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Abstract 17 

Background: Ciliopathies are genetic disorders caused by defects in the structure or function 18 

of the cilia and their related structures. Bardet-Biedl syndrome (BBS) is a complex ciliopathy 19 

with varied symptoms, probably due to altered membrane receptor signalling pathways. 20 

Methods: We investigated the role of BBS1 and BBS4 gene deficiencies in retinal epithelial 21 

cells using surface membrane proteomics, co-immunoprecipitation, AlphaFold structural 22 
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modelling, endocytic trafficking colocalization assays, autophagy flux analysis, and epithelial-23 

to-mesenchymal transition (EMT) functional assays including migration and wound healing. 24 

Results: Deficiencies in these BBSome components led to shorter cilia and disrupted receptor 25 

endocytosis, with accumulation of TGF-β-pathway and EMT-associated proteins on the 26 

plasma membrane of BBS1 KO cells. Co-immunoprecipitation and AlphaFold structural 27 

modelling indicated that neither BBS1 nor BBS4 forms stable physical complexes with core 28 

endocytic components (EEA1, RAB11, RAB7, LAMP2), suggesting an indirect mechanism. 29 

BBS1 KO cells showed sustained TGFBR1 recycling, low basal autophagic flux that increases 30 

upon TGF-β stimulation, and the most pronounced mesenchymal phenotype. BBS4 KO cells 31 

showed reduced receptor recycling, elevated basal autophagic flux that declines upon 32 

stimulation, and the strongest canonical TGF-β/SMAD activation with reduced non-canonical 33 

ERK1/2 signalling. 34 

Conclusions: Increased EMT markers and enhanced migration in BBS1 KO cells highlight 35 

the role of BBSome-dependent receptor trafficking as a potential therapeutic target for retinal 36 

degeneration in BBS. The divergent autophagic and signalling phenotypes between BBS1 and 37 

BBS4 KO reveal subunit-specific contributions to TGF-β pathway dysregulation. 38 

Keywords: BBS, TGF-β signalling, endocytosis, vesicular trafficking, EMT, ciliopathies. 39 

Plain English summary 40 

Bardet-Biedl syndrome (BBS) is a rare inherited disease that affects multiple organs, most 41 

notably causing progressive blindness through degeneration of the light-sensitive cells at the 42 

back of the eye. It is caused by defects in the proteins that build the BBSome, a complex that 43 

works at the base of tiny hair-like structures called cilia, which are found on the surface of 44 

almost every cell in the human body. We studied what happens in eye cells when two key 45 

BBSome genes, BBS1 and BBS4, are switched off. We found that these cells accumulate a 46 

receptor protein called TGFBR1 at their surface because it cannot be properly internalised 47 

and recycled. This leads to excessive activation of a signalling pathway called TGF-β, which 48 
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in turn triggers a process called epithelial-mesenchymal transition (EMT), where normally 49 

organised eye cells start to behave like disorganised, migratory cells. Interestingly, the two 50 

genes caused different patterns of disruption: loss of BBS1 produced the most dramatic cell 51 

shape changes and increased migration, while loss of BBS4 produced stronger activation of 52 

one branch of the TGF-β pathway but a milder overall change in cell identity. We also showed 53 

that the BBSome does not physically attach to the proteins that normally sort and route 54 

receptors inside the cell, suggesting it controls trafficking indirectly. These findings suggest 55 

that blocking the TGF-β pathway might help slow retinal degeneration in people with BBS and 56 

highlight the importance of understanding how receptor recycling goes wrong in ciliopathies. 57 

Background 58 

Ciliopathies are a group of genetic disorders characterised by abnormalities in the structure 59 

or function of cilia and their associated centrosomes or basal bodies. These disorders often 60 

arise from defects in the primary cilium, a specialised, antenna-like organelle that extends 61 

from the surface of most vertebrate cells (1). The primary cilium plays a crucial role in detecting 62 

and translating external environmental signals into intracellular responses, regulating a wide 63 

range of developmental signalling pathways, such as Hedgehog (Shh), Wnt, and TGF-β/BMP 64 

(2,3). These pathways are essential for proper cellular communication, tissue development, 65 

and organogenesis. When the function of the primary cilium is disrupted, it can lead to a variety 66 

of clinical manifestations, which include most tissues and organs of the body, highlighting the 67 

importance of cilia in maintaining normal cellular and developmental processes (4,5).  68 

Bardet-Biedl syndrome (BBS) is a multisystemic ciliopathy marked by retinal degeneration, 69 

obesity, polydactyly, intellectual disability, cryptorchidism, and renal abnormalities, with retinal 70 

disease being the most penetrant feature (6,7). BBS is associated with mutations in genes 71 

encoding proteins predominantly localised to the primary cilium, centrosome, basal body, and 72 

transition zone. Notably, eight of these genes (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, 73 

BBS9, and BBS18) encode components of the BBSome, an octameric protein complex, which 74 

https://www.zotero.org/google-docs/?AfgjZe
https://www.zotero.org/google-docs/?mDwRqo
https://www.zotero.org/google-docs/?rzIx4D
https://www.zotero.org/google-docs/?ohyz14
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functions as a cargo adaptor for the retrograde intraflagellar transport (IFT) machinery to 75 

promote exit of ubiquitinated receptors from the cilium (5,8). Consequently, mutations in BBS 76 

genes cause major changes in the ciliary membrane proteome, to some extent associated 77 

with defective Shh and G-protein-coupled receptor (GPCR) signalling (2,5). Specifically, 78 

previous research from our laboratory has demonstrated the involvement of the transforming 79 

growth factor β (TGF-β) pathway in ciliopathy development (9).  80 

Previous studies have established a functional connection between endosomal recycling and 81 

the primary cilium. In many cell types, including retinal pigment epithelium (RPE) cells, the 82 

base of the primary cilium is situated within a specialized invagination of the plasma 83 

membrane known as the ciliary pocket (CiPo). This region is a hub for clathrin-mediated 84 

endocytosis (CME), facilitating the formation of early endosomes and driving endocytic 85 

recycling (10–12). The close association between the CiPo and these endocytic processes 86 

highlights the crucial role of the ciliary pocket in regulating the trafficking of signalling 87 

molecules and receptors, thereby influencing ciliary function and downstream cellular 88 

signalling pathways such as in Shh (13) and TGF-β/BMP signalling (12,14). Additionally, 89 

functional connections between the BBSome and the recycling endosome factor RAB11 have 90 

been identified. ARL13B, another ciliary protein, is critical for endocytic recycling (15), 91 

underscoring the role of ciliary proteins in the recycling and transport of endosomal cargo. 92 

Deficiencies in receptor internalisation, such as Notch, leptin, and insulin receptors, have been 93 

documented in cell lines with BBSome dysfunction (16–19). 94 

The RPE is a layer of specialised, polarised cells between the choriocapillaris and the neural 95 

retina. This layer of cells is crucial for maintaining photoreceptor health by forming a blood-96 

retina barrier, disposing of damaged photoreceptor segments, maintaining the retinoid cycle, 97 

and protecting against light-induced and oxidative stress (20). Disruptions in these processes, 98 

particularly in protein recycling and maintenance of RPE cell polarity, can lead to dysfunction. 99 

Among these processes, autophagy and epithelial-mesenchymal transition (EMT) are 100 

particularly noteworthy. EMT in RPE cells can result in impaired tight junctions, accumulation 101 

https://www.zotero.org/google-docs/?cnSy2a
https://www.zotero.org/google-docs/?b0EGu8
https://www.zotero.org/google-docs/?cHUZ6N
https://www.zotero.org/google-docs/?LFTrl0
https://www.zotero.org/google-docs/?TaY67U
https://www.zotero.org/google-docs/?Tr4qSh
https://www.zotero.org/google-docs/?nBj2mJ
https://www.zotero.org/google-docs/?ZVzhqA
https://www.zotero.org/google-docs/?XsJcIf
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of misfolded proteins, and dysregulation of key pathways, such as TGF-β, Wnt, and 102 

extracellular vesicle trafficking, which are also implicated in ciliopathies (21). 103 

This study aims to investigate the role of plasma membrane alterations in receptor endocytosis 104 

pathways that may contribute to the pathological phenotype observed in the retinas of BBS 105 

patients. 106 

Methods 107 

Cell culture and treatment 108 

Human retinal pigment epithelial cells (hTERT RPE1, ATCC CRL-4000, female) and human 109 

embryonic kidney cells (293T, ATCC CRL-3216, female) were cultured in Dulbecco’s Modified 110 

Eagle Medium F-12 nutrient mix (DMEM/F-12) supplemented with 10 % fetal bovine serum 111 

(FBS) and 1 % penicillin/streptomycin (P/S), when appropriate. Hygromycin B (0.01 mg/ml) 112 

was added for RPE1 cells. Cultures were maintained at 37 °C with 5 % CO2 for up to one 113 

month. Cells were 24 h serum-depleted before stimulation with TGF-β (2 ng/ml) or EGF (20 114 

ng/ml) to enhance ciliogenesis. Bafilomycin A1 (20 nM) was used as an autophagy inhibitor. 115 

CRISPR/Cas9 assay and editing validation 116 

RPE1 cells were edited using a lentivirus system according to the protocol described by other 117 

labs (22,23), with some modifications. After lentiviral transduction, cells were selected with 118 

puromycin (50 μg/ml) for 5 days.The sgRNAs used to generate the BBS1 and BBS4 knockout 119 

RPE1 cell lines and the primers used to verify CRISPR-Cas9 editing outcomes are listed in 120 

Supplementary Tables 1 and 2, respectively. 121 

Surviving cells were expanded and isolated to obtain individual clones. The isolation was 122 

performed using Fluorescence-Activated Cell Sorting (FACS) with Hoechst (BD Bioscience) 123 

in the flow cytometer FACS ARIA III (BD Bioscience, San José, United States). Inhibition of 124 

gene expression was validated by qPCR in QuantStudio3 (Thermo Fisher Scientific). Primer 125 

information can be checked in Supplementary Tables 1 and 2. Those clones with gene 126 

https://www.zotero.org/google-docs/?GMN0mG
https://www.zotero.org/google-docs/?xHzoYF
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expression less than or equal to 11% were tested by Western blot. Finally, those that did not 127 

present a band in the size corresponding to the BBS1 and BBS4 proteins were selected. 128 

RNA extraction and RT-PCR 129 

RPE1 cells were seeded in 6-well plates at a concentration of 1.5 × 105 by triplicate in 130 

DMEM/F-12 1 % P/S and were incubated for 48 h for serum depletion. Then, cells were 131 

stimulated with rhTGF-β1 (2 ng/ml) for 30 mins. DMEM was removed, and wells were washed 132 

twice with PBS. Cells were scraped in PBS and collected in 1.5 mL tubes. For RNA extraction, 133 

the NYZ total RNA isolation kit (NYZtech) was used following the manufacturer´s protocol. 134 

This process was repeated with cells without stimulation. After RNA elution, the sample 135 

concentrations were measured with Nanodrop (Thermo Fisher Scientific). Next, 100 ng of RNA 136 

was retrotranscribed to cDNA using the NZY First-Strand cDNA Synthesis kit (NYZtech) 137 

following the manufacturer’s protocol. 138 

qPCR expression analysis 139 

qPCR was performed on samples prepared in 96-well plates using PowerUp SYBR Green 140 

Master Mix and QuantStudio3 (Thermo Fisher Scientific). Gene expression was normalised 141 

using the ΔΔCT method with ALAS1, YWHAZ, or B2M as housekeeping genes. Each sample 142 

was analysed in technical triplicate for two biological replicates (clones 1 and 2). Primers can 143 

be found in Supplementary Table 3. 144 

Fluorescence imaging 145 

Cells were grown on glass coverslips in a 6‐well plate. 48 h later, cells were treated as 146 

indicated. Coverslips were then fixed with 4 % ice-cold paraformaldehyde (PFA) in 20 mM 147 

HEPES, pH 7.5, for 10 min. Cells were permeabilised in 0.1 % Triton X‐100 in PBS for 5 min 148 

at RT. Slides were then incubated in primary antibodies in blocking buffer (1 % BSA in PBS) 149 

at 37 °C for 2–3 h or overnight at 4 °C, followed by incubation with Alexa‐conjugated secondary 150 

antibodies (Invitrogen) for 1 h at room temperature. Finally, nuclei were stained with 1 μg/ml 151 
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DAPI (Sigma) for 5 min at RT; then, coverslips were mounted on microscope slides with 152 

Prolong Diamond Anti‐fade (Invitrogen). 153 

Co-immunoprecipitation and structural modelling 154 

Longer but more accurate version: 155 

HEK239T cells were transfected with pcDNA-Flag-HA-BBS1, pcDNA-Flag-HA-BBS4 or an 156 

empty vector using the calcium phosphate method and lysed 40–48 hr later in EBC buffer (50 157 

mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton-X-100) and 1 X Halt protease and Phosphatase 158 

inhibitor cocktail (Thermofisher, #78440). Protein levels in the total protein fraction were 159 

measured with the Pierce BCA Protein Assay Kit (Thermofisher), and the protein amount and 160 

concentration were equalised in all samples. HA-tagged BBS1 or BBS4 was 161 

immunoprecipitated using anti-HA antibody (Abcam, ab9110) and Dynabeads® Protein A 162 

(Thermofisher, 10002D) following manufacturer’s instructions. Beads were then washed thrice 163 

in lysis buffer without inhibitors, eluted with 2 X Laemmli buffer containing β-Mercaptoethanol 164 

(BME), and boiled for 5 min at 95 °C. The total protein fraction, supernatant fraction, and 165 

immunoprecipitated fraction were resolved by SDS–PAGE and probed by Western blot for 166 

HA, EEA1, RAB11, RAB7, and LAMP2. 167 

For structural modelling, we used AlphaFold 3 (v3.0.1) as a primary screen of pairwise 168 

interactions between BBSome subunits and candidate GTPases, with AlphaFold 2-Multimer 169 

(v2.3.2, full databases) used as cross-validation for ambiguous pairs. For AlphaFold 3, five 170 

diffusion samples × 10 recycles were generated per pair (seed 42, NVIDIA A100 GPU); the 171 

top-ranked model of ambiguous pairs was additionally inspected visually in PyMOL. 172 

Calibration was anchored on three controls: BBS1–ARL6 (positive; PDB 4V0O), BBS1–BBS9 173 

(positive, intra-BBSome contact), and BBS1–GFP (negative). Based on these controls, we 174 

defined empirical thresholds of AlphaFold 3 ipTM ≥ 0.65 as positive, 0.30–0.65 as ambiguous 175 

(requiring AlphaFold 2-Multimer validation), and < 0.30 as negative, with an inter-chain 176 

Predicted Aligned Error (PAE) < 5 Å required for high-confidence interfaces. AlphaFold 2-177 
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Multimer confidence was assessed using the ranking confidence score of the top-ranked 178 

model, defined as 0.8·ipTM + 0.2·pTM. When AlphaFold 3 predictions were ambiguous, pairs 179 

were treated as computationally unsupported if AlphaFold 2-Multimer ranking confidence 180 

remained low (<0.40), for example BBS2–RAB11B (0.27). These cut-offs were applied only 181 

as pragmatic screening criteria and were not interpreted as definitive evidence for either 182 

interaction or non-interaction. Low confidence therefore indicates absence of robust structural 183 

support in this modelling framework, but does not rule out transient, indirect, post-184 

translationally regulated, membrane/context-dependent, or oligomer-state-dependent 185 

associations. Using this pipeline, we screened RAB7A and RAB11B (the GTPases probed by 186 

co-immunoprecipitation) against BBS1, BBS4, and the remaining BBSome subunits. 187 

Membrane biotinylation assay 188 

RPE1 cells were seeded in 100 mm dishes in triplicate in DMEM/F-12 1 % P/S, 10 % FBS. 189 

After that, DMEM was removed, and wells were washed twice with ice‐cold PBS and labelled 190 

with 0.5 mg/ml biotin (EZ‐Link sulfo‐NHS‐SS‐biotin, Thermo Fisher Scientific) for 30 min at 4 191 

°C. Excess sulfo‐NHS‐SS‐biotin was washed off with PBS and then quenched with 100 mM 192 

glycine for 15 min at 4 °C. To isolate biotinylated proteins, cells were lysed in RIPA buffer with 193 

proteasome, protease, and phosphatase inhibitors and then incubated overnight at 4 °C with 194 

Streptavidin Sepharose High Performance (Cytiva). To load the same amount of protein onto 195 

the beads, protein quantification was performed by Pierce™ BCA Protein Assay Kit (Thermo-196 

Fisher Scientific) microplate assay (Bio-Rad). Beads were washed three times with RIPA and 197 

then once with RIPA supplemented with 300 mM NaCl final concentration, followed by two 198 

washes with PBS. Beads were then analysed by SDS–PAGE and Western blotting or 199 

prepared for mass spectrometer analysis. 200 

RIPA composition: TrisHCl (pH 7.4) 50 mM, NaCl 150 mM, EDTA 5 mM, EGTA 1 mM, NP-40 201 

alternative 1 %, Na desoxycholate 0.5 %, SDS 0.1 %. 202 
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Protein extraction for proteomic profiling 203 

For the plasma membrane proteomic profile, beads were resuspended in 100 μL 2 M urea, 204 

100 mM Tris (pH 7.5), 1 mM DTT buffer, and 2 μg/mL trypsin and incubated at 37 °C  30 min 205 

in a shaker (1000 rpms). After that, the beads were spun at 8,000 rpm for 1 min at RT. The 206 

supernatant was kept in a new low-protein-binding microcentrifuge tube and incubated 207 

overnight at 37 °C. The next day, 5 μL of 10 % TFA (trifluoroacetic acid) was added to stop 208 

the reaction. Samples were aliquoted and stored at −80 °C or directly sent to the core facility 209 

for C18 purification before mass spec analysis.  210 

Mass spectrometry and bioinformatic analysis 211 

The desalted and lyophilized peptides were resuspended in 0.1 % TFA and subjected to mass 212 

spectrometric analysis by reversed-phase nano–liquid chromatography-tandem mass 213 

spectrometry (LC-MS/MS). Mass spectrometry: 5 µl of the resuspended peptides were 214 

analyzed by reversed-phase nano–LC-MS/MS using a nano-Ultimate 3000 LC system and a 215 

Lumos Fusion mass spectrometer (Thermo Fisher Scientific). Flow rates were 400 nl/min. 216 

Peptides were loaded onto a self-packed analytical column (uChrom 1.6, 0.075 mm by 25 cm) 217 

using a 67-min gradient buffer A (2% acetonitrile, 0.5% acetic acid) and buffer B (80% 218 

acetonitrile, 0.5% acetic acid); 0 to 16 min: 2% buffer B, 16 to 56 min: 3 to 35% buffer B, 56 219 

to 62 min: 99% buffer B; 62 to 67 min 2% buffer B. Full-scan spectra recording in the Orbitrap 220 

was in the range of m/z 350 to m/z 1,400 (resolution: 240,000; AGC: 7.5e5 ions). MS2 was 221 

performed in the ion trap, with an isolation window of 0.7, an AGC of 2e4, an HCD collision 222 

energy of 28, a rapid scan rate, a scan range of 145 to 1,450 m/z, a 50-ms maximum injection 223 

time, and an overall cycle time of 1 s. 224 

After PEAKS imputation, an in-house limma pipeline developed by Wasim Aftab (available at 225 

[https://github.com/wasimaftab?tab=repositories](https://github.com/wasimaftab?tab=reposit226 

ories)) was used to log-transform and impute the provided data. The imputation process 227 

utilized a downshift of 3 and a width cutoff of 0.3. Differential expression analysis between the 228 
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two groups was performed using the Empirical Bayes Statistics method within this pipeline. 229 

The GO Terms analysis was performed with the Clusterprofiler package (24), and results were 230 

visualized with the GOplot package (25). 231 

TGF-β activation assays with SDS-PAGE, Western Blotting, and quantification 232 

For TGF-β activation assays, RPE1 cells were plated in 6-well plates. The cells were initially 233 

incubated under two conditions: in DMEM without FBS and in DMEM supplemented with 1 % 234 

P/S and 10 % FBS. This incubation period lasted for 48 h, except for the 235 

SMAD2/SMAD3/ERK1/2 activation time-course, for which cells were serum-starved for 24 h 236 

as described above. Following this, the TGF-β pathway was activated by adding recombinant 237 

human TGF-β1 (rhTGF-β1) ligand at a final concentration of 2 ng/ml to each well. For the EMT 238 

marker panel, cells were stimulated for 0 and 30 min; for the SMAD2/SMAD3/ERK1/2 time-239 

course, cells were stimulated for 0, 5, 10, 15, 30, and 60 min; for the autophagy time-course, 240 

cells were stimulated for 0, 30, and 60 min, with an additional 60 min condition in the presence 241 

of Bafilomycin A1 (20 nM). After the designated stimulation period, the cells were washed 242 

three times with PBS to remove excess ligands. The cells were then harvested using a scraper 243 

and collected by centrifugation at 7,400 × g for 10 min at 4 °C.  244 

The resulting cell pellets were lysed on ice for 10 min in 200 μL of RIPA lysis buffer with 245 

inhibitors. The lysates were then centrifuged at 14,500 × g for 30 min at 4 °C, and the 246 

supernatant was carefully collected into 1.5 mL low-binding tubes. The remaining pellet was 247 

discarded. Protein concentrations were determined using the Pierce™ BCA Protein Assay Kit 248 

(Thermo Fisher Scientific), and the samples were subsequently stored at −80 °C until they 249 

were ready for further analysis. 250 

For SDS-PAGE and Western blotting, 15 μg of total protein from each sample was prepared 251 

by mixing with 6.25 μL of Laemmli Buffer 4X (Bio-Rad), 1.25 μL BME, and an appropriate 252 

volume of distilled water to achieve a final volume of 25 μL. These samples were then 253 

denatured by boiling at 95 °C for 5 min. The denatured samples were loaded onto a Mini-254 

https://www.zotero.org/google-docs/?0RFlST
https://www.zotero.org/google-docs/?NedYUj
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PROTEAN® TGX™ Precast Gel with 10 % acrylamide/bis-acrylamide concentration (Bio-255 

Rad) and subjected to electrophoresis at 150 V for 45-60 min to separate the proteins based 256 

on their molecular weight. 257 

After electrophoresis, the separated proteins were transferred to a 0.2 μm PVDF membrane 258 

using the Trans-Blot Turbo transfer system (Bio-Rad) according to the mixed molecular weight 259 

protocol. The membranes were blocked in a solution of Tris-buffered saline containing 0.1 % 260 

Tween-20 (TBS-T) and 5 % milk for 90 min at room temperature to prevent non-specific 261 

binding. Following blocking, the membranes were incubated with the primary antibody 262 

overnight at 4 °C. 263 

The next day, the membranes were washed three times with TBS and then incubated with the 264 

appropriate secondary antibody in TBS-T 5 % milk for 1 h at room temperature. After a further 265 

three washes in TBS-T, the protein bands were visualized using the Clarity Western ECL 266 

substrate (Thermo Fisher Scientific) and detected using the ChemiDoc system (Bio-Rad). 267 

To assess multiple proteins on the same membrane, the membranes were stripped using 268 

Restore™ PLUS Western Blot Stripping Buffer (Thermo Fisher Scientific) according to the 269 

manufacturer’s instructions. This process involved incubating the membranes in a stripping 270 

buffer for 15 min, followed by three washes with 1X TBS. The membranes were then re-271 

blocked and re-probed with different primary and secondary antibodies. This stripping and re-272 

probing process was repeated up to three times. 273 

Transwell assay 274 

RPE1 cells were cultured in T75 flasks and serum-depleted for 48 h once they reached 70-80 275 

% confluency. Cell Culture Inserts for 24 Well Carrier Plate System with 8 µm pore were placed 276 

in a 24-well plate, and test media was added to the outer compartment of each well. Test 277 

media could be DMEM 10 % FBS, DMEM supplemented with 2 ng/ml TGF-β, DMEM 278 

supplemented with 2 ng/ml EGF, or DMEM alone. Then, cells were detached with 100 μL/cm2 279 

TrypLE™ Express (Gibco), which was neutralized by adding the same number of serum-280 
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depleted media and gently shaking the culture vessel for 30 seconds. Cells were seeded in 281 

the inner compartment of each well with a density of 5 x 104 cells/well. The 24-well plate was 282 

incubated in a humidified incubator (37 °C, 5 % CO2) for 6 h; after that, inserts were discarded. 283 

Then, migrated cells were washed with PBS and fixed with ice-cold methanol for 20 mins. The 284 

plate was left to dry for 30 mins after removing the methanol and incubated overnight at 4 °C. 285 

The next day, cells were stained with Crystal Violet (Merck) for 20 mins. After washing the 286 

cells three times with distilled water, cells were lysed with 10 % acetic acid, and the 287 

absorbance was measured in a microplate reader (BioRad) at a wavelength of 595 nm. 288 

Antibodies 289 

Antibodies were used for either Western blotting (WB), Immunoprecipitation (IP) or 290 

immunofluorescence microscopy assay (IFM) as indicated in Supplementary Table 4. 291 

Secondary antibodies were used at 1:600 for the IFM protocol or at 1:3000 for WB. They are 292 

also present in the specific part of the STAR Methods table. 293 

Data acquisition and statistical analysis 294 

Unless otherwise specified, each biological replicate consists of an independent experiment 295 

performed on separately-passaged cells. For KO cell lines, all quantitative data represent 296 

pooled results from three independent clones for BBS1 KO and two independent clones for 297 

BBS4 KO. Quantification of fluorescence or WB band intensity was achieved using Fiji-ImageJ 298 

software (26).Data visualization and statistical analysis were performed with the software 299 

GraphPad Prism 8.00. Differences among groups were compared using two-way ANOVA 300 

followed by Holm-Sidak correction, or Student’s t-test (two-tailed, unpaired) when there were 301 

only two groups. The differences were considered significant when ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p 302 

< 0.001, and ∗∗∗∗p < 0.0001. 303 

https://www.zotero.org/google-docs/?dgOoJL
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Results 304 

Disruption of BBSome subunits causes ciliary shortening and decreased number of 305 

cilia. 306 

To study the role of the BBSome in endocytosis, we generated human retinal epithelium 307 

(RPE1) cell lines deficient in the BBS1 or BBS4 genes. BBS1 was selected because it is the 308 

most frequently altered gene in the affected BBS population worldwide (the p.M390R mutation 309 

is present in 28% of patients). On the other hand, BBS4 is an external BBSome subunit that 310 

presumably interacts with many proteins involved in protein degradation, a crucial pathway in 311 

RPE1 cells for recycling photoreceptors. Furthermore, both subunits are critical for correctly 312 

assembling and translocating the BBSome to the ciliary base (27). To this end, we generated 313 

three knockout (KO) clones each harbouring a deletion of either BBS1 or BBS4 using the 314 

CRISPR-Cas9 gene editing technique (Suppl. Fig. 1A). Of the three clones produced for each 315 

KO, only clone 3 of the BBS4 KO showed unsuccessful deletion. As a result, only clones 1 316 

and 2 from each KO cell line were selected for further experimentation. 317 

We conducted a series of experiments to confirm that our cell lines replicated the pathological 318 

phenotype described in the literature. First, we performed immunofluorescence microscopy 319 

(IFM) to determine the number and length of cilia. It is well-documented that animal models 320 

deficient for BBS1 have a similar number of cilia to wild-type (WT) models, but they are 321 

significantly shorter (28,29). However, there is limited data for BBS4 deficiency. 322 

We labelled ARL13B and acetylated tubulin, both recognized cilia markers, and evaluated the 323 

number and length of cilia present in the cells (Suppl. Fig. 1B). As expected, BBS1-deficient 324 

cells exhibited shorter cilia; in the BBS4-deficient cell line, the cilia were not only shorter 325 

compared to control cells but were also less frequent. It is known that BBS1 deficiency 326 

produces a milder pathological phenotype compared to deficiencies in other BBSome subunits 327 

(30,31). 328 

https://www.zotero.org/google-docs/?XLakt9
https://www.zotero.org/google-docs/?1nBAU6
https://www.zotero.org/google-docs/?IlwlXT
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Next, we evaluated the different phases of the cell cycle in serum-supplemented media (Suppl. 329 

Fig. 1C). After 24 h of incubation, BBS1 or BBS4 KO cells show no significant differences 330 

compared with the WT.  331 

We then performed an apoptosis assay to assess how the reduction in ciliary length might 332 

impact cell survival. (Suppl. Fig. 1C). The BBS1 and BBS4 KO cells had lower early apoptotic 333 

populations (3.8 % and 3.6 %, respectively) compared to WT cells (6.5 %) when grown in 334 

serum-supplemented media. However, in serum-depleted media, which promotes cilia 335 

formation, only BBS4 KO cells showed a significant change in early apoptosis. These results 336 

suggest a mild resistance to apoptosis in the KO cells, indicating a differential response 337 

associated with ciliary formation. 338 

In conclusion, our findings highlight that BBS1 and BBS4 deficiencies impact ciliary structure 339 

and cell survival, contributing to the understanding of their roles in ciliopathies. 340 

Loss of BBS proteins results in an accumulation of proteins related to the TGF-β 341 

pathway and EMT. 342 

After confirming that BBS1 and BBS4 deficiency impacts ciliary structure and cell survival, we 343 

aimed to identify the primary receptors affected, in addition to the known cases of Notch, 344 

insulin, and leptin receptors. In proliferating cells, the bulk of endosomal trafficking decreases, 345 

but CME is responsible for internalising specific receptors, such as those for TGF-β, fibroblast 346 

growth factor (FGFR), the Notch receptor, and components of the planar cell polarity (PCP) 347 

complex (Celsr1, Frizzled 6, Vangl2), as shown in fly models (32–36). The function of this 348 

selective receptor endocytosis is to ensure equal or asymmetric partitioning of these receptors 349 

between the daughter cells after mitosis. 350 

To capture the broadest possible set of receptors affected by BBSome dysfunction, we 351 

performed a proteomic analysis focused exclusively on cell surface proteins. As the aim was 352 

to determine the largest number of receptors that could be affected by an inefficient function 353 

of the BBSome, these experiments were carried out in serum-supplemented media, i.e., under 354 

https://www.zotero.org/google-docs/?pGb8zQ
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cycling conditions. We seeded three replicates of each of the three clones for BBS1 KO, BBS4 355 

KO, and WT. The surface proteins were labelled with biotin and isolated via streptavidin 356 

pulldown. 357 

The proteomic analysis revealed that BBS1 KO cells exhibited an accumulation of proteins 358 

associated with all the pathways described above (FZD6, FGFR1, TGFBR1) and more 359 

internalisation of DPP4 (Figure 1A). Inhibition of the internalisation process of these receptors 360 

can disrupt the partitioning of them among the daughter cells and compromise tissue polarity 361 

(32,36), which seems to be the case in BBS1 KO cells. One of the main characteristics of 362 

ciliopathies is loss of cell polarity (37–39). 363 

Also, key proteins of EMT and the TGF-β pathway (Figure 1A) are accumulated, including 364 

endoglin (ENG), crystallin-α B (CRYAB), and actin alpha 2 (ACTA2), suggesting that these 365 

pathways are dysregulated in the absence of BBS1. Gene Ontology (GO) analysis of the 366 

altered membrane receptors further indicated disruptions in EMT-associated processes, 367 

including focal adhesion, cell-substrate junction, cadherin binding, and cytoplasmic translation 368 

(Figure 1 B). 369 

To verify that the enrichment of proteins related to the TGF-β pathway was a result of the 370 

pathological phenotype associated with the KO lines, rather than transcriptional 371 

overexpression, we performed qPCR to measure the expression levels of TGFBR1 and IFT88, 372 

the latter encoding a protein of the IFT-B complex essential for ciliary assembly and 373 

maintenance (40). Neither gene was overexpressed in any of the KO cells compared to the 374 

WT (Suppl. Fig. 2), indicating that the accumulation of proteins in the membranes of the KO 375 

cell lines reflects altered trafficking rather than increased transcription. Neither of these two 376 

proteins is detected in the total differentially expressed proteome when comparing KO and 377 

WT cells (data not shown). 378 

https://www.zotero.org/google-docs/?2olxuY
https://www.zotero.org/google-docs/?dxVYxz
https://www.zotero.org/google-docs/?KZgTeo
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BBS1 and BBS4 do not form stable complexes with the endocytic trafficking machinery 379 

Having identified that components of the TGF-β and EMT pathways accumulate at the plasma 380 

membrane of BBS1 KO cells, we next asked whether BBS1 or BBS4 interact directly with the 381 

endocytic trafficking machinery that operates at the CiPo, as a possible explanation for this 382 

accumulation. To this end, we performed co-immunoprecipitation (co-IP) assays in HEK293T 383 

cells transfected with pcDNA-Flag-HA-BBS1 or pcDNA-Flag-HA-BBS4 plasmids, probing the 384 

total protein fraction, supernatant, and immunoprecipitated fraction with antibodies against the 385 

endosomal trafficking markers EEA1 (early endosomes), RAB11 (recycling endosomes), 386 

RAB7 (late endosomes), and LAMP2 (lysosomes), alongside an anti-HA antibody as positive 387 

control (Figure 2). A schematic of the BBS proteins and the RAB7A, RAB11B, and control 388 

ARL6, highlighting the protein domains used to guide this analysis, is shown in Figure 2A. 389 

HA-BBS1 and HA-BBS4 were both efficiently immunoprecipitated, as expected, and all four 390 

vesicle markers were detected at the correct size in the total protein fraction and in the 391 

supernatant, confirming the assay was technically sound. However, none of the four markers 392 

was detected in the immunoprecipitated fraction beyond HA itself (Figure 2B), indicating that 393 

BBS1 and BBS4 do not engage in stable, detergent-resistant complexes with EEA1, RAB11, 394 

RAB7 or LAMP2. To complement these biochemical data, we used AlphaFold 3 to predict 395 

pairwise interactions between BBSome subunits and the GTPases RAB7A and RAB11B, 396 

calibrated against three controls: BBS1–ARL6 (a confirmed positive interaction, PDB 4V0O; 397 

ipTM 0.77), BBS1–BBS9 (a positive intra-BBSome contact; ipTM 0.69), and BBS1–GFP 398 

(negative; ipTM 0.15). Neither BBS1 nor BBS4 showed a positive interaction with RAB7A or 399 

RAB11B (ipTM 0.18–0.27 across all four pairs, well below the 0.65 threshold and close to the 400 

negative control); BBS1 retained a high-confidence interaction with ARL6 specifically, 401 

indicating that its GTPase-binding site is not generic to the RAB7A/RAB11B candidates tested, 402 

and BBS4 showed no binding site for either GTPase. Extending the screen to the remaining 403 

BBSome subunits identified no positive pairs either: one borderline case (BBS2–RAB11B, 404 

AlphaFold 3 ipTM 0.36) resolved to negative on cross-validation with AlphaFold 2-Multimer 405 
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(ranking confidence 0.27), and an apparent AlphaFold 3/AlphaFold 2 discrepancy for BBS7–406 

RAB7A was traced to a non-specific, recurrent contact surface on BBS7 that does not 407 

correspond to its documented binding interface (Figure 2B, C). For BBS1 and BBS4 408 

specifically, then, neither co-IP nor structural modelling supports stable, direct binding to 409 

EEA1, RAB11, RAB7 or LAMP2; we do not interpret this as ruling out engagement with other 410 

endocytic components, or interfaces involving multiple BBSome subunits simultaneously, 411 

which neither assay was designed to detect. Altered TGFBR1 endocytic dynamics and 412 

hyperactivation of canonical TGF-β signalling in BBS1 and BBS4 KO cells. To further explore 413 

whether BBS1 and BBS4 associate with endocytic vesicles in cells, we performed IFM 414 

analysis in RPE1 WT cells and quantified colocalization with markers of the endocytic pathway 415 

using the Pearson correlation coefficient (PCC). We assessed EEA1, RAB11 and RAB7 under 416 

both full-growth and serum-depleted conditions (Figure 2D). This analysis showed that BBS1 417 

colocalized most strongly with RAB11 in both culture conditions, while its overall colocalization 418 

with endocytic markers decreased under serum deprivation. In contrast, BBS4 showed a 419 

significant increase in colocalization only with RAB7 under serum-supplemented conditions, 420 

whereas its association with the other markers changed minimally under serum depletion. 421 

Together, these data suggest that BBS1 and BBS4 may associate with distinct endocytic 422 

vesicles in a context-dependent manner, but do not support stable direct binding to the limited 423 

set of markers tested. 424 

Although our biochemical and structural data argue against stable, direct binding between 425 

BBS1/BBS4 and the core endocytic markers tested, the BBSome could still influence the 426 

kinetics of receptor trafficking indirectly. To investigate possible alterations in the endocytic 427 

dynamics of TGFBR1 in the KO cell lines, we performed colocalization experiments with the 428 

same four endosomal/lysosomal markers used throughout this study (Figure 3). Cells were 429 

serum-starved for 24 h to enhance ciliogenesis and then stimulated with TGF-β, with images 430 

acquired at 0, 5, 10, 15, 30, and 60 min post-stimulation (Figure 3A). Mechanisms of 431 

endocytosis in quiescent cells are not fully understood but are believed to be essential for key 432 
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cellular functions, such as primary cilia formation, cell polarisation, and regulation of cell-cell 433 

junctions (41,42), all of which are related to our findings on the proteome. 434 

Considered as raw differences in Pearson’s correlation coefficient (PCC) relative to WT, both 435 

KO lines showed higher colocalization of TGFBR1 with EEA1 at every time point analysed. 436 

Colocalization with RAB11 was likewise higher than WT in both KO lines at all time points 437 

except 15 min, with BBS4 KO additionally not differing from WT at 5 min. The opposite pattern 438 

was observed for RAB7, where both KO lines showed significantly lower colocalization than 439 

WT at several early-to-intermediate time points (5, 10, and 30 min for BBS1 KO; 0, 5, 10, and 440 

15 min for BBS4 KO). For LAMP2, both KO lines were higher than WT at 10, 15, and 30 min 441 

but lower at 60 min, with BBS1 KO also lower at 5 min (Figure 3B). 442 

To better capture the temporal dynamics of TGFBR1 trafficking, we next normalised PCC 443 

values against the average WT signal at each time point. For EEA1, the WT response peaked 444 

at 15 min before gradually declining, whereas both KO lines already showed (non-significantly) 445 

higher colocalization at time 0, peaking earlier (at 5 min in BBS4 KO and 10 min in BBS1 KO) 446 

and remaining more sustained over time; only at 15 min did WT colocalization significantly 447 

exceed that of the KO lines, and by 60 min both KOs were again significantly above WT. 448 

RAB11 dynamics followed a broadly similar shape, with a gradual increase to a peak at 30 449 

min followed by decline, but with marker-specific differences between the two KO lines: BBS4 450 

KO colocalization with RAB11 remained significantly lower than WT across the entire time-451 

course, while BBS1 KO showed a more abrupt response, with significantly lower colocalization 452 

at 10 and 15 min but significantly higher colocalization than WT at the 30-min peak. RAB7 453 

dynamics differed substantially between WT and the KO lines: both KOs showed a gradual 454 

rise to a peak (15 min in BBS1 KO, 30 min in BBS4 KO) followed by decline, whereas WT 455 

colocalization was elevated throughout the entire time-course, rising rapidly from as early as 456 

5 min, peaking at 10 min and then gradually declining; notably, the WT value at 15 min 457 

coincided with the BBS1 KO peak, and the WT value at 30 min coincided with the BBS4 KO 458 

peak. LAMP2 dynamics were the most divergent of the four markers: WT cells displayed 459 

https://www.zotero.org/google-docs/?BG1aYx
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cyclical colocalization peaks approximately every 5 min, the largest occurring 5 min after 460 

stimulation; BBS4 KO showed weaker cyclical peaks roughly every 10 min; and BBS1 KO 461 

showed essentially no temporal response, with colocalization values remaining well below 462 

those of the other two cell lines throughout (Figure 3B). 463 

This pattern of kinetic differences indicates that both BBS1 and BBS4 deficiency delay the 464 

resolution of TGFBR1 from early endosomes and alter its partitioning between the recycling 465 

(RAB11) and degradative (RAB7/LAMP2) arms of the endocytic pathway, but with distinct 466 

dynamics for each subunit. BBS1 KO cells show an exaggerated, delayed recycling response, 467 

reaching their highest relative RAB11 colocalization at the time WT cells are already favouring 468 

degradation, together with an essentially absent late lysosomal response. BBS4 KO cells, in 469 

contrast, show persistently reduced RAB11 engagement across the full time-course, 470 

accompanied by a blunted, but not absent, lysosomal response. 471 

To determine whether these trafficking alterations translate into changes in TGF-β pathway 472 

activation, we examined phosphorylation of SMAD2/3 (canonical pathway) and ERK1/2 (non-473 

canonical pathway) by Western blot at the same time points (Figure 3C). Both KO lines 474 

showed overexpression of the canonical pathway at 30 min, as indicated by increased 475 

pSMAD3, with this effect markedly stronger in BBS4 KO cells, which also showed increased 476 

pSMAD2 at 10 and 30 min. In contrast, activation of the non-canonical ERK1/2 pathway was 477 

reduced in BBS4 KO cells at 10 and 60 min. These results indicate that, despite their distinct 478 

TGFBR1 trafficking signatures, both KO lines converge on hyperactivation of canonical TGF-479 

β/SMAD signalling, with BBS4 deficiency associated with the more pronounced effect. 480 

BBS1 and BBS4 deficiency led to distinct, opposing alterations in autophagic flux 481 

TGFBR1 can be degraded via ubiquitination or through the lysosomal pathway, depending on 482 

the proteins involved (43,44). For example, SMAD7, which in quiescent cells localises to the 483 

CiPo area (45,46), binds to SMURF2 to form an E3 ubiquitin ligase that targets TGFBR1 for 484 

degradation (47). Given the differential lysosomal (LAMP2) engagement of TGFBR1 we 485 

https://www.zotero.org/google-docs/?VGRdxo
https://www.zotero.org/google-docs/?CHihHm
https://www.zotero.org/google-docs/?4JVDOk
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observed between BBS1 KO and BBS4 KO cells (Figure 3), and the central role of autophagy 486 

in RPE1 cells for recycling defective photoreceptor components, we next examined whether 487 

these trafficking differences were accompanied by alterations in autophagic flux. 488 

We performed Western blot analysis of p62, TGFBR1 and LC3B (forms I and II) in WT, BBS1 489 

KO and BBS4 KO cells following TGF-β stimulation (0, 30, and 60 min), with a 60 min 490 

Bafilomycin A1 (BafA1) condition included to block autophagosome–lysosome fusion (Figure 491 

4). TGFBR1 was present at significantly higher levels in both KO lines than in WT, consistent 492 

with our proteomic data for BBS1 KO (Figure 1) and extending this observation to BBS4 KO. 493 

p62 levels changed significantly over time only in BBS1 KO cells, where they decreased 494 

progressively with stimulation; TGFBR1 followed a similar declining trend in this line. Notably, 495 

the decrease in TGFBR1 in BBS1 KO cells remained significant even in the presence of 496 

BafA1, indicating that this decline is not fully autophagy-dependent and may involve additional 497 

degradative routes, such as direct lysosomal degradation following endocytosis or 498 

proteasomal degradation. 499 

The most pronounced differences were observed in the LC3B-II/I ratio, a measure of 500 

autophagosome abundance. Under basal, unstimulated conditions, this ratio was significantly 501 

higher in BBS4 KO and significantly lower in BBS1 KO than in WT. Upon TGF-β stimulation, 502 

the ratio increased significantly in BBS1 KO at 30 min and remained elevated, albeit to a lesser 503 

extent, at 60 min. In the presence of BafA1, both KO lines showed significantly lower LC3B-504 

II/I ratios than WT. 505 

Within each cell line, WT cells showed a significant change only in the presence of BafA1, 506 

where the LC3B-II/I ratio increased markedly, as expected for cells with normal, unperturbed 507 

autophagic flux. BBS1 KO cells, by contrast, showed a significant increase in the ratio upon 508 

TGF-β stimulation at 30 min (and, to a lesser extent, at 60 min) relative to unstimulated cells, 509 

in addition to the expected BafA1-induced increase. BBS4 KO cells showed the opposite 510 

pattern: a progressive and significant decrease in the LC3B-II/I ratio during stimulation, 511 
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followed by a sharp increase upon BafA1 treatment, indicating that, despite this decline, the 512 

autophagic machinery in BBS4 KO cells remains inducible and the BafA1 response itself is 513 

intact. 514 

These results revise our earlier assessment, in which we found no significant differences in 515 

autophagy markers between KO and WT cells; the present time-resolved analysis instead 516 

indicates that BBS1 and BBS4 deficiency are each associated with distinct, and largely 517 

opposite, alterations in autophagic flux upon TGF-β stimulation. BBS1 KO cells, which show 518 

low basal autophagosome abundance, mount an induced autophagic response upon 519 

stimulation; BBS4 KO cells, which show elevated basal autophagosome abundance, show a 520 

stimulation-dependent decline in steady-state LC3B-II/I that is nonetheless reversible by 521 

blocking degradative flux, consistent with retained but more rapidly turned-over 522 

autophagosomes. Proteins directly linked to autophagy may also act outside strict degradative 523 

roles: Beclin-1, for example, is required for recycling of TGFBR1, facilitating its localisation to 524 

RAB11+ endosomes (48), raising the possibility that altered autophagy-related protein activity 525 

contributes to the distinct TGFBR1 trafficking itineraries described above (Figure 3), rather 526 

than acting solely as a degradative endpoint. 527 

Loss of BBS proteins enhances cell migration and promotes an EMT phenotype. 528 

Given that both BBS1 and BBS4 KO cells showed hyperactivation of canonical TGF-β/SMAD 529 

signalling downstream of altered TGFBR1 trafficking (Figure 3C), together with distinct, 530 

opposing alterations in autophagic flux (Figure 4), we next examined the functional 531 

consequences for EMT, a TGF-β-driven process of particular relevance to RPE biology: 532 

quiescent RPE cells are integrated into tissue via cell-cell junctions at their basolateral 533 

membrane, and these junctions are characteristically lost during EMT. 534 

We first examined EMT markers by immunofluorescence in unstimulated cells and after 6 h of 535 

TGF-β stimulation, using N-cadherin and ACTA2 as mesenchymal markers (Figure 5A). 536 

Although differences did not reach statistical significance, both KO lines showed a trend 537 

https://www.zotero.org/google-docs/?6GXdnV


22 

towards accumulation of both markers relative to WT, both at baseline and following 538 

stimulation. As previously observed, in BBS1 KO cells, ACTA2 filament formation was already 539 

detectable at 0 h, whereas in BBS4 KO cells, filaments were absent at 0 h, with ACTA2 instead 540 

concentrated in a perinuclear, crescent-shaped pattern, only forming filaments after 541 

stimulation. 542 

To test whether this mesenchymal predisposition translated into altered migratory behaviour, 543 

we performed a transwell assay across complete growth medium, serum-deprived medium, 544 

and TGF-β-supplemented medium, with EGF as a positive control (Figure 5B). Both KO lines 545 

showed significantly higher migratory capacity than WT across all conditions tested: BBS1 KO 546 

cells nearly doubled their migratory capacity compared to WT, while BBS4 KO cells also 547 

showed increased, albeit comparatively smaller, migration. Under EGF stimulation, the BBS1 548 

KO line migrated furthest of all three cell lines. 549 

We complemented this with an in vitro wound-healing assay under the same panel of 550 

treatments (Figure 5C). The EGF positive control confirmed that both KO lines have a reduced 551 

capacity for wound closure relative to WT; however, no significant differences were observed 552 

across the other treatment conditions, with only a trend towards reduced wound-healing 553 

capacity detected in the KO lines. 554 

To confirm these phenotypic observations at the molecular level, we measured the expression 555 

of a panel of epithelial and mesenchymal markers by qPCR, including several identified by 556 

our proteomic analysis, both under normal growth conditions and following TGF-β stimulation 557 

after serum starvation (Figure 6A). Under normal culture conditions, BBS1 KO cells already 558 

showed a mesenchymal predisposition, with significant activation of EMT markers such as 559 

CDH2 and downregulation of markers such as CDH1. The results on SNAI1 and SNAI2 or 560 

TWIST1 transcription factors that activate EMT processes contrast, and in BBS1 KO they are 561 

not active or even appear repressed, even under stimulation with TGF-β. In contrast, BBS4 562 

KO cells presented a more epithelial phenotype, with reduced expression of CDH2, ACTA2, 563 
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and CRYAB. However, after 48 h of serum depletion and 30 min of TGF-β stimulation, the 564 

EMT activity increased. BBS1 KO cells exhibited a slight but significant increase in ACTA2 565 

and CRYAB expression, along with a notable decrease in CDH1 expression. BBS4 KO cells 566 

also showed decreased CDH1 levels, but increased expression of CDH2, VIM, and SNAI1. 567 

CTNNB1 expression increased significantly in both cell lines after stimulation. 568 

To confirm the mesenchymal phenotype observed in the KO lines, particularly in BBS1 KO, 569 

we performed Western blot analyses of the same panel of EMT markers assessed by qPCR, 570 

measured at baseline and 30 min after TGF-β stimulation, the time at which canonical 571 

SMAD2/3 activation peaks in  our quiescent RPE1 cells (Figure 6B). Both KO lines exhibited 572 

a predisposition toward an EMT phenotype, confirmed by qPCR and WB for the N-cadherin 573 

and β-catenin markers, where higher expression was observed at time 0 min in KO cells, 574 

followed by a decrease at 30 min compared to WT. SNAIL and SLUG levels, although not 575 

significant, are higher in both KO cell lines at time 0, remain stable or decrease slightly at 30 576 

min, while they increase in WT cells. This is in line with what was postulated for N-cadherin 577 

levels: KO cells start from a more mesenchymal stage, and the pathway is saturated earlier 578 

than in WT cells. Although ACTA2 baseline levels were consistent with qPCR and IFM data, 579 

at 30 min, WB showed a decrease that did not align with the qPCR results. IFM at 6 h revealed 580 

the highest filament formation in KO cells, suggesting that ACTA2 protein levels may respond 581 

more slowly than transcript levels. VIM also showed a significant reduction at 30 min, 582 

indicating variability in marker response times. However, the most noteworthy case is that of 583 

CRYAB, which aligns perfectly with the gene expression results: it is undetectable in BBS4 584 

KO but significantly accumulates in BBS1 KO following stimulation. Studies have shown that 585 

αβ-crystallin modulates EMT through SNAIL and SLUG, acting as a molecular chaperone for 586 

SMAD4 (49). These findings in human RPE1 cells are consistent with the EMT-like traits 587 

previously observed in Bbs8-deficient mice and RPE in vivo (50), and extend them to BBS1 588 

and BBS4 deficiency in a human cell model. 589 

https://www.zotero.org/google-docs/?K5Dwhd
https://www.zotero.org/google-docs/?2aWVle
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Discussion 590 

Our study aimed to explore the role of BBS1 and BBS4 KO retinal cells using plasma 591 

membrane proteomics to better understand the molecular mechanisms of BBS, particularly in 592 

receptor endocytosis. Retinal degeneration affects nearly 100 % of people with BBS, 593 

characterised by early loss of photoreceptors, night blindness, and progressive visual decline 594 

leading to blindness (6,51). Mouse models show that despite photoreceptor degeneration, 595 

some functionality remains, which highlights the importance of understanding the tissue-596 

specific regulation of BBSome entry into cilia (52). 597 

Given the importance of RPE integrity for photoreceptor health, we used hTERT-RPE1 cells 598 

to model the KO phenotypes of BBS1 and BBS4. Both KO lines showed shorter cilia, but with 599 

different ciliation frequencies: BBS1 KO cells retained normal ciliation rates with shorter cilia, 600 

while BBS4 KO cells showed fewer cilia. This suggests distinct roles for BBS1 and BBS4, 601 

consistent with their roles in pre-BBSome nucleation and BBSome assembly (27). BBS4 helps 602 

nucleate the pre-BBSome in the pericentriolar satellites, while BBS1 mediates its transport to 603 

the ciliary base, showing that both are essential for proper BBSome function in the primary 604 

cilia. 605 

Ciliary dysfunction is associated with impaired endocytosis. The BBSome seems essential for 606 

correctly internalising receptors at the CiPo and recycling back to the plasma membrane, at 607 

least in invertebrates, where cilia-independent functions are already described: T. brucei BBS 608 

proteins form a BBSome that interacts with clathrin and is located on the membranes of the 609 

flagellar pocket and nearby cytoplasmic vesicles (53), and in the C. elegans photoreceptor 610 

protein LITE-1 stability in ciliated ASH photosensory neurones is regulated by BBSome 611 

through Rab5-mediated endocytosis (54). Notably, our co-immunoprecipitation and AlphaFold 612 

analyses did not support an equivalent stable, direct association between BBS1/BBS4 and 613 

the core endocytic markers examined in RPE1 cells, suggesting that this mode of BBSome 614 

engagement with the endocytic machinery may not directly transfer to mammalian, cilia-615 

https://www.zotero.org/google-docs/?dTSqZM
https://www.zotero.org/google-docs/?ZmuCAi
https://www.zotero.org/google-docs/?QGL1y0
https://www.zotero.org/google-docs/?YvQ3O0
https://www.zotero.org/google-docs/?gAsYqO
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bearing epithelial cells, or that it relies on partners other than EEA1, RAB11, RAB7 or LAMP2. 616 

Several signalling pathways are involved in RPE differentiation, including ciliary pathways 617 

such as Shh, Wnt/β-catenin, Notch, and TGF-β (55–57). Studies in zebrafish and human cells 618 

have shown that BBSome plays a crucial role in internalising receptors, such as leptin and 619 

insulin receptors, and recycling them to the plasma membrane (16,18,19). Mislocalization and 620 

impaired trafficking of these receptors, particularly leptin and insulin receptors, contribute to 621 

the metabolic dysfunctions seen in BBS, such as hyperphagia and obesity (58). 622 

Endocytosis regulates receptor availability on the cell surface, with continuous internalisation 623 

preventing excessive signalling and cell cycle re-entry (59). This regulation is essential for the 624 

TGF-β pathway, where normal cells degrade internalised TGFBR1 to limit signalling and 625 

prevent EMT. The BBSome has structural similarities to coat complexes such as COPI, COPII, 626 

and clathrin, hinting at a shared evolutionary origin (60–62). TGF-β receptor internalisation 627 

involves clathrin- and caveolin-mediated endocytosis; CME supports receptor recycling and 628 

signalling, while caveolin-mediated endocytosis facilitates signal termination and degradation 629 

(63,64). Research suggests a convergence of these pathways, where vesicles can form with 630 

both caveolin-1 (CAV1) and clathrin, potentially enabling receptors internalised through 631 

caveolin-mediated endocytosis to activate R-SMADs similarly to the clathrin-mediated 632 

pathway (65). 633 

In RPE1 cells, BBS1 and BBS4 KO lines show distinct, but overlapping, alterations in TGFBR1 634 

trafficking. BBS1 KO cells show sustained early-endosome residency together with an 635 

exaggerated, delayed peak in recycling-endosome (RAB11) engagement, consistent with 636 

receptor recycling outpacing degradation and driving a robust mesenchymal transcriptional 637 

and protein signature. BBS4 KO cells, in contrast, show persistently reduced recycling-638 

endosome engagement across the full time-course, yet still show hyperactivation of canonical 639 

SMAD signalling, even more pronounced than in BBS1 KO, together with reduced activation 640 

of the non-canonical ERK1/2 branch. This indicates that defective BBSome function need not 641 

act through a simple recycling-versus-degradation switch to dysregulate TGF-β signalling, and 642 

https://www.zotero.org/google-docs/?20U71j
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that the relative balance between canonical and non-canonical pathway activation, rather than 643 

receptor fate alone, may determine the extent to which hyperactivated signalling is translated 644 

into a complete EMT phenotype, a possible explanation for the comparatively milder 645 

transcriptional and protein-level EMT signature observed in BBS4 KO cells despite their 646 

stronger SMAD activation. 647 

Assembly of the BBSome begins at the pericentriolar satellites, nucleated by BBS4, and 648 

proceeds via BBS1-mediated transport to the ciliary base, suggesting that loss of BBS4 could 649 

compromise BBSome assembly more broadly than loss of BBS1 (27). This more global 650 

impairment may explain why BBS4 KO cells show a more uniformly reduced engagement with 651 

the recycling pathway across the full time-course, together with a blunted, but not absent, 652 

lysosomal response, in contrast to BBS1 KO cells, which show an essentially absent late 653 

degradative response but an exaggerated, delayed recycling peak. Overactivation of the R-654 

SMAD pathway in both KOs could result from pathway crossover in double-positive EEA1 and 655 

CAV1 endosomes (65). 656 

The opposing autophagic phenotypes we observed add a further layer to this picture. BBS1 657 

KO cells, which showed an essentially absent late lysosomal (LAMP2) response in our 658 

TGFBR1 trafficking time-course (Figure 3), nonetheless mount a clear stimulation-induced 659 

increase in autophagosome abundance (Figure 4), suggesting that reduced LAMP2 660 

engagement in this line does not reflect a general degradative deficiency, but may instead be 661 

specific to the canonical endolysosomal route, with autophagy partially compensating. BBS4 662 

KO cells, conversely, combine elevated basal autophagosome abundance with a stimulation-663 

induced decline that is reversible by blocking flux, consistent with retained but accelerated 664 

autophagic turnover rather than a block in the pathway. Whether this more dynamic 665 

autophagic response in BBS4 KO contributes to its stronger canonical SMAD activation 666 

(Figure 3C), for instance, via autophagy-dependent turnover of signalling intermediates, is an 667 

open question that the present data cannot resolve, but one we consider worth pursuing given 668 

https://www.zotero.org/google-docs/?g2SzNJ
https://www.zotero.org/google-docs/?amNhnO
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the established role of selective autophagy in shaping receptor tyrosine kinase and TGF-β 669 

signalling duration. 670 

Our proteomic analysis found a significant enrichment of TGFBR1 on the plasma membrane 671 

of BBS KO cells, which influences EMT through R-SMAD signalling, which depends on CME. 672 

Our findings on altered endocytosis in KO cells suggest that BBSome function differs between 673 

receptor types, playing a key role in the coordination of cilia-dependent and cilia-independent 674 

endocytic pathways. TGF-β signalling, closely linked to receptor internalisation, requires CME 675 

for proper activation (66–68). Upon ligand binding, TGFBR1 is internalised via the ciliary 676 

pocket to become integrated with early endosomes, which is the site for robust R-SMAD 677 

activation (12). The fate of the receptor is then determined: RAB7 promotes degradation 678 

through late endosomes, while RAB11 supports recycling (69). 679 

In BBS1 KO cells, we observed an increased accumulation of TGFBR1 in recycling 680 

endosomes. This contrasts with a previous study (17), which reported receptor accumulation 681 

in late endosomes with reduced recycling. This discrepancy may stem from methodological 682 

differences, as we utilised RPE1 KO cells, whereas Leitch et al. employed an siRNA-based 683 

knockdown approach. This does not appear to be the only case of a receptor affected by 684 

BBS4. Specifically, this laboratory also demonstrates the relationship of this subunit in the 685 

expression and secretion of FSTL1, a protein in the TGFB/BMP superfamily (70). The 686 

distribution during asymmetric cell division may also play a role in these differences since 687 

endosomes containing receptors such as Notch are targeted to one daughter cell during 688 

mitosis to regulate cell fate (33,35,71). 689 

In BBS1 KO cells, markers (e.g., E-cadherin, N-cadherin, VIM, SNAIL, ACTA2) showed a 690 

more mesenchymal profile, correlating with increased migration under TGF-β stimulation. This 691 

supports the hypothesis that BBSome dysfunction alters receptor trafficking and EMT through 692 

R-SMAD signalling, overstimulating the TGF-β pathway. The mislocalization of receptors, as 693 

seen with PDGFRα in IFT20-deficient cells, has been associated with excessive signalling 694 

https://www.zotero.org/google-docs/?oyYgN9
https://www.zotero.org/google-docs/?aDsP1L
https://www.zotero.org/google-docs/?DGbo5I
https://www.zotero.org/google-docs/?2Tj0Th
https://www.zotero.org/google-docs/?Zyo1KM
https://www.zotero.org/google-docs/?xqzFSa


28 

(72). Another effect related to disrupted PDGFα receptor signalling is wound healing, as 695 

shown in cells and mice with the BBS1M390R/M390R mutation, which exhibits delayed wound 696 

closure and impaired migration, consistent with the trend towards reduced wound-healing 697 

capacity we observed in our KO lines, most clearly under EGF stimulation (73). 698 

These findings align with previous studies (74), showing the involvement in EMT across 699 

different tissues. This study expands the understanding of the role of BBS1 in the regulation 700 

of RPE-specific EMT via the TGF-β pathway. Although both BBS1 and BBS4 KO cells 701 

exhibited altered EMT, BBS1 deficiency led to a more pronounced mesenchymal phenotype 702 

and increased migration, potentially disrupting the epithelial barrier vital for photoreceptor 703 

support. This contrasts with previous reports suggesting that BBS1 deficiency leads to milder 704 

phenotypes (30,31). Given that the p.M390R mutation in BBS1 is the most common BBS 705 

mutation, our results in RPE1 cells could have significant implications for many patients with 706 

BBS, particularly concerning gene therapy targeting retinal degeneration. Disruption in the 707 

structure and polarity could hinder the effectiveness of gene therapies by compromising the 708 

blood-retinal barrier and viral delivery to photoreceptors. 709 

Based on these findings, BBSome regulation of TGFBR1 trafficking does not appear to follow 710 

a simple cilia-dependent/independent or recycling/degradation dichotomy. In BBS1 KO cells, 711 

accumulation of TGF-β-pathway proteins on the plasma membrane, together with sustained, 712 

delayed recycling-endosome engagement, is associated with robust mesenchymal marker 713 

induction and enhanced migration, consistent with excessive receptor recycling driving 714 

sustained canonical signalling. In BBS4 KO cells, persistently reduced recycling-endosome 715 

engagement is nonetheless accompanied by the strongest canonical SMAD activation 716 

observed in this study, while non-canonical ERK1/2 signalling is reduced; this combination is 717 

associated with a comparatively milder and less complete EMT signature than in BBS1 KO 718 

cells, suggesting that the balance between canonical and non-canonical TGF-β signalling, 719 

rather than the route of receptor trafficking alone, shapes the extent of EMT execution 720 

downstream of BBSome dysfunction. Because our co-immunoprecipitation and AlphaFold 721 

https://www.zotero.org/google-docs/?jrKoQx
https://www.zotero.org/google-docs/?ZBh50c
https://www.zotero.org/google-docs/?62SmUd
https://www.zotero.org/google-docs/?1GKoY7
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analyses do not support stable, direct binding between BBS1/BBS4 and the core endocytic 722 

markers examined, we favour a model in which the BBSome influences TGFBR1 trafficking 723 

indirectly. For example, through transient or cargo-specific interactions, or through its broader 724 

effects on ciliary signalling and cell polarity, rather than by acting as a stable component of 725 

the early endosomal, recycling, or degradative machinery itself. We summarise this revised 726 

model, integrating receptor partitioning, trafficking, autophagic flux, signalling, and EMT 727 

outcomes across genotypes, in Figure 7. 728 

Our findings provide a mechanistic framework linking BBSome dysfunction to EMT in the RPE. 729 

Loss of Bbs8 has been shown to induce EMT-like changes in vivo, including junctional 730 

disruption and cytoskeletal reorganisation (50). In parallel, we show that disruption of BBS1 731 

and BBS4 also promotes a mesenchymal shift in human RPE cells, but through a defined 732 

mechanism involving altered endocytic trafficking of TGFBR1 and differential activation of 733 

TGF-β/SMAD and ERK1/2 signalling. 734 

Despite converging on a broadly similar EMT-like phenotype, BBS1 and BBS4 deficiency 735 

result in distinct trafficking itineraries, autophagic flux alterations, and signalling outputs. 736 

Together with the Bbs8 phenotype, these findings support a model in which BBSome subunit 737 

identity shapes the route to TGF-β pathway dysregulation, potentially contributing to variability 738 

in EMT-related features across BBS genotypes. 739 

We note that the links proposed here between TGFBR1 trafficking, SMAD/ERK activation and 740 

EMT are based on temporal and quantitative correlation across independent assays 741 

performed in the same cell lines, rather than on a direct causal or epistasis experiment (for 742 

example, pathway-selective inhibition or rescue of trafficking would be needed to establish 743 

that the observed trafficking differences are themselves responsible for the differences in EMT 744 

output, rather than co-occurring consequences of BBSome loss). We consider this the most 745 

important open question raised by the present data, and a priority for follow-up work. 746 

https://www.zotero.org/google-docs/?FgOc4B


30 

Conclusions 747 

In conclusion, our study demonstrates that the BBSome, particularly BBS1, is an indirect 748 

regulator of receptor endocytosis and signalling, with significant implications for EMT. Notably, 749 

this regulation appears to occur independently of stable physical engagement between the 750 

BBSome and the core endocytic machinery, pointing towards more dynamic or context-751 

dependent modes of trafficking control that warrant further mechanistic investigation. BBS1 752 

deficiency results in more pronounced EMT alterations in RPE1 cells. The accumulation of 753 

TGFBR1 in the plasma membrane and the altered trafficking underscore the broader impact 754 

of BBSome dysfunction on receptor dynamics. These findings enhance our understanding of 755 

BBS pathology and suggest that targeting the TGF-β pathway may provide new therapeutic 756 

strategies for retinal degeneration and other complications associated with BBS (75,76). To 757 

this end, further studies should incorporate animal models and patient cells expressing BBS 758 

subunit variants to better evaluate the role of the BBSome in EMT processes across different 759 

cell types, aiming to develop strategies to slow tissue deterioration. Finally, future research 760 

should investigate the potential of combining gene therapy with EMT inhibitors to improve 761 

treatment outcomes for BBS patients. 762 
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Figure 1. Proteomic analysis of the plasma membrane in BBS1 KO cells. (A) Volcano plot 822 

illustrating proteins overrepresented or underrepresented in the plasma membrane of BBS1 823 

KO and BBS4 KO compared to WT cells, highlighting cell-polarity- and EMT/TGF-β-pathway-824 

related proteins (FZD6, FGFR, TGFBR1, DPP4, ENG, CRYAB, ACTA2). A fold change 825 

threshold of ±1.5 and an adjusted p-value cutoff of 0.05 were applied for significance. (B) Gene 826 

Ontology (GO) analysis of the altered membrane protein receptors in BBS1 KO cells, showing 827 

enrichment in EMT-related processes including focal adhesion, cell-substrate junction, 828 

cadherin binding, and cytoplasmic translation. 829 
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 830 

Figure 2. BBS1 and BBS4 do not form stable complexes with the endocytic trafficking 831 

machinery. (A) Schematic diagram of the BBS protein domain architecture and the GTPases 832 

RAB7A, RAB11B, and ARL6, highlighting the structural domains used to guide AlphaFold-833 

based structural modelling. (B) Co-immunoprecipitation of HA-BBS1 and HA-BBS4 834 

overexpressed in HEK293T cells, with the total protein fraction, supernatant and 835 
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immunoprecipitated fraction probed for EEA1, RAB11, RAB7, LAMP2, and HA, alongside a 836 

matrix of AlphaFold 3 ipTM values for pairwise interactions between BBSome subunits and 837 

the GTPases RAB7A and RAB11B, calibrated against BBS1–ARL6 (positive; ipTM 0.77), 838 

BBS1–BBS9 (positive; ipTM 0.69) and BBS1–GFP (negative; ipTM 0.15) controls. AlphaFold 839 

3 predictions: 5 diffusion samples × 10 recycles per pair; ipTM values shown for the top-ranked 840 

model. (C) Cross-engine comparison of selected control and ambiguous pairs, showing 841 

AlphaFold 3 ipTM against AlphaFold 2-Multimer ranking confidence scores (0.8·ipTM + 842 

0.2·pTM for the top-ranked model). The panel presents selected validation examples and one 843 

AF2-high/AF3-low discordant case; it does not represent a dataset-wide calibration. The 844 

borderline AlphaFold 3 pair BBS2–RAB11B was not supported by AlphaFold 2-Multimer 845 

(ranking confidence 0.27), whereas BBS7–RAB7A showed high AlphaFold 2-Multimer 846 

confidence in 2 of 5 models but lacked support from AlphaFold 3 and manual interface 847 

inspection, consistent with a non-specific sticky-patch artefact on the BBS7 GAE+platform 848 

region. Co-immunoprecipitation panels are representative of n = 1 independent experiments 849 

using clones 1 and 2 of each KO genotype. (D) Immunofluorescence analysis and 850 

quantification of colocalisation, measured by the Pearson correlation coefficient (PCC), of 851 

BBS1 and BBS4 proteins with EEA1 for early endosomes, RAB11 for recycling endosomes, 852 

and RAB7 for late endosomes, providing information on the roles of BBS1 and BBS4 in 853 

different stages of the endocytic pathway. The error bars indicate the standard error of the 854 

mean (SEM). The number of samples analysed is n = 50. The differences were considered 855 

significant when ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 856 
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 857 

Figure 3. Endocytic dynamics of TGFBR1 and downstream pathway activation in KO 858 

cell lines. (A) Immunofluorescence colocalisation of TGFBR1 (594 nm) with EEA1, RAB11, 859 
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RAB7, and LAMP2 (488 nm), with DAPI counterstain, in WT, BBS1 KO and BBS4 KO cells 860 

following 24 h of serum starvation and TGF-β stimulation (0, 5, 10, 15, 30, and 60 min). Scale 861 

bar: 100 µm. (B) Quantification of colocalisation by Pearson's correlation coefficient (PCC), 862 

shown as raw values relative to WT and as values normalised to the average WT signal at 863 

each time point. (C) Western blot analysis of phosphorylated SMAD2, SMAD3 (canonical 864 

pathway) and ERK1/2 (non-canonical pathway) at the same time points. Data represent mean 865 

± SEM from n = 3 independent biological replicates using all clones available for each KO 866 

genotype. For colocalisation quantification (B), 50 cells per condition per replicate were 867 

analysed. The differences were considered significant when *p < 0.05, **p < 0.01, ***p < 0.001, 868 

and ****p < 0.0001. ns = non-significant. 869 

 870 
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Figure 4. Differential autophagic flux in BBS1 and BBS4 KO cells following TGF-β 871 

stimulation. Western blot analysis of p62, TGFBR1 and LC3B (forms I and II) in WT, BBS1 872 

KO, and BBS4 KO cells at 0, 30, and 60 min of TGF-β stimulation following 48 h of serum 873 

starvation, with an additional 60 min Bafilomycin A1 (BafA1, 20 nM; autophagy inhibitor) 874 

condition included as a degradative flux control. The LC3B-II/I ratio was calculated as a 875 

measure of autophagosome abundance; all signals were normalised to actin. Data represent 876 

mean ± SEM from n = 5 independent biological replicates using all clones available for each 877 

KO genotype. Significant differences in the LC3B-II/I ratio relative to t = 0 and the BafA1 878 

condition are not annotated on the figure due to space constraints but are described in the 879 

Results. The differences were considered significant when *p < 0.05, **p < 0.01, ***p < 0.001, 880 

and ****p < 0.0001. ns = non-significant. 881 
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Figure 5. EMT assays in KO cell lines. (A) Immunofluorescence of N-cadherin (594 nm) and 883 

ACTA2 (488 nm) as EMT markers, with DAPI counterstain, in WT, BBS1 KO, and BBS4 KO 884 

cells in unstimulated conditions and after 6 h of TGF-β stimulation. Scale bar: 10 µm. Staining 885 

intensity was quantified from 4 fields of view per condition. (B) Transwell migration assay 886 

under full growth medium (FGM), serum-starved medium (SS), TGF-β-supplemented medium 887 

(2 ng/mL), and EGF-supplemented medium (20 ng/mL) as a positive control. (C) Wound-888 

healing assay under the same panel of conditions. For (B) and (C), data represent mean ± 889 

SEM; n = 6 inserts per condition across 3 independent biological replicates. The differences 890 

were considered significant when *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ns = 891 

non-significant. 892 
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 893 

Figure 6. EMT marker expression in KO cell lines. (A) qPCR analysis of a panel of epithelial 894 

and mesenchymal markers, including several identified by surface proteomic analysis (Figure 895 
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1), under normal growth conditions and following TGF-β stimulation after 48 h of serum 896 

starvation. Each data point represents an independent biological replicate; each replicate was 897 

measured in technical triplicate and normalised to WT. (B) Western blot analysis of the same 898 

marker panel at 0 and 30 min of TGF-β stimulation, with actin as loading control. 899 

Representative blots are shown. Data represent mean ± SEM from n = 4-15 independent 900 

biological replicates (qPCR) and n = 4 independent biological replicates of all clones available 901 

for each KO genotype throughout. The differences were considered significant when *p < 0.05, 902 

**p < 0.01 and ***p < 0.001. ns = non-significant. 903 
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Figure 7. BBSome-dependent TGFBR1 trafficking, autophagic flux, and TGF-β/EMT 905 

signalling in RPE1 cells. Genotypes are arranged as columns (WT, BBS1 KO, BBS4 KO) 906 

and cell state as rows (cycling; quiescent/ciliated), with the quiescent row subdivided into five 907 

mechanistic sub-rows: BBSome and membrane engagement, endosomal trafficking, 908 

autophagic flux, downstream signalling, and EMT outputs. In cycling WT cells, CME partitions 909 

TGFBR1 equally between daughter cells at mitosis; in BBS1 KO cycling cells, the receptor 910 

accumulates at the plasma membrane. The BBS4 KO cycling panel is shown as inferred, as 911 

equivalent proteomic evidence was not obtained. In quiescent ciliated cells, the BBSome 912 

engages the endocytic machinery indirectly (dashed connectors); no stable physical complex 913 

between BBS1/BBS4 and EEA1, RAB11, RAB7 or LAMP2 was detected by co-914 

immunoprecipitation or AlphaFold modelling. BBS1 KO cells show sustained early-endosome 915 

retention, an exaggerated and delayed recycling peak, and near-absent lysosomal response, 916 

together with low basal autophagosome abundance that increases upon TGF-β stimulation. 917 

BBS4 KO cells show reduced recycling-endosome engagement and a blunted lysosomal 918 

response, together with elevated basal autophagosome abundance that declines upon 919 

stimulation, consistent with accelerated autophagic turnover. Both KO lines show 920 

hyperactivation of canonical SMAD2/3 signalling, most pronounced in BBS4 KO cells, which 921 

additionally show reduced non-canonical ERK1/2 activation. BBS1 KO cells develop a robust 922 

mesenchymal output (CRYAB accumulation, elevated ACTA2/N-cadherin, enhanced 923 

migration). BBS4 KO cells, despite stronger canonical signalling, show a mild and incomplete 924 

EMT signature with undetectable CRYAB, indicating that the balance between canonical and 925 

non-canonical TGF-β signalling, rather than receptor fate alone, determines EMT execution 926 

downstream of BBSome dysfunction. CME: clathrin-mediated endocytosis. Dashed 927 

connectors: indirect or uncharacterised interaction. ✕: undetectable protein. Circle size 928 

proportional to LC3B-II/I ratio. Panel without symbol: inferred. 929 
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Supplementary Figure 1. Validation and characterisation of BBS1 and BBS4 KO cell 932 

lines. (A) CRISPR-Cas9 targeting strategy: DNA sequences of KO clones for each gene, with 933 

the gRNA target region highlighted in yellow and the PAM sequence in red, and western blot 934 

validation of complete ablation of BBS1 and BBS4 proteins in the respective KO clones using 935 

β-actin as a loading control. (B) Representative immunofluorescence images of primary cilia 936 

stained with ARL13B and acetylated tubulin, and quantification of ciliary frequency and length 937 

in WT, BBS1 KO, and BBS4 KO cells following 24 h serum starvation. 4 fields were quantified 938 

per genotype across n = 3 independent biological replicates. (C) Cell cycle distribution 939 

assessed by flow cytometry under 10% FBS conditions, and apoptosis/viability assessed by 940 

Annexin V/propidium iodide staining under 10% FBS and 48 h serum starvation. Data are from 941 

n = 3 independent biological replicates. The differences were considered significant when *p 942 

< 0.05, **p < 0.01, and ***p < 0.001. ns = non-significant. 943 

 944 

Supplementary Figure 2. Validation of TGFBR1 and IFT88 gene expression in KO cell 945 

lines. qPCR analysis of TGFBR1 and IFT88 transcript levels in WT, BBS1 KO, and BBS4 KO 946 

cells, confirming that accumulation of TGFBR1 at the plasma membrane is not caused by 947 

transcriptional overexpression, and that the observed phenotypes are not attributable to 948 

disruption of general ciliary transport mechanisms. Each replicate was measured in technical 949 

triplicate and normalised to WT. Data represent mean ± SEM from n = 22 across n = 3 950 

independent biological replicates. ns = non-significant. 951 
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