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The continuum of causality in human
genetic disorders
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Abstract

Studies of human genetic disorders have traditionally
followed a reductionist paradigm. Traits are defined as
Mendelian or complex based on family pedigree and
population data, whereas alleles are deemed rare,
common, benign, or deleterious based on their
population frequencies. The availability of exome and
genome data, as well as gene and allele discovery for
various conditions, is beginning to challenge classic
definitions of genetic causality. Here, I discuss recent
advances in our understanding of the overlap between
rare and complex diseases and the context-dependent
effect of both rare and common alleles that underscores
the need for revising the traditional categorizations of
genetic traits.
populations.
Introduction
At the start of the 20th century, a new post-modernist
art movement, known as cubism, sought to deconstruct
complex images into small geometrical shapes so that
objects could be studied from multiple angles and
viewpoints. An example of this type of art is Pablo
Picasso’s Girl with a Mandolin (Fig. 1). Unbeknownst
to the artists who propagated this aesthetic concept,
the decomposition of complex problems into smaller,
experimentally tractable parcels has in fact been a
fundamental tenet of the scientific enterprise. In a cubist
manner, complex multidimensional questions have been
deconstructed, the ultimate aspiration being that once
each compartment is understood we will be able to
synthesize the complete image and gain clarity. Studies of
human genetic disorders have traditionally, and faithfully,
followed a reductionist paradigm. Human genetics typic-
ally separates rare and complex disorders into separate
categories; has stratified the effect of alleles on the basis of
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their frequencies in populations; and has argued, passion-
ately, over the contributions of rare versus common alleles
in various disorders [1]. However, with the advent of data
from the exomes and genomes of 105–106 people [2–5],
including individuals diagnosed with particular disorders
[6–10], it is clear that there is an imperfect fit between
observation and traditional reductionist paradigms. For
example, we have defined monogenic and polygenic traits
on the basis of our perception of whether a phenotype is
caused by mutations in one gene or many genes, with the
ambiguous term “oligogenic” being using as an interme-
diate construct. Likewise, we have delineated an arbitrary
cutoff of a 1% allele frequency to label an allele as “rare”
(and 0.1% for “ultra-rare”), even though these definitions
are both non-quantitative in the strict sense and are
derived from imperfect observations in a subset of human
Challenging concepts in the study of monogenic
human diseases
The foundational question of how a genotype influences
a phenotype or multiple phenotypes has propagated the
development of categories labeled with the approximate
titles and imperfect terms mentioned above. This is not
a failure of the field. Rather, it is a sign of maturity; a
signal that it is time to reconsider how best to put
together our first-order constructs to generate an accurate
biological understanding of human diseases. Like all
events that drive higher-order synthesis, challenges remain
in the study of the genetics of human disease, not
least because it will be necessary to discard some of our
preconceived notions and to develop new language that is
capable of capturing and transmitting more complex
information efficiently.
Human genetics has, to date, exerted its greatest

practical influence in the identification of genes and
alleles that cause monogenic disorders. When considering
the scope of current and planned projects [6–9], the
ability to identify the “cause” of disease in most familial
cases is likely to be limited. This is in part due to the fact
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Fig. 1 Girl with a Mandolin. © 1910 Estate of Pablo Picasso.
Reproduced with permission, Artists Rights Society (ARS),
New York, USA
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that definitions of monogenic and polygenic disorders are
becoming less distinct, which challenges existing concepts
in the field of human disease genetics. At the same time, it
is becoming increasingly clear that many of the conceptual
aids that we have used to get to this point require reevalu-
ation and revision.
We first consider perhaps the simplest concept: the

concept of “one gene, one phenotype” [11]. We now
understand that mutations in a single gene can drive nu-
merous disorders in which the phenotype (or phenotypes)
can be explained by the direction of a mutational effect
(or mutational effects) at a single locus. Two examples of
this are Kallman syndrome and Pfeiffer syndrome, both
of which are characterized by distinct phenotypes that are
caused by loss-of-function and gain-of-function muta-
tions in FGFR1 (which encodes fibroblast growth factor
receptor 1), respectively [12]. The contribution of muta-
tional effects to other so-called “monogenic” diseases is
less clear. In such cases, environmental and/or genetic
modifiers can influence the observed phenotypes. One
such example is Fuchs corneal dystrophy, which is one
of two autosomal-dominant disorders caused by muta-
tions in TCF4 (which encodes transcription factor 4); in
this case, the disease can be defined as a non-penetrant
Mendelian disorder or a complex trait [13], as modifier
genes and/or environmental factors influence the observed
phenotype [14]. For the discussed examples, a complex
pattern of transcript splicing might explain the different
phenotypes that are observed [15]. An extreme example
might be the recessive loss-of-function mutations in
CEP290 (which encodes centrosomal protein 290) that
cause a range of conditions, from the relatively mild disor-
ders Leber congenital amaurosis or nephronophthisis to
the perinatally lethal Meckel-Gruber syndrome [16–20].
Perhaps the best-known example is allelic variation in
CFTR (which encodes cystic fibrosis transmembrane
conductance regulator); the same CFTR mutation can
cause a range of conditions, from isolated male infertility
[21] to severe lung disease [22], probably owing to the
influence of genomic context. These exemplars are un-
likely to be academic curiosities; emerging reports from
exome-based clinical genetic tests are reporting “pheno-
typic expansions”, which are defined as an increasing
number of monogenic disorders that violate the “one
gene, one phenotype” assumption. Presently, as many
as ~25% of cases that have been exome sequenced in
the clinical setting are being redefined [7]. Taking a
cubist view, interpreting CFTR mutational data might be
thought of as studying the pattern of a single cube, rather
than looking at the relation of that cube to the whole
“picture”.
Following on from the need to revise the concept of

“one gene, one phenotype” is that of necessity and suffi-
ciency. For much of the Mendelian disease era, alleles
propagated in families or large multigenerational pedi-
grees have been described as both necessary and suffi-
cient to cause disease; embedded in this concept is the
notion that most alleles associated with Mendelian traits
are penetrant. This concept is being challenged by the
accrual of genomic data that are beginning to suggest
that individuals vary in their tolerance of pathogenic
mutations [23]; we are now aware of the presence of
non-penetrant mutations in individuals with classically
defined dominant or recessive traits [24]. Moreover, the
traditional argument regarding the penetrance of Men-
delian mutations may end up being circular, as the known
alleles are those that were detected by available methods.
The degree of phenotypic penetrance is influenced by
stochastic forces, by imperfect phenotyping, sequencing,
or annotation, and by the effect of genetic modifiers is
yet to be determined. The degree to which phenotypic
penetrance is influenced by stochastic forces, by imper-
fect phenotyping, sequencing, or annotation, and by the
effect of genetic modifiers is yet to be determined.
Following on from the concept of necessity and suffi-

ciency, a third concept that needs to be revised is the trad-
itional paradigm that alleles associated with a rare disease
are themselves rare in a population. This paradigm remains
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largely true, although the phenotypic effect (or effects)
of some rare alleles is now known to be potentiated by
common alleles. These rare alleles sometimes map to the
disease locus, as exemplified by a common regulatory
variant in RET (which encodes RET proto-oncogene) that
contributes to Hirschsprung disease [25] and a promoter
polymorphism in FECH (which encodes ferrochelatase)
that regulates the penetrance of a rare mutation further
downstream in the same gene [26]. More recently, the
phenomenon of cis-complementation was described; this
phenomenon describes how the deleteriousness of an
allele can be modulated by neutral alleles in the same
gene or haplotype [27]. In other instances, the common
allele is not present in the “Mendelian gene” but in a
discrete locus. For example, a common permissive micro-
satellite array at the D4Z4 locus modulates the penetrance
of mutations in SMCHD1 (which encodes structural
maintenance of chromosomes flexible hinge domain-
containing protein 1) and causes facioscapulohumeral
muscular dystrophy type 2 [28]. Similarly, an allele found
in 3% of Europeans that potentiates an exonic splice
enhancer in CCDC28B (which encodes coiled-coil domain-
containing protein 28B) can modify the penetrance of a
recurrent mutation in BBS1 (which encodes Bardet-Biedl
syndrome 1) in patients with Bardet-Biedl syndrome [29].
Imagining a cubist’s interpretation of this landscape

might lead us to dissolve or blend some of the current
“hardfixed” boundaries that are used to define monogenic
disorders. Critically, it might be important to re-evaluate
the usage of deterministic language, such as the terms
“causes” or “solved”, as such terms simply and inaccurately
imply that monogenic disorders are penetrant and mini-
mally variable and that alleles at Mendelian loci cannot
be influenced by the surrounding genome.

Refining our understanding of complex human
disorders
The traditional compartmentalization of complex disor-
ders is also coming under scrutiny, and we are beginning
to understand that the notion that drivers of common
diseases are either exclusively common [30] or a collec-
tion of rare alleles [31] is an empirical oversimplification
[32]. The idea that both common alleles of small effect
and rare alleles of large effect are integral constituents
of the genetic architecture of complex traits is largely
accepted [33]. The purist cubist might argue that some
complex traits are a cluster of rare disorders, whereas
others are truly complex. For example, age-related macu-
lar degeneration is a paragon of complex trait analysis and
became the first success story in the field of human
disease genetics when genome-wide association studies
found that a significant proportion of the genetic burden
of disease was attributable to a common allele in CFH
(which encodes complement factor H) [34–37]. However,
rare alleles in a gene encoding another member of the
complement pathway, CFI (which encodes complement
factor I), have also been shown to be potent disease drivers
[38], but they seem to behave in an almost Mendelian
fashion because of their penetrance. In other complex
traits, such as autism, the distinction between rare and
common causative alleles is even more blurred; epidemio-
logical and genomic studies have shown that most of
the heritability of autism is due to common alleles, but
penetrant de novo mutations can contribute substantially
to an individual’s susceptibility to developing autism [39].
Post hoc examination of some of these rare, de novo
alleles suggests that they have the capacity to cause syn-
dromic phenotypes. An example of such an allele is the
16p11.2 deletion, which is found in >1% of cases of
Autism spectrum disorder [40] and is associated with,
for example, weight-regulation defects [41, 42], facial
dysmorphisms and renal pathologies [43]. Similarly,
re-examination of the mutational distribution of neurode-
velopmental traits—including epileptic encephalopathy,
intellectual disability, autism and schizophrenia—have
shown extensive overlap [44]. In light of these findings,
some might argue that some complex traits are a cluster
of rare disorders, whereas others are truly complex. In the
case of autism, for example, is it a constituent component
of multiple rare syndromes or is it a continuum of variable
expressivity and penetrance that does not fit neatly into
either the Mendelian or the complex disease construct?
In some ways, cubist deconstruction will teach us that

the traditional artificial boundaries are heuristically help-
ful but unnecessary, as key questions remain regarding
the genetic variants that cause disease, the underlying
molecular mechanisms of disease, and the direction of
effect of variants associated with disease (i.e., whether they
increase or decrease the expression or activity of the gene
product). In this context, the rarity of some alleles and the
strength of their effect on protein function have provided
a bridge between rare and complex traits. For example,
mutations in MC4R (which encodes melanocortin 4
receptor) cause a Mendelian form of severe obesity [45, 46]
but have been proposed to predispose to adult-onset
obesity under a complex trait model [47, 48]. Similarly,
recessive mutations in BBS10 (which encodes Bardet-
Biedl syndrome 10)—mutations in which cause the rare
Bardet-Biedl syndrome, a multisystemic disorder that also
manifests truncal obesity [49]—have been found in indi-
viduals with morbid obesity and type 2 diabetes but no
evidence of syndromic disease [50]. Although the pres-
ence of mutations in MC4R or BBS10 in cohorts with
adult-onset obesity informs us about the potential drivers
of disease in only a miniscule number of individuals, they
nonetheless teach us about two signaling cascades that
are likely to be relevant to a larger proportion of patients.
Similarly, although the contribution of CHD8 (which
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encodes chromodomain helicase DNA binding protein 8)
to autism will probably never exceed an infinitesimal
proportion of the Autism spectrum disorder burden,
understanding how the loss of CHD8 function affects
neurodevelopment will be profoundly informative. Given
the pace of allele discovery for both “monogenic” and
“complex” traits, the discovery of alleles that provide
causal evidence for particular loci, and those that establish
the direction of effect, will increase dramatically and
provide invaluable insights in terms of both biological
understanding and drug discovery.

Moving beyond traditional definitions of
monogenic and polygenic human diseases
Using the analogy of cubist art, how then should we
move forward and reconstruct the art piece “Girl with
a Mandolin” (Fig. 1) so that we can appreciate all of her
facets and beauty as a whole? That is, how can we develop
a more accurate understanding of human genetic diseases
by taking a cubist approach? For clinical diagnosis the
emphasis on rare penetrant alleles must persist in order
to understand causality and develop interventionist stra-
tegies; however, this must be coupled with improved
statistical models for assessing the contribution of mul-
tiple factors, both genetic and non-genetic, to complex
traits. In age-related macular degeneration, for example,
the susceptibility of individuals who carry a combination
of risk genotypes and smoke is sufficiently high to be
clinically meaningful and behaviorally actionable [51],
whereas for other disorders, such as type 2 diabetes, a
scale and a tape measure remain more effective diagnostic
tools than a genetics-based approach. If the question is
one of therapeutics, however, then disease frequency
becomes less relevant and allele causality, direction of
effect, and biochemical cascades become key.
In both contexts, it will be important to start conside-

ring not just individual alleles or genes, but biological
modules and pathways in toto. For example, considering
biological modules has informed penetrance and expres-
sivity of ciliopathies [52] and also illuminated the genetic
architecture of peripheral neuropathies [53]. Likewise,
for complex traits, considering genes that encode voltage-
gated calcium ion channels as a group has revealed a
causal module in schizophrenia that might eventually be
druggable [54]. Indeed, one could conceive a pathway or a
macromolecular complex as “the locus” and treat it as
such, from both genetic and drug-discovery standpoints.
Finally, we should not lose sight of the fact that the con-
cept of “mutation” signifies nothing more than variation
from a reference genome and in itself does not carry
a detrimental connotation. In that context, identifying
either rare or common variation that is deleterious to
protein function but beneficial to an organism might
provide unexpected and orthogonal avenues for therapeutic
development, as exemplified by the protective effect of
loss-of function mutations in SLC30A8 (which encodes
solute carrier family 30 member 8) to type 2 diabetes
[55]. Welcome to the post-modernist era!

Abbreviations
ASD: Autism spectrum disorder; BBS1: Bardet-Biedl syndrome 1;
BBS10: Bardet-Biedl syndrome 10; CCDC28B: Coiled-coil domain-containing
protein 28B; CEP290: Centrosomal protein 290; CFH: Complement factor H;
CFI: Complement factor I; CFTR: Cystic fibrosis transmembrane conductance
regulator; CHD8: Chromodomain helicase DNA binding protein 8;
FECH: Ferrochelatase; FGFR1: Fibroblast growth factor receptor 1;
MC4R: Melanocortin 4 receptor; RET: RET proto-oncogene; SLC30A8: Solute
carrier family 30 member 8; SMCHD1: Structural maintenance of
chromosomes flexible hinge domain-containing protein 1;
TCF4: Transcription factor 4

Acknowledgments
I thank Erica Davis and Patrick Sullivan for their critical evaluation and
assistance in compiling this work and the investigators of the Center for
Human Disease Modeling (Duke University Medical Center, NC, USA) for their
thoughtful input. This work was supported by grants from the US National
Institutes of Health (P50 DK096415, P50 MH094268, and P50 HD028138).

Competing interests
The author declares that he has no competing interests.

References
1. Schork NJ, Murray SS, Frazer KA, Topol EJ. Common vs. rare allele

hypotheses for complex diseases. Curr Opin Genet Dev. 2009;19:212–9.
2. Fu W, O’Connor TD, Jun G, Kang HM, Abecasis G, Leal SM, et al. Analysis of

6,515 exomes reveals the recent origin of most human protein-coding
variants. Nature. 2013;493:216–20.

3. Gudbjartsson DF, Helgason H, Gudjonsson SA, Zink F, Oddson A, Gylfason A,
et al. Large-scale whole-genome sequencing of the Icelandic population.
Nat Genet. 2015;47:435–44.

4. Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et al.
Analysis of protein-coding genetic variation in 60,706 humans. Nature.
2016;536:285–91.

5. Tennessen JA, Bigham AW, O’Connor TD, Fu W, Kenny EE, Gravel S, et al.
Evolution and functional impact of rare coding variation from deep
sequencing of human exomes. Science. 2012;337:64–9.

6. Beaulieu CL, Majewski J, Schwartzentruber J, Samuels ME, Fernandez BA,
Bernier FP, et al. FORGE Canada Consortium: outcomes of a 2-year national
rare-disease gene-discovery project. Am J Hum Genet. 2014;94:809–17.

7. Chong JX, Buckingham KJ, Jhangiani SN, Boehm C, Sobreira N, Smith JD,
et al. The genetic basis of mendelian phenotypes: discoveries, challenges,
and opportunities. Am J Hum Genet. 2015;97:199–215.

8. UK10 Consortium UK, Walter K, Min JL, Huang J, Crooks L, Memari Y, et al.
The UK10K project identifies rare variants in health and disease. Nature.
2015;526:82–90.

9. Deciphering Developmental Disorders Study. Large-scale discovery of novel
genetic causes of developmental disorders. Nature. 2015;519:223–8.

10. Yang Y, Muzny DM, Xia F, Niu Z, Person R, Ding Y, et al. Molecular findings
among patients referred for clinical whole-exome sequencing. JAMA.
2014;312:1870–9.

11. Beadle GW, Tatum EL. Genetic control of biochemical reactions in
Neurospora. Proc Natl Acad Sci U S A. 1941;27:499–506.

12. Muenke M, Schell U, Hehr A, Robin NH, Losken HW, Schinzel A, et al. A
common mutation in the fibroblast growth factor receptor 1 gene in
Pfeiffer syndrome. Nat Genet. 1994;8:269–74.

13. Baratz KH, Tosakulwong N, Ryu E, Brown WL, Branham K, Chen W, et al. E2-2
protein and Fuchs’s corneal dystrophy. N Engl J Med. 2010;363:1016–24.

14. Riazuddin SA, Zaghloul NA, Al-Saif A, Davey L, Diplas BH, Meadows DN,
et al. Missense mutations in TCF8 cause late-onset Fuchs corneal
dystrophy and interact with FCD4 on chromosome 9p. Am J Hum
Genet. 2010;86:45–53.



Katsanis Genome Biology  (2016) 17:233 Page 5 of 5
15. Sepp M, Pruunsild P, Timmusk T. Pitt–Hopkins syndrome-associated
mutations in TCF4 lead to variable impairment of the transcription
factor function ranging from hypomorphic to dominant-negative
effects. Hum Mol Genet. 2012;21:2873–88.

16. Baala L, Audollent S, Martinovic J, Ozilou C, Babron MC, Sivanandamoorthy
S, et al. Pleiotropic effects of CEP290 (NPHP6) mutations extend to Meckel
syndrome. Am J Hum Genet. 2007;81:170–9.

17. den Hollander AI, Koenekoop RK, Yzer S, Lopez I, Arends ML, Voesenek KE,
et al. Mutations in the CEP290 (NPHP6) gene are a frequent cause of Leber
congenital amaurosis. Am J Hum Genet. 2006;79:556–61.

18. Leitch CC, Zaghloul NA, Davis EE, Stoetzel C, Diaz-Font A, Rix S, et al.
Hypomorphic mutations in syndromic encephalocele genes are associated
with Bardet–Biedl syndrome. Nat Genet. 2008;40:443–8.

19. Sayer JA, Otto EA, O’Toole JF, Nurnberg G, Kennedy MA, Becker C, et al.
The centrosomal protein nephrocystin-6 is mutated in Joubert
syndrome and activates transcription factor ATF4. Nat Genet.
2006;38:674–81.

20. Valente EM, Silhavy JL, Brancati F, Barrano G, Krishnaswami SR,
Castori M, et al. Mutations in CEP290, which encodes a centrosomal
protein, cause pleiotropic forms of Joubert syndrome. Nat Genet.
2006;38:623–5.

21. Bienvenu T, Beldjord C, Adjiman M, Kaplan JC. Male infertility as the only
presenting sign of cystic fibrosis when homozygous for the mild mutation
R117H. J Med Genet. 1993;30:797.

22. Waller MD, Simmonds NJ. Phenotypic variability of R117H-CFTR expression
within monozygotic twins. Paediatr Respir Rev. 2016;20(Suppl):21–3.

23. Chen R, Shi L, Hakenberg J, Naughton B, Sklar P, Zhang J, et al. Analysis of
589,306 genomes identifies individuals resilient to severe Mendelian
childhood diseases. Nat Biotechnol. 2016;34:531–8.

24. Cooper DN, Krawczak M, Polychronakos C, Tyler-Smith C, Kehrer-Sawatzki H.
Where genotype is not predictive of phenotype: towards an understanding
of the molecular basis of reduced penetrance in human inherited disease.
Hum Genet. 2013;132:1077–130.

25. Emison ES, McCallion AS, Kashuk CS, Bush RT, Grice E, Lin S, et al. A
common sex-dependent mutation in a RET enhancer underlies
Hirschsprung disease risk. Nature. 2005;434:857–63.

26. Gouya L, Puy H, Robreau AM, Bourgeois M, Lamoril J, Da Silva V, et al. The
penetrance of dominant erythropoietic protoporphyria is modulated by
expression of wildtype FECH. Nat Genet. 2002;30:27–8.

27. Jordan DM, Frangakis SG, Golzio C, Cassa CA, Kurtzberg J, Task Force for
Neonatal Genomics, et al. Identification of cis-suppression of human disease
mutations by comparative genomics. Nature. 2015;524:225–9.

28. Lemmers RJ, Tawil R, Petek LM, Balog J, Block GJ, Santen GW, et al.
Digenic inheritance of an SMCHD1 mutation and an FSHD-permissive
D4Z4 allele causes facioscapulohumeral muscular dystrophy type 2.
Nat Genet. 2012;44:1370–4.

29. Badano JL, Leitch CC, Ansley SJ, May-Simera H, Lawson S, Lewis RA, et al.
Dissection of epistasis in oligogenic Bardet–Biedl syndrome. Nature.
2006;439:326–30.

30. Reich DE, Lander ES. On the allelic spectrum of human disease. Trends
Genet. 2001;17:502–10.

31. McClellan JM, Susser E, King MC. Schizophrenia: a common disease caused
by multiple rare alleles. Br J Psychiatry. 2007;190:194–9.

32. Sullivan PF, Daly MJ, O’Donovan M. Genetic architectures of psychiatric
disorders: the emerging picture and its implications. Nat Rev Genet.
2012;13:537–51.

33. Gibson G. Rare and common variants: twenty arguments. Nat Rev Genet.
2011;13:135–45.

34. Edwards AO, Ritter 3rd R, Abel KJ, Manning A, Panhuysen C, Farrer LA.
Complement factor H polymorphism and age-related macular
degeneration. Science. 2005;308:421–4.

35. Hageman GS, Anderson DH, Johnson LV, Hancox LS, Taiber AJ, Hardisty LI,
et al. A common haplotype in the complement regulatory gene factor H
(HF1/CFH) predisposes individuals to age-related macular degeneration.
Proc Natl Acad Sci U S A. 2005;102:7227–32.

36. Haines JL, Hauser MA, Schmidt S, Scott WK, Olson LM, Gallins P, et al.
Complement factor H variant increases the risk of age-related macular
degeneration. Science. 2005;308:419–21.

37. Klein RJ, Zeiss C, Chew EY, Tsai JY, Sackler RS, Haynes C, et al. Complement
factor H polymorphism in age-related macular degeneration. Science.
2005;308:385–9.
38. van de Ven JP, Nilsson SC, Tan PL, Buitendijk GH, Ristau T, Mohlin FC, et al.
A functional variant in the CFI gene confers a high risk of age-related
macular degeneration. Nat Genet. 2013;45:813–7.

39. Gaugler T, Klei L, Sanders SJ, Bodea CA, Goldberg AP, Lee AB, et al.
Most genetic risk for autism resides with common variation. Nat Genet.
2014;46:881–5.

40. Weiss LA, Shen Y, Korn JM, Arking DE, Miller DT, Fossdal R, et al. Association
between microdeletion and microduplication at 16p11.2 and autism.
N Engl J Med. 2008;358:667–75.

41. Bochukova EG, Huang N, Keogh J, Henning E, Purmann C, Blaszczyk K, et al.
Large, rare chromosomal deletions associated with severe early-onset
obesity. Nature. 2010;463:666–70.

42. Walters RG, Jacquemont S, Valsesia A, de Smith AJ, Martinet D, Andersson J,
et al. A new highly penetrant form of obesity due to deletions on
chromosome 16p11.2. Nature. 2010;463:671–5.

43. Shinawi M, Liu P, Kang SH, Shen J, Belmont JW, Scott DA, et al. Recurrent
reciprocal 16p11.2 rearrangements associated with global developmental
delay, behavioural problems, dysmorphism, epilepsy, and abnormal head
size. J Med Genet. 2010;47:332–41.

44. Zhu X, Need AC, Petrovski S, Goldstein DB. One gene, many
neuropsychiatric disorders: lessons from Mendelian diseases. Nat Neurosci.
2014;17:773–81.

45. Vaisse C, Clement K, Guy-Grand B, Froguel P. A frameshift mutation in
human MC4R is associated with a dominant form of obesity. Nat Genet.
1998;20:113–4.

46. Yeo GS, Farooqi IS, Aminian S, Halsall DJ, Stanhope RG, O’Rahilly S. A
frameshift mutation in MC4R associated with dominantly inherited human
obesity. Nat Genet. 1998;20:111–2.

47. Chambers JC, Elliott P, Zabaneh D, Zhang W, Li Y, Froguel P, et al.
Common genetic variation near MC4R is associated with waist
circumference and insulin resistance. Nat Genet. 2008;40:716–8.

48. Loos RJ, Lindgren CM, Li S, Wheeler E, Zhao JH, Prokopenko I, et al.
Common variants near MC4R are associated with fat mass, weight and risk
of obesity. Nat Genet. 2008;40:768–75.

49. Stoetzel C, Laurier V, Davis EE, Muller J, Rix S, Badano JL, et al. BBS10
encodes a vertebrate-specific chaperonin-like protein and is a major BBS
locus. Nat Genet. 2006;38:521–4.

50. Lim ET, Liu YP, Chan Y, Tiinamaija T, Karajamaki A, Madsen E, et al. A novel
test for recessive contributions to complex diseases implicates Bardet–Biedl
syndrome gene BBS10 in idiopathic type 2 diabetes and obesity. Am J Hum
Genet. 2014;95:509–20.

51. Schmidt S, Hauser MA, Scott WK, Postel EA, Agarwal A, Gallins P, et al.
Cigarette smoking strongly modifies the association of LOC387715 and
age-related macular degeneration. Am J Hum Genet. 2006;78:852–64.

52. Davis EE, Katsanis N. The ciliopathies: a transitional model into systems
biology of human genetic disease. Curr Opin Genet Dev. 2012;22:290–303.

53. Gonzaga-Jauregui C, Harel T, Gambin T, Kousi M, Griffin LB, Francescatto L,
et al. Exome sequence analysis suggests that genetic burden contributes to
phenotypic variability and complex neuropathy. Cell Rep. 2015;12:1169–83.

54. Purcell SM, Moran JL, Fromer M, Ruderfer D, Solovieff N, Roussos P, et al. A
polygenic burden of rare disruptive mutations in schizophrenia. Nature.
2014;506:185–90.

55. Flannick J, Thorleifsson G, Beer NL, Jacobs SB, Grarup N, Burtt NP, et al.
Loss-of-function mutations in SLC30A8 protect against type 2 diabetes.
Nat Genet. 2014;46:357–63.



The complexity of the cilium: spatiotemporal diversity of
an ancient organelle
Westley Heydeck1,3, Lorraine Fievet1,2,3, Erica E Davis1 and Nicholas
Katsanis1

Available online at www.sciencedirect.com

ScienceDirect
Cilia are microtubule-based appendages present on almost all

vertebrate cell types where they mediate a myriad of cellular

processes critical for development and homeostasis. In

humans, impaired ciliary function is associated with an ever-

expanding repertoire of phenotypically-overlapping yet highly

variable genetic disorders, the ciliopathies. Extensive work to

elucidate the structure, function, and composition of the cilium

is offering hints that the ‘static’ representation of the cilium is a

gross oversimplification of a highly dynamic organelle whose

functions are choreographed dynamically across cell types,

developmental, and homeostatic contexts. Understanding this

diversity will require discerning ciliary versus non-ciliary roles

for classically-defined ‘ciliary’ proteins; defining ciliary protein–

protein interaction networks within and beyond the cilium; and

resolving the spatiotemporal diversity of ciliary structure and

function. Here, focusing on one evolutionarily conserved ciliary

module, the intraflagellar transport system, we explore these

ideas and propose potential future studies that will improve our

knowledge gaps of the oversimplified cilium and, by extension,

inform the reasons that underscore the striking range of clinical

pathologies associated with ciliary dysfunction.
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Introduction: celebrating two centuries of
progress in the ciliary biology field
Cilia are conserved microtubule-based appendages resid-

ing at the apical surface of almost all terminally-
www.sciencedirect.com 
differentiated cell types. Based predominantly on the

past two decades of research, we now know that cilia

function both during embryogenesis and also in differen-

tiated tissues to regulate a multitude of cellular processes

[1,2,3��]. From a historical perspective, cilia are among

the oldest observed organelles; they were discovered in

the 17th century by Leeuwenhoek and noted for their

remarkable motile properties [4]. The appreciation for

motile cilia intensified with the realization that multi-

ciliated cells are present in diverse vertebrate tissue types

and include cilia lining the respiratory tract, lungs, inner

ear, and brain ventricles [5–7]. In 1998, a landmark study

uncovered a link between a distinct form of motile cilia in

the node and mammalian determination of left–right

asymmetry during development [8]. While initial func-

tional studies were focused on motile cilia because of

their obvious functions in fluid or cell propulsion, the

primary cilium was largely neglected and considered a

vestigial structure, despite documentation in the 19th

century [9]. Several key findings brought functional rele-

vance to the primary cilium; these include but are not

limited to: (1) the causal relationship between primary

ciliary dysfunction and the cystic renal pathology in the

Oak Ridge Polycystic Kidney mouse (Tg737OPRK) [10,11];

(2) the discovery of a role for primary cilia in Hedgehog

(Hh) signal transduction in mice [12]; and (3) the obser-

vation that polycystin-1 and polycystin-2, both associated

with renal disease, mediate calcium mechanosensation in

a primary cilia-dependent manner [13]. Subsequent in
vitro and in vivo work associated the primary cilium to

additional morphogenetic pathways including Notch,

Wnt, Hippo, mTOR, and PDGFR signaling, redefining

the cilium as a cellular antenna critical for development,

homeostasis and regenerative processes [14,15�].

Consistent with the near-ubiquitous presence of cilia

across tissues, and their critical role in organogenesis

and maintenance, it is not surprising that perturbation

in cilia structure or function causes a host of human

genetic disorders. Primary Ciliary Dyskinesia, character-

ized by situs inversus, hydrocephalus and chronic airway

infections [16], garnered initial attention as a clinical

entity caused by impaired motile ciliary beating capacity.

In the early 2000s, defects in the primary cilium were

implicated as the molecular cause of additional rare

human genetic disorders, including isolated renal cystic

disease (nephronophthisis; NPHP [17,18]); and Bardet–

Biedl syndrome (BBS), a genetically heterogeneous dis-

order characterized by retinitis pigmentosa, polydactyly,
Current Opinion in Cell Biology 2018, 55:139–149
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obesity, learning difficulties, and renal anomalies [19].

These studies established a role for cilia in human dis-

ease; defined the ciliopathies as a clinical collection of

organellar disorders; and led to the identification of a

multitude of additional phenotypically-overlapping

pathologies [20]. Ciliopathies manifest in a spectrum of

hallmark phenotypes with variable penetrance and

expressivity [3��,20,21]. Although individually rare, there

are �100 suspected or established cilia-related clinical

synopses reported in the Online Mendelian Inheritance

in Man database (https://omim.org/) with a collective

incidence of �1:1000, which is comparable to Down

syndrome [22].

A multidisciplinary suite of approaches has been

employed to investigate the molecular processes govern-

ing ciliogenesis, homeostasis, and pathology. Electron

microscopy has helped characterize ciliary ultrastructure

[23] and has provided evidence supporting clinical diag-

nosis for ciliopathies such as Primary Ciliary Dyskinesia

[24]. Three main types of cilia have been described based

on microtubule arrangements and biological functions:

primary (9 + 0), motile (9 + 2) and nodal cilia (9 + 0 micro-

tubule configurations, respectively) and their ultrastruc-

tural characteristics have been reviewed extensively else-

where [25–27], including well-known exceptions to this

trichotomy [25].

Given the importance of these organelles in human

disease, considerable effort has been directed at cata-

loguing the protein composition of the cilium [28–

38,39��]. Multiple groups have contributed to the

assembly of the ciliary proteome (ciliome), an extensive

list of �1000 proteins that are found within the ciliary/

flagellar axoneme and the underlying basal body/cen-

triole. The core data used to construct the ciliary

proteome leveraged the extensive evolutionary conser-

vation of the organelle and integrated mass spectrome-

try, functional genomics, and comparative genomics

data across phyla. Notably, a proteomic study on pri-

mary cilia from mouse renal cells showed that 25% of

purified proteins were not shared with previously char-

acterized proteomes from motile and specialized sen-

sory cilia, suggesting a subpopulation that is primary

cilia-specific [40]. A subset of ciliary proteins has also

been grouped into distinct molecular modules identi-

fied through biochemical studies performed in vitro. For

instance, the BBSome is composed of a subcomplex of

eight BBS proteins [41] which has been shown to

translocate between the cytoplasm and the transition

zone [42] at the ciliary base, and to transport ciliary

components within the cilium [43]. Since then, other

stable macromolecular complexes have been defined,

including the transition zone complex and the NPHP

complex, while further evidence has also intimated the

existence of a septin pore ring, to name but a few

examples [44].
Current Opinion in Cell Biology 2018, 55:139–149 
Challenges and opportunities
Although the characterization of ciliary ultrastructure;

protein composition; and cellular functions have been

heralded, appropriately, as significant progress, they still

represent an overly simplified view of an organelle under-

pinned by substantial complexity and diversity of com-

position and function. Intersection of datasets from

diverse in vitro models, ranging from renal to retinal

epithelial cells, with that of in vivo ciliated models span-

ning eukaryotic taxa have led to the cartography of a

‘generic’ cilium [39��,40]. From a genetic standpoint,

aggregate data suggest that allelism at a single causal

locus can account for some clinical diversity. For example,

recessive mutations in TTC21B are associated with a

phenotypic spectrum ranging from isolated and syndro-

mic NPHP, focal segmental glomerulosclerosis, to the

skeletal ciliopathy Jeune Asphyxiating Thoracic Dystro-

phy [45–47]. To date, nonsense mutations have been

observed exclusively in the latter clinical group, while

a recurrent p.P209L variant has been associated with

isolated renal disease, offering a partial explanation to

phenotype diversity. However, there are other ciliopa-

thies for which private missense alleles can cause diver-

gent clinical presentations without a clear genotype–

phenotype correlation, such as mutations in IFT172,
which can cause isolated retinitis pigmentosa, BBS, or

Jeune Asphyxiating Thoracic Dystrophy [48,49]. These

differences can likely be explained either by stochastic

reasons or by secondary genetic variation affecting either

known ciliary proteins, or extra-ciliary processes required

for ciliary function [22]. However, genetic information

overlaid onto a generic ciliary map is an overly simplistic

viewpoint, as evidenced, for example, by a greater sus-

ceptibility to retinal pathology in some cases versus skel-

etal phenotypes in other ciliopathies. A reasonable posit is

that some of the clinical variability within ciliopathies can

be explained further with: (1) a systems biology approach

to understand ciliary and non-ciliary binding proteins; (2)

an improved understanding of non-ciliary roles for ciliary

proteins; and (3) elucidation of unique spatiotemporal

functions of ciliary proteins. Leveraging existing -omics

datasets can already offer some clues.

Unbiased systems-level studies to
characterize ciliary networks
Recent high throughput approaches have enabled the

identification of novel ciliary effectors using genome-

wide screens performed in vitro (Table 1) [50–

53,54��,55��]. Small interfering (si)RNA-based functional

genomics screens conducted in ciliated mammalian cell

lines have focused primarily on identifying regulators of

ciliogenesis, which in turn, led to the identification of

novel ciliopathy genes [50,52,53]. These include

INPP5E, mutations in which cause Joubert syndrome;

and Agtpbp1, mutated in mice exhibiting ciliopathy-like

phenotypes [50]. Further, a combinatorial approach of

cell-based genome-wide screening and whole exome
www.sciencedirect.com
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Table 1

Overview of ciliary-focused functional genomic screens in mammalian cells

Publication Method Cell type Phenotypic readout Hits Validation approach Core findings

Kim et al. [44] RNAi on

7784 therapeutically-

relevant genes

hTERT-RPE1 Cilia number and length:

EGFP-Smo reporter

40 positive modulators

and 13 negative

modulators of

ciliogenesis (12 ciliome

proteins)

Confirmation screen at optimal

cell density; verification of effect

on cilia length; functional studies

– New cilium length modulators

– Expanded link between actin

dynamics, endocytic recycling, and

ciliogenesis

Lai et al. [51] siRNA on

40 uncharacterized

ciliary proteome genes

and high-content

analysis

S12; NIH/3T3;

mIMCD3

Cilia length, number, and

transport of ciliary cargo:

Gli3 luciferase and GFP-

HTR6 reporters

27 genes with impaired

Hh signaling with or

without cilia formation,

elongation, or transport

defects

Validated 12 strongest hits from

primary screen; correlated

mRNA levels with Hh signaling

defects

7 validated hits:

– Absent or nearly absent cilia

(mC21orf2 and Ssa2)

– Cilia elongation defects (Ift46)

– Grossly normal cilia but defective

Hh signaling (Arl3 Nme7, Ssna1)

– elongated cilia (Ptpdc1)

Roosing et al. [52] Genome-wide siRNA

(18 045 genes;

(Dharmacon library; 4–5

siRNAs/gene)

hTERT-RPE1 Cilia number and length:

EGFP-Smo reporter; co-

transfected nuclear cell

cycle reporter (mCherry-

Geminin)

591 likely regulators of

ciliogenesis

Combined cell-based screen

with WES (145 individuals with

unexplained JBTS)

– First genome-wide siRNA screen

for ciliogenesis

– KIAA0586 (Talpid3 ortholog)

mutations in individuals from

15 families with unsolved JBTS

(�5% of unsolved cases)

Wheway et al. [53] Genome-wide siRNA

(19 059 genes;

ThermoFisher

siGENOME library)

hTERT-RPE1;

mIMCD3

Loss of cilium: acetylated

tubulin immunostaining

68 validated genes

involved in ciliogenesis in

mIMCD3 cells;

37 validated genes in

hTERT–RPE1 cells

qPCR, Western-blot,

immunostaining, cross-

comparison of hits with WES

data (JBTS and JATD), in vivo

validation in zebrafish

– New components of ciliogenesis

pathway: UPS, PRPFs and GPCRs

–PIBF1mutated in JBTS andC2orf2

mutated in JATD

Pusapati et al. [54��] Genome-wide CRISPR

library (Brie library)

NIH/3T3-CG Quantitative assessment

of Hh signaling: GLI-GFP

reporter

641 genes: 40% of

known Hh genes, 20% of

all known cilia genes,

30% of known ciliopathy

genes

Clonal knockout analysis in NIH/

3T3 and NPC derived from

mESC for 11 top regulators

– Confirmation of Megf8 and Mgrn1

role in Hh signaling

– Novel negative regulator of Sonic

Hh pathway: Atthog

Breslow et al. [55��] Genome wide CRISPR

(10 sgRNAs/gene)

NIH/3T3-CG Assessment of Hh

signaling: Gli:BlastR

reporter conferring

blasticidin resistance

472 genes affecting Hh

signaling (10% FDR)

Clonal knockout analysis for new

genes, immunofluorescence,

mass spectrometry, luciferase

assay

– Depletion of hits in NPHP-

associated genes

– Confirmation that TZ protein

FAM92A regulates ciliogenesis

– TXNDC15 mutated in MKS

– Tedc1 and Tedc2 required for

centriole stability
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sequencing identified a genetic cause for approximately

5% of unexplained Joubert syndrome cases by uncovering

mutations in KIAA0586, a gene known to be important for

ciliogenesis and Hh signaling [52]. Given their unbiased

approach, genome-wide screens have enabled the discov-

ery of enriched groups of proteins with unexpected or

poorly understood functions in ciliogenesis, including

components of neuroactive G-protein-coupled receptors,

the ubiquitin–proteasome system, and pre-mRNA splic-

ing factors [53].

High-throughput screening platforms interrogating cilia-

mediated signaling, especially Hh, have also been

adapted to utilize a CRISPR-based genome-wide knock-

out approach [54��,55��]. Not surprisingly, such screens

[54��,55��] identified known modulators of Hh signaling,

known ciliopathy genes, and validated ciliary compo-

nents. In addition, both screens also uncovered: (1) novel

positive and negative regulators of ciliogenesis, including

the negative regulator, Atthog; (2) new ciliary components,

including FAM92A as a transition-zone protein; and (3) a

novel Meckel-Gruber Syndrome gene, TXNDC15, with

mutations identified in a follow-up study in additional

families with Meckel-Gruber Syndrome [56]. Surpris-

ingly, within the 1000 significant hits (20% false discovery

rate) from the Breslow et al. [55��] screen using NIH 3T3

fibroblasts, there was an unexpected absence of kidney-

related ciliopathy genes identified as significant hits,

suggesting a potentially divergent mechanism specific

to kidney-related ciliopathies in comparison to other

ciliary phenotypes [57]. This observation highlights the

need to conduct additional screens targeting both other

pathways known to converge on cilia, such as Wnt, Hippo,

and Notch, but also to consider executing these assays in

different cell types. Indeed, it would be informative to re-

run the published screens on a different cell type and ask

what the divergence of hits might intimate about cell-

specificity of function.

Proteomics studies to characterize networks
within and beyond the cilium
Merging multiple independent ciliary and basal body

proteomic studies identified the constituent proteins

required to build and maintain a cilium [58]. However,

the ciliome list lacks a spatially oriented map of the

overall ciliary architecture with the added dimension of

protein–protein interactions. Recently, systems-level

analyses have provided a detailed ciliary interactome

map depicting the molecular architecture of ciliary net-

works [39��,59,60]. These analyses used proximity label-

ing techniques, such as proximity-dependent biotinyla-

tion (BioID), tandem affinity purification (TAP) tagging,

and a cilia-targeted proximity labeling enzyme (cilia-

APEX), to label known centrosomal and ciliary proteins

as ‘bait’ for capturing protein interactions and coupled

this affinity proteomics with mass spectrometry. In par-

ticular, >7000 interactions were shown to comprise the
Current Opinion in Cell Biology 2018, 55:139–149 
centrosome–cilium interface [59] and �5000 interactions

with clustering in 52 complexes were found in the ciliary

landscape [39��]. A study by Boldt et al. [39��] highlighted

the power of this analysis by: (1) finding >500 proteins not

known to have a ciliary role interacting with a known

ciliary protein; (2) achieving high resolution of sub-com-

plexes that may have important implications for ciliary

disease and structural biology; and (3) uncovering a

potential disease association between 3M syndrome

and ciliary dysfunction.

By necessity, existing protein–protein interaction data

have focused on proteins with a known role in cilia as

interactome baits [39��,59,60]. One approach to extend

protein–protein interaction networks within and further

beyond the cilium is to mine the Human Reference

Protein Interactome Mapping Project (HuRI), estab-

lished to systematically identify global binary protein–

protein interactions using a yeast two-hybrid approach as

the primary screening method [61]. An advantage to this

approach is that it identifies binary protein–protein inter-

actions in a non-organelle-specific manner. This is impor-

tant because there is a growing appreciation that ciliary

proteins also localize to extraciliary subcellular compart-

ments, including the nucleus, the Golgi apparatus, and

immune synapses of T cells [62–68].

To assess the usefulness of pan-cellular proteomics data

in understanding further the complexity of ciliary net-

works, we used HuRI network data to query components

of IFT complex B. Protein synthesis is not known to take

place at the cilium, thus IFT is an evolutionarily con-

served system that accomplishes bi-directional transport

of ciliary cargo along the ciliary axoneme [69]. Further,

IFT is critical for ciliary assembly and maintenance; with

an anterograde complex (IFT-B) moving cargo towards

the ciliary tip and a retrograde complex (IFT-A) recycling

components to the ciliary base [70].

We analyzed all available IFT-B components (IFT20,

IFT22, IFT25/HSPB11, IFT27, IFT38/CLUAP1,

IFT54/TRAF3IP1, IFT57, IFT70/TTC30B, IFT74,

IFT88, and IFT172) in HuRI (Figure 1), conceding that

the extent of interactions will likely not be captured fully,

due to the current unavailability for IFT46, IFT52,

IFT80, and IFT81 network data. Nonetheless, we cap-

tured 67 total interactions of which there are six first-order

shared interactors (DDIT4L, DISC1, GOLGA2, NUP62,

SMARCE1 and TRAF3). Of the 67 interactors, 62 are not

known to be ciliary; four are associated with the cilium,

but also other subcellular sites (DISC1, EXOC5, FBF1,

NUP62) [66,71,72]; and one (B9D2) is associated with

autosomal recessive ciliopathies (Meckel-Gruber Syn-

drome and Joubert syndrome) [73,74]. The protein inter-

action networks across IFT-B components are variable in

the number of interactors and display minimal overlap of

shared interactors, suggesting that: (1) the canonical
www.sciencedirect.com
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Figure 1
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HuRI-generated protein–protein interaction networks for IFT-B components. The Human Reference Protein Interactome (HuRI) Mapping Project

(http://interactome.baderlab.org/) identifies binary protein–protein interactions using yeast two-hybrid as the primary screening method. For the

interaction networks, the red circles denote the analyzed IFT-B members while the blue circles indicate interacting proteins. Interactors with

known ciliary associations are denoted with a yellow star. Interactions are characterized with different colored lines indicating variable levels of

validation: green lines (published interaction; at least two pieces of experimental evidence of which at least one stems from a binary interaction

detection assay), orange lines (validated interaction; interactions that are not yet published but originate from datasets that have been validated by

successfully testing a representative subset of these interactions in at least one orthogonal binary interaction detection assay), red lines (verified

interaction; interactions that are neither published nor validated but were identified in pooled yeast two-hybrid (Y2H) screens, tested positive in

Y2H pairwise test and sequence confirmed), or blue lines (interaction found in literature). The thickness of the line indicates the strength of the

interaction between two proteins. Dashed purple ellipses indicate shared interactors between IFT-B members.
viewpoint, based primarily on biochemical studies, that

these components reside in a restricted complex might be

oversimplified [75]; (2) the expansiveness of a protein

network might reflect ciliary and non-ciliary roles for a
www.sciencedirect.com 
given IFT protein, a posit already supported by a non-

ciliary role for IFT88 in cell migration [76]; and (3) the

composition of the IFT-B complex potentially influences

protein interactions and biological function.
Current Opinion in Cell Biology 2018, 55:139–149
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The protein interaction network for IFT20 supports

these possibilities. It is heavily enriched with 40 interac-

tions (vs. a range between 1 and 9 interactions for all other

proteins assessed; Figure 1) and includes a first-order

interaction with IFT57, which is known to interact with

IFT20 within the IFT-B complex and at immune synap-

ses [77,78�]. In addition, we noted a first-order interaction

between IFT20 and the cis-Golgi component GOLGA2/

GM130. In support of biologically relevant non-ciliary

interactions, a study by Stoetzel et al. [79�] highlighted

formation of a complex between VPS15 and GOLGA2/

GM130 that modulates IFT20-dependent trafficking

from the cis-Golgi network to the primary cilium. It is

not known whether IFT20 interacts directly with this

complex in vivo but HuRI networks suggest that this

might be so. Still, a caveat of HuRI data is that the

subcellular location of interactions within cellular com-

partments is unknown, therefore it is not possible to

differentiate between ciliary and non-ciliary interactions.

Using immunoprecipitation and affinity proteomics,

recent studies have determined that the architecture of

the IFT-B complex in mammals can be divided further

into two evolutionarily conserved subcomplexes, IFT-B1

(core subcomplex) and IFT-B2 (peripheral subcomplex)

[39��,80,81��]. Strong interactions between all IFT-B

proteins within a subcomplex were not observed in these

studies with a limited network of interactions present

between subcomplexes [81��]. Consistent with these

findings, we identified only two HuRI interactions

between IFT proteins of the same subcomplex,

IFT20-IFT57 (IFT-B2/peripheral subcomplex) and

IFT27/HSPB11 (IFT-B1/core subcomplex), both of

which were robust using other methods [39��,81��]. Nota-

bly, IFT20 is considered a peripherally-associated IFT

lying outside of the core subcomplex; we speculate that

this potentially confers the ability to perform both non-

ciliary and ciliary functions [62,77,81��].

Unique spatiotemporal roles of ciliary proteins
Compared to our improved understanding of the protein

composition of cilia, our understanding of how ciliary

proteins function in diverse tissue types and timepoints

remains rudimentary. Although the roles of primary cilia

in development have been well studied, with emphasis

on signaling pathways [1,15�], there have been fewer

studies on the role of cilia in homeostasis [82] and

regeneration [83]. Crucially, accumulating evidence high-

lights the transient presence of cilia that differs across

tissue types and within constrained windows of time.

Cells within certain organs have been shown to be ciliated

during development and then to become non-ciliated.

For example, during aortic valve development in mice

primary cilia have been shown: (1) to be spatially

restricted to certain extracellular matrix zones within

the aortic valve; and (2) to be present transiently on aortic
Current Opinion in Cell Biology 2018, 55:139–149 
valve mesenchymal cells starting at embryonic day (E)

11.5 but lost postnatally [84�]. Another example of a

transiently ciliated tissue is the kidney; immature rat

podocytes are ciliated during glomerular development

but cilia are not detectable in adult kidney podocytes

[85]. This is potentially relevant to the variable severity

and onset of some ciliopathy-causing loci such as the IFT-

complex A gene, TTC21B, implicated in renal cystic

kidney disease or progressive focal segmental glomerulo-

sclerosis, despite the reported lack of cilia in adult podo-

cytes [45,46].

The temporally-restricted appearance of cilia is not

unique to early development. Some tissues have been

shown to exhibit transient ciliation during differentiation.

For instance, primary cilia are required to transduce Hh

signaling during adipogenesis but only in differentiating

preadipocytes; cilia are absent in both preadipocytes that

are sub-confluent in cell culture and also in mature

adipocytes [86]. In the olfactory epithelium, olfactory

sensory neurons can regenerate after injury through a

pool of basal stem cells [83,87]. Specifically, quiescent

horizontal basal cells have a single, short primary cilium

(about 4 mm) that is thought to detect lesions, triggering

horizontal basal cells differentiation into multiciliated

olfactory sensory neurons with elongated (50–60 mm) cilia

with a wide range of olfactory receptors on their tips.

To explore the notion that tissue-specific differences

might correlate with unique ciliary functions, we won-

dered whether there was differential expression of ‘core’

ciliary proteins across tissues, with a continued emphasis

on IFT. The IFT-A and IFT-B members are crucial for

ciliogenesis and maintenance, therefore their expression

across tissues should correlate with ciliary distribution and

abundance. Moreover, given that members of the same

complex are dependent on each other to accomplish their

function, one would expect that their expression (and

variance) should be uniform within the same tissue type.

As an initial test of these ideas, we collated gene expres-

sion data from all 23 known IFT genes across adult

human tissues from the publicly available Genotype-

Tissue Expression (GTEx) project database [88] based

on transcript per million (TPM) values (Figure 2).

First, we were struck by the observation that the average

gene expression across all tissues for IFT members within

the same complex (A vs. A; B vs. B) is not uniform, with

more than three-fold higher expression for IFT122

(25 TPM) versus IFT121 (7.1 TPM) in IFT-A and a

more than twelve-fold difference between IFT20

(28.7 TPM) and IFT70/TTC30B (2.3 TPM) in IFT-B.

Notably, two members of the IFT-B complex, IFT20 and

IFT57, show the highest average expression and were

found to interact in multiple studies and within the HuRI

network data [39��]. This observation for IFT20 poten-

tially reflects both ciliary and non-ciliary IFT20,
www.sciencedirect.com
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Figure 2
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IFT-A and IFT-B gene expression in different adult tissues. The heat map shows tissue-specific gene expression for IFT-A and IFT-B components

(subcomplex IFT-B1 and IFT-B2) across differentiated human adult tissues. Raw transcript per million (TPM) values, representing gene expression

values, were obtained from the GTEx database (https://www.gtexportal.org/home/). Red indicates higher expression (high TPM value) and blue

indicates low expression (low TPM value), as reflected in the color gradient legend (right).
correlating with evidence for unique extraciliary localiza-

tion of IFT20 in the Golgi apparatus and in the immune

synapses of T cells [62,77].

Second, we observed marked differences in IFT gene

expression across tissues. The lowest average IFT tran-

script abundance was reported in whole blood, with

generally low expression levels (<4 TPM) across IFT

components, with the exception of moderate expression

in IFT20 (9.7 TPM). Hematopoietic cells are thought to

lack cilia, despite studies which found primary cilia to be

capable of responding to Hh ligands in cultured blood

cells [89]. This is confounded by the non-ciliary role for

IFT20 in immune synapse formation, suggesting that

GTEx may be detecting non-ciliary IFT20 in whole

blood [67]. By contrast, the testes showed the highest

average IFT gene expression (46.4 TPM) of any tissue,

which was expected, given the essential function for IFTs

in acrosome and flagella formation during spermatogene-

sis [90,91]. Consistent with this notion, tissues known to

be multiciliated exhibited moderate to high expression,

including the lungs (14.8 TPM) and the female repro-

ductive tract (20.5 TPM). Notably, the thyroid and pitui-

tary glands had the second highest average level of

expression (both at 26.7 TPM). This is surprising because
www.sciencedirect.com 
both glands are known to be ciliated but the role of cilia in

these tissues is poorly understood [92,93]. Accordingly,

the pituitary and thyroid glands also appeared in the top

ten tissues expressing signature ciliary genes in an in silico
analysis of microarray datasets across 104 normal human

tissues [94].

Cilia were first observed in the human thyroid gland in

1988 [92] but there are a paucity of subsequent studies,

with the exception of a report indicating that cilia are

present in most mammalian thyrocytes (but are notably

absent in rat and mice thyrocytes) [95]. Regardless of the

apparent lack of cilia in mouse thyrocytes, kinesin-2

mutant mice (Kif3aD/flox; Pax8Cre/+) have hypothyroidism

and kidney cysts [96]. Hypothyroidism in ciliary mutants

could intimate a role for the thyroid gland in the prevalent

obesity phenotype observed in some ciliopathies. Also,

the thyroid functions to maintain proper leptin signaling,

along with the pituitary gland and hypothalamus, which

has been implicated in obesity and is potentially impor-

tant for ciliary biology [97].

We recognize that restricted mining of GTEx data to

include a ciliary module at adult timepoints is coarse and

we also do not know the potential correlation between
Current Opinion in Cell Biology 2018, 55:139–149
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protein abundance relative to its cognate mRNA. Certain

tissues are only transiently ciliated, and moreover, proper

ciliary function is essential for embryogenesis. Thus,

there is a critical need to generate gene expression data,

similar to what is available in the GTEx database, but

during different developmental timepoints and from dif-

ferent cell populations within organs (e.g. renal tubule

cells versus podocytes), potentially at the single cell level.

A greater resolution of gene expression patterns is

required to understand comprehensively why specific

organ systems are differentially susceptible to deleterious

mutations in ciliary genes, while measurement of ciliary

protein abundance and subcellular distribution on a tissue

by tissue basis will likewise be critical to improve

resolution.

Concluding remarks and future directions
During a remarkable two decades of rapid progress, a

vibrant research community has transformed our under-

standing of the primary cilium from a mechanical ‘oar’ or

even a vestigial organelle to a signaling hub critical for a

vast array of developmental and homeostatic processes.

Concomitant to these advances was the appreciation that

ciliary disorders represent a significant burden, while at

the same time allowed us to begin to gleam insights into

one of the most challenging facets of human genetics:

variable expressivity. At present, we have a reasonable

structural and biochemical representation of the ‘generic’

cilium. At the same time, we are beginning to understand

that this emergent picture is a coarse representation of

biological reality and that the complexity and diversity of

this organelle is much greater than we might have antici-

pated. In that regard, the continuous, now systematic

amassment of ciliary proteins might need to start consid-

ering the cilium as a dynamic organelle, with proteins

interacting within complexes and between functional

networks. With the advent of genome-wide screens

and increasingly sophisticated affinity proteomics strate-

gies, it is now possible to deploy unbiased screens with

greater sensitivity and specificity to capture interactions

both within the cilium and extending to additional cellu-

lar compartments. At the same time, it is important to

temper ‘ciliophilia’, where the observation of a protein

that either has interesting functions or is mutated in

human disease de facto expands both the ciliopathies

and the functions of the organelle. In that context, a

major challenge persists in that we have poor tools to

understand functions that are ciliary-dependent versus

ciliary independent versus ciliary-related but not occur-

ring at the cilium [65,98�]. We are beginning to gain clues

about ciliary trafficking and signal sequences that govern

some of them [99]. It might be useful to generate appro-

priate mutants, in vitro and in vivo and study the bio-

chemical properties and phenotypic consequences of

molecules that retain their non-ciliary functions.
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Moving forward, the emergent appreciation of the spa-

tiotemporal complexity and likely fine regulation of cili-

ary function will undoubtedly assist our understanding of

phenotypic variability in ciliopathies. In that context,

continued multi-dimensional mapping of ciliary compo-

sition will be critical. Expanding from the highly artificial

handful of cell types in which ciliary biology and compo-

sition has been studied, systematic imaging, transcrip-

tomic, and proteomic studies across tissue types, devel-

opmental time points and key homeostatic junctures are

likely to be highly informative. We look forward to a

future image of the organelle composed of ciliary net-

works (both at the level of mRNA regulation and protein

composition/trafficking/signaling) layered with human

variation and longitudinal clinical data. Such constructs

will be able to better capture both individual protein

variability (isoforms with subcellular or tissue-specific

expression) and spatiotemporal contexts (developmental

and adult stages). Finally, it will be important to ask if

there is inter-human variability in ciliary composition and

function. Given the complexity of the organelle, it is not

hard to imagine that humans will have both stochastic and

genetically defined differences in the function of cilia in

some cellular sites.

The rapid advances of ciliary biology and the concomitant

discovery of the ciliopathies have had a profound impact

on our understanding of human biology and genetics.

Some two decades later, the community is poised to

harness newer conceptual and technological tools and

use this organelle and its allied human disorders as a

paradigm of systems biology, wherein the composition

and distribution of the systems components are defined

mapped and racked in relevance with human pathology.

Such studies will not only expedite discovery and thera-

peutics but will also generate functional models useful for

a host of other biological systems and disease groups.
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