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Cilia in Eukaryotes
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Comparative genomics to find genes for cilia

Chlamydomonas

17,000

Li et al., 2004



Comparative genomics identifies ~700
proteins that are only in organisms with cilia

Chlamydomg
700



Human disease genes (BBSS5, MKS1, LRRCG6)
In the cilia comparative genomics list
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Many proteins show this cilia-specific pattern over
40 species
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Changing Technologies:
Single particle cyro-electron microscopy

Wild-type  Mutant

Identification Process Location Tertiary structure

Position at inner junction known from
previous studies. Homology model
fitted to the density and adjusted
to better fit the map.

Inner junction

Secondary structure
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tubule Inner Proteins

SRNDAII,
ARAAARA, ;m ‘ - FFPEETE L O SOS
TRy FTITTTTrY ST TOnG '33“‘3; SURFD
VA e . I AI 4! ) mﬁw"-\ﬁivd\nmm_anﬁ By s
PP T Y Y L LY SOy P Y
&,

LSRR O
e, FAP53 /

. o T L . p R ‘
N\L\"“ LR TES IRV 3 J'll\‘\ll."x. PSP R P FHEN “"“l‘u
X

/

r'_:,..‘;p;\p;-;\z\x‘i"1')'3‘3‘.\‘.’.‘].?7!771 L
SPPTTIET
953

Y

&

5 vv'“.
3
; AR B et aRERIRAS P T T
5
5
3
s
2

‘V—\\ a J!:ﬂ“\.
. . A r v
\ - pe, ¥ - S —EN -
) A, - Y [\ QO i \ O L N Q- ol PN Y Ve =3
N C A \ /7 ) gty 7 s \ S \\{A:. 3 5 \')
< )/ 5\~ B\~
» Y

FAP106 s

y b [:g :2.\\\%
J} FAP107

FAP126 FAP129

ror, ) 4 - .

ALMAAAR

S, Ut s
FAP141 FAP143 QX FAP222 FAP276

\
o8
U

FAP363

FAP115 FAP161 FAP166

s y { | £)
FAP252 PACRG RIB30



Microtubule Inner Proteins —MIPS
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The fap166 mutant is missing only one
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Ma et al., 2019
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Forward

Mutants in Microtubule Inner Proteins

Reverse
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The study of human biology as discussed in
Nature, News and Views, 1986

NATURE VOL. 322 3 JULY 1986

11

NEWS AND VIEWS

The proper study of mankind

Molecular biology has made the human genome accessible to laboratory investigation. But does that
mean that the sequence of the human genome would be worth the effort?

THERE 1s no scientific reason for studying
man. Thus one of the 120 speakers at this
year’s Cold Spring Harbor Symposium on
the molecular biology of Homo sapiens
from 28 May to 4 June. The issue arises
because, as the programme was designed
to demonstrate, there are now few funda-
mental questions in biology that cannot be
explored using human genes and human

This in itself is scarcely sufficient reason
for overlooking the rather obvious short-
comings of man as an object of investi-

gation. But there 1s one reason, just the
same: the human species alone preserves

its rare defective variants. Mouse
mothers, whose matings are manipulable
and whose generation times are manage-

The human species preserves Its rare variants

and Goldstein have built up a picture of
the cellular and, more recently, the molec-
ular biology of receptor-mediated endocy-
tosis which has provided fundamental in-
sights into these processes as well as clari-
fying the mechanism of atherosclerosis.
This has been possible only because
Brown and Goldstein worked up to the
molecular biology from classical genetics
via biochemistry. More characteristic of
latter-day triumphs were the papers pre-
sented by Louis Kunkel (Boston Chil-
dren’s Hospital) and Stuart Orkin (Har-
vard Medical School), both published in
this issue of Nature (pp 73 and 32). They
have arrived directly at the genes respon-
sible for two human genetic diseases with-
out engaging with the intervening bio-

may require some ingenuity, as well as
some biochemistry, to discover.

The substantial challenge now facing
Orkin and Kunkel and their collaborators
1S in no sense a reflection on the quality of
the work or the validity of their approach.
But it is an inevitable consequence of ap-
proaching the DNA directly, and thus has
a direct bearing on the desirability of se-
quencing the rest of the human genome.

In the discussion on that topic at the
symposium, Paul Berg (Stanford) set out
the issues — is it feasible, who will pay and
1s 1t worth 1t? Walter Gilbert (Harvard)
seraphically chalked up the tally — three
thousand million bases at 10" bases per
year equals 30,000 person-years or, at the
current rate of 2 X 10" bases per year, but



Two Types of Mammalian Cilia

Alison Albee Mouse Tracheal Cilia
Karl Lecktreck

Sensory Cilia Motile Cilia



Primary Ciliary Dyskinesia (PCD)
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Primary Ciliary Dyskinesia (PCD)
from a large family in Buffalo Missouri
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Paralyzed Cilia Collection
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CCDC39 and CCDC40 are a

96 nm long heterodimer
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CCDC39 and CCDC40 patients have more mucus in
their small airways

Cilia Mucus [l DNA Control CCDC39-/-



x1073

Dutcher et al., 1984

Changing Technologies:
2D gels to Proteomics

Figure 2
A B
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Finding addresses for ciliary proteins
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Finding addresses for ciliary proteins
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Finding addresses for ciliary proteins

CCDC39/CCDC4O
heterodime

CARPS: Cilia Address Recognition Proteins attached to
CCDC39/40 heterodimer

14 CARPS:
I =mino acid sequence
10

CARP DRC4 DRC2 DRC1 CCDC146 CFAPST 'ITCZQ ZYMND12 CFAP44 CFAF’43 IQUB MORN3 CFAP91 CCDC113CFAF’96

18 HEE L H’ | = Ciliary /
- ol . O 0000 e @@ &

Major structures . Nexin-dynein regulatory complex
missing:
. Inner dynein arms

. Radial spokes

Brody et al., 2025




Finding addresses for ciliary proteins

CCDC39/CCDCA40
heterodimer

CARPS: Cilia Address Recognition Proteins attached to
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Finding addresses for ciliary proteins

CCDC39/CCDC4O
heterodimer

CARPS: Cilia Address Recognition Proteins attached to
CCDC39/40 heterodimer

14 CARPS:
I =mino acid sequence
10

CARP  DRC4 DRCZ DRC1 CCDC146 CFAP57 Trczg ZYMND12 CFAP44 CFAF’43 IQUB  MORN3 CFAP91 CCDC113 CFAP96
Ciliary \ /

ST

Major structures . Nexin-dynein regulatory complex
missing:
. Inner dynein arms

. Radial spokes

Brody et al., 2025



Timing of events during cilia assembly

3. Complexes

enter and dock 3. Complexes enter
5§ 2. CARPs enter and do not dock
2. CARPs enter and

but do not dock ‘ l
bind CCDC39/40 _
heterodimer 1. CCDC39/40 fall tc

enter

1. CCDC39/40 enter .

Control cells Variant cells



Why do patients with CCDC39 and CCDC40
variants show more severe disease than PCD
patients with variants in other genes?

Disease Is caused by more than just loss of
ciliary movement



Why do patients with CCDC39 and CCDC40
variants show more severe disease?

Motility independent phenotype

oo
e

Recyclables

Cleaning and recycling up the ’trash”



Motility independent phenotype: Cleaning and recycling up the ’trash”
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Motility independent phenotype: Cleaning and recycling up the ’trash”
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The immunoproteasome is turned up In the disease cells

Normal

CCDC39

19S 26S  Hybrid Immunoproteasome



Why do patients with CCDC39 and CCDC40
variants show more severe disease?

Viral =% secretion J l Serotonin
infection NG CGRP
l Epithelial COPD Cystic fibrosis bombesin

regeneration Lung cancer neuropeptide Y
y-aminobutyric acid

Mucociliary clearance
i Airwav hvnerreactivitv

Davis and Wypych, 2021

Change the cell fate of the multicilaited cells to secretory cells



Motility independent phenotype:
Transdifferentiation of multicilated cells

Normal donor1
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Motility independent phenotype:
Transdifferentiation of multicilated cells
via misregulation of the Notch Pathwa
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Take home messages

Evolution provides a wealth of

information about key genes
Involved In human disease

Motile organisms provide fast
and easy functional assays and
therapeutic assays

Human variation and diseases
provide additional functional tests
and new phenotypes
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