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ANALYSIS OF CYSTIC KIDNEY DISEASE-RELATED GENES IN
CAENORHABDITIS ELEGANS

COREY L. WILLIAMS
CELL BIOLOGY
ABSTRACT

Cilia are evolutionarily conserved, membrane-bound, microtubule-based organ-
elles found on a diverse array of cell types in eukaryotic organisms. Inherited diseases of
cilia protein dysfunction include Nephronophthisis (NPHP), Joubert Syndrome (JBTS),
Meckel-Gruber Syndrome (MKS), and Bardet-Biedl Syndrome (BBS). Important insight
in the basic cell biological functions of BBS and NPHP proteins has been gained from
analysis in the nematode Caenorhabditis elegans. My goal in this dissertation was to
model MKS protein function in cilia biology utilizing the powerful genetic malleability
of C. elegans. mks-1 and mks-3, the C. elegans homologs of two MKS-associated pro-
teins in humans, were selected for this analysis. MKS-3 is a transmembrane protein of
unknown function, and MKS-1 is a protein comprised of an uncharacterized motif called
the B9 domain. Because the B9 domain is found in only two other proteins in C. elegans
(and most other eukaryotes), the B9 proteins TZA-1 and TZA-2 were also included in
this analysis. Lastly, the C. elegans homologs of NPHP proteins NPHP-1 and NPHP-4
were also analyzed in conjunction with the MKS/TZA proteins. Utilizing mutations in
each of the genes encoding these proteins, we were able to develop a model in which the
MKS/B9 proteins and the NPHP proteins form independent but functionally related com-
plexes at the base of C. elegans cilia. Disruption of either complex alone by genetic mu-
tation did not hinder cilia formation. However, simultaneous disruption of both com-

plexes resulted in severe ciliogenesis defects. This functional requirement of either the



MKS/B9 or the NPHP complex for cilia formation indicates that the two protein com-
plexes serve similar yet distinct roles in maintaining cilia homeostasis. In the absence of
a functional MKS/B9 complex, transmembrane proteins that normally localized only to
the base of cilia (or just outside of the ciliary base) freely accessed the entire ciliary
membrane. This data supports a model in which the MKS/B9 complex regulates ciliary
membrane composition by selectively holding some transmembrane proteins at the base
of cilia while blocking other transmembrane proteins from accessing the cilium. Overall,
this dissertation provides insight into the related but distinct functions of MKS/B9 and

NPHP proteins in cilia biology.



DEDICATION

My parents Carol C. Williams and Donald L. Williams



ACKNOWLEDGMENTS

I would first like to thank my graduate studies mentor, Dr. Bradley K. Yoder, for
accepting me into his group and allowing me the time to figure out for myself what it
takes to become a productive scientist. Our student-mentor relationship and our friend-
ship has been outstanding. He has bestowed upon me almost as many scientific assets as
he has dealt me defeats in darts.

I would also like to thank my committee members, Dr. Guillermo Marques, Dr.
Michael A. Miller, Dr. Erik M. Schwiebert, Dr. Elizabeth S. Sztul, and Dr. P. Darwin
Bell. I especially thank Dr. Bell and Dr. Tino Unlap for giving me the opportunity to de-
velop a passion for academic research by hiring me as a technician. Through them, | was
also first exposed to the research being conducted by Dr. Yoder’s group.

I would like to thank current members of the Yoder lab, Dr. Nicolas F. Berbari,
Dr. Neeraj Sharma, Dr. Zoe Verney, Svetlana Masyukova, Zak Kosan, Erica Hamby,
Venus Roper, Mandy Croyle (who | believe is the smartest and hardest worker in the
lab), and Amber O’Connor (who deserves extra special recognition for being the only
person outside of my committee to actually read this dissertation).

I would like to thank former members of the Yoder lab, Dr. Courtney Haycraft,
Dr. James Davenport, Dr. Jonathan M. Lehman, Dr. Boglarka Banizs, Dr. Jenny C.
Schafer, and Dr. Marlene E. Winkelbauer. | especially thank Dr. Schafer for her guid-
ance during my time as a rotation student. 1 also especially thank Dr. Winkelbauer, first

for laying the groundwork that made my research project possible, and second, for being



my partner in crime on countless scientific misadventures. May we share many more
successes and failures together in the future.

I would like to thank my friends and family for their support over these past four
years. | thank Dr. Brian Siroky for demonstrating that being a graduate student could be
fun. I thank my parents, the brilliant Carol and Don Williams, for supporting me as |
made my own career choices. Even armed with a Ph.D., | doubt I’ll ever beat either in a
game of Scrabble. | thank my in-laws, Gene and Pam Smith, for their amazing generos-

ity. Finally, I would like thank my wife, Candace Williams, for her unwavering support.

Vi



TABLE OF CONTENTS

Page
ABSTRACT .ot b bbbttt bbbt ne s ii
DEDCATION ..ottt bbb bbbt et bbbt abeane s iv
ACKNOWLEDGMENTS ...ttt bbb %
LIST OF TABLES ... .ottt bbbt iX
LIST OF FIGURES ...ttt bbb X
LIST OF ABBREVIATIONS . ... .ottt Xii
INTRODUCTION ...ttt bbbttt ettt bbbt ene s 1
Inherited CystiC KidNEY DISEASES ........cccveiuiiiiiieiieeie e e eie e e e sre e ns 1
Autosomal Dominant Polycystic Kidney DISEaSE ..........cccvrvereereiiieiieiiieiesiesieennens 1
MeCKel-Gruber SYNUIOME ......cvviiiieee e 2
NEPNIONOPNTNISIS ... e 5
JOUDEIt SYNAIOME ... re e e 9
Bardet-Biedl SYNUIrOME ........cccoiiiiiieie e 10
Cilia and Basal BOGIES..........ccueiieieiieiieie et 11
Intraflagellar TranSPOrt ..........coviiiiiec e e 12
Cilia and CystiC KidNey DISEASE.........ccueiiiriiriiriiriieieieie ettt 13
CIlIaiN C. BIEJANS.......c.ee ettt e e sae e re e re e 15
Regulation of X-box Genes in C. elegans .........cccooereiirinininineeese e 19
PUIPOSE OF RESEAICH........iiiicic e 20
FUNCTIONAL REDUNDANCY OF THE B9 PROTEINS AND
NEPHROCYSTINS IN CAENORHABDITIS ELEGANS CILIOGENESIS................... 29
REGULATION AND FUNCTION OF MKS-3
IN CAENORHABDITIS ELEGANS ...ttt 93
SUMMARY ..ottt ettt b e bbbt b e bt e st et e bbb benbe b e reeneas 140
Modeling MKS Protein Function in C. elegans..........cccccovveveiiiiecic i 140
Multiple Genetic Pathways Influence Cilia Morphology ..o, 141
Factors Affecting Ciliary Membrane CompoSition ..........cccocevveieiiieiievecie e 144

vii



TABLE OF

Final Remarks ........ccoooveveeeiiiinann..

GENERAL LIST OF REFERENCES

CONTENTS (Continued)

viil



LIST OF TABLES

Table Page
INTRODUCTION

1 Meckel-Gruber Syndrome (IMKS) GENES .......ccvvverieerieiierieeriesieseese e e e ereeseenaens 25

2 Nephronophthisis (NPHP) GENES ........coiiiiiiiiiiiieeie e 26

3 Joubert Syndrome (JBTS) GeNES......cccveiiiieieerie e e e eeesee e eee e sae e sse e s nns 27

4 Bardet-Biedl Syndrome (BBS) GENES .........ccoueiiiriiriiiienieeie et 28

w

FUNCTIONAL REDUNDANCY OF THE B9 PROTEINS AND
NEPHROCYSTINS IN CAENORHABDITIS ELEGANS CILIOGENESIS

Tracking ASSAY STALISTICS ......ccuveiiiieiiieie ettt sae e 68
% Dye-Filling in MUtant StraiNS..........cccoviverieeieiiere e 68
Phasmid Cilia Length STAtISTICS .......c.coviiieiiiie et 68



LIST OF FIGURES

Figure Page
INTRODUCTION

1 Genotype-phenotype comparisons of nephronophthisis-associated ciliopathies......... 21

2 Organization and location of a eukaryotic CilliuM.........cccccoevv v 22

3 Intraflagellar Transport (IFT) in C. elegans Cilia..........cccccoevvvivevviieiiere e 23

O O | [T | ol O =] =T =T LSS 24

10

11

FUNCTIONAL REDUNDANCY OF THE B9 PROTEINS AND
NEPHROCYSTINS IN CAENORHABDITIS ELEGANS CILIOGENESIS

B9 protein family conservation and schematic gene representations..............c.cce.... 79
DAF-19 regulation of xbx-7, tza-1, and tza-2 in C. elegans...........ccccccevvrverrverrsnnnne 80
Localization of XBX-7, TZA-1, and TZA-2 proteins to

transition zones at the base of cilia in C. elegans ..........cccooviiiiiniiiiin e 81
Cilia morphology analysis of transition zone protein mutants .............cccoceveiieneennns 82

TZA-1 protein is required for proper localization of XBX-7

and TZA-2 to the tranSition ZONE ..........ccoiiiiieieiiie e 83
tza-1, tza-2, and nph-4 mutants exhibit defects in foraging behavior.......................... 84
B9 gene;nph-4 double mutants exhibit dye-filling defects..........ccccoiiiiiiiiicienn, 85

B9 gene;nph-4 double mutants exhibit cilia morphology
and PoSItIoNING AETECLS .....ccvveiiiieceece e 86

B9 gene;nph-1 double mutants exhibit cilia morphology
and POSITIONING AETECLS .......eevieiieieiise s 87

The dendrites of ciliated sensory neurons in B9 gene;nph
gene double mutants are malformed although the surrounding
Sheath CellS are INTACT .........ccueiiei e 88

SUPPIEMENTAIY FIQUIE L. .o 89



LIST OF FIGURES (Continued)

Figure Page
12 SUPPIEMENTArY FIQUIE 2....ceeiiiieeieee e et 90
13 SUPPIEMENAry FIQUIE 3.ttt 91
14 SUPPIEMENTArY FIQUIE 4 ...ttt 92

REGULATION AND FUNCTION OF MKS-3 IN CAENORHABDITIS ELEGANS

1 mks-3 encodes a predicted seven transmembrane-spanning protein.............cccoceevee. 128
2 Expression and DAF-19 regulation of MKS=3..........cccccoeiiieiiiiniiieie e 129
3 MKS-3 concentrates at the base of cilia in C. elegans ..........ccccoovevevieiiveie e ceenn, 130
4 MKS-3 localizes to ER and post-ER compartments............cccooevvverveinsinesesieeseennens 131
5 mks-3(tm2547) mutants dye-fill normally ...........ccccov e, 132
6 MKS-3 aberrantly localizes along the cilium axoneme

in tza-1(tm2452) and tza-2(0k2092) MUEANTS .........cceriiiiiieieiiesee e 133
7 TRAM-1 aberrantly localizes along the cilium axoneme

IN £22-1(tM2452) MULANTS ..o 134
8 mks-3;nph-4 double mutants have short and incorrectly positioned cilia.................. 135

9 mks and nphp genetic pathways and model of B9 protein-

mediated sorting of membrane proteins at the ciliary base...........c.ccccevvvvevvverecnenn. 136
10 Supplementary FIQUIE L........coovoiiiieiieceeie et 137
11 SUPPIEMENArY FIQUIE 2.....ceeieiceee ettt 138
12 Supplementary FIQUIE 3........ooiiiiee ettt 139

Xi



3D

ACIII
ADP
ADPKD
AHI1
AP-1
ARL
BAD
BBS
BLAST
CC2D2A
cDNA

C. elegans
CEP290
CFP
CHE

COACH

CORS
CPK
DAF

DNA

LIST OF ABBREVIATIONS
Three-dimensional

adenylate cyclase 111

adenosine diphosphate

Autosomal Dominant Polycystic Kidney Disease
Abelson helper integration site 1

activator protein 1

ADP-ribosylation factor-like

B9 domain

Bardet-Biedl Syndrome

Basic Local Alignment Search Tool

coiled-coil and C2 domains-containing protein 2A
complementary DNA

Caenorhabditis elegans

centrosomal protein 290

cyan fluorescent protein

abnormal chemotaxis

Cerebellar vermis hypo/aplasia, Oligophrenia, Congenital
Ataxia, ocular Coloboma, and Hepatic fibrosis
Cerebello-Oculo-Renal Syndrome

congenital polycystic kidney

abnormal dauer formation

deoxyribonucleic acid

xii



LIST OF ABBREVIATIONS (Continued)

DsRed Discosoma sp. red fluorescent protein

DYF abnormal dye-filling

EMS ethyl methanesulfonate

ER endoplasmic reticulum

ESRD end stage renal disease

GFP green fluorescent protein

GLI glioma-associated oncogene

GLIS2 GLI-similar 2

HGRS-1 Hepatocyte growth factor-regulated tyrosine kinase sub-
strate 1

ICIS-1 involved in cilia stability 1

IFT intraflagellar transport

IGF insulin growth factor

INV inversion of turning

IQCB1 IQ motif-containing protein B1

JBTS Joubert Syndrome

JCK juvenile congenital kidney

KAP3 Kinesin associated protein 3

KIF3A kinesin family member 3A

LOV abnormal location of vulva

MKS Meckel-Gruber Syndrome

MTOR mammalian target of rapamycin

Xiii



NEKS8

NIH

NPHP

ORNL

ORPK

OSM

PCK

PCM

PCR

PCY

PKD

P. tetraurelia

RCC1

RD16

RFX

RNA

RNAI

RPGR

RPGRIP

RPGRIP1L

RT-PCR

LIST OF ABBREVIATIONS (Continued)

never in mitosis kinase 8

National Institute of Health
nephronophthisis

Oak Ridge National Laboratory

Oak Ridge Polycystic Kidney

osmotic avoidance abnormal
polycystic kidneys mouse
pericentriolar material

polymerase chain reaction

polycystic kidney disease mouse
polycystic kidney disease

Paramecium tetraurelia

regulator of chromosome condensation
retinal degeneration 16

regulatory factor binding to the X-box
ribonucleic acid

RNA interference

retinitis pigmentosa GTPase regulator
retinitis pigmentosa GTPase regulator interacting protein 1
retinitis pigmentosa GTPase regulator interacting protein 1-
like

reverse transcription PCR

Xiv



SDS

SEM

SH3

SIRNA
SLSN

S. purpuratus
STAM-1
tdTomato
TMEMG67

TRAM-1

TPR
TZA
UNC
WPK
XBX

YFP

LIST OF ABBREVIATIONS (Continued)

sodium dodecyl sulfate

standard error of the mean

src homology 3

small interfering RNA

Senior Lgken Syndrome
Strongylocentrotus purpuratus
signal-transducing adaptor molecule 1
tandem Tomato

transmembrane protein 67
translocating chain-associating membrane protein trans-
porter 1

tetratricopeptide

transition zone-associated
uncoordinated

Wistar polycystic kidney

X-box promoter regulated

yellow fluorescent protein

XV



INTRODUCTION

Inherited Cystic Kidney Diseases

A significant number of clinically defined human disorders are characterized by
the formation of cysts in the kidney. A subset of those disorders caused by genetic de-
fects will be discussed here: Autosomal Dominant Polycystic Kidney Disease (ADPKD)
and a group of related autosomal recessive diseases, Meckel-Gruber Syndrome (MKS),
Nephronophthisis (NPHP), Senior-Leken Syndrome (SLSN), Joubert Syndrome Type B
(JBTS), and Bardet-Biedl Syndrome (BBS) (see Figure 1). Among these disorders,
which are caused by both overlapping and nonoverlapping loci, there is wide variability
in renal and extrarenal pathologies. For example, some NPHP patients are not affected
until young adulthood when renal cysts first emerge while MKS patients die soon after
birth due to the combination of renal failure and developmental defects. The overlapping
of loci across diseases also indicates that the severity of pathology in these patients de-
pends on the particular nature of a given mutation. Additionally, variability in disease
severity can be influenced by background mutations in an individual’s genome that ge-

netically modify the disease gene.

Autosomal Dominant Polycystic Kidney Disease. ADPKD is a disease that af-
fects up to 1 in 400 individuals and is defined by pathologies associated with enlarged
kidneys containing cysts of variable size between a few millimeters to 20 centimeters in
diameter (Torres et al., 2007; Wilson, 2004). Symptoms of ADPKD emerge in adult-
hood, and these patients normally progresses to end stage renal disease (ESRD) in the

third decade of life and later (Chapman, 2007). Two genes have been linked to ADPKD,



Pkdl and Pkd2. Mutations in Pkdl are common as disruption of this gene is responsible
for roughly 85% of all cases of ADPKD. Pkdl encodes polycystin-1, a transmembrane
receptor, while Pkd2 encodes polycystin-2, a calcium permeable ion channel. These two
proteins colocalize to cilia on renal tubule epithelia (Yoder et al., 2002). Polycystin-1
and polycystin-2 are thought to function as a complex interacting through coiled-coil mo-
tifs in their c-terminal tails (Qian et al., 1997; Tsiokas et al., 1997). Mutations in the
PKD genes do not disrupt cilia structure but do result in the loss of a flow-regulated
mechano-sensitive calcium signal, and in the case of polycystin-1, altered AP-1 pathway
activation and increased mTOR activity (Low et al., 2006; Shillingford et al., 2006). The
mechanisms by which these disruptions ultimately lead to renal cyst formation are still
under investigation. The current model holds that the polycystins function as mech-
anosensors that detect fluid movement through the renal tubules and regulate calcium

signaling responses within the cell.

Meckel-Gruber Syndrome. MKS is an autosomal recessive perinatal lethal dis-
order defined by not only renal cysts but also by severe developmental defects including
polydactyly and occipital encephalocele (Reviewed in Alexiev et al., 2006). Unlike
ADPKD, the underlying genetic defect has not been identified in a large portion of MKS
patients, but currently there are six loci associated with the disease, MKS!I through MKS6
(see Table 1). Of these six, all but the MKS2 locus have been linked to a specific gene;
however, the roles of the proteins encoded by these genes are not fully understood.

A broad spectrum of MKSI mutations have been identified in various families,

many of which result in protein truncation (Dawe et al., 2007b; Frank et al., 2007; Kyt-



tala et al., 2006). Recently, several predicted hypomorphic MKSI mutations were found
in BBS families (Leitch et al., 2008). Interestingly, Leitch et al. demonstrated with ze-
brafish morpholinos that these hypomorphic MKS1 alleles could exacerbate the severity
of BBS-related phenotypes. The MKSI gene product MKS1 contains a B9 domain that
has not been investigated and is found in only two other human proteins, BOD1 and
B9D2. MKSI as well as the two other B9 proteins are found in the cilia/basal body pro-
teome database (Gherman et al., 2006). Dawe et al. reported the localization of mouse
MKSI to centrosomes and basal bodies in cell culture (Dawe et al., 2007b). Recently,
murine B9D2 was also visualized at basal bodies (Town et al., 2008). In the same study,
Town et al. showed that disruption of BID2/stumpy manifested cystic kidney and hydro-
cephalus phenotypes, suggesting that the B9 family of proteins may share similar func-
tions.

Positional cloning of the Wpk locus in the Wistar Polycystic Kidney rat identi-
fied a mutation in the gene encoding TMEM®67, a transmembrane protein with predicted
topological similarity to the frizzled family of receptors (Smith et al., 2006b). Subse-
quent screening of human TMEM67 in MKS families uncovered a variety of mutations
and thus confirmed this gene as MKS3 (Smith et al., 2006b). MKS3 mutations most fre-
quently disrupt the large n-terminal extracellular domain of the protein, but mutations
affecting the transmembrane domains and the c-terminal cytoplasmic tail also exist
(Frank et al., 2007). Unlike the majority of MKS/ mutations, which are truncating,
MKS3 lesions include missense, nonsense, frameshift, and splice site mutations (Frank et
al., 2007). Accordingly, disease severity widely varies across the population of MKS3

patients. Interestingly, the breadth of mutations and phenotypes was made more evident



with the identification of MKS3 mutations in patients diagnosed with Joubert Syndrome,
and more recently, COACH Syndrome, two clinically distinct but phenotypically related
diseases (Baala et al., 2007b; Brancati et al., 2008; Consugar et al., 2007). It was demon-
strated by Dawe et al. that MKS3 localizes to basal bodies and cilia and is found in a pro-
tein complex also containing MKS1. In the same study, knockdown of either MKS/ or
MKS3 message by siRNA inhibited cilia formation in inner medullary collecting duct cell
culture (Dawe et al., 2007b).

Nine distinct mutations in the fourth MKS gene, CEP290, were first identified in
a combined cohort of patients diagnosed with either JBTS, NPHP, or SLSN (NPHP plus
retinal degeneration) (Sayer et al., 2006). Additional CEP290 mutations were later dis-
covered in MKS families, qualifying the gene as a bona fide MKS locus. (Baala et al.,
2007a; Frank et al., 2008). CEP290 mutations might also be responsible for some cases
of BBS, but evidence supporting this claim by Leitch et al. was limited to one BBS fam-
ily with a homozygous nonsense mutation that truncated the c-terminal end of the protein
(Leitch et al., 2008). Interestingly, no strong correlation between the nature of CEP290
mutation and phenotype has been identified, indirectly suggesting that genetic back-
ground may play an important part in modifying CEP290-associated disease pathology
(Frank et al., 2008). CEP290 encodes a protein that localizes to basal bodies, interacts
with Retinitis Pigmentosa GTPase Regulator Interacting Protein 1 (RPGRIP1), and is in
complex with dynactin subunits p1509""® and p50-dynamitin, kinesin subunit KIF3A,
kinesin-associated protein (KAP3), y-tubulin, PCM1, centrin, pericentrin, and ninein
(Chang et al., 2006). Knockdown of CEP290 message by siRNA compromised cilio-

genesis in cell culture and abrogated Rab8 localization to the cilium (Kim et al., 2008).



In the rd16 mouse, which harbors a hypomorphic CEP290 mutation, morphology of ol-
factory cilia was unaltered, but ciliary localization of the G proteins Gy13 and G was dis-
rupted (McEwen et al., 2007).

The MKS5 locus further connects MKS, JBTS, and NPHP as distinct mutations in
this gene have been identified in all three diseases (Arts et al., 2007; Delous et al., 2007).
MKS5 encodes the basal body protein Retinitis Pigmentosa GTPase Regulator Interacting
Protein 1-Like (RPGRIPIL) that interacts with nephrocystin-4/NPHP4 (Roepman et al.,
2005).

Most recently, MKS-causing mutations were identified in CC2D24, marking this
gene as the sixth MKS locus (Tallila et al., 2008). Previously, CC2D2A4 was linked to
autosomal recessive mental retardation and retinitis pigmentosa, implicating a potential
role of the gene in inherited cystic kidney diseases (Noor et al., 2008). CC2D2A4 muta-
tions were later identified in JBTS families (Gorden et al., 2008). CC2D2A encodes a
protein that contains a coiled coil domain and a calcium-binding C2 domain and directly
binds CEP290 (Gorden et al., 2008). Gorden et al. also demonstrated that fluorescent-
tagged CC2D2A localized to basal bodies in retinal pigment epithelial cells. Tallila et al.
showed in preliminary studies that MKS6 fetuses may have cilium structure abnormalities

(Tallila et al., 2008).

Nephronophthisis. Pathologies associated with the autosomal recessive disorder
NPHP include the formation of corticomedullary cysts, disruption of tubular basement
membrane, tubulointerstitial nephropathy, and sometimes retinal defects (reviewed in

Hildebrandt and Zhou, 2007). Distinct from the cysts of variable size in the enlarged



kidneys of ADPKD patients, NPHP cysts are small and found only at the border between
the cortex and the medulla of the kidneys (Hildebrandt and Omram, 2001; Hildebrandt
and Otto, 2000). Onset of NPHP symptoms range from soon after birth through early
adulthood, and patients eventually develop ESRD.

To date, nine genetic loci (NPHP1-9) have been identified in these patients (see
Table 2). The NPHPI gene is disrupted in roughly 25% of NPHP patients and encodes
an SH3 domain/coiled coil protein (NPHP1) that interacts with p130cas, tensin, filamin A
and B, focal adhesion kinase 2, PACS-1, NPHP2, and NPHP4, and is in complex with
NPHP3 (Benzing et al., 2001; Donaldson et al., 2000; Donaldson et al., 2002; Mollet et
al., 2002; Mollet et al., 2005; Olbrich et al., 2003; Otto et al., 2000; Otto et al., 2003;
Schermer et al., 2005). NPHP1 was originally localized to adherens junctions and focal
adhesions of renal epithelial cells and has subsequently been found enriched at the basal
bodies (Donaldson et al., 2000; Donaldson et al., 2002; Mollet et al., 2005; Otto et al.,
2003). NPHPI is also mutated in some JBTS patients (corresponding to the JBTS4 lo-
cus) and some SLSN patients (corresponding to the SLSN/ locus) (Caridi et al., 1998;
Parisi et al., 2004).

Whereas NPHP1 mutations are responsible for roughly one quarter of all NPHP
cases, only a small number of disease cases have been linked to the NPHP2 locus and
other NPHP loci. NPHP2 encodes the protein inversin, which has 16 tandem ankyrin
repeats, two 1Q calmodulin binding domains, and a coiled coil domain. The protein lo-
calizes to cilia and basal bodies and binds B-tubulin in addition to NPHP1. Inversin plays
a role in regulating the switch between canonical and non-canonical WNT signaling (Otto

et al., 2003; Simons et al., 2005).



NPHP3 mutations were first identified in a cohort of South American NPHP
families (Olbrich et al., 2003). Recently, additional NPHP3 mutations were found in
families with more severe forms of NPHP that featured MKS-like phenotypes such as
situs inversus, polydactyly, and central nervous system malformations (Bergmann et al.,
2008). However, Bergmann et al. did not formally announce NPHP3 as an MKS locus.
Nphp3°®?% hypomorphic mice exhibit an NPHP-like renal phenotype but lack extrarenal
defects like those observed in some human NPHP3 patients (Olbrich et al., 2003; Taka-
hashi et al., 1986). Interestingly, Nphp3k0/ko null mice die during gestation and exhibit
left-right patterning defects and heart malformations, supporting the possibility that
NPHP3 mutations in MKS families may eventually be identified (Bergmann et al., 2008).
In contrast to the majority of PKD mouse models, which exhibit shortened cilia,
Nphp3*®™* mice have elongated renal epithelial cilia (Bergmann et al., 2008). Subcellu-
lar localization of NPHP3 has not been clearly determined although the protein interacts
with both NPHP1 and NPHP2 (Bergmann et al., 2008; Olbrich et al., 2003).

Concurrent analyses in separate NPHP/SLSN cohorts initially identified 16
unique mutations in a novel gene at the NPHP4/SLSN4 locus, making NPHP4 the sec-
ond mapped NPHP gene (Mollet et al., 2002; Otto et al., 2002). NPHP4 encodes a pro-
tein (NPHP4) that localizes to cilia and basal bodies or to centrosomes in dividing cells
and binds NPHP1, RPGRIP1, and RPGRIPIL (Mollet et al., 2005; Roepman et al.,
2005). No functional domains have been identified in NPHP4 apart from an NPHP1 in-
teraction region and a proline rich region.

The first identified NPHP5 mutations were all truncations found in SLSN fami-

lies. IQCB1/NPHPS is a ciliary protein that binds calmodulin-2 through two IQ domains



and is in complex with Retinitis Pigmentosa GTPase Regulator (RPGR) (Otto et al.,
2005). NPHPS5 was recently shown to directly bind CEP290 (MKS4/NPHP6) (Schafer et
al., 2008a). In the same study, Schafer et al. reported neural tube closure defects upon
knockdown of Xenopus laevis NPHP5 and pronephric cysts along with hydrocephalus
upon knockdown of zebrafish NPHPS.

NPHP6 corresponds to the previously mentioned MKS4 locus. The NPHP7 locus
corresponds to a gene (GLIS2) that encodes a Kruppel-like zinc finger transcription fac-
tor, Gli-similar protein 2 (GLIS2), that is found both at the cilium and within the nucleus
(Attanasio et al., 2007; Zhang et al., 2002) GLIS2 binds to and is thought to negatively
modulate beta catenin, linking its function to Wnt signaling (Kim et al., 2007). GLIS2 c-
terminal cleavage is modulated by its binding partner p120, and a role of GLIS2 and p120
has been implicated in the neuronal patterning of chick embryos (Hosking et al., 2007).
NPHPS corresponds to JBTS7 and the previously discussed MKS5 locus.

Following the identification of a missense mutation in the NEKS gene of auto-
somal recessive juvenile cystic kidney (jck) mice, three unique human NEKS mutations
were found in an NPHP cohort, marking this gene as NPHP9 (Liu et al., 2002; Otto et al.,
2008). NEKS encodes never in mitosis A-related kinase 8 (NEKS), a protein comprised
of a serine/threonine protein kinase catalytic domain and a regulator of chromosome con-
densation (RCC1) domain. Wild-type mouse NEKS localizes to cilia and basal bodies
while jck NEKS, which has a Gly-to-Val substitution at amino acid 448 (inside the RCC1
domain), localizes to basal bodies but does not enter the cilium (Trapp et al., 2008). In-
terestingly, Smith et al. demonstrated with scanning electron micrographs that jck mice

possessed elongated renal epithelial cilia (Smith et al., 2006a). Smith et al. also reported



increased abundance of polycystin-1 and polycystin-2 along cilia axonemes of jck mice.
In a more recent study, Sohara et al. reported increased mRNA expression of Pkdl and
Pkd2 and found that NEK8 and polycystin-2 could be coimmunoprecipitated (Sohara et

al., 2008).

Joubert Syndrome. JBTS type B, also known as cerebello-oculo-renal syndrome
(CORS), is an autosomal recessive disorder characterized by retinal dystrophy and renal
anomalies as well as underdeveloped cerebellar vermis, brain stem abnormalities, and
hypotonia (reviewed in Chen, 2007). JBTS can also be associated with polydactyly, situs
inversus/isomerism, posterior encephalocele, and hepatic disease (Sepulveda et al., 1997).
In addition to the four loci that are also linked to MKS and/or NPHP (and have already
been discussed), there are two more mapped loci, JBTS3 and JBTSS, and two loci causing
JBTS that have not been linked to specific genes (see Table 3). These two incompletely
mapped loci are JBTSI at chromosomal position 9q34.3 (Saar et al., 1999) and JBTS?2 at
11p12-11q13.3 (Keeler et al., 2003). Interestingly, the incompletely mapped MKS?2 locus
is in the same genomic region as JBTS2, suggesting these loci may correspond to distinct
alleles of the same gene.

JBTS3 (more commonly called AHI1) was the first gene directly linked to JBTS
(Ferland et al., 2004). AHII encodes Jouberin, a protein comprised of an n-terminal
coiled coil domain, several WD40 domains, and a c-terminal SH3 domain. Until re-
cently, very little was understood about the function or localization of Jouberin. A new
report by Doering et al. demonstrated Jouberin localization to the stigmoid body, a gener-

ally uncharacterized structure found in the cytoplasm of some neurons, mostly those of
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the hypothalamus (Doering et al., 2008). Concurrently, Elay et al. reported Jouberin-GFP
localization to basal bodies and centrosomes in cultured cells and demonstrated with a
yeast-2-hybrid assay that Jouberin could physically interact with NPHP1 (Eley et al.,
2008).

Lastly, Arl13b/JBTS8 mutations were recently identified in JBTS families
(Cantagrel et al., 2008). The Ar/13b gene product is a small GTPase that localizes to cilia

and may be involved in cilia formation (Hori et al., 2008).

Bardet-Biedl Syndrome. Clinical pathology associated with BBS includes obe-
sity, retinopathy, polydactyly, kidney and heart defects, genital malformations, and cog-
nitive deficits (Green et al., 1989). Unlike the previously mentioned diseases, few BBS
patients progress to ESRD. Mutations in a total of 14 genes have thus far been identified
in BBS families, accounting for about 75% of all BBS cases (Leitch et al., 2008; Stoetzel
et al., 2007; Tobin and Beales, 2007). In contrast to the considerable genetic overlap in
the diseases mentioned previously, only two of the 14 genes reportedly mutated in BBS
are also disrupted in the other autosomal recessive renal cystic disorders (see Table 4).
These are MKSI and CEP290 (Leitch et al., 2008). The BBS genes encode a diverse ar-
ray of proteins that includes an ADP-ribosylation factor-like protein (BBS3/ARL6), TPR
repeat proteins (BBS4 and BBS8/TTCS), chaperonin-like proteins (BBS6/MKKS,
BBS10/C120RF58, and BBS12/FLJ35630), an E3 ubiquitin ligase (BBS11/TRIM32), a
B9 domain protein (BBS13/MKSI1), a transmembrane, coiled coil domains, KID repeat,
nuclear localization signal motif protein (BBS14/CEP290), and novel unrelated proteins

(BBS1, BBS2, BBS5, BBS7/FLJ10715, and BBS9/PTHBI1) (reviewed in Tobin and
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Beales, 2007). Apart from BBS10, BBS11, and BBS12, in which subcellular localization
has not yet been identified, each of the BBS proteins localize to basal bodies, cilia, and/or
centrosomes. Interestingly, Nachury et al. utilized a tagged BBS4 protein expressed in
retinal pigmented epithelial cell culture to isolate a stable protein complex comprised of
BBSI, 2,4, 5,7, 8, and 9 as well as PCM1, tubulin, and Rabin8 (Nachury et al., 2007).
Overall, these genetic, cellular, and biochemical data indicate that MKS, NPHP,
JBTS, SLSN, and BBS may represent a continuum of a common underlying ciliary/basal
body disorder where the phenotypic outcome is determined by the nature of the mutation

and the genetic background of the affected patient.

Cilia and Basal Bodies

Cilia are microtubule-based organelles that have multiple functions ranging from
fluid and cell propulsion to sensory reception and signaling regulation (see Figure 2).
Motile cilia, which are comprised of an axoneme ring of nine outer microtubule doublets
and a central pair of microtubules (9+2), are present on tissues such as epithelial cells of
the trachea and ependymal cells of the brain ventricles, and function in mucus clearance
and cerebrospinal fluid movement, respectively. In the node of the developing mammal-
ian embryo, a unique form of motile cilia exist which lack the central microtubule pair
(9+0) yet are able to rotate, creating directional fluid movement that influences left-right
axis determination (Nonaka et al., 1998). Immotile 9+0 primary cilia are found on most
mammalian cells including photoreceptor cells of the eyes and neurons as well as on re-

nal tubule epithelia. In the lumen of the nephron, the cilia of the tubule epithelia function
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as mechanosensors to detect fluid flow and are necessary for mediating changes in intra-
cellular calcium.

All cilia are associated with a basal body, which is a modified centriole that forms
in nondividing cells. Prior to ciliogenesis, the mother centriole associates with vesicles
that will form a phospholipid compartment surrounding the growing cilium and will later
fuse with the plasma membrane. Following migration to the edge of the cell, the vesi-
cle/plasma membrane fusion event anchors the mother centriole and cilium to the cell
membrane (Sorokin, 1968). These processes of centriole migration and subsequent teth-
ering to the membrane are not fully understood (Dawe et al., 2007a; Marshall, 2007). In
addition to the role of basal bodies in initializing ciliogenesis, they also serve as the dock-
ing and assembly site for proteins involved in Intraflagellar Transport (IFT) as well as

cargo targeted to the cilium (Deane et al., 2001).

Intraflagellar Transport (IFT)

IFT is essential for cilia formation and involves the bidirectional movement of
large protein complexes (IFT particles) and associated cargo along the cilium micro-
tubule axoneme (Cole et al., 1998; Kozminski et al., 1993; Orozco et al., 1999; Piperno et
al., 1998). This occurs in the anterograde direction via kinesin motors and in the retro-
grade direction by a cytoplasmic dynein motor (Cole et al., 1998; Porter et al., 1999).
The cilium is built from the base to the tip and begins at the site where the centriole docks
with the cell membrane to become the basal body. It is here that the IFT motors, IFT par-
ticles (subcomplexes A and B), and associated cargo accumulate and incorporate prior to

entry into the cilium axoneme. The mechanisms by which these components are traf-
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ficked, assembled, and loaded at the basal body are poorly understood. Once the IFT
complex is formed, the kinesin II motor travels along the microtubule axoneme carrying
the IFT particles, cargo, and accessory motors. At the distal tip of the cilium, the IFT
complex is remodeled such that kinesin II becomes cargo, and dynein is then used as the
motor that drives the complex in the retrograde direction down the axoneme and back to

the base where the complex is disassembled (see Figure 3) (Reviewed in Scholey, 2003).

Cilia and Cystic Kidney Disease

Many mutations that disrupt ciliary, basal body, or IFT proteins result in mild to
lethal developmental and disease pathologies in mice and humans collectively referred to
as ciliopathies (Badano et al., 2006b; Beales et al., 2007; Davenport et al., 2007; Haycraft
et al., 2005; Moyer et al., 1994; Murcia et al., 2000; Pazour et al., 2000; Taulman et al.,
2001). One of the first connections between cilia function and cystic kidney disease was
made with the analysis of the Oak Ridge Polycystic Kidney (7g737°%"%) mouse. The
Tg737°""X mouse was generated by random insertional mutagenesis that resulted in a hy-
pomorphic disruption of the 7g737 gene (Moyer et al., 1994; Yoder et al., 1995). The

homozygous Tg737°%*

mouse exhibited hydrocephalus, liver biliary dysplasia, and aci-
nar cell atrophy of the pancreas in addition to polycystic kidneys. It was later shown that
these mice had renal tubule epithelia cilia that were shorter than wild type (Pazour et al.,
2000). Additionally, complete knockout of the Tg737 gene in the Tg737** %! mouse
resulted in embryos that died in mid-gestation. These mice exhibited severe neural tube

closure defects as well as left-right axis determination defects (Murcia et al., 2000). Fur-

thermore, disruption of 7g737 in Chlamydomonas and C. elegans resulted in flagella and
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cilia. morphology defects, respectively, indicating conserved function of the gene
(Haycratft et al., 2001; Pazour et al., 2000). The 7g737 gene was found to encode a pro-
tein (Polaris/IFT88) that is an integral component of the IFT particle that localizes to cilia
and basal bodies (Taulman et al., 2001).

In addition to the Tg737°*"® mouse, many animal models of cystic kidney disease
have been developed. Some were previously mentioned, and a subset will be briefly dis-
cussed here. The first murine case of inherited cystic kidney disease was reported in a
phenotypic description of the congenital polycystic kidney (cpk) mutant mouse, which
arose from a spontaneous mutation. Mapping of the cpk locus identified the gene encod-
ing cystin, a protein that was subsequently found to localize to cilia (Hou et al., 2002;
Yoder et al., 2002). Pkdl and Pkd2 mutant mice, generated by targeted mutagenesis,
have disrupted function of the polycystin-1 and polycystin-2 proteins, respectively, and
develop cystic kidneys (Lu et al., 2001; Wu et al., 1998). Disruption of NPHP?2 in the
inversion of embryonic turning (inv) and NPHP3 in the polycystic kidney disease (pcy)
mice resulted in cystic kidney phenotypes as well (Mochizuki et al., 1998; Nagao et al.,
1995; Omran et al., 2001). Furthermore, the gene disrupted in the Wistar polycystic kid-
ney (wpk) rat was recently identified as MKS3 (Nauta et al., 2000; Smith et al., 2006b).
All the proteins associated with these murine models localize to cilia and/or basal bodies.

Several mouse models of BBS have recently been generated by targeted
mutagenesis. Interestingly, BBS mutant mice exhibit cell type-specific defects in cilia
morphology; sperm flagella and olfactory cilia are malformed while motile tracheal and
primary cilia structure is not altered (Fath et al., 2005; Kulaga et al., 2004; Mykytyn et

al., 2004; Nishimura et al., 2004; Ross et al., 2005). Oddly, these mice still developed
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renal cysts despite possessing properly formed renal epithelial cilia, indicating that BBS
proteins may also function in cilia signaling pathways that modulate development and/or
tissue homeostasis. Indeed, a recent study in cultured neurons harvested from BBS4 mu-
tant mice demonstrated the loss of G protein-coupled receptor localization to the cilium

(Berbari et al., 2008).

Ciliain C. elegans

Much of our understanding about IFT, ciliogenesis, and the function of proteins
associated with ciliopathies has come from analyses conducted in invertebrates such as
Chlamydomonas and C. elegans. Analysis of C. elegans mutants lacking properly
formed cilia has uncovered many components of IFT that are conserved in most ciliated
organisms. Unlike the ubiquitous nature of cilia in mammals, cilia are only present in C.
elegans at the distal tips of neuron dendrites where they function as sensors of conditions
in the external environment (Ward et al., 1975; Ware R. et al., 1975). Of the 302 neurons
comprising the C. elegans hermaphrodite nervous system, 60 express cilia, and these in-
clude the amphid and labial (inner and outer) neurons in the head of the worm in addition
to phasmid and PQR neurons in the tail. Cilia in C. elegans feature the 9+0 microtubule
orientation and are separated from the distal tips of the dendrites by the transition zone, a
region at the base of the cilium where the axonemal microtubules are anchored to the
ciliary membrane. No identifiable centriole is attached to the base of C. elegans cilia;
however, the homologs of several mammalian basal body proteins localize to the ciliary
base, suggesting that some functional entity analogous to the basal body does exist in the

worm. At the tips of dendrites extended from the cell bodies of neurons, the cilia either
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fasciculate at pores in the cuticle and project into the external environment or invaginate
the surrounding sheath cell. The neuronal dendrites and the surrounding sheath cell are
physically connected by belt junctions found just proximal to the transition zones (see
Figure 3). The molecular makeup of these belt junctions is not known although they are
believed to be a form of adherens junctions. The cilia of C. elegans primarily function to
sense the conditions in the external environment of the worm and initiate signals to the
rest of the nervous system that cue responses in behavior. The processes regulated by
cilia function in C. elegans include attraction or repulsion in response to chemicals,
avoidance of regions of high osmolarity, and regulating foraging behavior in the presence
of food. Additionally, C. elegans use cilia to sense dauer pheromone, a chemical secreted
by the worm when living conditions are suboptimal. In response to this pheromone, C.
elegans assume an alternative developmental pathway to adapt to the conditions. Finally,
cilia are essential for the proper function of the DAF-2/Insulin-IGF-1-like receptor sig-
naling pathway, which is responsible for regulating lifespan length in C. elegans (Apfeld
and Kenyon, 1999). Because of this, the IGF1-like pathway is constitutively repressed in
C. elegans mutants lacking cilia, resulting in a significant extension in lifespan.

Many of the genes encoding proteins necessary for IFT and cilia assembly in C.
elegans were first identified in mutagenesis screens for worms defective in chemotaxis
(che-2, che-3, che-11, and che-13) (Dusenbery et al., 1975; Fujiwara et al., 1999; Hay-
craft et al., 2003; Lewis and Hodgkin, 1977; Qin et al., 2001; Wicks et al., 2000), osmotic
avoidance (osm-1, osm-3, osm-5, and osm-6) (Bell et al., 2006; Collet et al., 1998; Culotti
and Russell, 1978; Haycraft et al., 2001; Orozco et al., 1999; Signor et al., 1999), and

dauer formation (daf-10 and daf-19) (Bell et al., 2006; Riddle et al., 1981; Swoboda et
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al., 2000). More recently, additional genes were identified by screening for mutants de-
fective in the ability to uptake fluorescent hydrophobic dye (Dil) into the dendrites and
cell bodies of the amphid and phasmid neurons via cilia that are exposed to the external
environment of the worm (De Riso et al., 1994; Starich et al., 1995). These include dyf-1,
dyf-2, dyf-3, dyf-5, dyf-6, dyf-11, and dyf-13 (Bell et al., 2006; Blacque et al., 2005; Burg-
hoorn et al., 2007; Efimenko et al., 2006; Murayama et al., 2005; Ou et al., 2005). Fi-
nally, reverse genetic approaches have been utilized in C. elegans to analyze genes en-
coding proteins that are suspected components of the [FT machinery. These include ift-
74, ift-81, ifta-1, and xbx-1 (see Figure 4) (Blacque et al., 2006; Kobayashi et al., 2007;
Schafer et al., 2003).

Research in C. elegans has also provided insight into the function of proteins as-
sociated with cystic kidney disorders such as BBS. The BBS protein homologs are found
at the base of C. elegans cilia and in some cases along the cilium proper where they par-
ticipate in IFT and are thought to play a role in stabilizing associations between the IFT A
and B subcomplexes (Reviewed in Blacque and Leroux, 2006). It has also been demon-
strated that cystic kidney disease proteins not directly linked to IFT such as polycystin-1
and polycystin-2 have conserved roles in C. elegans. The polycystin-1 and polycystin-2
homologs (LOV-1 and PKD-2, respectively) both localize to sensory ray cilia of the C.
elegans male tail and male-specific CEM cilia in the head, and although these proteins
are not required for cilia assembly, disruption of either results in male mating deficiencies
associated with impaired cilia signaling activities (Barr et al., 2001). Analysis of the
polycystins in C. elegans has also proved useful in understanding some of the mecha-

nisms by which those proteins are trafficked and processed. Barr and colleagues have
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demonstrated roles of AP-1 ul clathrin adaptor (UNC-101), signal transductor adaptor
molecule 1 (STAM-1A), hepatocyte growth factor-regulated tyrosine kinase substrate
(HGRS-1), and the process of IFT itself in modulating the polycystins inside cilia, along
the dendrites, and within the neuronal cell bodies (Bae et al., 2006; Hu et al., 2007).

Additionally, the human NPHP proteins NPHP1 and NPHP4 have highly con-
served homologs in C. elegans (NPHP-1 and NPHP-4, respectively) which colocalize
specifically to the base of cilia where they appear to function as part of a protein com-
plex. This is supported by the requirement of NPHP-4 for localization of NPHP-1 to the
base of cilia (Winkelbauer et al., 2005). nphp-1 and nphp-4 mutant worms display sev-
eral of the sensory behavior abnormalities typically associated with C. elegans mutants
that have cilia morphology defects. These include altered chemotaxis responses toward
attractants and increased lifespan in single nphp mutant worms as well as male mating
defects in nphp-1,nphp-4 double mutants (Jauregui and Barr, 2005; Winkelbauer et al.,
2005). Although these mutants do not have overt abnormalities in cilia morphology
based both on the ability of worms to absorb fluorescent dye and to properly localize an
IFT protein along the length of cilia axonemes, recent transmission electron microscopy
data indicates that nphp mutants have subtle yet distinctive ultrastructural cilia morphol-
ogy defects including loss of cilia from a subset of amphid neurons in a subpopulation of
worms (Jauregui et al., 2008).

In contrast to the extensive work conducted in C. elegans on the genes involved in
human BBS, PKD, and NPHP, the homologs of the MKS-associated genes have largely
been unexplored. Previous studies have shown that the MKSI! homolog xbx-7/mks-1 is

expressed in ciliated sensory neurons of C. elegans; however the function or localization
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of MKS-1 protein was not determined (Efimenko et al., 2005). MKS1 contains a B9 do-
main that has not been investigated and is found in only two other proteins in C. elegans
(TZA-1 and TZA-2) or humans (B9D1 and B9D2). Like mks-1, the MKS3 homolog
F35D2.4/mks-3 is expressed in ciliated sensory neurons, but no reports of MKS-3 protein
function or localization have been made (Efimenko et al., 2005). C09G5.8 may be a
weak homolog of MKSS5, and it has not been examined in C. elegans. K07G5.3 is the
homolog of the recently identified MKS6 gene, and it is also expressed in ciliated sensory
neurons (Blacque et al., 2005). Unpublished data indicate that the KO07G5.3 protein lo-
calizes to the base of cilia (M. Leroux, personal correspondence). Finally, the MKS4 pro-

tein CEP290 does not have a strong homolog in C. elegans.

Regulation of X-box Genes in C. elegans

Perkins et al. first reported that daf-1/9 mutant worms completely lacked all cilia
and transition zone structures (Perkins et al., 1986). Subsequently, the DAF-19 protein
was described as the Regulatory Factor binding to an X-box (RFX) transcription factor.
Homodimeric DAF-19 binds a regulatory promoter element called the X-box, a motif of
14 nucleotides typically found within 200 base pairs upstream of transcriptional start
sites. DAF-19 drives expression of genes specifically in ciliated sensory neurons
(Swoboda et al., 2000). It has been shown that several genes encoding the IFT machin-
ery, the BBS proteins, and the NPHP proteins are all regulated by DAF-19 through their
respective X-boxes. Using a computational genome search approach, Efimenko et al.
identified roughly 750 X-box promoter motif-containing genes in C. elegans as candi-

dates for regulation by DAF-19 (Efimenko et al., 2005). Included among those 750
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genes were mks-1, mks-3, tza-1, tza-2, and K07G5.3. Thus, these genes are predicted to

encode proteins that function in C. elegans specifically in the ciliated sensory neurons.

Purpose of Research

Given the strong evidence in support of a common molecular, cellular, and ge-
netic basis for MKS, NPHP, and JBTS and the connection of the corresponding proteins
with cilia and basal bodies, we believed it important to examine the mechanisms by
which these proteins may function together and why their disruption can lead to a broad
range of pathologies. C. elegans has proven its value as a tool for uncovering the basic
function of cilia and basal body proteins, and we utilized the organism in this body of
work to elucidate the roles of the MKS proteins and their potential connection to the
NPHP proteins.

Chapter 2 describes the expression and localization profiles of the C. elegans B9
proteins MKS-1, TZA-1, and TZA-2, and provides basic insight into how these proteins
are functionally related. Evidence is presented that suggests the B9 proteins function as
part of a complex at the base of cilia in coordination with NPHP proteins to regulate cilia
and dendrite morphology in sensory neurons. This chapter has been published in Mo-
lecular Biology of the Cell. Chapter 3 describes the expression and localization profile of
the C. elegans transmembrane protein MKS-3 and provides insight into how MKS-3 lo-
calization is modulated by the B9 proteins. Coordinated function of MKS-3 and NPHP
proteins is required for ciliogenesis and proper dendrite morphology. These findings
suggest mks-3 is in the same genetic pathway as mks-1, tza-1, and tza-2. This chapter

will be submitted to a peer reviewed journal upon final revision.
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Figure 1. Genotype-phenotype comparisons of nephronophthisis-associated ciliopathies.
Clinically, a nephronophthisis diagnosis is restricted to patients with only renal abnor-
malities. Patients with retinal degeneration in addition to renal abnormalities are diag-
nosed with Senior-Leken Syndrome. Diagnostic criteria for Joubert Syndrome extends to
malformations in the cerebellum and brainstem. Additional organ involvement including
neural tube closure defects, liver and hepatic anomalies, heart defects, and polydactyly,
along with systemic deformities such as situs inversus are hallmarks for the most severe
form of nephronophthisis-associated ciliopathies, Meckel-Gruber Syndrome. Both the
nature of mutation in a patient and their genetic background can influence the severity of
disease.



22

Cross section of 9+0 and 9+2 cilia axoneme

Dynein Arms
Doublet

Radial

Figure 2. Motile or immotile (primary) cilia are located on the surface of nearly every
cell within the mammalian body. (A) scanning electron microscopic (SEM) image of mo-
tile cilia present on wild-type mouse ependymal cells located in the lateral ventricles. (B)
SEM image displaying a solitary primary cilium projecting from the surface of an ecto-
dermal cell in the developing limb bud of an embryonic day 10.5 mouse embryo. (C)
structural differences determine the motility of a cilium. Motile cilia (right) consist of 9
doublet microtubules surrounding 2 inner singlet microtubules used to conduct force. Pri-
mary cilia (left) are lacking both singlet microtubules and dynein arms.

Figure and legend used with permission from American Journal of Physiology Renal
Physiology. 2005 Dec;289(6):F1159-69. Review. Davenport JR and Yoder BK.
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Figure 3. Intraflagellar Transport (IFT) in C. elegans cilia. Components required for
cilia assembly accumulate at the base of the cilium (left) and are then loaded onto the cil-
ium axoneme to form the IFT raft complex. (Top) The raft is transported in the antero-
grade direction along the cilium axoneme by the kinesin motor. The complex is remod-
eled at the distal tip of the cilium (right) and then (bottom) carried in the retrograde direc-
tion by the dynein motor. After arriving back at the base, the IFT raft is disassembled
and/or recycled.
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Figure 4. Ciliain C. elegans. (Top) Ciliated sensory neurons in C. elegans include the
amphid and labial neurons in the head and the phasmid neurons in the tail. (Bottom, left)
Scanning electron micrograph of the worm head. Arrows indicate the pores through
which amphid cilia contact the environment. (Bottom, right) Schematic of cilia arrange-
ment in the amphid bundle.

(Top) figure modified and used with permission from Cold Spring Harbor Laboratory
Press. C. elegans 11. 1997. 25: 723. Bargmann CI and Mori 1. (Bottom) figure modified
and used with permission from Development. 1986 Oct;117(2). Perkins LA, Hedgecock
EM, Thomson JN, and Culotti JG.



Table 1: Meckel-Gruber Syndrome (MKS) Genes
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Disease Locus

Gene

Protein Sequence Characterization

Subcellular Localization

MKS1 (17923)
MKS2 (11g13)
MKS3 (8¢21)

MKS4 (12g21)

MKS5 (160)

MKS6 (4p15)

MKSI1
Unknown

TMEM67

CEP290

RPGRIPIL

CC2D2A

B9 Domain
Unknown

Putative 7 transmembrane-spanning
protein

Coiled-coil domains/Bipartite nuclear
localization sequence

Coiled-coil domains/Bipartite nuclear
localization sequence

C2 Calcium Binding Domain/Coiled
Coil Domain

Centrosome
Unknown

Basal Body/Cilium

Basal Body/Centrosome

Basal Body/Centrosome

Basal Body

Table modified and used with permission from Elsevier. Current Topics in Developmen-

tal Biology. 2009. 13: 399. Sharma N, Berbari NJ, and Yoder BK.




Table 2: Nephronophthisis (NPHP) Genes

26

Disease Locus

Gene

Protein Sequence Characterization

Subcellular Localization

NPHP1 (2q13)

NPHP2 (9931)

NPHP3 (3922)
NPHP4 (1p36

NPHP5 (3g21)
NPHP6 (12g21)

NPHP7 (16p13)
NPHPS (16q)

NPHP9 (17q11)

Nephrocystin-1

Inversin

Nephrocystin-3
Nephrocystin-4

IQCBI1
CEP290

GLIS2
RPGRIPIL

NEKS8

SH3 Domain/coiled-coil domain

1Q calmodulin binding
domain/ankyrin repeats/D-box

1Q calmodulin binding domain

Novel

1Q calmodulin binding domain

Coiled-coil domains/Bipartite
nuclear localization sequence

Kruppel Like Zinc Finger

Coiled-coil domains/Bipartite
nuclear localization sequence

Nima Kinase

Centrosome/Cilium/
Adherens Junctions

Centrosome/Cilium

Cilium
Basal Body/
Centrosome/Cilium
Cilium

Basal Body/Centrosome

Nucleus/Cilium

Basal Body/
Centrosome/Cilium

Cilium

Table modified and used with permission from Elsevier. Current Topics in Developmen-

tal Biology. 2009. 13: 397. Sharma N, Berbari NJ, and Yoder BK.



Table 3: Joubert Syndrome (JBTS) Genes
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Disease Locus Gene Protein Sequence Characterization Subcellular Localization

JBTS1 (9g34) Unknown Unknown Unknown

JBTS2 (11p12) Unknown Unknown Unknown

JBTS3 (60g23) AHI1/Jouberin SH3 Domain/WD40 repeat Basal Body/Centrosome/
domains/coiled-coil domain Stigmoid Body

JBTS4 (2913) Nephrocystin-1 SH3 Domain/coiled-coil domain Centrosome/cilium/

Adherens Junctions

JBTS5 (12921) CEP290 Coiled-coil domains/Bipartite Basal Body/Centrosome
nuclear localization sequence

JBTS6 (8g21) TMEM67 Putative 7 transmembrane- Basal Body/Cilium

spanning Protein

JBTS7 (16912) RPGRIPIL Coiled-coil domains/Bipartite Basal Body/ Centro-
nuclear localization sequence some/Cilium

JBTS8 Arl13b Small GTPase Cilium

(3p12.3-q12.3)

Table modified and used with permission from Elsevier. Current Topics in Developmen-

tal Biology. 2009. 13: 407. Sharma N, Berbari NJ, and Yoder BK.
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Disease Locus Gene Protein Sequence Characterization Subcellular Localization
BBS1 (11g13) BBSI1 Novel Basal Body/Cilium
BBS2 (16922) BBS2 Novel Basal Body/Cilium
BBS3 (3p12) ARL6 ADP-Ribosylation Factor-Like pro- Basal Body/Cilium
tein 6
BBS4 (15022) BBS4 Novel, TPR Repeats Basal Body/Cilium
BBS5 (2g31) BBS5 Novel Basal Body/Cilium
BBS6 (20p12) MKKS Chaperonin-like Basal Body
BBS7 (4927) FLJ10715 Novel Basal Body/Cilium
BBS8 (14g31) TTCS8 Novel, TPR Repeats Basal Body/Cilium
BBS9 (7pl4) PTHBI1 Novel Basal Body/Cilium
BBS10 (12g21) CI120RF58 Chaperonin-like Unknown
BBS11 (9931) TRIM32 E3 Ubiquitin Ligase Unknown
BBS12 (4927) FLJ35630 Chaperonin-like Unknown
BBS13 (17923) MKS1 B9 Domain Centrosome
BBS14 (12921) CEP290 Coiled-coil domains/Bipartite nuclear Basal Body/Centrosome

localization sequence

Table modified and used with permission from Elsevier. Current Topics in Developmen-

tal Biology. 2009. 13: 402. Sharma N, Berbari NJ, and Yoder BK.
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SUMMARY

Meckel-Gruber Syndrome (MKS), Nephronophthisis (NPHP), and Joubert Syn-
drome (JBTS) are a group of heterogeneous cystic kidney disorders with partially over-
lapping loci. Many of the proteins associated with these diseases interact and localize to
cilia and/or basal bodies. One of these proteins is MKS1, which is disrupted in some
MKS patients and contains a B9 motif of unknown function that is found in two other
mammalian proteins, B9D2 and BO9D1. Caenorhabditis elegans also has three B9 pro-
teins: XBX-7 (MKS1), TZA-1 (B9D2), and TZA-2 (B9D1). Herein, we report that the
C. elegans B9 proteins form a complex that localizes to the base of cilia. Mutations in
the B9 genes do not overtly affect cilia formation unless they are in combination with a
mutation in nph-1 or nph-4, the homologs of human genes (NPHPI and NPHP4, respec-
tively) that are mutated in some NPHP patients. Our data indicate that the B9 proteins
function redundantly with the nephrocystins to regulate the formation and/or maintenance
of cilia and dendrites in the amphid and phasmid ciliated sensory neurons. Together,
these data suggest that the human homologs of the novel B9 genes B9D2 and B9D1 will

be strong candidate loci for pathologies in human MKS, NPHP, and JBTS.
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INTRODUCTION

Meckel-Gruber Syndrome (MKS), Nephronophthisis (NPHP), and Joubert Syn-
drome (JBTS) are three genetically heterogeneous autosomal recessive disorders that ex-
hibit renal cystic dysplasia in addition to several other phenotypes. MKS is a perinatal
lethal disorder defined by not only renal cysts but also by severe developmental defects
including polydactyly and occipital encephalocele (Alexiev ef al., 2006). In contrast,
NPHP patients develop end-stage renal disease as children and young adults, but this dis-
ease is not associated with significant perinatal lethality. Phenotypes associated with
NPHP include the formation of corticomedullary cysts, disruption of tubular basement
membrane, tubulointerstitial nephropathy, and sometimes retinal defects (reviewed in
Hildebrandt and Zhou, 2007). JBTS type B, also known as cerebello-oculo-renal syn-
drome (CORS), is characterized by retinal dystrophy and renal anomalies as well as un-
derdeveloped cerebellar vermis, brain stem abnormalities, and hypotonia (reviewed in
Chen, 2007). Genetic analysis has revealed that in some cases, MKS, NPHP, and JBTS
share loci that are allelic in nature. These include MKS3/JBTS6 (Baala et al., 2007b),
NPHP1/JBTS4 (Parisi et al., 2004), MKS4/NPHP6/JBTS5 (Baala et al., 2007a; Sayer et
al., 2006), and MKS5/NPHPS8/JBTS7 (Atts et al., 2007; Delous et al., 2007). Notably, the
current known genes connected to MKS, NPHP, and JBTS have been linked to only a
small percentage of afflicted individuals, suggesting that a large number of loci responsi-
ble for these disorders are yet to be identified (Hildebrandt and Otto, 2005; Khaddour et
al., 2007).

A common theme connecting most cystic kidney disorders is that the genes asso-

ciated with the observed pathology encode cilia or basal body proteins. This is seen for
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NPHPI, 2, and 4-8 (Attanasio et al., 2007; Delous et al., 2007; Fliegauf et al., 2006;
Mollet et al., 2002; Morgan et al., 2002; Otto et al., 2002; Otto et al., 2005; Otto et al.,
2003; Sayer et al., 2006) as well as MKS1 and MKS3 (meckelin) (Dawe et al., 2007b;
Smith et al., 2006b). Furthermore, many of the NPHP proteins appear to function as part
of'a complex (Hildebrandt and Zhou, 2007; Mollet et al., 2005) that may also include
RPGRIPIL (NPHP8), which was originally identified as a binding partner for NPHP4
(Roepman et al., 2005). These genetic, cellular, and biochemical data together indicate
that MKS, NPHP, and JBTS may represent a continuum of a common underlying
ciliary/basal body disorder where the phenotypic outcome is determined by the nature of
the mutation or genetic background of the affected patient.

Cilia are microtubule-based organelles that have multiple functions ranging from
fluid and cell movement to sensory reception and signaling regulation. All cilia are asso-
ciated with a basal body, which is a modified centriole that forms in nondividing cells.
Prior to ciliogenesis, the centrioles migrate to the cell membrane where they form at-
tachments and nucleate ciliary microtubule assembly (reviewed in Rosenbaum and Wit-
man, 2002). The processes of centriole migration and subsequent tethering to the mem-
brane are not fully understood (Dawe et al., 2007a; Marshall, 2007). In addition to the
role of basal bodies in initializing ciliogenesis, they also serve as the docking and assem-
bly site for proteins involved in Intraflagellar Transport (IFT) as well as cargo targeted to
the cilium (Deane et al., 2001). IFT is essential for cilia formation and involves the bidi-
rectional movement of large protein complexes (IFT particles) and associated cargo along
the cilium axoneme (Cole et al., 1998; Kozminski et al., 1993; Orozco et al., 1999;

Piperno et al., 1998). This occurs in the anterograde direction via kinesin motors and in
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the retrograde direction by a cytoplasmic dynein motor (Cole ef al., 1998; Porter et al.,
1999). Mutations that disrupt IFT components compromise ciliogenesis and result in se-
vere developmental and disease pathologies in mice and humans collectively referred to
as ciliopathies (Badano et al., 2006b; Beales et al., 2007; Davenport et al., 2007; Haycraft
et al., 2005; Moyer et al., 1994; Murcia et al., 2000; Pazour et al., 2000; Taulman et al.,
2001).

Much of our understanding about IFT, ciliogenesis, and the function of proteins
associated with ciliopathies has come from analyses conducted in invertebrates such as
Chlamydomonas and C. elegans. Unlike the ubiquitous nature of cilia in mammals, cilia
are present in C. elegans only at the distal tips of neuron dendrites where they function as
sensors of conditions in the external environment. These ciliated cells include the am-
phid and labial (inner and outer) neurons in the head of the worm in addition to phasmid
neurons in the tail. All cilia in C. elegans are immotile and are separated from the distal
tips of the dendrites by a region called the transition zone, which is loosely analogous to
the proximal end of the mammalian cilium where the basal bodies are located (Ward et
al., 1975; Ware R. et al., 1975). While most animals possess basal bodies composed of
nine triplet microtubules, C. elegans centrioles have a nine singlet microtubule arrange-
ment yet are thought to have conserved function in cell division. There is no direct ultra-
structural evidence that these centrioles are incorporated into the base of C. elegans cilia;
however, in daf-19 mutant worms lacking all ciliary structures, the centrioles are found at
the distal tips of neuron dendrites where the cilia are normally formed (Perkins et al.,
1986). Thus, C. elegans centrioles are likely to have similar function in ciliogenesis as in

mammalian systems.
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Characterization of C. elegans and Chlamydomonas mutants where cilia are im-
properly formed or have defects in cilia-mediated signaling activity has uncovered many
components of IFT that have evolutionarily conserved functions in mammals and has
thus provided important insights into the molecular basis of the human ciliopathies (Ou et
al., 2007; Scholey et al., 2004; Wang et al., 2006). This also includes analysis of the
genes involved in Bardet-Biedl syndrome (BBS), another heterogeneous cystic kidney
disorder involving proteins that localize to cilia or basal bodies (reviewed in Blacque and
Leroux, 2006), as well as two genes linked to human polycystic kidney disease (PKD)
(Barr et al., 2001). Additionally, the human NPHP proteins neprocystin-1 (NPHP1) and
nephrocystin-4 (NPHP4) have highly conserved homologs in C. elegans (NPH-1 and
NPH-4, respectively) which colocalize specifically to transition zones where they appear
to function in a common protein complex. This is supported by the requirement of NPH-
4 for localization of NPH-1 to the transition zones (Winkelbauer et al., 2005). nph-1 and
nph-4 mutant worms display several of the sensory behavior abnormalities typically as-
sociated with C. elegans mutants that have cilia morphology defects. These include al-
tered chemotaxis responses toward attractants and increased lifespan in the single nph
mutants as well as male mating defects in nph-1,;nph-4 double mutants (Jauregui and
Barr, 2005; Winkelbauer et al., 2005). Although these mutants do not have overt abnor-
malities in cilia morphology based both on the ability of worms to absorb fluorescent dye
and to properly localize an IFT protein along the length of cilia axonemes, recent trans-
mission electron microscopy data indicate that a subpopulation of nph mutant worms oc-

casionally exhibit ultrastructural and morphological defects in their cilia. These abnor-
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malities include the loss or truncation of cilia from a subset of amphid neurons and open
or lost B-tubules (Jauregui et al., in press 2008).

In contrast to the extensive work conducted in C. elegans on the genes involved
in human BBS, PKD, and NPHP, the homologs of the MKS-associated genes have
largely been unexplored. Previous studies have shown that the MKS/ homolog xbx-
7(R148.1) is expressed in ciliated sensory neurons of C. elegans; however the function or
localization of XBX-7 protein is unknown (Efimenko et al., 2005). This protein contains
a B9 domain that has not been investigated and is found in only two other proteins in C.
elegans or humans. Herein we describe XBX-7 and the two other B9 proteins, TZA-
1(Y38F2AL.2) and TZA-2(K03E6.4), and demonstrate that all three are part of a com-
plex formed specifically at the base of cilia. TZA-1 is necessary for anchoring TZA-2 in
this complex while XBX-7 requires both TZA-1 and TZA-2 for proper localization. Im-
portantly, we have determined that the B9 proteins function redundantly with the transi-
tion zone proteins NPH-1 and NPH-4 to regulate the formation and/or maintenance of
cilia and dendrites of the amphid and phasmid neurons. Mutations that disrupt the B9
proteins do not cause overt cilia morphology defects; however, simultaneous disruption
of a single B9 protein along with disruption of a NPH protein results in malformed cili-
ated sensory neuron dendrites expressing shortened and laterally oriented cilia. Together,
these data suggest the B9 proteins in combination with the NPH proteins have roles in
mediating cilia assembly and provide insights into why disruption of basal body proteins
leads to the broad range of overlapping ciliopathies associated with MKS, NPHP, and

JBTS in humans. Moreover, our analyses indicate that the two B9 domain-encoding
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genes in addition to MKS! are important candidate loci for MKS, NPHP, and JBTS pa-

tients in which the underlying genetic defect has not yet been identified.
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MATERIALS AND METHODS

General molecular biology methods

Molecular biology procedures were performed according to standard protocols
(Sambrook et al., 1989). C. elegans genomic DNA, C. elegans cDNA, or cloned C.
elegans DNA was used for PCR amplifications, for direct sequencing, or for subcloning
(Sambrook ef al., 1989). All PCR for cloning was performed with AccuTaq LA Poly-
merase (Sigma-Aldrich, St Louis, MO). Clones, primer sequences, and PCR conditions
are available upon request. DNA sequencing was performed by the University of Ala-

bama at Birmingham Genomics Core Facility of the Heflin Center for Human Genetics.

DNA and protein sequence analyses

Genome sequence information was obtained from the National Center for Bio-
technology Information (http://www.ncbi.nlm.nih.gov/). Gene and protein sequences
were identified using the C. elegans database Wormbase and references therein
(http://www.wormbase.org). BLAST searches to identify homologs in human, mouse,
and S. purpuratus were performed using the National Center for Biotechnology Informa-
tion (NCBI) BLAST service (http://www.ncbi.nlm.nih.gov/BLAST/). Protein sequence
alignments were performed and conserved motifs were identified using ClustalW

(http://www.ebi.ac.uk/clustalw/).

Strains
Worm strains were obtained from the Caenorhabditis Genetics Center, C. elegans

Knock-out Consortium, and National BioResource Project in Japan. Strains were grown
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using standard C. elegans growth methods (Brenner, 1974) at 22°C unless otherwise
stated. The wild-type strain was N2 Bristol. The following mutations were used: RB743
nph-1(0k500)11, JT6924 daf-19(m86)11;daf-12(sa204)X, FX2705 xbx-7(tm2705)I11,
FX2452 tza-1(tm2452)1V, FX925 nph-4(tm925)V, JT204 daf-12(sa204)X, RB1682 tza-
2(0k2092)X, YH560 nph-1(0k500)II;xbx-7(tm2705)I11, YHS559 nph-1(0k500)I1;tza-
1(tm2452)1V, YH561 nph-1(0k500)II;tza-2(0k2092),YH513 xbx-7(tm2705)I11;nph-
4(tm925)V, YHA82 tza-1(tm2452);nph-4(tm925)V, and YH496 nph-4(tm925)V;tza-
2(0k2092)X. RB743, FX2705, FX2452, FX925, and RB1682 were outcrossed three
times and genotyped by PCR prior to analysis. The following extrachromosomal arrays
were used: yhEx279 and yhEx281 were used for xbx-7::YFP, tza-1::CFP, and tza-
2::CFP expression experiments; yhEx240 and yhEx288 were used for DAF-19 regulation
of xbx-7::YFP, tza-1::DsRed2, and tza-2::CFP expression experiments; yhEx232,
VhEx285, yhEx290, and yhEx293 were used for TZA-2::CFP, XBX-7::YFP, and TZA-
1::YFP localization analyses; yhEx149 and yhEx232 were used for localization of CHE-
13::YFP in cilia of single mutants; yhEx142, yhEx149, yhEx232, yhEx285, and yhEx290
were used for analysis of localization of NPH-1::CFP, NPH-4::YFP, TZA-2::CFP, XBX-
7::YFP, and TZA-1::YFP in single mutants; yhEx298, yhEx300, yhEx301, yhEx307,
vhEx308, and yhEx309 were used for localization of CHE-13::YFP in double mutants;
vhEx281 and yhEx297 were used for xbx-7::YFP expression experiments in double mu-
tants; yhEx149, yhEx232, yhEx298, yhEx300, yhEx301, yhEx307, yhEx308, and yhEx309
were used for CHE-13::YFP/CFP localization in cilia length measurements; yhAEx311 and

vhEx313 were used for tza-1::DsRed?2 and f16f9.3::GFP expression experiments.
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Generation of constructs and strains

Vectors used for generating transcriptional and translational fusion constructs
were modified from pPD95.81 (a gift from A. Fire). pCJF6 (CFP), pCJF7 (YFP),
pCJ102 (DsRed2), pCJF36 (CHE-13::CFP), pCJF37 (CHE-13::YFP), pCJ146 (NPH-
4::YFP), and pCJ148 (NPH-1::CFP) were generated as previously described (Winkel-
bauer et al., 2005). pCJ309 (xbx-7.::YFP), pCl261.2 (tza-1::DsRed?), and pCJ257 (tza-
2::CFP) were generated by inserting pCJF7, pCJ102, and pCJF6, respectively, with 1500
bp, 1200 bp, and 1000 bp promoter fragments amplified from N2 genomic DNA corre-
sponding to the regions immediately upstream and slightly downstream of xbx-7 ATG,
tza-1 ATG, and tza-2 ATG, respectively. pCJ312 (tza-1::CFP) was generated by trans-
ferring the 1200 bp insert of pCJ261.2 into pCJF6. pCJ318 (XBX-7::YFP) and pCJ308
(TZA-1::YFP) were generated by inserting pCJF7 with a fragment consisting of the 1500
bp promoter and genomic region (covering the first 10 exons) of xbx-7 or a fragment con-
sisting of the 1200 bp promoter and genomic region of #za-1, respectively. pCJ271
(TZA-2::CFP) was generated by inserting pCJF6 with a fragment consisting of the 1000
bp promoter and genomic region of 1za-2. pCP41 (f16/9.3::GFP) was generously pro-
vided by S. Shaham (The Rockefeller University). All PCR was performed using Accu-
Tag-LA DNA Polymerase (Sigma, St. Louis, MO, USA) according to the manufacturer’s
instructions. Transgenic worms were generated as previously described (Mello et al.,

1991).

Imaging

Worms were anesthetized using 10 mM Levamisole and immobilized on 2% agar
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pads for imaging. Worms were examined using a Nikon Eclipse TE200 inverted micro-
scope and images captured with a CoolSnap HQ camera (Photometrics, Tuscon, AZ,
USA). Shutters and filters were computer driven. Images were processed using Meta-
morph software (Universal Imaging, Downingtown, PA, USA). Confocal analysis was
performed on a Leica DMIRBE inverted epifluorescence / Nomarski microscope outfitted
with Leica TCS NT SP1 Laser Confocal optics (Leica. Inc., Exton, PA, USA). Optical
sections through the Z axis were generated using a stage galvanometer. Confocal images
were processed with ImageJ (U. S. National Institutes of Health, Bethesda, Maryland,
USA) and Voxx 2.09d (Indiana University School of Medicine, Indianapolis, IN, USA).
Further processing of images was performed using Photoshop 7.0 (Adobe Systems, Inc.,

San Jose, CA, USA).

Yeast two-hybrid assay

Full-length xbx-7, tza-1, and tza-2 cDNA was amplified from cDNA library using
AccuTaq LA Polymerase (Sigma-Aldrich, St Louis, MO) and sequence-specific primers
flanked by unique restriction enzyme sites. The resulting PCR fragments were cloned
into the vectors pGBKT7 and pGADT?7 (BD Biosciences Clontech). Interaction experi-
ments were performed according to the MATCHMAKER 3 Yeast two-hybrid manual

(BD Biosciences Clontech) as described previously (Haycraft ez al., 2003).

DAF-19 regulation
To asses DAF-19 regulation in vivo, the transgenic line YH493 was generated by

injection of xbx-7::YFP into JT6924, and YH380 was generated by injection of #za-
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1::DsRed? and tza-2::CFP into JT6924. These strains were then crossed to JT204 to
achieve daf-19(+) background. The strains used contain a mutation in daf-12(sa204)X to

suppress the Daf-c phenotype of daf-19(m86)I1.

RT-PCR

RNA was isolated as described previously (Haycraft et al., 2003) from xbx-
7(tm2705), tza-1(tm2452), and tza-2(0k2092) mutants. Reverse transcribed RNA was
generated using Superscript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA)
using the manufacturer’s instructions. Fragments spanning the deleted region of each

respective gene were then amplified by PCR and sequenced.

Assays

Dye-filling using Dil (Molecular Probes, Carlsbad, CA, USA) and osmotic avoid-
ance assays were performed as described previously (Starich et al., 1995). The ability of
C. elegans strains to form dauer stages was tested as described previously (Starich et al.,
1995). Chemotaxis assays to volatile attractants were performed as described previously
(Winkelbauer et al., 2005). Foraging behavior analysis was performed with slight modi-
fication of that described previously (Fujiwara et al., 2002). Briefly, a single young adult
worm (rather than L4 stage worms) was placed in the center of a uniformly sized lawn of
bacteria on a 6 cm plate and was allowed to move freely for 18 hours at 20°C before be-
ing removed from the plate by aspiration. Tracking was then quantified by counting the

number of 3x3 mm squares on a grid the worm tracks touched.
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RESULTS
xbx-7, tza-1, and tza-2 encode the B9 family of proteins in C. elegans

The B9 protein domain is present within only three human proteins, MKS1, BOD2
(B9 protein Domain 2), and B9D1 (B9 protein Domain 1). The function of this 104-
amino acid motif is unknown. While the molecular role of B9D1 has not been explored,
MKSI as well as the BOD2 homolog in P. tetraurelia (ICIS-1) were recently described as
proteins functioning in the process of ciliogenesis (Dawe et al., 2007b; Ponsard et al.,
2007). To explore the possibility that the B9 domain proteins are functionally related in
regards to cilia signaling activities and ciliopathies in MKS, we characterized the ho-
mologs of these proteins in C. elegans. As in mammals, C. elegans has three proteins
with the B9 motif. These include the previously described XBX-7 (X-box promoter ele-
ment regulated 7), which corresponds to mammalian MKS1, TZA-1 (Transition Zone-
Associated 1), which corresponds to mammalian B9D2, and TZA-2 (Transition Zone-
Associated 2), which corresponds to mammalian BOD1 (Figure 1, A).

To assess the conserved nature of the family of B9 proteins, we compared the pu-
tative homologs across several vertebrate and invertebrate species. Mammalian MKS1
and C. elegans XBX-7 are the most diverged of the B9 homologs and show the strongest
similarities in the C-terminal regions of the proteins and within the B9 domains. In con-
trast, both TZA-1 and TZA-2 share homology with their mammalian counterparts, BOD2

and B9D1, respectively, throughout nearly their entire lengths.

xbx-7, tza-1, and tza-2 are coexpressed in ciliated sensory neurons and are dependant

on DAF-19
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Previous studies have shown that expression of several C. elegans genes associ-
ated with IFT and ciliogenesis, as well as homologs of genes involved in human cystic
kidney disorders (e.g. BBS and NPHP associated genes), are regulated by the DAF-19
transcription factor (Blacque et al., 2005; Collet et al., 1998; Efimenko et al., 2005;
Swoboda et al., 2000; Winkelbauer et al., 2005). DAF-19 is required for cilia formation
and regulates expression of genes in ciliated sensory neurons through an X-box promoter
element typically found within the first 200 nucleotides upstream of the translational start
site (Efimenko et al., 2005; Swoboda et al., 2000). Genome sequence-based searches
have identified xbx-7, tza-1, and tza-2 as potential DAF-19 targets since they contain a
conserved X-box motif in each of their respective promoters (Efimenko et al., 2005).
The X-boxes found in the promoters of these genes are located at position -69 of xbx-7,
position -66 of 7za-1, and position -84 of tza-2, relative to the start of translation (Figure
1, B). Previous data indicates that xbx-7, tza-1, and tza-2 are all expressed in the ciliated
amphid and labial neurons in the head and in the phasmid neurons at the tail of C. elegans
(Blacque et al., 2005; Efimenko et al., 2005). Utilizing transgenic lines coexpressing
transcriptional fusions xbx-7::YFP and tza-1.::CFP or xbx-7::YFP and tza-2::CFP, we
also observed expression of these genes specifically in ciliated sensory neurons and addi-
tionally found that their expression was overlapping (Supplementary Figure 1). Further-
more, our analyses revealed that expression of 1za-1::DsRed? and tza-2::CFP in ciliated
sensory neurons was dependant on DAF-19 as was previously shown for xbx-7
(Efimenko et al., 2005; Figure 2). This was demonstrated by generating transgenic lines

with the transcriptional fusion constructs in the daf-19(m86) mutant background. Expres-
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sion from these transgenes was abolished in the daf-19(m86) mutants but was recovered

after a single outcross to daf-19 wild-type worms (Figure 2).

XBX-7, TZA-1, and TZA-2 localize to the base of cilia

To determine the localization of the XBX-7, TZA-1, and TZA-2 proteins, we
generated transgenic lines coexpressing B9 protein translational fusions with CFP or YFP
under the control of their endogenous promoters (XBX-7::YFP, TZA-1::YFP, and TZA-
2::CFP) and a translational fusion of the IFT protein CHE-13 with CFP or YFP, which
we utilized as a cilia and transition zone marker. TZA-1::YFP, TZA-2::CFP, and XBX-
7::YFP (corresponding to the 10-exon splice variant), were all detected specifically at the
transition zones between cilia and the distal end of the dendrites of ciliated sensory neu-
rons and were not detected in cilia axonemes as marked by CHE-13::CFP (Figure 3).
This localization to the base of cilia is similar to that reported for MKS1 (Dawe et al.,
2007b). On closer inspection of TZA-1::YFP, we noted that it did not entirely colocalize
with CHE-13::CFP in the head and tail neurons; TZA-1::YFP localized to a domain that
extended beyond the transition zones into the dendrites away from the cilia and toward
the cell bodies (Figure 3, C and G). The difference in the localization of TZA-1 was fur-
ther examined in worms coexpressing both TZA-1::YFP and TZA-2::CFP (Figure 3, E
and I). In addition to overlapping TZA-2::CFP at the transition zones, TZA-1::YFP was
observed immediately posterior to TZA-2::CFP in the amphid dendrites of the head and

anterior to TZA-2::CFP in the phasmid dendrites of the tail.

Analysis of xbx-7, tza-1, and tza-2 mutant alleles
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Previous data in mammalian cells have indicated that disrupting MKS1 by siRNA
results in defects in cilia formation. This appears to be due to abnormalities in cell po-
larization and in apical positioning of the centrosomes, which are required for basal body
and cilia formation (Dawe et al., 2007b). Similarly, disruption of the B9D2 homolog by
RNAI in P. tetraurelia was found to interfere with cilia stability or formation (Ponsard et
al., 2007), but the mechanism by which this occurred was not determined.

To better assess the function of the B9 proteins and their potential role in cilio-
genesis, we obtained genetic mutants FX2705 xbx-7(tm2705), FX2452 tza-1(tm2452),
and RB1682 tza-2(0k2092) from the National Bioresource Project and the C. elegans
Knockout Consortium. FX2705 xbx-7(tm2705) contains an internal genomic deletion of
nucleotides 591-780 that begins in intron 2 and extends into exon 4, upstream of the re-
gion encoding the XBX-7 B9 domain (Figure 1, B). RT-PCR analysis of the tm2705
transcript revealed that this deletion does not cause a shift in the reading frame and would
encode a protein lacking amino acids 69-142 (Supplementary Figure 2, A). FX2452 tza-
1(tm2452) is an internal deletion that removes nucleotides 446-724 of tza-1. This dele-
tion, which spans through part of intron 1 into exon 3, disrupts much of the TZA-1 B9
domain coding region (Figure 1, B). RT-PCR analysis of the trm2452 transcript revealed
that this deletion does not cause a frameshift, and the predicted protein would lack 47
(30-77) out of 175 amino acids (Supplementary Figure 2, B). The RB1682 tza-2(0k2092)
allele contains a deletion of nucleotides 574-1380. This deletion spans part of exon 2
through a portion of exon 3, directly disrupting the region encoding the TZA-2 B9 motif

(Figure 1, B). RT-PCR of the 0k2092 transcript revealed that the allele contains a
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frameshift producing a putative protein consisting of the first 42 correct amino acids fol-

lowed by 49 altered amino acids (Supplementary Figure 2, C).

Disruption of the B9 genes does not overtly affect cilia morphology in C. elegans

To begin analyzing the B9 gene mutants and their potential effects on ciliogene-
sis, we first evaluated the ability of xbx-7(tm2705), tza-1(tm2452), and tza-2(0k2092) mu-
tant worms to absorb fluorescent hydrophobic dye (Dil) into the dendrites and cell bodies
of the amphid and phasmid neurons via cilia that are exposed to the external environment
of the worm (Perkins et al., 1986; Starich et al., 1995). IFT mutants such as osm-5, che-
13, and xbx-1 cannot dye-fill due to gross cilia morphology defects, and likewise, mutants
of BBS homologs such as bbs-7 and bbs-8 also have cilia structure and dye-filling defi-
ciencies (Blacque et al., 2004; Haycraft et al., 2003; Haycraft et al., 2001; Schafer et al.,
2003). In contrast, mutations in the NPHP homologs nph-1 and nph-4 reportedly do not
compromise dye-filling (Jauregui and Barr, 2005; Winkelbauer et al., 2005), although
morphological defects in the cilia on a subset of the sensory neurons of these worms have
recently been observed (Jauregui et al., in press 2008).

In contrast to the cilia null mutant daf-19(m86) worms, the xbx-7(tm2705), tza-
1(tm2452), and tza-2(0k2092) mutant strains efficiently absorbed Dil into the amphid and
phasmid neurons as was shown for the wild-type control (Figure 4, A; phasmid data is
not shown). However, as seen in the nph-4(tm925) mutants, discrete regions of dye ac-
cumulation were evident along the dendrites of the B9 gene mutants. These pockets of
dye accumulation were not reported in previous studies, and their cause is unknown. We

additionally generated worm strains with all possible combinations of B9 gene mutations
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including the B9 gene triple homozygous mutant. None of these compound mutants ex-
hibited any discernable defects in Dil uptake apart from occasional accumulations of dye
along the dendrites as seen in the single mutants (data not shown). To further analyze the
possible effects that disruption of the B9 proteins may have on cilia morphology, we gen-
erated xbx-7(tm2705), tza-1(tm2452), and tza-2(ok2092) mutant strains each expressing
CHE-13::YFP as a cilia marker. Consistent with their normal dye-filling phenotype, we
could detect no alterations in CHE-13::YFP localization or signal in either xbx-
7(tm2705), tza-1(tm2452), or tza-2(0k2092) mutant backgrounds (Figure 4, B).

In agreement with the absence of cilia morphological defects, none of the B9 gene
mutants exhibited any defects in other processes linked to proper cilia structure such as
chemotaxis toward a variety of attractants, osmotic avoidance, and dauer formation (data
not shown) (Culotti and Russell, 1978; Dusenbery et al., 1975; Perkins et al., 1986; Rid-
dle et al., 1981; Starich et al., 1995). Lifespan length and male mating behavior, addi-
tional processes dependant on cilia function in C. elegans, were not assayed in the B9
gene mutants (Apfeld and Kenyon, 1999; Liu and Sternberg, 1995).

At the level of analysis conducted here using the dye-filling assay and observing
the expression and localization of an IFT protein in the mutant backgrounds of the
tm2705, tm2452, and 0k2092 alleles, cilia appear to not be significantly affected by dis-
ruption of the B9 proteins. These data are in contrast to the siRNA results generated for
MKS1 in mammalian cells and the RNAi data generated for ICIS-1 in P. tetraurelia

(Dawe et al., 2007b; Ponsard et al., 2007).

TZA-1 is required for XBX-7 and TZA-2 localization at the base of cilia
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Previously, TZA-1 and TZA-2 were identified as putative binding partners using
yeast two-hybrid analysis as part of a large scale interactome study (Li ef al., 2004), and
together with our finding that all the B9 proteins colocalize to the transition zones (Figure
3), we hypothesized they function at the base of cilia as part of a protein complex. This
possibility was explored using a genetic approach to assess whether a mutation in one B9
protein has an effect on the localization of another B9 protein at the transition zones. We
crossed wild-type worms expressing either XBX-7::YFP, TZA-1::YFP, or TZA-2::YFP
into the other B9 gene mutants (i.e. XBX-7::YFP into tza-1(tm2452) or tza-2(0k2092)).
In both tza-1(tm2452) and tza-2(0k2092) mutants, XBX-7::YFP failed to localize to the
transition zones (Figure 5, A). In contrast, TZA-1::YFP localization at the base of cilia
was not affected in the background of either xbx-7(tm2705) or tza-2(0k2092) (Figure 5,
B). Additionally, TZA-2::CFP was not present at the transition zone in tza-1(tm2452)

mutants (Figure 5, C).

To examine the possibility XBX-7 is anchored at the transition zones by either
TZA-1 or TZA-2, we employed a yeast two-hybrid assay to test for direct protein-protein
interactions. Although we were able to duplicate the interaction between TZA-1 and
TZA-2 reported previously (Li et al., 2004), we observed no growth on selective media
of yeast strains expressing both XBX-7 and either TZA-1 or TZA-2 (Supplementary Fig-
ure 3). This data raises the possibility that XBX-7 associates with the B9 protein com-
plex by an additional unidentified factor.

Since the NPHP1 and NPHP4 homologs in C. elegans (NPH-1 and NPH-4, re-
spectively) associate with each other at the base of cilia (Winkelbauer ef al., 2005), we

were interested in exploring the possibility that the B9 and NPH proteins function as part
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of the same complex. However, in nph-1(0ok500) and nph-4(tm925) mutant strains ex-
pressing either XBX-7::YFP, TZA-1::YFP, or TZA-2::CFP, localization of the fluores-
cent reporters to the base of cilia was unaffected (Figure 5, D; nph-1(0k500) data not
shown). Likewise, xbx-7(tm2705), tza-1(tm2452), or tza-2(0k2092) mutant strains ex-
pressing NPH-1::CFP or NPH-4::YFP exhibited no delocalization of either reporter pro-
tein (Supplementary Figure 4). Together, these data indicate that the B9 proteins form

part of a complex at the base of cilia independent of the function of the NPH proteins.

tza-1, tza-2, and nph-4 mutants exhibit defects in foraging behavior

Given our finding that the B9 gene mutants did not have overt cilia morphology
defects or exhibit abnormalities in chemotaxis or osmotic avoidance, we further assayed
these worms for behavioral phenotypes associated with cilia dysfunction. Previous re-
ports indicate that mutants lacking cilia display abnormal foraging behavior and exhibit a
dwelling phenotype in the presence of food (Fujiwara et al., 2002; Kobayashi et al., 2007;
Murayama et al., 2005). We tested the B9 gene mutants and nph-4(tm925) mutants in an
18-hour tracking assay and found that tza-1(tm2452) and tza-2(0k2092) worms exhibited
slight but significant defects in foraging behavior (Figure 6; Table 1). xbx-7(tm2705)
worms were no different than the N2 wild-type controls. Interestingly, the nph-4(tm925)
worms also displayed a foraging defect that was significantly more severe than that ob-
served in the B9 gene mutants.

The fact that NPH and B9 proteins colocalize at the base of cilia, have homologs
associated with human cystic kidney disorders (NPHP1, NPHP4, and MKS1), and mu-

tants show similar defects regarding foraging behavior together suggests there may be a
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functional connection between the NPH and B9 proteins. We addressed this possibility
by generating xbx-7;nph-4, tza-1,nph-4, and nph-4,tza-2 double mutant worms and
evaluated them for foraging activity. The results show that the three double mutant
strains all had significantly more severe dwelling phenotypes than any of the single mu-
tants alone (Figure 6, B; Table 1). Furthermore, the severity of the double mutant pheno-
types was similar to that seen in cilia mutants such as che-2, che-13, and osm-5 (Fujiwara
et al., 2002; Kobayashi et al., 2007). Particularly surprising was the pronounced dwell-
ing phenotype observed in xbx-7;nph-4 double mutant worms since the xbx-7(tm2705)
single mutants alone were no different than wild-type controls. Together, these data sug-
gest that the B9 proteins and NPH-4 may function in parallel at the transition zone to

regulate foraging behavior.

Disruption of both a B9 protein and NPH-4 causes defects in dye-filling

Our finding that worms with compound B9 gene, nph-4 mutations displayed for-
aging defects that were significantly more severe than the single mutants alone and were
similar to that exhibited by cilia mutants raised the possibility that these double mutants
had morphologically abnormal cilia. To begin addressing this question, we utilized the
dye-filling assay. In contrast to the single mutants, all three B9 gene,nph-4 double mu-
tants had defects in their ability to absorb Dil (Figure 7). Although some fluorescence
was typically detected in the heads of xbx-7;nph-4 double mutants, there were far fewer
amphid neurons able to uptake dye than expected (Figure 7, A; Table 2). Additionally,
only 52.7% of xbx-7;nph-4 double mutants examined were able to dye-fill the phasmid

neurons. tza-1;nph-4 double mutants were almost completely defective in dye-filling in
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both the amphid and phasmid neurons; only 5.4% and 1.8% of the worms analyzed ex-
hibited any dye-filling in the head and tail, respectively (Figure 7, B; Table 2). Of those
5.4% that dye-filled in the head, none exhibited more than a few amphid neurons uptak-
ing Dil. The nph-4;tza-2 double mutants exhibited dye-filling defects similar to those
observed in tza-1,nph-4 double mutants (Figure 7, C; Table 2). However, unlike the tza-
1;nph-4 double mutants, none of the nph-4;tza-2 double mutants analyzed displayed dye-
filling in the phasmid neurons. Together, these dye-filling data suggest that B9 gene;nph-
4 double mutant worms either have gross cilia morphology defects, have defects in access
of cilia to the external environment, or have defects in the process by which the dye is

transported into the ciliated sensory endings.

Cilia morphology is altered in B9 gene;nph gene double mutants

To explore the mechanism by which the B9 gene;nph-4 double mutants exhibit a
synthetic dye-filling deficiency, we generated transgenic strains expressing CHE-
13::YFP as a cilia marker in each of the three double mutant backgrounds. We observed
that xbx-7;nph-4 double mutant worms, which exhibited a relatively mild dye-filling de-
fect in comparison to tza-1;nph-4 and nph-4,tza-2 double mutants, possessed cilia but
lacked properly organized amphid cilia bundles (Figure 8, C). Interestingly, the disor-
ganized amphid bundles consisted of a variable combination of normally positioned cilia,
cilia localized posterior in relation to the rest of the bundle, and transition zones that
sometimes altogether lacked cilia axonemes (Figure 8, C). These worms also expressed

significantly shortened phasmid cilia that were often positioned away from their expected
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location near the cuticle where the cilia normally are housed in the sheath/socket channel
(Figure 8, C; Table 3).

More severe ciliary defects were evident in tza-1,;nph-4 and nph-4,tza-2 double
mutant worms expressing the cilia marker CHE-13::YFP. The amphid cilia bundles of
these worms failed to properly form, and the few cilia in the head that were observed ap-
peared shortened, were sometimes misplaced, and were at times oriented in aberrant di-
rections (Figure 8, E and G). Phasmid cilia of these double mutant worms were almost
always shortened, mispositioned, and occasionally oriented laterally in comparison to
wild type (Figure 8, F, H; Table 3).

Since NPH-4 is required for NPH-1 localization to the transition zones, we were
interested in determining whether the ciliary defects observed in the B9 gene,nph-4 dou-
ble mutants were due directly to compromised function of the mutant NPH-4 protein or
caused instead by the loss of NPH-1 from the transition zones. To address this question,
we generated nph-1,xbx-7, nph-1;tza-1, and nph-1,tza-2 double mutant worms expressing
the cilia marker CHE-13::YFP. Remarkably, these worms exhibited ciliary defects
closely resembling those observed in the B9 gene;nph-4 double mutants (Figure 9).
Much like xbx-7;nph-4 double mutants, nph-1,xbx-7 double mutants had the least severe
ciliary defects of the three strains. Interestingly, the amphid cilia bundles of nph-1,;xbx-7
double mutants were nearly indistinguishable from wild type, apart from rare instances of
single cilia being positioned away from the bundle (Figure 9, A and C). However, more
distinct defects were observed in the phasmid neurons which most often expressed cilia
of normal length and positioning but occasionally appeared both shortened and misposi-

tioned (Figure 9, D; Table 3). Likewise, the phenotype of nph-1;tza-1 double mutants
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mimicked that of #za-1;nph-4 double mutants; fewer amphid cilia were observed and
those present were disorganized and had shortened or no ciliary axonemes. (Figure 9, E).
In the phasmid neurons of the tail, cilia were both short and mispositioned relative to wild
type (Figure 9, F; Table 3). Interestingly, the phenotype of nph-1;tza-2 double mutants
differed somewhat from nph-4,tza-2 double mutants; unlike nph-4;tza-2 worms, the am-
phid cilia of nph-1;tza-2 double mutants retained some semblance of organized bundles
although shortened and mispositioned cilia were still observed (Figure 9, G). Phasmid
cilia in these worms exhibited typical defects observed in the other B9 gene,;nph gene

double mutants (Figure 9, H; Table 3).

Dendrites of ciliated sensory neurons are malformed in B9 gene;nph gene double mu-
tants but associated sheath glia are intact

To further analyze the altered morphology of ciliated sensory neurons in B9
gene;nph gene double mutants, we generated transgenic mutant worms that expressed the
transcriptional xbx-7::YFP fusion, which enabled us to visualize the dendrites of the neu-
rons. In the xbx-7;nph-4 double mutants, the dendrites of the phasmid neurons in the tail
were sometimes not properly extended as compared to the phasmid dendrites of xbx-
7(tm2705) single mutant worms (Figure 10, A and B). Predictably, tza-1,nph-4, and nph-
4,tza-2 double mutants expressing transcriptional xbx-7::YFP fusion displayed severely
shortened phasmid dendrites in comparison to tza-1(tm2452) and tza-2(0k2092) single
mutant worms (Figure 10, C-F). These data are reflective of our previous observations in

BY gene;nph gene double mutants that phasmid cilia were positioned at random locations
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between the cell bodies of the neurons and the cuticle opening where the cilia are nor-
mally found.

In wild-type C. elegans, the ciliated sensory neurons in both the head and tail of
the worm are associated with sheath glia cells that surround the cilia at the distal tips of
the dendrites. Immediately adjacent to the transition zones, the dendrites form physical
attachments with the surrounding sheath cell. This point of attachment is a form of an
adherens junction known as a belt junction due to its ring-like appearance (Perkins et al.,
1986). To determine whether the B9 gene,nph gene double mutants had altered sheath
cell morphology in addition to malformed dendrites of the ciliated sensory neurons, we
generated transgenic wild-type and mutant worms that expressed the tza-1::DsRed? tran-
scriptional fusion as a ciliated sensory neuron marker and the f76f9.3::GFP transcrip-
tional fusion, which specifically stains amphid and phasmid sheath cells (gift of Dr. S.
Shaham, The Rockefeller University, manuscript in preparation). In both the head and
tail of #za-1;nph-4 double mutant worms, sheath cell morphology was indistinguishable
from wild type (Figure 10, G and H). Although the distal tips of the amphid neuron den-
drites in tza-1,;nph-4 double mutants were properly surrounded and could potentially still
be physically attached, it was evident in the tails of the double mutants that the shortened
phasmid neuron dendrites were no longer associated with the distal ends of the sheath
cells. Together, these data suggest that the B9 and NPH proteins function redundantly as
part of a mechanism required for dendrite patterning and attachment to sheath cells and

for ciliogenesis.
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DISCUSSION

Ciliopathies in humans include the phenotypes seen in syndromes such as MKS,
NPHP, JBTS, and BBS where most of the genes identified encode proteins that localize
to cilia or basal bodies. One of the common phenotypes associated with defects in cilia
signaling is the formation of renal cysts. This is seen for the cilia-localized proteins
polycystin 1 and polycystin 2, which are affected in PKD. Mutations in the PKD genes
do not disrupt cilia structure but do result in the loss of a flow-regulated mechano-
sensitive calcium signal, and in the case of polycystin-1 altered AP-1 pathway activation
and increased mTOR activity (Low et al., 2006; Shillingford et al., 2006). Proteins in-
volved in the cystic renal pathology in NPHP patients localize to the base of cilia; how-
ever, the roles of many of the NPHP proteins are largely unknown. Mutations in nph-1
and nph-4 in C. elegans cause defects in morphology of a subset of cilia on a few amphid
neurons in the hermaphrodite and in sensory neurons that are specific to the male
(Jauregui et al., in press 2008) and result in several phenotypes typically associated with
disruption of cilia signaling pathways (Jauregui and Barr, 2005; Winkelbauer ef al.,
2005). It is uncertain whether these phenotypes are due to loss of a specific signaling
pathway mediated by the NPH proteins or due to ultrastructural ciliary defects that may
disrupt multiple pathways. In contrast to PKD- and NPHP-associated proteins, evidence
suggests that MKS1 and meckelin, which are involved in renal cyst formation in MKS,
affect cell polarization, centriole migration, and severely disrupt cilia assembly, at least
based on siRNA knockdown data (Dawe et al., 2007b). An intriguing finding that is
emerging with regards to MKS, NPHP, and JBTS is that genes associated with one of

these syndromes are being identified as responsible for the phenotypes in one or both of
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the other disorders. These data argue that the syndromes represent a spectrum of the
same underlying defect and that the resulting phenotypes will be dictated by the nature of
the mutation occurring in these genes. However, other than their colocalization to cilia or
basal bodies, there is currently very little known about how proteins associated with
MKS, NPHP, or JBTS are functionally related or how mutations in one of the genes may
affect the localization and/or activity of another.

To begin addressing these questions, we are using C. elegans as a model system
to elucidate the functional relationships between cilia and proteins associated with human
cystic kidney disease syndromes. Here we analyzed the connection between the MKS|1
homolog XBX-7 and its related B9 protein family members and the NPHP1 and NPHP4
homologs, NPH-1 and NPH-4. Intriguingly, we demonstrate that all three B9 genes in C.
elegans are co-regulated by the same transcription factor in ciliated sensory neurons and
that the B9 proteins localize to the transition zones at the base of the sensory cilia. Simi-
lar localization to basal bodies has been reported for the XBX-7 homolog in mammalian
cells, suggesting conserved function (Dawe ef al., 2007b). However, siRNA mediated
knockdown of MKSI expression in mammalian cells or RNAi knockdown of the TZA-1
homolog in P. tetraurelia suggest these proteins are required for cilia assembly or forma-
tion (Dawe et al., 2007b; Ponsard et al., 2007). Additionally, during review of this
manuscript a conditional mutant in the #za-/ mouse homolog was described. These mu-
tant mice had absent or truncated cilia and systemic phenotypes typically associated with
disruption of cilia in mammals (Town et al., 2008). In contrast, our analysis of single,
double, or triple mutations in the B9 genes in C. elegans did not reveal cilia morphology

defects unless these mutations were combined with mutations in either nph-1 or nph-4. It
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is plausible that the B9 gene single mutants exhibit ultrastructural abnormalities in cilia or
subsets of cilia that would not be detectable by the methods used in this analysis. Alter-
natively, the discrepancy could be due in part to the nature of the alleles we analyzed.
xbx-7(tm2705) and tza-1(tm2452) both result in internal deletions which do not cause
frame shifts. Thus, the proteins encoded by xbx-7(tm2705) and tza-1(tm2452) may retain
partial function with respect to their potential roles in ciliogenesis. In the case of the xbx-
7(tm2705) mutants, this could explain the consistently milder phenotype relative to that
seen in the other B9 gene mutants when crossed with an nph gene mutant. Although the
tza-1(tm2452) mutation is an internal in-frame deletion, we show that this mutation re-
sults in loss of both XBX-7 and TZA-2 from the transition zones, which would thus be
expected to acerbate the phenotype as was observed. In contrast, the tza-2(0k2092) allele
results in deletion of most of the protein including the B9 domain and is thought to repre-
sent a null mutation.

Our genetic analyses in C. elegans indicate that the B9 proteins form part of a
complex at the transition zone. This is supported by data showing that XBX-7 localiza-
tion was dependent on the presence of both TZA-1 and TZA-2, and TZA-2 required only
TZA-1 for proper localization. In contrast, disruption of TZA-2 or XBX-7 did not alter
localization of TZA-1. We interpret these data to indicate that TZA-1 functions early in
the assembly of a complex containing the B9 proteins followed by TZA-2 and subse-
quently by XBX-7. It is unknown whether the loss of fluorescent signal from the transi-
tion zones was due to the unincorporated proteins being diffused throughout the neurons
or alternatively due to destabilization and degradation of these proteins. However, using

a yeast two-hybrid assay, we observed a positive interaction between TZA-1 and TZA-2,
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suggesting at least in the case of TZA-2 that the protein was mislocalized due to failure in
assembly into the complex at the transition zone. In contrast, we did not observe a physi-
cal interaction between XBX-7 and the other B9 proteins, suggesting that there is an un-
known factor that is responsible for anchoring XBX-7 in the complex. Whether there is a
similar hierarchy of complex assembly with regards to the mammalian proteins remains
to be determined.

Since the NPHP protein homologs NPH-1 and NPH-4 are part of a complex that
localizes similarly to the B9 proteins at the transition zone (Winkelbauer et al., 2005),
and mutations in the NPHP proteins result in cystic renal disease in humans and mice, we
explored the possibility that the C. elegans B9 and NPH proteins were functionally re-
lated or perhaps components of the same complex. However, our analysis of the localiza-
tion of NPH-1 and NPH-4 in the B9 gene mutants revealed there were no effects on their
localization to the transition zones nor were the B9 proteins affected by mutations in nph-
1 or nph-4. Thus, there does not appear to be a direct link between the B9 proteins and
the NPH proteins with regards to complex formation at the base of cilia.

Cilia mutants in C. elegans exhibit numerous behavioral and sensory defects in-
cluding abnormalities in chemotaxis, osmotic avoidance deficiencies, altered dauer for-
mation, and a marked reduction in foraging activity in the presence of food. In the B9
gene mutants, we did not observe defects in osmotic avoidance, chemotaxis, or dauer
formation, in agreement with the presence of overtly normal cilia morphology. However,
both the tza-1(tm2452) and tza-2(0k2092) mutants did exhibit subtle yet significant re-
ductions in foraging behavior, which was not evident in the xbx-7(tm2705) mutants. In-

terestingly, we also found that nph-4(trm925) mutants had defects in foraging activity that
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was significantly more severe than either tza-1(tm2452) or tza-2(0k2092) mutants. These
observations led us to evaluate whether the foraging behavior defects in the B9 gene mu-
tants were due to disruption of the same pathway affected in the nph-4(tm925) mutants.
We analyzed this in B9 gene,;nph-4 double mutants and found that mutations affecting
both the B9 proteins and NPH-4 resulted in a markedly more severe dwelling phenotype
than either mutation alone. This phenotype was similar to that seen in worms completely
lacking cilia, suggesting redundant functions of the B9 proteins and NPH-4 at the base of
cilia.

The BY gene;nph-4 double mutants were also unable to normally dye-fill. This
was due to abnormalities in bundling, orientation, or length of the cilia along with gross
cilia positioning defects caused by dendrite malformation. Additionally, we observed the
same altered morphology in B9 gene;nph-1 double mutants, suggesting that since NPH-4
is critical for the proper localization of NPH-1 to the transition zones, the defects ob-
served in the BY gene;nph-4 double mutants can be attributed to the loss of NPH-1. The
complex phenotype observed in these worms is unique among mutants defective in dye-
filling. daf-19 mutant worms exhibit phasmid neuron dendrites of varying lengths similar
to those seen in the B9 gene;nph gene double mutants, but daf-19 mutants lack all ciliary
and transition zone structures (Swoboda et al., 2000). Notably, centrioles positioned at
the distal tips of the dendrites are detected by electron microscopy in daf-19 mutants
(Perkins et al., 1986). Since each of the B9 and nephrocystin genes are strongly regulated
by the DAF-19 transcription factor and are therefore not expressed in daf-19 mutant
worms, it seems likely that the B9 proteins and nephrocystins will not be critical for posi-

tioning the centrioles at the distal tips of the dendrites. Disruption of the forkhead do-
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main transcription factor gene fkh-2 results in shortened dendrites and cilia morphology
defects, but this phenotype is specific to AWB neurons alone (Mukhopadhyay et al.,
2007). B9 gene;nph gene double mutants may most closely resemble mec-8 mutants in
which amphid cilia fail to fully penetrate the sheath glia, are sometimes misoriented lat-
erally, and do not fasciculate at the sheath/socket channel (Perkins et al., 1986). How-
ever, gross dendrite morphology defects have not been reported in mec-8 mutants. Al-
though we observed grossly normal sheath cells in B9 gene;nph gene double mutants, we
have not directly determined whether these cells cooperate with the socket cells to prop-
erly form the channels through which the cilia normally project. It is likely, however,
that the channels do properly form since the B9 gene;nph gene mutants are still able to
uptake Dil to some extent, indicating that on occasion some cilia are correctly formed
and exposed to the external environment.

The additive effects seen in the B9 gene;nph gene double mutants indicate that the
B9 proteins and NPH proteins likely function redundantly to coordinate how cilia and
dendrites will form. It is possible that the phenotypes we see in these double mutants are
related to those observed when the B9 proteins are singularly disrupted in other biologi-
cal systems. Together, our findings provide insights into the allelic nature of the genes
that can be involved in multiple syndromes and more importantly indicate that the mam-
malian homologs of the B9 domain proteins TZA-1 and TZA-2 are strong candidates as
loci involved in the pathology of MKS, NPHP, or JBTS patients for which the underlying

genetic defects have not yet been identified.
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TABLES
Table 1. Tracking assay statistics
Mean % P values compared with
Genotype n  of N2 SEM N2 xbx-7 tza-1 nph-4 tza-2

Wild Type 28 100 2.82
xbx-7(tm2705) 28  98.5 2.59 0.3547
tza-1(tm2452) 29  87.2 3.01 0.0016*
tza-2(0k2092) 29 853 2.88 0.0003*
nph-4(tm925) 26 653 557  <0.0001*
xbx-7;nph-4 29 289 1.74  <0.0001* <0.0001* <0.0001*
tza-1;nph-4 27 404 437  <0.0001%* <0.0001*  0.0005*
nph-4;tza-2 29 237 1.7 <0.0001* <0.0001*  0.0006*
P <0.05 was deemed significant (indicated by asterisks).

Table 2. % dye-filling in mutant strains

Genotype Head Tail n

Wild Type 100 97.2 72

xbx-7(tm2705) 100 97.2 108

tza-1(tm2452) 100 98.6 71

tza-2(0k2092) 100 98.9 96

nph-4(tm925) 100 100 91

xbx-7;nph-4 943 52.7 74

tza-1,nph-4 5.4 1.8 112

nph-4;tza-2 10.8 0 93
Table 3. Phasmid cilia length statistics

Mean Length (um) P values compared with
Genotype n + SEM N2 xbx-7 tza-1 nph-4 tza-2

Wild Type 33 7.04 £ 0.09
xbx-7(tm2705) 27 7.03+£0.15 0.486
tza-1(tm2452) 40 6.97+£0.13 0.3478
tza-2(0k2092) 36 7.15+£0.09 0.1957
nph-4(tm925) 24 6.87 £0.27 0.2766
xbx-7;nph-4 38 439+ 0.24 <0.0001* <0.0001* <0.0001*
tza-1;nph-4 33 2.88+£0.20 <0.0001* <0.0001* <0.0001*
nph-4;tza-2 33 2.88+£0.15 <0.0001* <0.0001* <0.0001%*
nph-1;xbx-7 53 6.68 +£0.17 0.0346*  0.0644
nph-1;tza-1 30 3.43+£0.26 <0.0001* <0.0001*
nph-1;tza-2 58 3.96 +£0.23 <0.0001* <0.0001*

P <0.05 was deemed significant (indicated by asterisks).
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FIGURE LEGENDS

Figure 1. B9 protein family conservation and schematic gene representations. (A) Ho-
mology with other organisms presented as % amino acid identity / % amino acid similar-
ity. (B) Schematic representation of xbx-7, tza-1, and tza-2 genomic regions. Promoter
X-box location, gene region encoding each B9 domain, gene region deleted in each mu-
tant allele, and in the case of xbx-7, splice isoforms are shown. xbx-7(tm2705) and tza-
1(tm2452) both contain internal in-frame deletions while #za-2(0k2092) contains an inter-
nal frameshift deletion that results in a truncated protein. Exons are represented as black

boxes. Diamond signifies site of xbx-7 alternative splicing.

Figure 2. DAF-19 regulation of xbx-7, tza-1, and tza-2 in C. elegans. Expression analy-
sis of (A) xbx-7::YFP, (B) tza-1::DsRed?2, and (C) tza-2::CFP in the head ciliated sen-
sory neurons in (left panels) daf-19(m86) mutant and (right panels) daf-19(+) back-
grounds. The expression of each transgene was absent in daf-19(m86) mutants while
outcrossing to daf-19(+) background restored expression to wild-type levels. (Arrow-
head) Position of the amphid neuron cell bodies from which the dendrites extend to the
anterior of the worm. Cilia project from the (arrow) distal tips of the dendrites. For this

and subsequent figures, anterior is toward the left.

Figure 3. Localization of XBX-7, TZA-1, and TZA-2 proteins to transition zones at the
base of cilia in C. elegans. (A) An illustration depicting the anatomical positions of (left)
amphid cilia bundles in the head and (right) phasmid cilia bundles in the tail. Cilia

axonemes are represented by blue, transition zones by green, and the dendritic processes
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by red. (B-D) Transgenic lines were generated that expressed XBX-7::YFP, TZA-
1::CFP, or TZA-2::CFP along with cilia/transition zone markers CHE-13::CFP or CHE-
13::YFP, each under the control the endogenous promoter of the corresponding gene. (B)
XBX-7::YFP localized to the transition zones at the base of cilia in the (top) amphid neu-
rons of the head and (bottom) phasmid neurons of the tail but not along cilia axonemes.
(C) TZA-1::YFP localized to the transition zones at the base of cilia in the (top) amphid
neurons of the head and (bottom) phasmid neurons of the tail but not along cilia
axonemes. In contrast to CHE-13::CFP localization, which was restricted to the cilia
axonemes and transition zones, TZA-1::YFP was found at the transition zones and (top,
brackets) extended slightly into the dendrites of the amphid neurons. In the (bottom)
phasmid neurons, the (brackets) extension of TZA-1::YFP into the dendrites versus the
restriction of CHE-13::CFP to the transition zones and cilia axonemes was more distinc-
tive. (D) TZA-2::CFP localized to the transition zones at the base of cilia in the (top)
amphid neurons of the head and (bottom) phasmid neurons of the tail but not along cilia
axonemes. (E) Analysis of TZA-1::YFP and TZA-2::CFP colocalization at the base of
cilia. In contrast to TZA-2::CFP localization, which was restricted to the transition
zones, TZA-1::YFP was found at the transition zones and (brackets) extended into the
dendrites of both the (top) amphid and (bottom) phasmid neurons. (F-I) Enlargement of
phasmid cilia regions from B-E, respectively. (G) TZA-1::YFP and CHE-13::CFP and
(I) TZA-1::YFP and TZA-2::CFP colocalized largely to the transition zones but not to
(arrowheads) a small domain at the distal ends of the dendrites which contained TZA-

1::YFP only.
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Figure 4. Cilia morphology analysis of transition zone protein mutants. (A) Potential
cilia defects were analyzed in xbx-7(tm2705), tza-1(tm2452), tza-2(0k2092), and nph-
4(tm925) mutants by evaluating their ability of to absorb Dil into the ciliated sensory
neurons. The ability of xbx-7(tm2705), tza-1(tm2452), tza-2(0k2092), and nph-4(tm925)
mutants to absorb Dil was not affected compared to wild-type controls. However, in
these mutant worms, the dye appeared to (arrowheads) concentrate in aggregates along
the dendrites. This was (arrows) particularly evident in the nph-4(tm925) mutants and
was not seen in the wild-type controls. N2 wild-type worms and daf-19(m86) mutants,
which lack cilia, were used as positive and negative controls, respectively. (B) Cilia
morphology was more directly analyzed in xbx-7(tm2705), tza-1(tm2452), tza-2(0k2092),
and nph-4(tm925) mutants expressing the cilia marker CHE-13::YFP. (Left) head and

(right) tail cilia morphology appeared overtly normal in these strains.

Figure 5. TZA-1 protein is required for proper localization of XBX-7 and TZA-2 to the
transition zone. To analyze the effect of tza-1(tm2452), tza-2(0k2092), or nph-4(tm925)
mutations on XBX-7::YFP localization, strains were generated by passing an extrachro-
mosomal array encoding XBX-7::YFP from wild-type worms into the mutant back-
grounds. Similarly, the TZA-1::YFP array was passed into xbx-7(tm2705), tza-
2(0k2092), or nph-4(tm925) mutant background from wild-type, and the TZA-2::CFP ar-
ray was passed into xbx-7(tm2705), tza-1(tm2452), or nph-4(tm925) mutant background
from wild-type. (A) In contrast to (left) wild type, XBX-7::YFP was not detected at the
transition zone in the (middle) tza-1(tm2452) or (right) tza-2(ok2092)mutants. (B) Com-

pared to (left) wild type, TZA-1::YFP localization was unaltered in the background of
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(middle) xbx-7(tm2705) and (right) tza-2(0k2092) mutants. (C) TZA-2::CFP localization
was not affected in (middle) xbx-7(tm2705) mutant background; however, it failed to lo-
calize correctly to the transition zone in (right) tza-1(tm2452) mutant background. (D)
In the nph-4(tm925) mutant background, (left) XBX-7::YFP, (middle) TZA-1::YFP, and

(right) TZA-2::CFP localization was not affected.

Figure 6. za-1, tza-2, and nph-4 mutants exhibit defects in foraging behavior. Single
worms were allowed to roam freely for 18 hours on a bacteria lawn of 3.0 cm diameter,
and area covered by the worm was quantified by overlaying the lawn with a grid and
counting the number of squares of the grid that contained tracks. (A) Representative
tracking patterns of (left) N2 wild-type, (middle) nph-4(tm925), and (right) tza-1,nph-4
worms. Wild-type worms roamed across the entire area of the bacteria lawns while nph-
4(tm925) mutants restricted movement to a smaller portion of the lawn. Exploratory be-
havior in xbx-7;nph-4, tza-1;,nph-4, and nph-4,tza-2 double mutants was even more lim-
ited. (B) Graph of quantified tracking data for N2 wild type, xbx-7(tm2705), tza-
1(tm2452), tza-2(0k2092), nph-4(tm925), xbx-7,nph-4, tza-1;nph-4, and nph-4;tza-2.
Data are given as percent area units covered compared with N2 (set to 100%). Error bars

indicate SEM. *P <0.005; **P <0.0001, compared to N2.

Figure 7. B9 gene;nph-4 double mutants exhibit dye-filling defects. Potential cilia ab-
normalities were analyzed in xbx-7,;nph-4, tza-1;nph-4, and nph-4,tza-2 double mutants
by evaluating their ability to absorb Dil into the ciliated sensory neurons. (A) xbx-7;nph-

4 mutants displayed either (top) partial or (bottom) complete inability to dye-fill (left)
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amphid neurons and (right) phasmid neurons. (B) tza-1,nph-4 mutants displayed either
(top) partial or (bottom) complete inability to dye-fill (left) amphid neurons and (right)
phasmid neurons. (C) nph-4,tza-2 displayed either (top) partial or (bottom) complete in-
ability to dye-fill (left) amphid neurons but were completely defective in dye-filling

(right) phasmid neurons.

Figure 8. BY gene;nph-4 double mutants exhibit cilia morphology and positioning de-
fects. Cilia were analyzed in xbx-7;nph-4, tza-1,nph-4, and nph-4,tza-2 double mutant
worms expressing CHE-13::YFP as a cilia/transition zone marker. (A) A representative
amphid cilia bundle in the head of an N2 wild-type worm. (B) A representative pair of
phasmid cilia in the tail of an N2 wild-type worm. These cilia are positioned near the cu-
ticle of the worm where they are exposed to the external environment. See Figure 3A for
schematic representation of the N2 wild-type amphid and phasmid cilia bundles. (C)
Amphid cilia bundle morphology was altered in xbx-7;nph-4 double mutant background.
In many of the xbx-7,nph-4 double mutants, some of the cilia were (arrow) positioned
posterior to the rest of the bundle. In other xbx-7;nph-4 double mutants, cilia failed to
extend off the (arrowhead) transition zones at the distal ends of the dendrites. (D) Phas-
mid cilia in xbx-7;nph-4 double mutants appeared (top) almost normal in some mutant
worms but in others they were (bottom) shortened and mispositioned relative to wild
type. (E) Amphid cilia bundle morphology was (top and bottom) grossly abnormal in
tza-1;nph-4 double mutants. The head region contained few cilia axonemes and lacked
typical bundle arrangement. (F) tza-1,;nph-4 double mutants exhibited stunted phasmid

cilia that were observed (top) slightly or (bottom) severely mispositioned. (G, H) nph-
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4;tza-2 double mutants exhibited ciliary defects similar to those in tza-1,nph-4 double

mutants, including (arrowhead) laterally oriented phasmid cilia in comparison to wild

type.

Figure 9. B9 gene;nph-1 double mutants exhibit cilia morphology and positioning de-
fects. Cilia were analyzed in nph-1,;xbx-7, nph-1;tza-1, and nph-1;tza-2 double mutant
worms expressing CHE-13::YFP as a cilia/transition zone marker. (A) A representative
amphid cilia bundle in the head of an N2 wild-type worm. (B) A representative pair of
phasmid cilia in the tail of an N2 wild-type worm. These cilia are positioned near the cu-
ticle of the worm where they are exposed to the external environment. See Figure 3A for
schematic representation of the N2 wild-type amphid and phasmid cilia bundles. (C)
Amphid cilia bundle morphology was largely unaltered in nph-1;xbx-7 double mutant
background. mph-1;xbx-7 double mutants occasionally exhibited cilia positioned (arrow-
head) posterior to the rest of the bundle but otherwise resembled wild-type worms. (D)
Phasmid cilia in nph-1,;xbx-7 double mutants most often appeared (top) normal but in
some cases were observed (bottom) shortened and mispositioned relative to wild type.
(E) Amphid cilia bundle morphology was (top and bottom) grossly abnormal in nph-
1;tza-1 double mutants. The head region contained (arrow) few cilia, consisted mostly of
(arrowhead) transition zones lacking axonemes, and had no discernable amphid bundle
arrangement. (F) nph-1;tza-1 double mutants exhibited stunted phasmid cilia that were
observed (top) slightly or (bottom) severely mispositioned and often oriented laterally.
(G) nph-1;tza-2 double mutants exhibited amphid ciliary defects more severe than nph-

1;xbx-7 double mutants but less severe than nph-1,tza-1 double mutants. Although not
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perfectly arranged, (top and bottom) some bundling of multiple cilia was typically ob-
served amongst (arrowhead) shortened and mispositioned cilia and (arrowhead) transition
zones lacking axonemes. (H) In contrast to the relatively mild defects observed in the
amphid bundles, the phenotype of phasmid cilia in nph-1;tza-2 double mutant worms
mimicked the severity of defects seen in the phasmid cilia of nph-1;tza-1 double mutant

worms.

Figure 10. The dendrites of ciliated sensory neurons in B9 gene,; nph gene double mu-
tants are malformed although the surrounding sheath cells are intact. (A-F) Transgenic
B9 gene single mutants and B9 gene,;nph-4 double mutants were generated that expressed
the xbx-7::YFP transcriptional fusion to visualize the ciliated sensory neurons. (A, C, E)
Expression of xbx-7::YFP revealed that the (arrow) phasmid dendrites are properly ex-
tended from the (arrowhead) cell bodies in the background of single B9 gene mutations.
(B, D, F) The phasmid dendrites of B9 gene,nph-4 double mutant worms were shortened
at variable lengths and sometimes (arrow) misdirected. (G, H) Morphological analysis of
(left) amphid and (right) phasmid sheath cells in wild-type and tza-1,;nph-4 double mutant
worms. Transgenic worms were generated that coexpressed the #za-1::DsRed?2 transcrip-
tional fusion to visualize the ciliated sensory neurons and the f16f9.3::GFP transcrip-
tional fusion to visualize the associated sheath cells. (G) In wild-type worms, the amphid
and phasmid sheath cells fully surrounded the dendrites of the ciliated sensory neurons at
(arrows) their distal tips where the cilia are formed. (H) Sheath cell morphology was un-
affected in tza-1;nph-4 double mutants. The amphid sheath cells were properly extended

to surround the distal tips of the associated neurons. Likewise, phasmid sheath cells in
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the tail were appeared normally extended while the phasmid neuron dendrites were (ar-
rows) shortened and clearly dissociated from (arrowhead) the distal ends of the sheath

cells.
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SUPPLEMENTARY FIGURE LEGENDS
Supplementary Figure 1. Expression of xbx-7, tza-1, and tza-2 in C. elegans. (A) xbx-
7::YFP and tza-1::CFP and (B) tza-2::CFP and xbx-7::YFP transgenes were expressed
in an overlapping pattern the ciliated sensory neurons of the worm including the (left)

amphid and labial neurons in the head as well as the (right) phasmid neurons in the tail.

Supplementary Figure 2. Sequencing of the 1m2705, tm2452, and 0k2092 mutant tran-
scripts. RNA isolated from mutant worms was reverse transcribed, amplified by PCR,
and then sequenced. Nucleotide numbering corresponds to the position in the wild-type
gene. (A) The xbx-7(tm2705) deletion causes the resulting transcript to splice exon 2
(ending at nucleotide 535) with exon 5 (beginning at nucleotide 1724). The original
reading frame (solid vertical lines) is not altered by this mutation. (B) The tza-1(tm2452)
deletion results in a transcript that splices exon 1 with a cryptic splice acceptor in exon 3
created by the fusion of nucleotides 445 and 725. The original reading frame is not al-
tered by this mutation. (C) The tza-2(0k2092) deletion fuses nucleotide 573 in exon 1
with nucleotide 1381 in exon 4. This causes a shift of reading frame (dashed lines) in the

resulting transcript.

Supplementary Figure 3. Yeast two-hybrid analysis of possible interactions between
the B9 proteins. Yeast expression constructs were generated containing full length XBX-
7, TZA-1, or TZA-2 cDNA and cotransformed into yeast. (Top row) Low stringency se-
lective media lacking Trp and Leu was used to isolate yeast colonies containing both co-

transformed constructs. (Bottom row) Colonies expressing the fusion proteins were then
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tested for possible interactions on high stringency selective media containing X-o-Gal
and lacking Trp, Leu, His, and Ade. (First column) The positive controls p53 and large
T-Antigen grew on selective media and expressed the a-galactosidase reporter gene.
(Second column) Yeast strains cotransformed with XBX-7 and TZA-1 grew on low strin-
gency selective media but failed to grow when plated on high stringency selective media,
suggesting that XBX-7 does not physically bind TZA-1. (Third column) Yeast strains
cotransformed with XBX-7 and TZA-2 grew on low stringency selective media but failed
to grow when plated on high stringency selective media, suggesting that XBX-7 does not
physically bind TZA-2. (Fourth column) Yeast strains cotransformed with TZA-1 and
TZA-2 grew on low stringency selective media and also grew when plated on high strin-
gency selective media and expressed the a-galactosidase reporter gene, confirming the

positive interaction between TZA-1 and TZA-2 reported previously (Li et al., 2004).

Supplementary Figure 4. NPH-1 and NPH-4 localization is not affected by mutations
in the B9 genes. To analyze the effect of xbx-7(tm2705), tza-1(tm2452), or tza-2(0k2092)
mutations on NPH-1::CFP or NPH-4::YFP localization, strains were generated by pass-
ing extrachromosomal arrays encoding NPH-1::CFP or NPH-4::YFP from wild-type
worms into the mutant backgrounds. The cilia/transition zone region of one amphid cilia
bundle is shown in each panel. Compared to wild type, (top) NPH-1::CFP localization
and (bottom) NPH-4::YFP localization to the transition zones of amphid neurons was not

altered in the xbx-7(tm2705), tza-1(tm2452), or tza-2(0k2092) mutant backgrounds.
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Figure 1. B9 protein family conservation and schematic gene representations.
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Figure 2. DAF-19 regulation of xbx-7, tza-1, and tza-2 in C. elegans.
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Figure 3. Localization of XBX-7, TZA-1, and TZA-2 proteins to transition zones at the
base of cilia in C. elegans.
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Figure 4. Cilia morphology analysis of transition zone protein mutants.
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Figure 5. TZA-1 protein is required for proper localization of XBX-7 and TZA-2 to the
transition zone.
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Figure 6. za-1, tza-2, and nph-4 mutants exhibit defects in foraging behavior.
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Figure 7. B9 gene,;nph-4 double mutants exhibit dye-filling defects.
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Figure 8. B9 gene;nph-4 double mutants exhibit cilia morphology and positioning de-
fects.
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Figure 9. B9 gene;nph-1 double mutants exhibit cilia morphology and positioning de-
fects.
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Figure 10. The dendrites of ciliated sensory neurons in B9 gene;nph gene double mu-
tants are malformed although the surrounding sheath cells are intact.
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Supplementary Figure 2. Sequencing of the t1m2705, tm2452, and 0k2092 mutant tran-
scripts.
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Supplementary Figure 3. Yeast two-hybrid analysis of possible interactions between

the B9 proteins.
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SUMMARY

Ciliopathies in humans include Nephronophthisis (NPHP), Meckel-Gruber Syn-
drome (MKS), Joubert Syndrome (JBTS) and Bardet-Biedl Syndrome (BBS). Combina-
tions of single homozygous, compound heterozygous, and transheterozygous mutations
in genes associated with these diseases contribute to the severity of a wide spectrum of
renal (e.g. cystic disease) and extrarenal symptoms. “Cystoproteins” encoded by these
disease genes most commonly localize to cilia and/or basal bodies, but their function is
not understood. Herein, we report that the C. elegans homolog of the cystoprotein MKS3
(MKS-3) localizes specifically to the base of cilia. A large deletion in the mks-3 gene
does not inhibit ciliogenesis but instead results in a slight elongation of cilia. However,
the combination this mutation in mks-3 with a mutation in nphp-4, the homolog of the
human disease gene NPHP4, leads to severe ciliogenesis defects. Our data indicate that
mks-3 is part of a genetic pathway that includes mks-1, the homolog of the human disease
gene MKS1, and the two additional members of the mks-1 gene family, which all encode
B9 domain proteins. The B9 domain proteins TZA-1 and TZA-2 are necessary for re-
stricting MKS-3 at the base of cilia and not allowing the protein to enter the cilium
proper. TZA-1 is additionally required for restricting an unrelated transmembrane pro-
tein, TRAM-1, from ciliary entry. Because MKS-3 and TRAM-1 are allowed ciliary
membrane access in the absence of the B9 proteins, we propose a general role of the B9
proteins in the process of regulating ciliary membrane composition. This is one of the

first reports providing insight into this process.
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INTRODUCTION

Cilia are microtubule-based organelles that extend from most cells in the mam-
malian body. Ciliopathies, or diseases involved in the disruption of cilia or basal body-
localized proteins in humans, encompass a remarkably diverse array of developmental
and clinical phenotypes. Meckel-Gruber Syndrome (MKS) is perhaps the most severe
disease of cilia dysfunction as these patients present with renal cystic dysplasia, polydac-
tyly, occipital encephalocele, and often die pre- or perinatally (Reviewed in Alexiev et
al., 2006). MKS is an autosomal recessive and genetically heterogeneous disorder with
six associated loci (MKS1-6). Five of these loci have been identified and linked to spe-
cific genes encoding cilia and/or basal body proteins (Baala et al., 2007a; Delous et al.,
2007; Kyttala et al., 2006; Roume et al., 1998; Smith et al., 2006b; Tallila et al., 2008).
Mutations in several of the MKS genes are also associated with phenotypes in other more
mild forms of human ciliopathies such as Nephronophthisis (NPHP), Joubert Syndrome
(JBTS), and Bardet-Biedl Syndrome (BBS). Examples of these multidisorder loci include
MKS1/BBS13, MKS3/JBTS6, MKS4/NPHP6/BBS14, and MKS5/NPHPS8/JBTS7 (Arts et
al., 2007; Baala et al., 2007b; Delous et al., 2007; Leitch et al., 2008; Sayer et al., 2006).
These data suggest that MKS, NPHP, JBTS, and BBS represent a spectrum of phenotypes
resulting from a common underlying ciliary dysfunction.

Proteins involved in MKS, NPHP, and BBS form distinct complexes at the base
of the cilium; however, these complexes appear to be interconnected. For example, a
complex containing several proteins involved in NPHP also includes CEP290 (MKS4),
RPGRIPIL (MKSS), and Jouberin (JBTS1/AHII) (Eley et al., 2008; Mollet et al., 2005;

Roepman et al., 2005; Schafer et al., 2008b). MKSI is believed to form a complex in C.
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elegans that contains two B9 domain proteins, but it is not known whether these proteins
are associated with other known complexes involved in human ciliopathies (Williams et
al., 2008). However, this seems a possibility based on, first, the fact that some MKS/ mu-
tations can manifest BBS- and NPHP-like phenotypes, and second, the finding that
MKST1 is in complex with MKS3, which is disrupted in some cases of JBTS (Badano et
al., 2006a; Dawe et al., 2007b; Leitch et al., 2008).

The best characterized of the ciliopathy-associated complexes is the BBSome,
which consist of at least seven BBS proteins (Nachury et al., 2007). The BBS complex is
thought to regulate cilia membrane morphogenesis and to coordinate protein loading onto
the Intraflagellar Transport (IFT) machinery (Blacque et al., 2004). Interestingly, it was
shown that some G protein coupled receptors (GPCRs) fail to enter the cilium of cells
with mutations in BBS proteins (Berbari et al., 2008). In contrast, the molecular roles of
the NPHP and MKS complexes are poorly understood (Blacque et al., 2004).

Although proteins associated with human ciliopathies are found within the cilium,
they are also often associated with the centrioles in dividing cells and then localize at the
ciliary base when the centrioles have incorporated as basal bodies. Prior to ciliogenesis,
the mother centriole associates with vesicles that form a phospholipid bubble over the
growing axoneme of the cilium and later fuse with the plasma membrane, anchoring the
centriole and cilium to the surface of the cell (Sorokin, 1968). During ciliogenesis the
centriole functions as a nucleation site of the ciliary microtubule axoneme, facilitating the
formation of the nine ciliary microtubule doublets from a template of nine microtubule
triplets in the centriole/basal body (Snell, 1984). Additionally, basal bodies are thought

to participate in the trafficking of materials into and out of the cilium, potentially func-
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tioning as a docking or loading and unloading station for cilia and intraflagellar transport
(IFT) proteins (Deane et al., 2001).

Analyses conducted in model organisms such as Chlamydomonas reinhardtii and
Caenorhabditis elegans have been instrumental in developing our fundamental under-
standing of cilia biology and for identifying new genes involved in cilia function. In C.
elegans, cilia are present on amphid/labial and phasmid sensory neurons in the head and
tail of the animal, respectively. The cilia extend off the dendritic tips of these neurons
and function as part of the main sensory machinery of the organism.

Ultrastructural data show these immotile cilia are comprised of three distinct re-
gions of microtubule arrangement (Perkins et al., 1986). The first region is the distal tip
of the cilium, which contains only singlet microtubules. The second region, known as the
middle segment, contains the typical nine doublet microtubules in addition to seven or
less inner singlet microtubules. The final proximal segment, which connects to the den-
dritic tip of the neuron, contains a transition zone and is comprised of nine doublet micro-
tubules and seven inner singlets, but in this region the doublets and singlets are separated
by an apical ring. Additionally, the doublets in the transition zone are anchored to the
ciliary membrane. Transition fibers, which are thought to help regulate what proteins
enter the cilium, are found immediately beneath the transition zone. In contrast to other
organisms, in C. elegans there is no distinct centriole associated with these transition fi-
bers. It has not been resolved whether the centriole is actually absent from the ciliary
base or is present and simply not evident in the electron micrographs. Despite this differ-
ence, it is believed that the transition zone/ciliary base in C. elegans functions in similar

manner to the basal bodies of other ciliated organisms. This is supported by the fact that
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the C. elegans homologs of mammalian basal body proteins are similarly localized at the
base of the cilium. These include NPH-1/NPHP-1 and NPH-4/NPHP-4, the C. elegans
homologs of human NPHP1 (nephrocystin-1) and NPHP4 (nephrocystin-4), respectively,
the three B9 domain-containing proteins MKS-1/XBX-7, TZA-2, and TZA-1 (human
MKSI1, B9D1 and B9D2, respectively), and multiple proteins involved in BBS (Blacque
and Leroux, 2006; Williams et al., 2008; Winkelbauer et al., 2005) .

Multiple complexes containing proteins involved in human ciliopathies have now
been identified that reside at the base of the cilium. C. elegans has been a good model
system to assess the hierarchy of the interaction between proteins within a complex as
well as to analyze potential functional interactions and redundancies between distinct
basal body complexes. This has been done in the case of NPHP and MKS/B9 complexes,
where it was shown that NPHP-1 requires NPHP-4 for its localization to the base of cilia,
and with the B9 proteins, TZA-1 was needed for localization of TZA-2, which was in
turn needed for localization of MKS-1. In contrast, mutations in nphp-1 or nphp-4 did not
affect the B9 proteins nor did any mutation in the B9 genes affect localization of NPHP-1
or NPHP-4. In this manner, NPHP-1 and NPHP-4 were assigned to one protein complex
group (NPHP complex) while MKS-1, TZA-2, and TZA-1 were assigned to another
(MKS/B9 complex) (Williams et al., 2008; Winkelbauer et al., 2005). Although the
MKS/B9 and NPHP complexes appear to be distinct, genetic analysis indicates there is a
functional redundancy between these two complexes. Mutations in any of the genes en-
coding proteins of either complex alone (e.g. nphp-1 or mks-1) or combined mutations in
each of the genes encoding a specific complex of proteins (e.g. nphp-1,nphp-4 double or

mks-1,tza-1,tza-2 triple mutants) were found to have minimal overt effects on cilia for-
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mation (although some ciliary ultrastructural defects have been reported in nphp mutant
worms) (Jauregui et al., 2008; Williams et al., 2008). In contrast, worms with a single
mutation in an nphp gene along with a single mutation in any one of the B9 protein-
encoding genes (e.g. nphp-1,;mks-1 double mutant) had severe defects in cilia formation,
positioning, and orientation (Williams et al., 2008).

Herein, we demonstrate novel function of MKS-3 (F35D2.4), the homolog of hu-
man MKS3/tmem67/meckelin. MKS-3 unlike the other B9 or nphp gene products con-
served in C. elegans, is a transmembrane protein. We report that in C. elegans, MKS-3
localizes to two distinct domains, one at the distal end of the dendrite and the second at
the base/proximal end of cilium. This localization partially overlaps that seen for other
NPHP and MKS/B9 complex proteins. In contrast to the effect of knocking down MKS3
in mammalian cells where ciliogenesis was impaired, the C. elegans mks-3 mutants ex-
hibit a small but significant increase in cilia length. Similar to our results with the B9
protein-encoding genes, we demonstrate a genetic interaction of an mks-3 mutation with a
mutation in nphp-4 that causes a severe cilia morphology defect. This is not seen in dou-
ble mutations affecting mks-3 and any of the other B9 protein-encoding genes. Together,
the localization of MKS-3 and genetic interaction between the mks-3 and nphp-4 muta-
tions indicate that MKS-3 can be functionally assigned to the MKS/B9 complex along

with TZA-1, TZA-2, and MKS-1.
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MATERIALS AND METHODS

General molecular biology methods

Molecular biology procedures were performed according to standard protocols
(Sambrook et al., 1989). C. elegans genomic DNA, C. elegans cDNA, or cloned C.
elegans DNA was used for PCR amplifications, for direct sequencing, or for subcloning
(Sambrook ef al., 1989). All PCR for cloning was performed with Phusion High-Fidelity
DNA Polymerase (Finnzymes, Espoo, Finland). Clones, primer sequences, and PCR
conditions are available upon request. DNA sequencing was performed by the University
of Alabama at Birmingham Genomics Core Facility of the Heflin Center for Human Ge-

netics.

DNA and protein sequence analyses

Genome sequence information was obtained from the National Center for Bio-
technology Information (http://www.ncbi.nlm.nih.gov/). Gene and protein sequences
were identified using the C. elegans database Wormbase and references therein
(http://www.wormbase.org). BLAST searches to identify homologs in human, mouse,
and S. purpuratus were performed using the National Center for Biotechnology Informa-
tion (NCBI) BLAST service (http://www.ncbi.nlm.nih.gov/BLAST/). Protein sequence
alignments were performed and conserved motifs were identified using Phobius

(http://phobius.cbr.su.se/).

Strains

Worm strains were obtained from the Caenorhabditis Genetics Center, C. elegans
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Knock-out Consortium, and National BioResource Project in Japan. Strains were grown
using standard C. elegans growth methods (Brenner, 1974) at 22°C unless otherwise
stated. The wild-type strain was N2 Bristol. The following mutations were used: RB743
nphp-1(0k500)11, JT6924 daf-19(m86)11;daf-12(sa204)X, FX2705 mks-1(tm2705)II1,
FX2452 tza-1(tm2452)1V, FX925 nphp-4(tm925)V, JT204 daf-12(sa204)X, RB1682 tza-
2(0k2092)X, FX2547 mks-3(tm2547)11, YHA99 mks-3(tm2547)11;mks-1(tm2705)I11,
YHS576 mks-3(tm2547)11;nphp-4(tm925)V, and YHS82 mks-3(tm2547)11; tza-
1(tm2452)IV. RB743, FX2705, FX2547 FX2452, FX925, and RB1682 were outcrossed

three times and genotyped by PCR prior to analysis.

Generation of constructs and strains

Vectors used for generating transcriptional and translational fusion constructs
were modified from pPD95.81 (a gift from A. Fire). pCJF6 (CFP), pCJF7 (YFP),
pCJ102 (DsRed2), pCJF36 (CHE-13::CFP), pCJF37 (CHE-13::YFP), pCJ146 (NPH-
4::YFP), and pCJ148 (NPH-1::CFP) were generated as previously described (Winkel-
bauer et al., 2005). pPD95.81::tdTomato was generously provided by M. Barr (Rutgers
University). cGV1 (pPD95.81::Gateway::GFP) was generated by blunt cloning the
Gateway cassette c.1 into pPD95.81 at Smal (Invitrogen, Carlsbad, CA). pMW21.1
(Posm-5::tdTomato) was generated by subcloning the 350 bp osm-5 promoter from pCJ5
to pPD95.81::tdTomato (Haycraft et al., 2001). p329.1 (mks-3::GFP) was generated by
inserting pPD95.81 with a 300 bp promoter fragment amplified from N2 genomic DNA
corresponding to the region immediately upstream and slightly downstream of the mks-3

ATG,. p330.1 (MKS-3::GFP) was generated by amplifying the 300 bp promoter and en-
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tire genomic region of mks-3 from N2 genomic DNA and inserting the fragment into
cGV1 via Gateway technology. p327.1 (MKS-1::tdTomato) was generated by subclon-
ing the 3.2 kb mks-1 genomic fragment from p318 to pPD95.81::tdTomato (Williams et
al., 2008). p328.1 (Posm-5::XBX-1::tdTomato) was generated by subcloning the 700 bp
tdTomato fragment from pPD95.81 to pCJF17.1 (Posm-5::XBX-1::YFP) (Schafer et al.,
2003). p350 (Posm-5::TRAM-1a::tdTomato) was generated by amplifying the 1116 bp
TRAM-1 transcript from N2 cDNA and inserting the fragment into pMW21.1. Trans-

genic worms were generated as previously described (Mello et al., 1991).

Imaging

Worms were anesthetized using 10 mM Levamisole and immobilized on 2% agar
pads for imaging. Confocal analysis was performed on a Nikon 2000U inverted micro-
scope (Melville, KY) outfitted with a PerkinElmer UltraVIEW ERS 6FE-US spinning
disk laser apparatus (Shelton, CT). Confocal images were processed with Volocity 4 (Im-
provision Inc, Waltham, MA). Further processing of images was performed using Photo-

shop 7.0 (Adobe Systems, Inc., San Jose, CA, USA).

DAF-19 regulation

To asses DAF-19 regulation in vivo, the transgenic line YH588was generated by
injection of mks-3::GFP into N2. This strain was then crossed to JT204 and subse-
quently to JT6924 to achieve daf-19(m86) background. The strain contained a mutation
in daf-12(sa204)X to suppress the Daf-c phenotype of daf-19(m86)I1. A backcross with

JT204 was then used to assess mks-3::GFP expression in daf-19(+/-) background.
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RT-PCR

RNA was isolated as described previously (Haycratft et al., 2003) from mks-
3(tm2547) mutants. Reverse transcribed RNA was generated using Superscript II Re-
verse Transcriptase (Invitrogen, Carlsbad, CA, USA) using the manufacturer’s instruc-

tions. Fragments spanning the deleted region of each respective gene were then ampli-

fied by PCR and sequenced.

Assays
Dye-filling using Dil (Molecular Probes, Carlsbad, CA, USA) was performed as

described previously (Starich ef al., 1995).
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RESULTS

mks-3 Encodes a Predicted Seven Transmembrane-Spanning Protein

Recently, tmem67 was identified as the gene responsible for the disease pheno-
types in the Wistar Polycystic Kidney (wpk) rat and also the disease locus for human
MKS3 (Smith et al., 2006b). MKS3 is a predicted seven transmembrane-spanning protein
that colocalizes with acetylated a-tubulin along the ciliary axoneme in mammalian inner
medullar collecting duct cells (IMCD-3) cells (repeated in Adams et al., 2008; Dawe et
al., 2007b). Data suggest based on in vitro siRNA knockdown approaches that MKS3
may have important roles in ciliogenesis, branching morphogenesis in the kidney, and
centriole migration. The homolog of MKS3 in C. elegans, F35D2.4 (hereafter referred to
as MKS-3), has not been described. BLAST analysis indicates that the nematode mks-3
gene product is 30% identical and 46% similar to the human protein. Based on computa-
tional analysis, it also contains each of the seven transmembrane domains predicted in
human MKS3, a cysteine-rich region near the N-terminus, and a highly conserved region
in the C-terminal tail (Figure 1A and Supplementary Figure 1). The major difference be-
tween the nematode and mammalian protein is the lack of a predicted N-terminal signal

peptide in the worm.

DAF-19 Regulates Expression of mks-3 in Ciliated Sensory Neurons

The MKS3 C. elegans homolog mks-3 was first identified as a candidate ciliary
gene in a computational search for X-box promoter elements, which are utilized by the
ciliogenic RFX-type transcription factor DAF-19c to drive gene expression in ciliated

sensory neurons (Efimenko et al., 2005; Senti and Swoboda, 2008; Swoboda et al., 2000).
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A putative X-box motif was identified in the promoter of mks-3 at position -159 relative
to the predicted translational start. Efimenko ef al. designed a transcriptional reporter
containing about 2 kb of promoter plus a portion of the coding region of mks-3 fused to
GFP and expressed the construct in wild-type worms. They observed expression of the
reporter specifically in ciliated sensory neurons, suggesting native expression of mks-3 in
these cells. We generated a similar but smaller mks-3::GFP reporter comprised of a 320
bp promoter segment and a portion of the first exon fused to GFP and used this construct
to verify expression in the amphid and labial neurons in the head (Figure 2A) and phas-
mid neurons of the tail (data not shown). To determine if mks-3 expression is regulated
by DAF-19, we crossed transgenic wild-type worms expressing mks-3::GFP with daf-
19(m86) mutant worms. We observed that mks-3::GFP expression was almost com-
pletely abolished in homozygous daf-19 mutant background but could be restored by
backcrossing with daf-19(+/+) worms (Figure 2B, C). This data suggests that mks-3 is

strongly regulated by the DAF-19 transcription factor.

MKS-3 Concentrates at the Base of the Cilium in C. elegans

The reported colocalization of human MKS3 with acetylated a-tubulin in IMCD-3
cells indicates that in mammals MKS3 is present along the ciliary axoneme (Dawe et al.,
2007b). To determine if C. elegans MKS-3 also localizes to the cilium, we generated an
MKS-3 translational fusion construct comprised of the 320-bp promoter and entire cod-
ing region of mks-3 fused in frame with GFP (MKS-3::GFP). We coexpressed MKS-
3::GFP in wild-type worms with XBX-1::tdTomato (dynein light intermediate chain in-

volved in retrograde IFT) to compare MKS-3 localization with a known cilia protein. In
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contrast to the data for mouse MKS3 in IMCD cells, we found C. elegans MKS-3::GFP
was localized specifically to the base of cilia, and remarkably, not along the length of the
cilium (Figure 3A, B). Upon closer inspection, we observed that MKS-3::GFP was dif-
fusely localized in the dilated region of the dendritic tips of the ciliated sensory neurons
where XBX-1::tdTomato strongly accumulated (Figure 3E, E’). Additionally, MSK-3
concentrated most heavily at the ciliary base (Figure 3E)..

Because mutations in MKSI and MKS3 result in similar disease phenotypes in
humans and the two associated proteins are found in complex together, we also compared
localization of MKS-3::GFP with MKS-1::tdTomato. As shown previously,
MKS1::tdTomato localization was tightly restricted to the base of the cilium in a domain
that overlapped with MKS3::GFP (Figure 3F, G, G’). However, MKSI::tdTomato was
not found in the dendritic tips (outside the cilium) where MKS-3::GFP diffusely accumu-
lated (Figure 3F, G, G’).

Bae et al. recently reported that the transmembrane protein PKD-2 (homolog of
human transient receptor potential polycystin-2 channel) colocalized with translocating
chain-associating membrane protein (TRAM-1) at the ER in cell bodies of ciliated sen-
sory neurons and at the base of cilia as well (Bae et al., 2006). Because both PKD-2 and
MKS-3 are transmembrane proteins that concentrate primarily at the base of cilia, we hy-
pothesized that MKS-3 may similarly colocalize with TRAM-1. To address this possibil-
ity we coexpressed MKS-3::GFP and TRAM-1a::tdTomato in wild-type worms. In the
cell bodies of ciliated sensory neurons, MKS-3::GFP overlapped TRAM-1a::tdTomato
(Figure 4A). This data indicates MKS-3 is inserted into the ER membrane and is there-

fore likely to be trafficked to the base of cilia via vesicular transport. Near the base of
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cilia, TRAM-1a::tdTomato colocalized with MKS-3::GFP only at the dendritic tips and
not within the bases of cilia (Figure 4B). This suggests MKS-3 is sorted from vesicles

into the cell membrane at the base of cilia.

Characterization of an mks-3 deletion allele

Previous experiments utilizing small interfering RNA (siRNA) against mammal-
ian MKS3 indicated MKS3 may function in ciliogenesis by controlling centriole move-
ment to the apical membrane (Dawe et al., 2007b). To compare these results to mks-3
gene function in C. elegans, we obtained a genetic mutant FX2547 mks-3(tm2547) from
the National Bioresource Project (Japan). The tm2547 allele contains a large internal ge-
nomic deletion of nucleotides 640-1588 (949 nt) that removes a region beginning in exon
4 spanning through a portion of exon 7. RT-PCR analysis of the mutant transcript re-
vealed that the deletion fuses exons 4 and 7 and creates a translational frameshift (Figure
1B). The predicted amino acid chain continues only five residues past the frameshift be-
fore terminating at a premature stop. The tm2547 allele would therefore encode a trun-
cated protein of only 152 amino acids (compared to 897 amino acids in the full length
protein). This truncated protein, if generated, lacks each of the predicted seven trans-

membrane domains. Thus tm2547 likely represent a null allele (Figure 1B and C).

mks-3 is not required for C. elegans ciliogenesis
Multiple genes involved in cystic kidney disorders are involved in cilia formation.
Using an siRNA-based knockdown approach, Dawe et al. targeted MKS3 message and

observed a disruption of cilia formation in IMCD-3 cells (Dawe et al., 2007b). To ana-
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lyze whether cilia were present in homozygous mks-3(tm2547) null C. elegans, we util-
ized a dye-filling assay that measured the ability of worms to uptake fluorescent hydro-
phobic die (Dil) through the ciliary membrane (Starich et al., 1995). Properly formed
cilia in C. elegans are projected from neurons through pores opening into the environ-
ment. This direct exposure allows cilia to contact and absorb Dil, which then spreads
throughout the rest of the neuron. In contrast to siRNA data in mammalian cells, our
dye-filling analysis using a genetic lesion in C. elegans revealed that mks-3(tm2547) null
worms could normally uptake Dil, indicating that cilia are present in this mutant back-

ground (Figure 4B).

tza-1 and tza-2 are required to restrict MKS-3 to the base of cilia

In our previous work, we demonstrated that the B9 domain proteins (TZA-1,
TZA-2, and MKS-1) function as part of a complex (MKS/B9 protein complex) at the
base of the cilium in C. elegans (Williams et al., 2008). Within this complex, TZA-1 was
needed for proper localization of TZA-2, which in turn was needed for localization of
MKS-1. Furthermore, we observed with the NPHP complex, which is localized similarly
at the base of cilia, that NPHP-4 is required for NPHP-1 localization. Because none of
the B9 proteins nor the NPHP proteins were affected by the loss of any of the proteins in
the other complex, we concluded that the NPHP and MKS/B9 complexes are distinct
(Williams et al., 2008; Winkelbauer et al., 2005).

To begin evaluating if MKS-3 functions as part of one of these complexes, we
analyzed whether NPHP or B9 proteins were needed to maintain MKS-3 localization or

whether MKS-3 was needed to maintain NPHP or B9 proteins at the base of the cilium.
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For this we first generated worms expressing MKS-3::GFP in the mks-1(tm2705), tza-
1(tm2452), tza-2(0k2092) or nphp-4(tm925) mutant backgrounds. In mks-1(tm2705) mu-
tants, MKS-3 localized normally (Figure 6B, Supplementary Figure 2A). In contrast,
MKS-3 localization in tza-1(tm2452) and tza-2(ok2092) mutants was markedly altered
(Figure 6C-F, Supplementary Figure 2B-E). In some of the #za-1(tm2452) and tza-
2(0k2092) mutants, expression of MKS-3::GFP was undetectable. However, in most
cases, MKS-3::GFP was found to extend past its normal restriction at the dendritic tip
and ciliary base and accumulate in the cilium axoneme, This was never observed in the
context of a wild type control (Figure 6A, and Supplementary Figure 2F and G). In addi-
tion, the localization of MKS3::GFP was not the altered in nph-4(tm925) mutants. To-
gether, these data suggest that MKS3 may function as part of the MKS/B9 complex and
importantly indicate that TZA-1 and TZA-2 function to restrict entry of MKS-3 to the
cilium.

To further evaluate a potential interaction between MKS-3 and the NPHP and
MKS/B9 complexes, we generated mks-3(tm2547) mutant worms coexpressing MKS-
1::YFP and CHE-13::CFP as well as mks-3(tm2547) mutants coexpressing NPHP-1::CFP
and CHE-13::YFP. CHE-13 is an IFT complex B protein (IFT57) and served as a cilia
marker. In mks-3(tm2547) mutant background, both MKS-1 and NPHP-1 were evident at
the base of cilia and did not appear different than in the wild-type control (Supplementary
Figure 3). Because previous hierarchal analysis indicates that MKS-1 and NPHP-1 are
dependant on TZA-1/TZA-2 and NPHP-4 for their normal localization, respectively, then
these results suggest those proteins will also be correctly localized in the mks-3(tm2547)

mutants, although this has not been directly analyzed.
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tza-1 is required to restrict TRAM-1 from the cilium

Because MKS-3::GFP freely localized along the length of cilia in tza-1(tm2452)
and tza-2(0k2092) mutants, we speculated that the B9 proteins may restrict other trans-
membrane proteins from the cilium. To test this possibility, we analyzed transgenic #za-
1(tm2452) mutants coexpressing TRAM-1a::tdTomato (a transmembrane protein that ac-
cumulates at the base of but not within the cilium) and MKS-3::GFP. Similar to the al-
tered localization of MKS-3, we readily observed TRAM-1 along the ciliary axonemes of
tza-1(tm2452) mutants (Figure 7). This intriguing result suggests that B9 proteins may
function in a general manner to regulate ciliary membrane composition by restricting the

access of transmembrane proteins into the cilium.

MKS-3 functions as part of the MKS/B9 complex

Recent data indicate that while the MKS/B9 and NPHP protein complexes are not
dependent on each other for proper localization to the base of the cilium, they are func-
tionally connected. C. elegans with disruptions in multiple proteins within one complex
were found to have no overt effects on cilia formation; however, compound mutants con-
sisting of a disruption in one protein from each complex caused severe cilia phenotypes.
Such phenotypes included shortened cilia in disorganized non-fasciculated bundles, im-
properly oriented cilia, and malformed neuronal dendrites. These data indicate that there
is a functional redundancy between the NPHP and MKS/B9 complexes that is needed for

normal ciliogenesis and cilia positioning (Williams et al., 2008).
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To address whether there is a functional interaction between MKS-3 and the
NPHP and/or MKS/B9 proteins, we analyzed mks-3;tza-1 and mks-3,;nphp-4 double mu-
tant worms for potential defects in ciliogenesis using transgenic lines expressing the IFT
complex B protein CHE-13::YFP (IFT57) as a cilia marker. We included transgenic
wild-type controls and mks-3(tm2547) single mutants in this analysis. We observed no
overt cilia morphology defects in mks-3,¢za-1 double mutants (Figure 8A and B). In con-
trast, severe cilia and dendrite abnormalities were apparent in the mks-3,;nphp-4 double
mutants (Figure 8C). Similar to defects caused by simultaneous disruption of both an
MKS/B9 and an NPHP complex protein, defects in mks-3,nphp-4 double mutants in-
cluded the loss of tight fasciculation of the amphid cilia in the head and shortened cilia
projecting from malformed phasmid dendrites in the tail (Figure 8C). Quantification of
phasmid cilia length confirmed that mks-3;nphp-4 double mutants had significantly
shorter cilia than wild-type worms and mks-3(tm2547) single mutants (Figure 8D). Inter-
estingly, as part of this analysis we uncovered that the phasmid cilia in mks-3(tm2547)
single mutants were slightly, but significantly, longer than wild-type worms. Overall, the
genetic interactions between mks-3 and nphp-4 with regards to cilia assembly are identi-
cal to that obtained when we conducted similar analysis with the B9 protein- encoding
genes and nphp-4 (we did not attempt to generate mks-3,;nphp-1 double mutants because
both genes are closely linked in the genome). These data along with the effects of B9 pro-
tein disruptions on the localization of MKS-3 strongly support the idea that MKS-3 func-

tions as additional member of the MKS/B9 protein complex.
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DISCUSSION

Since the discovery of polycystins in the cilium, nearly every gene identified in
association with inherited cystic kidney disease has proven to encode a ciliary- and/or
basal body-localized protein. While the number of identified cystic kidney disease genes
has rapidly increased over the past few years, development of our basic understanding of
the associated proteins has lagged. In particular, function of the proteins affected in MKS
patients has not been extensively analyzed. Studies with siRNA knockdown of MKS/ in
mammalian renal epithelium uncovered potential roles of this protein in centriole migra-
tion and ciliogenesis (Dawe et al., 2007b). However, an in-frame deletion mutation in C.
elegans mks-1 did not confer an alteration in cilia morphology (Williams et al., 2008).
This discrepancy was partially reconciled with our finding that ciliogenesis defects did
occur when an nphp-1 or nphp-4 mutation was combined with the mks-1 mutation, sug-
gesting that genetic background may influence the severity of ciliary phenotypes
(Williams et al., 2008). This is reminiscent of a theme emerging in human disease fami-
lies in which heterozygous mutations in one disease-related gene can enhance the severity
of disease caused by a separate homozygous mutation in the same individual. Addition-
ally, morpholino knockdown of multiple disease genes in zebrafish can have synergistic
effects on cilia-related developmental phenotypes such as the formation of renal cysts
(Leitch et al., 2008).

Like MKS1, knockdown of MKS3 in cell culture by siRNA can inhibit ciliogene-
sis, but again, genetic mutations in MKS3 have not caused ciliogenesis defects in vivo.
This was first observed with a missense mutation in rodent MKS3 that did not confer any

reported alterations in cilia morphology but did cause cystic kidney disease and other
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MKS-like phenotypes (Gattone et al., 2004; Smith et al., 2006b). Similarly, we demon-
strated here that a truncation mutation in C. elegans mks-3 did not did not affect cilio-
genesis. In contrast, this mutation actually conferred a slight increase in cilia length.
This finding is not without precedent, as Npkp3’*** mice have elongated renal epithelial
cilia as well as cystic kidneys (Bergmann et al., 2008). Additionally, elongation of male-
specific CEM cilia in nphp-1 and nphp-4 mutant C. elegans is sometimes observed
(Jauregui et al., 2008). Only when we combined the mks-3(tm2547) mutation with the
nphp-4(tm925) mutation did cilia morphology defects arise. Because of this finding and
our observation that no defects were observed when mks-3 was disrupted in conjunction
with mutations in any of the three B9 protein-encoding genes, we conclude that MKS-3 is
likely an additional component of the MKS/B9 protein complex (Figure 9A).

We found MKS-3::GFP specifically at the tips of dendrites and concentrated at
the base of cilia in wild-type worms and not present along ciliary axonemes. This obser-
vation conflicts with previous reports of mouse MKS3 localizing throughout cilia in cell
culture (Adams et al., 2008; Dawe et al., 2007b). Similar discrepancies have been re-
ported between the localization of C. elegans versus mammalian NPHP1 and NPHP4.
Whereas these two proteins specifically localize to the base of cilia in C. elegans, mam-
malian NPHP1 localizes to the ciliary base and to focal adhesions while mammalian
NPHP4 is found along the ciliary axoneme in addition to concentrating at the ciliary base
(Donaldson et al., 2002; Mollet et al., 2005). We demonstrated here that MKS-3::GFP
freely entered the cilia only when expressed in tza-1(tm2452) or tza-2(0k2092) mutant
background. This may allude to a molecular mechanism in which MKS-3 entry into the

cilium is directly or indirectly regulated by B9 proteins at the ciliary base (Figure 9B).
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Despite data indicating that mammalian MKS1 and MKS3 are part of the same
protein complex, we saw no dependency between C. elegans MKS-1 and MKS-3 for lo-
calization to the base of cilia. Because mks-3(tm2547) is a deletion mutation that results
in the truncation of all seven MKS-3 transmembrane domains, we considered the allele to
be a null mutation. MKS-1 localized normally in this mutant background, strongly sug-
gesting MKS-3 does not participate in the anchoring of MKS-1 at the base of cilia.
Likewise, MKS-3 localized normally in mks-1(tm2705) mutant background. However,
mks-1(tm2705) is an in-frame deletion mutation to disrupts only a small segment in the
N-terminal region of MKS-1 (Williams et al., 2008). Because this mutation is possibly
hypomorphic, we cannot formally rule out the possibility that MKS-1 may regulate
MKS-3 at the base of cilia in a fashion similar to TZA-1 and TZA-2.

Because the transmembrane protein MKS-3 was allowed ciliary entry in #za-
1(tm2452) and tza-2(0k2092) mutant worms, we extended our analysis of these mutants
to include an additional transmembrane protein concentrated at the base of cilia. One
such protein is TRAM-1, which in mammals is a core component of the translocon.
Mammalian TRAM is found primarily in the ER but can also “escape” from the ER
membrane and reside in post-ER compartments (Greenfield and High, 1999). In C. ele-
gans, TRAM-1 concentrates most heavily in the ER but is also observed moving in parti-
cles along the dendrites of ciliated sensory neurons. TRAM-1 additionally accumulates
at the dendritic tips of these neurons where MKS-3 also diffusely localized (Bae et al.,
2006 and Figure 4). The function of TRAM-1 at the dendritic tips has not been de-
scribed, and we did not perform that analysis here. However, when we expressed

TRAM-1::tdTomato in tza-1(tm2452) mutants, TRAM-1 freely accessed the cilium simi-
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lar to MKS-3 ciliary access in this genetic background. It was not determined whether
TRAM-1 (or MKS-3) were inserted into the plasma membrane prior to accessing the cil-
ium or if vesicles containing these proteins were instead leaking into the cilium. Overall,
our data suggest that the B9 protein-encoding genes (at least #za-1) are required not only
for the specific restriction of MKS-3 at the base of cilia, but may also be required in a
general capacity to globally regulate ciliary membrane access.

Analysis of genes associated with inherited cystic kidney disease is essential to
the understanding of renal and extrarenal pathologies arising in afflicted families. This
analysis should include the determination of how genetic modifiers can influence disease
severity. Herein, we demonstrated a redundant requirement of mks-3 and nphp-4 in
ciliogenesis and dendrite morphology and uncovered a potential role of the MKS/B9 pro-
tein complex in regulating the ciliary access of MKS-3 and other transmembrane pro-
teins. Understanding how the C. elegans B9 proteins function in this capacity may pro-
vide insight into why their disruption results in systemic developmental abnormalities in

higher organisms.
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FIGURE LEGENDS
Figure 1. mks-3 encodes a predicted seven transmembrane-spanning protein. (A) Illus-
tration of C. elegans MKS-3 structure, demonstrating an N-terminal cysteine-rich region
and seven membrane-bound motifs. (B) Sequence of the rm2547 deletion allele, show-
ing a frameshift that results in a premature stop. (C) Illustration of the predicted protein
encoded by mks-3(tm2547) mutants. The truncated protein would lack all seven trans-

membrane domains.

Figure 2. Expression and DAF-19 regulation of mks-3. (A-C) Confocal fluorescence
images of worms coexpressing mks-3::GFP (top) and tza-1::DsRed?2 (bottom) as a con-
trol marker of ciliated sensory neurons. (A) Compared to the expression of 7za-
1::DsRed2, mks-3::GFP was strongly expressed in amphid (arrowhead) and labial (ar-
row) sets of neurons of the head, which both extend dendritic processes to the (double
arrowhead) anterior of the worm where they project sensory cilia. tza-1::DsRed?2 expres-
sion in labial neurons was not strong. (B) mks-3 and tza-1 transgene expression was al-
most completely abolished in worms crossed into daf-19(m86) mutant background. mks-
3::GFP was faintly detected only in labial neurons (arrow). (C) Outcrossing transgenic
worms from daf-19(m86) to daf-19(+) restored expression of both mks-3::GFP and tza-

1::DsRed?.

Figure 3. MKS-3 concentrates at the base of cilia in C. elegans. (A) An illustration de-

picting the anatomical positions of (left) amphid cilia bundles in the head and (right)
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phasmid cilia bundles in the tail with respect to (middle) a DIC image of the full body of
an adult hermaphrodite worm. Red represents the ciliary axoneme, green represents the
ciliary base, and blue represents the dendritic processes from which the cilia project.
Short labial cilia surrounding the distal region of the amphid bundles and the degenerate
PQR cilium near the phasmid bundles are not shown. (B-E) Confocal fluorescence im-
ages of wild-type transgenic worms coexpressing MKS-3::GFP (driven by its endogenous
promoter) and XBX-1/dynein light intermediate chain::tdTomato (driven by the osm-5
promoter). With respect to XBX-1, which freely entered the cilia (arrowheads), MKS-3
concentrated specifically at the base of cilia (arrows) on (B and D, left) sensory neurons
in the head and (C and D, right) sensory neurons in the tail. (E) Increased magnification
of a phasmid cilia pair marked with MKS-3::GFP and XBX-1::tdTomato. MKS-3 local-
ized diffusely in the distal tips of the dendritic processes (arrow) and concentrated heav-
ily at the proximal end of the cilia (double arrowhead), just beyond a region where XBX-
1 intensely marked (arrowhead). (E’) Numbered cross sections cut through a 3D projec-
tion of the top cilium in (E) corresponding to the anatomical positions marked. Depend-
ing upon the position along the dendritic tip and proximal end of the cilium, MKS-3 lo-
calized alone (1), partially overlapped XBX-1 (2), completely overlapped XBX-1, or lo-
calized separate from XBX-1 (4). (F and G) Confocal fluorescence images of wild-type
transgenic worms coexpressing MKS-3::GFP and MKS-1::tdTomato (driven by its en-
dogenous promoter). With respect to MKS-3, MKS-1 localized only to the proximal end
of cilia where MKS-3 concentrated most intensely (arrows). (G’) In cross sections cut
through the anatomical positions marked in (G), MKS-3 fully overlapped MKS-1 wher-

ever both markers were detected. Scale, 5pm (D and F); 2.5um (E and G).
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Figure 4. MKS-3 localizes to ER and post-ER compartments. (A and B) Confocal fluo-
rescence images of wild-type transgenic worms coexpressing MKS-3::GFP (driven by its
endogenous promoter) and TRAM1a::tdTomato (driven by the osm-5 promoter). (A) In
phasmid neuron cell bodies MKS-3::GFP localization overlapped the localization of
TRAMIa::tdTomato, which marks the ER and post-ER compartments. (B) At phasmid
ciliated endings, TRAM1a::tdTomato overlapped the localization of MKS-3::GFP only at
the dendritic tips (arrowheads) and not at the bases of cilia where MKS-3::GFP concen-

trated most heavily (arrows). Scale, 2.5um.

Figure 5. mks-3(tm2547) mutants dye-fill normally. The ability to uptake Dil was ex-
amined in wild-type worms and mks-3(tm2547) mutants. Inverted DIC images overlaid
with confocal fluorescence of Dil staining are shown. (A and B) Wild-type and mks-
3(tm2547) worms consistently absorbed Dil into ciliated sensory neurons in the head (ar-

rows) and tail (arrowheads), indicative of properly formed cilia.

Figure 6. MKS-3 aberrantly localizes along the cilium axoneme in tza-1(tm2452) and
tza-2(0k2092) mutants. MKS-3 localization was analyzed in confocal fluorescence im-
ages of wild-type, mks-1(tm2705), tza-1(tm2452), and tza-2(0k2092) strains coexpressing
MKS-3::GFP (left) and XBX-1::tdTomato (right). One pair of phasmid cilia is shown in
each panel. Cartoons illustrating MKS-3 localization are on the far right. Similar to (A)
wild type, MKS-3 expressed in (B) mks-1(tm2705) mutants localized diffusely at the

dendritic tips (arrow) and concentrated at the proximal end of the cilium (arrowhead). In



124

contrast, MKS-3 in (C) tza-1(tm2452) mutants did not concentrate at the proximal end of
the cilium (arrowhead) but instead localized along the axoneme (double arrowhead) and
accumulated at the dendritic tip (arrow). (D) MKS-3 was not detected in 22% of tza-
1(tm2452) mutants (n=64). Similar to tza-1(tm2452) mutants, MKS-3 localized along the
axoneme (double arrowhead) and accumulated at the dendritic tip (arrow) in (E) #za-
2(0k2092) mutants. (F) Likewise, MKS-3 was not detected in 18% of tza-2(0k2092) mu-

tants (n=57). Scale, 2.5um.

Figure 7. TRAM-1 aberrantly localizes along the cilium axoneme in tza-1(tm2452) mu-
tants. TRAM-1 localization was analyzed in confocal fluorescence images of #za-
1(tm2452) strains coexpressing MKS-3::GFP (left) and Posm-5::TRAM-1a::tdTomato
(right). One pair of phasmid cilia is shown. Cartoons illustrating TRAM-1 localization
are on the far right. Compared to wild type (see Figure 4B), TRAM-1 in tza-1(tm2452)
mutants was clearly detected along ciliary axonemes, similar to the mislocalization of

MKS-3. Scale, 2.5um.

Figure 8. mks-3;nph-4 double mutants have short and incorrectly positioned cilia. Cilia
morphology was analyzed in confocal fluorescence images of wild-type, mks-3(tm2547),
mks-3;mks-1, and mks-3,;nph-4 worms expressing the transgenic IFT particle B protein
CHE-13::YFP. (A and B) Cilia morphology appeared overtly normal in wild-type (top),
mks-3(tm2547) (middle), and mks-3;tza-1 (bottom) strains. Arrowheads, proximal ends
of cilia; double arrowheads, distal tips of cilia. (A) Representative pairs of amphid cilia

bundles in the head. (A’and C’) 1.66X magnification of amphid bundles in A and C, re-
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spectively, and ( A’’and C’”) 3D projections of the bundles rotated 90° along the x-axis,
viewed from the proximal end. From this angle, the amphid cilia appeared tightly bun-
dled. Arrows indicate the shorter labial cilia that are not part of the amphid organ. (B)
Representative sets of phasmid neurons in the tail. Compared to wild type (top), mutant
strains mks-3(tm2547) and mks-3;tza-1 exhibited no abnormalities in the extension of
dendrites (dotted lines) from the phasmid cell bodies (arrows) nor in the projection of
full-length cilia (double-headed arrow) from the distal tips of the dendrites. (C) Amphid
and (D) phasmid cilia arrangement and morphology was abnormal in mks-3;nph-4 double
mutants. Compared to wild type, some amphid cilia were positioned posterior with the
respect to the rest of the sensory organ (C’, arrowhead), and other amphid cilia often al-
together lacked axonemes (arrow). (C’’) Viewing the amphid organ down the axis of the
axonemes indicated the cilia were not tightly bundled. (D) Phasmid dendrites often
failed to properly extend from the cell bodies and projected stunted cilia. Scale, Spm.

(E) Measurements of phasmid cilia length in wild-type, mks-3(tm2547), mks-3;tza-1, and
mbks-3;nph-4 worms expressing CHE-13::YFP. Compared to wild type, mks-3(tm2547)
mutants exhibited slightly longer phasmid cilia. In contrast, mks-3,nph-4 double mutant
phasmid cilia were only about half the length of wild-type cilia. Error bars, SEM. *p <

0.05; **p < 0.0001, compared with wild type. * Values are mean + SEM.

Figure 9. mks and nphp genetic pathways and model of B9 protein-mediated sorting of
membrane proteins at the ciliary base. (A) mks-1 and mks-3 lie downstream of #za-1 and
tza-2 in a pathway involved in the formation of dendrites and cilia. nphp-4 and nphp-1

are in a separate pathway also involved in the formation of dendrites and cilia. Disrup-
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tion of one pathway does not have a dramatic effect, but the loss of both pathways con-
fers severe defects in dendrite and cilia morphology. (B) Vesicles fuse with the plasma
membrane at the dendritic tip to deposit proteins at the base of cilia. The B9 proteins
TZA-1 and TZA-2 participate in (1) holding membrane proteins such as MKS-3 at the
base of cilia and (2) restricting other membrane proteins such as TRAM-1 from freely
accessing the cilium. It is unclear whether the B9 proteins perform these functions di-

rectly or through intermediaries.

Supplementary Figure 1. Protein sequence alignment of MKS3 from Homo sapiens
(Hs), Mus musculus (Ms), Caenorhabditis elegans (Ce), and Paramecium tetraurelia
(Pt). Consensus residues and residues with positive Blosum62 scores are marked as indi-
cated. The cysteine rich region is marked. Seven transmembrane domains (boxed) were
identified in each sequence with the combined transmembrane topology and signal pep-

tide predictor, Phobius (http://phobius.cbr.su.se/). An N-terminal cleavable signal pep-

tide upstream of the cysteine rich region was identified in Homo sapiens and Mus muscu-
lus but not in Caenorhabditis elegans or Paramecium tetraurelia (not marked). The loca-

tion of the tm2547 frameshift (arrowhead) is shown.

Supplementary Figure 2. Localization of B9 proteins and Nephrocystins is unaffected
in mks-3(tm2547) mutants. Confocal fluorescence images of worms coexpressing MKS-
1::YFP and CHE-13::CFP (A and B) or NPH-1::CFP and CHE-13::YFP (C and D) are

shown. Compared to (A) wild type, MKS-1 localized normally to the proximal end of
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cilia in (B) mks-3(tm2547) mutants. Compared to (C) wild type, NPH-1 localized nor-

mally to the proximal end of cilia in (D) mks-3(tm2547).

Supplementary Figure 3. Localization of MKS-3::GFP in mks-1(tm2705), tza-
1(tm2452), tza-2(0k2092), and nph-4(tm925) mutants. Confocal fluorescence images of
worms coexpressing MKS-3::GFP (top) and XBX-1::tdTomato (bottom) in the head (A-
F) and tail (G). (A) MKS-3 localized normally to the proximal ends of amphid cilia in
mks-1(tm2705) mutants. In contrast, MKS-3 localized either predominantly to dendritic
tips of amphid neurons (arrowhead) in (B) #za-1(tm2452) mutants or was not detected
(C). Similarly, MKS-3 localized either predominantly to dendritic tips of amphid neu-
rons (arrowhead) in (D) tza-2(0k2092) mutants or was not detected (E). (F and G) MKS-
3 normally localized to the dendritic tips and proximal ends of amphid and phasmid cilia

in nph-4(tm925) mutants. Scale, Sum.
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Figure 1. mks-3 encodes a predicted seven transmembrane-spanning protein.
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Figure 2. Expression and DAF-19 regulation of mks-3.
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Figure 3. MKS-3 concentrates at the base of cilia in C. elegans.
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Figure 4. MKS-3 localizes to ER and post-ER compartments.
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Figure 5. mks-3(tm2547) mutants dye-fill normally.
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Figure 6. MKS-3 aberrantly localizes along the cilium axoneme in tza-1(tm2452) and
tza-2(0k2092) mutants.
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Figure 7. TRAM-1 aberrantly localizes along the cilium axoneme in tza-1(tm2452) mu-
tants.
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Figure 8. mks-3,nph-4 double mutants have short and incorrectly positioned cilia.
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Figure 9. mks and nphp genetic pathways and model of B9 protein-mediated sorting of
membrane proteins at the ciliary base.
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Supplementary Figure 1. Protein sequence alignment of MKS3 from Homo sapiens
(Hs), Mus musculus (Ms), Caenorhabditis elegans (Ce), and Paramecium tetraurelia

(P1).
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Supplementary Figure 2. Localization of B9 proteins and Nephrocystins is unaffected
in mks-3(tm2547) mutants.
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Supplementary Figure 3. Localization of MKS-3::GFP in mks-1(tm2705), tza-
1(tm2452), tza-2(0k2092), and nph-4(tm925) mutants.
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SUMMARY
Modeling MKS protein function in C. elegans

Despite a noticeable absence of kidneys in C. elegans, this microscopic organism
is credited with providing the very first evidence of a direct link between cilia and cystic
kidney disease. A decade ago, Maureen Barr and Paul Sternberg observed the localiza-
tion of C. elegans polycystin-1 and polycystin-2 at the ciliated endings of sensory neu-
rons, thus opening up a can of worms in the field of inherited cystic kidney disease re-
search (Barr and Sternberg, 1999). In short order, the ciliary theory of cystic kidney dis-
ease was firmly established. Striking evidence in support of this new theory was pro-
vided by concurrent reports that identified mutations in C. elegans osm-35, the homolog of
the gene disrupted in the Oak Ridge Polycystic Kidney (ORPK) mouse, as causing severe
defects in the formation of cilia (Haycraft et al., 2001; Qin et al., 2001).

More recently, C. elegans has been employed by us and others to examine genes
linked to human renal cystic disorders such as NPHP and BBS. These analyses have
been vital for the understanding of NPHP and BBS protein function. At the initiation of
this project none of the MKS loci were completely mapped, and we had simply set forth
with the intention to utilize C. elegans for the analysis of a novel conserved family of
predicted ciliary proteins, the three B9 domain-containing proteins. Not until mutations
in one of the B9 protein-encoding genes (MKS1) were identified in some MKS families
was it realized we were already modeling MKS in C. elegans (Kyttala et al., 2006). On
the very same day, mutations in TMEM67/MKS3 were reported as causing some cases of
MKS, and we therefore added the C. elegans homolog of MKS3 (mks-3) to our analyses

(Smith et al., 2006b).
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Multiple genetic pathways influence cilia morphology

The heterogeneity of the genetic causes of ADPKD, NPHP, MKS, JBTS, BBS
and other ciliopathic disorders underlies the notion that there are multiple manners in
which cilia function can be compromised. In the case of ADPKD, ciliary signaling is dis-
rupted by the loss of calcium channel functionality. In BBS patients, deregulation of IFT
and the loss of some ciliary receptor localization may be responsible for disease symp-
toms (Berbari et al., 2008; Blacque et al., 2004). Elongation of cilia and ciliary/basal
body protein delocalization and/or abnormal accumulation is associated with the disrup-
tion of some NPHP genes (Bergmann et al., 2008; McEwen et al., 2007; Smith et al.,
2006a; Winkelbauer et al., 2005). In the case of MKS, improperly formed cilia were di-
rectly observed in some afflicted fetuses (Tallila et al., 2008). With so many factors and
phenotypes involved, it should therefore not come as a surprise that simultaneous disrup-
tion of more than one disease-related gene in an individual can result in synergistic ef-
fects on phenotype severity in humans as well as model organisms (Leitch et al., 2008).
We were able to demonstrate this in C. elegans with the analysis of MKS- and NPHP-
related genes. Mutations in either or both nphp-1 and nphp-4 were not sufficient to con-
fer noticeable cilia morphology defects. Similarly, mutations in mks-1, mks-3, tza-1, and
tza-2 alone or together did not inhibit cilia formation (although mks-3 mutants had
slightly elongated cilia). Only when combinations of nphp and mks/tza mutations were
made did severe cilia morphology defects emerge. This indicates the nphp and mks/tza

genes affect cilia biology in distinct but perhaps functionally similar pathways.
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In the future, we hope to utilize the distinction between the nphp and mks/tza ge-
netic pathways to identify novel genes involved in coordinated regulation of cilia homeo-
stasis. To accomplish this, we propose a pair of EMS mutagenesis screens. Because mu-
tations in both an nphp gene and an mks/tza gene result in a dye-filling defective (Dyf)
phenotype whereas a mutation in any of these genes alone does not, we hypothesize that
by inducing mutations via EMS in worms carrying a single nphp pathway mutation (e.g.
nphp-4(tm925) alone), we can identify worms with the Dyf phenotype that have a muta-
tion in a novel gene of the mks/tza pathway or a functionally equivalent pathway. The
reciprocal mutagenesis screen is also possible such that induction of mutations in the
background of an mks/tza mutation would lead to the identification of novel genes in the
nphp pathway or a functionally equivalent pathway.

A caveat in this screen is the likelihood of mutating genes that when disrupted
alone can confer dye-filling defects independent of the nphp or mks/tza gene mutations
(i.e. many of the IFT genes such as osm-5 and a host of other genes already associated
with abnormal dye-filling) (Perkins et al., 1986). Two strategies can be employed to se-
lect against mutations in such genes. First, we can directly observe cilia morphology in
Dyf worms identified in the screen by introducing a transgenic cilia marker protein such
as CHE-13::YFP. This could be accomplished either by injection of the cilia marker con-
struct following the mutagenesis or by performing the mutagenesis in transgenic worms
already expressing the marker. Because disruption of either anterograde or retrograde
IFT results in cilia morphology defects that are distinct from the cilia morphology defects
in nphp,; mks/tza compound mutants, we should be able to eliminate IFT mutants by this

method. However, the cilia structure phenotype in nphp;mks/tza compound mutants
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closely resembles that observed in other single mutants such as mec-8(e398), indicating
that these mutants would not be selected against via this method. A second approach to
eliminating unrelated Dyf mutations would be to simply outcross Dyf worms identified in
the screen and select for the Dyf phenotype over several generations. If the initial muta-
tion (i.e. nphp-4(tm925)) is required, then all Dyf worms following the outcross should
remain homozygous for that mutation. If the initial mutation is not required, then we
should observe a mix of wild-type and mutant alleles for the original gene in Dyf worms
after the outcross. By this method, we should be able to firmly establish whether the new
mutations are genetically interacting with the original mutation.

We would then attempt to establish proof of principle by performing allelic non-
complementation assays between the Dyf mutants and our stock of pathway mutants,
with the intent to identify novel mutations in the known pathway genes. For example, a
Dyf mutant from a screen performed in nphp-4 mutant background would be crossed
with mks-1;nphp-4, tza-1;,nphp-4, nphp-4;tza-2, and mks-3,nphp-4 double mutant strains.
If the new mutant allele is in the same gene that is mutated in the double mutant mating
partner (i.e. mks-1(new allele);nphp-4(tm925) crossed with mks-1(tm2705);nphp-
4(tm925)), then allelic non-complementation between the two mks-1 alleles will occur,
and offspring from the mating will remain Dyf. If the new mutant allele is in a novel
gene (i.e. novel(new allele);nphp-4(tm925) crossed with mks-1(tm2705);nphp-4(tm925)),
then complementation will occur when the new mutant worm provides a wild-type mks-1
allele and the mks-1(tm2705),nphp-4(tm925) worm provides a wild-type allele for the
novel gene in the mating, thereby conferring a non-Dyf phenotype in the offspring. By

this method, we would identify which Dyf worms have novel mutations in known path-
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way genes and which Dyf worms have mutations in novel genes. Mapping analyses of
these novel genes would then follow.

We recently initiated a large scale EMS mutagenesis screen for Dyf worms aris-
ing in the nphp-4(tm925) mutant background. We initially isolated 167 Dyf or partially
Dyf worms in the F2 generation (where PO worms were mutagenized and F1 worms were
their progeny). Of these 167 strains, most failed to pass the Dyf phenotype to subsequent
generations. Those with a stable Dyf phenotype were outcrossed with wild type and
genotyped for nphp-4(tm925) homozygosity. At the time of this writing, 25 strains re-
mained homozygous for nphp-4(tm925) after one or more outcrosses, indicating a re-
quirement of nphp-4(tm925) in conferring the Dyf phenotype. We plan to begin non-
complementation and mapping analyses with these novel mutations shortly.

This type of powerful screen, for which C. elegans is so amenable, should eventu-
ally identify strong candidate genes for sequencing in MKS, NPHP, JBTS, or even BBS
families in which a genetic lesion has not been identified. Identifying such candidates is
important since it is currently impractical to sequence every gene in these patients that
encodes a cilia or basal body proteome protein. Additionally, identification of novel
members in the nphp and mks/tza pathways (or altogether new, functionally redundant
pathways) will provide more insight into the function of these pathways and how they

coordinately control cilia homeostasis.

Factors affecting ciliary membrane composition
The ciliary membrane is a tightly regulated region with a molecular composition

which is distinct from the rest of the cell. Some membrane proteins accumulate specifi-
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cally in the cilium while many others are excluded. How this sorting occurs is unknown.
Multiple steps are involved in the transport of a ciliary membrane protein from its point
of origin to its final destination, the cilium. In the sensory neurons of C. elegans, ciliary
membrane proteins could either be trafficked though the dendrites to the base of cilia via
vesicular transport or enter the cell membrane at an earlier point and migrate down the
length of the dendrite to reach the base of the cilia. The transmembrane protein PKD-2 is
observed moving in particles along the dendrites, suggestive of vesicular transport (Barr
et al., 2001). No matter how these proteins arrive at the base of cilia, once there they
must be selectively sorted away from membrane proteins not destined for the ciliary
membrane. Evidence suggests different gatekeeper functionalities are involved with par-
ticular proteins or groups of proteins in gaining ciliary access. For example, a mutation
in BBS4 disrupted ciliary localization of some G protein coupled receptors but not the
ciliary membrane protein ACIII (Berbari et al., 2008). Conversely, some factors are in-
volved in regulating the levels of membrane proteins within the cilium. This is seen in
the case of jck/NPHPY mutant mice, which exhibit increased abundance of polycystin-1
and polycystin-2 within cilia (Smith et al., 2006a).

In our analyses of the B9 proteins, we observed a requirement of TZA-1 for the
localization of TZA-2 to the base of cilia and a requirement of TZA-2 for the localization
of MKS-1. In conjunction, we showed a binding interaction between TZA-1 and TZA-2.
These results along with our grouping of mks-1, tza-1, and tza-2 into the same genetic
pathway (in terms of functional redundancy with the nphp genetic pathway) led us to
conclude that the B9 proteins function together as part of a protein complex at the base of

cilia. Because the transmembrane protein MKS3 was identified in complex with MKSI1



146

in mice, we predicted C. elegans MKS-3 would also function as part of the B9 protein
complex (Dawe et al., 2007b). Two pieces of evidence confirmed this. First, mks-3 ex-
hibited a genetic interaction with nphp-4 in terms of ciliogenesis in cilia positioning.
Second, MKS-3 localization was dependent on the presence of TZA-1 and TZA-2. Simi-
lar to the localization of the three B9 proteins, we observed C. elegans MKS-3::GFP pri-
marily at the ciliary base and diffusely localized in the adjacent dendritic tip. However,
when we expressed MKS-3::GFP in the background of #za-1(tm2452) and tza-2(0k2092)
mutants, MKS-3 was detectable within cilia and completely delocalized from the ciliary
base (although the protein still accumulated at the dendritic tips). Because of this abnor-
mal ciliary accumulation and our data suggesting mks-3 is part of the mks/tza genetic
pathway, we speculated that the B9 proteins (at least TZA-1 and TZA-2) are involved
specifically in the restriction of MKS-3 ciliary access and are therefore necessary for
regulating at least some of the proteins that comprise the ciliary membrane.

Our additional observation that a presumably unrelated transmembrane protein
TRAM-1 also entered the cilium in the absence of TZA-1 and TZA-2 indicates that these
proteins may also function in a general manner to regulate ciliary membrane access.
Because the TRAM-1 protein accesses the cilium when the B9 proteins are disrupted, we
could speculate that these proteins function not as a gatekeeper that chooses what pro-
teins gain entry but instead as the gate itself, which when lacking, would allow free entry
regardless of the gatekeeper. The possibility exists that MKS-3 is part of this gate, held
in place by the B9 proteins, and perhaps functioning as a barrier in the membrane at the
base of cilia. However, we currently have no data that conclusively demonstrates this

role for the B9 proteins.
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Further analyses are necessary for determining the actual mechanisms by which
the B9 proteins are influencing ciliary membrane composition. Only two transmembrane
proteins were examined here, partly because few transmembrane proteins are known to
localize only at the base of cilia and not along the axonemes. Two additional transmem-
brane proteins that conconcentrate at the base of cilia in C. elegans are the homologs of
human polycystin-1 and polycystin-2. Although these proteins also localize diffusely
along the length of cilia, it would be of interest to determine whether disruption of the B9
proteins or MKS-3 can influence the degree to which the polycystins accumulate inside
the cilium. In a recent EMS mutagenesis screen for genes affecting the localization of
PKD-2 (polycystin-2), Maureen Barr and colleagues identified several mutations that re-
sulted in increased levels of PKD-2 in the ciliary membrane (Bae et al., 2008). It will be
interesting to see what genes are affected by these mutations and to evaluate how they
might relate to the B9 complex proteins. A similar genetic screen could be utilized to
identify additional genes involved in restricting MKS-3 or TRAM-1 from entering the

ciliary membrane.

Final remarks

The cilium is a complex organelle with a myriad of vital functions in most eu-
karyotic organisms. The analyses described in this dissertation have provided important
insight into the functions of the C. elegans NPHP and MKS/TZA proteins in ciliary biol-
ogy. Hopefully, some of this insight can be applied to further the understanding of what
mechanisms contribute to the spectrum of human ciliopathic disease. Our contribution

here puts but a few pieces into the puzzle of cilia function and regulation. However, fur-
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ther analysis of cilia in C. elegans should continue to provide interesting and possibly

surprising answers to pertinent questions in cell biology.
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