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              Introduction
Enduring record-breaking heat atypical 

of New England summers, 180 scientists 

from around the globe gathered from 5 to 

10 July, 2010 at Vermont Academy in Sax-

tons River, Vermont, to report on the latest 

advances in research on the biology of cilia 

and fl agella. The meeting was organized by 

William Snell (University of Texas South-

western, USA), Gregory Pazour (University 

of Massachusetts Medical School, USA), 

and Bradley Yoder (University of Alabama, 

USA) and was sponsored by the Federation 

of American Societies for Experimental 

Biology (FASEB). The diversity of scien-

tists at this meeting, ranging from Chlam-

ydomonas biologists to human geneticists, 

refl ects both the important role played by 

this organelle across diverse eukaryotes and 

the diversity of biological processes associ-

ated with this organelle, including motility, 

protein traffi cking, signaling, and cell cycle 

control. Joel Rosenbaum (Yale University, 

USA), whose laboratory discovered the 

motor-driven mechanism called intrafl agel-

lar transport (IFT) that moves proteins up 

and down cilia (1, 2), gave the keynote ad-

dress at this meeting, summarizing the his-

tory of this fi eld and providing his vision for 

future progress.

The fi rst conference in “The Biology of 

Cilia and Flagella” series in 2007 focused 

on producing a complete “parts list” of pro-

teins required for function and assembly. 

High-resolution reconstruction of axonemal 

structures provided dazzling views of the 

complex machinery inside these organelles. 

It was clear that dissecting the sensory func-

tion of cilia would uncover new roles for 

these organelles in multicellular eukaryotes. 

Progress was reported on understanding the 

mechanisms of ciliary assembly and IFT, 

and ciliary defects were linked to various 

inherited human diseases.

Three years later, important advances 

include unexpected additions to the catalog 

of proteins involved in cilia assembly and 

function, the organization of these proteins 

into physical interactomes, insights into 

how these protein modules control specifi c 

aspects of assembly and function, and a 

greater understanding of their relevance to 

human disease. In this report, we present 

highlights from the conference and provide 

a framework for future studies.

Axoneme Structure and Motility
Cilia are composed of nine microtubule 

doublets arrayed in a radially symmetric 

fashion around the axoneme (Fig. 1). Cryo-

electron tomography has provided the most 

detailed views of axonemal structure to 

date. Building on data demonstrating that 

the dynein regulatory complex (DRC) is 

the link (previously referred to as the nexin 

link) connecting the doublet microtubules 

to each other (3), Mary Porter (Univer-

sity of Minnesota, USA), in collaboration 

with Daniela Nicastro and Thomas Heu-

ser (Brandeis University, USA), showed 

that the DRC also forms connections with 

specifi c dynein isoforms and other axone-

mal structures (3). Additional tomographic 

reconstructions presented by Nicastro re-

vealed regularly repeating structures inside 

the doublet microtubules. It will be interest-

ing to learn whether these structures play a 

role in microtubule assembly or the attach-

ment of specifi c axonemal structures. 

In the area of motility, recent progress 

focused on axonemal structures that form 

a network of signaling molecules that reg-

ulate dynein activity. Maureen Wirschell 

(Emory University, USA) described new 

results supporting roles for axonemal ca-

sein kinase I and the protein phosphatase 

PP2A in regulating dynein activity. Addi-

tional reports included Elizabeth Smith’s 

(Dartmouth College, USA) studies of 

calmodulin-binding complexes associated 

with the axoneme, as well as Pinfen Yang’s 

(Marquette University, USA) report of pre-

viously unknown mutations that confer ra-

dial spoke defects. Particularly noteworthy 

was Ritsu Kamiya’s (University of Tokyo, 

Japan) report that polyglutamylation of axo-

nemal microtubules regulates the activity of 

specifi c dynein isoforms, thus establishing a 

new direction of study for the regulation of 

dynein in the axoneme and cytoplasm (4, 5).

Ciliogenesis
Cilia and fl agella are complex and dynamic 

organelles that must be built (and disas-

sembled) during each cell cycle. How this 

feat is accomplished with high fi delity is a 

major unsolved mystery. Much of the intel-

lectual framework for this problem is based 

on Sorokin’s pioneering electron micros-

copy–based analysis of ciliogenesis from 

the 1960s, studies that were frequently cited 

at this meeting (6). In an era of “-omics”-

driven research, this was a reminder of the 

enduring explanatory power of careful ob-

servational studies in cell biology.

Ciliogenesis can be broken down into a 

series of ordered steps (7). First, centrioles 

mature into basal bodies. Depending on the 

cell type, the basal bodies then either mi-

grate directly to the plasma membrane or 

associate with a double membrane sheath 

(often called the “ciliary vesicle”), which 

then fuses with the plasma membrane. In 

either case, membrane association is fol-

lowed by the selection and targeting of axo-

nemal and ciliary membrane components 

and eventually the growth of a cilium of 

defi ned length. In some cells, fusion of the 

ciliary vesicle with the plasma membrane 

creates an invagination of the plasma mem-

brane called the ciliary pocket (Fig. 2), a 

structure described by Keith Gull (Univer-

sity of Oxford, UK) in trypanosomes and 

by Alexandre Benmerah (Institut Cochin, 

France) in mammalian cells. In both cases, 

the ciliary pocket provides a traffi cking sta-

tion for vesicles either entering or leaving 

cilia (Fig. 2) (8, 9). 

Several reports have suggested that cen-

triole duplication, basal body maturation, 

and ciliogenesis are coordinated with the 
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cell cycle (10). In mammalian cells, the pro-

tein CP110 has been implicated in the con-

version of centrioles to basal bodies (11). 

Following up on studies elucidating the 

ubiquitin-mediated degradation of CP110 

in G
2
 of the cell cycle (12), Brian Dynlacht 

(New York University School of Medi-

cine, USA) reported the identifi cation of a 

complex including CP110 and at least four 

other proteins that play a role in limiting 

centriole duplication and regulating cilium 

assembly. Susan Dutcher (Washington Uni-

versity, USA) presented work on CNK10, 

the Chlamydomonas homolog of the NimA-

related kinase Nek1, which appears to be 

involved in both basal body assembly and 

cell cycle progression. [NimA-related ki-

nases are a family of serine-threonine ki-

nases implicated in cell cycle progression 

(13).] Lynne Quarmby’s (Simon Fraser Uni-

versity, Canada) work in Chlamydomonas 

suggested additional roles for members of 

the NimA-related kinase family in fl agellar 

disassembly and its coordination with the 

cell cycle. Erica Golemis (Fox Chase Can-

cer Center, USA) described a role for the 

Nedd9-AuroraA complex in regulating cili-

ary loss in response to serum-induced cell 

cycle reentry and linked the loss of Nedd9 

in mice to renal cystogenesis, a feature of 

many ciliopathies. Finally, Carolyn Silfl ow 

(University of Minnesota, USA) presented 

work on the uni class of Chlamydomonas 

mutants, which have defects in basal body 

maturation and the transition from triplet 

to doublet microtubules in a region of the 

cilium called the transition zone (TZ) (14).

A major theme that emerged from this 

meeting was the importance of the TZ for 

ciliary assembly and function (Figs. 1 and 2). 

Several groups reported that many proteins 

encoded by genes mutated in the human 

cilia-related syndromes or “ciliopathies” 

localize to the TZ. Michel Leroux (Simon 

Fraser University, Canada) presented data 

from Caenorhabditis elegans implicating 

these TZ ciliopathy proteins in the initial 

docking and anchoring of the basal body and 

joining the TZ to the membrane. Work pre-

sented by Leroux and Corey Williams (Yod-

er laboratory, University of Alabama, USA) 

also suggested that TZ proteins regulate the 

formation of the barrier between the ciliary 

membrane and plasma membrane. Ultra-

structural and functional studies of the cili-

opathy protein CEP290 in Chlamydomonas 

presented by Branch Craige (Witman labo-

ratory, University of Massachusetts Medical 

School, USA, and the Rosenbaum laborato-

ry, Yale University, USA) demonstrated that 

this TZ protein is required for the formation 

of links between the ciliary membrane and 

the axonemal microtubules (15). The loss of 

CEP290 and loss of these linkages alter the 

protein composition of fl agella; fl agella of 

cep290 mutants have decreased abundance 

of polycystin-2 and increased abundance of 

BBS4. In addition to these ciliopathy pro-

teins, Qicong Hu (Nelson laboratory, Stan-

ford University, USA) demonstrated that 

the septin Sept2 is required for ciliogenesis, 

localizes to the membrane at the base of the 

cilium, and may form a diffusion barrier to 

retain membrane proteins in the cilia (16). 

The challenge will be to differentiate be-

tween proteins that are the structural com-

ponents of the TZ and those that play a role 

in regulating passage across the TZ during 

ciliary traffi cking.

Specifi c traffi cking mechanisms must 

exist to specify and deliver vesicles carry-

ing the ciliary membrane and its constitu-

ents. Work presented by several groups pro-

vided support for a Rab11-Rab8 cascade for 

membrane traffi cking to cilia. Christopher 

Westlake (Scheller and Jackson laborato-

ries, Genentech, USA) and Shanshan Feng 

(Guo laboratory, University of Pennsylva-

nia, USA) discovered that Rab11, which is 

important for traffi cking at the trans-Golgi 

and recycling endosomes, directly binds 

and activates Rabin8, a guanine nucleotide 

exchange factor for Rab8 (17). Rab8 load-

ing would then defi ne the identity of vesi-

cles targeted to cilia. These groups, as well 

as Josh Lipschutz (University of Pennsyl-

vania, USA), suggested that Rab8 may act 

through the exocyst complex to promote the 

docking of vesicles to form the ciliary mem-

brane. Genetic studies from Oliver Blacque 

(University College Dublin, Ireland) in C. 

elegans linked Rab8 to the AP-1 clathrin 

adaptor complexes that mediate traffi cking 

at the trans-Golgi.

Regulation of fl agellar length, a strik-

ing example of organelle scaling, was also 

discussed at the meeting. Work by Nedra 

Wilson (University of Oklahoma, USA) 

and Pete Lefebvre (University of Minne-

sota, USA) focused on Chlamydomonas 

lf (long fl agella) mutants (lf1 to lf4) that 

show defects in fl agellar length control. It 

is not known whether an analogous LF1 to 

LF4 system regulates cilia length in ver-

tebrate systems. Jonathan Eggenschwiler 

(Princeton University, USA) discovered an 

unexpected interaction between the mam-

malian homolog of LF2, CCRK, and a pro-

tein called Broad-minded or Bromi (18). 

Mutations in the gene encoding Bromi lead 

to loss of axoneme-membrane contacts 

and disrupt ciliogenesis. Finally, work by 

Junmin Pan (Tsinghua University, China) 

suggested that disassembly of cytoplasmic 

microtubules by the microtubule depoly-

merizing kinesin Kin13 provides a source of 

the tubulin dimers used for ciliary assembly 

and could be involved in regulating ciliary 

length (19).

Two laboratories reported unbiased ap-

proaches to identify new factors involved 

in ciliogenesis. Joe Gleeson (University 

of California San Diego, USA) presented 

data from an RNA interference screen for 

genes that affect ciliogenesis in cultured 

cells (20) and concluded that inhibition of 

actin assembly can promote the growth of 

cilia, even in cells carrying defects in IFT. 

Tim Stearns (Stanford University, USA) re-

ported on analysis of the transcriptome of 

ciliated tracheal epithelial cells undergoing 

differentiation. These approaches may es-

tablish new connections between cilia and 

inherited diseases.

Traffi cking Mechanisms: IFT, 
GTPases, and Coated Vesicles
The regulated accumulation of both soluble 

and membrane proteins in cilia is a remark-

able feat of protein traffi cking. Lynn Kee 

(Verhey and Martens laboratory, University 

of Michigan, USA) demonstrated the exis-

Fig. 1. A primary cilium in a cultured fi bro-
blast. γ-tubulin (magenta) marks the two cen-
trioles, with only the mother (older) centriole 
giving rise to the axoneme, as indicated by 
acetylated tubulin (red). The transition zone 
(TZ) is located in the gap between γ-tubulin 
and acetylated tubulin staining and is marked 
here by CEP164 (green). DAPI (blue) stains 
the nucleus. 

C
R

E
D

IT
: M

U
 H

E
 A

N
D

 K
A
T

H
R

Y
N

 A
N

D
E

R
S

O
N

/D
E

V
E

L
O

P
M

E
N

T
A

L
 B

IO
L

O
G

Y
, T

H
E

 S
L

O
A

N
 K

E
T

T
E

R
IN

G
 I
N

S
T

IT
U

T
E

, 
N

E
W

 Y
O

R
K

, 
U

S
A

 on A
pril 11, 2018

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

http://stke.sciencemag.org/


M E E T I N G  R E P O RT

www.SCIENCESIGNALING.org  11 January 2011  Vol 4 Issue 155  mr1    3

tence of a size exclusion fi lter for protein 

entry into the cilium. Dextrans larger than 

40 kD fail to enter the ciliary compart-

ment, whereas those smaller than 10 kD 

enter readily. It has been hypothesized that 

nuclear import and ciliary import might 

share common machinery. Work from the 

Verhey laboratory (University of Michigan 

Medical School, USA) established a role 

for a Ran-GTP gradient across the ciliary 

base in transport of the IFT motor Kif17 

into primary cilia (21). It will be important 

to determine whether the Ran system also 

regulates the targeting of ciliary membrane 

proteins and to elucidate the mechanism by 

which the same machinery distinguishes 

cargo bound for the cilium from that bound 

for the nucleus.

IFT was discovered nearly 20 years ago 

as a motor-based mechanism for the move-

ment of proteins along the axoneme (2). IFT 

includes two multiprotein complexes: IFT-A 

complexes associated with dynein-mediated 

retrograde transport and IFT-B complexes 

associated with kinesin-mediated antero-

grade transport (22). Doug Cole’s labora-

tory (University of Idaho, USA) continues 

to map the protein-protein interactions that 

comprise the IFT-A and -B complexes in 

Chlamydomonas (23) (Fig. 2). In work she 

performed in the Lupetti laboratory (Uni-

versity of Siena, Italy), Gaia Pigino pre-

sented high-resolution images of IFT par-

ticles using electron tomography, in which 

retrograde and anterograde trains could be 

distinguished (24). Her future work in the 

Ishikawa laboratory (Paul Scherrer Insti-

tute, Switzerland) to obtain higher-resolu-

tion reconstructions of these trains should 

provide insights into how IFT particles link 

cargo at the ciliary membrane to axonemal 

microtubules during transport.

Several reports suggested that IFT com-

ponents serve functions distinct from their 

established role in intrafl agellar transport. 

Brian Keady (Pazour laboratory, University 

of Massachusetts Medical School, USA) 

described mice with a mutation in IFT25. 

These mice assemble cilia but have heart 

defects that result in neonatal lethality. Joel 

Rosenbaum and Gillian Griffi ths (Cam-

bridge Institute for Medical Research, UK) 

presented data to indicate that IFT proteins 

(IFT20, IFT88, and Kif3a) help direct the 

exocytosis of Golgi-derived vesicles in the 

pericentriolar region, even in cells lacking 

cilia, such as lymphocytes (25, 26). Saikat 

Mukhopadhyay (Jackson laboratory, Genen-

tech, USA) reported an interaction between 

the IFT-A complex and the tubby-like pro-

tein TULP3, which is necessary for the traf-

fi cking of specifi c G protein–coupled recep-

tors to primary cilia in cultured cells (27). 

These data suggest that IFT-A, in addition to 

driving retrograde transport, has a role in tar-

geting specifi c membrane proteins to cilia.

Some 400 axonemal polypeptides 

translated in the cytoplasm are sorted and 

assembled onto the ciliary microtubules 

(28–30). David Mitchell (State University 

of New York Syracuse, USA) has identifi ed 

proteins that serve as either co-chaperones 

for proper folding or adaptors for IFT-

mediated transport of dynein arms. Us-

ing both zebrafi sh and mouse models, Re-

becca Burdine (Princeton University, USA) 

described the characterization of Ccdc40, 

a protein localized to the cilium and the 

cytoplasm. In human and zebrafi sh cells, 

CCDC40 defi ciency causes defects in axo-

neme structure and the loss of several ciliary 

proteins, and the gene encoding this protein 

is mutated in families with primary ciliary 

dyskinesia (31). Rosenbaum hypothesized 

that proteins synthesized on free polysomes 

may associate with vesicles that are targeted 

to the base of the cilium.

Progress was reported on the traffi cking 

of membrane proteins to cilia. Bardet-Bieldl 

syndrome (BBS) proteins, which form the 

multiprotein BBSome complex, have been 

implicated in traffi cking receptors to pri-

mary cilia (32). Kirk Mykytyn (Ohio State 

University, USA) demonstrated that the se-

rotonin receptor Htr6 and the somatostatin 

receptor Sstr3 have a ciliary targeting se-

quence in the third intracellular loop (i3) 

and that accumulation of Sstr3 in cilia is 

abrogated by the loss of BBS function (33). 

Max Nachury’s laboratory (Stanford Uni-

versity, USA) showed that the BBSome can 

directly bind to the i3 sequence in Sstr3 and 

that the BBSome is recruited to liposomes 

by the small guanosine triphosphatase 

(GTPase) Arl6 and appears to form a coat 

Fig. 2. Traffi cking mechanisms at primary cilia. The TZ is the location of the regulated gate or 
barrier that must be traversed by both soluble and membrane proteins that enter and leave 
cilia. Membrane proteins enter the ciliary pocket by directed vesicle traffi cking or by lateral 
transport from the plasma membrane before moving across the TZ. Protein entry through 
the ciliary barrier may be regulated by a Ran-GDP:Ran-GTP gradient between the cyto-
plasm and the cilium. Some of the proteins implicated in each traffi cking step by conference 
presenters are indicated.
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complex similar to clathrin or COP proteins 

(34). Thus, the Arl6-directed polymeriza-

tion of the BBSome might serve to segre-

gate ciliary membrane proteins.

A connection between IFT and BBS pro-

teins was addressed by Karl Lechtreck (Uni-

versity of Massachusetts Medical School, 

USA), who showed that the BBSome is as-

sociated with a subset of IFT particles and is 

transported along the length of the fl agellum 

in Chlamydomonas (35). He also reported 

that the bbs4 mutant shows excess accumu-

lation of signaling proteins in fl agella. This 

was echoed by Mykytyn’s observation that 

D1 dopamine receptors accumulate abnor-

mally in the cilia of neurons from BBS4 

knockout mice. In summary, BBSome 

coats, perhaps by coupling membrane pro-

teins to the IFT system, may be used for 

traffi cking both into and out of cilia.

The importance of small GTPases in 

controlling ciliary protein localization was 

underscored by a presentation from John 

Follit (Pazour laboratory, University of 

Massachusetts Medical Center, USA), who 

demonstrated that the interaction between 

Arf4 and fi brocystin, the protein defective 

in autosomal recessive polycystic kidney 

disease, is required for the localization of 

fi brocystin in cilia (36). Future challenges 

include understanding the coordination be-

tween these various systems (IFT, BBS, and 

Arf4) and uncovering the specifi c ciliary 

proteins targeted by each protein module.

Cilia As Signaling Centers
The diversity of signals relayed by cilia was 

conveyed by presentations that implicated 

cilia in processes ranging from social motil-

ity in trypanosomes, as described by Kent 

Hill (University of California Los Angeles, 

USA); directed cell migration, as discussed 

by Peter Satir (Albert Einstein College of 

Medicine, USA) and Soren Christensen 

(University of Copenhagen, Denmark); car-

diac development, as highlighted by Soren 

Christensen; branching morphogenesis, as 

indicated by Kim McDermott (University 

of Arizona, USA); and mechanotransduc-

tion, as discussed by Courtney Haycraft 

(Medical University of South Carolina, 

USA) and Sue McGlashan (University of 

Aukland, New Zealand). The next phase of 

this work will require determining which 

signaling pathways are dependent on cilia 

and how these pathways are coordinated 

by the various ciliary transport systems. 

This endeavor is important because our 

mechanistic understanding of organ-level 

phenotypes has lagged behind the identifi -

cation and biochemical characterization of 

proteins encoded by ciliopathy genes. Work 

presented by Heymut Omran (University 

Hospital Muenster, Germany) comparing 

the distinct disease phenotypes of patients 

and mice with hypomorphic or null alleles 

of Nphp3 (which encodes nephronophthisis 

3) underscored the complexities of under-

standing ciliopathy phenotypes.

In vertebrates, developmental signaling 

pathways have been closely linked to pri-

mary cilia. Kathryn Anderson (Memorial 

Sloan Kettering Cancer Center, USA), who 

discovered the link between Hedgehog (Hh) 

and cilia, reminded us that mouse embryos 

carrying inactivating mutations in genes en-

coding IFT-B complex proteins arrest in de-

velopment with a phenotype that is pathog-

nomonic for loss of Hh signaling (37). 

Anderson showed that loss-of-function mu-

tations in the gene encoding the retrograde 

dynein motor Dync2h1, which abrogate Hh 

signaling (38), can be suppressed by hypo-

morphic mutations in genes encoding IFT-B 

proteins. These data are consistent with the 

idea that the output of Hh signaling from 

cilia is controlled by a balance of positive 

and negative regulators, whose abundance 

in cilia depends on IFT. Talks by both Muk-

hopadhyay (discussed above) and Jonathan 

Eggenschweiler (Princeton University, USA) 

identifi ed the protein TULP3 as an inhibitor 

of the Hh pathway that is deposited in cilia by 

IFT-A–dependent mechanisms.

An important link between Hh signal-

ing and other protein networks involved 

in ciliogenesis came from Jeremy Reiter 

(University of California San Francisco, 

USA) and Peter Jackson (Genentech, USA). 

Both groups reported a physical interac-

tion between proteins mutated in ciliopa-

thies, especially Meckel syndrome, and the 

Tectonic proteins, a class of three proteins 

initially discovered by Reiter’s laboratory 

as required for Hh signaling (39). Reiter 

presented data showing that Tectonics play 

tissue-specifi c roles in ciliogenesis and cili-

ary protein traffi cking.

Cilia have also been connected to the 

planar cell polarity (PCP) pathway (40). 

Brian Ciruna (Hospital for Sick Children, 

Canada) demonstrated that loss of the PCP 

component Vangl2 in zebrafi sh embryos did 

not block ciliogenesis but rather disrupted 

the posterior tilting and asymmetric local-

ization of motile cilia in several tissues. 

Similarly, Zhaoxia Sun (Yale University, 

USA) demonstrated that loss of another 

core PCP component, pk1, leads to basal 

body disorganization and renal cytogenesis 

and showed genetic interactions between 

pk1 and ift genes in zebrafi sh. Understand-

ing the mechanisms that link the localiza-

tion and orientation of cilia in cells to the 

PCP pathway, particularly in epithelial tis-

sues, will continue to be an important chal-

lenge for the fi eld.

Finally, several reports at the meeting 

emphasized the idea that signaling path-

ways can often modulate the structure of 

cilia to optimize function. Piali Sengupta 

(Brandeis University, USA) demonstrated 

that the distinctive architecture of the AWB 

olfactory neuronal cilia in C. elegans is 

maintained by sensory signaling through 

the modulation of traffi cking components 

such as dynamin. Maureen Barr (Rutgers 

University, USA) showed that stimulation 

of sensory neurons in male C. elegans can 

drive a switch in the type of kinesin motor 

used for anterograde IFT. Iain Drummond 

(Harvard Medical School, USA) reported 

that epithelial stretch applied to renal tu-

bules in zebrafi sh can increase the cilia beat 

frequency in a manner dependent on foxj1, 

a transcriptional regulator of genes encod-

ing ciliary proteins, including Dnahc9, 

Spag6, and Rsph4a (41). Nathalie Spassky 

(Institut National de la Santé et de la Re-

cherche Médicale, France) demonstrated 

that external hydrodynamic shear forces 

can drive the coordinated reorientation of 

cilia in an epithelium, perhaps by regulat-

ing the PCP pathway (42). In summary, cilia 

are dynamic structures that not only receive 

signals but can also adapt to signals to or-

chestrate a physiological response.

Conclusions
In the past decade, we have experienced a 

revolution in understanding the many roles 

of the cilium. We have highlighted only a 

few of the advances presented at the meeting 

that illustrate the multifunctional roles of 

cilia and fl agella. In addition to their essen-

tial role in human health and disease, cilia 

have become a superb model for addressing 

fundamental questions of motor regulation, 

protein traffi cking, and signaling.

References and Notes
 1. K. G. Kozminski, P. L. Beech, J. L. Rosenbaum, 

The Chlamydomonas kinesin-like protein FLA10 

is involved in motility associated with the fl agellar 

membrane. J. Cell Biol. 131, 1517–1527 (1995).  

 2. K. G. Kozminski, K. A. Johnson, P. Forscher, J. L. 

Rosenbaum, A motility in the eukaryotic fl agellum 

unrelated to fl agellar beating. Proc. Natl. Acad. 

Sci. U.S.A. 90, 5519–5523 (1993).  

 on A
pril 11, 2018

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

http://stke.sciencemag.org/


M E E T I N G  R E P O RT

www.SCIENCESIGNALING.org  11 January 2011  Vol 4 Issue 155  mr1    5

 3. T. Heuser, M. Raytchev, J. Krell, M. E. Porter, D. 

Nicastro, The dynein regulatory complex is the 

nexin link and a major regulatory node in cilia and 

fl agella. J. Cell Biol. 187, 921–933 (2009).  

 4. T. Kubo, H. A. Yanagisawa, T. Yagi, M. Hirono, R. 

Kamiya, Tubulin polyglutamylation regulates axo-

nemal motility by modulating activities of inner-

arm dyneins. Curr. Biol. 20, 441–445 (2010).  

 5. S. Suryavanshi, B. Eddé, L. A. Fox, S. Guerrero, 

R. Hard, T. Hennessey, A. Kabi, D. Malison, D. 

Pennock, W. S. Sale, D. Wloga, J. Gaertig, Tubulin 

glutamylation regulates ciliary motility by altering 

inner dynein arm activity. Curr. Biol. 20, 435–440 

(2010).  

 6. S. Sorokin, Centrioles and the formation of rudi-

mentary cilia by fi broblasts and smooth muscle 

cells. J. Cell Biol. 15, 363–377 (1962).  

 7. R. Rohatgi, W. J. Snell, The ciliary membrane. 

Curr. Opin. Cell Biol. 22, 541–546 (2010).  

 8. A. Molla-Herman, R. Ghossoub, T. Blisnick, A. 

Meunier, C. Serres, F. Silbermann, C. Emmerson, 

K. Romeo, P. Bourdoncle, A. Schmitt, S. Saunier, 

N. Spassky, P. Bastin, A. Benmerah, The ciliary 

pocket: An endocytic membrane domain at the 

base of primary and motile cilia. J. Cell Sci. 123, 

1785–1795 (2010).  

 9. C. Gadelha, S. Rothery, M. Morphew, J. R. McIn-

tosh, N. J. Severs, K. Gull, Membrane domains 

and fl agellar pocket boundaries are infl uenced by 

the cytoskeleton in African trypanosomes. Proc. 

Natl. Acad. Sci. U.S.A. 106, 17425–17430 (2009).  

 10. A. Debec, W. Sullivan, M. Bettencourt-Dias, Cen-

trioles: Active players or passengers during mito-

sis? Cell. Mol. Life Sci. 67, 2173–2194 (2010).  

 11. M. Bettencourt-Dias, Z. Carvalho-Santos, Double 

life of centrioles: CP110 in the spotlight. Trends 

Cell Biol. 18, 8–11 (2008).  

 12. V. D’Angiolella, V. Donato, S. Vijayakumar, A. 

Saraf, L. Florens, M. P. Washburn, B. Dynlacht, 

M. Pagano, SCF(Cyclin F) controls centrosome 

homeostasis and mitotic fi delity through CP110 

degradation. Nature 466, 138–142 (2010).  

 13. L. O’Regan, J. Blot, A. M. Fry, Mitotic regulation by 

NIMA-related kinases. Cell Div. 2, 25 (2007).  

 14. B. P. Piasecki, C. D. Silfl ow, The UNI1 and UNI2 

genes function in the transition of triplet to doublet 

microtubules between the centriole and cilium in 

Chlamydomonas. Mol. Biol. Cell 20, 368–378 

(2009).  

 15. B. Craige, C. C. Tsao, D. R. Diener, Y. Hou, K. 

F. Lechtreck, J. L. Rosenbaum, G. B. Witman, 

CEP290 tethers fl agellar transition zone micro-

tubules to the membrane and regulates fl agellar 

protein content. J. Cell Biol. 190, 927–940 (2010).  

 16. Q. Hu, L. Milenkovic, H. Jin, M. P. Scott, M. V. Na-

chury, E. T. Spiliotis, W. J. Nelson, A septin dif-

fusion barrier at the base of the primary cilium 

maintains ciliary membrane protein distribution. 

Science 329, 436–439 (2010).  

 17. A. Knödler, S. Feng, J. Zhang, X. Zhang, A. Das, 

J. Peränen, W. Guo, Coordination of Rab8 and 

Rab11 in primary ciliogenesis. Proc. Natl. Acad. 

Sci. U.S.A. 107, 6346–6351 (2010).  

 18. H. W. Ko, R. X. Norman, J. Tran, K. P. Fuller, M. 

Fukuda, J. T. Eggenschwiler, Broad-minded links 

cell cycle-related kinase to cilia assembly and 

hedgehog signal transduction. Dev. Cell 18, 237–

247 (2010).  

 19. T. Piao, M. Luo, L. Wang, Y. Guo, D. Li, P. Li, W. 

J. Snell, J. Pan, A microtubule depolymerizing ki-

nesin functions during both fl agellar disassembly 

and fl agellar assembly in Chlamydomonas. Proc. 

Natl. Acad. Sci. U.S.A. 106, 4713–4718 (2009).  

 20. J. Kim, J. E. Lee, S. Heynen-Genel, E. Suyama, 

K. Ono, K. Lee, T. Ideker, P. Aza-Blanc, J. G. Glee-

son, Functional genomic screen for modulators 

of ciliogenesis and cilium length. Nature 464, 

1048–1051 (2010).  

 21. J. F. Dishinger, H. L. Kee, P. M. Jenkins, S. Fan, T. 

W. Hurd, J. W. Hammond, Y. N. Truong, B. Margo-

lis, J. R. Martens, K. J. Verhey, Ciliary entry of the 

kinesin-2 motor KIF17 is regulated by importin-

beta2 and RanGTP. Nat. Cell Biol. 12, 703–710 

(2010).  

 22. D. G. Cole, The intrafl agellar transport machinery 

of Chlamydomonas reinhardtii. Traffi c 4, 435–442 

(2003).  

 23. B. F. Lucker, M. S. Miller, S. A. Dziedzic, P. T. 

Blackmarr, D. G. Cole, Direct interactions of in-

trafl agellar transport complex B proteins IFT88, 

IFT52, and IFT46. J. Biol. Chem. 285, 21508–

21518 (2010).  

 24. G. Pigino, S. Geimer, S. Lanzavecchia, E. Pac-

cagnini, F. Cantele, D. R. Diener, J. L. Rosen-

baum, P. Lupetti, Electron-tomographic analysis 

of intrafl agellar transport particle trains in situ. J. 

Cell Biol. 187, 135–148 (2009).  

 25. F. Finetti, S. R. Paccani, M. G. Riparbelli, E. Gia-

comello, G. Perinetti, G. J. Pazour, J. L. Rosen-

baum, C. T. Baldari, Intrafl agellar transport is 

required for polarized recycling of the TCR/CD3 

complex to the immune synapse. Nat. Cell Biol. 

11, 1332–1339 (2009).  

 26. G. M. Griffi ths, A. Tsun, J. C. Stinchcombe, The 

immunological synapse: A focal point for endo-

cytosis and exocytosis. J. Cell Biol. 189, 399–406 

(2010).  

 27. S. Mukhopadhyay, X. Wen, B. Chih, C. D. Nelson, 

W. S. Lane, S. J. Scales, P. K. Jackson, TULP3 

bridges the IFT-A complex and membrane phos-

phoinositides to promote traffi cking of G protein-

coupled receptors into primary cilia. Genes Dev. 

24, 2180–2193 (2010).  

 28. A. Gherman, E. E. Davis, N. Katsanis, The ciliary 

proteome database: An integrated community re-

source for the genetic and functional dissection of 

cilia. Nat. Genet. 38, 961–962 (2006).  

 29. G. J. Pazour, N. Agrin, J. Leszyk, G. B. Witman, 

Proteomic analysis of a eukaryotic cilium. J. Cell 

Biol. 170, 103–113 (2005).  

 30. L. E. Ostrowski, K. Blackburn, K. M. Radde, M. B. 

Moyer, D. M. Schlatzer, A. Moseley, R. C. Bouch-

er, A proteomic analysis of human cilia: Identifi ca-

tion of novel components. Mol. Cell. Proteomics 

1, 451–465 (2002).  

 31. A. Becker-Heck, I. E. Zohn, N. Okabe, A. Pollock, 

K. B. Lenhart, J. Sullivan-Brown, J. McSheene, N. 

T. Loges, H. Olbrich, K. Haeffner, M. Fliegauf, J. 

Horvath, R. Reinhardt, K. G. Nielsen, J. K. Mar-

thin, G. Baktai, K. V. Anderson, R. Geisler, L. 

Niswander, H. Omran, R. D. Burdine, The coiled-

coil domain containing protein CCDC40 is es-

sential for motile cilia function and left-right axis 

formation. Nat. Genet. 43, 79–84 (2010).  

 32. M. V. Nachury, A. V. Loktev, Q. Zhang, C. J. West-

lake, J. Peränen, A. Merdes, D. C. Slusarski, R. H. 

Scheller, J. F. Bazan, V. C. Sheffi eld, P. K. Jack-

son, A core complex of BBS proteins cooperates 

with the GTPase Rab8 to promote ciliary mem-

brane biogenesis. Cell 129, 1201–1213 (2007).  

 33. N. F. Berbari, A. D. Johnson, J. S. Lewis, C. C. Ask-

with, K. Mykytyn, Identifi cation of ciliary localiza-

tion sequences within the third intracellular loop 

of G protein-coupled receptors. Mol. Biol. Cell 19, 

1540–1547 (2008).  

 34. H. Jin, S. R. White, T. Shida, S. Schulz, M. Agu-

iar, S. P. Gygi, J. F. Bazan, M. V. Nachury, The 

conserved Bardet-Biedl syndrome proteins as-

semble a coat that traffi cs membrane proteins to 

cilia. Cell 141, 1208–1219 (2010).  

 35. K. F. Lechtreck, E. C. Johnson, T. Sakai, D. Co-

chran, B. A. Ballif, J. Rush, G. J. Pazour, M. Ikebe, 

G. B. Witman, The Chlamydomonas reinhardtii 

BBSome is an IFT cargo required for export of 

specifi c signaling proteins from fl agella. J. Cell 

Biol. 187, 1117–1132 (2009).  

 36. J. A. Follit, L. Li, Y. Vucica, G. J. Pazour, The cyto-

plasmic tail of fi brocystin contains a ciliary target-

ing sequence. J. Cell Biol. 188, 21–28 (2010).  

 37. D. Huangfu, A. Liu, A. S. Rakeman, N. S. Murcia, 

L. Niswander, K. V. Anderson, Hedgehog signal-

ling in the mouse requires intrafl agellar transport 

proteins. Nature 426, 83–87 (2003).  

 38. S. R. May, A. M. Ashique, M. Karlen, B. Wang, 

Y. Shen, K. Zarbalis, J. Reiter, J. Ericson, A. S. 

Peterson, Loss of the retrograde motor for IFT 

disrupts localization of Smo to cilia and prevents 

the expression of both activator and repressor 

functions of Gli. Dev. Biol. 287, 378–389 (2005).  

 39. J. F. Reiter, W. C. Skarnes, Tectonic, a novel regu-

lator of the Hedgehog pathway required for both 

activation and inhibition. Genes Dev. 20, 22–27 

(2006).  

 40. J. B. Wallingford, Planar cell polarity signaling, 

cilia and polarized ciliary beating. Curr. Opin. Cell 

Biol. 22, 597–604 (2010).  

 41. J. Thomas, L. Morlé, F. Soulavie, A. Laurençon, 

S. Sagnol, B. Durand, Transcriptional control of 

genes involved in ciliogenesis: A fi rst step in mak-

ing cilia. Biol. Cell 102, 499–513 (2010).  

 42. B. Guirao, A. Meunier, S. Mortaud, A. Aguilar, J. 

M. Corsi, L. Strehl, Y. Hirota, A. Desoeuvre, C. 

Boutin, Y. G. Han, Z. Mirzadeh, H. Cremer, M. 

Montcouquiol, K. Sawamoto, N. Spassky, Cou-

pling between hydrodynamic forces and planar 

cell polarity orients mammalian motile cilia. Nat. 

Cell Biol. 12, 341–350 (2010).  

 43. Acknowledgments: We apologize to the many 

excellent speakers whose work could not be dis-

cussed and to the authors whose work was not cit-

ed due to space constraints. We thank FASEB and 

the Polycystic Kidney Research Foundation for 

their generous support of this meeting; the many 

researchers who granted permission to cite their 

work; and Mu He, Kathryn Anderson, Karolin Dorn, 

and Michel Leroux for help with fi gures. Funding: 

Work in the authors’ labs is supported by grants 

GM66919 (E.F.S.) and CA129174 (R.R.). 

10.1126/scisignal.4155mr1

Citation: E. F. Smith, R. Rohatgi, Cilia 2010: The 
surprise organelle of the decade. Sci. Signal. 4, 
mr1 (2011).

 on A
pril 11, 2018

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

http://stke.sciencemag.org/


Cilia 2010: The Surprise Organelle of the Decade
Elizabeth F. Smith and Rajat Rohatgi

DOI: 10.1126/scisignal.4155mr1
 (155), mr1.4Sci. Signal. 

ARTICLE TOOLS http://stke.sciencemag.org/content/4/155/mr1

CONTENT
RELATED 

http://stke.sciencemag.org/content/sigtrans/8/397/ec282.abstract
http://stke.sciencemag.org/content/sigtrans/5/251/ec299.abstract
http://stke.sciencemag.org/content/sigtrans/5/246/ec270.abstract
http://stke.sciencemag.org/content/sigtrans/2/95/ra70.full
http://stke.sciencemag.org/content/sigtrans/4/200/eg10.full

REFERENCES

http://stke.sciencemag.org/content/4/155/mr1#BIBL
This article cites 42 articles, 21 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

of AAAS.
is a registered trademarkScience Signaling the Advancement of Science. No claim to original U.S. Government Works. The title 

Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American Association for 
(ISSN 1937-9145) is published by the American Association for the Advancement of Science, 1200 New YorkScience Signaling 

 on A
pril 11, 2018

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

http://stke.sciencemag.org/content/4/155/mr1
http://stke.sciencemag.org/content/sigtrans/4/200/eg10.full
http://stke.sciencemag.org/content/sigtrans/2/95/ra70.full
http://stke.sciencemag.org/content/sigtrans/5/246/ec270.abstract
http://stke.sciencemag.org/content/sigtrans/5/251/ec299.abstract
http://stke.sciencemag.org/content/sigtrans/8/397/ec282.abstract
http://stke.sciencemag.org/content/4/155/mr1#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://stke.sciencemag.org/

