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Whole-genome screen identifies diverse 
pathways that negatively regulate ciliogenesis

ABSTRACT We performed a high-throughput whole-genome RNAi screen to identify novel 
inhibitors of ciliogenesis in normal and basal breast cancer cells. Our screen uncovered a 
previously undisclosed, extensive network of genes linking integrin signaling and cellular 
adhesion to the extracellular matrix (ECM) with inhibition of ciliation in both normal and can-
cer cells. Surprisingly, a cohort of genes encoding ECM proteins was also identified. We 
characterized several ciliation inhibitory genes and showed that their silencing was accompa-
nied by altered cytoskeletal organization and induction of ciliation, which restricts cell growth 
and migration in normal and breast cancer cells. Conversely, supplying an integrin ligand, vi-
tronectin, to the ECM rescued the enhanced ciliation observed on silencing this gene. Aber-
rant ciliation could also be suppressed through hyperactivation of the YAP/TAZ pathway, in-
dicating a potential mechanistic basis for our findings. Our findings suggest an unanticipated 
reciprocal relationship between ciliation and cellular adhesion to the ECM and provide a re-
source that could vastly expand our understanding of controls involving “outside-in” and 
“inside-out” signaling that restrain cilium assembly.

INTRODUCTION
The primary cilium serves as a cellular “antenna” that protrudes 
from the cell surface of most quiescent mammalian cells, sensing 
and responding to the extracellular environment. Cilia act as con-

duits for signaling through Sonic hedgehog (Hh), Notch, Wnt, and 
other pathways essential for the regulation of a number of biological 
processes, including cell polarity, migration, and differentiation 
(Goetz and Anderson, 2010; Sánchez and Dynlacht, 2016). Defects 
in the assembly, structure, or function of the primary cilium are 
linked to a broad spectrum of diseases, collectively known as cil-
iopathies, and these pathologies are associated with a plethora of 
developmental defects (Wang and Dynlacht, 2018). Emerging evi-
dence suggests that some types of cancers could constitute a novel 
class of ciliopathies, as several studies have demonstrated that cilia-
tion of epithelial cells is sharply decreased in cancers, including 
breast, prostate, and pancreatic tumors, as compared with normal 
tissue (Wang and Dynlacht, 2018).

Loss of cilia appears to be an early event in the genesis of some 
types of tumors, as neoplasia that anticipate the appearance of pan-
creatic and breast adenocarcinomas exhibit near-complete loss of 
this organelle (reviewed in Sánchez and Dynlacht, 2016). Taken to-
gether with the observation that persistent ciliation could abolish 
the ability of cells to form a mitotic spindle, these studies suggest 
that primary cilia may have tumor-suppressive functions in these 
types of cancers (Mans et al., 2008; Menzl et al., 2014). In contrast, 
several studies have shown that in some tumors which are driven by 
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Hedgehog pathway activation, cilia are protumorigenic (Sarkisian 
and Semple-Rowland, 2019). Thus, while much information has 
been obtained over the past decade regarding the process of cilium 
assembly, mechanistic insights into ciliary disassembly—which is 
normally instigated on cell cycle entry—and cilia loss or mainte-
nance during tumorigenesis are largely lacking. Indeed, the mecha-
nisms regulating the suppression of ciliation during development 
and maturation in the adult remain largely unknown.

During mammary development, primary cilia are specifically re-
quired for appropriate branching morphogenesis, producing a 
bilayered ductal system composed of apically oriented luminal 
epithelial cells encircled by contractile and basement membrane- 
associated basal cells (McDermott et al., 2010). Primary cilia are 
found on both luminal and basal cells during branching morpho-
genesis, but they are largely absent from luminal cells after comple-
tion of breast development (Mans et al., 2008). Thus, it is likely that 
primary cilia play important roles in the biology of normal basal 
breast cells. In support of this conclusion, several studies of normal 
breast tissue have revealed that the Hh ligand is secreted by the 
luminal cells of the breast, whereas Hh-responsive cells are enriched 
in the basal layer and the associated stroma (O’Toole et al., 2011; 
García-Zaragoza et al., 2012).

Breast cancer is the most frequently diagnosed malignant dis-
ease and a leading cause of cancer-related deaths in women world-
wide. Breast cancers are classified into five major subtypes: Luminal 
A (LA), Luminal B (LB), HER2-enriched (HER2), basal-like (BL), and 
normal–like (NL) based on gene expression profiles (Sorlie et al., 
2001). Triple-negative breast cancers (TNBC) lack the expression of 
estrogen, progesterone, and HER2 amplification and are primarily 
represented by the basal-like subtype. Gene expression analysis of 
TNBC tumors identified two major subtypes of TNBC, basal-like (or 
basal A) and Mesenchymal-like/Claudin-low (or basal B). TNBC have 
the worst prognosis of all breast tumor subtypes, as there is a lack of 
effective therapies. The basal B subtype of breast cancer is thought 
to retain cancer stem cell-like and mesenchymal-like expression pro-
files and is strongly associated with metastasis (Lehmann et al., 
2011). Interestingly, primary cilia were identified in basal B subtype 
epithelial cell lines at a low frequency, as compared with normal 
breast epithelial cells and luminal cancer cells, but they were not 
observed in cells of the basal A subtype for reasons that remain 
unknown (Yuan et al., 2010). Primary cilia are lost in epithelial cells at 
a very early stage during breast cancer development and are pres-
ent only in intermingled stromal cells, raising the possibility that 
their disappearance may be important for tumor development in 
breast cancer (Mans et al., 2008; Menzl et al., 2014). Therefore, our 
data support testing whether restoration of this organelle in epithe-
lial cells of basal breast cancers could, in principle, restrain tumor 
development by rebalancing signaling pathways involved in cell 
proliferation that are deregulated in TNBC (Howe and Brown, 2004; 
O’Toole et al., 2011).

In an effort to uncover mechanisms through which breast cancers 
block ciliation, we performed a whole-genome siRNA screen to 
identify inhibitors of ciliogenesis in normal and basal breast cancer 
cells. Unexpectedly, we identified a cohort of genes whose removal 
promotes ciliation in normal and cancer cells through unanticipated 
mechanisms, and we focused in particular on a group of proteins 
associated with the extracellular matrix (ECM) and integrin-medi-
ated cellular adhesion. Our results strongly suggest that certain can-
cer cells, like their normal counterparts, harness aspects of cellular 
adhesion to suppress ciliation. Our studies provide a valuable re-
source for further exploration of novel pathways that restrain cilium 
assembly in normal and pathological states.

RESULTS AND DISCUSSION
Whole-genome screen for suppressors of ciliation in breast 
cancer
An important outstanding question concerns the extent to which 
cancer cells retain the ability to ciliate, since this decision alters sig-
naling events and proliferation. Hs578T basal B breast cancer cells, 
derived from a TNBC patient, retain the ability to assemble cilia at 
low frequency (Yuan et al., 2010), suggesting that suppression of 
inhibitory proteins might unleash their potential to ciliate robustly in 
the presence or absence of mitogenic stimuli. Indeed, treatment of 
these cells and other basal B breast cancer cells with cytochalasin D 
to depolymerize actin or transfection of siRNAs that target a known 
inhibitor of ciliogenesis (NEK2/KIF24) provoked a marked enhance-
ment of ciliation in the presence of mitogens (Kim et al., 2015b, and 
unpublished data). In addition, serum deprivation enhanced cilia-
tion in these cells, although the frequency of cilium assembly was 
considerably dampened in comparison with normal epithelial cells 
(see below).

To comprehensively discover novel genes and pathways that pro-
mote loss of cilia and enhanced proliferation in breast cancer, we 
performed a high content RNAi screen in Hs578T cells (Figure 1). Al-
though whole-genome siRNA screens have been used to identify 
genes essential for cilia formation, it is considerably more challenging 
to study the disassembly of this critical organelle, and relatively few 
inhibitors of ciliogenesis have been identified. We took advantage of 
Hs578T cells for several reasons. First, this cell line exhibits the capac-
ity to ciliate at low levels (even in the face of increased cell density 
and serum deprivation), enabling us to expand the dynamic range of 
ciliation events after gene silencing and thereby increasing the sensi-
tivity of our assay. Second, we hoped that our screen could provide a 
“toolkit” to explore the compendium of genes whose inhibition 
could allow reciliation in cancer cells. About 22,000 genes represent-
ing the entire human genome were individually silenced in triplicate 
with the siRNA library to allow cilium assembly. The siRNA library was 
comprised of pools of three individual siRNAs targeting each gene.

We assayed for assembly of primary cilia 96 h after reverse trans-
fection by staining cells with DAPI (to determine cell number) and 
antibodies against the cilium marker, ARL13b, automated fluores-
cent imaging, and identification of cilia using a spot detector algo-
rithm (Figure 1) followed by visual inspection. Statistical significance 
for differences in the number of cells and cilia was calculated using 
a robust z score (see Materials and Methods; Zhang, 2011). Potential 
hits were identified by filtering out pools that provoked cell death or 
immediate growth arrest (which could itself increase ciliation) and 
using a stringent cutoff calculated from the ratio of ciliated cells/to-
tal cell number (Rob Z score > 3 and strictly standardized mean dif-
ference (SSMD) > 1.645; Supplemental Table S1) for at least two 
replicates (see Materials and Methods). For batches with a lower 
overall ciliation efficiency, the cutoffs were adjusted to the median 
and the median absolute deviation (MAD) of robust z scores of the 
positive controls (med + 1.45*MAD > Zcilia cutoff). Among the can-
didates that surpassed these thresholds, we identified 356 genes 
(∼1.6% of the genome) for which knockdown increased the number 
of ciliated cells without affecting cell survival (Figure 1; Supplemen-
tal Table S1). Gene Ontology analysis indicated that the list of can-
didates was enriched in unanticipated clusters of genes pertaining 
to control of mitochondrial biogenesis and function, cell cycle, pro-
tein translation, cell adhesion, migration, and signaling, among oth-
ers (Table 1). These results suggest that, in cancer cells, metabolic 
state, protein translation, and cell adhesion are linked to cilia loss.

Next, we performed a confirmatory screen using Hs578T and 
four other cell lines, including two normal cell lines that robustly 
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ciliate (RPE1, retinal pigmented epithelial cells, and MCF-10A, non-
tumorigenic breast epithelial cells), a second basal B breast cancer 
cell line (MDA-MB-157), and a basal A breast cancer cell line that 
has essentially lost its ability to ciliate altogether (MDA-MB-468). We 
verified that the vast majority of identified targets survived the sec-
ondary screen in Hs578T (79%) and both normal cell lines (94% in 
aggregate). Interestingly, there was a significant overlap between 
hits in Hs578T and MDA-MB-157 (46%), but relatively few hits were 
shared with MDA-MB-468 (18%) (Figure 2A). These results confirm 
the specificity of our screen and the ability to reciliate basal B, but 
not basal A, subtype breast cancer cells, and they suggest that ei-
ther the differentiation state of cells derived from the latter tumor 
type, the presence of additional genetic alterations, or other yet-to-
be-defined differences prevent efficient cilium assembly. In addi-
tion, since expression levels of our candidates can vary significantly 
across individual cell lines, this could, in part, explain cell type-spe-
cific differences. Notably, our list of candidate genes, with the ex-
ception of one hit (PRC1), did not overlap with hits from a prior 
high-throughput screen (Kim et al., 2010) designed to identify regu-
lators of ciliogenesis in RPE1 cells or a screen in mouse inner medul-
lary collecting duct (IMCD3) cells focusing on genes needed for cil-
iogenesis (Wheway et al., 2015) (Supplemental Table S2). Moreover, 
we note that both prior screens, carried out using vastly different 
siRNA libraries and experimental conditions, largely identified posi-
tive regulators of ciliogenesis, further reinforcing the novelty of our 
findings. Importantly, our studies suggested that basal B tumor cells 
can be reciliated through diverse mechanisms via gene silencing. In 
all subsequent studies, we focused exclusively on a subset of hits 
that passed our confirmatory screen.

Identification of novel classes of ciliogenesis inhibitors
Cytoskeletal proteins. Several lines of evidence suggested that 
our screen was successful. First, ∼15% of the candidates are known 
to be linked to cilium/centrosome biogenesis or function (Figure 2B; 

genes in bold in Table 1), and the majority of them are listed in 
centrosomeDB (http://centrosome.cnb.csic.es/human/centrosome), 
SYSCilia (http://www.syscilia.org/goldstandard.shtml), or CiliaCarta 
databases. Among these candidates, TTK/Mps1, Agbl5/CCP5, 
Cep128, and DYNC1I2 have been characterized as negative 
regulators of ciliogenesis (Majumder and Fisk, 2013; Gupta et al., 
2015; Inaba et al., 2016; He et al., 2018; Hong et al., 2018). Second, 
two major components of the cytoskeleton, microtubules and 
microfilaments, have been previously implicated in the suppression 
of ciliogenesis. STMN3 was uncovered in our screen, suggesting 
that its function in destabilizing microtubules could initiate 
ciliogenesis, like its paralog, STMN1 (Pitaval et al., 2017). PARVA, a 
component of the focal adhesion (FA) complex regulating actin 
cytoskeletal dynamics and cell signaling, was shown to regulate 
cilium length (Kim et al., 2010), and our identification of its paralog, 
PARVB, likewise links this protein—with roles in adhesion, spreading, 
and motility—to the regulation of ciliogenesis.

Moreover, we identified several genes involved in promoting as-
sembly of the actin network, including gamma-actin (ACTG1), 
BAIAP2/IRSp53, and WASF2 (Figure 2B; Table 1). Consistently, a 
previous high-throughput screen demonstrated that actin network 
dynamics contribute substantially to ciliogenesis and cilia length 
and indicated that assembly of the actin cytoskeleton negatively 
regulates ciliogenesis (Kim et al., 2010). Many significant gaps re-
main, however, in our understanding of actin-based regulation of 
ciliation. Among the different forms of filamentous or F-actin are 
branched F-actin and stress fibers. Branched F-actin is nucleated by 
the Arp2/3 complex and is primarily enriched near the cell cortex, 
where it contributes to the formation of the lamellipodium, mem-
brane protrusions at the leading edge of migrating cells. Arp2/3 
complex activation is positively regulated by signaling pathways 
that involve Rho-family GTPases, including CDC42 and Rac1. Rac1 
binds to one of our hits, BAI1-associated protein 2 (BAIAP2), which, 
in turn, associates with another hit, WASF2, stimulating Arp2/3 and 

FIGURE 1: Genomewide siRNA screen identifies ciliation inhibitors. Schematic indicating overview of our siRNA 
screening strategy and approach. Representative high content imaging of cilia (Arl13b, pink) and nuclei (DAPI, blue) in 
Hs578T cells treated with a pool of three siRNAs targeting each gene. Software identified cilia (yellow) in a validated 
region (green line) around the nuclei (blue). Scatter plot showing the Rob Z score corresponding to the extent of 
ciliation vs. cell number for all siRNA library replicates (gray and blue dots) and nonspecific siRNAs (negative control, red 
dots). Higher magnification of candidate siRNA (blue dots) that do not affect cell survival (cell number cutoff = 180) and 
have a zcilia cutoff >3 or Med Rob Z ctr + 1.45*MAD defined for individual batches. Arrows show results for two 
candidate genes. All candidates were subsequently tested in a confirmatory screen on normal and breast cancer cell 
lines. Scale bar = 25 μm.
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leading to actin polymerization (Miki et al., 2000). Assembly of 
branched actin networks also inhibits cilia formation by modulating 
membrane vesicle trafficking around centrosomes associated with 
the initial steps of ciliogenesis (Kim et al., 2010). Conversely, actin 
depolymerization promotes ciliary assembly and elongation, and 
inhibitors of actin polymerization, such as cytochalasin D, rapidly 
and potently stimulate primary cilia formation and aberrant elonga-
tion of cilia under conditions that normally promote ciliary disassem-
bly, including serum stimulation of cultured cells (Kim et al., 2010). It 
is thought that cytochalasin D exerts these cilia-promoting effects at 
low concentrations incapable of affecting the integrity of stress fi-
bers (Kim et al., 2010), implying that cilia formation is actuated 
through the inhibition of certain highly dynamic form(s) of F-actin. 
Recently, the apical membrane protein, Cav1, also identified in our 
screen, was shown to negatively regulate primary cilium length by 
modulating RhoA GTPase activity, another promoter of apical actin 
polymerization (Rangel et al., 2019). Similar to cytochalasin D action, 
the absence of Cav1 expression disrupted the apical actin mesh-
work, but not stress fibers, and increased the size of cilia.

Mitochondrial function. Surprisingly, about ∼6% of the identified 
hits were related to mitochondrial function (Figure 2B; Table 1). The 
role of mitochondria in the respiratory chain suggests that ATP gen-
eration may be important for cilium disassembly or regulation. In-
deed, almost half of the candidates that we identified in this cate-
gory are involved in respiratory chain function (e.g., ATP5G2, 
NDUFB7, NDUFS8, SLC25A5), while the remainder includes mito-
chondrial proteostasis and ribosome genes (YME1L1, MRPLs13, 14, 
and 45 and MRPS18A, 30, and 31), suggesting that mitochondrial 
genes contribute to ciliogenesis. Of note, while this article was in 
preparation, another group found that inhibiting mitochondrial 
function led to increased cilium length in human fibroblasts (Burkhal-
ter et al., 2019). Moreover, exome sequencing identified human pa-
tient mutations in mitochondrial translation genes that were linked 
to OXPHOS diseases exhibiting heterotaxy, a feature of ciliopathies. 
Indeed, we identified a cohort of these genes in our screen, and a 
rare variant in SLC25A5 was identified by exome sequencing. While 
further studies are required to understand the exact links between 
mitochondrial and respiratory chain function and cilia formation, 
these results suggest that the function of a group of mitochrondrial 
genes can be linked to cilium dynamics and human disease.

Ion/solute transporters and channels. We also showed that ∼8% 
of our hits were neurotransmitters, solute carriers, and ion channel 
proteins (Figure 2B; Table 1). Recently, drugs that target neurotrans-
mitter function and ion channel modulators were shown to restore 
primary cilium expression in different cancer cells (Khan et al., 2016), 
probably by affecting levels of cAMP, calcium, or other ions that are 
established regulators of cilium formation and/or cilium length. Ac-
cordingly, the potassium channel, Kv10.1 (KCNH1), was shown to 
promote ciliary disassembly when overexpressed, and conversely, 
siRNA-mediated depletion of Kv10.1 resulted in aberrant ciliogen-
esis in proliferating cells (Sánchez et al., 2016). These studies rein-
force the idea that strict control of ion and neurotransmitter concen-
trations in the cell is essential for timely cilia formation. Therefore, 
our unbiased identification of components of diverse potassium 
channels (including KCNG1, KCNK6, KCNK13, KCNAB3) pinpoint 
these proteins as inhibitors of ciliogenesis and suggest the potential 
utility of targeting them in cancer.

FAs, integrins, and ECM. Tumor invasion and metastasis correlate 
with altered cell–cell and/or cell–matrix adhesion properties, and 
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FIGURE 2: Confirmatory screen verifies novel negative regulators of ciliogenesis in multiple cell lines. (A) Venn diagram 
showing the number of candidate genes identified in Hs578T and shared by normal cells (MCF10A and RPE1, 
combined), a second basal B cell line (MDA-MB-157), and a basal A cell line (MDA-MB-468). (B) Bar graph showing the 
proportion of candidate genes involved in the indicated biological functions according to Gene Ontology 
categorization; ∼15% of the candidates are known to be linked to cilium and centrosome biogenesis or function (red). 
(C) STRING network analysis showing extensive connections between two hubs centered on ITGB1 and Rac1 and 
candidate genes involved in actin cytoskeleton, cell adhesion, trafficking, and signaling pathways identified in our 
screen.

the basal B subtype of breast cancer is strongly associated with me-
tastasis. The latter is a multistep process dependent on integrin-
dependent ECM adhesion complexes which directly communicate 
with the actin cytoskeleton, focal/nascent complexes, and FAs. Fo-
cal/nascent complexes reside near the leading edge of the cell, are 
short lived, and are not contractile. Focal complexes mature into 
larger structures termed FAs and can assemble large actin myosin 
filaments (stress fibers), which are highly contractile and are located 
away from the cell front, toward the center and rear of the cell. Cel-
lular migration is accomplished in several steps, first by the anchor-
ing of the cell front to the ECM through focal complexes, which 
connect to the intracellular actin network through filopodia and lam-
ellopodia, followed by contraction of stress fibers which pull on the 
cell body, thereby retracting the trailing edge of the cell.

The Ras-related GTP-binding proteins, Rho, Rac, and Cdc42, 
each modulate the polymerization of actin to produce stress fibers, 
lamellipodia, and filopodia, respectively.

Activation of this family of proteins is mediated by guanine nu-
cleotide exchange factors (GEFs) and inactivation by GTPase-acti-
vating proteins (GAPs). An additional level of GEF regulation is me-
diated by the G protein alpha subunit of heterotrimeric G proteins, 
which, when bound to GTP, interact with multiple Rho GEFs to regu-
late the actin cytoskeleton (Dhanasekaran and Dermott, 1996). In-
terestingly, our screen identified multiple, activating components of 
the Rho GEF-Rho axis, including the G protein alpha subunit, 
GNA12, a regulator of Rho GEFs, and two Rho GEFs, Vav2 and AR-
HGEF5, as suppressors of ciliation. Vav2 activates Rac1 and Cdc42 
and is necessary for integrin-dependent activation of Rac1 during 
cell spreading (Marignani and Carpenter, 2001). ARHGEF5 is re-
quired for integrin-dependent activation of the Rho-associated pro-
tein kinase, ROCK. The latter regulates cell migration by promoting 

cellular contractility through the regulation of myosin light chain 
phosphorylation (Bhadriraju et al., 2007).

Interestingly, our screen also uncovered a negative regulator of 
cAMP production, phosphodiesterase 4D (PDE4D; LOC653198), 
depletion of which enhanced ciliation. PDE4D acts as a regulator of 
cancer cell invasion by interacting with FA kinase (FAK) through the 
receptor for activated C-kinase, RACK1/GNB2L1 (Delyon et al., 
2017), which was also recovered in our screen and which interacts 
with actin to promote Rac1 activation. RACK1 also enables the inter-
action of PKCε with β1 integrin (ITGB1) to promote tumor cell adhe-
sion and migration (Besson et al., 2002). To examine the relationship 
between these proteins and ciliation, we blocked the activity of 
RACK1 and PDE4D using either individual short hairpin RNAs (shR-
NAs) (targeting sequences distinct from those used in the screen) or 
a small molecule inhibitor of PDE4D (GEBR-7B). Interestingly, sup-
pression of RACK1 or PDE4D protein expression or activity mark-
edly enhanced ciliation of Hs578T cells (Supplemental Figure S1), 
independently confirming that these proteins inhibit ciliogenesis.

The identification of genes in our screen that suppress ciliation 
and that function as key regulators of integrin-dependent adhesion 
and migration prompted us to inspect more closely another cohort 
of proteins identified in our screen that are specifically involved in 
the stabilization and activation of integrins at FAs. Talin-1 (TLN1) and 
FERMT2/kindlin 2 are intracellular integrin-binding adaptor proteins 
essential for integrin activation (Kim et al., 2011), and both proteins 
were identified in our screen. Significantly, our screen uncovered 
multiple genes that regulate the binding of TLN1 to ITGB1, includ-
ing CAPN2 (Yan et al., 2001) and FERMT2 (Li et al., 2017). FERMT2 
expression is elevated in aggressive breast cancers with reduced 
patient survival and conversely, deficiency of this gene inhibits inva-
sive and migratory properties in vitro (Sossey-Alaoui et al., 2017). 
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CYTH1, another hit, is also able to activate integrins and regulate 
adhesion and engraftment (Rak et al., 2017).

Perhaps most remarkably, we identified an extensive network of 
ECM components in our screen, including vitronectin (VTN), tenascin 
(TNN), laminin, beta 4 (LAMB4), collagen (COL5A3), fibronectin type 
III domain protein (FNDC3A), and ectodysplasin A (EDA). Proteins in 
this group have been shown to play a role in cell proliferation, migra-
tion, and invasion and to enhance the metastatic potential of breast 
cancer cells through ITGB1. We also identified a proteoglycan 
(PRG4) and sulfotransferases (HS3ST5, HS3ST3B1, NDST2) that 
modify an ECM component, heparin sulfate, in normal and Hs578T 
cells, suggesting that ECM modifications can regulate cilia forma-
tion. Further, several genes identified in our screen (MMP24, ADAM2, 
ADAM30, ADAMTS2, and TIMP3; Table 1) regulate adhesion 
through their metalloproteinase (MTP) activity. It has been shown 
that MTPs promote tumor growth, invasion, and metastasis in breast 
cancer and are up-regulated in breast cancers with poor outcomes 
(Radisky and Radisky, 2015). The MTP inhibitor, TIMP3, also sup-
pressed ciliogenesis in our screen. Thus, our work greatly expands on 
the number of metalloproteases with the potential to modulate cilio-
genesis (Gopalakrishnan et al., 2012; Nandadasa et al., 2019), al-
though further studies are required to identify the specific roles of 
these proteins in cilium assembly/disassembly. Interestingly, we note 
that although proteins conferring cell–ECM interactions were en-
riched in our screen, relatively few proteins mediating cell–cell adhe-
sion were identified, thus implicating a specific type of cell adhesion, 
outside-in signaling, or both, in the negative regulation of cilium as-
sembly and demonstrating, for the first time, pervasive links between 
the ECM and ciliogenesis.

Migration requires rapid FA turnover, with the assembly of FAs 
generally occurring at the front of the migrating cell, while disas-
sembly occurs both at the leading edge, where it accompanies the 
formation of new protrusions, and at the cell rear where it promotes 
tail retraction (Supplemental Figure 2B). Cells with more stable FAs 
are generally less motile and thereby less invasive (Bijian et al., 
2013). Several genes shown to be involved in FA and integrin turn-
over, including DYNC1I2, CAV1, ANPEP, VAMP2, Arf5, RIN2, and 
VAMP4, were identified in our screen, highlighting the importance 
of FA and integrin dynamics in the formation of cilia.

In addition to genes regulating the integrin network, we also 
identified Tec tyrosine kinase, which transduces integrin signaling to 
regulate the actin cytoskeleton (Gomez-Rodriguez et al., 2007), and 
PARVB, which interacts with α-actinin and mediates integrin signal-
ing and reorganization of F-actin induced by initial cell–substrate 
interactions (Yamaji et al., 2004).

Extensive connections among FAs, integrins, and the actin 
network regulate cilium assembly
Unexpectedly, the results of our screen suggested a broad and criti-
cal role for integrin β1-mediated cell adhesion in ciliogenesis, as a 
substantial number of candidates identified in our screen are in-
volved in cell–matrix adhesion, as well as migration (8.6%) (Figure 
2B). Links between the ECM and cilium function have been noted, 
but thus far the connections have remained indirect and enigmatic 
(McGlashan et al., 2006; Seeger-Nukpezah and Golemis, 2012; Xu 
et al., 2018). When we examined these hits with the functional pro-
tein–protein interaction network analysis software, STRING, we con-
firmed connections to multiple networks involving the actin cyto-
skeleton, ECM and adhesion, trafficking, and key signaling pathways 
(Supplemental Figure 2A). Limited studies have supported possible 
localization of integrins to cilia (Praetorius et al., 2004; Goodman 
and Zallocchi, 2017), but their functional role, if any, within this 

organelle has not been studied extensively. STRING analysis re-
vealed that ITGB1 interacts with many hits from our screen, includ-
ing genes involved in adhesion, signaling, and trafficking, that con-
verge on Rac1 activation (Figure 2C). Rac1 is a key Rho GTPase 
controlling actin cytoskeleton organization, cell adhesion to the ex-
tracellular matrix, and migration. In addition to its role in lamellipo-
dia formation, Rac1 is essential for actin stress fiber and FA assembly 
(Guo et al., 2006). Rac1 is overexpressed in breast tumors from the 
early stages of malignant transformation and throughout the meta-
static process (Schnelzer et al., 2000). Indeed, when we manually 
inserted ITGB1 and Rac1 within our network of hits, we found that 
they acted as hubs to integrate nearly 60% of all candidates into a 
more robust, extended network (Figure 2C). Thus, our screen uncov-
ered an expansive network linking proteins within the cellular milieu 
to cell surface proteins that signal to Rac1 and the actin network, 
thereby convergently acting to suppress ciliation (summarized in 
Supplemental Figure 2B).

Suppression of ECM and integrin signaling genes alters cell 
adhesion and promotes ciliogenesis
We focused the remaining studies on a subset of genes that are 
involved in integrin activation and that function to promote cell ad-
hesion and migration, given their considerable enrichment in our 
screen. We examined the roles of the FA protein, TLN1, and its in-
teracting partner, FERMT2, as well as ECM ligands, VTN and 
LAMB4, which are preferentially recognized by integrin β1 and 
other integrin combinations (Schvartz et al., 1999; Belkin and Stepp, 
2000). We also included ITGB1 and Rac1 in our analysis, given their 
central role in the network (Figure 2C). To extend the results of our 
screen and rule out potential off-target effects, we knocked down 
each of these candidates using shRNAs distinct from those used in 
our screen. First, we silenced TLN1, LAMB4, FERMT2, VTN, ITGB1, 
and Rac1 in Hs578T cells and confirmed the efficiency of knock-
down by quantitative PCR (qPCR; Figure 3, A and B). As expected 
from our screen, ablation with shRNAs significantly increased the 
number of ciliated cells, and TLN1, FERMT2, and VTN depletion 
had the most profound effects, resulting in populations in which 
∼30% of cells assembled cilia. By comparison, serum starvation, a 
potent inducer of ciliation in normal cells, typically resulted in a 
population with considerably less cilia (∼15–20%; Figure 3C). We 
also effectively suppressed expression of each gene in RPE1 cells, 
as this is the most well-studied and robust in vitro model for study-
ing mechanisms of ciliogenesis. The absence of each of these pro-
teins substantially increased the number of ciliated cells, as ob-
served for Hs578T cells (Figure 3, D and E). Further, we showed that 
expression of an RNAi-resistant FERMT2 cDNA rescued enhanced 
ciliation after FERMT2 depletion (see Figure 7, A and B later in the 
paper), confirming that the enhanced ciliation phenotype was not a 
result of an off-target or nonspecific effect. Interestingly, in both cell 
lines, knockdown of ITGB1 or Rac1 produced similar results, con-
firming that the integrin and Rac1 signaling pathways are linked to 
ciliogenesis.

Since ciliation is normally associated with cell cycle exit, we ex-
amined the proliferative status of cells depleted of each protein. 
With the exception of TLN1, depletion of these proteins in Hs578T 
did not significantly reduce the number of Ki67-positive cells, un-
like serum withdrawal (Figure 3F). In striking contrast, we found 
that the number of proliferative, Ki67-positive RPE1 cells markedly 
decreased after depletion of each protein, except LAMB4, con-
comitant with gene silencing and enhanced ciliation, suggesting 
that cilium assembly was linked with cell cycle exit in normal epi-
thelial cells (Figure 3G). This suggests that within the time frame of 
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FIGURE 3: Depletion of genes within the ECM-integrin-adhesion network triggers ciliation. Hs578T or RPE1 cells 
treated with shRNAs against TLN1, FERMT2, VTN, (LAMB4, integrin β1 (ITGB1), or Rac1. Depleted cells were fixed and 
stained to visualize cilia or Ki67, and the number of ciliated (A and D) and proliferative (F and G) Hs578T and RPE1 cells 
was quantified together with expression levels after depletion (B, E). (C) Ciliation of Hs578T cells was measured after 
serum starvation. RNA levels were measured relative to the shCTR (control) shRNA. Graphs show the mean ± SEM of at 
least three independent experiments in which at least 100 cells were counted. *p < 0.01, **p < 0.001, and ***p < 0.0001 
were calculated via contingency test.
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our experiments, suppressing genes within this network in cancer 
cells does not obligatorily force cell cycle exit, which could, itself, 
promote ciliation. This result prompts the suggestion that cell cy-
cle exit may be disconnected from ciliation in these cells. It is also 
possible that genetic lesions within these cells dampen the ability 
of these cells to ciliate and override controls (and cell cycle exit) 
enforced in normal epithelial cells, although this remains to be 
tested.

Impact of gene suppression on adhesion and contractility
Thus far, we have shown that ablation of proteins linked to integrin 
and FA function can enhance ciliation. To confirm whether deple-
tion of this subset of hits concurrently perturbed the assembly of 
FA complexes, RPE1 cells were stained for the FA protein, paxillin, 
after gene silencing (Figure 4). As expected, paxillin formed punc-

tate, well-organized structures in control cells, whereas immuno-
fluorescence of this protein appeared diffuse after TLN1, FERMT2, 
and Rac1 loss. Similarly, knockdown of the ECM component, VTN, 
elicited diffuse staining of paxillin without recruitment to FA. In 
contrast, paxillin puncta were segregated into thick patches at the 
ends of actin filaments and exhibited a random distribution after 
LAMB4 depletion. Surprisingly, after ITGB1 depletion, paxillin also 
formed thick and short patches which colocalized with the termini 
of internal actin stress fibers, but not at the edges of cells. Loss of 
integrins and FA proteins is known to perturb the actin cytoskele-
ton. Therefore, cells depleted of each of these proteins were also 
stained for actin using phalloidin. In normal cells, actin stress fibers 
are generally divided into three groups (Hotulainen and Lappa-
lainen, 2006; Pellegrin and Mellor, 2007): 1) ventral stress fibers, 
which are anchored at both ends by FA and that are essential for 

FIGURE 4: Candidate gene depletion triggers changes in adhesion and contractility. RPE1 cells treated with shRNAs 
against Talin1 (TLN1), FERMT2, VTN, LAMB4, integrin β1 (ITGB1), or Rac1 were fixed and stained for actin (phalloidin, 
green) and paxillin (FAs, red). Insets show magnified views of actin filaments/stress fibers and FAs. Scale bar = 25 μm.
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cell contractility; 2) dorsal stress fibers, which are linked to a trans-
verse arc at one end and to an FA at the other; and 3) transverse 
stress fibers, which are located under lamellipodia and are con-
nected to FAs via dorsal stress fibers. In control RPE1 cells, phal-
loidin staining revealed a well-developed network of thin stress fi-
bers, with many actin cables running longitudinally across the cell 
body and connected to FAs at both termini, suggesting that RPE1 
cells extensively assemble ventral fibers (Figure 4). In TLN1-de-
pleted cells, phalloidin staining was diffuse within the cytoplasm, 
and stress fibers appeared sparse and less organized than in con-
trols, resulting in rounder cells suggestive of a loss of contractility. 
Indeed, it has already been shown that traction force generation 
was significantly reduced in Talin-deficient cells (Zhang et al., 2008). 
In FERMT2-depleted cells, internal stress fibers essentially disap-
peared, and phalloidin primarily marked tangential lines on the 
edge of cells, suggesting loss of contractility. Similar lattices were 
observed in RPE1 cells plated on fibronectin micropatterns (Théry 
et al., 2006), where stress fiber strength along edges depends on 
local adhesiveness: actin cables were considerably larger along 
nonadhesive edges than adhesive edges, confirming the absence 
of membrane adhesion to the substratum in FERMT2-depleted 
cells. Interestingly, knockdown of the integrin ligand, VTN, led to a 
phenotype similar to TLN1-depleted cells, wherein stress fibers 
were more sparse and less organized. Since actin organization is a 
fundamental regulator of stress fiber organization and contractility, 
we conclude that the dispersion of actin filaments observed in 
TLN1- and VTN-depleted cells perturbed cell contractility. VTN-
depleted cells also exhibited an accumulation of cortical actin and 
a disk-like appearance, signifying an increase of cell spreading on 
the surface. After Rac1 depletion, cells appeared elongated and 
lacked detectable F-actin structures other than cortical actin, as 
previously described (Guo et al., 2006). By contrast, after LAMB4 or 
ITGB1 depletion, cells exhibited numerous, thick, and short actin 
fibers between FA, suggesting an accumulation of ventral stress 
fibers and an increase in contractility. The mechanical force that is 
transmitted to FAs by stress fibers can alter the FA complex, and 
the augmentation of mechanical forces in LAMB4- and ITGB1-de-
pleted cells may explain the increase in FA size described earlier. 
Thick stress fibers are usually found in nonmotile cells and are rela-
tively stable. Indeed, cells depleted of LAMB4 and ITGB1 also ex-
hibited enlarged nuclei and cytoplasm with a large and flattened 
disk-like appearance, signifying enhanced cell spreading.

We sought to further investigate the link between altered stress 
fibers and enhanced ciliogenesis. Increased RhoA was shown to in-
duce stress fiber formation and prevent primary cilium assembly 
(Dawe et al., 2009), and therefore we examined the impact of spe-
cifically blocking ROCK with Y27632 to inhibit cell contractility. As 
expected, treatment of control RPE1 cells with this drug induced 
actomyosin relaxation, as evidenced by changes in cell morphology 
and enhanced ciliogenesis (Figure 5, A and B). In contrast, cells de-
pleted of LAMB4, Rac1, or ITGB1 showed no further or substantial 
increases in ciliation (Figure 5B). Because treatment with this drug 
did not additively increase the frequency of ciliation, we conclude 
that these candidate genes most likely suppress cilium assembly by 
inducing changes in cell contractility. Alternatively, it is possible that 
depletion of proteins such as LAMB4 increased ciliation to maximal 
levels in a contraction-independent manner.

Restoration of ECM ligand rescues ciliogenesis
Interestingly, our results suggest that ciliation of normal and breast 
cancer cells is regulated in part by the integrin ligands produced 
by these cells. Depletion of either VTN or LAMB4 led to marked 

enhancements in ciliation of normal and breast cancer cells (Figure 
3, A and D). To further test the conclusion that extracellular levels 
of these proteins were critical for such regulation, we supplied 
VTN to the ECM of Hs578T cells depleted of this protein by plat-
ing cells on coverslips with different concentrations of ligand. We 
found that the addition of purified VTN reversed the impact of 
depletion with the shRNA and significantly reduced the frequency 
of ciliation in these cells, whereas the addition of a control protein 
(bovine serum albumin; BSA) had no effect (Figure 5C). These find-
ings strongly support our conclusion that the presence of extracel-
lular matrix proteins can dramatically alter the ability of cells to 
ciliate.

Targeting ciliogenesis inhibitors impairs cell migration
We next evaluated the impact of silencing candidate genes on cell 
migration by examining whether assembly of cilia plays a role in this 
process. We therefore ablated a subset of proteins (VTN, FERMT2, 
LAMB4, Rac1, and TLN1) in Hs578T cells using shRNAs and per-
formed wound-healing assays. We found that suppression of TLN1, 
FERMT2, and LAMB4 markedly reduced migration of these cancer 
cells over a ∼22-h window without substantially decreasing their 
proliferative capacity during this period (Figure 6A). These results 
suggest that enhanced ciliation of breast cancer cells coincided with 
reduced cell migration.

To generalize our findings, we also ablated TLN1, LAMB4, 
FERMT2, VTN, and Rac1 in RPE1 cells using individual siRNAs dis-
tinct from those used in the screen, and cells were allowed to reach 
confluence for a short duration before wounding. In each case, we 
observed a significant increase in the percentage of ciliated cells as 
compared with the siRNA control, although the extent of ciliation 
was somewhat lower than that obtained using shRNAs (Supplemen-
tal Figure 3B). Importantly, we found that cell migration was signifi-
cantly impaired after ablation of all candidates in RPE1 cells (Figure 
6C and Supplemental Figure 3A). To test whether the impact on cell 
migration resulted from enhanced ciliation, we simultaneously de-
pleted CEP83, a centriolar distal appendage protein essential for 
ciliogenesis (Tanos et al., 2013) and confirmed silencing with qPCR 
(Supplemental Figure 3B). Removal of CEP83 abolished ciliation, as 
expected (Supplemental Figure 3B). Importantly, migration was res-
cued to levels approximating the control after simultaneous ablation 
of CEP83 and TLN1, VTN, or Rac1, indicating that cilium assembly 
can restrain cell migration (Figure 6C).

We conclude that assembly of cilia restricts cell migration in nor-
mal epithelial and cancer cells. These results stand in contrast with 
fibroblasts, wherein migrating cells assembled cilia oriented in the 
direction of cell movement (Christensen et al., 2013), suggesting 
that the role of cilia in migration could be cell type dependent.

YAP/TAZ pathway activation can rescue aberrant ciliation 
triggered by depletion of a FA-integrin pathway component
Last, we sought a mechanistic explanation for the induction of cilia-
tion on disruption of the FA complex. The Hippo pathway effectors, 
YAP/TAZ, are transcriptional coactivators shown to function as 
mechanosensitive switches by responding to changes in the ECM 
and FAs and altering expression of genes encoding FA proteins and 
negative regulators of cilium assembly (Kim et al., 2015a; Nardone 
et al., 2017). Furthermore, actin destabilization was shown to induce 
ciliation by disabling YAP/TAZ activity through cytoplasmic seques-
tration, whereas hyperactivation of YAP can suppress serum starva-
tion-induced ciliation (Kim et al., 2015a). To test the involvement of 
the YAP/TAZ pathway in responding to loss of our candidate genes, 
we assessed the impact of silencing FERMT2, since FERMT2 and 
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another protein, TLN1, bind to the cytoplasmic tail of β-integrins to 
enable their activation via ECM ligands (Kim et al., 2011). We ex-
pressed a hyperactivated mutant YAP protein, in which all inactivat-
ing phosphorylation sites were eliminated (GFP-YAP5SA; Zhao 
et al., 2007; Kim et al., 2015a), or GFP as a control, in RPE1 cells, 
then suppressed expression of FERMT2. As shown in Figure 7, A 
and B, FERMT2 knockdown in control cells induced robust levels of 
ciliation, comparable to what was observed in the parental RPE1 cell 
line (Figure 3D). Interestingly, we observed substantially reduced 
levels of ciliation in cells expressing constitutively active GFP-YAP as 
compared with the control. Thus, activated YAP can rescue the en-
hanced ciliation induced through FERMT2 knockdown. FERMT2 
loss can compromise integrin activation, which is required to pro-
mote and stabilize the assembly of the actin cytoskeleton. Since 
FERMT2 depletion negatively impacts actin network assembly 
(Figure 4), our screen suggests that such destabilization promotes 

ciliogenesis, and YAP/TAZ components can override this response 
by enhancing expression of genes mediating integrin-dependent 
FA assembly and possibly other genes that counteract ciliogenesis 
(Kim et al., 2015a).

Our studies have identified a cohort of genes that suppress cilio-
genesis through heretofore unanticipated processes. We suggest 
that our screen may have uncovered an expansive set of genes that 
could ultimately be implicated in genetic diseases with ciliopathic 
features. As exome sequencing of rare mutations proceeds, it will 
be interesting to query the linkage of disease mutations using our 
list of candidate ciliogenesis suppressors. Importantly, our results 
also suggest that FAs impact ciliogenesis through an integrin-asso-
ciated pathway. Such modulation could occur through reorganiza-
tion of the actin network, and our work significantly extends the 
repertoire of proteins that may play a role in the decision to assem-
ble cilia. For example, we have definitively shown that altering cell 

FIGURE 5: Impact of gene silencing on adhesion and contractility. (A) RPE1 cells treated with shRNA control (shCTR) or 
shRNA against Talin1 (TLN1), FERMT2, VTN, integrin β1 (ITGB1), or Rac1 were incubated with the Rho kinase inhibitor, 
Y27632 (hatched bars). Cilia were stained with antibodies against Arl13b and quantified. Graph shows the mean ± SEM 
of at least three independent experiments in which at least 100 cells were counted. (B) Actin and FA were stained with 
phalloidin (green) and paxillin (red), respectively. (C) Hs578T cells depleted for VTN were plated on coverslips supplied 
with 5 or 10 μg/ml purified vitronectin or BSA as control. Cilia were stained and quantified as indicated. In each case, 
the graph shows the mean ± SEM of at least three independent experiments in which at least 100 cells were counted.
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attachments to the ECM through FAs modifies the dynamics of pri-
mary cilium assembly, which could further serve to modulate cellular 
responsiveness and migration during malignant transformation and 
metastasis. Since ciliation and cell–ECM interactions are perturbed 

in the epithelial cells of basal breast cancers, restoring cytoskeletal 
organization and proper interactions with the ECM might rescue 
ciliary intra- and extracellular signaling pathways and cell prolifera-
tion, preventing the metastatic progression of primary epithelial 

FIGURE 6: Enhanced ciliation restrains cell migration. (A) Wound healing assay was performed on Hs578T cells treated 
with shRNAs against Talin1 (TLN1), FERMT2, VTN, LAMB4 or Rac1 in. Cells were imaged 10 h and 22 h after the scratch, 
the gap size was measured and its rate of closure was calculated over time. (B) Wound healing assays were performed in 
RPE1 cells treated with siRNAs against CEP83 and Talin1 (TLN1), FERMT2, VTN, LAMB4 or Rac1 in serum replete 
conditions. The gap size was measured 5, 10, and 24 h after the scratch, and its rate of closure was calculated over time. 
Graph shows the mean ± SEM of at least three independent experiments in which at least 100 cells were counted.
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cancers in aggressive solid tumors such as TNBC. We also showed 
that modulating the concentration of certain ligands in the ECM 
impacts the ability of cells to ciliate and migrate, and this finding 
confirms the results of our screen and, importantly, suggests that the 
extent and efficacy of ciliation could be impacted in a highly con-
text-specific manner by local microenvironments within the ECM 
and adhesive interactions. Interestingly, recent studies have shown 
that removal of cilia was associated with mitral valve prolapse and 
reorganization of components within the ECM (Toomer et al., 2019), 
potentially indicating a reciprocal relationship between ciliation and 
the integrity of the ECM. Our work provides a valuable resource for 
pursuing these connections.

While we have shown that ablation of several genes identified 
in our screen could trigger both cell cycle exit and cilium assem-
bly in normal epithelial cells, wholesale cell cycle exit was not in-
duced by depletion of these proteins in basal cancer cells over 
the time course used in our study. Because cell cycle exit is nor-
mally intricately linked to cilium assembly, we anticipate that the 
timing and duration of protein depletion could impact the out-
come, and more prolonged depletion may be necessary to en-
force growth arrest. It is also possible that breast cancer cells are 
refractory to growth arrest owing to additional genetic alterations. 
Since it would be advantageous to enforce growth arrest in a 

cancer cell that has lost the primary cilium, inhibition of this ciliary 
suppression program with small molecules may therefore provide 
unique opportunities for attenuating cell proliferation and arrest-
ing tumor development. We note that a significant number of hits 
in our screen have enzymatic properties, suggesting that tumor 
cells could be reciliated by novel (or even preexisting) small mol-
ecule inhibitors. Furthermore, we surmise that, unlike toxic che-
motherapies used currently, reciliation of cancer cells may not 
pose detrimental effects organismically, since cells that otherwise 
lack the machinery to ciliate (such as hematopoietic or muscle 
cells) are not likely to be adversely affected by induced ciliation. 
On the other hand, the ability to reciliate basal breast cancer cells 
could constitute an Achilles’ heel for slowing growth of this type 
of tumor.

MATERIALS AND METHODS
Cell culture
Normal RPE1 cells and basal breast cancer cells (Hs578T, MDA-
MB-157, and MDA-MB-468) obtained from ATCC were cultured in 
DMEM supplemented with 10% fetal bovine serum (FBS) under 
standard conditions (37°C, 5% CO2). Normal breast MCF10A cells 
were cultured in DMEM medium supplemented with 10% FBS, epi-
dermal growth factor (20 ng/ml), cholera toxin (100 ng/ml), insulin 

FIGURE 7: Constitutive activation of YAP/TAZ pathway rescues depletion of Fermt2. (A) FERMT2 was depleted using 
shRNA in RPE-1 cells stably expressing GFP, GFP-YAP or FERMT2-GFP. Cells were immuno-stained with anti-GT335 to 
detect cilia and with anti-GFP antibodies (A). (B) Percentages of ciliated cells shown in A were quantified (three 
independent experiments). Error bars represent SD. The p values were calculated by Scheffe’s Test after ANOVA (**p < 
0.001, ***p < 0.0001). (C) Model indicating the role of ECM and FA components and YAP/TAZ pathway in restraining 
cilium assembly. See text for details.
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(0.01 mg/ml), and hydrocortisone (500 ng/ml) under standard condi-
tions (37°C, 5% CO2).

Whole-genome and custom siRNA library screens
The human Silencer Select (Thermo Fisher Scientific) arrayed siRNA 
library containing pooled siRNAs targeting ∼22,000 human genes 
was screened in triplicate. Assay plates (384-well plate with optical 
bottom; Corning 3712) were spotted with 1.5 μl of 0.3 μM siRNA 
using the Agilent Bravo automated liquid handler with a 384-tip 
head. Reverse transfection was performed using Lipofectamine 
RNAiMAX, and the final siRNA concentration was 33 nM. Hs578T 
cells were suspended in DMEM supplemented with 10% FBS and 
seeded onto assay plates using the Matrix Well Mate (2000 cells in 
40 μl medium for each well). Culture medium was replaced with 
DMEM 24 h after transfection using the Biotek EL406, and cells 
were incubated for an additional 72 h before fixation in 4% formal-
dehyde, blocking in PBS/3% BSA/0.1% Triton, and subsequent 
staining with Arl13b (1:10,000; 75-287, NeuroMab) in blocking buf-
fer, anti-mouse Alexa 647 (1:20,000; Invitrogen), and DAPI. For 
the custom siRNA library screen, an arrayed library containing the 
same pooled siRNAs targeting 349 human genes identified in the 
whole-genome screen was screened and processed as described 
above.

Imaging and image analysis
Concurrent image acquisition and analysis of the siRNA screen was 
performed on the ArrayScan VTI (Thermo Fisher Scientific) using the 
Spot Detector (v4) Bioapplication within the HCS Studio Cell Analy-
sis suite. Briefly, 6 fields/well with 2 channels/field (DAPI, AF647) 
were imaged at 20× magnification and 2 × 2 binning (1104 × 1104 
resolution). Nuclei as primary objects were identified using an iso-
data thresholding algorithm and selected as valid objects by apply-
ing a minimum area criterion to reject fragmented nuclei. ARL13b 
staining (cilia) was identified within a circular region of 35 pixels 
around the nuclear mask, applying 3-sigma thresholding algorithm 
in the AF647 channel.

Analysis of primary screen
The statistical significance of effects on cilia and cell number after 
siRNA knockdown was tested by calculating robust z scores from all 
observed cilia/cell ratios within the plate. We used the robust (Rob) 
z score, which substitutes the outlier-insensitive median and MAD 
for mean and SD in the z score calculation: Rob Z score = (measure-
ment – Med)/MAD. The Rob Z score was calculated for this RNAi 
screen because it is less sensitive to outliers (Birmingham et al., 
2009). To exclude siRNAs affecting cell survival and cell cycle arrest, 
cell numbers after depletion of KIF11 (involved in spindle dynamics 
during mitosis) and NEK2 (required for mitotic progression) were 
used to set a cell number cutoff which corresponded to the lowest 
number of cells in NEK2-depleted control cells (zcell cutoff = 180).

The range of robust z scores over the course of the screen was 
consistent, but to ensure normalization of data and exclusion of 
batch-specific effects, data were analyzed within processed batches. 
The zcilia cutoff was set at a robust z score = 3. Some batches 
showed a lower ciliation efficiency, and the cutoff was set according 
to the median and the MAD of robust z scores for the positive con-
trols (Med zcilia ctl + 1.45*MAD zcilia ctl = zcilia cutoff) (Zhang, 
2011). If a test result was greater in value than the median robust z 
score for the positive controls (zcilia > zcilia cutoff) for at least two 
replicates, then this siRNA has a greater effect on ciliogenesis than 
the median of the positive controls, and the result was considered 
as a significant hit.

Finally, to control the rate at which siRNAs that have true large or 
moderate effects fail to be identified as positives and the rate at 
which siRNAs that should be considered negative are identified as 
positives, hits with a SSMD > 1.645 were selected (Zhang, 2011).

Confirmatory screen
The statistical significance of effects on cilia and cell number after 
siRNA knockdown was tested by calculating robust z scores from the 
ratio of cilia/cell number in negative control wells on the plate. To 
exclude siRNAs affecting cell survival, an initial cutoff was set ac-
cording to the number of RPE1 (zcell cutoff = 400) and MDA-MB-468 
(zcell cutoff = 800) cells. The zcilia cutoff was set at Rob Z score = 3 
for all cell lines, except a Rob Z score = 1.5 was used for MDA-
MB-157 cells.

RNA interference
To confirm the results of primary and secondary screens, 
we selected shRNAs from the MISSION pLKO.1-puro lentivirus 
library (Sigma-Aldrich). Plasmids were transfected in HEK293T 
cells with delta 8.2 and VSV-G vectors and polyethylenimine 
(PEI) for 3 to 4 d.

Virus was filtered, and RPE1 cells were infected with fresh media 
(ratio 1:1) and polybrene for 8–12 h. Cells were selected with puro-
mycin (6.67 μg/ml for RPE1; 1 μg/ml for Hs578T) for 1 day. Then, 
cells were trypsinized, replated, and analyzed after 2 d.

Cells were reverse-transfected with 30 nM siRNA and Lipo-
fectamine (RNAiMax; Invitrogen) for 8 h. Analysis of cilia was per-
formed 96 h after transfection. Sequences used are shown in Sup-
plemental Table S1.

Immunofluorescence
Cells were fixed with 4% formaldehyde for 10 min at room tempera-
ture. After blocking in PBS/3% BSA/0.2% Triton-X, cells were immu-
nostained either with antibodies against ARL13b and Ki67 or with 
paxillin and phalloidin for 2 h. Secondary antibodies were incubated 
for 2 h, and cilia and Ki67-positive nuclei were quantified in ∼100 
cells for each replicate.

Statistical contingency and χ2 testing were performed with data 
from at least three replicates.

Flow cytometry
Flow cytometric analyses with anti-Ki67-FITC antibody (Miltenyi Bio-
tec) was performed following manufacturer’s instructions. Briefly, 
cells were fixed in cold ethanol (70%) for at least 2 h. After washing, 
Ki67 antibody was diluted 1/50 in incubation buffer (PBS/3% BSA 
+0.3% Triton-X) and incubated for 20 min at room temperature. Ten 
thousand cells were counted using the LSRII UV cell analyzer (BD 
Bioscience) and FlowJo software.

Experiments were performed a minimum of three times.

Migration assays
Eighty thousand RPE1 cells were seeded in a 24-well plate. Cells were 
reverse-transfected at the time of seeding with siRNAs targeting can-
didate genes and control or CEP83 siRNAs. After 72 h, cells were 
wounded using a 10-μl tip, and gap closure was monitored at 5, 10, 
and 24 h. For Hs578T, ∼100,000 cells infected with lentivirus harbor-
ing each shRNA and selected with puromycin were seeded in a 24-
well plate. After 48 h, cells were wounded as above, and gap closure 
was monitored at 10 and 22 h. The area encompassing the gap was 
measured using ImageJ software and presented as a percentage of 
gap closure compared with Time 0. Experiments were performed 
minimally three times with at least two technical replicates each.
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Expression of an siRNA-resistant cDNA or activated YAP in 
Fermt2-depleted cells
To determine whether we could specifically rescue enhanced cilia-
tion as a result of depletion of FERMT2, we selected RPE1 cell lines 
stably expressing GFP or an siRNA-resistant FERMT2-GFP. We also 
expressed a hyperactivated YAP mutant (GFP-YAP5SA) in which all 
inactivating phosphorylation sites were eliminated (Zhao et al., 
2007; Kim et al., 2015a). We suppressed expression of Fermt2 in 
each of these cell lines by infection with a lentivirus expressing a 
FERMT2 shRNA that targets a region within the 3′ UTR of the 
FERMT2 gene (Supplemental Table S3). Virally transduced cells 
were selected and then fixed. Ciliation was then scored by immu-
nostaining with the anti-polyglutamylation antibody, GT355. A total 
of 100 cells were scored in each case, and the experiment was per-
formed three times.

Gene expression analysis
Total RNA was isolated using TRIzol Reagent (Fisher). RNA was 
reverse-transcribed using Verso cDNA synthesis kit (Thermo 
Scientific). Quantitative reverse-transcription PCR (RT-qPCR) was 
performed using the CFX96 Touch Real-Time PCR Detection Sys-
tem (Bio-Rad). Relative expression levels were calculated with the 
ΔΔCt method using GAPDH as an internal control. Primer sequences 
are shown in Supplemental Table S1.
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