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Chlamydomonas

Amherst MA 1942



Cilia in Eukaryotes 

X

X



Comparative genomics to find genes for cilia

4,000



700

Arabidopsis

Comparative genomics identifies ~700 

proteins that are only in organisms with cilia



Human disease genes (BBS5, MKS1, LRRC6)

in the cilia comparative genomics list 

Meckel’s Syndrome

Li et al., 2004

Kyattala et al., 2013

Horani et al., 2013

Bardel Biedl Syndrome 

Central Obesity

Retinal Degeneration

Kidney Disease 

Mental Retardation 



700

Many proteins show this cilia-specific pattern over 

40 species 

Kwan, Stormo, and Dutcher 2010 



Changing Technologies:

Single particle cyro-electron microscopy

Rui Zhang 

Biochemistry and Molecular Biophysics, Wash U

Ma et al., 2019

Dutcher et al., 1984

Wild-type      Mutant 



Microtubule Inner Proteins



Microtubule Inner Proteins —-MIPS



Ma et al., 2019

Li et al., 2018

The fap166 mutant is missing only one 

protein:   FAP166

The rib72 mutant is missing four proteins: 

RIB72, FAP115, FAP222, and FAP252

Mutants in MIP genes 



Mutants in Microtubule Inner Proteins

• Sperm

• The node 

Genotype Low Light Hight Light 

Wild-type Swim (WT) Reverse 

Swimming 

fap53 Swim (WT) Immotile 

fap106 Swim (WT) Immotile 

fap127 Swim (WT) Immotile 

fap184 Swim (WT) Immotile 

fap166 Swim (WT) Slow

Reverse 

Swimming 
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The study of human biology as discussed in 

Nature, News and Views, 1986

The human species preserves its rare variants



Mouse Tracheal Cilia 

 Karl Lecktreck

Mouse Ependymal Cilia 

Two Types of Mammalian Cilia  

Sensory Cilia                               Motile Cilia 

Alison Albee



Primary Ciliary Dyskinesia (PCD) 

Horani et al., 2013

Steve Brody   

Amjad Horani 



Primary Ciliary Dyskinesia (PCD) 

from a large family in Buffalo Missouri 



Sir John Randall. University of 
Edinburgh, 1968-1978 

Paralyzed Cilia Collection 

GENE HUMAN Structure

PF1 RSP4 RSPH

PF2  DRC4 N-DRC

PF3 DRC1 N-DRC

PF4  PP2A/IDA IDA f

PF5 LC8 RSPH

PF6  SPAG17 Central pair

PF7  CCDC39 ADDRESS

PF8  CCDC40 ADDRESS

PF9  DNAH10 IDA f

PF10 UNKNOWN

PF12  PACRG MIP

PF13  DNAAF2 DNAAF

PF14  RSPH14 RSPH

PF15  Central pair

PF16  SPAG6 Central pair

PF17  RSPH9 RSPH

PF18 Central pair

PF19  Central pair

PF20  SPAG16 Central pair

CCDC39 and 
CCDC40 mutants



CCDC39 and CCDC40

CCDC39 and CCDC40 are a 

96 nm long heterodimer 

Raidt et al., 2025



CCDC39 and CCDC40 patients have more mucus in 

their small airways

Cilia        Mucus       DNA 
Control                            CCDC39-/-



Changing Technologies:

2D gels to Proteomics 

Dutcher et al., 1984

Brody et al., 2025



Finding addresses for ciliary proteins



CCDC39/CCDC40 
heterodimer

Finding addresses for ciliary proteins



Brody et al., 2025

CCDC39/CCDC40 
heterodime

Finding addresses for ciliary proteins



Brody et al., 2025

CCDC39/CCDC40 
heterodimer

Finding addresses for ciliary proteins



Brody et al., 2025

CCDC39/CCDC40 
heterodimer

Finding addresses for ciliary proteins



1.  CCDC39/40 enter

2. CARPs enter and 
bind CCDC39/40 
heterodimer

3.  Complexes 
enter and dock

Control cells 

1.  CCDC39/40 fail to 
enter 

2. CARPs enter 
but do not dock 

3.  Complexes enter 
and do not dock

Variant cells 

Timing of events during cilia assembly



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

Cleaning and recycling up the ”trash” 



Motility independent phenotype:  Cleaning and recycling up the ”trash” 



Motility independent phenotype:  Cleaning and recycling up the ”trash” 



The immunoproteasome is turned up in the disease cells

19S       26S       Hybrid      Immunoproteasome



Why do patients with CCDC39 and CCDC40 

variants show more severe disease?

Change the cell fate of the multicilaited cells to secretory cells 

Mucus 
plug

Davis and Wypych, 2021



Cilia        Mucus      

Normal

Patient

Patient 

Motility independent phenotype:  

Transdifferentiation of multicilated cells



Cilia        Mucus      

Davis and Wypych, 2021

Motility independent phenotype:  

Transdifferentiation of multicilated cells 

via misregulation of the Notch Pathway



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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