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Dysregulated SASS6 expression promotes increased ciliogenesis 
and cell invasion phenotypes

     SAS-6 overexpressing cells show increased ciliation, actin cytoskeleton 
reorganization, cell flattening, YAP pathway activation and increased invasion

Synopsis:
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Abstract  14	
 15	

Centriole and/or cilia defects are characteristic of cancer cells and have been linked to 16	

cancer cell invasion. However, the mechanistic basis of these effects is unknown. Spindle 17	

assembly abnormal protein 6 homolog (SAS-6) is essential for centriole biogenesis and cilia 18	

formation. In cycling cells, SAS-6 undergoes APCCdh1-mediated targeted degradation by the 19	

26S proteasome at the end of mitosis. Little is known about the function of SAS-6 outside 20	

of centrosome biogenesis.  To examine this, we expressed a non-degradable SAS-6 mutant 21	

(SAS-6ND). Expression of SAS-6ND led to an increase in ciliation and cilia-dependent cell 22	

invasion, and caused an upregulation of the YAP/TAZ pathway. YAP/TAZ or ciliogenesis 23	

inhibition prevented SAS-6-induced invasion. SAS-6ND caused increased actin alignment 24	

and stress fiber coherency, and nuclear flattening known to promote YAP nuclear import.  25	

Finally, data from The Cancer Genome Atlas showed that SAS-6 overexpression is 26	

associated with poor prognosis in various cancers.  Our data provide evidence for a defined 27	

role of SAS-6 in cancer cell invasion and offers mechanistic insight into the role of YAP/TAZ 28	

in this cilia-sensitive process.  29	

 30	

 31	

Introduction 32	

 33	

Centrosome and cilia abnormalities have been shown to be involved in cancer progression 34	

(Godinho & Pellman, 2014; Godinho et al, 2014; Han et al, 2009; Jenks et al, 2018; Wong 35	

et al, 2009), and in breast cancer cell invasion(Godinho et al., 2014).  36	

Spindle assembly abnormal protein 6 homolog (SASS6 gene, SAS-6 protein), is a key 37	

factor in centriole assembly and duplication (Leidel et al, 2005), a process that involves a 38	

sequence of coordinated events involving a set of six proteins (Delattre et al, 2006; Pelletier 39	
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et al, 2006; Sugioka et al, 2017). SAS-6 together with SAS-5/STIL form the core of the 40	

cartwheel structure, a geometric scaffold that defines procentriole radial symmetry 41	

(Kitagawa et al, 2011) (Nakazawa et al, 2007) (van Breugel et al, 2011). The presence of 42	

the cartwheel is essential for the 9-fold symmetry organization of centrioles, as basal bodies 43	

lacking this structure are fragmented and disorganized (Nakazawa et al., 2007). The SAS-44	

6 structure displays an N-terminal head domain, a coiled-coil domain that assists with 45	

dimerization and a C-terminal domain (van Breugel et al., 2011). SAS-6 dimers oligomerize 46	

via the N-terminal heads to form the nine-fold cartwheel which will also anchor microtubules 47	

(Kitagawa et al., 2011; van Breugel et al., 2011) as they elongate unidirectionally and form 48	

centrioles (Leidel et al., 2005; van Breugel et al., 2011).  49	

Although the function of SAS-6 in the context of centrioles has been well studied, whether 50	

SAS-6 has any additional biological functions has not been explored.  51	

Polo-like kinase 4 (PLK4), a kinase that phosphorylates STIL to promote STIL and SAS-6 52	

recruitment to the cartwheel structure (Dzhindzhev et al, 2014; Moyer et al, 2015; Ohta et 53	

al, 2014) (Arquint & Nigg, 2016), is deregulated in cancer (Godinho et al., 2014). PLK4 leads 54	

to centrosome amplification, resulting in the formation of invasive structures in breast cancer 55	

models (Godinho et al., 2014) as well as increased small vesicle secretion (Adams et al, 56	

2021). Work by Shinmura et al showed that SASS6 overexpression was associated with 57	

mitotic chromosomal abnormalities and poor prognosis in patients with colorectal cancer 58	

(Shinmura et al, 2015). SASS6 is overexpressed in a number of human cancers, including 59	

kidney cancer, bladder cancer and breast invasive carcinoma (Shinmura et al., 2015) and 60	

reportedly promotes proliferation by inhibiting the p53 signaling pathway in esophageal 61	

squamous carcinoma cells (Xu et al, 2020). Interestingly, knockdown of SASS6 reduced the 62	

growth of MDA-MB-231 triple-negative breast cancer cells (Du et al, 2021).  63	

Studies of the function of SAS-6 in cancer are complicated because SAS-6 is periodically 64	

degraded at the end of mitosis/G1 by the APC-Cdh1 complex via its KEN box (Strnad et al, 65	

2007). Here, we overexpressed a non-degradable SAS-6 KEN box mutant (SAS-6-ND) 66	

which is expressed throughout the cell cycle. SAS-6 overexpression led to an increase in 67	

cilia numbers and cilia length. Analysis of The Cancer Genome Atlas (TCGA) showed that 68	

SAS-6 overexpression was consistent with poor prognosis in adrenocortical carcinoma, low 69	

grade glioma, kidney, liver and lung cancer patients. This suggested a potential role for SAS-70	

6 in metastatic cancer. Consistently, SAS-6 overexpression showed increased invasion that 71	

could be suppressed by blocking ciliogenesis. Transcriptome analysis revealed an 72	

upregulation of the YAP/TAZ pathway following expression of SAS-6ND. Notably, blocking 73	
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YAP/TAZ function reverted SASS6-induced invasion. Analysis of cell morphology in SAS-6 74	

overexpressing cells showed cell flattening and nuclear deformation, which causes opening 75	

of the nuclear pore complex (NPC) and YAP nuclear import (Elosegui-Artola et al, 2017). 76	

Our work shows a unique novel function of SAS-6 in invasion through the regulation of 77	

YAP/TAZ and provides rationale for interrogating the therapeutic potential of targeting 78	

SASS6 as a potential strategy to prevent metastatic disease.   79	

 80	

	81	

Results 82	

 83	

SAS-6 promotes an increase in ciliogenesis 84	

 85	

SAS-6 is an integral component of centrioles, and it is a key protein in centriole duplication. 86	

In cycling cells, SAS-6 is degraded in G1 by the APCCdh1 complex (Strnad et al., 2007). 87	

However, a mutation in the conserved KEN box domain (Figure 1A), results in the 88	

stabilization of the protein (SAS-6 non degradable – ND-). It was previously shown by the 89	

Tsou laboratory that a SAS-6 mutant lacking the KEN box can localize to the mother 90	

centriole in G1 (Fong et al, 2014). Furthermore, in terminally differentiated cells of respiratory 91	

epithelia and in unicellular eukaryotes, SAS-6 localizes to basal bodies (Kilburn et al, 2007; 92	

Vladar & Stearns, 2007). Thus, we sought to understand whether SAS-6 would have any 93	

additional functions besides centrosome duplication in S-phase. To do this, we stably 94	

transduced RPE-1 cells with a SAS-6ND mutant under the regulation of a tetracycline-95	

inducible promoter (Fong et al., 2014) (Figure 1B). As expected, endogenous SAS-6 was 96	

absent from centrioles in G1 (Figure 1C) whereas doxycycline induced SAS-6ND was 97	

expressed throughout the cell cycle (Figure 1D). In ciliated cells SAS-6ND localized to the 98	

proximal end of both mother and daughter centrioles (Figure 1E). Given the localization of 99	

SAS-6 to mother centrioles, which can function as basal bodies, we examined whether SAS-100	

6 could affect cilia formation. Interestingly, SAS-6ND expression resulted in increased cilia 101	

length and cilia number in RPE-1 cells (Figure 1F, G and Supplementary Figure 1A). 102	

Additional experiments in human mammary epithelial cells (HMECs) and Ras-transformed 103	

MCF10AT1 showed a similar increase in ciliogenesis (Supplementary Figure 1B, C). Over-104	

expression of WT-SAS-6 also promoted an increase in ciliogenesis, likely due to the 105	

saturation of the degradation machinery (Supplementary Figure 1B, C).    106	

  107	
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SAS-6 expression is associated with poor prognosis in adrenocortical carcinoma, low 108	

grade glioma, kidney, liver and lung cancer 109	

 110	

Centriole and cilia proteins have been shown to play a role in cancer (Bettencourt-Dias et 111	

al, 2011; Godinho & Pellman, 2014). Particularly, SASS6 overexpression was found to 112	

correlate with poor prognosis in a number of tumor types (Shinmura et al., 2015) (Xu et al., 113	

2020), highlighting the relevance of SAS-6 in cancer progression. Interestingly, knockdown 114	

of SASS6 reduced proliferation of the highly aggressive/invasive MDA-MB-231 cell line (Du 115	

et al., 2021). Using recent data from The Cancer Genome Atlas (TCGA) database, we re-116	

examined whether the expression of SASS6 correlated with prognosis. We found that high 117	

expression of SASS6 resulted in lower survival probability over a 10-year period in 118	

adrenocortical carcinoma, low grade glioma, renal papillary cell carcinoma and 119	

hepatocellular carcinoma (Figure 2A, B, C, D, E). Our results confirmed previous results by 120	

Shinmura et al showing that SASS6 expression correlated with poor prognosis in kidney 121	

clear cell carcinoma and lung adenocarcinoma (Figure 2E; Supplementary Table 1). 122	

Metastatic disease is the primary cause of cancer death.  Therefore, poor prognosis is often 123	

associated with increased invasion and metastasis (Ridley, 2011), suggesting that 124	

increased SAS-6 could be linked to an invasive phenotype in human cancer.  125	

  126	
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SAS-6 overexpression leads to invasion that depends on the presence of cilia 127	

 128	

The ability of cancer cells to migrate to distant organs is a key process in metastasis 129	

(Yamaguchi & Condeelis, 2007) and a hallmark of cancer (Hanahan & Weinberg, 2011). 130	

Invasion requires cancer cells to leave the tissue of origin, enter blood vessels and colonize 131	

distant tissues (Yamaguchi & Condeelis, 2007). Cell migration is a multistep process 132	

initiated by cell protrusions (Ridley, 2011). Formation of protrusive structures is driven by 133	

coordinated actin polymerization at the leading edge of the cell (Yamaguchi & Condeelis, 134	

2007). We carried out a cell protrusion assay using microporous filters (Mardakheh et al, 135	

2015). Briefly, cells were seeded on top of collagen-I coated 3 µm polycarbonate transwell 136	

filters in serum-free media. After cells were attached, media in the bottom chamber was 137	

replaced with a 10% serum counterpart to signal cells to begin forming protrusions for a 138	

period of four hours. Using three different clones of cells with inducible SAS-6ND we found 139	

that upon doxycycline treatment, SAS-6ND expression showed an increase in cell 140	

protrusions in all three clones, which was calculated as a protrusion index (fold) (Figure 3A). 141	

We then carried out a three-dimensional collagen invasion assay (Gadea et al, 2008; Sanz-142	

Moreno et al, 2008). For this experiment, cells were plated in a mixture of collagen in serum 143	

free media, spun down to the bottom of a 96-well filter and placed in an incubator at 37°C 144	

to allow collagen to polymerize. After this, media with serum was added to the top of the 145	

wells and cells were allowed to move towards serum for 24 hours before fixing them with 146	

4%PFA. A higher number of SAS-6ND cells invaded through collagen towards serum 147	

compared to the uninduced counterpart. This was calculated as an invasion index (fold) 148	

(Figure 3B). This increase in invasion was also observed in Ras-transformed MCF10AT1 149	

cells overexpressing both SAS-6WT and SAS-6ND (Figure 3C). Centriole and cilia signaling 150	

pathways play a role in cell migration (Kazazian et al, 2017; Rosario et al, 2015). We asked 151	

whether the invasion phenotype driven by SAS-6ND required the presence of primary cilia. 152	

To test this, we depleted SCLT1, a protein that we have previously shown to be required for 153	

ciliogenesis (Tanos et al, 2013) and carried out an invasion assay. Our results showed that 154	

depletion of cilia via SCLT1 removal suppressed the invasion phenotype observed upon 155	

expression of SAS-6ND (Figure 3D).  156	

 157	

  158	
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SAS-6 invasion-phenotype is associated with the activation of the YAP/TAZ pathway 159	

 160	

To understand what molecular programs were activated by SAS-6 to promote invasion, we 161	

carried out transcriptomic analysis. cDNA was obtained from untreated cells and 162	

doxycycline induced cells expressing SAS-6ND and used as probes for DNA microarray 163	

hybridization. Gene set enrichment analysis (GSEA) revealed significant enrichment of 164	

genes involved in YAP/TAZ pathway activation following overexpression of SAS-6 (Figure 165	

4A). YAP is a transcriptional coactivator that promotes TEAD-dependent gene transcription 166	

leading to increased proliferation, invasion and stem cell differentiation (Piccolo et al, 2023). 167	

We found that among the genes driving the enrichment of the YAP/TAZ gene set were CTGF 168	

and CYR61. Both of these genes encode matricellular proteins upregulated downstream of 169	

YAP (Piccolo et al., 2023) (Figure 4C). Their increased expression following induction of the 170	

non-degradable SAS-6 mutant was confirmed by qPCR (Figure 4D). This analysis showed 171	

a more than 20-fold increase in mRNA levels for cells treated with doxycycline expressing 172	

SAS-6ND (Figure 4D).  173	

To function as a transcriptional regulator, YAP requires nuclear translocation. We estimated 174	

the extent of YAP accumulation in the nucleus by quantifying the nuclear/cytoplasmic ratio 175	

of YAP using fluorescence microscopy. SAS-6ND-expressing cells showed a marked 176	

increase of nuclear YAP (Figure 4F). Consistently, a luciferase-based reporter assay for 177	

TEAD-dependent transcription showed an increase in reporter activity upon expression of 178	

SAS-6ND (Figure 4H). Given that SAS-6 seemed to promote the activation of the YAP/TAZ 179	

pathway and considering the reported role of this pathway in cell invasion, we reasoned that 180	

blocking the YAP pathway would revert the invasion phenotype. To test this, we carried out 181	

a collagen invasion assay in the presence of verteporfin, a YAP inhibitor that disrupts YAP-182	

TEAD interactions, decreases YAP expression and blocks transcriptional activation of 183	

downstream targets of YAP (Brodowska et al, 2014; Liu-Chittenden et al, 2012). Treatment 184	

with verteporfin decreased YAP levels in cells overexpressing SAS-6ND (Figure 4I), and 185	

completely reverted the invasion phenotype (Figure 4J), supporting that SAS-6 mediated 186	

invasion is dependent on YAP.  187	

 188	
Mechanism of SAS-6-regulated cell invasion 189	
 190	

Multiple solid cancers have shown an upregulation of YAP which correlates with increased 191	

invasion, malignancy and relapse (Piccolo et al., 2023). Mechanical cues involving integrin 192	

activation and actin cytoskeleton contraction have been shown to increase the rate of 193	
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nuclear accumulation of YAP (Piccolo et al., 2023). YAP accumulation in the nucleus is 194	

mediated by the opening of the nuclear pore complex (NPC) by nucleo-cytoskeletal coupling 195	

(Elosegui-Artola et al., 2017). However, a clear understanding of how the F-actin structure 196	

in the cytoplasm controls YAP nuclear entry remains elusive. Analysis of the actin 197	

cytoskeleton showed increased actin alignment, as measured with the orientation J plugin 198	

for image J (Figure 5A, B, C). A simple microscopic observation showed that SAS-6ND-199	

expressing cells had a flattened morphology. Analysis of the nuclear height in these cells 200	

showed a flattened nucleus, which resulted in a decreased nuclear aspect ratio (Figure 5D, 201	

E). Further analysis showed decreased nuclear solidity and nuclear form factor and 202	

increased nuclear compactness (Figure 5F, G, H), with a (non-significant) trend to an 203	

increase in the nuclear area (Supplementary Figure 2E). Based on previous reports, nuclear 204	

deformation would support the opening of the NPC (Elosegui-Artola et al., 2017), which 205	

could lead to the nuclear translocation of YAP in SAS-6 overexpressing cells.  206	

Given these observations, we propose a model for SAS-6 regulation of invasion. We have 207	

found that upon overexpression of SAS-6 there are changes in the actin cytoskeleton that 208	

can lead to nuclear deformation. This nuclear deformation can lead to an increase in the 209	

nuclear import of YAP, and the activation of TEAD-dependent transcription to support cell 210	

invasion (Figure 5J).  211	

 212	

Discussion 213	

 214	

Our work shows a previously unknown role of SAS-6 in the regulation of invasion. SAS-6 215	

has been extensively characterized as a key regulator of centriole structure, supporting the 216	

initial steps of the establishment of the nine-fold symmetry and the recruitment of 217	

microtubules during centriole assembly (Pelletier et al., 2006) (Delattre et al., 2006) (Leidel 218	

et al., 2005) (Kitagawa et al., 2011; Nakazawa et al., 2007) (van Breugel et al., 2011). 219	

Recent reports suggest a potential role for SAS-6 in cancer, including a correlation between 220	

SAS-6 overexpression and poor prognosis (Shinmura et al., 2015) and the observation that 221	

silencing SAS-6 in breast cancer cells can suppress their proliferation (Du et al., 2021). SAS-222	

6 levels oscillate throughout the cell cycle, decreasing in G1 upon targeting by the 223	

APC/Cdh1 complex via its KEN box. To maintain consistent levels of SASS6 throughout the 224	

cell cycle, we transduced cells with a SAS-6 mutant where the KEN box has been replaced 225	

with alanines (AAA), SAS-6ND (Figure 1). This SAS-6ND mutant was expressed throughout 226	

the cell cycle and displayed increased ciliogenesis and cilia length. We also observed SAS-227	

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 31, 2024. ; https://doi.org/10.1101/2024.01.29.576599doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.29.576599
http://creativecommons.org/licenses/by/4.0/


	 	 	
	

	 	 	
	

6 localization in the basal bodies of ciliated cells (Figure 1). Interestingly, in terminally 228	

differentiated cells, such as respiratory epithelia, as well as Tetrahymena and 229	

Chlamydomonas, SAS-6 also concentrates at the base of cilia (Vladar & Stearns, 2007). 230	

This suggests that there may be other functions of SAS-6 which are yet to be uncovered. 231	

Plk4, the kinase upstream of SAS-6 has been shown to promote centrosome amplification, 232	

chromosomal instability and cancer cell invasion (Godinho & Pellman, 2014; Godinho et al., 233	

2014). However, the levels of centrosome amplification with SAS-6 overexpression during 234	

our experiments are not as significant as the ones observed upon overexpression of Plk4 235	

(Kleylein-Sohn et al, 2007), as SAS-6 was only expressed for 6 days.  236	

Given the potential role of SAS-6 in cancer (Du et al., 2021; Shinmura et al., 2015), we 237	

examined the TCGA (The Cancer Genome Atlas) database in search of any clinical 238	

correlates. This analysis revealed that increased expression of SASS6 correlated with poor 239	

prognosis in adrenocortical carcinoma, low grade glioma, renal papillary cell carcinoma and 240	

hepatocellular carcinoma (Figure 2) and confirmed previous reports of poor prognosis in 241	

kidney renal clear cell carcinoma and lung adenocarcinoma (Table 2) (Shinmura et al., 242	

2015). Given that poor patient outcome has been associated with metastasis in cancer, we 243	

sought to interrogate the invasive process in cells overexpressing SASS6. Initial analysis in 244	

RPE-1 cells showed increased cell protrusion in collagen coated filters (Figure 1A) and 245	

increased invasion in soft agar upon expression of SAS-6ND, supporting a role for SAS-6 246	

in invasion (Figure 3). This was confirmed in a MCF10AT1 a ras-transformed model of 247	

cancer progression by expressing either SAS-6 WT and SAS-6ND (Figure 3D). This is 248	

probably due to a saturation of the system, as the SAS-6 protein levels are higher upon 249	

doxycycline treatment even in WT-overexpressing cells (Figure 3C). Removal of cilia via 250	

knockdown of distal appendage protein SCLT1 (Tanos et al., 2013) reverted the SAS-6 251	

invasion phenotype (Figure 3D), suggesting that the presence of cilia could be involved in 252	

this process. For instance, cilia-dependent signaling could promote the observed 253	

morphological changes that lead to the nuclear translocation of YAP.     254	

It has been found that SAS6-like (SAS6L), a paralog of SAS6, localizes to the apical complex 255	

in Apicomplexa phylum, including Toxoplasma, Trypanosoma and Plasmodium (Wall et al, 256	

2016). This complex is assumed to play a mechanical and secretory role during invasion in 257	

Apicomplexa to support host penetration and invasion. However, how SAS-6 contributes to 258	

invasion in this context has not been addressed.  259	

Cell invasion is a coordinated process that requires mechanical contributions of the actin 260	

cytoskeleton as well as signaling cues (Olson & Sahai, 2009). Previous work by G. Gupta 261	
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uncovered an interaction between SAS-6 and FAM21 (Gupta et al, 2015), a protein 262	

component of the WASH complex, which has been shown to have a direct role in Arp2/3 263	

activation, cell protrusion, actin remodeling and invasion (Zech et al, 2011). Interestingly, 264	

the WASH complex assembles at centrioles (Visweshwaran et al, 2018), reviewed in (Fokin 265	

& Gautreau, 2021). Plk4 has been shown to regulate invasion by promoting the interaction 266	

of STIL with CEP85, STIL localization to the leading edge of the cell and Arp2/3 complex 267	

activation (Liu et al, 2020) (Kazazian et al., 2017). Given its strong interaction with STIL, this 268	

would support a role for SAS-6 in invasion. However, we only carried out SAS-6 269	

overexpression for a maximum of 6 days, so, the level of centrosome amplification was 270	

minimal compared to the overt rosettes and de novo formed centrioles with amplified Plk4 271	

(Kleylein-Sohn et al., 2007). Recently, Ofd1, a SAS-6 interacting protein (Go et al, 2021; 272	

Gupta et al., 2015), was shown to regulate a centriole/cilia-dependent signal for Arp2/3 273	

complex activation, which suggests that a signal from centrioles can coordinate invasion 274	

(Cao et al, 2023). Future experiments will determine whether a SAS-6-mediated signal could 275	

promote direct changes in the actin cytoskeleton or an effect on the Arp2/3 complex through 276	

its interaction with the WASH complex component FAM21 (Gupta et al., 2015). 277	

To understand the invasion phenotype, we examined RNA expression in SAS-6 expression 278	

in cells. Microarray and gene set enrichment analysis (GSEA) data showed that SAS-6ND 279	

promoted the activation of the YAP/TAZ pathway (Figure 4). YAP is a transcriptional 280	

coactivator promoting the transcription downstream of the TEAD promoter. The YAP/TAZ 281	

pathway has been shown to be overexpressed in cancer and promote invasion and cell 282	

proliferation (Piccolo et al., 2023). We validated this result using qPCR for CTGF and Cyr61 283	

(Figure 4D), two genes downstream of YAP. Active YAP localizes to the nucleus, whereas 284	

cytoplasmic YAP is inactive and eventually phosphorylated by LATS and targeted for 285	

degradation (Piccolo et al., 2023). SAS-6 overexpression showed increased 286	

nuclear/cytoplasmic ratio of YAP and increased TEAD-dependent transcription using a 287	

fluorescent reporter assay in RPE-1, HMEC and MCF10AT1 cells, supporting a role of SAS-288	

6 in the activation of this pathway. Consistently, using verteporfin, a specific YAP inhibitor, 289	

suppressed SAS-6 mediated invasion (Figure 4J). How could SAS-6 mediate this effect? To 290	

understand this phenotype we examined the morphology of the actin cytoskeleton. SAS-291	

6ND expressing cells showed increased actin alignment and condensed stress fibers 292	

(Figure 5A, B, and C), supporting an invasive phenotype. A simple observation revealed that 293	

SAS-6 ND expressing cells appeared flattened. The YAP/TAZ pathway has been shown to 294	

be activated by mechanical force (Piccolo et al., 2023) and by cell flattening, which was 295	
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proposed to promote the opening of the Nuclear Pore Complex (NPC) (Elosegui-Artola et 296	

al., 2017). Analysis of the vertical and horizontal axes in the nucleus revealed a decreased 297	

nuclear aspect ratio, thus confirming cell flattening (Figure 5D, E). Further analysis 298	

confirmed a decrease in nuclear solidity, form factor and an increase in nuclear 299	

compactness, which are consistent with the nucleus appearing flat.  300	

Thus, we have shown that SAS-6 overexpression leads to actin cytoskeleton/morphological 301	

changes promoting a cilia-dependent invasive phenotype mediated by the YAP-pathway.  302	

 303	

Methods  304	

 305	

Cell lines and reagents 306	

 307	

All cell lines were maintained at 37°C in a humidified atmosphere containing 5% CO2. 308	

Human telomerase-immortalized retinal pigment epithelial cells hTERT-RPE-1 or RPE-1 309	

were purchased from American Type Culture Collection; ATCC, USA) and transduced with 310	

pBABE retro GFP-centrin 2. RPE-1 Cells were cultured in Dulbecco's Modified Eagle 311	

Medium/Nutrient Mixture F-12 Ham (DMEM/F-12; Sigma-Aldrich, UK) media containing 312	

0.365 mg/ml L-glutamine (Lglut), 15 mM HEPES, 1.2 mg/ml sodium bicarbonate (NaHCO3) 313	

and supplemented with 10% fetal bovine serum (FBS; Gibco, UK) and 1% 314	

penicillin/streptomycin (p/s; Gibco, UK).  1 μg/ml doxycycline was added to growth media 315	

for 6 days prior to experiments to induce SAS-6 expression. Ras-transformed MCF10AT1 316	

cells (Miller, 1996) were kindly provided by The Barbara Ann Karmanos Cancer Institute 317	

(Detroit, MI, USA)  and maintained in DMEM/F12 supplemented with 5% horse serum, 318	

20ng/ml EGF, 0.5mg/ml Hydrocortisone, 100ng/ml Cholera toxin, 10mg/ml Insulin and 1% 319	

penicillin/streptomycin. HMECs-hTERT (Clontech) were cultured in Mammary Epithelial Cell 320	

Growth Medium with the addition of MEGM™ BulletKit (LONZA). HEK293T used for 321	

lentiviral transduction were maintained in Dulbecco's Modified Eagle Medium (DMEM; 322	

Sigma- Aldrich, UK) supplemented with 10% FBS and 1% penicillin/streptomycin.  323	

Stable clones of  RPE-1  cells, HMECs and MCF10AT1 expressing  tetracycline- inducible 324	

wild type SAS-6 or SAS-6ND  were obtained via lentiviral gene transduction with the pLVX 325	

tet-on Advanced inducible gene expression system (Clontech) (Fong et al., 2014). 326	

Lentiviruses were produced by transfecting 293T cells with the pLVX constructs together 327	

with packaging and envelope vectors (Clontech) using the calcium phosphate precipitation 328	

method. Stable expressors were derived by selection with 5 μg/mL puromycin (Sigma-329	
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Aldrich, UK).  Doxycycline was purchased from Sigma-Aldrich, UK and used at 1 µg/ml. 330	

Verteporfin (Cayman Chemical, UK) was used at 10 ug/ml.  331	

 332	

Western blots  333	

 334	

Cells were lysed in ice-cold RIPA buffer (Sigma-Aldrich, UK) supplemented with a cocktail 335	

of protease and phosphatase inhibitors (Thermo Fisher Scientific, UK). Lysates were 336	

sonicated and cleared by centrifugation at 14,000 x g for 15 min. Protein content was 337	

determined using the DC Biorad Protein Assay (Biorad) following manufacturer instructions. 338	

Protein samples were subsequently denatured at 95°C for 10 min, separated by SDS-PAGE 339	

on a 4–12% polyacrylamide gradient gel and transferred to a nitrocellulose membrane. The 340	

membrane was then blocked with 5% non-fat dry milk in TRIS-buffered saline and 0.05% 341	

Tween-20 (TBST) for 1 hour before an overnight incubation at 4°C with the indicated 342	

antibodies. After this, membranes were washed 3X in TBST before and after the addition of 343	

horseradish peroxidase (HRP)-conjugated anti-mouse IgG secondary antibodies (1:2000; 344	

Cell Signalling Technology, UK; 7076) for 1 hour. Immunoreactivity was visualized using 345	

SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, UK; 346	

34080) and the BioRad ChemiDoc XRS+ imaging system. 347	

 348	

Immunofluorescence 349	

 350	

Cells grown on poly-L-lysine coated coverslips were fixed in 4% paraformaldehyde (PFA) 351	

for 10 min at room temperature prior to permeabilization with 0.1% Triton X- 100 in 352	

phosphate buffered saline (PBS) and blocking with 3% (w/v) bovine serum albumin and 353	

0.1% Triton X-100 in PBS for 5 min. Primary antibodies and Alexa Fluor 594 Phalloidin 354	

(1:100; Molecular Probes, UK; A12381) were diluted to desired concentrations in blocking 355	

solution and allowed to incubate for 1 hour before three washes with 0.1% Triton X-100 in 356	

PBS (PBST). For centriolar SAS-6, PFA fixation was preceded by a 2 min permeabilization 357	

in PTEM buffer containing 20 mM PIPES (pH 6.8), 0.2% Triton X-100,10 mM EGTA and 1 358	

mM MgCl2. Goat secondary antibodies conjugated to Alexa Fluor 594 (1:500 dilution; 359	

Thermo Fisher Scientific, UK) were then incubated for 1 hour followed by three PBST 360	

washes and DAPI staining (Invitrogen, UK) for DNA visualization. Coverslips were mounted 361	

with ProLong Gold antifade reagent (Invitrogen, UK). 362	

 363	

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 31, 2024. ; https://doi.org/10.1101/2024.01.29.576599doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.29.576599
http://creativecommons.org/licenses/by/4.0/


	 	 	
	

	 	 	
	

Antibodies 364	

 365	

The following antibodies were used: Mouse monoclonal antibody to detect endogenous 366	

SAS-6 (1:500) was purchased from Santa Cruz Biotechnology (sc-81431). Overexpressed 367	

SAS-6 was detected with mouse anti-c-Myc (1:250; 9E10; Invitrogen, UK; 13-2500) 368	

antibody. Mouse anti-γ-tubulin (1:500; Santa Cruz Biotechnology, Inc.) and mouse anti-α-369	

tubulin (1:2000; Sigma-Aldrich). Cilia were detected with mouse anti-acetylated-tubulin 370	

(1:2000; Sigma-Aldrich) and with rabbit anti-Arl13B (1:500; Proteintech; 17711-1-AP). 371	

Centrioles were detected with mouse anti-centrin (1:500; 3E6; Abnova; H00001070-M01). 372	

Goat secondary antibodies conjugated to Alexa Fluor 488, 594 or 680 (1:500 dilution; 373	

Thermo Fisher Scientific, UK) were used. For western blot, a Polyclonal rabbit anti-GAPDH 374	

was also used (EMD Millipore/AB2302). Western blot Secondary antibodies were 375	

horseradish peroxidase (HRP)-conjugated rabbit or mouse anti-IgG antibodies (1:2,000; 376	

Cell Signaling). 377	

 378	

Image acquisition, processing, and analysis 379	

 380	

Fluorescent images were acquired on an Axio Imager M2 microscope (Zeiss, Germany) 381	

equipped with 100x, 1.4 numerical aperture (NA) oil objective; an ORCA R2 camera 382	

(Hamamatsu Photonics); and ZenPro processing software (Carl Zeiss). Images were 383	

captured with similar exposure times and assembled into figures using Photoshop (CS5, 384	

Adobe).  385	

Deconvolution microscopy was carried out with the DeltaVision Elite (Applied Precision) 386	

using an Olympus 100x, 1.4 NA oil objective; 405 nm, 488 nm, and 593 nm laser illumination; 387	

and standard excitation and emission filter sets. Raw images were acquired using a 0.2 μm 388	

z-step size and reconstructed in three dimensions with the softWoRx 5.0.0 (Applied 389	

Precision) software. To determine the nuclear aspect ratio, height and length measurements 390	

of nuclei in the y-z plane were obtained using ImageJ. 391	

Invasion assays were quantified in cells stained with Phalloidin and DAPI and an 392	

ImageXpress Confocal High-Content Imaging System Confocal (Molecular Devices).  393	

Cell morphology analysis and transwell cell protrusion assays imaged on a Zeiss LSM 710 394	

confocal microscope with a 63x NA oil objective at optimal aperture settings. 4 times 395	

averaging per image was used. Image segmentation and cell morphology analysis (as 396	

shown in Figure 5) was performed using CellProfiler, ImageJ (OrientationJ), and MATLAB 397	
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as described previously (Swiatlowska et al, 2022). Briefly, OrientationJ produces a weighted 398	

histogram for pixels per orientation. The weight is the coherency, which is defined through 399	

the ratio of difference and sum of the tensor eigenvalues and is bounded between 0 and 1, 400	

with 1 representing highly oriented structures (Rezakhaniha et al, 2012). 401	

 402	

Ciliogenesis experiments 403	

 404	

Cells were plated in poly-lysine-coated coverslips in 3.5-cm plates at 0.4 × 106 cells per well 405	

and allowed to attach for 24 h. After this, cells were washed twice with serum-free medium, 406	

and left in serum-free medium for an additional 48 h. Cilia were detected by staining with 407	

antibodies for acetylated tubulin and ciliary membrane protein Arl13B.  408	

 409	

Protrusion assays and 3-D collagen invasion assays 410	

 411	

Transwell protrusion formation assays were carried out on 3-µm pore transwell filters coated 412	

with 5 mg/ml collagen as described previously (Mardakheh et al., 2015). To quantify 413	

protrusions, a ratio of fluorescence intensity (measured with ImageJ) was calculated. 414	

Collagen invasion assays were carried out as previously described (Sanz-Moreno et al., 415	

2008). Briefly, cells were trypsinized and resuspended in serum-free liquid bovine type I 416	

collagen (3 mg/ml; CELLINK, UK; 5005) in  DMEM, dispensed into PerkinElmer black 96-417	

well ViewPlates and centrifuged at 1000 RPM for 5 min to force cells toward the bottom of 418	

each well. Collagen polymerization proceeded for 3 hours at 37°C, after which a final 419	

concentration of 10% FBS in DMEM/F-12 media was added to promote cell invasion into 420	

the collagen matrix. Each plate included vehicle-treated and doxycycline-treated cells as 421	

controls. Cells were fixed with a final concentration of 4% PFA for 24 h, permeabilized for 422	

30 min with 0.5% Triton X-100 in PBS and incubated with Alexa Fluor 594 Phalloidin (1:100; 423	

Molecular Probes, UK; A12381) and DAPI for 1 hour. Confocal z-slices were captured every 424	

10 μm (from 0-100 μm) and the number of nuclei in each plane was used to calculate an 425	

invasion index.  426	

 427	

Luciferase reporter assays 428	

 429	

For the luciferase reporter assays, a TEAD-reporter construct (8xGTIIC-luciferase, 430	

Addgene, Plasmid #34615) and a CMV-Renilla (pGL4.75[hRluc/CMV], Promega) were 431	
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used. Cells were seeded in 6-well plates at 70% confluency. Cells were co-transfected with 432	

2 µg of TEAD-reporter and 100 ng of CMV-Renilla cDNA constructs using Lipofectamine 433	

3000 according to the manufacturer’s instructions. Cells were lysed 48 hours after 434	

transfection in 100 μL of lysis buffer (Promega). Aliquots of the cell lysates were used to 435	

read luciferase emission using Dual-Glo® Luciferase Assay System (Promega) according 436	

to the manufacturer’s instructions. Reporter firefly luciferase activity was normalized to 437	

Renilla activity. 438	

 439	

RNA extraction 440	

 441	

RNA was isolated from RPE-1 cells using the RNeasy mini kit (Qiagen, CA) and cDNA was 442	

generated using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 443	

UK) according to the manufacturer’s protocols.  444	

 445	

Gene-set enrichment analyses (GSEA) 446	

 447	

Gene expression was profiled using GeneChip™ Human Transcriptome Array 2.0. CEL file 448	

image data were converted to raw values using the R statistical language package “oligo” 449	

(Carvalho & Irizarry, 2010), available from http://www.R-project.org/. Pseudoimages were 450	

generated and inspected for artifacts.  Data were normalized by Robust Multi-array Average 451	

(RMA). For Gene Set Enrichment Analysis (GSEA) (Mootha et al, 2003; Subramanian et al, 452	

2005), the data were transformed back to linear scale from log2 values. A custom geneset 453	

matrix curated to represent cell invasion was tested for enrichment using the online GSEA 454	

module version 17 of the GenePattern platform for reproducible bioinformatics (Reich et al, 455	

2006). The specific settings applied in all analyses were: Number of Permutations (1000), 456	

Permutation Type (Gene set), Enrichment statistic (Weighted), and Metric for ranking genes 457	

(t Test). Tables show the Normalized Enrichment Score (NES), nominal p-value and False 458	

Discovery Rate (FDR) q-values. The list of the specific gene sets analyzed and their sources 459	

are available in Supplementary Table 2. 460	

 461	

Reverse-transcription and quantitative polymerase chain reaction (qPCR) 462	

 463	

Thermocycling was performed on the QuantStudio 7 Flex Real-Time PCR machine (Applied 464	

Biosystems, UK) using TaqMan Universal PCR Master Mix (Applied Biosystems, UK; 465	
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4366072) and predesigned TaqMan probes (Applied Biosystems, UK) for reference gene 466	

glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Hs99999905) and YAP downstream 467	

targets cysteine rich angiogenic inducer 61 (CYR61; Hs00155479) and connective tissue 468	

growth factor (CTGF; Hs00170014). Relative quantification was performed according to the 469	

ΔΔCT method (relative quantification, RQ = 2- ΔΔCT) and expression levels of target genes 470	

normalized to GAPDH. 471	

 472	

TCGA data analysis 473	

 474	

Pre-processed TCGA mRNA abundance and clinical data were downloaded from TCGA 475	

DCC (gdac), release: 2016_01_28. Patient groups were established by median 476	

dichotomizing SASS6 expression profile resulting in low expression and high expression 477	

groups. Cox proportional hazards model was used to estimate HR and 95% CIs with P 478	

value estimated using the log rank test.  479	

 480	

Statistical analysis 481	

 482	

Statistical tests were performed with Graphpad PRISM. Statistical analyses and samples 483	

sizes are defined in the figure legends. All data are presented as mean ± standard error of 484	

mean (SEM). Paired t-tests were performed to compare two experimental conditions. P-485	

values equal to or less than 0.05 are indicated using asterisks: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 486	

0.001, ****p ≤0.0001. 487	

 488	
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 500	

FIGURE LEGENDS 501	

 502	

Figure 1 SAS-6 non degradable (SAS-6ND) is stable throughout the cell cycle and promotes 503	
increased ciliogenesis.  504	
 505	
(A) SAS-6 protein structure showing a stretch of human SAS-6 protein and the conserved 506	
KEN box. hSAS-6ND was generated by replacing the KEN box by an alanine stretch. (B) 507	
Western blot showing the expression of SAS-6ND (top) with alpha tubulin as a loading 508	
control (bottom). (C) Endogenous SAS-6 expression at different cell cycle stages 509	
(indicated). RPE-1 cells expressing GFP-centrin2 (green), stained with an antibody for 510	
endogenous SAS-6 (red). DNA is marked with DAPI (blue). Note that endogenous SAS-6 is 511	
absent in G1. (D) Non-degradable SAS-6 (SAS-6ND) expression throughout the cell cycle. 512	
Centrin2-GFP is shown in green, Myc-tagged SAS-6ND (9E10-antibody) is shown in red. 513	
DAPI is shown in blue (E) SAS-6ND expression in ciliated cells. The primary cilium is marked 514	
with Arl13B (red in the main panel, blue in the inset). Centrin2-GFP is shown in green, Myc-515	
tagged SAS-6ND is shown in red. DAPI is shown in blue. An inset with both the mother 516	
centriole (basal body) and the daughter centriole is shown with a cartoon depicting SAS-6 517	
localization (right). (F) Ciliation in control cells and cells expressing SAS-6ND. A 518	
quantification of cilia length is shown in the right panel. T test, p<0.0001. Note the increase 519	
in cilia length in the presence of SAS-6ND (T test, p<0.001) (G). Data is representative of 520	
five independent experiments.           521	
 522	
 523	
Supplementary Figure 1 SAS-6 ND Promotes increased ciliogenesis in RPE-1 cells, 524	
HMEC and MCF10-AT.   525	
 526	
(A) Ciliation in control RPE-1 cells and different clones of cells overexpressing the SAS-6ND 527	
mutant (indicated as C1, C2, C3, C7 and C8). Cells were treated with doxycycline (1ug/ml) 528	
to induce expression. Cilia are marked with Arl13B (red) and acetylated tubulin (green). The 529	
centrosome is labelled with g-tubulin (blue). DNA is marked with DAPI in blue (indicated). T-530	
tests significance for one-way ANOVA are indicated (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, 531	
∗∗∗∗p < 0.0001) (B) Ciliation in human mammary epithelial cells overexpressing SAS-6. 532	
Cells were transduced with a stable tet-inducible vector for either wild type (WT) or non-533	
degradable SAS-6ND. Cells were treated with vehicle (water) or doxycycline as indicated. 534	
Cilia is marked with Arl13B (red), centrin is shown in green and DNA is stained with DAPI 535	
(blue). A quantification of ciliation (percent) is shown on the right-hand side. T test, p<0.001.  536	
(C) Ciliation in MCF10-AT1 cells overexpressing SAS-6. Cells were transduced as in B and 537	
subjected to doxycycline treatment or control. Cilia is marked with Arl13B (red) and 538	
Acetylated tubulin (green). The centrosome is labelled with g-tubulin (blue). DNA is marked 539	
with DAPI (indicated). A quantification of ciliated cells and cilia length is shown in the panels 540	
below. T test, p<0.01 and p<0.05 (shown). 541	
 542	
 543	
Figure 2 SASS6 over expression correlates with poor prognosis.  544	
 545	
(A, B, C, D) TCGA analysis. Kaplan-Meier curves of patient survival probability (OS) 546	
correlated to high SAS-6 expression over time (years). High expression is indicated in red 547	
and low expression in black. The number of patients remaining in each category (low versus 548	
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high) is shown below the graph. HR indicates hazard ratio, which measures the risk of 549	
having SAS-6 overexpression compared to the low expressing group. An HR higher than 1 550	
indicates high risk.  P values are shown. Shown are analyses done in TCGA adrenocortical 551	
carcinoma (A), low grade glioma (B), renal papillary cell carcinoma (C) and hepatocellular 552	
carcinoma (D) cohorts. (D) Table summarizing TCGA data analysis. CI95L, CI95U. P values 553	
and total patient numbers are shown. Note that our analysis also confirmed previous results 554	
in kidney renal clear cell carcinoma and lung adenocarcinoma.  555	
 556	
 557	
Supplementary Table 1 TCGA analysis for SASS6.  558	
 559	
TCGA analysis in full. Significant associations are highlighted. HR and P values are 560	
indicated.  561	
 562	
 563	
Figure 3 SAS-6 overexpression leads to invasion that depends on the presence of cilia. 564	
 565	
(A) Cell protrusion assay in cells transduced with tetracycline-inducible SAS-6ND. Confocal 566	
image of cell protrusions in 3µm transwell filters for three different SAS-6ND overexpressing 567	
clones (indicated). Panels show representative images of the top and the bottom of the filter. 568	
A control non-doxycycline treated condition is shown. The actin cytoskeleton is marked with 569	
Phalloidin (red). DAPI marks DNA (blue). Scale bar, 10µm. A western blot with the levels of 570	
Myc-tagged SAS-6ND expression is shown on the top right. a-tubulin is used as a loading 571	
control. A graph with the quantification of cell protrusions in the presence of SAS-6ND is 572	
shown. Error bars represent SD. T test is indicated, ∗∗∗p < 0.001. (B) Collagen invasion 573	
assay in SAS-6ND overexpressing cells. Panels show confocal images at 5 micron and 40 574	
micron. Actin is shown in red and DNA is marked with Hoesch in blue. Scale bar, 20µm. A 575	
western blot with SAS-6ND levels is shown on the top right, GAPDH is used as a loading 576	
control. A quantification of invasion is shown in the lower right. T test, ∗∗∗p< 0.001. Data 577	
representative of 4 independent experiments (C) Collagen invasion assay in MCF10AT1 578	
cells, overexpressing either SAS-6WT or SAS-6ND (indicated). A western blot with the 579	
expression of the Myc-tagged construct is shown (lower panels) with a c-Myc western blot 580	
and a-tubulin loading control (indicated). T- test, ∗∗p < 0.01, ∗∗∗∗p < 0.0001). Data 581	
representative of two independent experiments with four replicas (D) Collagen invasion 582	
assay in RPE-1 cells as shown in B, upon downregulation of SCLT1, a protein required to 583	
form cilia. Invasion index is shown on the right. Error bars represent SD. T test is indicated, 584	
∗∗∗∗p< 0.001. Data representative of two independent experiments with four replicas. 585	
Western blots show the levels of SAS-6ND as well as SCLT1 levels (indicated). a-tubulin is 586	
used as a loading control.    587	
 588	
 589	
Figure 4 SAS-6 invasion-phenotype is associated with the activation of the YAP/TAZ 590	
pathway 591	
 592	
(A) Geneset enrichment analysis of microarray data. Normalized Enrichment Score (NES), 593	
Nominal P-value (NOM pval) and False Discovery Rate q-value (FDR qval) are shown for 594	
each indicated geneset. Data is representative of two independent experiments. (B) 595	
Enrichment plot for the dataset “TEAD DEPENDENT YAP TARGET GENES COMMON 596	
BETWEEN YAP AND TAZ” showing an enrichment score curve. NES: 1.65291. (C) Heat 597	
map with the list of genes driving the change. Note the increase in YAP downstream targets 598	
CTGF and Cyr61. (D) qPCR showing the mRNA levels of YAP/TAZ target genes, CTGF (T 599	

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 31, 2024. ; https://doi.org/10.1101/2024.01.29.576599doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.29.576599
http://creativecommons.org/licenses/by/4.0/


	 	 	
	

	 	 	
	

test, p <0.05) (left) and CYR61 (T test, p<0.05) (right). Ct values were normalized to GAPDH 600	
and expression calculated as a fold change relative to controls. Data represent mean ± SEM 601	
of three independent experiments performed in triplicate. (E) Western blot showing 602	
expression of SAS-6ND with and without doxycycline (indicated). (F) Immunostaining for 603	
YAP in cells transduced with SAS-6ND, treated with vehicle control (top) or doxycycline 604	
(lower panels). Note the increase in nuclear YAP in cells overexpressing SAS-6ND. Scale 605	
bar, 10 µm. (G) Quantification of the nuclear/cytoplasmic ratio in control cells (SAS-6ND -606	
dox) and cells overexpressing SAS-6ND (+dox). T test, p <0.001. Note that SAS-6ND 607	
overexpressing cells have increased nuclear YAP. (H) Tuckey boxplots showing luciferase 608	
activity of YAP reporter 8xGTIIC-luc (Firefly/Renilla) indicative of YAP/TAZ activation in 609	
control or cells induced with doxycycline to express SAS-6ND (T test, p <0.05). (I) Western 610	
blot showing YAP protein levels upon treatment with vehicle control or verteporfin (10 µg/ml) 611	
in control cells or doxycycline-induced cells expressing SAS-6ND (indicated). (J) Collagen 612	
invasion assay in control or doxycycline induced cells expressing SAS-6ND upon treatment 613	
with YAP inhibitor verteporfin (10 µg/ml). N= 4 experiments  614	
 615	
 616	
Supplementary Table 2  Curated genesets. Table containing geneset names, source, and 617	
the list of associated genes.  618	
 619	
 620	
Figure 5 Mechanism of SAS-6-regulated cell invasion 621	
 622	
(A) Actin cytoskeleton staining in uninduced cells or cells expressing SAS-6ND. Phalloidin-623	
Rhodamine is shown in orange. DNA is marked with DAPI (blue). (B) Actin alignment 624	
analysis showing cells from inset selection in (A). The hue is related to the orientation and 625	
the saturation is coding for the coherency. Note more aligned pixels and higher coherency 626	
values in cells overexpressing SAS-6ND (right panel). (C) Actin alignment quantification with 627	
Cell Profiler shows increased alignment in SAS-6ND expressing cells. N= 6 (D) Three-628	
dimensional rendering of cells overexpressing SAS-6ND. Cross-section is shown where 629	
SAS-6ND expressing cells show decreased nuclear height. (E) Quantification of the nuclear 630	
aspect ratio for cells shown in (B), as a ratio of the vertical/horizontal axis of the nucleus 631	
(N=3). Additional Cell Profiler quantifications including nuclear solidity (as a ratio of the 632	
nuclear area/convex hull area) (F) and nuclear form factor (as a ratio of the area/perimeter) 633	
(G) show a significant decrease in SAS-6ND cells and a concomitant increase in nuclear 634	
compactness (H). T test, p<0.05 for all graphs shown. N=6 635	
 636	
 637	
 638	
Supplementary Figure 2 SAS-6ND overexpression does not result in overall changes in 639	
cell area.   640	
 641	
Cell profiler quantifications as described for Figure 5 in RPE-1 cells transduced with SAS-642	
6ND, either untreated (control) or treated with 1ug/ml of doxycycline (SAS-6ND).  Phalloidin 643	
staining was used to estimate additional parameters in cell profiler, including cell area (A), 644	
cell compactness (B), cell form factor (C), solidity (D) and nuclear area (E). N=6    645	
 646	
 647	
 648	
 649	
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