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HYPOTHESIS

SUBJECT COLLECTION: CILIA AND FLAGELLA

The conserved ancestral signaling pathway from cilium to nucleus

ABSTRACT
Many signaling molecules are localized to both the primary cilium and
nucleus. Localization of specific transmembrane receptors and their
signaling scaffold molecules in the cilium is necessary for correct
physiological function. After a specific signaling event, signaling
molecules leave the cilium, usually in the form of an endocytic vesicle
scaffold, and move to the nucleus, where they dissociate from the
scaffold and enter the nucleus to affect gene expression. This ancient
pathway probably arose very early in eukaryotic evolution as the
nucleus and cilium co-evolved. Because there are similarities in
molecular composition of the nuclear and ciliary pores the entry and
exit of proteins in both organelles rely on similar mechanisms. In this
Hypothesis, we propose that the pathway is a dynamic universal ciliabased signaling pathway with some variations from protists to man.
Everywhere the cilium functions as an important organelle for
molecular storage of certain key receptors and selection and
concentration of their associated signaling molecules that move
from cilium to nucleus. This could also have important implications for
human diseases such as Huntington disease.
KEY WORDS: Primary cilium, Signaling scaffold molecule,
Transmembrane receptor, Nuclear pore, Huntingtin

Introduction

The primary cilium is a generally non-motile, membrane-bound
centriolar extension of the cell with a 9+0 microtubule-based
axoneme (a ring with nine outer doublet microtubules without a
central pair of microtubules) that is found on many diverse
mammalian cell types, including fibroblasts and neurons. It acts
as a sensory antenna of these cells (Singla and Reiter, 2006; Satir
et al., 2010; Anvarian et al., 2019) and is the basis of sensory organs,
such as the vertebrate eye, and certain insect and invertebrate
sensilla. It is closely related to motile 9+2 cilia, which are widely
distributed from protists to man and also have sensory functions
(Sigg et al., 2017). Mutations in ciliary proteins have been linked to
human diseases including polycystic kidney disease (PKD) and
primary ciliary dyskinesia (PCD), now collectively called
ciliopathies (Fliegauf et al., 2007; Waters and Beales, 2011).
Below the ciliary membrane, the matrix around the axoneme is
open to the cytoplasm, but the base of the cilium (transition zone)
contains a barrier (the ciliary pore) that restricts unfettered entry of
cytoplasmic constituents. Because of the ciliary pore (also called
ciliary necklace), the primary cilium provides a sequestered
compartment for both membrane proteins, including important
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receptors, and for cytoplasmic molecules, including signaling
proteins and signaling scaffold proteins. We seek to explain why so
many cilia-localized signaling molecules are also found in the
nucleus. We propose here that the cilium is a dynamic storage
organelle for these molecules, some of which are specifically
targeted to the organelle upon their synthesis and concentrated in the
cilium for effective interactions. Signaling and signaling scaffold
molecules leave this storage compartment after specific stimulation
of a ciliary membrane receptor at an appropriate physiological or
developmental time, and could then move from cilium to nucleus to
reprogram gene expression (Fig. 1). Since entry and exit of signaling
molecules must be facilitated in both the cilium and the nucleus, this
hypothesis is based on the probability of co-evolution of the two
organelles at the beginning of eukaryotic evolution (Satir et al.,
2015), which is supported by homologies of molecular composition
and mechanisms between nuclear pores and ciliary pores that have
recently been described (Kee et al., 2012; Del Viso et al., 2016;
Endicott and Brueckner, 2018). We have put forward previously
incomplete versions of this hypothesis (Satir et al., 2015; Satir,
2017). However, we have now incorporated recent concepts
provided by others, in particular Maxence Nachury (Nachury,
2014), who calculated the concentration factor for receptors and
signaling molecules, which explains why the pathway begins in the
cilium, as well as findings from the Copenhagen group (Christensen
et al., 2017; Morthorst et al., 2018; Anvarian et al., 2019), who have
delineated the details of the signaling pathways, some of which end
in the nucleus.
We know of many molecules that are localized to both the cilium
and nucleus, including the SMAD transcription factors, p90Rsk
(also known as RPS6KA1) (Clement et al., 2013a; Clement et al.,
2013b), Jade 1, a Wnt-related ubiquitin ligase (Borgal et al., 2012),
certain ciliate GEFs (Bell et al., 2009), RSP3 (also known as
RSPH3) (Yan et al., 2015), the parafusin (PFUS; see https://www.
ncbi.nlm.nih.gov/nuccore/AY970820) (Satir et al., 2015) (Fig. 2)
and Huntingtin (Htt) (Maiuri et al., 2013). A comprehensive survey
of molecules found in both organelles suggests that there are many
additional examples yet to be confirmed (McClure-Begley and
Klymkowsky, 2017).
A plausible scenario is that cytoplasmic molecules, such as
SMADs or PFUS, move along microtubules (Caviston et al., 2007;
Caviston and Holzbaur, 2009) in the form of a scaffold for secretory
or other vesicles (Monis et al., 2017). While traditional scaffold
molecules, for example, clathrin, are major structural components of
the vesicle coat, the signaling scaffold molecules we broadly
consider are diverse (including G-proteins, transcription factors etc.),
usually more minor components that bind to and move with the coat.
Our hypothesis (Fig. 1) is that the vesicles move from their site of
synthesis to the ciliary base, before being exocytosed into the cilium
(Monis et al., 2017). This simplified interpretation is consistent with
a previous report that showed that axonemal proteins are found on
cytoplasmic vesicles during ciliary growth (Wood and Rosenbaum,
2014) and the direct demonstration that the delivery of ciliary
membrane proteins to primary cilia involves several different
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vesicular scaffold (Christensen et al., 2017). From the ciliary base,
these factors then move to the nucleus, where they dissociate from
the scaffold and enter the nucleus.
In this Hypothesis, we argue that, based on the present evidence,
this plausible sequence of events constitutes an ancient universal
cilia-based signaling pathway. In this context, we also consider
evolutionary aspects of the signaling scaffold protein PFUS and the
possible intracellular movement of Htt, the signaling scaffold
protein whose mutation leads to Huntington disease (HD), from the
cilium to the nucleus.
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Fig. 1. Proposed translocation of signaling scaffold molecules to and
from the cilium. Illustrated here is our proposed translocation of signaling
molecules (e.g. SMAD4 or Htt) into the cilium, following their synthesis in the
cytoplasm. At the cilium, they are stored before an appropriate ciliary
transmembrane receptor is stimulated, which results in their ciliary exit and
movement through the cytoplasm and into the nucleus. Detailed steps are as
follows: (1) synthesis on ribosomes followed by release into cytoplasm and the
formation of a vesicle scaffold; (2) transport to the cilium; here exocytosis
occurs near the ciliary pocket, and signaling molecules are transported as
peripheral membrane proteins past the ciliary pore; (3) IFT or diffusion to the
ciliary tip for storage; (4) signal initiation owing to receptor activation; (5) IFT, in
conjunction with BBsome proteins, out of the cilium past the ciliary pore; (6)
endocytosis from the ciliary pocket into vesicular scaffolds. Here, posttranslational modifications might occur; (7) transport to autophagosomes, an
alternative destination that affects ciliogenesis; (8) transport to the nucleus; (9)
entry into the nucleus through the nuclear pore. Signaling proteins might bind
to chromatin as has been shown for Htt, or affect gene expression indirectly.

pathways of vesicular trafficking (Monis et al., 2017). For instance,
the intraflagellar transport (IFT) complex A has been shown to be
critical for such transport (Picariello et al., 2019). Furthermore,
transmembrane receptors (e.g. polycystin-2) become localized to the
ciliary membrane (Pazour et al., 2002; Monis et al., 2017). Small
signaling molecules, such as GTP and cAMP, and signaling scaffold
molecules, such as SMADs, enter the cilium proper to be stored and
processed along the axoneme as matrix molecules or peripheral
ciliary membrane proteins (Pazour et al., 2005). Upon a specific
external signaling event or trigger, which often is a transmembrane
receptor ligand but could also be a physical stimulus such as light,
signaling proteins then leave the cilium, typically through a complex
process that involves the BBSome and retrograde IFT (Lechtreck
et al., 2009; Ye et al., 2018) to become part of an endocytic or other

The importance of the primary cilium for human disease first became
clear when it was understood that in order to function properly, the
polycystins, important transient receptor potential (TRP) receptors
for the prevention of PKD, had to enter the ciliary membrane (Pazour
et al., 2000, 2002). Entry into the cilium requires the biogenesis of
lysosome-related organelles complex-1 (BLOC-1) (Monis et al.,
2017). After synthesis, the polycystins reside in the ER – but they are
non-functional and do not prevent cystogenesis if they remain there
and do not enter the cilium (Nauli and Zhou, 2004).
This finding was confirmed for other receptors, for example the
receptor tyrosine kinase (RTK) platelet-derived growth factor receptor
α (PDGFRα) (Schneider et al., 2005). Upon serum starvation,
fibroblasts enter G0, the non-cycling quiescent state where primary
cilia grow and remain stable. Quiescent fibroblasts newly synthesize
PDGFRα, and the receptor is specifically targeted to the ciliary
membrane. By 24 h of starvation, the receptor has entered the cilium
and becomes localized all along the ciliary membrane (Schneider
et al., 2005).
In cells incapable of growing a primary cilium, although PDGFRα
is sometimes synthesized, it cannot respond to a normal stimulus, such
as the presence of its ligand PDGF-AA (Schneider et al., 2005).
Indeed, PDGFRα requires the IFT protein IFT20 for its proper
localization to the cilium (Schmid et al., 2018). IFT20 modulates
ciliary PDGFRα signaling by regulating the stability, ciliary
localization and activity of Cbl E3 ubiquitin ligases. In the absence
of IFT20, no cilium is built and PDGFRα is found dispersed
throughout the cell, with some localization to the plasma membrane.
When PDGF-AA is added, the plasma membrane receptor becomes
phosphorylated, but because Cbl is degraded, resulting activation is
not shut off properly, thereby producing an aberrant signal. Only
localization of both the receptor and Cbl in the primary cilium allows
the signaling to proceed normally to completion (Schmid et al., 2018).
The serine threonine kinase receptors TGFβRI and TGFβRII,
members of the transforming growth factor β superfamily, provide
another example of receptors that need to localize to the cilium for
correct functioning. In the absence of ligand, these receptors
localize to the tips and bases of fibroblast primary cilia (Clement
et al., 2013b). In mutant fibroblasts with defective primary cilia, the
production of receptor is unchanged, but signaling is abnormal
(Christensen et al., 2017).
Cilia of fibroblasts can be long lived, but potentially they are
transient structures, which are resorbed if the cell is stimulated to
divide (Tucker et al., 1979; Ford et al., 2018). More permanent cilia
are found on neurons, including olfactory sensing neurons or the
outer segments of photoreceptors. Although components of these
cilia, such as the rod discs turn over, the cilia themselves, as with the
cells they project from, can persist for months (Mackay-Sim and
Kittel, 1991), or in the case of photoreceptors, almost a lifetime
(Perkins and Fadool, 2010). In these cilia, the sequestration and
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Fig. 2. Example of the localization of a molecule to
both the cilium and nucleus. Parafusin (PFUS; green)
is a small signaling scaffold molecule that localizes to the
ciliary base and to the nucleolus in MEFs. The nucleus is
DAPI stained (blue). The cilium is identified by acetylated
α-tubulin (Ac-tub, red).

10 µm

storage, or perhaps further covalent modifications until the proper
signal arrives. Here, the sensory modes and stimuli such as the
ligands for each receptor are specific to the differentiated cell type.
In this context, signaling scaffold molecules, for example G
proteins, could either enter the cilium on the same vesicle scaffold as
the receptor or independently. Small molecules such as GTP or
ATP, which interact with the receptor, the G proteins or signaling
scaffold molecules, could also enter by other means, including
diffusion (Breslow et al., 2013). All these molecules thus come to
surround the ciliary transmembrane receptor (Pazour et al., 2005).
Ciliary receptor activation drives molecules out of the cilium

Hh signaling in mammalian cells is the canonical illustration of a
specific signal inducing the movement of a protein (Gli family
proteins) that is localized in the cilium to the nucleus to alter gene
expression (Haycraft et al., 2005; Rohatgi et al., 2007; Goetz, et al.,
2009; Nozawa et al., 2013). As ciliogenesis proceeds, for example in
human embryonic stem cells (Kiprilov et al., 2008), the factors
involved in Hh signaling are synthesized and distributed to the cilium
or cytoplasm. Defects in IFT proteins, including IFT27, attenuate
Hh signaling (Eguether et al., 2018). In the unstimulated cell, the
transmembrane receptor Patched 1 (Ptch1) is stored along the entire
ciliary membrane, whereas Gli proteins and other modifiers of
the pathways are stored at the ciliary tip. In the absence of Hh ligand,
certain Gli transcription factors are processed into repressor forms
(GliR), leave the cilium and move to the nucleus to act on a set of
genes that affect cell differentiation (Goetz et al., 2009). When a
ligand, such as sonic hedgehog (Shh) binds to Ptch1, it is activated,
triggering its exit from the cilium (Nozawa et al., 2013).
Concurrently with Ptch1 leaving the cilium, the transmembrane
receptor, Smoothened (Smo) localizes to the plasma membrane and
moves through the ciliary pore to enter the ciliary membrane (Wang
et al., 2009; Milenkovic, et al., 2009). Smo is a GPCR that is
activated by cholesterol or oxysterols (Huang et al., 2016; Raleigh
et al., 2018; Qi et al., 2018); however, is it not clear whether or why
this occurs specifically in the ciliary membrane in vertebrates. Here,
Smo changes the processing of Gli, giving rise to the Gli variant
GliA, which then leaves the cilium and enters the nucleus, where it
activates a different set of genes that change the differentiation
program. Although this process and the end products in terms of
neural differentiation have been studied extensively (Goetz et al.,
2009), the transport of Gli through the cytoplasm is less well
understood.
A second example of a direct path from the cilium to the nucleus
is TGF-β signaling in growth-arrested human foreskin fibroblasts
(Clement et al., 2013b). Here, several molecules in the cilium and
ciliary base, for example, receptor SMADs (SMAD2 and SMAD3)
and helper SMAD (SMAD4), are activated and processed together.
Stimulation of the TGF-β receptor by TGFβ1 leads to
3
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storage of receptors and signaling molecules (e.g. G proteins) is
particularly obvious and critically important (Insinna and Besharse,
2008; Pearring et al., 2013; Molday and Moritz, 2015).
The vertebrate photoreceptor cilium is among the best-studied
example of molecular segregation and sequestration in a cilium.
Opsins, the photoreceptor proteins, are made in the inner segment
and continuously transported, mainly through IFT (Luby-Phelps
et al., 2008), into the forming outer segment discs (Insinna and
Besharse, 2008). Opsins are G-protein-coupled receptors (GPCRs),
which are targeted, sequestered, stored and primed for activity in the
greatly exaggerated photoreceptor ciliary membrane that forms the
outer segment discs (Keady et al., 2011; Pearring et al., 2013;
Molday and Moritz, 2015).
There are numerous odor receptors for sensory reception in
mammalian olfactory cilia, which are also GPCRs (Jenkins et al.,
2009); each is produced by a specific gene (over 400 in humans) and
localizes to a ciliary membrane. As in the case for opsins, odor
receptors are targeted to and stored in the ciliary membrane.
Signaling requires this localization because odorants are external
ligands that will not normally reach intracellular compartments.
Primary cilia are also particularly important in brain neurons, as
illustrated by the highly complex interactions between receptors of
the different classes of neurons in the hypothalamus that are involved
in control of eating. Loss of primary cilia on pro-opiomelanocortin
(POMC) neurons produces hyperphagia and obesity as no signal to
stop eating is generated (Davenport et al., 2007; Satir, 2007). At least
seven GPCRs, including the neuropeptide Y (NPY) receptors
NPY2R and NPY5R, and the melanocortin receptor MC4R localize
to primary cilia in the hypothalamus and control energy homeostasis
(Loktev and Jackson, 2013). MC4R colocalizes with a second
ciliary transmembrane receptor, adenylyl cyclase 3 (AC3; also
known as ADCY3), in the primary cilia of a subset of hypothalamic
neurons (Siljee et al., 2018). Mutations that cause mis-localization of
MC4R lead to faulty activation of AC3, which in turn leads to
obesity (Siljee et al., 2018).
The take-home lesson from these examples is that at least four
types of transmembrane receptors that act in physiologically
significant signaling pathways, namely TRP channels, RTKs,
TGFβ/BMP receptors and GPCRs, must be targeted to and
inserted into the membrane of the primary cilium in order to
signal correctly. As illustrated in the example of polycystin, these
receptors usually move through the vesicular compartments of the
cell, from the ER and the Golgi, on their way to the cilium. Indeed, if
these receptors remain in a vesicle or are exocytosed at the plasma
membrane, they are non-functional or misfunctional (see, for
example, Nauli and Zhou, 2004, Schmid et al., 2018). For correct
physiological function, targeted exocytosis near the ciliary base
leads to translocation of the receptors, likely together with any
signaling scaffold molecules, into the ciliary membrane for their

phosphorylation of SMAD2/3, followed by translocation of
SMAD4 and phosphorylated SMAD2/3 into the nucleus (Clement
et al., 2013b). However, beyond these examples, the evidence for
such direct movement is inconclusive.
Broader effects of cilia-based signaling

It is worth emphasizing that cilia-based signaling has much broader
effects than direct transport of signaling molecules from the cilium to
the nucleus. Because a high concentration of receptor and of signaling
molecules are sequestered in the cilium (Nachury, 2014) and initiate
a timed series of signaling events, many different pathways that
originate there can be stimulated concurrently to extend the outcome
of the stimulus to achieve different purposes. In this regard, the
relationship between cilia and autophagy should be noted (Pampliega
et al., 2013; Kaliszewski et al., 2015). Ciliary signaling, for example,
from the Hedgehog pathway, induces autophagy, while blockage of
autophagy enhances cilia-associated signaling.
As an example of multiple pathway stimulation, TGFβ also activates
non-SMAD signaling pathways, including MAPK pathways, Rho-like
GTPase signaling pathways and phosphatidylinositol 3-kinase (PI3K)/
AKT pathways, some of which have origins in the cilium. Although
these cilia-localized kinases do not themselves enter the nucleus, their
downstream targets do and can alter gene expression, thereby having
wide-ranging physiological and developmental effects (reviewed in
Zhang, 2009).
PDGFRα signaling also has a broader effect. After the receptor
enters the cilium, it dimerizes and two tyrosine residues in each of the
PDGFRα chain become phosphorylated in the presence of its ligand
PDGF-AA (Schneider et al., 2005). One of the phosphorylated
tyrosine residues acts as a docking site for adaptor proteins with SH2
domains, which become phosphorylated and activate Erk1 and Erk2
(Erk1/2, also known as MAPK3 and MAPK1, respectively). The
other phosphorylated tyrosine residue is a docking site for p85 PI3K
regulatory subunit (also known as PIK3R1), which acts to mediate
the phosphorylation of Akt proteins (Schneider et al., 2005). In
this manner, along the cilium, two important signaling pathways,
Mek1/2–Erk1/2 and PI3K–Akt, are both activated by PDGF-AA
stimulation. Furthermore, activation of Mek1/2 (also known as
MAP2K1 and MAP2K2, respectively) and Erk1/2 kinases at the
ciliary base induces changes in cytoskeletal organization including
microtubule bundling and vesicular transport of a Na+/H+ exchanger
(NHE1) to a forming lamellipodium to help initiate actin
polymerization (Clement et al., 2013a).
In tissues, PDGF-AA is released in a wound, and upon reaching
the fibroblasts, activates the ciliary responses to help cause directional
cell migration to close the wound (Schneider et al., 2009; Schneider
et al., 2010). Aberrant PDGFRα signaling delays wound closure. In
other cell types, mistrafficking of PDGFRα leads to defects such as
hydrocephalus (Carter et al., 2012) or other developmental
abnormalities.
Downstream of Mek1/2–Erk1/2, p90Rsk, which is localized at
the ciliary base, is activated by phosphorylation. p90Rsk is typically
found in the nucleus (Clement et al., 2013a), where it has been
shown to regulate cell growth and cell cycle progression (Anjum
and Blenis, 2008). However, some of the nuclear activated p90Rsk
might originate from the ciliary base, thus providing another
potential example of a direct path from the cilium to the nucleus.
The question remains what would be the difference between
signaling and signaling scaffold molecules in the cilium and their
non-ciliary counterparts? One possibility is that the signaling
molecules that reside in the cilium interact with specific enzymes
at the ciliary base as they leave the cilium and become modified,
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such as, for instance, through phosphorylation, acetylation and
sumoylation (Maiuri et al., 2013), or O-GlcNAcylation (Hart,
2014), which would distinguish them from their cytoplasmic
counterparts and make the transport pathway they take unique.
Our hypothesis is more speculative for sensory cilia. Here, the
immediate physiological response is a change in the membrane
potential (Molday and Moritz, 2015; Jenkins et al., 2009). In
photoreceptors and olfactory cells, molecules such as G-proteins
(e.g. transducin) leave the cilium. In rod photoreceptors, transducin
translocation into the cell body (inner nuclear layer) contributes to
survival and enhances synaptic transmission (Majumder et al.,
2013). Whether transducin enters the cell nucleus is unclear.
However, for our model the physiological response may not be
the significant response. The signal scaffold protein Htt is localized
along the photoreceptor cilium (Karam et al., 2015). As we discuss
later, Htt is involved in neuronal survival but also in ciliogenesis
(Keryer et al., 2011). In these sensory cells, molecular movement
from the cilium to the nucleus could operate during embryogenesis,
cell differentiation and survival. In the hypothalamus, where
the main physiological changes relate to neurosecretion and
synapse formation controlling eating, we propose that the
signaling pathway from the cilium to the nucleus is likely to
affect these developmental and survival processes, as well as long
term changes in eating behavior.
We conclude that activation of signaling molecules sequestered in
the cilium often induces major immediate physiological changes in
the cell, as well as a pathway of movement of some of the signaling
molecules from the cilium to the nucleus to effect long-term
changes in gene expression that affect differentiation, survival,
longer term physiology and division.
Ciliary exit of signaling molecules as scaffolds

When they exit the cilium, the signaling molecules that will reach
the nucleus must find their way. Very little is known about this
process. Although diffusion cannot be ruled out, a probable direct
pathway would be by trafficking along the cytoskeleton as scaffold
molecules on a membrane vesicle.
In TGF-β signaling, upon ligand interaction, the dimerized
receptor leaves the cilium, followed by endocytosis into clathrincoated vesicles at the ciliary pocket (Clement et al., 2013b;
Christensen et al., 2017). Here, SMAD2/3 transcription factors
have been found to associate with the coated vesicles at the ciliary
base (Clement et al., 2013b). However, it remains to be seen whether
the SMAD molecules that move from the cilium to the nucleus indeed
piggyback onto forming endocytic vesicles all the way to the nucleus.
In the case of Hh signaling, Ptch1 has been shown to exit the
cilium through endocytosis into caveolin-containing vesicles (Yue
et al., 2014); this is dependent on the specific ubiquitin ligases
Smurf1 and Smurf2, SMAD-related signaling scaffold molecules,
which help to deliver Ptch1 to lysosomes for degradation and could
themselves translocate into the nucleus (Koganti et al., 2018).
Moreover, the roles of the cytoskeleton and of vesicular
trafficking in the transport of signaling molecules from the cilium
to nucleus are less well studied and may be less important in protists
and invertebrate cilia (Sengupta, 2017; Sigg et al., 2017) than in
mammalian primary cilia.
Co-evolution of the cilium and nucleus for signaling
integration

Major support for our hypothesis of a direct signaling pathway
between the cilium and the nucleus comes from evolutionary
findings. The cilium originated early in eukaryotic evolution,
4
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probably as an enveloped virus that then became a basal body (Satir
et al., 2007), and, importantly, this occurred concurrently with the
evolution of the nucleus and nuclear membrane (Gupta and Golding,
1996; Jékely and Arendt, 2006; Satir et al., 2015). The pathway from
cilia to the nucleus might have evolved to allow the concentration of
receptors and signaling molecules in a compartment that was
effectively sequestered from the rest of the cell. This enabled
signaling to be triggered for an accurate timing of gene expression.
Primary evidence supporting this view comes from the mechanisms
of molecular import and export into and out of the two organelles,
which involves many of the same molecules, as well as the
similarities between the nuclear and ciliary pores (Kee et al., 2012;
Del Viso et al., 2016; Endicott and Brueckner, 2018; Satir, 2017).
Indeed, both the nuclear and ciliary pores consist of the same or
closely related nucleoporins (Kee et al., 2012; Del Viso et al., 2016).
Of these, NUP98, a component of the phenylalanine-glycine (FG)
permeability barrier at the nuclear pore, also limits the diffusion of
soluble molecules greater than 70 kDa into the mammalian primary
cilium (Endicott and Brueckner, 2018). In addition, scaffold proteins
of exocytic vesicles, nuclear pores and cilia are often structurally
related (Jékely and Arendt, 2006; Dacks and Field, 2007; Dacks et al.,
2008). Furthermore, nuclear localization sequences (NLS) and ciliary
localization sequences (CLS) are also similar (Kee et al., 2012), and
both organelles use a Ran-mediated importin mechanism for cargo
transport (Dishinger et al., 2010; Maiuri et al., 2013).
Since this universal pathway presumably evolved near the
beginning of the eukaryotic cell lineage, and other important
signaling pathways emerged as evolution proceeded (Sigg et al.,
2017), variations on some aspects of this direct signaling pathway
between the two organelles are to be expected, as notable in motile
cilia of protists such as Chlamydomonas. In Chlamydomonas,
ciliary membrane trafficking does not significantly depend on
endocytosis, but rather relies on shedding in the form of ectosomes
(Cao et al., 2015). Interestingly, shedding of ciliary membrane is
also part of photoreceptor disc turnover (Pearring et al., 2013),
suggesting it might be a more general signaling mechanism of
ciliated cells. Moreover, in Chlamydomonas, Ca2+ influx through
ciliary receptors can directly trigger changes in gene expression
(Cheshire and Keller, 1991); perhaps, other second messenger
molecules such as cAMP may do this as well.
Nevertheless, despite such variations, the direct molecular ciliumnucleus pathway is probably present in protists. In Tetrahymena, the
signaling scaffold and DNA repair protein Rad51 is localized to both
the cilium and the nucleus and may move from a ciliary receptor
to the macronucleus (Christensen et al., 2003; Satir and Satir, 2016);
however, it is not known whether endosomal trafficking is part of
the pathway.
Studies on the localization of the signaling scaffold molecule
PFUS also support the notion that the direct pathway from the
cilium to the nucleus is present in protists. PFUS is an ancient
paralog of phosphglucomutase that is found in protists, such as
Paramecium and Toxoplasma, as well as its homologs in
mammalian cells (Wyroba et al., 1995). In Paramecium, PFUS is
predominantly found as a signaling scaffold protein on exocytic
vesicles that is critical for the initiation of membrane fusion
(Subramanian and Satir, 1992); however, it also localizes to the
cilium tip and the macronucleus (Satir et al., 2015). Inhibition of
PFUS by RNA interference (RNAi) entirely inhibits the production
of new secretory proteins (Liu et al., 2011), which suggests that
nuclear PFUS affects gene expression. In mouse fibroblasts, PFUS
also localizes to both the ciliary base and the nucleus, and
specifically to the nucleolus (Satir et al., 2015) (Fig. 2). It is possible
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that the features of PFUS signaling present in protists have been
retained in mammalian evolution.
Taken together, there is ample evidence for the early co-evolution
of the cilium and the nucleus that would explain the origin of direct
signaling pathways between the two organelles to account for ciliary
signaling scaffold proteins found in the nucleus. This supports our
hypothesis that the cilium is a dynamic storage organelle for these
molecules, which after their activation, leave the cilium and enter
the nucleus to affect gene expression.
The Htt conundrum

To illustrate the importance of the pathway we are proposing, we
address one example of a prominent molecule that has been found
both in the cilium and the nucleus and thus might shuttle between
these organelles: Htt, a ubiquitous cytoplasmic protein, whose mutant
form in neurons is responsible for HD, a devastating neurogenerative
disorder (Maiuri et al., 2013; Gasset-Rosa et al., 2017). Htt is a
membrane-associated scaffold protein that enters the nucleus to affect
gene expression (Benn et al., 2008). However, Htt also localizes to
neuronal primary cilia and the ciliary base, as well as the connecting
cilium of the photoreceptor (Karam et al., 2015). Furthermore, Htt has
been shown to be involved in regulating ciliogenesis (Keryer et al.,
2011). This raises the intriguing conundrum of why is Htt in cilia
(Nowogrodzki, 2018; Saudou and Humbert, 2016).
Our hypothesis predicts that after synthesis in the cytoplasm, Htt
molecules will localize into the cilium along with specific
membrane receptors, and, at some defined developmental or
physiological time, then will relocate from the cilium to the
nucleus with subsequent changes in gene expression that affect
neuronal survival (Atwal et al., 2007; Benn et al., 2008; GassetRosa et al., 2017).
The structure of Htt permits interaction with many different
proteins, which is particularly dependent on its phosphorylation
state (Maiuri et al., 2013); in fact, Htt has been considered as a
master scaffold hub (Saudou and Humbert, 2016). Htt utilizes
dynein–dynactin and kinesin to move back and forth along
microtubules with vesicles in neurons (Saudou and Humbert,
2016). It is likely that dynein–dynactin is used to reach the basal
body of the cilium (Kubo et al., 1999), whereas kinesin may be used
to move toward the nucleus.
The ciliary localization of mammalian Htt depends on N17, a 17amino-acid phosphorylatable amphipathic α-helix at the N-terminal
region of the protein just prior to the polyglutamine sequences,
which, when expanded, causes HD. Only nonphosphorylated N17
is found in striatal cell line cilia (Maiuri et al., 2013), which suggests
to us that de novo synthesized and transported Htt is not
phosphorylated. The authors proposed that N17 is a master
regulator of Htt transport in and out of the cilium and nucleus that
is dependent on ER stress and subsequent N17 phosphorylation
(Maiuri et al., 2013).
The ciliary receptor or receptors, which when stimulated by the
appropriate ligand, could result in the exit of Htt out of the cilium are
unknown, but there are intriguing possibilities. We will briefly
consider three possible ciliary signaling pathways that could trigger
ciliary exit of Htt: TGFβ, brain-derived neurotrophic factor (BDNF)
and Hh.
As discussed above, TGFβ signaling relies on SMAD transcription
factors to move through and out of the primary cilium and into the
nucleus. Interestingly, TGFβ signaling is dysfunctional in HD
(Bowles et al., 2017). Indeed, mutant Htt has been shown to alter
the extent of SMAD2/3 phosphorylation and its translocation into
the nucleus (Bowles et al., 2017). Therefore, Htt could be part of the
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• Is there a common cytoskeletal or cytosolic pathway that signaling
molecules use to travel between cilium and nucleus in mammalian
cells?
• Which features of this pathway are evolutionarily conserved?
• Are specific signaling molecules that localize to the cilium absent from
the nucleus before stimulation of the appropriate ciliary transmembrane
receptor?
• Do signaling molecules such as Htt enter or leave the primary cilium on
a vesicular scaffold?
• Is there a specific ligand that drives Htt from the cilium to the nucleus?
• Is a specific covalent modification of Htt necessary for this process?
• Does mutant Htt that produces HD follow the same pathway?

scaffold that normally accompanies the SMADs as they move from
cilium to nucleus.
Htt also upregulates the transcription of BDNF (Zuccato et al.,
2001), a ligand for the TrkB receptor. Moreover, neuronal survival
in HD requires BDNF (Zuccato and Cattaneo, 2007; Molero and
Mehler, 2016). In cultured cells in the presence of BDNF, the TrkB
receptor localizes to cilia and its activation and signaling after ligand
binding depend at least partially on ciliary localization (Leitch and
Zaghloul, 2014). The signaling pathways from the TrkB receptor are
similar to those of other RTKs (Christensen et al., 2012). Hence,
BDNF could be the ligand that drives Htt out of the cilium and into
the nucleus.
Finally, there might also be a link between Htt and Hh signaling.
Neuronal ciliogenesis and differentiation are both regulated in part
by Htt (Keryer et al., 2011). However, differentiation also depends
largely on Hh signaling that operates through the primary cilium
(Goetz et al., 2009). Since the Gli effector that is necessary for Hh
signaling translocates from cilium to nucleus, is it possible that
movement of Htt through the cytoplasm is induced in the same way
as that of Gli upon Smo activation, or that both proteins indeed move
concurrently. In support of this, the G-protein receptor trafficking
protein Gprasp2, which is involved in the movement of Smo (Jung
et al., 2016), has been shown to interact with Htt (Horn et al., 2006).
The hypothesis proposed here thus points to possible experiments
to determine which, if any, of these proposed pathways is correct
and to follow Htt as it traverses the cell from the cilium to the
nucleus (Box 1). Furthermore, findings from such future studies
might also help us to shed light on the pathogenesis of HD.
Conclusions

Many signaling and signaling scaffold molecules associated with
transmembrane receptors of the TRP, RTK, TGFβ/BMP and GPCR
families localize to both the primary cilium and nucleus. In fact, a
number of transmembrane receptors must be targeted to and stored
in the primary cilium to function correctly. We propose here, that as
a response to complementary external stimuli, signaling molecules
that specify immediate physiological changes leave the cilium
together with certain signaling scaffold molecules that move, often
in conjunction with endocytic vesicles, to the nucleus to affect gene
expression. As detailed above, Htt is a prominent signal scaffold
protein that might follow this pathway from the cilium to the
nucleus. The proposed universal nature of the pathway, which is
based on the common early evolution of the ciliary pore and the
nuclear pore, should permit its extrapolation to signaling systems
that have not yet been fully recognized as being based on cilia. We
therefore anticipate that future research efforts to characterize this
pathway might elucidate the growing connections between cilia and

cancer (Liu et al., 2018) and cilia and cognitive disease (Marley and
von Zastrow, 2012; Pruski and Lang, 2019).
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