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Abstract
Background

The ability of cancer cells to migrate is essential for metastatic progression. Centrioles regulate
cytoskeleton remodelling and cell polarity, two key stages of migration, whilst centrosome amplification
is commonly observed in aggressive cancer types. Spindle assembly abnormal protein 6 homolog (SAS-
6) is a central component of centrioles required for normal duplication and function. To understand
further how centrioles could affect cell migration, here we investigated the effects of depleting and
overexpressing SAS-6 on cell morphology and movement in physiologically relevant cell derived matrices
(CDMs).

Methods

SAS-6 levels were depleted in a metastatic small cell lung cancer cell line using shRNA-mediated gene
knockdown. The effects of overexpression of a non-degradable form of SAS-6 were also investigated.
The biological significance of SAS-6 perturbation on cell migration was investigated using live cell
imaging. Actin organisation, cell junction formation, and cell membrane dynamics were analysed using
immunofluorescence and open-source computational software.

Results

A metastatic small cell lung cancer cell line was characterised upon SAS-6 depletion, which was found to
reduce centriole amplification and cilia number. Depletion of SAS-6 reduced cell migration in CDMs,
whilst SAS-6 overexpression increased migration speed and distance. SAS-6 depletion increased focal
adhesion number and size, altered actin organisation, disrupted cell anterior-posterior polarity, and
weakened cell-cell contacts.

Conclusions

This study shows a role for the centriolar protein SAS-6 in the regulation of cell migration, likely through
coordinating cellular interactions with the surrounding matrix and neighbouring cells, as well as
regulating anterior-posterior polarity during cell movement. These observations provide strong rationale
to explore SAS-6 as a therapeutic target in cancer metastasis.

Introduction

Centrosomes are the primary microtubule-organising centre (MTOC) in most mammalian cells. They
coordinate proper mitotic spindle assembly and chromosome segregation, thereby regulating correct
cell division. Centrosomes are also involved in maintaining correct cell polarity, necessary for cell
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migration (Ueda et al., 1997, Zhang et al., 2014, Zhang & Wang, 2017). Cell cycle exit triggers the
maturation of the mother centriole into a basal body, an essential stage in primary cilium formation (Satir
& Christensen, 2007). Primary cilia are sensory organelles that receive and transduce chemical and
mechanical signals from the extracellular environment (Mill et al., 2023). Given the many roles of
centrioles in cell physiology, it is perhaps unsurprising that centrosomal and ciliary abnormalities are
implicated in the development of a number of cancers (Godinho & Pellman, 2014, Godinho et al., 2014,
Jenks et al., 2018, Collinson & Tanos, 2025). Centriole amplification and over-elongation are commonly
observed in cancer cell lines and patient samples, as reviewed in (Marteil et al., 2018), and have been
shown to drive invasion and tumorigenesis (Godinho & Pellman, 2014, Godinho et al., 2014, Levine et al.,
2017, Marteil et al., 2018).

Spindle assembly abnormal protein 6 homolog (SAS-6) is a member of a group of six proteins essential
for centriole duplication, assembly, and elongation (Leidel et al., 2005, Delattre et al., 2006, Pelletier et al.,
2006, Sugioka et al., 2017). SAS-6 accumulates from S-phase until the end of mitosis, when its
degradation is triggered by ubiquitination by APC/C-Cdh1 (Strnad et al., 2007). SASS6 has been shown to
be overexpressed in colorectal cancer, oesophageal squamous carcinoma, lung adenocarcinoma and
breast cancer (Lee et al., 2014, Shinmura et al., 2015, Xu et al., 2021, Li et al., 2024). We have previously
shown that SAS-6 overexpression results in increased YAP/TAZ signalling, actin contractility, cell
protrusion, and increased invasion through a collagen matrix (Hargreaves et al., 2025). Interestingly, we
also found that knocking down SAS-6 in a metastatic small cell lung cancer (SCLC) cell line with high
endogenous SAS-6 expression (DMS273) resulted in an almost complete block of cell invasion
(Hargreaves et al., 2025).

As metastatic disease is the major cause of death in cancer patients (Dillekas et al., 2019), we sought to
further investigate the roles of SAS-6 in contributing to this process. Given that DMS273 is a highly
ciliated cell line isolated from the metastatic spread of SCLC, it represents a valuable tool to examine
this process. Interestingly, DepMap analysis showed that DMS273 has a high probability of SAS-6
dependence. shRNA-mediated downregulation of SAS-6 resulted in a significant decrease in SAS-6
localisation to centrioles and the number of ciliated cells. To understand the role of SAS-6 in migration in
a physiologically relevant setting, we generated cell-derived matrices (CDMs) (Yamada & Cukierman,
2007, Appert-Collin et al., 2017). SAS-6 depletion decreased migration in CDMs whilst overexpressing
SAS-6 increased cell movement. SAS-6 downregulation was also found to weaken cell-cell junctions and
resulted in significant changes in cell surface area, actin dynamics, focal adhesions and overall reduced
velocity. DepMap analysis showed high gene co-dependency with Z0O-1, a junctional protein implicated in
collective cell migration. Removal of SAS-6 resulted in reduced Z0-1 protein levels and ZO-1 localisation
at cell junctions, suggesting a collaborative role for SAS-6 and Z0O-1 in cell migration. Together these
findings suggest a role for SAS-6 in coordinating cell migration and attachment, two essential steps of
cancer cell metastasis.

Methods
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Cell lines and reagents

All cell lines were maintained at 37 °C in a humidified atmosphere containing 5% CO,. Human

telomerase-immortalised retinal pigment epithelial cells (NnTERT-RPE-1 or RPE-1) were purchased from
the ATCC and transduced with pBABE retro GFP-centrin 2. A single cell clone of RPE-1 expressing
tetracycline-inducible non-degradable SAS-6 (SAS-6ND) was generated as described previously
(Hargreaves et al., 2025). DMS273 cells were kindly provided by Dr Igor Vivanco (King's College London).
RPE-1 SAS-6ND and DMS273 cells were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient
Mixture F-12 Ham (DMEM/F-12; Sigma-Aldrich) containing 0.365 mg/mL L-glutamine, 15 mM HEPES, 1.2
mg/mL sodium bicarbonate, and supplemented with 10% foetal bovine serum (FBS; Gibco) and 1%
penicillin/streptomycin (Gibco). 1 pg/mL doxycycline (Sigma-Aldrich) was added to RPE-1 SAS-6ND
growth media for 6 d before use in experiments to induce SAS-6ND expression. Telomerase-
immortalised fibroblasts (TIFs) were kindly provided by Professor Patrick Caswell (University of
Manchester) and were maintained in DMEM (Sigma-Aldrich) containing 0.584 mg/mL L-glutamine and
supplemented with 10% FBS, and 1% antibiotic-antimycotic (Sigma-Aldrich). HEK293T cells were
acquired from ATCC and maintained in high-glucose DMEM (Sigma-Aldrich) containing 4500 mg/L
glucose, 0.584 mg/mL L-glutamine, and 3.7 mg/mL sodium bicarbonate, supplemented with 10% FBS
and 1% penicillin/streptomycin.

Short hairpin RNA-mediated gene knockdown

To generate SAS-6 knockdown cells, a short hairpin RNA (shRNA) targeting human SASS6 in a pLKO.1
lentiviral vector (The RNAi Consortium/Horizon, Clone ID TRCN0000130315) was transiently co-
transfected into HEK293T cells with packaging and envelope vectors using polyethylenimine (PEI;
Polysciences) as a transfection reagent. Virus was collected and filtered before use for two sequential
infections of DMS273 cells. shRNA targeting firefly luciferase (shLuc; absent in mammalian genomes)
was used as a control. Stable shRNA expressors were selected with 5 pg/mL puromycin (Sigma-Aldrich)
and knockdown was confirmed by western blot.

Western blots

Cells were lysed in ice-cold RIPA buffer (Thermo Fisher Scientific) supplemented with a cocktail of
protease and phosphatase inhibitors (Thermo Fisher Scientific). Lysates were sonicated and cleared by
centrifugation at 14,000 g for 10 min. Protein content was determined using the DC Protein Assay (Bio-
Rad). Protein samples were diluted in 2X Laemmli sample buffer (Bio-Rad) containing b-
mercaptoethanol (Sigma-Aldrich) and denatured at 95 °C for 10 min. Protein samples were separated by
SDS-PAGE and transferred to a nitrocellulose membrane. Membranes were blocked in 5% milk in tris-
buffered saline (Thermo Fisher Scientific) and 0.05% Tween-20 (TBST; Sigma-Aldrich) then incubated in
the relevant primary and HRP-conjugated secondary antibodies (Table 1). Immunoreactivity was
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revealed using SuperSignal West Pico Plus ECL (Thermo Fisher Scientific). Blots were visualised using
the G:Box Chemi imager (Syngene). Image analysis was performed using FIJI.

Table 1
— Antibodies used for immunoblotting.
Target Brand Catalogue number Dilution
a-tubulin Invitrogen A11126 1:5000
c-Myc epitope tag Invitrogen 13-2500 1:1000
SAS-6 Santa Cruz Biotechnology  sc-81431 1:1000
Vinculin Sigma-Aldrich Vo131 1:10000
Z0-1 Invitrogen 61-7300 1:1000
Mouse-lgG, HRP-linked  Cell Signaling Technology = 7076 1:2000
Rabbit-IgG, HRP-linked  Cell Signaling Technology = 7074 1:2000
Immunofluorescence

Cells were grown on 12mm, #1.5 thickness poly-L-lysine-coated coverslips (VWR) or poly-D-
lysine/fibronectin-coated coverslips (Neuvitro) and fixed in 4% paraformaldehyde (PFA) for 10 min at
room temperature. Cells were permeabilised for 5 min in 0.1% Triton X-100 in PBS (PBST) and blocked
for 5 min in 3% BSA in PBST (PBSBT). Cells were incubated at room temperature for 1 h in the relevant
primary antibodies/probes (Table 2) diluted in PBSBT. Cells were washed three times in PBST before
incubation for 1 h in the relevant secondary antibodies (Table 2), followed by three PBST washes and
DAPI (Thermo Fisher Scientific) staining for DNA visualisation. Coverslips were mounted onto slides with
ProLong Diamond Antifade Reagent (Thermo Fisher Scientific).
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Table 2

— Antibodies and labels used in immunostaining.

Target Brand Catalogue number  Dilution
g-tubulin Santa Cruz Biotechnology  sc-51715 1:500
Acetylated tubulin Sigma-Aldrich T7451 1:2000
Arl13B Proteintech 17711-1-AP 1:500
Centrin 3 Abnova HO00001070-M01 1:200
CP110 Proteintech 12780-1-AP 1:200
Detyrosinated tubulin Abcam ab48389 1:400
Fibronectin BD Biosciences 610077 1:500
Phalloidin, Alexa Fluor 546 Invitrogen A22283 1:100
SAS-6 Santa Cruz Biotechnology = sc-81431 1:500
Vinculin Sigma-Aldrich Vo131 1:500
Z0-1 Invitrogen 61-7300 1:200
Mouse-lgG1, Alexa Fluor 647 Invitrogen 10789384 1:500
Mouse-lgG2b, Alexa Fluor 488 Invitrogen 10337122 1:500
Rabbit-lgG H + L, Alexa Fluor 488  Invitrogen 17177061 1:500
Rabbit-lgG H + L, Alexa Fluor 555  Invitrogen 10533433 1:500
Rabbit-lgG H + L, Alexa Fluor 594  Invitrogen 10474352 1:500

For centriole marker visualisation, cells were fixed first with 4% PFA, then in ice-cold methanol for 20 min,
followed by a 2 min permeabilisation in PTEM buffer containing 20 mM PIPES (pH 6.8), 0.2% Triton X-
100, 10 mM EGTA, and 1 mM MgCl,. Immunostaining then continued as described above.

Cells grown in CDMs were fixed in 4% PFA for 30 min at room temperature and incubated in each
antibody for 2 h at room temperature. CDMs were imaged immediately after staining as no antifade
mountant was used.

Cell-derived matrix generation

Cell-derived matrices (CDMs) were generated in 6- or 12-well plates (Sarstedt) or 35 mm glass bottom
plates (Mattek). Plates were coated with 0.2% gelatin (v/v; Sigma-Aldrich) for 1 h, crosslinked with 1%
glutaraldehyde (v/v; Sigma-Aldrich) for 30 min, and quenched with 1 M glycine (Thermo Fisher Scientific)
for 20 min. TIFs were confluently seeded into the prepared plates, and DMEM supplemented with 0.25%
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ascorbic acid (v/v; Sigma-Aldrich) was changed every 48 h for 8 d. Cells were denuded with extraction
buffer containing 20 mM ammonium hydroxide (NH,OH) and 0.5% Triton X-100 to leave only matrix
before treatment with 10 pg/ml DNase 1 (Roche) to cleave phosphodiester linkages in the DNA
backbone. CDMs were stored at 4°C with 1% antibiotic-antimycotic (Sigma-Aldrich) and used within 3
months of generation.

Migration assay

DMS273 or RPE-1 SAS-6ND cells were seeded at sparse confluency (50,000 cells/well for 6-well plates,
20,000 cells/well for 12-well plates) onto CDMs. DMS273 were allowed to attach for 24 h before imaging,
RPE-1 SAS-6ND were allowed to attach for 4 h before imaging. Phase contrast images were captured
every 10 min for 16 h using a Cytation 5 (Agilent Technologies) automated cell imager through a 10X
Olympus objective. Images were acquired with a Sony IMX254 CMOS camera using BioTek Gen 5
software (version 3.12).

Five positions were chosen within each well. 10 cells from each position were chosen at random
(excluding cells which disappeared from the field of view over the 16 h period) and tracked using the
MTrackd FIJI plugin every 3 frames (30 min timepoint intervals) (Meijering et al., 2012).

Live imaging of fluorescently labelled cells

To follow actin cytoskeleton dynamics, pLVX-LifeAct-RFP, kindly provided by the Way lab (The Francis
Crick Institute), was transiently co-transfected into HEK293T cells with packaging and envelope vectors
using polyethylenimine (PEI; Polysciences) as a transfection reagent. Virus was collected and filtered
before use for two sequential infections of DMS273 shLuc and shSASS6 cells. Stable expressors were
selected by gating for equal levels of RFP with a CytoFLEX SRT Benchtop Cell Sorter (Beckman Coulter).

Cells were seeded at sparse confluency onto CDMs and allowed to spread for 24 h. For each condition,
25 fluorescent cells were located before imaging at 2 min intervals for a total of 1 h at 37 °C and 5% CO,.

Analyses of membrane protrusions were performed using the ADAPT plugin in ImagedJ (Barry et al.,
2015).

Fluorescence image acquisition, processing, and analysis

Fluorescence images were acquired on an upright Axio Imager M2 microscope (Zeiss) equipped with
100X and 40X oil objectives, 1.4 numerical aperture, an ORCA R2 camera (Hamamatsu Photonics) and a
computer with ZenPro image processing software (Zeiss).

Confocal fluorescence images were acquired using a fully motorised Nikon Ti2 inverted microscope
stand, fitted with a Prior Scientific NanoScan SP600 piezo insert. The microscope stand was equipped
with a Crest Optics X-light V3 spinning disk (50 mm pinhole size) confocal unit. Images were captured
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using a Teledyne Photometrics Kinetix camera through 40X, 60X and 100X objectives. Data were
acquired in the NIS Elements AR software (version 6.10.02) and saved in the ND2 file format.

Images were processed using ImageJ/FIJI and figures were assembled in lllustrator (Adobe). Intensity
and morphology quantifications were performed with CellProfiler (Stirling et al., 2021). Scale bars are
indicated in each figure.

DepMap analyses

Gene expression and dependency data was acquired from the DepMap Public 26Q1 Dataset
(https://depmap.org/portal) (Arafeh et al., 2025).

RNA expression (short-read, log2[TPM + 1]) was compared with gene dependency scores derived from a
genome-wide CRISPR/Cas9 knockout screen using the DepMap Data Explorer 2.0.

The depmap_predictability_data_SASS6 dataset containing data from the CRISPR (DepMap Public 26Q1
+ Score, Chronos) and RNAI (Achilles+DRIVE+Marcotte, DEMETER?2) screens was downloaded and used
to map SAS-6 dependence predictability. Only expression data were incorporated in this analysis.
Relative gene importance was plotted against the Pearson’s correlation coefficient.

BioGRID data

Protein interaction data for SAS-6 was obtained from the Biological General Repository for Interaction
Datasets (BioGRID) (Oughtred et al., 2021).

Statistical analysis

Statistical analyses were performed with GraphPad Prism. Statistical tests are specified in the figure
legends.

Results

Characterisation of a ciliated metastatic cancer cell line to
study cell migration

DMS273 is a metastatic human small cell lung carcinoma (SCLC) cell line isolated from the pleural fluid
of a patient in relapse following chemotherapy and radiotherapy. Previously, we found that despite
relatively low SASS6 mRNA levels, DMS273 had higher SAS-6 protein expression when compared with
other lung cancer cell lines (Hargreaves et al., 2025). Using the DepMap Public 26Q1 Dataset to compare
gene transcript abundance with CRISPR-derived gene dependency probability, we found that despite
moderately low RNA expression, DMS273 was predicted to have a high probability of dependency on
SASS6 (Fig. 1A).
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To investigate how SAS-6 could affect cell movement, SASS6 was targeted with short hairpin RNA
(shRNA) in DMS273 cells. shRNA targeting luciferase (not expressed in mammalian genomes) was used
as a control (shLuc). SAS-6 depletion was confirmed by western blot (Fig. 1B, 1C, 1D) and by
immunostaining (Fig. 1E). Western blot analysis showed the presence of two bands (Fig. 1B) with a
marked decrease seen in the top band found at the expected size for SAS-6. Densitometry quantification
of either the top band alone or of both bands showed significant SAS-6 reduction following shRNA
transduction (Fig. 1C, 1D). Centrin (CETN3) and CP110 staining showed mild centriole amplification in
DMS273 cells, which was reduced upon SAS-6 knockdown (Supplementary Fig. 1A, 1B, 1C). The
percentage of centrioles with SAS-6 signal was significantly reduced in cells transduced with SASS6-
targeting shRNA (Fig. 1E, 1F).

SAS-6 localisation at the base of the cilium could be observed in control cells (shLuc) but not in SAS-6
depleted cells (shSASS6) (Fig. 1E), which showed reduced ciliation (Fig. 1E, 1G, TH). Cilia were visualised
clearly with Arl13B, a marker for the ciliary membrane (Fig. 1G), and with detyrosinated tubulin, a
posttranslational modification in ciliary microtubules (Fig. 1E), but not with acetylated tubulin, which had
a weaker signal, suggesting a distinct tubulin code for these cells (Janke & Magiera, 2020) (Fig. 1G).

As cilia have been shown to integrate signalling pathways that regulate cell migration and metastasis
(Collinson & Tanos, 2025) and to promote cellular events required for the successful survival of cancer
cells (Légaré et al., 2017, Wang et al., 2017, Jenks et al., 2018, Iruzubieta et al., 2021, Hargreaves et al.,
2025), our models of SAS-6 downregulation (DMS273) and overexpression (RPE-1 SAS-6ND)
(Hargreaves et al., 2025) represent robust cellular systems to study the role of centrioles and cilia in
metastasis.

SAS-6 regulates cell migration in cell-derived matrices

Cell migration is a critical stage in cancer metastasis, required for cells to detach from the primary
tumour mass and enter circulation. We have previously shown that SAS-6 overexpression increased
cellular invasion in multiple cell lines, and that depleting SAS-6 in SCLC cells with high SAS-6 reduced
their ability to invade through a collagen matrix (Hargreaves et al., 2025). Next, we wanted to understand
whether SAS-6 might have a role in cell migration in a more physiological setting. For this, we produced
3D cell-derived matrices (CDMs) following the method developed by the Yamada laboratory (Cukierman
etal., 2001, Bass et al., 2007). Briefly, telomerase-immortalised fibroblasts (TIFs) were allowed to grow at
high density for 8 days in the presence of ascorbic acid to enhance matrix fibril stability. The resulting
matrix was then denuded with extraction buffer before cells of interest were seeded on top (Fig. 2A).
Compared to commercial matrices such as Matrigel or collagen, CDMs represent a more physiologically
relevant tool to examine cell movement and the interaction between cells and ECM. CDMs contain
fibrillar proteins, adhesive molecules, growth factors and gel-like molecules, such as proteoglycans and
hyaluronic acid and are topographically heterogeneous, closely mimicking in vivo conditions (Kutys et al.,
2013).
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To track cell migration, control DMS273 and SAS-6 knockdown cells were seeded onto CDMs and
imaged for 16 h at 10 min intervals (Fig. 2B, 2C, 2D) (Additional file 1, 2). SAS-6 depletion significantly
reduced the average speed of DMS273 cells migrating through matrices compared to controls (Fig. 2H).
SAS-6-depleted cells travelled a shorter distance (Fig. 21) and showed a rounded morphology when
compared to the more elongated control cells (Fig. 2B top panels). Conversely, overexpressing SAS-6
with our previously described doxycycline-inducible non-degradable SAS-6 mutant (Myc-tagged SAS-
6ND) in RPE-1 cells (Hargreaves et al., 2025) resulted in increased velocity and longer distance travelled
in CDMs (Fig. 2E, 2F, 2G, 2J, 2K) (Additional file 3, 4).

Taken together, these data show that SAS-6 perturbation has significant effects on cell migration in
different cell types, with increased expression levels correlating with faster migration speed and longer
distances.

SAS-6 depletion affects cell morphology and attachment

When tracking DMS273 migration in CDMs, we observed a change in morphology in the SAS-6-depleted
cells, which appeared to remain more separated from neighbouring cells throughout the 16 h period (Fig.
2B). To investigate this further, we stained control and SAS-6-depleted DMS273 cells grown in CDMs
with phalloidin to visualise any differences in F-actin and overall cell morphology (Fig. 3A). While control
cells were arranged in tight clusters of cells with weak actin fibre formation, SAS-6-depleted cells were
found to be more spatially disperse across the field of view with more cells showing strong actin stress
fibre formation (Fig. 3A).

To understand whether the observed migration defects in SAS-6-depleted cells could be related to
changes in their attachment to substrates, we carried out a fibronectin spreading experiment (Kawai et
al., 2009). Similarly to what was observed in CDM migration experiments, fibronectin attachment took
considerably longer in DMS273 cells, requiring approximately 20 h after seeding before differences in the
early stages of attachment became apparent. (Fig. 3B). On fibronectin, DMS273 cells depleted of SAS-6
showed a more spread morphology and displayed more actin stress fibre formation as compared to the
controls, mimicking what was observed upon SAS-6 downregulation in cells seeded in CDMs (Figs. 3A,
3B). SAS-6-depleted-cells showed a surface area significantly larger than the controls and a lower form
factor, indicating that they are less circular (Figs. 3C, 3D). Staining these cells for vinculin, a component
of focal adhesions, showed that SAS-6-depleted cells had higher number of focal adhesions and
increased focal adhesion size compared to control cells (Figs. 3E, 3F).

To investigate the impact of SAS-6 overexpression on cell adherence, RPE-1 SAS-6ND cells were induced
with doxycycline and also seeded onto fibronectin-coated coverslips (Fig. 3G). As RPE-1 cells attach at a
faster rate than DMS273, these were allowed to attach only for 2 h before fixation. An increase in SAS-6
expression was also found to increase cell size (Fig. 3H), perhaps suggesting that dysregulated SAS-6
levels might destabilise the control of cell size and the organisation of the cytoskeleton.

SAS-6 depletion disrupts front-rear polarity
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To further assess cell morphology changes upon SAS-6 depletion, DMS273 shLuc and shSASS6 were
labelled with the fluorescent actin-binding probe Lifeact-RFP to enable live imaging. Cells were seeded
onto CDMs, imaged for 1 h at 2 min intervals, and then analysed using the FIJI plugin ADAPT to quantify
cell morphology and membrane dynamics (Fig. 4A) (Additional file 5, 6) (Barry et al., 2015). Regions of
membrane protrusion (shown in orange) and retraction (shown in blue) could be visualised for each cell,
revealing that control cells showed a defined front-rear polarity with intense areas of actin
polymerisation seen at areas of membrane protrusion. In contrast, SAS-6-depleted cells showed a lack
of front-rear polarity, as membrane protrusion and retraction were not coordinated to defined
leading/rear edges. Actin organisation did not appear to be localised to areas of membrane protrusion,
instead showing stress fibre formation across the entire cell.

Interestingly, membrane protrusion and retraction velocities appeared to be slightly increased in SAS-6-
depleted cells compared to control cells (Figs. 4B, 4C). However, when looking at the trajectories of the
tracked cells over an hour, SAS-6-depleted cells displayed reduced displacement from their point of
origin compared to control cells (Fig. 4D), consistent with our results tracking these cells over 16 h (Figs.
2B, 2I). SAS-6 knockdown was confirmed to have remained consistent in the Lifeact-RFP-labelled cells
(Figs. 4H, 41). Our results suggested that despite increased membrane remodelling, SAS-6-depleted cells
showed reduced migration in CDMs (Fig. 2B, 2H, 2I). This might be indicative of changes in focal
adhesions, as well as a general defect in anterior-posterior polarity (Elric & Etienne-Manneville, 2014).
Staining of Lifeact-RFP-expressing cells for vinculin within the CDMs showed an increased number of
focal adhesions in SAS-6-depleted cells relative to the shLuc control (Fig. 4E, 4F). However, these focal
adhesions distributed along the entire cell perimeter, compared to control cells that showed focal
adhesion enrichment at the leading edge of the cell (Fig. 4E). SAS-6-depleted cells also showed an
increased number of focal adhesions under the nucleus compared to control cells (Fig. 4E, 4G), which
may contribute to the overall reduced migratory capacity of these cells. Thus, a disorganised anterior-
posterior polarity and increased attachment to the cell matrix seem to suppress migration in SAS-6-
depleted cells.

A coordinated function of SAS-6 with junctional proteins

SAS-6 depleted cells seemed to grow more spatially separated compared to the tightly organised
distribution of control cells, suggesting that cell junctions might be less stable (Fig. 3A). Curated
interaction data from BioGRID shows that SAS-6 is reported to interact with proteins found to localise at
tight junctions (TJP1) and adherens junctions (ABI2 and APC) (Additional file 7) (Grove et al., 2004,
Harris & Nelson, 2010, Gupta et al., 2015, Huttlin et al., 2017, Go et al., 2021, Oughtred et al., 2021). Using
DepMap'’s predictability model, we found that many genes involved in cytoskeleton remodelling and cell
junction formation were associated with SASS6 dependence in a pan-cancer analysis (Fig. 5A). Among
these genes, TUPT was highlighted as one of the genomic features most strongly associated with SASS6
dependence. Given that TJP1 appeared in both the DepMap and BioGRID analyses, this warranted further
investigation. TJPT encodes for Z0-1 (Zonula Occludens-1), a critical factor securing tight junction
stability (Van Itallie et al., 2009).
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Depletion of SAS-6 in DMS273 cells was found to reduce the expression of ZO-1 compared to controls
(Figs. 5B, 5C). SAS-6-depleted cells showed disrupted tight junctions, with patchy, discontinuous Z0-1
staining (Fig. 5D). A quantification of the levels and distribution of ZO-1 protein at cell junctions showed
a significant reduction in Z0O-1 intensity and total ZO-1 area in SAS-6-depleted cells (Figs. 5E, 5F). These
results suggest that SAS-6 might cooperate with junctional proteins to promote cell movement.

Discussion

Cancer metastasis is the major cause of cancer-related deaths. One of the key stages in metastasis is
migration, when cells move away from the site of origin prior to entering circulation (Hanahan &
Weinberg, 2011). Cell migration requires directionality, cell movement, and interactions with the
extracellular matrix (Shellard & Mayor, 2020). Therefore, understanding the mechanisms driving cancer
cell migration is essential for developing prognostic markers and identifying therapeutic targets. Here we
show that SAS-6 promotes cell migration in physiologically relevant cell-derived matrices. Removal of
SAS-6 in a metastatic SCLC cell line significantly reduces cell migration and disrupts anterior-posterior
polarity during cell movement. Conversely, SAS-6 overexpression increases cell migration in CDMs. SAS-
6-depleted cells show significant changes in cell morphology, focal adhesion number and distribution,
and cell junction integrity.

Centrosomes and cilia have been shown to function in cell migration (Elric & Etienne-Manneville, 2014,
Hargreaves et al., 2025), but the specific regulation of this process is not understood. In immune cells,
centriole depletion can increase migration speed in neutrophils (Klemm et al., 2021) yet reduce migration
velocity (net movement) and persistence in dendritic cells (Weier et al., 2022). Despite these differences,
possibly explained by intrinsic cell-type-specific features, this indicates that directionality driven by
anterior-posterior polarity is likely affected in these cells, which is consistent with our findings. Another
study found that depletion of SAS-6 in a p53 null background disrupted anterior-posterior polarity and
increased number and stability of focal adhesions (Cheng et al., 2019). In this case, a complete SAS-6
knockout rendered cells to be acentriolar, with multiple microtubule organising centres and increased
Rac activation that could drive invasion (Cheng et al., 2019). Although Cheng et al observed increased
cell movement in SAS-6-null cells, this might be due to the release of a p53-dependent brake to cell
migration (Moskovits et al., 2006, Muller et al., 2011) or substrate-specific characteristics. Excessive
random Rac1 activation at the cell periphery might help to explain the lack of coordination observed in
our membrane dynamics analysis in SAS-6-depleted cells, which did not display a clear leading edge.

SAS-6 depletion increased focal adhesion number and area. Biochemically, SAS-6 has been shown to
interact with FAM21, a component of the WASH complex, which functions at the centrosomes to activate
the Arp2/3 complex (Farina et al., 2016). Interestingly, the Arp2/3 complex also binds vinculin and focal
adhesion kinase at focal adhesions (DeMali et al., 2002). Thus, SAS-6 could function as an organiser at
centrioles, leading to changes in the actin cytoskeleton and focal adhesions. In DMS273 cells, SAS-6 is
found in basal bodies, similarly to its localisation in motile cilia (Vladar & Stearns, 2007). In multiciliated
cells, with motile cilia, focal adhesion proteins such as paxillin, vinculin, and focal adhesion kinase (FAK)

Page 12/29



have been described to associate with basal body structures described as ciliary adhesion complexes,
anchoring basal bodies to the actin cytoskeleton (Antoniades et al., 2014, Chatzifrangkeskou &
Skourides, 2022). Perhaps SAS-6 depletion destabilises the crosstalk between basal bodies and focal
adhesion proteins, resulting in cytoskeletal defects.

In addition to changes in cell-matrix adhesion, SAS-6 depletion reduced cell-cell junction formation and
expression of the tight junction protein ZO-1. Proximity-label-MS evidence shows that SAS-6 and Z0-1
are likely to physically interact (Gupta et al., 2015). Intriguingly the effects we observe upon SAS-6
knockdown appear to phenocopy the effects of ZO-1 depletion, where cells are observed to have thicker
and more elongated focal adhesions (Haas et al., 2022). The authors of that study describe that Z0-1
functions to control cytoskeletal tension and the effects this has on the forces acting on cell-matrix and
cell-cell adhesions, closely describing what we observe upon SAS-6 knockdown. Z0O-1 has also been
described to play an important role in collective cell migration (Park et al., 2024, Hirano et al., 2026),
which appears to be how DMS273 cells migrate under normal conditions. Therefore, SAS-6 and Z0-1
could be acting in coordination to maintain the correct balance of cell-matrix adhesion and promote cell
migration. How SAS-6 depletion could cause a decrease in total ZO-1 expression is an interesting
question which remains to be answered.

Here we show that SAS-6 controls cell migration in RPE-1 cells and metastatic SCLC DMS273 cells,
having significant effects on cell adhesion and junction formation. The use of 3D cell-derived matrices
(CDMs) in this study provides an important and physiologically relevant matrix for the investigation of
cell migration, which will be a useful tool to test the role of SAS-6 in invasion in additional cellular models
and cancer types, including lung adenocarcinoma, breast cancer, and colorectal cancer, all known to
have high endogenous SAS-6 expression (Shinmura et al., 2015, Du et al., 2021, Li et al., 2024).

Conclusions

This study reveals a role of the centriolar protein SAS-6 in regulating cell migration and cell contacts with
the surrounding matrix and other cells. Depletion of SAS-6 was found to reduce migration of lung cancer
cells, increase the number of focal adhesions, and resulted in weaker cell junctions with reduced Z0-1.
Our work highlights SAS-6 as a promising target to investigate in the context of cancer cell metastasis.
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Figure 1

Characterisation of a ciliated metastatic cancer cell line to study cell migration. A) Plot using available
DepMap data showing gene dependency probability estimates versus mRNA expression (DepMap Public
26Q1, log2[TPM+1]) in DMS273, with SASS6 highlighted in red. B) Western blot showing expression of
SAS-6 in DMS273 shLuc and shSASS6. Vinculin was used as a loading control. Blot is representative of
three repeats. C) Densitometric quantification of SAS-6 (upper band only) relative to the loading control.
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D) Densitometric quantification of SAS-6 (both observed bands) relative to the loading control. E)
Representative images of DMS273 shLuc and shSASSé. Cells are stained for cilia (detyrosinated tubulin;
orange), centrioles (g-tubulin; white), and SAS-6 (green). DNA is marked with DAPI (blue). F)
Quantification of centrioles with SAS-6 localisation in DMS273 shLuc and shSASS6 cells. n > 400 cells
analysed across N = 3 repeats. G) Representative images of DMS273 shLuc and shSASS6. Cells are
stained for ciliary markers acetylated tubulin (green) and Arl13B (red), and centriole marker g-tubulin
(white). DNA is marked with DAPI (blue). H) Quantification of cilia number (percent) in DMS273 shLuc
and shSASS6. n > 400 cells analysed across N = 3 repeats.

***%p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. Unpaired t-tests were performed in C, D, F, and H. Error
bars represent standard deviation.
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Figure 2
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Figure 2

SAS-6 regulates cell migration across cell-derived matrices (CDMs). A) Schematic showing the
production of 3D CDMs by telomerase-immortalised fibroblasts (TIFs) over 8 d. B) Control and SAS-6-
depleted DMS273 cells migrating in CDM over 16 h. Yellow arrowheads indicate the same cell across the
16 h period. C) Western blot showing expression of SAS-6 in DMS273 cells transfected with shLuc and
shSASS6. a-tubulin is used as a loading control. Blot is representative of three repeats. D) Densitometric
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quantification of SAS-6 expression (both bands) relative to the loading control. E) Control and
doxycycline-treated RPE-1 SAS-6ND cells migrating in CDM over 16 h. Yellow arrowheads indicate the
same cell across the 16 h period. F) Western blot showing expression of Myc-tagged SAS-6ND. a-tubulin
is used as a loading control. Blot is representative of three repeats. G) Densitometric quantification of
SAS-6ND in RPE-1 SAS-6ND cells treated with and without doxycycline, relative to the loading control. H)
Average migration velocity (um/min) of DMS273 shLuc and shSASS6 cells over 16 h. n =175 cells
across N = 3 biological replicates. I) Average distance travelled (um) over 16 h by DMS273 shLuc and
shSASS6 cells. n = 175 cells across N = 3 biological replicates. J) Average migration velocity (um/min)
of RPE-1 SAS-6ND cells over 16 h. n = 140 cells across N = 3 biological replicates. K) Average distance
travelled (um) over 16 h by RPE-1 SAS-6ND cells. n = 140 cells across N = 3 biological replicates.

**¥*p < 0.0001, **p < 0.01. Unpaired t-tests were performed in D, G, H, |, J, and K. Error bars represent
standard deviation.
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Figure 3
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Figure 3

Dysregulated SAS-6 levels cause distinct changes in cell morphology. A) Representative images of
DMS273 shLuc and shSASS6 cells growing in 3D CDMs. Cells are stained for F-actin (phalloidin; orange)
and cilia (Arl13B; green). CDM is marked with FN1 (red), and DNA is marked with DAPI (blue). B)
Representative images of DMS273 shLuc and shSASS6 cells growing on FN-coated coverslips 20 h after
seeding. Cells are stained for focal adhesions (vinculin; white) and F-actin (phalloidin; orange). DNA is
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marked with DAPI (blue). C, D, E, F) Quantification of the surface area (C), form factor (D), focal adhesion
number (E), and focal adhesion size (F) of DMS273 shLuc and shSASS6 cells grown on FN-coated
coverslips. n > 125 cells analysed across N = 3 repeats. G) Representative images of RPE-1 SAS-6ND
cells in the absence and presence of doxycycline 4 h after seeding onto FN-coated coverslips. Cells are
stained for F-actin (phalloidin; white) and DNA is marked with DAPI (blue). H) Quantification of surface
area of RPE-1 SAS-6ND control and dox cells allowed to spread on FN-coated coverslips for 2 h. n > 225
cells analysed across N = 3 repeats

***p < 0.001, **p < 0.01, *p < 0.05. Unpaired t-tests were performed in C, D, E, F, and H. Error bars
represent standard deviation.
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Figure 4

SAS-6 depletion disrupts front-rear polarity. A) Representative images of DMS273 shLuc and shSASS6
cells expressing Lifeact-RFP (white) growing on CDMs. Cells were imaged every 2 min for a total of 1 h.
Cell membrane dynamics were analysed using ADAPT, with regions of membrane protrusion shown in
orange and regions of membrane retraction shown in blue. B, C) Quantification of mean membrane
protrusion (B) and retraction (C) velocities per cell. n > 50 cells across N = 3 repeats D) Plots showing
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the trajectories of shLuc and shSASS6 cells relative to their point of origin across the 1 h. n > 44 cells
across N = 2 repeats. E) Representative images of Lifeact-RFP-expressing DMS273 shLuc and shSASS6
cells. Cells were stained for focal adhesions (vinculin; white). DNA is marked with DAPI (blue). Magnified
view showing vinculin (white) in the region of the nucleus (blue). F, G) Quantification of focal adhesion
number relative to the shLuc control in the whole cell (F) and under the nucleus (G). Focal adhesion
number is normalised to the shLuc control to account for intrinsic variability in CDMs between repeats. n
> 60 cells analysed across N = 2 repeats. H) Western blot showing expression of SAS-6 in DMS273 cells
transfected with shLuc and shSASS6. Vinculin is used as a loading control. Blot is representative of three
repeats. 1) Densitometric quantification of SAS-6 expression (both bands) relative to the loading control.
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Figure 5
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Figure 5

SAS-6 depletion reduces Z0-1 expression and tight junction formation. A) Representation of the
DepMap SASS6 dependence predictability model using CoreOmics features. Genes highlighted in red
represent those involved in centrosome, cytoskeleton, and junction organisation. B) Western blot
showing expression of ZO-1. Vinculin is used as a loading control, blot is representative of three repeats.
C) Densitometric quantification of ZO-1 in shLuc and shSASS6 DMS273 cells, relative to the loading
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control. D) Representative images showing shLuc and shSASS6 DMS273 cells. Cells are stained for g-
tubulin (white), ZO-1 (orange), and acetylated tubulin (green). DNA is marked with DAPI (blue). E)
Quantification of ZO-1 intensity at cell junctions in DMS273 shLuc and shSASS6 cells, relative to the
shLuc control. N = 4 repeats. F) Quantification of total ZO-1-positive cell junction area in DMS273 shLuc
and shSASS6 cells. N = 4 repeats.

**p < 0.01, *p < 0.05. Unpaired t-tests were performed in C, E, and F. Error bars represent standard
deviation.
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