shh-dependent phenotype.
2 METHODS
2.1 Generation of mutant and fluorescence cell lines
TTC30A and/or TTC30B knockout cell lines (KO, hTERT-RPE1 (CRL-4000, and ATCC)) generated before were used for stable rescue line generation. The detailed creation of p.G12VfsX50 (referred to as TTC30A KO), p.G6AfsX28 (referred to as TTC30B KO), and the combined p.G12VfsX50/p.G6AfsX28 (referred to as TTC30A/B double KO) is described elsewhere (Hoffmann et al., 2022). For rescue experiments, hTERT-RPE1 TTC30A/B double-KO cells were stably transfected with TTC30A or TTC30B wildtype constructs (TTC30A/B pDEST (Invitrogen, United States) modified with N-terminal Strep/FLAG-tag (by CJ Gloeckner) as well as constructs harboring a TTC30A/B A375V mutation (Gloeckner et al., 2009; Hoffmann et al., 2022). These missense constructs were generated via site-directed mutagenesis based on the Strep/FLAG-tagged TTC30A/B wildtype constructs. For investigation of Shh signaling, hTERT-RPE1 wildtype cells were stably transfected with Ptch1 fluorescence plasmids (pPtc1-YFP; Addgene, Watertown, MA, United States). Neomycin resistance (NeoR) encoded by the rescue/fluorescence construct was used for antibiotic selection of stably transfected cells. Cells were treated for 4 weeks with 0.4 mg/mL geneticin disulfate-supplemented (G418, Carl Roth, Germany) DMEM. All generated TTC30A/B wildtype, A375V mutant, KO, and Ptch1 fluorescent cell lines were treated with Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich, St. Louis, MO, United States), supplemented with 10% fetal bovine serum (Sigma-Aldrich, United States) and 0.5% penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, United States), and incubated at 37°C and 5% CO2.
2.2 Immunofluorescence staining
Control and KO hTERT-RPE1 cells were phenotypically analyzed as described by Hoffmann et al. (2022) and in this study together with TTC30A/B wt and A375V rescue cells used for further localization studies. To induce cilia formation, confluent cells were serum deprived for 3 days. To activate the Shh signaling pathway, 52.65 µL Smoothened agonist (SAG; 1:1000, AbMole Bioscience, Houston, TX, United States) was added to 1 mL DMEM (final concentration of 100 nM) 24 h prior to fixation (4% PFA, Morphisto, Offenbach, Germany). This was followed by permeabilization with 0.3% PBST and blocking with 10% normal goat serum in 0.1% PBST. The cells were incubated with a primary antibody solution and subsequently with a fluorescent secondary antibody solution (Alexa Fluor 488/568, 1:350; Invitrogen, Waltham, MA, United States). Finally, all samples were mounted with Fluoromount-G (Invitrogen, United States) and examined via fluorescence microscopy.
Images were captured using a Zeiss Axio Imager Z1 ApoTome microscope (Carl Zeiss Microscopy GmbH, Munich, Germany). The setup includes an AxioCam MRm camera as well as 40× (NA 1.3) and 63× (NA 1.4) oil immersion objective lenses. Images were acquired as Z-stacks and processed using Zeiss ZEN 3.0 Blue Edition (Carl Zeiss Microscopy GmbH, Germany).
2.3 SDS-PAGE and western blot
SDS-PAGE and western blot were performed in this study to investigate the total protein level of PKAcat (1:1000; Santa Cruz, Germany) and phospho-PKA substrate (RRXS*/T*, 1:500/1:1000; Cell Signaling Technology, Danvers, MA, United States). Therefore, to inhibit the Shh signaling pathway, 0.5–2 μL/mL forskolin (4 μg/μL; Sigma-Aldrich, United States) was added 1 h prior to cell lysis (final concentration of 5 µM). For SDS-PAGE, an 8% Tris-glycine-based separation gel and running buffer was used. Full wet tank blotting (Bio-Rad, Hercules, CA, United States) was followed by 5% BSA block as well as primary and secondary antibody (goat α rabbit/mouse antibodies, 1:10000; Jackson ImmunoResearch, Philadelphia, PA, United States) incubation. Membranes were treated with ECLplus (Thermo Fisher Scientific, United States), and images were taken using the Fusion FX7 imaging system (Vilber, Collégien, France).
2.4 Real-time quantitative PCR
RT-qPCR was performed in this study to investigate the mRNA expression level of Gli1. To activate the Shh signaling pathway, 52.65 µL Smoothened agonist (SAG; 1:1000, AbMole Bioscience, Houston, TX, United States) was added to 1 mL DMEM (final concentration of 100 nM) 24 h prior to cell lysis. RNA was isolated by using TriFast (VWR, Radnor, PA, United States) and chloroform and precipitated with isopropanol. The final concentration was measured with a NanoDrop® ND-1000 spectrophotometer (Peqlab, Erlangen, Germany) and adjusted to 0.1μg/μL. Then, cDNA was synthesized with M-MLV reverse transcriptase (Bio-Rad, Hercules, CA, United States) and analyzed with SYBR Green Supermix (Bio-Rad, Hercules, CA, United States) in an RT-qPCR cycler (Bio-Rad, Hercules, CA, United States).
2.5 Affinity purification
Comparative interactome analysis by Strep-tag-based affinity purification was carried out as described in earlier studies (Boldt et al., 2009; Boldt et al., 2011). In brief, HEK293T cells were transfected with Strep/FLAG-tagged constructs containing either the TTC30A/B wildtype sequence or the mutated A375V variant. Strep/FLAG-tagged RAF1 was used as cilia-independent control. At full confluency, cells were harvested and lysed (lysis buffer includes 1x TBS, 0.5% Nonidet-P40, PI2/3, and PIC) in an end-over-end shaker at 4°C for 30 min. After lysis, the protein concentration was measured using the Bradford assay. Identical amounts of protein for each sample were incubated with Strep-Tactin Superflow (IBA, Göttingen, Germany) for 1.5 h, followed by three washing steps and elution of bound protein with Strep elution buffer (IBA, Germany). A methanol–chloroform-based protein precipitation was performed with subsequent trypsin digestion at 37°C overnight. The digested proteins were desalted via stop-and-go extraction tips (Thermo Fisher Scientific, United States) and prepared for mass spectrometry (MS) analysis.
2.6 Mass spectrometry
For LC–MS/MS analysis, an UltiMate 3000 nano-RSLC was coupled to a Fusion by a nanospray ion source. Prepared peptide mixtures were loaded onto a nanotrap column (µ-Precolumn 300 µm i.d. × 5 mm, packed with Acclaim PepMap100 C18, 5 μm, 100 Å; Dionex, Sunnyvale, CA, United States). Injection was conducted with a flow rate of 30 μL/min in 98% of buffer C (0.1% TFA in HPLC-grade water) and 2% of buffer B (80% ACN and 0.08% formic acid in HPLC-grade water). After 3 mins, peptides were eluted and separated on an analytical column (75 μm × 25 cm, packed with Acclaim PepMap RSLC, 2 μm, 100 Å; Dionex, United States) at a flow rate of 300 nL/min with a linear gradient from 2% up to 30% of buffer B in buffer A (2% ACN, 0.1% formic acid) for 82 min after an initial step of 3 min at 2% buffer B. The remaining peptides were eluted with a steep gradient (30%–95% in 5 min) followed by 5 min at constant 95% of buffer B before the gradient was decreased rapidly in 5 min to 2% of solvent B for the final 20 min. In the data-dependent analysis, full-scan MS spectra were measured on the Fusion in a mass-charge range from m/z 335–1500 with a resolution of 70,000. The ten most abundant precursor ions were selected with a quadrupole mass filter if they exceeded an intensity threshold of 5.0 e4 and were at least doubly charged for further fragmentation using higher-energy collisional dissociation (HCD) followed by mass analysis of the fragments in the iontrap. The selected ions were excluded for further fragmentation in the following 20 s. Max Quant software 1.6.1.0 was used (Cox and Mann, 2008) for label-free quantification (Supplementary Table S1) with the current SwissProt database and Perseus software 1.6.2.3/1.6.5.0 for data and statistical analysis (Student’s t-test; significance A) (Tyanova et al., 2016). Data are available from ProteomeXchange with identifier PXD044183.
3 RESULTS
3.1 TTC30A mutation A375V leads to decreased IFT57 interaction
Missense mutations (MMs) might lead to a decrease in protein stability and prevent the formation of functional relevant protein complexes. Changes in the protein–protein interaction (PPI) pattern are used to determine candidates that are involved in wildtype and disease-relevant mechanisms (Boldt et al., 2016; Leonhard et al., 2023). To investigate the influence of TTC30 A375V mutation on PPI, a comparative mass spectrometry analysis was performed. Therefore, HEK293T control cells were transiently transfected with an overexpression vector containing a Strep/FLAG-tag and either TTC30A or B wildtype sequence as control or the mutated A375V variant (Gloeckner et al., 2009; Du et al., 2019).
Cells were lysed, followed by a Strep-tag-based affinity purification, as carried out in earlier studies (Gloeckner et al., 2009; Hoffmann et al., 2022). After protein digestion and purification, quantitative mass spectrometry was performed. MaxQuant software and its implemented label-free quantification (LFQ) algorithm were used for the identification and quantification of proteins (Cox and Mann, 2008). This algorithm uses a pairwise matrix of peptides identified and quantified across all samples to generate a normalization factor based on a minimum of two peptides between two samples; then, the whole profile is rescaled to the cumulative intensity across samples to preserve the total summed intensity for a protein over all samples (Cox et al., 2014). These LFQ intensities were then statistically analyzed using Perseus (Tyanova et al., 2016). All identified proteins were filtered, removing proteins only identified by site, reversed peptide sequences, and potential contaminants. The groups of six biological replicates for each condition (control, TTC30A or B wt, and TTC30 A375V A or B) were filtered for a minimum of four valid values. Non-valid values, which were left, were replaced by 0. The median value of the LFQ intensities in one group was calculated, and the ratio was determined. First, TTC30A or B wt were compared to control transfected cells to detect the wt PPI in this experiment. Proteins were considered as specific interactors when they were Student’s t-test (permutation-based FDR <0.05) and significance A positive (Benjamini–Hochberg FDR <0.05). Second, TTC30A- or B-specific PPIs were investigated in the related A375V mutant (Figure 1). Proteins with significantly increased abundancy in cells transiently transfected with wildtype TTC30A/B and significantly decreased abundancy in cells transiently transfected with mutated TTC30A/B were considered proteins with decreased interaction.
[image: Figure 1]FIGURE 1 | Detection of decreased protein interaction in mutated TTC30A/B by mass spectrometry analysis. The scatter plots show the distribution of all proteins identified for TTC30A (A) as well as TTC30B (B). The x-axis depicts the log2 ratios, and the y-axis shows the log2 intensities. The bait proteins TTC30A and B are shown in magenta, and IFT complex B proteins are shown in green. Proteins showing an increased binding to TTC30A/B wt are on the right compared to TTC30A/B A375V on the left. Possible protein interactors that were significantly enriched for TTC30A/B wt (significance A < 0.05; permutation-based FDR <0.05) are shown in blue.
The bait signal for either TTC30A or TTC30B and the related mutant protein were detected with comparable abundance, confirming reliable assay performance and bait protein stability. Compared to the control, 106 proteins were enriched with TTC30A, and 74 proteins were enriched when TTC30B was used as bait (Supplementary Table S2), with 10 IFT-B proteins being stably present in A and B wt samples (IFT88, −74, −172, −57, −46, −22, −56, −80, −52, and −81). Regarding wt and mutated TTC30A/B, almost every IFT-B complex protein was equally present in all groups, indicating that A375V has no influence on the overall complex composition. However, the signal of IFT57, part of the IFT-B2 subcomplex, was significantly decreased in TTC30A A375V cells, hinting toward impairment of this specific PPI. In total, 34 proteins showed reduced interaction due to A375V missense mutation when comparing wt and mutant TTC30A (Supplementary Table S2), and 21 proteins in cells transfected with mutant TTC30B (Supplementary Table S2). These were further confined by matching them with the SYSCILIA Gold Standard highlighting ciliary relevant proteins (Boldt et al., 2016). The 21 and 15 SYSCILIA Gold Standard proteins showed significantly reduced protein abundance in mutant TTC30A and TTC30B, respectively (Table 1). Interestingly, only two of the decreased PPIs were found in both datasets for TTC30A and TTC30B, RNPS1 and SMAP.
TABLE 1 | Decreased TTC30A protein interactions due to A375V mutation. An affinity purification was performed with HEK293T cells transiently transfected with either Strep/FLAG-tagged TTC30A wt or Strep/FLAG-tagged TTC30A A375V. The protein names of identified interactors with ciliary relevance (Syscilia) and their ratio (TTC30Awt/TTC30A A375V) after comparative analysis are listed according to their -log2 median p-values of six biological replicates. All proteins shown were defined as interactors when compared to control and significantly decreased in TTC30A A375V when compared to TTC30A wt (significance A < 0.05, permutation-based FDR <0.05).
[image: Table 1]3.2 Localization of IFT57 is unaffected by TTC30 mutation A375V
The next step was to investigate whether the reduced TTC30A–IFT57 interaction shown by PPI analysis affects the ciliary localization of IFT57. In addition to the mass spectrometry data shown here, the overlapping phenotype of shortened cilia in TTC30A or B knockout (KO) and upon knockdown of IFT57 hints toward a common function of these two IFT-B proteins (Kramer-Zucker et al., 2005; Hoffmann et al., 2022). Here, the effect of depletion of either TTC30A or B on IFT57 was investigated. In addition, the rescue potential of TTC30A or B wt and the respective A375 variant was analyzed in the TTC30A/B double-KO background. Control, TTC30A/B single-KO, and double-KO hTERT-RPE1 cells, which were already generated and described in a previous study, were used (Hoffmann et al., 2022) (Figure 2A). For mutant analysis, TTC30A/B double-KO cells were stably transfected with either TTC30A or B wt or the respective A375V variant (Figure 2B), and all cells were stained for ARL13B and IFT57. ARL13B localizes to the ciliary membrane and is, therefore, frequently used for ciliary length measurements (Dummer et al., 2016).
[image: Figure 2]FIGURE 2 | Similar localization of IFT57 in TTC30A/B wt, KO, and rescue cells. Fluorescent light microscopy images of hTERT-RPE1 control, TTC30A, TTC30B, and TTC30A/B double-KO cells (from left to right) (A). Additionally, hTERT-RPE1 TTC30A wt, TTC30A A375V, TTC30B wt, and TTC30B A375V rescue cells are depicted (B). Cells were stained for ARL13B (magenta) and IFT57 (green), and co-localization is shown in white. The scale bar measures 2 µm.
In all cell lines analyzed except the double-KO, which lack cilia, IFT57 was detected in the cilium (Figure 2). To determine if IFT57 localization to the cilium differed between wt and A375V rescue cells, intensity was measured in the generated stable rescue cell lines (nTTC30AwtRescue = 39; nTTC30BwtRescue = 37; nTTC30A-A375Rescue = 36; nTTC30B-A375Rescue = 37). The average intensity was 208.8 IU ± 10.40 IU (in TTC30A wt rescue cells) and 226.5 IU ± 10.86 IU (in TTC30B wt rescue cells). In TTC30A/B double-KO cells rescued with mutant TTC30A or TTC30B, average intensity was 218.5 IU ± 13.05 IU (in TTC30A A375V rescue cells) and 197.1 IU ± 14.04 IU (in TTC30B A375V rescue cells). The IFT57 signal intensity in A375V rescue cells was not significantly decreased compared to wt rescue cells (Figure 3A). Regarding ciliary length, the average in TTC30 wt rescue cells was 3.449 µm ± 0.1132 µm, in TTC30A A375V rescue cells 3.671 µm ± 0.1212 µm, in TTC30B wt rescue cells 3.680 µm ± 0.1309 µm, and in TTC30B A375V rescue cells 3.595 µm ± 0,1512 µm (nTTC30AwtRescue = 41; nTTC30AmutRescue = 54; nTTC30BwtRescue = 32; n nTTC30BmutRescue = 32). Hence, the average ciliary length measured in TTC30A/B wt was comparable to that in TTC30A/B A375V rescue cells (Figure 3B). These results suggest that even though there were significant changes in binding of IFT57, TTC30A/B KO or A375V mutation did not influence the localization of IFT57 and, subsequently, ciliary length.
[image: Figure 3]FIGURE 3 | Ciliary intensity of IFT57 and ciliary length were comparable in TTC30A/B wt and A375V rescue cells. The IFT57 fluorescence intensity (A) and the ciliary length (B) were measured using ARL13B as the cilia marker. In the scatter dot plots, results gained in two independent experiments are shown, with each dot representing one cilium. For statistical analysis, the corrected total cell fluorescence (A) and the mean (B) were calculated. p-values above 0.05 were determined not significant (ns). Error bars represent the s.e.m.
3.3 PKA-mediated downregulation of the Shh signaling pathway is dependent on TTC30A
Based on the data presented before, reduced PPI was described, which support a better understanding of the molecular function of TTC30 paralogs and related mutations. However, no direct link to Shh signaling could be found, which would help understand defects leading to synpolydactyly in individuals carrying A375V MM. (Du et al., 2019). As overexpression might mask specific PPIs of interest, data gathered in a previously published study providing a paralog-specific interactome on the endogenous level were re-assessed regarding Shh signaling relevant proteins (Hoffmann et al., 2022).
In addition to overlapping proteins belonging to the IFT-B1 or IFT-B2 subcomplex, a total of 44 proteins were found to be significantly enriched with TTC30A, and 47 proteins were identified with TTC30B (Hoffmann et al., 2022). Intriguingly, PRKACA was one of the significant interactors of TTC30A. This protein is the catalytic subunit α of the protein kinase A, which is a known key regulator of Shh and described as a part of the ciliary proteome (Mick et al., 2015).
These interactome data suggested a paralog-specific role in Shh signaling for TTC30A and further hint toward a TTC30A-dependent regulation of PKA activity. PKA is a cAMP-dependent protein kinase A and has several functions in glycogen, sugar, and lipid metabolism (London and Stratakis, 2022). Moreover, this kinase is a negative regulator of the Shh pathway and essential for the phosphorylation of the Gli transcription factors (Wang and Li, 2006; Mukhopadhyay et al., 2013; Niewiadomski et al., 2019). Forskolin inhibits the Shh pathway by increasing ciliary cAMP level and, subsequently, the level of phosphorylated PKA (pPKA), resulting in the increased phosphorylation of PKA substrates (Ding and Staudinger, 2005). To investigate the TTC30-related regulation of PKA activity, hTERT-RPE1 control, TTC30A, and TTC30B KO cells were serum-starved, followed by treatment with DMSO or forskolin (5 µM) for 1 h.
After cell lysis, SDS-PAGE and western blot were performed to visualize protein level differences of PKA catalytic subunits and the phosphorylated PKA substrate. The antibody applied against PKAcat targeted all three different subunits α, β, and γ. The phospho-site-specific antibody targeted PKA substrates containing a phospho-Ser/Thr residue with arginine at the −3 and −2 positions (Montminy, 1997). Acetylated tubulin was used as the loading control. Protein levels of PKAcat were comparable in all samples. Treatment with forskolin resulted in increased pPKA substrate levels in all three cell lines, proving the activating effect on protein kinase A in the hTERT-RPE1 cell model used in this study (Figure 4A). For further analysis, we performed a one-way ANOVA comparing relative intensities gathered in three independent experiments (n = 3) (Supplementary Figure S1). Therefore, in all three different cell lines that were either treated with forskolin or DMSO, pPKA substrate intensities were normalized to acetylated tubulin. A statistically significant difference in mean relative intensity was found (F (5, 12) = [14.84], p = < 0.0001) in five groups. Tukey’s test for multiple comparisons revealed that the mean relative intensity was significantly different between the control (−) vs. TTC30A KO (+) (p < 0.001, 95% C.I. = [−2.545, −0.8531], control (+) vs. TTC30A KO (+) (p < 0.05, 95% C.I. = [−1.733, −0.04076], TTC30A KO (−) vs. TTC30A KO (+) (p < 0.001, 95% C.I. = [−2.542, −0.8494], TTC30A KO (+) vs. TTC30B KO (−) (p < 0.001, 95% C.I. = [0.8738, 2.566], and TTC30A KO (+) vs. TTC30B KO (+) (p < 0.05, 95% C.I. = [0.1079, 1.800] (Figure 4B). Significantly, in forskolin-treated TTC30A KO cells, the signal intensity of phosphorylated PKA substrates was severely increased compared to that in control and TTC30B KO cells. The signals of the control and TTC30B KO cells were comparable.
[image: Figure 4]FIGURE 4 | Protein level of pPKA substrates are elevated in forskolin-treated TTC30A KO cells. (A) Total protein levels of the PKA catalytic subunit, phosphorylated PKA substrates, and acetylated tubulin as loading control were detected by western blot after treatment with DMSO or forskolin (5 µM) 1 h prior to cell lysis (B). Protein levels were quantified by measuring their intensity. These values were normalized to the loading control (acetylated tubulin). Resulting ratios of pPKA substrate intensity were statistically analyzed for all six conditions (n = 3) using a one-way ANOVA followed by Tukey’s test. p-values below 0.05 were deemed significant and are represented by *. Error bars represent the s.e.m.
This result hints toward a paralog-specific role of TTC30A for physiological PKAcat activation, which might depend on TTC30A–PRKACA interaction. To further understand the role of TTC30A, Shh signaling was investigated in more detail.
3.4 TTC30A KO presents distinct phosphorylated PKA substrate accumulation upon treatment with forskolin
Protein complex analysis proposed an interaction of TTC30A with PRKACA. An increased level of phosphorylated PKA substrates upon treatment with forskolin and subsequent inhibition of the Shh pathway in TTC30A KO cells suggested the functional relevance of this interaction. To investigate if TTC30A/B also influence the ciliary localization of phospho-PKA substrates, TTC30A or TTC30B single-KO and control hTERT-RPE1 cell lines were co-stained for ARL13B and phospho-PKA substrates. In addition, cells were treated with or without forskolin to influence the PKA activity.
In untreated control, TTC30A KO and TTC30B KO cell phospho-PKA substrates were comparably localizing to the nucleus and basal body and with lower intensity to the cilium (Figure 5A). The measured mean intensities of the phospho-PKA signal localizing to the cilium and the basal body were normalized to their respective ciliary ARL13B mean intensities. Statistical analysis showed an average relative intensity of 3.878 IU ± 0.2734 IU in untreated control cells (ncontrol(−) = 39), 3.926 IU ± 0.2056 IU in untreated TTC30A KO cells (nTTC30A KO(−) = 39), and 4.512 IU ± 0.2270 IU in untreated TTC30B KO cells (nTTC30B KO(−) = 43; Figure 5E). Intriguingly, control and TTC30B KO cells treated with forskolin showed a decreased intensity of phospho-PKA substrates in the nucleus and at the basal body, whereas the localization to the cilium could not be distinguished from the background anymore (Figure 5B). Calculated relative intensities dropped to 0.2242 IU ± 0.02552 IU for forskolin-treated control cells (ncontrol(+) = 49) and to 0.3546 IU ± 0.04732 IU for treated TTC30B KO cells (nTTC30B KO(+) = 39; Figure 5E). TTC30A KO cells treated with forskolin also showed lower to no localization of phospho-PKA substrates to the cilium and a reduced signal in the nucleus. However, in contrast to TTC30B KO, we could observe a distinct pattern of increased localization of phosphorylated PKA substrates at the basal body and the pericentriolar material (PCM) (Figure 5B) (Porpora et al., 2018). The average intensity of pPKA substrates strongly increased to 22.79 IU ± 0.9268 IU in forskolin-treated TTC30A KO cells (nTTC30A KO(+) = 30; Figure 5E). This finding is most likely related to an elevated PKA activity and further confirms the paralog-specific function as well as influence of TTC30A on PRKACA.
[image: Figure 5]FIGURE 5 | Phospho-PKA substrate accumulation detected in TTC30A KO and TTC30A A375V cells upon forskolin treatment. Fluorescent light microscopy images of hTERT-RPE1 control, TTC30A KO, and TTC30B KO (from left to right) are shown. Cells were either untreated (A) or treated with 5 µM forskolin for 1 hour (B). Fluorescent light microscopy images of hTERT-RPE1 TTC30A wt, TTC30A A375V, TTC30B wt, and TTC30B A375V rescue cells (from left to right) are shown. Cells were either not treated (C) or treated with forskolin (D). All cells were stained for ARL13B (magenta) and phospho-PKA substrates (green); DNA is marked in dark blue, and co-localization is shown in white. The scale bar measures 5 µm. Phospho-PKA intensity measurements were performed with TTC30A/B wildtype and knockout cells (E) as well as rescue cells (F). Scatter dot plots are depicted, with each dot representing one cilium. For statistical analysis, relative intensity was calculated by measuring mean intensity followed by normalization to ARL13B. p-values below 0.001 are represented by ***, and those above 0.05 were determined not significant (ns). Error bars represent the s.e.m.
To further validate these results, the ciliary localization of phospho-PKA substrates was also investigated in TTC30A/B wt and A375V rescue cells, again without or with forskolin treatment. We observed a localization of phosphorylated PKA substrates to the nucleus and basal body in all untreated cell lines, which confirms the previous findings in the control and TTC30A/B single-KO cells (Figure 5C). Their average relative intensities were 1.272 IU ± 0.1348 IU (nTTC30AwtR(−) = 28), 1.630 IU ± 0.1689 IU (nTTC30AmutR(−) = 31), 1.318 IU ± 0.1269 IU (nTTC30BwtR(−) = 30), and 1.375 IU ± 0.1499 IU (nTTC30BmutR(−) = 32). Nevertheless, overall average intensities in untreated stable rescue cell lines were reduced by the factor ∼2.5 compared to untreated control and TTC30A/B single-KO cell lines (Figure 5F). In wildtype TTC30A rescue cells, the previously described phenotype of forskolin-treated control and TTC30B KO cells showing reduced localization of phospho-PKA substrates to the nucleus, basal body, and cilium was also detected (Figure 5D). Similarly, the average relative intensity dropped to 0.1042 IU ± 0.0129 IU (nTTC30AwtR(+) = 31) and was again reduced by the factor ∼2.5 compared to treated control and TTC30B KO cells (Figure 5F). Furthermore, the distinct pattern with an increased localization of phosphorylated PKA substrates at the PCM and basal body that could be observed in forskolin-treated TTC30A KO cells could also be described, but to a lesser extent, in TTC30A/B double-KO cells rescued with wildtype TTC30B as well as mutant TTC30A/B A375V (Figure 5D). Their average relative intensities were increased to 2.508 IU ± 0.2076 IU (nTTC30BwtR(+) = 29) and 2.518 IU ± 0.1775 IU (nTTC30BmutR(+) = 35; Figure 5F). Interestingly, the rare missense mutation A375V, introduced in TTC30A rescue cells, depicted a comparable phenotype as TTC30A KO cells upon forskolin treatment. The average relative intensity strongly increased to 8.755 IU ± 0.8210 IU (nTTC30Amut(+) = 25) and was reduced by the factor ∼2.5 compared to treated TTC30A KO cells (Figure 5F). The observed systematic decrease of relative phospho-PKA intensity in the generated TTC30A/B wildtype and A375V mutant rescue cells most likely originates from stably transfecting TTC30A/B double-KO cells. These data support the finding of increased PKA activity, which was specifically related to TTC30A and, to a minor degree, TTC30B.
3.5 Loss of TTC30A inhibits the ciliary localization of Smoothened
In D. melanogaster, direct binding of PKA and Smo was shown (Jia et al., 2004; Li et al., 2014). Crosstalk between cAMP-dependent kinase signaling and Smo-related Shh signaling was described in other organisms as well (DeCamp et al., 2000; Chen and Jiang, 2013). The next step was to assess if solely PKA activity or if Smo-Ptch1 localization is affected in TTC30 KO cells as well. Initially, Smoothened (Smo), an early-stage key element of the Shh signaling pathway was investigated. Upon activation of the Shh pathway, Smo enters the cilium to trigger downstream effectors, which ultimately exit the cilium and activate target genes in the nucleus regulating cellular and cilia-related processes (Corbit et al., 2005; Niewiadomski et al., 2019). Hence, Smo localization was investigated in TTC30A or B KO, TTC30A/B double-KO, and control hTERT-RPE1 cell lines. Therefore, the Shh pathway was activated by treatment with the Smo agonist (SAG). The SAG initiates the activation of the Shh pathway and, subsequently, more Smo should accumulate at the cilium (Bragina et al., 2010). In control and TTC30B KO cells, Smo was normally localized, as seen by co-staining with ARL13B. However, this localization was not detected in TTC30A single-KO cells (Figure 6A). As TTC30A/B double-KO cells lack cilia, as shown before, no specific localization could be observed (Takei et al., 2018; Hoffmann et al., 2022). Ciliogenesis and Smo localization in TTC30A/B double-KO cells was restored by stably transfecting TTC30A wt DNA. Intriguingly, the stable transfection of TTC30B wt and A375V mutant DNA could only partially recover cilia assembly and Smo localization in TTC30A/B double-KO cells (Figure 6B). The ectopic expression of mutated TTC30A (A375V) was not sufficient to restore Smo, whereas TTC30A wt fully recovered Smo localization (Figure 6C).
[image: Figure 6]FIGURE 6 | Smo localization was reduced in TTC30A KO cells and was rescued by TTC30A wildtype but not A375V mutant expression in TTC30A/B double-KO cells. Fluorescent light microscopy images of hTERT-RPE1 control, TTC30A, TTC30B, and TTC30A/B double-KO cells (A) (from left to right), TTC30A wt and TTC30B wt (B) (from left to right), and TTC30A A375V and TTC30B A375V rescue cells (C) (from left to right) are shown. All cells were treated with 100 nM SAG for 24 h. The cells were stained for ARL13B (magenta) and Smoothened (Smo; green), and co-localization is shown in white. The scale bar measures 2 µm.
This finding supports the hypothesis that TTC30A is involved in Shh pathway regulation. The loss of Smo localizing to the cilium could only be totally rescued by TTC30A wt. Transfection with TTC30A A375V did not recover this severe phenotype. Furthermore, the discovered mutation by Du et al. introduced in TTC30A could be directly linked to a loss of ciliary accumulation of Smo. However, the same A375V point mutation introduced in the TTC30B rescue construct did show this phenotype, but only to some degree. These initial results regarding Smo localization were further validated by measuring the mean intensity of Smo in TTC30A/B wildtype, single-KO, double-KO, and rescue cells (Figure 7). Again, mean intensity was normalized to ciliary ARL13B mean intensity. The average relative intensity was 0.1749 IU ± 0.008053 IU in control cells (ncontrol = 71). In TTC30A KO cells, the calculated relative intensity was clearly reduced to 0.02728 ± 0.002352 IU (nTTC30A KO = 72). Interestingly, in TTC30B KO cells, a reduction of the average relative intensity to 0.1214 IU ± 0.004333 (nTTC30B KO = 103) could be seen. Here, the effect was rather mild but also significant. Regarding rescue cells, the average relative intensity was 0.1839 IU ± 0.008152 IU (nTTC30AwtR = 53) and, therefore, comparable to the control cells (Figure 7). Likewise, the average relative intensity of TTC30A A375V rescue cells was 0.02873 IU ± 0.003129 IU (nTTC30AmutR = 54), which was comparable to Smo intensity in TTC30A KO cells. The average relative intensities in TTC30B rescue cells were 0.1235 IU ± 0.006528 IU (nTTC30BwtR = 31) and 0.1204 IU ± 0.005563 IU (nTTC30BmutR = 31), which were similar to each other and also to the average relative intensity in TTC30B KO cells (Figure 7). The overall quantification of Smo intensity resembled and verified the results of localization studies, but significantly, an additional mild reduction of Smo intensity in TTC30B KO cells was revealed.
[image: Figure 7]FIGURE 7 | Smoothened intensity is reduced in TTC30A and B knockout as well as TTC30A A375V and TTC30B wildtype and A375V mutant rescue cells. In TTC30A/B control and single-KO as well as TTC30A/B wildtype and A375V mutant rescue cells, Smoothened intensity was measured and normalized to ARL13B intensity. In the scatter dot plots, results are shown with each dot representing one cilium. For statistical analysis, the relative intensity was calculated. p-values below 0.001 are represented by ***, and those above 0.05 were determined not significant (ns). Error bars represent the s.e.m.
The initial step of Shh signaling is Hh ligand binding to Ptch1, which then exits the cilium. Subsequently, Ptch1 relieves its inhibition of Smo, which in return enters the cilium and can affect downstream targets leading, among others, to the formation of Gli1 (Rohatgi et al., 2007). As Smo localization is dependent on ciliary exit of Ptch1, this re-localization of Ptch1 in TTC30A/B wildtype and knockout cells without or with Shh activation was investigated but appeared unaltered upon TTC30A loss (Supplementary Figure S3A). The SAG treatment itself does not affect the re-localization of Ptch1, but it activates the Shh pathway. This activated Shh pathway then leads to a degradation of Ptch1 mediated by ubiquitin (Yue et al., 2014; Desai et al., 2020; Yang et al., 2021).
The final outcome of Shh activation is the formation of Gli1. Hence, upon SAG-mediated Shh activation, the Gli1 level increases and should be affected due to the observed mis-localization of Smo in TTC30A/B single KO cells. Hence, mRNA expression levels determined by qPCR in SAG-treated and untreated TTC30A/B wildtype, KO, and rescue cells. Statistical analysis by one-way ANOVA [F(7,32) = (10.95), p = < 0.0001], followed by Tukey's test revealed that in TTC30A KO cells, upon SAG stimulation, Gli1 mRNA level was significantly reduced compared to that in control cells (p < 0.001, 95% C.I. = [0.0002802, 0.001176], which reflects the strong phenotype of Smo mis-localization. Furthermore, in TTC30B KO cells, a tendency to decreased Gli1 mRNA level is visible but not significantly different compared to the control, which resembles the mild Smo localization phenotype. The strong Gli1 mRNA expression observed in TTC30A/B wildtype and mutated A375V rescue cells that originate from the TTC30A/B double-KO cells is most likely driven by cilia-independent Shh signaling (Supplementary Figure S3B).
In conclusion, the data presented here suggest a paralog-specific function of TTC30A in Shh signaling. Smo localization and PKA activity were shown to be independent of Ptch1 function, but they do affect Gli1 formation and rely on TTC30A wildtype with mis-localization upon the loss or mutation of TTC30A. A possible involvement of impaired TTC30A–IFT57 interaction leading to synpolydactyly in A375V patients remains debatable.
4 DISCUSSION
4.1 Patient A375V mutation leads to a decreased interaction of TTC30A with IFT57 and TTC30B with TTC37
Paralog proteins TTC30A and TTC30B share a remarkable resemblance regarding their sequence. Only a minor deviation (4.66% of the sequence) distinguishes TTC30A from TTC30B. In the double-KO background (Takei et al., 2018; Hoffmann et al., 2022), a paralog-specific rescue, which comprises either wildtype TTC30A or TTC30B, could equally recover TTC30-dependent cilia assembly and polyglutamylation to the level of single-KO cells (Hoffmann et al., 2022). Regarding these functions, TTC30A/B redundancy is extremely important for ciliogenesis and maintaining cilia function.
Despite these striking similarities in appearance and function, there was also evidence hinting at non-overlapping functions of TTC30A and TTC30B. In a Chinese pedigree, a rare TTC30B missense variant (A375V) was discovered and linked to Sonic hedgehog signaling (Shh) (Du et al., 2019). In Xenopus tropicalis, TTC30A was connected to ciliary chondrodysplasia with polycystic kidney disease. Intriguingly, they also assumed an involvement of Shh (Getwan et al., 2021). Using paralog-specific PPI investigation, we were able to show new and distinct interactions (Hoffmann et al., 2022).
In the study presented here, the influence of the A375V variant on wildtype TTC30A/B interactome was investigated (Du et al., 2019). TTC30B analysis revealed a reduced abundancy of TTC37 in the mutant (Table 1). TTC37 is a component of the SKI complex. It acts as a co-factor and regulator of the exosome-mediated decay of RNA. The malfunction of SKI is linked to the trichohepatoenteric syndrome (Kogel et al., 2022).
Interestingly, the IFT-B complex protein IFT57 binding to TTC30A was diminished for A375V in relation to wildtype TTC30A (Table 1). However, IFT57 localization and cilia length were not influenced in TTC30 A375V rescue cells, hinting toward normal IFT-B function in ciliogenesis in mutant cells.
Nevertheless, a disturbed TTC30A–IFT57 secondary interaction caused by A375V mutation would explain how this mutation is connected to Shh. IFT57 knockdown was shown to lead to disturbed Shh and polydactyly in mice (Houde et al., 2006). In addition, in humans, Shh dysregulation linked to reduced Gli1 induction and polydactyly was observed. However, a total loss of IFT57 ultimately leads to disrupted ciliary assembly and was shown to be lethal (Thevenon et al., 2016). However, no other direct link of TTC30A/B mutation and Shh signaling could be found in the study presented here using overexpression, indicating limitations of the assay based on transient overexpression (Gibson et al., 2013).
The IFT-B structural model recently described by Petriman et al. (2022) shows that TTC30 and IFT57 do not directly interact with each other. In the IFT-B1 complex, TTC30 is connected to IFT88 and IFT52. IFT88/52 then directly interact with IFT57 and IFT38, which belong to the IFT-B2 subcomplex (Katoh et al., 2016; Taschner and Lorentzen, 2016). Whether a minor conformational change in TTC30 due to A375V mutation (Du et al., 2019) would influence the binding pattern of IFT88/52 to IFT57 is up to speculation.
4.2 Loss of TTC30A function leads to PRKACA-dependent inhibition of the Sonic hedgehog pathway
Taken together, there are several indicators proposing an involvement of TTC30A/B in Shh. The discovered A375V mutation found in a Chinese pedigree was localized in the TTC30B gene. Shh signaling was disturbed due to the reduced Smo and Gli mRNA expression level, ultimately leading to synpolydactyly (Du et al., 2019).
Interactome data proposed an interaction of TTC30A with PRKACA Protein kinase A catalytic subunit α (PRKACA). PRKACA is a key regulator for Shh inhibition, which might help understand signaling misregulation observed by Du et al. (Taylor et al., 2013; Du et al., 2019). In the Shh off state, PKA phosphorylates full-length Gli2 and Gli3 (GliFL) transcription factors, which are then processed into their repressed forms (GliR). Upon Shh activation, GliFL is not processed to GliR but to its active form GliA. The ratio of GliA/GliR regulates the expression of target genes (e.g., Ptch1 and Gli1) (Cohen et al., 2015).
To investigate a possible impact of TTC30A KO on Shh, other pathway components were examined in the context of TTC30A/B single-KO cells and double-KO cells rescued with either wt or mutant TTC30A/B. In the Hh off state, PKA is active and phosphorylates its target substrates, which ultimately leads to an inhibition of Shh (Mukhopadhyay and Rohatgi, 2014).
The data presented here show that Smo does not enter the ciliary membrane in TTC30A KO or TTC30A A375V mutant cells, while simultaneously, the PKA activity increases. Similarly, but to a lesser extent, ciliary localization of Smo in TTC30B KO or TTC30B A375V mutant cells is reduced while PKA activity is only affected in TTC30B rescue cells. In 2021, Arveseth et al. (2021) showed that Smo is capable of recruiting and directly inhibiting PKA-dependent phosphorylation. Happ et al. were able to define a decoy substrate sequence of Smo, which blocks PKA-C activity (Happ et al., 2022). Our data indicate that TTC30A is involved in PKA inhibition in the Shh on state.
We want to implement the data gathered here into the so far known regulation of the Shh pathway. In the Hh on state, Hh ligand binds to Ptch1, which leaves the ciliary membrane and its inhibition on Smo is lifted. Upon entering the ciliary membrane, Smo is involved in the dissociation of SUFU from GliFL transcription factors (Wang et al., 2010; Chen et al., 2011) and the inhibition of PKA activity (Arveseth et al., 2021; Happ et al., 2022). GliFL proteins can then be processed into their activated form, GliA, and the ratio of GliA/GliR is shifted toward GliA, which increases the activation of target genes in the nucleus (Figure 8A) (Niewiadomski et al., 2019). Localization studies of untreated control, TTC30A/B KO, and TTC30A/B double-KO cells rescued with either TTC30A/B wt or TTC30A/B A375V revealed the accumulation of phosphorylated PKA substrates at the BB and, more faintly, to the cilium (Figures 5, 8B). This resembles a basal level of PKA activity in the Hh off state (Moore et al., 2016). Smo cannot enter the cilium. The adenylyl cyclase (AC) is active and increases intraciliary cAMP level. Cyclic AMP phosphorylates the regulatory subunits of PKA, which then dissociate from the PKA complex and relieve the suppression of PKA catalytic subunits (Taylor et al., 2013). Subsequently, these can now phosphorylate GliFL and other PKA-specific substrates. GliFL is then cleaved into GliR, and the ratio of GliA/GliR now shifts toward GliR, which increases the repression of the target genes in the nucleus (Figure 8B) (Niewiadomski et al., 2019). Upon treatment with forskolin, we expected an increase in adenylyl cyclases 5 and 6 (AC5/6) activity and, therefore, elevated levels of cAMP, PKA activity, and phosphorylated PKA substrates, which was already shown based on the total protein level. This effect extends basal level Hh off state and leads to a shift of GliA/GliR ratio even more toward the repression of target genes (Figure 8C) (Ding and Staudinger, 2005; Vuolo et al., 2015; Moore et al., 2016). Interestingly, forskolin treatment revealed rather decreased ciliary phosphorylated PKA substrates in control, TTC30B KO, and wt TTC30A rescue cells (Figures 5, 8D). Here, a PKA-mediated feedback loop inhibits AC5/6 (Iwami et al., 1995; Murthy et al., 2002; Wangorsch et al., 2011). This negative regulation reduces intraciliary cAMP level and, thus, PKA activity (Murthy et al., 2002; Wangorsch et al., 2011; Cantero Mdel et al., 2015). This effect is further enhanced by the PKA-mediated activation of phosphodiesterase 3 (PDE3) (Murthy et al., 2002). Additionally, it was shown that PKA, as well as GSK3 and CK2, phosphorylates polycystin 2 (PKD2) (Cai et al., 2004; Streets et al., 2006; Cantero Mdel et al., 2015). Phosphorylated PKD2 increases the intraciliary Ca2+ level, which in turn also leads to a reduction of cAMP, probably due to the inhibition of Ca2+-sensitive AC5/6 (Nauli et al., 2003; Choi et al., 2011; Cantero Mdel et al., 2015). We hypothesize that this effect leads to a decline of pPKA substrates below the basal level of Hh off state (Figure 5). The consequence of this cAMP downregulation is a shift of GliA/GliR ratio by reducing GliR, followed by a lower repression of nuclear target genes (Figure 8D). This negative feedback loop and the subsequent PKA-mediated downregulation of AC, cAMP, and, finally, PKA itself is disturbed in TTC30A KO cells and TTC30A/B double-KO cells rescued with TTC30A A375V (Figure 8E). Hence, in these cell lines, PKA activity remains constantly increased, and its substrates are continuously phosphorylated and accumulate at the ciliary base and the PCM (Figure 5). Additionally, GliFL phosphorylation and cleavage to GliR are upregulated, altering GliA/GliR ratio strongly toward repression of the nuclear target genes (Figure 8E). Interestingly, it was shown that the deletion of Pkd2 in mice led to an increased expression of phosphorylated PKA substrates (Choi et al., 2011), which strongly resembles the phenotype we describe in TTC30A KO and A375V TTC30A rescue cells.
[image: Figure 8]FIGURE 8 | Overview of Sonic hedgehog signaling. The schematic view depicts the main regulators of Shh in the cilium. In the Hh on state, (A) Hh ligand binds to Ptch1, which exits the ciliary membrane and stops inhibiting Smo. Smo then enters the cilium, inhibits PKA activity, and is involved in the formation of GliA. In the absence of Hh ligand (Hh off state), (B) Ptch1 inhibits Smo. The AC is active and increases intraciliary cAMP level. CAMP increases the activity of PKA, which phosphorylates its substrates and is involved in the formation of GliR. Forskolin treatment (C) further increases the activity of AC and, hence, the cAMP level and PKA activity. PKA phosphorylates more substrates, and more GliR is formed. This strong Hh repression is counter-regulated by a PKA-mediated feedback loop (D) decreasing AC activity, cAMP level, PKA activity, the phosphorylation of PKA substrates, and GliR formation. In TTC30A KO and rescue TTC30A A375V cells, this PKA-mediated cAMP downregulation is disturbed (E), leading to an overly active AC and PKA as well as an accumulation cAMP and phosphorylated PKA substrates.
In the study presented here, a functional relevance of TTC30A–PRKACA interaction was shown, confirming the involvement of TTC30A in Shh signaling. We demonstrated that the loss or A375V mutant TTC30A has an impact on Smo localization and the phosphorylation of PKA substrates. Such a strong Shh phenotype would lead to embryonic lethality, indicating that synpolydactyly seen in patients carrying the A375V mutation reflects a subtle symptom based on TTC30B mutation.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
AUTHOR CONTRIBUTIONS
FH: data curation, formal analysis, investigation, methodology, visualization, and writing–original draft. SB: methodology, visualization, and writing–original draft. KJ: methodology and writing–original draft. FK: methodology and writing–original draft. IS: methodology and writing–original draft. MU: funding acquisition, writing–original draft, project administration, and supervision. KB: project administration, supervision, writing–original draft, conceptualization, and funding acquisition. TB: supervision, writing–original draft, and conceptualization.
FUNDING
The authors declare financial support was received for the research, authorship, and/or publication of this article. This project was funded by the Pro Retina Foundation (Pro-Re/Project/KB 10-2019), fortüne (project no. 2445-1-0), German Federal Ministry of Science and Education (BMBF; NDCiL FKZ 01EW2212), and the Kerstan Foundation to MU. This work was funded in part by Wellcome Trust (210585/Z/18/Z). The research leading to these results received funding from the ERA-NET NEURON Research Programme, which was jointly funded by the national funding authorities within the framework of the ERA-NET NEURON. For the purpose of open access, the author has applied a CC BY public copyright license to any author-accepted manuscript version arising from this submission.
ACKNOWLEDGMENTS
Content of this manuscript previously appeared in a thesis (Hoffmann, 2023) http://dx.doi.org/10.15496/publikation-81185.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2023.1268722/full#supplementary-material
Supplementary Table S1 | MaxQuant Settings for proteomic analysis—An overview of the MaxQuant settings used for quantitative analysis of acquired mass spectrometry data sets.
REFERENCES
 Anvarian, Z., Mykytyn, K., Mukhopadhyay, S., Pedersen, L. B., and Christensen, S. T. (2019). Cellular signalling by primary cilia in development, organ function and disease. Nat. Rev. Nephrol. 15, 199–219. doi:10.1038/s41581-019-0116-9
 Arensdorf, A. M., Marada, S., and Ogden, S. K. (2016). Smoothened regulation: a tale of two signals. Trends Pharmacol. Sci. 37, 62–72. doi:10.1016/j.tips.2015.09.001
 Arveseth, C. D., Happ, J. T., Hedeen, D. S., Zhu, J. F., Capener, J. L., Klatt Shaw, D., et al. (2021). Smoothened transduces hedgehog signals via activity-dependent sequestration of pka catalytic subunits. Plos Biol. 19, E3001191. doi:10.1371/journal.pbio.3001191
 Berbari, N. F., O'connor, A. K., Haycraft, C. J., and Yoder, B. K. (2009). The primary cilium as A complex signaling center. Curr. Biol. 19, R526–R535. doi:10.1016/j.cub.2009.05.025
 Boldt, K., Mans, D. A., Won, J., Van Reeuwijk, J., Vogt, A., Kinkl, N., et al. (2011). Disruption of intraflagellar protein transport in photoreceptor cilia causes leber congenital amaurosis in humans and mice. J. Clin. Invest. 121, 2169–2180. doi:10.1172/JCI45627
 Boldt, K., Van Reeuwijk, J., Gloeckner, C. J., Ueffing, M., and Roepman, R. (2009). Tandem affinity purification of ciliopathy-associated protein complexes. Methods Cell Biol. 91, 143–160. doi:10.1016/S0091-679X(08)91009-8
 Boldt, K., Van Reeuwijk, J., Lu, Q., Koutroumpas, K., Nguyen, T. M., Texier, Y., et al. (2016). An organelle-specific protein landscape identifies novel diseases and molecular mechanisms. Nat. Commun. 7, 11491. doi:10.1038/ncomms11491
 Bragina, O., Sergejeva, S., Serg, M., Zarkovsky, T., Maloverjan, A., Kogerman, P., et al. (2010). Smoothened agonist augments proliferation and survival of neural cells. Neurosci. Lett. 482, 81–85. doi:10.1016/j.neulet.2010.06.068
 Cai, Y., Anyatonwu, G., Okuhara, D., Lee, K. B., Yu, Z., Onoe, T., et al. (2004). Calcium dependence of polycystin-2 channel activity is modulated by phosphorylation at Ser812. J. Biol. Chem. 279, 19987–19995. doi:10.1074/jbc.M312031200
 Cantero Mdel, R., Velazquez, I. F., Streets, A. J., Ong, A. C., and Cantiello, H. F. (2015). The camp signaling pathway and direct protein kinase A phosphorylation regulate polycystin-2 (Trpp2) channel function. J. Biol. Chem. 290, 23888–23896. doi:10.1074/jbc.M115.661082
 Chen, Y., and Jiang, J. (2013). Decoding the phosphorylation code in hedgehog signal transduction. Cell Res. 23, 186–200. doi:10.1038/cr.2013.10
 Chen, Y., Yue, S., Xie, L., Pu, X. H., Jin, T., and Cheng, S. Y. (2011). Dual phosphorylation of suppressor of fused (sufu) by pka and Gsk3beta regulates its stability and localization in the primary cilium. J. Biol. Chem. 286, 13502–13511. doi:10.1074/jbc.M110.217604
 Choi, Y. H., Suzuki, A., Hajarnis, S., Ma, Z., Chapin, H. C., Caplan, M. J., et al. (2011). Polycystin-2 and phosphodiesterase 4c are components of A ciliary A-kinase anchoring protein complex that is disrupted in cystic kidney diseases. Proc. Natl. Acad. Sci. U. S. A. 108, 10679–10684. doi:10.1073/pnas.1016214108
 Cohen, M., Kicheva, A., Ribeiro, A., Blassberg, R., Page, K. M., Barnes, C. P., et al. (2015). Ptch1 and Gli regulate Shh signalling dynamics via multiple mechanisms. Nat. Commun. 6, 6709. doi:10.1038/ncomms7709
 Cole, D. G., Diener, D. R., Himelblau, A. L., Beech, P. L., Fuster, J. C., and Rosenbaum, J. L. (1998). Chlamydomonas kinesin-ii-dependent intraflagellar transport (ift): ift particles contain proteins required for ciliary assembly in Caenorhabditis elegans sensory neurons. J. Cell Biol. 141, 993–1008. doi:10.1083/jcb.141.4.993
 Corbit, K. C., Aanstad, P., Singla, V., Norman, A. R., Stainier, D. Y., and Reiter, J. F. (2005). Vertebrate smoothened functions at the primary cilium. Nature 437, 1018–1021. doi:10.1038/nature04117
 Cox, J., Hein, M. Y., Luber, C. A., Paron, I., Nagaraj, N., and Mann, M. (2014). Accurate proteome-wide label-free quantification by delayed normalization and maximal peptide ratio extraction, termed maxlfq. Mol. Cell Proteomics 13, 2513–2526. doi:10.1074/mcp.M113.031591
 Cox, J., and Mann, M. (2008). Maxquant enables high peptide identification rates, individualized P.P.B.-Range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol. 26, 1367–1372. doi:10.1038/nbt.1511
 Decamp, D. L., Thompson, T. M., De Sauvage, F. J., and Lerner, M. R. (2000). Smoothened activates galphai-mediated signaling in frog melanophores. J. Biol. Chem. 275, 26322–26327. doi:10.1074/jbc.M004055200
 Desai, P. B., Stuck, M. W., Lv, B., and Pazour, G. J. (2020). Ubiquitin links smoothened to intraflagellar transport to regulate hedgehog signaling. J. Cell Biol. 219, e201912104. doi:10.1083/jcb.201912104
 Ding, X., and Staudinger, J. L. (2005). Induction of drug metabolism by Forskolin: the role of the pregnane X receptor and the protein kinase A signal transduction pathway. J. Pharmacol. Exp. Ther. 312, 849–856. doi:10.1124/jpet.104.076331
 Du, Y., Chen, F., Zhang, J., Lin, Z., Ma, Q., Xu, G., et al. (2019). A rare Ttc30b variant is identified as A candidate for synpolydactyly in A Chinese pedigree. Bone 127, 503–509. doi:10.1016/j.bone.2019.07.012
 Dummer, A., Poelma, C., Deruiter, M. C., Goumans, M. J., and Hierck, B. P. (2016). Measuring the primary cilium length: improved method for unbiased high-throughput analysis. Cilia 5, 7. doi:10.1186/s13630-016-0028-2
 Fan, Z. C., Behal, R. H., Geimer, S., Wang, Z., Williamson, S. M., Zhang, H., et al. (2010). Chlamydomonas ift70/crdyf-1 is A core component of ift particle complex B and is required for flagellar assembly. Mol. Biol. Cell 21, 2696–2706. doi:10.1091/mbc.e10-03-0191
 Getwan, M., Hoppmann, A., Schlosser, P., Grand, K., Song, W., Diehl, R., et al. (2021). Ttc30a affects tubulin modifications in A model for ciliary chondrodysplasia with polycystic kidney disease. Proc. Natl. Acad. Sci. U. S. A. 118, e2106770118. doi:10.1073/pnas.2106770118
 Gibson, T. J., Seiler, M., and Veitia, R. A. (2013). The transience of transient overexpression. Nat. Methods 10, 715–721. doi:10.1038/nmeth.2534
 Gloeckner, C. J., Boldt, K., and Ueffing, M. (2009). Strep/flag tandem affinity purification (Sf-Tap) to study protein interactions. Curr. Protoc. Protein Sci. 20. doi:10.1002/0471140864.ps1920s57
 Happ, J. T., Arveseth, C. D., Bruystens, J., Bertinetti, D., Nelson, I. B., Olivieri, C., et al. (2022). A pka inhibitor motif within smoothened controls hedgehog signal transduction. Nat. Struct. Mol. Biol. 29, 990–999. doi:10.1038/s41594-022-00838-z
 Hildebrandt, F., Benzing, T., and Katsanis, N. (2011). Ciliopathies. N. Engl. J. Med. 364, 1533–1543. doi:10.1056/NEJMra1010172
 Hoffmann, F. (2023). Investigating lebercilin interacting proteins Ttc30a/B and Ssna1 in cilia related processes. Dr. Rer. Nat. Germany: Eberhard Karls University. 
 Hoffmann, F., Bolz, S., Junger, K., Klose, F., Schubert, T., Woerz, F., et al. (2022). Ttc30a and Ttc30b redundancy protects ift complex B integrity and its pivotal role in ciliogenesis. Genes (Basel) 13, 1191. doi:10.3390/genes13071191
 Houde, C., Dickinson, R. J., Houtzager, V. M., Cullum, R., Montpetit, R., Metzler, M., et al. (2006). Hippi is essential for node cilia assembly and sonic hedgehog signaling. Dev. Biol. 300, 523–533. doi:10.1016/j.ydbio.2006.09.001
 Humke, E. W., Dorn, K. V., Milenkovic, L., Scott, M. P., and Rohatgi, R. (2010). The output of hedgehog signaling is controlled by the dynamic association between suppressor of fused and the Gli proteins. Genes Dev. 24, 670–682. doi:10.1101/gad.1902910
 Ishikawa, H., and Marshall, W. F. (2011). Ciliogenesis: building the cell's antenna. Nat. Rev. Mol. Cell Biol. 12, 222–234. doi:10.1038/nrm3085
 Iwami, G., Kawabe, J., Ebina, T., Cannon, P. J., Homcy, C. J., and Ishikawa, Y. (1995). Regulation of adenylyl cyclase by protein kinase A. J. Biol. Chem. 270, 12481–12484. doi:10.1074/jbc.270.21.12481
 Jacob, L. S., Wu, X., Dodge, M. E., Fan, C. W., Kulak, O., Chen, B., et al. (2011). Genome-wide rnai screen reveals disease-associated genes that are common to hedgehog and Wnt signaling. Sci. Signal 4, Ra4. doi:10.1126/scisignal.2001225
 Jia, J., Tong, C., Wang, B., Luo, L., and Jiang, J. (2004). Hedgehog signalling activity of smoothened requires phosphorylation by protein kinase A and casein kinase I. Nature 432, 1045–1050. doi:10.1038/nature03179
 Katoh, Y., Terada, M., Nishijima, Y., Takei, R., Nozaki, S., Hamada, H., et al. (2016). Overall architecture of the intraflagellar transport (ift)-B complex containing cluap1/ift38 as an essential component of the ift-B peripheral subcomplex. J. Biol. Chem. 291, 10962–10975. doi:10.1074/jbc.M116.713883
 Kogel, A., Keidel, A., Bonneau, F., Schafer, I. B., and Conti, E. (2022). The human ski complex regulates channeling of ribosome-bound rna to the exosome via an intrinsic gatekeeping mechanism. Mol. Cell 82, 756–769 E8. doi:10.1016/j.molcel.2022.01.009
 Kramer-Zucker, A. G., Olale, F., Haycraft, C. J., Yoder, B. K., Schier, A. F., and Drummond, I. A. (2005). Cilia-driven fluid flow in the zebrafish pronephros, brain and kupffer's vesicle is required for normal organogenesis. Development 132, 1907–1921. doi:10.1242/dev.01772
 Krock, B. L., and Perkins, B. D. (2008). The intraflagellar transport protein Ift57 is required for cilia maintenance and regulates ift-particle-kinesin-ii dissociation in vertebrate photoreceptors. J. Cell Sci. 121, 1907–1915. doi:10.1242/jcs.029397
 Lechtreck, K. F. (2015). Ift-cargo interactions and protein transport in cilia. Trends Biochem. Sci. 40, 765–778. doi:10.1016/j.tibs.2015.09.003
 Lee, J., and Chung, Y. D. (2015). Ciliary subcompartments: how are they established and what are their functions?Bmb Rep. 48, 380–387. doi:10.5483/bmbrep.2015.48.7.084
 Leonhard, T., Gaurav, D. D., Franziska, K., Isabel, F. S., Katrin, J., Marian, S., et al. (2023). Ciliopathy-associated missense mutations in Ift140 are hypomorphic and have edgetic effects on protein interaction networks. Biorxiv. 
 Lettice, L. A., Heaney, S. J., Purdie, L. A., Li, L., De Beer, P., Oostra, B. A., et al. (2003). A long-range Shh enhancer regulates expression in the developing limb and fin and is associated with preaxial polydactyly. Hum. Mol. Genet. 12, 1725–1735. doi:10.1093/hmg/ddg180
 Li, S., Ma, G., Wang, B., and Jiang, J. (2014). Hedgehog induces formation of pka-smoothened complexes to promote smoothened phosphorylation and pathway activation. Sci. Signal 7, Ra62. doi:10.1126/scisignal.2005414
 London, E., and Stratakis, C. A. (2022). The regulation of pka signaling in obesity and in the maintenance of metabolic health. Pharmacol. Ther. 237, 108113. doi:10.1016/j.pharmthera.2022.108113
 Mick, D. U., Rodrigues, R. B., Leib, R. D., Adams, C. M., Chien, A. S., Gygi, S. P., et al. (2015). Proteomics of primary cilia by proximity labeling. Dev. Cell 35, 497–512. doi:10.1016/j.devcel.2015.10.015
 Mitchison, H. M., and Valente, E. M. (2017). Motile and non-motile cilia in human pathology: from function to phenotypes. J. Pathol. 241, 294–309. doi:10.1002/path.4843
 Montminy, M. (1997). Transcriptional regulation by cyclic amp. Annu. Rev. Biochem. 66, 807–822. doi:10.1146/annurev.biochem.66.1.807
 Moore, B. S., Stepanchick, A. N., Tewson, P. H., Hartle, C. M., Zhang, J., Quinn, A. M., et al. (2016). Cilia have high camp levels that are inhibited by sonic hedgehog-regulated calcium dynamics. Proc. Natl. Acad. Sci. U. S. A. 113, 13069–13074. doi:10.1073/pnas.1602393113
 Mukhopadhyay, S., and Rohatgi, R. (2014). G-Protein-Coupled receptors, hedgehog signaling and primary cilia. Semin. Cell Dev. Biol. 33, 63–72. doi:10.1016/j.semcdb.2014.05.002
 Mukhopadhyay, S., Wen, X., Ratti, N., Loktev, A., Rangell, L., Scales, S. J., et al. (2013). The ciliary G-protein-coupled receptor Gpr161 negatively regulates the sonic hedgehog pathway via camp signaling. Cell 152, 210–223. doi:10.1016/j.cell.2012.12.026
 Murthy, K. S., Zhou, H., and Makhlouf, G. M. (2002). Pka-dependent activation of Pde3a and Pde4 and inhibition of adenylyl cyclase V/vi in smooth muscle. Am. J. Physiol. Cell Physiol. 282, C508–C517. doi:10.1152/ajpcell.00373.2001
 Nauli, S. M., Alenghat, F. J., Luo, Y., Williams, E., Vassilev, P., Li, X., et al. (2003). Polycystins 1 and 2 mediate mechanosensation in the primary cilium of kidney cells. Nat. Genet. 33, 129–137. doi:10.1038/ng1076
 Niewiadomski, P., Kong, J. H., Ahrends, R., Ma, Y., Humke, E. W., Khan, S., et al. (2014). Gli protein activity is controlled by multisite phosphorylation in vertebrate hedgehog signaling. Cell Rep. 6, 168–181. doi:10.1016/j.celrep.2013.12.003
 Niewiadomski, P., Niedziolka, S. M., Markiewicz, L., Uspienski, T., Baran, B., and Chojnowska, K. (2019). Gli proteins: regulation in development and cancer. Cells 8, 147. doi:10.3390/cells8020147
 Pathak, N., Obara, T., Mangos, S., Liu, Y., and Drummond, I. A. (2007). The zebrafish fleer gene encodes an essential regulator of cilia tubulin polyglutamylation. Mol. Biol. Cell 18, 4353–4364. doi:10.1091/mbc.e07-06-0537
 Pazour, G. J., Dickert, B. L., and Witman, G. B. (1999). The Dhc1b (Dhc2) isoform of cytoplasmic dynein is required for flagellar assembly. J. Cell Biol. 144, 473–481. doi:10.1083/jcb.144.3.473
 Pazour, G. J., and Witman, G. B. (2003). The vertebrate primary cilium is A sensory organelle. Curr. Opin. Cell Biol. 15, 105–110. doi:10.1016/s0955-0674(02)00012-1
 Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S., Kundu, D. J., et al. (2019). The pride database and related tools and resources in 2019: improving support for quantification data. Nucleic Acids Res. 47, D442–D450. doi:10.1093/nar/gky1106
 Petriman, N. A., Loureiro-López, M., Taschner, M., Zacharia, N. K., Georgieva, M. M., Boegholm, N., et al. (2022). Biochemically validated structural model of the 15-subunit ift-B complex. Biorxiv. 
 Porpora, M., Sauchella, S., Rinaldi, L., Delle Donne, R., Sepe, M., Torres-Quesada, O., et al. (2018). Counterregulation of camp-directed kinase activities controls ciliogenesis. Nat. Commun. 9, 1224. doi:10.1038/s41467-018-03643-9
 Robbins, D. J., Fei, D. L., and Riobo, N. A. (2012). The hedgehog signal transduction network. Sci. Signal 5, Re6. doi:10.1126/scisignal.2002906
 Rohatgi, R., Milenkovic, L., and Scott, M. P. (2007). Patched1 regulates hedgehog signaling at the primary cilium. Science 317, 372–376. doi:10.1126/science.1139740
 Rohatgi, R., and Snell, W. J. (2010). The ciliary membrane. Curr. Opin. Cell Biol. 22, 541–546. doi:10.1016/j.ceb.2010.03.010
 Santos, N., and Reiter, J. F. (2014). A central region of Gli2 regulates its localization to the primary cilium and transcriptional activity. J. Cell Sci. 127, 1500–1510. doi:10.1242/jcs.139253
 Satir, P., and Christensen, S. T. (2007). Overview of structure and function of mammalian cilia. Annu. Rev. Physiol. 69, 377–400. doi:10.1146/annurev.physiol.69.040705.141236
 Singh, J., Wen, X., and Scales, S. J. (2015). The orphan G protein-coupled receptor Gpr175 (Tpra40) enhances hedgehog signaling by modulating camp levels. J. Biol. Chem. 290, 29663–29675. doi:10.1074/jbc.M115.665810
 Streets, A. J., Moon, D. J., Kane, M. E., Obara, T., and Ong, A. C. (2006). Identification of an N-terminal glycogen synthase kinase 3 phosphorylation site which regulates the functional localization of Polycystin-2 in vivo and in vitro. Hum. Mol. Genet. 15, 1465–1473. doi:10.1093/hmg/ddl070
 Takei, R., Katoh, Y., and Nakayama, K. (2018). Robust interaction of Ift70 with ift52-ift88 in the ift-B complex is required for ciliogenesis. Biol. Open 7, bio033241. doi:10.1242/bio.033241
 Taschner, M., and Lorentzen, E. (2016). The intraflagellar transport machinery. Cold Spring Harb. Perspect. Biol. 8, a028092. doi:10.1101/cshperspect.a028092
 Taylor, S. S., Zhang, P., Steichen, J. M., Keshwani, M. M., and Kornev, A. P. (2013). Pka: lessons learned after twenty years. Biochim. Biophys. Acta 1834, 1271–1278. doi:10.1016/j.bbapap.2013.03.007
 Thevenon, J., Duplomb, L., Phadke, S., Eguether, T., Saunier, A., Avila, M., et al. (2016). Autosomal recessive Ift57 hypomorphic mutation cause ciliary transport defect in unclassified oral-facial-digital syndrome with short stature and brachymesophalangia. Clin. Genet. 90, 509–517. doi:10.1111/cge.12785
 Towers, M., Mahood, R., Yin, Y., and Tickle, C. (2008). Integration of growth and specification in chick wing digit-patterning. Nature 452, 882–886. doi:10.1038/nature06718
 Tyanova, S., Temu, T., Sinitcyn, P., Carlson, A., Hein, M. Y., Geiger, T., et al. (2016). The Perseus computational platform for comprehensive analysis of (Prote)Omics data. Nat. Methods 13, 731–740. doi:10.1038/nmeth.3901
 Vashishtha, M., Walther, Z., and Hall, J. L. (1996). The kinesin-homologous protein encoded by the Chlamydomonas Fla10 gene is associated with basal bodies and centrioles. J. Cell Sci. 109 (Pt 3), 541–549. doi:10.1242/jcs.109.3.541
 Vuolo, L., Herrera, A., Torroba, B., Menendez, A., and Pons, S. (2015). Ciliary adenylyl cyclases control the hedgehog pathway. J. Cell Sci. 128, 2928–2937. doi:10.1242/jcs.172635
 Wang, B., and Li, Y. (2006). Evidence for the direct involvement of {Beta}Trcp in Gli3 protein processing. Proc. Natl. Acad. Sci. U. S. A. 103, 33–38. doi:10.1073/pnas.0509927103
 Wang, C., Pan, Y., and Wang, B. (2010). Suppressor of fused and spop regulate the stability, processing and function of Gli2 and Gli3 full-length activators but not their repressors. Development 137, 2001–2009. doi:10.1242/dev.052126
 Wangorsch, G., Butt, E., Mark, R., Hubertus, K., Geiger, J., Dandekar, T., et al. (2011). Time-resolved in silico modeling of fine-tuned camp signaling in platelets: feedback loops, titrated phosphorylations and pharmacological modulation. Bmc Syst. Biol. 5, 178. doi:10.1186/1752-0509-5-178
 Wheatley, D. N. (1995). Primary cilia in normal and pathological tissues. Pathobiology 63, 222–238. doi:10.1159/000163955
 Wheway, G., Nazlamova, L., and Hancock, J. T. (2018). Signaling through the primary cilium. Front. Cell Dev. Biol. 6, 8. doi:10.3389/fcell.2018.00008
 Yang, X., Jin, N., Wang, Y., Yao, Y., Wang, Y., Li, T., et al. (2021). Macroautophagy supports sonic hedgehog signaling by promoting Patched1 degradation. Biochim. Biophys. Acta Mol. Cell Res. 1868, 119124. doi:10.1016/j.bbamcr.2021.119124
 Yue, S., Tang, L. Y., Tang, Y., Tang, Y., Shen, Q. H., Ding, J., et al. (2014). Requirement of smurf-mediated endocytosis of Patched1 in sonic hedgehog signal reception. Elife 3, e02555. doi:10.7554/eLife.02555
 Zhu, J., and Mackem, S. (2017). John saunders' zpa, sonic hedgehog and digit identity - how does it really all work?Dev. Biol. 429, 391–400. doi:10.1016/j.ydbio.2017.02.001
 Zhu, J., Patel, R., Trofka, A., Harfe, B. D., and Mackem, S. (2022). Sonic hedgehog is not A limb morphogen but acts as A trigger to specify all digits in mice. Dev. Cell 57, 2048–2062 E4. doi:10.1016/j.devcel.2022.07.016
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Hoffmann, Bolz, Junger, Klose, Stehle, Ueffing, Boldt and Beyer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-10-1268722-g005.gif





OPS/images/fmolb-10-1268722-g006.gif





OPS/images/fmolb-10-1268722-g003.gif
L

Imeonsity U]

hiutarran B REamtdamaiet
g B
% =
i
H
& o & e






OPS/images/fmolb-10-1268722-g004.gif





OPS/images/fmolb-10-1268722-t001.jpg
Ratio TTC30A wt/A375V TTC30B wt/A375V. p-value
RAPIGDS1 21.268 159578 SMU1 211202 167305
PAWR 211571 163921 AKRIAL 219423 325847
SLC35F6 19.6741 326108 SMAP 213886 326505
ABCDI 204975 326545 FAMI62A 21924 316695
RAB21 215211 326127 NT5DCI 216923 312479
Ao 20,9478 324142 T3 179108 198927
SPNSI 21.8258 326729 SLC9A3RI 204019 199255
SMAP 21859 326887 NES1 211456 196761
RNPS1 22577 326902 TIC37 204085 199333
NDUFBI1 21915 215614 SNRNP40 217892 199359
ccpe2 19.8702 199343 OSBP 22516 192822
USMGS 238228 199371 RNPSI 226874 192897
MRPS14 216745 199456 EIF2AK2 216629 175515
HNRNPLL 202489 199458 GEMIN4 225613 173741
PPPIRS 201523 199461 GEM1 217937 172515
VPSIL 208415 199473
| ppxDCI 211021 187951
GRWDI 216523 186699
cpea7 213169 170501
HEATR3, 20,9969 168596
IFT57 21.4061 161882






OPS/images/fmolb-10-1268722-g007.gif
Smoctenad vty






OPS/images/fmolb-10-1268722-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Paralog-specific TTC30 regulation of Sonic hedgehog signaling		1 Introduction

		2 Methods		2.1 Generation of mutant and fluorescence cell lines

		2.2 Immunofluorescence staining

		2.3 SDS-PAGE and western blot

		2.4 Real-time quantitative PCR

		2.5 Affinity purification

		2.6 Mass spectrometry





		3 Results		3.1 TTC30A mutation A375V leads to decreased IFT57 interaction

		3.2 Localization of IFT57 is unaffected by TTC30 mutation A375V

		3.3 PKA-mediated downregulation of the Shh signaling pathway is dependent on TTC30A

		3.4 TTC30A KO presents distinct phosphorylated PKA substrate accumulation upon treatment with forskolin

		3.5 Loss of TTC30A inhibits the ciliary localization of Smoothened





		4 Discussion		4.1 Patient A375V mutation leads to a decreased interaction of TTC30A with IFT57 and TTC30B with TTC37

		4.2 Loss of TTC30A function leads to PRKACA-dependent inhibition of the Sonic hedgehog pathway





		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-10-1268722-g001.gif





OPS/images/fmolb-10-1268722-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





