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Advances in ciliary proteomics – towards cracking the hidden
proteome code of cilia
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ABSTRACT
Understanding the dynamic protein composition of cilia, crucial sensory
organelles implicated in ciliopathies, is essential for comprehending
cellular function and disease mechanisms. This Review summarizes
advancements in methodologies for characterizing cilia proteomes.
Traditional biochemical methods for isolating cilia from various model
organisms have yielded informative protein inventories of cilia. These
approaches worked particularly well for motile cilia but face challenges
when investigating sparse primary cilia in variousmammalian cells and
tissues. The advent of protein–protein interaction mapping approaches
employing genetically encoded affinity purification tags followed by
mass spectrometry (AP-MS), has elucidated crucial ciliopathy-
associated protein modules such as the BBSome, leading to new
gene discoveries. More recently, proximity labeling techniques (APEX,
BioID and TurboID) have revolutionized the field, enabling high-
resolution and dynamic mapping of ciliary proteomes and signaling
pathways, and dissecting protein trafficking defects in ciliopathymodels.
Despite technical variations, these methods offer novel insights into the
ciliary and sub-ciliary protein environment. Further advancements in
spatial proteomic technologies and mass spectrometry sensitivity might
ultimately allow us to delineate dynamic proteomic profiles of specific
cilia accurately across different cell types and tissues.
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Introduction
Understanding the protein composition of organelles and their
dynamic adaptations is crucial for elucidating how these subcellular
compartments and their individual protein complexes contribute to
cellular function. Cellular responses to physiological cues bring
about dynamic proteomic changes, which also reflect how organelles
act as hubs to coordinate and fine-tune complex biological processes.
Insights into these processes lay the groundwork for a deeper

understanding not only of cellular regulation but also the molecular
basis of disease.

Cilia and the challenge of being small
This complexity is particularly intriguing and especially
challenging for cilia, sensory microtubule-based organelles that
extend from the cell surface either as solitary structures or in bundles
of motile cilia (Pan et al., 2005). Cilia receive and transmit signals
and, in their motile forms, generate fluid flow. About 25 years ago,
landmark studies first linked cilia to the pathogenesis of cystic
kidney diseases – an insight that was later extended to many other
genetic syndromes. In 1999, LOV-1 and PKD-2 were shown to
localize to cilia in Caenorhabditis elegans, the human homologs of
which are responsible for autosomal dominant polycystic kidney
disease (ADPKD) (Barr and Sternberg, 1999). Around the same
time, a mutation in Tg737, now termed Ift88, a gene essential for
ciliary function in Chlamydomonas reinhardtii, was found to cause
cystic kidney disease inmice (Moyer et al., 1994; Pazour et al., 2000).
Soon after, the pediatric cystic kidney diseases nephronophthisis
(NPH) and Bardet–Biedl syndrome (BBS) were also causally linked
to ciliary dysfunction (see Glossary) (Ansley et al., 2003; Otto et al.,
2003). Today, more than 30 disorders with mutations in more than
200 disease genes are classified as primary ‘ciliopathies’ (Turan et al.,
2023). With the exception of ADPKD, these are rare disorders and
syndromes with a broad genotypic and phenotypic overlap. They
currently lack any registered curative therapies, underscoring the
urgency of gaining a deeper understanding of their underlying
pathological mechanisms. In recent decades, research has
significantly focused on characterizing ciliary protein complexes
and elucidating the protein composition of cilia (Fig. 1). These
approaches are based on the rationale that comprehensively decoding
the content and complexity of ciliawill lead to a deeper understanding
of their function and pathophysiological roles.

Cilia are composed of a microtubule-based skeleton, termed the
axoneme (see Glossary), which is typically arranged in a ring of
nine doublet microtubules that – in the case of most motile cilia –
surrounds two central single microtubules (Walton et al., 2023).
However, this canonical structure can show pronounced deviations
with increasing distance from the ciliary base (Kiesel et al., 2020).
The basal body (see Glossary) is a modified mother centriole, which
anchors and provides the structural template for the primary cilium
(Kim and Dynlacht, 2013). Situated just above the basal body is the
transition zone (see Glossary), which acts as a selective barrier and
regulates protein entry and exit, as both membrane and cytoplasmic
proteins cannot freely access the cilium (reviewed in Moran et al.,
2024; Nachury and Mick, 2019).

A major challenge in cilia research, particularly in analyzing the
ciliary protein composition, is the extremely small volume of cilia
compared to the rest of the cell. This limitation is further
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compounded in the case of primary cilia, where only one cilium is
typically formed per cell. A single cilium has a diameter of
∼200–250 nm and a length of 1–10 µm, corresponding to a volume
in the order of tenths of a femtoliter (Polino et al., 2023). Despite
established protocols for mammalian primary cilia isolation
(Huang et al., 2009; Ishikawa and Marshall, 2013; Mitchell, 2013;
Mitchell et al., 2009), obtaining sufficient material at adequate purity
for proteomic analyses remains technically demanding.

Proteomic approaches for studying cilia
Approaches in ciliary proteomics began with the straightforward
strategy of biochemically isolating flagella and cilia and analyzing
their protein content by mass spectrometry (Fig. 2; Box 1).
Subsequent efforts shifted toward interaction studies of known
ciliary proteins using pulldown and immunoprecipitation experiments
(IP-MS, see Glossary), with tandem affinity purification playing a
central role. More recently, ciliary proximity labeling – introducing
biotinylating enzymes into the cilium – has emerged as a powerful
tool for probing ciliary proteomes. It is noteworthy, although not
central to the focus of this Review, that there are numerous studies that
have made crucial contributions by employing comparative genomics
(Avidor-Reiss et al., 2004; Li et al., 2004), siRNA (Failler et al., 2021;
Kim et al., 2016; Lai et al., 2011; Roosing et al., 2015; Szymanska
et al., 2015) or CRISPR-based screens (Breslow et al., 2018; Pusapati
et al., 2018) to identify genes essential for ciliogenesis, ciliary
disassembly, cilia-mediated signal transduction or other aspects of
cilia biology. The abovementioned proteomics analyses and
comparative genomics studies provided the first inventories of cilia,

revealing up to 1200 distinct proteins comprising cilia in different
biological contexts (Avidor-Reiss et al., 2004; Gherman et al., 2006;
Li et al., 2004). These studies further highlight the primary cilium as a
sensory organelle and provide a basic understanding of how its
dysfunction can cause disease (Singla and Reiter, 2006).

Here, we review recent advances in ciliary proteomics and
place them in a historical context. Our focus is on primary cilia
because our knowledge on the proteomes of motile cilia is already
more comprehensive. This is largely due to the relative ease of
isolating motile cilia and flagella in greater quantities from model
organisms such as Chlamydomonas and mammalian tissues,
making them more accessible to mass spectrometry-based
analyses. By contrast, primary cilia pose significant experimental
challenges due to their size and numbers, necessitating the
development and implementation of advanced methodology. We
first highlight insights gained from mass spectrometry analyses
of isolated flagella and cilia. We then discuss protein–protein
interaction networks revealed by affinity purification–mass
spectrometry (AP-MS), using ciliary and ciliopathy-associated
proteins as baits. Finally, we examine how proximity labeling
approaches have been applied to study ciliary function, outlining the
strategies used to date and concluding with perspectives on future
efforts to further elucidate the molecular composition of cilia.

Proteomic insights from mass spectrometry on isolated cilia
The most direct approach to analyzing the protein composition
of cilia is through biochemical isolation and purification, followed
by mass spectrometry-based proteomic analysis (Fig. 2).

Glossary
Cilia structural terms
Axoneme: the microtubule-based core of the cilium.
Basal body: modified mother centriole that forms the base of the cilium.
BBSome:multiprotein complex composed of eight Bardet–Biedl syndrome
(BBS) proteins that mediates the trafficking of membrane proteins out of the
cilium.
Central apparatus: a structure within motile cilia and flagella composed of
two central microtubules surrounded by protein complexes, playing a key
role in coordinated ciliary beating.
CPLANE: the ciliogenesis and planar polarity effector complex, a
multiprotein assembly at the ciliary base, essential for proper ciliogenesis
and planar cell polarity.
IFT complexes: intraflagellar transport (IFT) complexes are multi-protein
complexes that mediate the bidirectional movement of cargo along the
axonemal microtubules, essential for cilium assembly, maintenance,
disassembly and signaling.
Transition zone: specialized region between the basal body and the ciliary
axoneme that regulates entry and exit of proteins.

Proteomics terms
Affinity purification–mass spectrometry (AP-MS): approach in which
proteins of interest are purified together with their interaction partners using
affinity tags followed by mass spectrometric analysis.
Immunoprecipitation–mass spectrometry (IP-MS): approach in which
proteins of interest are purified together with their interaction partners using
specific antibodies, followed by mass spectrometric analysis.
Tandem-affinity purification (TAP): protein purification technique in which
a target protein is fused to two affinity tags, allowing sequential purification
steps.
Localization and affinity purification (LAP): special version of the TAP
technique, in which one tag is a fluorescent protein that can be detected by
fluorescence, which allows two-step purification and localization studies.
Proximity-dependent biotin identification (BioID): a method based on a
promiscuous biotin ligase (BirA*) fused to a protein of interest to covalently

label neighboring proteins with biotin for subsequent affinity purification and
mass spectrometric analysis.
TurboID: an engineered biotin ligase with enhanced activity compared to
BioID. A shorter truncated version is referred to as miniTurboID.
Engineered ascorbate peroxidase (APEX): a proximity labeling enzyme
that uses biotin-phenol and hydrogen peroxide to biotinylate nearby
proteins for subsequent purification and mass spectrometric analysis.

Ciliopathies
Nephronophthisis (NPH): an autosomal-recessive cystic kidney disease
characterized by progressive tubulointerstitial fibrosis, corticomedullary cyst
formation, and eventual kidney failure, often accompanied by extrarenal
manifestations. NPH is caused by mutations in >20 NPHP genes.
Joubert syndrome (JBTS): a rare neuronal ciliopathy defined by the
“molar tooth sign” on brain MRI, reflecting cerebellar vermis hypoplasia.
JBTS presents with variable neurological, ocular, renal, hepatic and skeletal
manifestations and is genetically heterogeneous, caused by mutations in
more than >35 ciliary genes, many of which overlap with NPH and BBS.
JBTS is also classified within the group of NPH-related ciliopathies
(NPH-RC).
Meckel–Gruber syndrome (MKS): a severe, typically lethal ciliopathy
characterized by occipital encephalocele, cystic kidneys, hepatic fibrosis
and polydactyly. MKS is caused bymutations inmultiple ciliary genes,many
of which overlap with those implicated in Joubert syndrome and related
disorders. MKS is also classified within the group of nephronophthisis-
related ciliopathies (NPH-RC).
Bardet–Biedl syndrome (BBS): a pleiotropic ciliopathy characterized
by retinal degeneration, obesity, polydactyly, cognitive impairment,
hypogonadism and kidney dysfunction. BBS is caused by mutations in
BBS genes encoding components of the BBSome, a chaperone complex
and additional ciliary proteins. It is also classified among the
nephronophthisis-related ciliopathies (NPH-RC).
Autosomal dominant polycystic kidney disease (ADPKD): the most
common inherited kidney disorder, caused by mutations in PKD1 or PKD2,
leading to progressive cyst formation and kidney enlargement.
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This strategy has proven particularly successful for motile cilia and
flagella, owing to their relatively large quantities. Studies in
Chlamydomonas reinhardtii, which uses its two flagella both for
locomotion and reproduction, include a comprehensive flagellar
proteome (Pazour et al., 2005), a phosphoproteome (Boesger et al.,
2009), and detailed proteomic characterizations of the transition
zone (Diener et al., 2015), the central apparatus (Zhao et al., 2019)
and, more specifically, the central microtubule pair of the axoneme
(Dai et al., 2020). More recently, mass spectrometry has also been
applied to investigate the roles of transition zone proteins in
regulating ciliary composition (Wang et al., 2022). Equally notable
are studies on the flagella of Trypanosoma (Broadhead et al., 2006;
Subota et al., 2014) and on motile cilia in Xenopus embryos (Sim
et al., 2020). In mammals, early proteomic efforts focused on
human airway epithelial cells (Blackburn et al., 2017; Ostrowski
et al., 2002). More recently, similar analyses have been extended to
motile cilia in brain ventricles, the oviduct and sperm, including
human samples (Leung et al., 2025).
By contrast, proteomic studies of primary cilia remain limited,

largely due to technical challenges associated with their small size
and low abundance. The earliest proteomic investigation of a
primary cilium was on the specialized sensory cilium of retinal
photoreceptor cells – also referred to as the photoreceptor outer
segment – in the mouse retina (Liu et al., 2007). In this study,
isolated photoreceptors were analyzed, including a mouse model
lacking ciliary rootlets, cytoskeletal filamentous structures that
emanate from the basal body into the cytoplasm and typically co-
purify as contaminants of photoreceptor outer segment preparations.
The datasets revealed known cilia-associated proteins as well as
several ciliopathy-related proteins including several BBS or NPHP

proteins that had not previously been reported in photoreceptors. As
a key reference for cilia-associated proteins at that time, the study
employed the ‘ciliary proteome database’, a comprehensive
database from 2006 largely derived from transcriptomic data of
ciliated cells and proteomic data from flagella across ten prior
studies (Gherman et al., 2006). Subsequent studies analyzed ciliary
membranes isolated from olfactory sensory neurons in rats and
mice, identifying several hundred proteins that can be grouped,
among others, into signal transduction, Ca2+ signaling and
cytoprotective pathways (Klimmeck et al., 2008; Mayer et al.,
2008, 2009; Stephan et al., 2009). Methodological advances in cilia
isolation and membrane protein enrichment later enabled the
identification of over 4400 proteins from mouse olfactory epithelia,
including a substantial number of olfactory receptors (178 proteins)
within the olfactory ciliary membrane proteome (Kuhlmann et al.,
2014). Another study examined the ciliary proteome of choroid
plexus cells (Narita et al., 2012), which harbormultiple so-called 9+0
cilia that lack the central microtubule pair and exhibit features of both
primary and motile cilia (Ho et al., 2023). In the first study to
investigate canonical primary cilia from cultured cells, primary cilia
were isolated from the murine inner medullary collecting duct cell
line mIMCD3 (Ishikawa and Marshall, 2013), a well-established
model for kidney epithelial cells, identifying 195 candidate primary
cilium proteins (Ishikawa et al., 2012). In addition to strategies using
mass spectrometric approaches, a recent study employed spatial
proteomics based on antibody staining to identify proteins with
ciliary localization. This effort mapped 650 ciliary proteins, including
71 candidates previously not linked to cilia, and revealed notable
differences in ciliary protein composition across different cell lines
(Hansen et al., 2025).
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Fig. 1. Cilia research from a proteomics perspective. Selected key publications significantly shaping our current understanding of cilia. We apologize for
not including numerous other relevant studies due to space constraints. Created in BioRender by Schermer, B., 2025. https://BioRender.com/jf2fayw. This
figure was sublicensed under CC-BY 4.0 terms.
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Protein–protein interaction mapping approaches to
investigate ciliopathy-associated protein networks
The importance of understanding cilia protein–protein interactions
Affinity purification-based mass spectrometry techniques have
enabled the study of protein–protein interactions (PPIs), providing
valuable insight into disease. In order to understand the structure
and function of a cell and its dysfunction upon genetic mutation, it is
crucial to obtain a detailed, comprehensive view of the network of
interactions between its many constituents (Vidal et al., 2011). PPIs
and the composition of protein complexes are inherently dynamic in
nature and adjusting individual components in response to
environmental signals provides flexibility in function. This allows
cells to adapt to changing conditions and generate the required
robustness that is critical for life (Barabasi and Oltvai, 2004). By
contrast, even a subtle disturbance of a crucial PPI (e.g. from a single
missense variant) can have significant systemic consequences by
affecting individual protein modules and interconnected cellular
networks, which can cause disease (Barabasi et al., 2011).
The advent of rapid sequencing technologies has significantly

increased the capacity to identify pathogenic genetic variants in
individuals with ciliopathies and scrutinize the molecular
mechanisms of disease (Oud et al., 2017). This boost in
identification of novel ciliopathy genes has revealed ciliary
proteins that are localized to or affect the biogenesis or function
of cilia (Hildebrandt et al., 2011; Mill et al., 2023; Quinlan et al.,
2008). These include key ciliary proteins, such as those involved in
intraflagellar transport (IFT, see Glossary) that have been well-
studied in C. reinhardtii and C. elegans (Barr et al., 2001; Cole

et al., 1998; Pazour et al., 2000). Yet, the ciliary roles of many other
ciliopathy genes remain elusive. As the initial defect in monogenic
ciliopathies is a single disrupted – or even absent – protein,
characterizing its interaction network is intuitively crucial to explain
pathogenicity as it follows the ‘guilt-by-association’ paradigm
(Wang and Marcotte, 2010). This concept is based on the idea that
the function of a protein often resembles that of the proteins it
interacts with or shares other features with, such as co-expression
and colocalization (Hartwell et al., 1999). This theoretical concept
has been experimentally validated in several seminal studies across
eukaryotes of increasing complexity, from yeast and C. elegans to
humans (Bork et al., 2004; Gavin et al., 2006).

An extensive and ever-growing toolbox of molecular techniques
is available to identify, map and study PPIs and protein complexes
(Snider et al., 2015). Most methods are based on ‘bait–prey’
principles. These enable the identification of binary interactors,
such as classic yeast two-hybrid (Y2H) approaches, or the isolation
of protein complexes by affinity purification of a specific ‘bait’
protein, followed by mass spectrometric identification of the
isolated associated ‘preys’ (AP-MS or affinity proteomics; see
Fig. 2 and Glossary). Both approaches have been utilized in large-
scale screens to map the human interactome (Huttlin et al., 2015;
Rual et al., 2005). To understand the function of ciliopathy-
associated proteins and to identify novel ciliopathy candidate genes,
several studies have dissected PPI networks using ciliary and
ciliopathy-associated proteins as ‘baits’. These studies generated
lists of protein modules that informed us on the molecular functions
of the primary cilium as a signaling organelle. Prior to 2005, Y2H
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screens of tissue-specific cDNA libraries were laborious-but-
efficient tools to identify binary interactors of ciliopathy-
associated proteins derived from genetic studies. This elucidated,
for example, the ciliary protein module linked to the retinitis
pigmentosa GTPase regulator (RPGR; involved in X-linked retinitis
pigmentosa), which contains several overlapping retinal, renal and
neuronal ciliopathy-associated proteins including RPGRIP1
(Roepman et al., 2000), RPGRIP1L (Arts et al., 2007), NPHP4
(Roepman et al., 2005) and SPATA7 (Eblimit et al., 2015). The
same approach also linked nephrocystin-5, involved in the
retinal–renal ciliopathy Senior–Løken syndrome, to RPGR and
calmodulin (Otto et al., 2005).

Tandem affinity purification
Although informative, the stepwise Y2H screening approaches are
relatively slow and require several validation steps, as the interactors
are not physically purified from cells or tissues. Mass spectrometry-
based affinity proteomics approaches have improved the mapping of
ciliopathy-associated PPI networks. Owing to the small size of
primary cilia, it is important to increase the specificity of the isolated
protein complexes when developing techniques by reducing
unwanted background (Gingras et al., 2005). The development of

a method that fuses an epitope tag to the bait protein has allowed for
two consecutive affinity purifications (tandem affinity purification,
TAP; Glossary) (Rigaut et al., 1999), enabling systematic PPI
analysis under near-physiological conditions in various organisms
(Puig et al., 2001). Several flavors of this procedure have been
developed and used to identify and dissect ciliary protein
complexes.

Localization and affinity purification
Aversion of TAP with an epitope tag that includes a GFP domain, a
protease cleavage site and an S-peptide tag, has enabled efficient
monitoring of the localization and affinity purification (LAP; see
Glossary) of the target protein and its associated protein complex.
This approach was utilized in the identification of an octameric
protein module disrupted in many individuals with Bardet–Biedl
syndrome, the BBSome (see Glossary) (Loktev et al., 2008;
Nachury et al., 2007), using one of the known BBS-associated
proteins, BBS4, as a bait. The same method was subsequently used
to unravel the functional modules associated with nine ciliopathy-
associated bait proteins, NPHP1–NPHP6, NPHP8, AHI1 and
MKS1, identified in the ciliopathies nephronophthisis (NPH),
Joubert syndrome (JBTS) and Meckel–Gruber syndrome (MKS)
(see Glossary). These proteins were found to be stably expressed in
three different ciliated cell lines, hTERT-RPE1, NIH-3T3 and
mIMCD3, in a total of 15 affinity purification protein mass
spectrometry experiments (Sang et al., 2011). This yielded an
integrated NPHP-JBTS-MKS protein network, with functionally
linked but spatially separated protein modules identified at the basal
body, the transition zone and the so-called inversin compartment.
Following the ‘guilt-by-association’ paradigm, 38 interactors from
this network were screened for mutations in a ciliopathy patient
cohort. Two new ciliopathy disease genes were identified: ATX10,
mutated in individuals with NPH, and TCTN2, associated with
JBTS (Sang et al., 2011).

Employing the LAP approach with additional baits subsequently
detailed the ciliary protein complexes that form the transition zone
barrier, most members of which are associated with ciliopathies
with their disruption predominantly causing defects in ciliogenesis
and Sonic hedgehog signaling (Chih et al., 2011; Garcia-Gonzalo
et al., 2011). LAP-based IP-MS of the cilium-associated trafficking
protein TULP3 has linked it to the intraflagellar transport complex
IFT-A, revealing how G-protein-coupled receptors (GPCRs) are
targeted into cilia (Mukhopadhyay et al., 2010). LAP-based IP-MS
also enabled identification of a ‘ciliogenesis and planar polarity
effector’ (CPLANE, see Glossary) module at the ciliary base, which
includes planar cell polarity-associated proteins Inturned, Fuzzy and
Wdpcp, the protein JBTS17 (also known as CPLANE1) and the
GTPase RSG1 (also known as CPLANE2) (Toriyama et al., 2016).
The genes encoding the five CPLANE proteins are mutated in
multiple overlapping ciliopathies, including short-rib polydactyly
syndrome (SRPS), BBS, JBTS, MKS and Oral-facial-digital
syndrome (OFD) (Toriyama et al., 2016; Vazquez et al., 2025).
The crescent-shaped structure of the CPLANE complex was recently
elucidated by cryo-EM and seems to facilitate interactions with
small GTPases (Rab23 and Rsg1) and phosphatidylinositol
monophosphates (Langousis et al., 2022), providing insights into
CPLANE dysfunction in ciliopathies.

Strep–Flag tandem affinity purification
To reduce the complexity of the TAP procedure for high-throughput
procedures, we have fused bait proteins of interest with either an N-
or C-terminal TAP sequence that includes a double Strep II epitope

Box 1. Mass spectrometry advancements aiding ciliary
proteomics
There are many valid approaches to performmass spectrometry on cilia.
The choice of instrument depends on the samples to be analyzed and
the downstream analysis (Jiang et al., 2024). Co-immunoprecipitation
(co-IP) experiments can provide very clean, low-complexity samples that
can be analyzed on any state-of-the-art instrument. Proximity labeling
approaches, however, generate more complex samples, in which the
ciliary proteins are often the needles in the haystack to be identified and,
ideally, quantified. To identify bona fide cilia proteins from unwanted
background, control samples lacking cilia proteins are of utmost
importance. Valid controls include not performing proximity labeling
reactions, mis-localizing the proximity labeling enzymes or ablating cilia
completely (Aslanyan et al., 2023; Kohli et al., 2017; May et al., 2021).
High sample complexity makes quantifying low-abundance cilia proteins
very challenging.

Two conceptually different approaches for quantification have been
utilized for primary cilia: (1) label-free quantitation methods, which
normalize systematic biases between samples to determine the relative
amounts of identified peptides from their ion intensities (Ammar et al.,
2023) and (2) label-based quantification, where peptides from individual
samples are modified by defined masses, such that different samples
can be analyzed and quantified in parallel, known as multiplexing (Li
et al., 2021).

Label-free quantification methods avoid issues faced with
multiplexing, such as lowered sensitivity due to increased sample
complexity. Label-free methods are very precise for a broad range of
protein abundances. However, for proteins with very lowabundance near
the detection limit, minimal signals might be detected in one but not all
samples, which further complicates quantification. Label-based
quantification, especially by so-called tandem mass tags, almost
completely abolishes this problem, as identified peptides will be further
fragmented to determine relative protein abundances across all
multiplexed samples, such that quantification of almost every identified
peptide is possible. Recent developments in mass spectrometry have
brought us faster and more sensitive instruments with huge impacts on
sample throughput. Additionally, advanced data processing software
has boosted sensitivity for label-free proteomics through switching from
data-dependent acquisition to data-independent acquisition (Guzman
et al., 2024). Although these approaches are quickly becoming the
standard for whole-cell proteomics, it will be exciting to see their
performance in comparative cilia proteomics.
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(binding to Strep-Tactin) and a Flag epitope (binding to anti-Flag)
(Boldt et al., 2009; Gloeckner et al., 2007). The small size (4.6 kDa)
of the synthetic and hydrophilic moieties of the Strep–Flag (SF) tag
greatly reduces nonspecific protein binding as well as steric
hindrance. By using competitive elution instead of a proteolytic
cleavage step, this tag allows the undisturbed isolation of native
protein complexes in relatively short times. This efficient SF-TAP
method has enabled us to perform a systems biology approach to
understand cilium function by providing insights into the protein
landscape of cilia through large-scale SF-TAP-MS of 217 bait
proteins with ciliary and/or ciliopathy associations (Boldt et al.,
2016). This yielded an interactome that encompassed 1319 proteins
and 4905 interactions that could be assembled into 52 complexes,
containing ∼60% of all ciliopathy-associated proteins known at the
time. Moreover, our study pinpointed ciliary associations to many
other protein networks, including those involved in 3-M syndrome,
a disease not previously identified as having ciliary involvement
(Boldt et al., 2016). By adapting a quantitative measure of PPIs,
termed the socioaffinity index, new experimental data could be
mapped to the interactome, which provided relational insights to
ciliary protein function and their dysfunction in ciliopathies (Aloy
et al., 2004; Boldt et al., 2016; Gavin et al., 2006). As such, a
combination of Y2H screening and SF-TAP-MS discovered a
complex of five Joubert syndrome-associated proteins (CEP104,
CSPP1, TOGARAM1, ARMC9 and CCDC66) at the primary cilia
tip (Latour et al., 2020). Recently, cryo-EM and in vitromicrotubule
reconstitution assays has revealed that this complex forms
microtubule plus-end-specific cork-like structures that reduce
protofilament flaring (Saunders et al., 2025). Flaring describes the
outward splaying of microtubule protofilaments at the ends of
microtubules (McIntosh et al., 2008), a structural feature intricately
connected to the slow growth and stability of centriolar
microtubules (Iyer et al., 2025). Reduction of protofilament
flaring thus imparts slow and processive microtubule growth
required for accurate ciliary length regulation (Saunders et al.,
2025).
The SF-TAP approach has also been instrumental for deciphering

the complex interplay of proteins present in the connecting cilia
of the rod and cone photoreceptor cells in the retina. Connecting
cilia are mainly the extended transition zones of the sensory
cilia of photoreceptors (Liu et al., 2007). These are highly
specialized primary cilia of our body as they are optimized for
phototransduction and vision. One of the key connecting cilia
proteins is lebercilin, encoded by the gene LCA5, whose function is
disrupted in a condition causing congenital blindness (Leber
congenital amaurosis type 5, LCA5). Our SF-TAP studies
revealed that lebercilin recruits several protein modules, including
the IFT-B complex (den Hollander et al., 2007). The association
with the IFT-B module was lost due to LCA5-associated gene
mutations that disrupted lebercilin function, which was determined
by stable isotope labeling of amino acids in cell culture (SILAC)
that allowed quantitative AP-MS (Boldt et al., 2011). This provided
two hypotheses about the lebercilin protein complex interplay at
the specialized photoreceptor axoneme stalk: (1) lebercilin provides
a scaffold for IFT proteins, (2) IFT traffics lebercilin across the
ciliary axoneme, or both. Recently, we visualized this interplay in
the mouse retina (Faber et al., 2023). Inducing Flag–lebercilin
expression in the mouse retina by intravitreal injection of an
adeno-associated virus (AAV) gene therapy vector enabled both
retinal proteomics (Flag-based AP-MS) and ultrastructure
expansion microscopy-based high-resolution imaging of mouse
retinas (Faber et al., 2023). Our study validated the hypothesis that

lebercilin provides an IFT protein scaffold at the tip of the axoneme
stalk of the photoreceptor sensory cilium, which is crucial for its
development. Moreover, the loss of this function due to LCA5
mutations could be rescued by LCA5 gene augmentation (Faber
et al., 2023).

Further improvements of the specificity and relevance of the
described AP-MS approaches are focused on dissecting ciliary
proteomes in specific cells and tissues. These include placing the
transgene under control of a cell type-specific promotor upon
expression in zebrafish using a Tol2 transposon system, as
performed for whirlin in photoreceptor cells (Schellens et al.,
2022). Alternatively, endogenous tagging approaches have been
deployed in cells (Beyer et al., 2018) and in mice (Beyer et al.,
2024). Here, CRISPR/Cas9-based genome editing is used to
include the sequences encoding the epitope tags with the open
reading frame of the endogenous target gene. This prevents artifacts
due to the overexpression of a transgene (Gibson et al., 2013) and
thus bears great potential for future mechanistic and cell type-
specific studies.

Taken together, AP-MS approaches played major roles in the
original identification as well as the functional characterization of
ciliary protein networks. This has required data from manifold
experiments and different laboratories to paint a wholistic picture of
the cilium and the cilia proteome.

Using proximity labeling to understand cilia function
Since 2012, proximity labeling techniques have revolutionized
subcellular proteomics and the study of PPIs (Rhee et al., 2013;
Roux et al., 2012). Specific enzymes are directed to subcellular
locations, where they attach molecular handles on proteins, which
are then used to isolate and identify them by mass spectrometry.
Among these techniques, ascorbate peroxidase (APEX) and
biotin identification (BioID) (see Glossary) and their subsequent
improvements, APEX2 (Lam et al., 2015), TurboID and miniTurbo
(Branon et al., 2018), have emerged as the most common tools for
mapping proteomes and interactomes with high spatial and temporal
resolution. Although the underlying (bio)chemistry – such as their
substrates and enzymatic activities – differ between APEX- and
BioID-based strategies, both technologies have been instrumental
in determining the proteomes of primary cilia and the
centrosome–cilium complex. Here, we discuss the insights these
techniques have provided into different aspects of cilia biology.

Cilia structure
The first studies using proximity labeling mapped the centrosomes
as well as primary cilia from commonly used cell lines (U2-OS,
HEK, mIMCD3) (Firat-Karalar et al., 2014; Kohli et al., 2017; Mick
et al., 2015). Focusing on primary cilia, two studies have applied
APEX-based proximity labeling and proteomics in mIMCD3
kidney epithelial cells, and identified established cilia proteins
while also revealing interesting differences, specifically pertaining
to actin regulators and proteins involved in signal transduction
(Kohli et al., 2017; Mick et al., 2015). Given that both studies used
the same cell line model, the observed variations were likely due to
technical differences, including in MS methods (Box 1), but also in
how the APEX enzymes were targeted to primary cilia (see Fig. 2).
In addition to identifying known structural components, our first
study (Mick et al., 2015) performed proteomic profiling in a BBS
model cell line, in which Ift27 (also known as Bbs19) was disrupted,
and recapitulated the accumulation of the BBSome as well as
GPCRs in the Ift27 mutant cilia (Eguether et al., 2014; Liew et al.,
2014). In contrast, the model employed by Kohli et al. provided

6

REVIEW Journal of Cell Science (2025) 138, jcs264197. doi:10.1242/jcs.264197

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



insights into how actin regulators are involved in cilium length
regulation and ciliogenesis (Kohli et al., 2017). Another study used
BioID to determine proximity maps of 56 proteins at the
centrosome–cilium complex and revealed extensive networks and
considerable interplay between many ciliary and centrosomal
components (Gupta et al., 2015). That study confirmed the central
role of centriolar satellites in the assembly of primary cilia, whereas
proximity proteomics revealed further centrosome-independent
functions (Gheiratmand et al., 2019; Begar et al., 2025).

Signaling in primary cilia
The close relationship between protein trafficking and signaling
within the primary cilium has been further demonstrated by the
proteomic profiling of the Ift27 model cell line, where impaired
protein trafficking was shown to result in an accumulation of ciliary
GPCRs and associated signaling defects (Eguether et al., 2014;
Liew et al., 2014). Subsequent studies have exploited the different
temporal resolutions of proximity labeling methods to investigate
dynamics in the primary cilium proteomes during active signaling
(Liu et al., 2024; May et al., 2021). This enabled the identification
of new components in the Sonic hedgehog signaling pathway,
providing mechanistic insights. TurboID was used to identify the
protein Numb as a positive regulator of hedgehog signaling (Liu
et al., 2024). Numb localized at the cilia pocket and was found to
be involved in the endocytosis of the hedgehog receptor Patched.
We have used APEX2 to identify a negative regulator of hedgehog
signaling, PALD1, which translocates into primary cilia after
activation of hedgehog signaling and dampens the pathway in a
cell type-specific manner (May et al., 2021). Moreover, our study
captured known relocalizations of hedgehog components during
active signaling on a proteomic level. Surprisingly, it also revealed
the rapid removal of a regulatory subunit of protein kinase A (PKA)
in response to hedgehog signaling, which sparked additional
mechanistic studies on PKA signaling in cilia (May et al., 2021;
Happ et al., 2022; Hoppe et al., 2024).

Protein trafficking in cilia
As the signaling capacity of primary cilia is tightly linked to protein
biogenesis, additional studies have exploited proximity labeling to
investigate cilia protein trafficking mechanisms. To gain more
insights into how ubiquitin regulates protein trafficking and protein
quality control in cilia, one of our studies aimed to characterize the
ciliary ubiquitinome (Aslanyan et al., 2023). Here, we targeted a
BioID2 ubiquitin-binding domain (UBD) fusion protein to cilia and
identified many components of the endosomal sorting complexes
required for transport (ESCRT) complexes as well as proteins
involved in clathrin-dependent endocytosis. These results
confirmed the observation that activated GPCRs are removed
from primary cilia via clathrin-mediated endocytosis (Pal et al.,
2016) and indicate important roles of ubiquitin and the ESCRT
machinery in the regulation of membrane processes in mIMCD3
cilia. In parallel, we used ubiquitin affinity proteomics to identify
ubiquitin interactors in RPE1 cells, which suggested a ubiquitin-
dependent turnover of caveolin-1 (CAV1) at the ciliary pocket that
impacts cilia length regulation (Aslanyan et al., 2023). In a study
aimed at gaining a deeper understanding of the loss of function of
the BBSome, proteomic profiling of Bbs3 (also known as Arl6)
mutant cilia revealed an accumulation of ubiquitin and ubiquitin
adaptors (Shinde et al., 2023). Dissecting the mechanism of
ubiquitin-dependent protein removal by the BBSome revealed that
the ubiquitin adaptor TOM1L2 recognizes K63-linked ubiquitin
chains on cargos and bridged their interaction to the BBSome for

IFT-dependent removal (Shinde et al., 2023, 2020; Desai et al.,
2020). Other specific investigations focusing on disease
mechanisms were carried out to study the function of DLG1 in
trafficking polycystin-2 to primary cilia by BioID2 (Rezi et al.,
2024), which suggested retromer-mediated transport from the
Golgi.

Extracellular vesicles in ciliary biology
Extracellular vesicles (EVs) have emerged as key players in cell and
cilia biology, serving as vehicles for communication and cargo
transport (Ngo et al., 2025). Initial comparative analyses of ciliary
membranes and ectosomes from C. rheinhardtii emphasized the
unique lipid and protein composition of EVs shed from cilia and
suggested specialized functions in cellular signaling and
homeostasis (Wood et al., 2013; Long et al., 2016). Later studies
in mammalian systems have confirmed that EV release plays an
important role in regulating the ciliary proteome, and that ciliary
membrane remodeling and excision are actin dependent (Nager
et al., 2017; Phua et al., 2017; Prasai et al., 2025). Earlier work in
C. elegans was based on biochemical isolation and proteomic
profiling of EVs and revealed their dynamic cargo composition and
potential signaling roles (Nikonorova et al., 2022). More recent
TurboID-based proximity proteomics allowed the specific analysis
of polycystin-containing, cilia-derived EVs, which suggested a
complex level of regulation in EV biogenesis and function
(Nikonorova et al., 2025). Together, these findings underscore the
importance of EVs in modulating ciliary function and signaling
across diverse organisms.

Although the examples presented highlight the great potential of
different technologies, it also becomes clear that the methods vary
and have been used in a limited number of biological systems. This
might be due to the limitations of the respective technologies –
BioID-based approaches have a limited temporal resolution and
APEX requires hydrogen peroxide as a substrate, which is not only
toxic but also activates non-ciliary peroxidases that create significant
background (Sroka et al., 2025 preprint). This background increases
with the amounts of endogenous peroxidases, making downstream
analysis of specific cell types very challenging. Our recent work has
overcome this problem by locally activating APEX2 directly in
primary cilia through a hydrogen peroxide-generating enzyme –
D-amino acid oxidase (DAAO) (Pollegioni and Molla, 2011) – in a
new technique termed in situAPEX activation (iAPEX) (Sroka et al.,
2025 preprint). In a first proof-of-principle, iAPEX allowed not only
in vivo applications in the model Xenopus laevis, but also a systematic
comparison of the cilia proteomes of two different cell lines,
mIMCD3 and NIH/3T3. Whereas core cilia components involved in
protein trafficking and signaling, such as IFTs, kinesins and dyneins
were found in both cell types, interesting differences, for example in
microtubule associated proteins, could be observed (Sroka et al., 2025
preprint). These differencesmight point towards a molecular basis for
structural and functional differences in primary cilia of different cell
types. Limited sensitivity might still account for some differences,
however, dissimilarities in the protein compositions of primary cilia
across cell types has long been known and has been proposed to be
the basis for the broad spectra of symptoms in ciliopathies.

Perspectives
If we imagine, as a thought experiment, that all the methodologies
described above have successfully created a comprehensive picture
of the protein composition of primary cilia, what would the
subsequent steps be? To begin with, it is questionable how
accurately such a comprehensive model would reflect a single,
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specific cilium. Much like the cells from which they originate, cilia
exhibit considerable diversity, and it is very likely that they differ
significantly in composition and function depending on cell type,
developmental stage and tissue contexts. Precisely uncovering and
characterizing this diversity, however, seems feasible with the
methods outlined above. Approaches with high temporal resolution,
such as APEX2, could be advantageous for studying signaling and
ciliary dynamics in simple cellular models. In vivo labeling
techniques such as TurboID or iAPEX could prove beneficial
in more complex, living model organisms. Specificity could be
further increased by using split-TurboID (Cho et al., 2020), fusing
two inactive fragments of TurboID to different targeting motifs
or bait proteins. Moreover, complementary applications of co-
immunoprecipitations (co-IPs) using highly specific antibodies
combined with ‘off-the-shelf’ proximity labeling such as ProtA-
TurboID could enhance these analyses (Santos-Barriopedro et al.,
2021, 2023). The dynamics of ciliary trafficking and signaling
pathways connecting cilia to organelles such as mitochondria or
nuclei could be explored through tandem proximity-labeling
techniques combining two enzymes and substrates. One such
appropriate methodology, termed TransitID, has been recently
described (Qin et al., 2023). In this method, TurboID is first
employed for biotinylation within a specific compartment, followed
by protein labeling with alkyne through APEX and the subsequent
addition of azide-fluorescein via click chemistry. This approach
enables investigation into protein exchange between cilia and
other organelles. Ultimately, the most comprehensive approach for
understanding ciliary diversity would involve generating proteomic
profiles of individual cilia and ideally linking these data spatially
to their respective tissue contexts. Recent emerging technologies,
such as deep visual proteomics (Mund et al., 2022) and spatial
optoproteomics (Chen et al., 2023 preprint), which integrate
machine learning algorithms to optimize image recognition and
data integration, might enable the next steps to achieve this goal.
In conclusion, advances in primary cilia proteomics have not only

expanded our understanding of ciliary composition and function but
also continue to drive innovation in methodology.We believe that the
technologies currently availablewill be key to generating increasingly
precise insights into cilia diversity and dynamics, shedding new light
on the roles of this vital organelle in health and disease.
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