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Chlamydomonas IFT88 and Its Mouse Homologue, Polycystic Kidney
Disease Gene T7¢737, Are Required for Assembly of Cilia and Flagella

Gregory J. Pazour,* Bethany L. Dickert,* Yvonne Vucica,* E. Scott Seeley,* Joel L. Rosenbaum,*

George B. Witman,* and Douglas G. Cole®

*Department of Cell Biology, University of Massachusetts Medical School, Worcester, Massachusetts 01655;
fDepartment of Molecular, Cellular, and Developmental Biology, Yale University, New Haven, Connecticut 06520;
and YDepartment of Microbiology, Molecular Biology, and Biochemistry, University of Idaho, Moscow, Idaho 83844

Abstract. Intraflagellar transport (IFT) is a rapid
movement of multi-subunit protein particles along
flagellar microtubules and is required for assembly and
maintenance of eukaryotic flagella. We cloned and se-
quenced a Chlamydomonas cDNA encoding the IFT88
subunit of the IFT particle and identified a Chlamy-
domonas insertional mutant that is missing this gene.
The phenotype of this mutant is normal except for the
complete absence of flagella. IFT88 is homologous to
mouse and human genes called Tg737. Mice with de-

fects in Tg737 die shortly after birth from polycystic
kidney disease. We show that the primary cilia in the
kidney of Tg737 mutant mice are shorter than normal.
This indicates that IFT is important for primary cilia as-
sembly in mammals. It is likely that primary cilia have
an important function in the kidney and that defects in
their assembly can lead to polycystic kidney disease.

Key words: orpk e intraflagellar transport ® primary
cilia @ kinesin-II  cytoplasmic dynein

Introduction

Defects in the Tg737 gene cause kidney and liver defects
in mice that are very similar to those seen in humans with
autosomal recessive polycystic kidney disease (Moyer et
al., 1994). This disease affects ~1 in 10,000 children born
each year and may be responsible for a much higher pro-
portion of stillbirths and prenatal deaths (Blyth and Ock-
enden, 1971; Cole et al., 1987). The function of the Tg737
protein is unknown. Here we identify a protein in Chla-
mydomonas that is homologous to Tg737 and show that it
is required for assembly of flagella.

The epithelial cells lining the collecting tubules of the
kidney have very well developed primary cilia (Andrews
and Porter, 1974). The role of these cilia is unknown; how-
ever, they extend into the lumen of the tubule and may
serve as sensory appendages. Precedence for primary cilia
serving a sensory role is well established in vision and ol-
faction, as the outer segments of the rod and cone cells of
the eye and the olfactory cilia of the nose have evolved
from cilia and have retained primary cilia characteristics;
e.g., the 9+0 microtubule arrangement. Primary cilia in
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other organisms such as Caenorhabditis elegans also serve
a sensory role (White et al., 1976; Perkins et al., 1986).

Eukaryotic cilia and flagella are built and maintained by
a process called intraflagellar transport (IFT)! (Rosen-
baum et al., 1999). Most well characterized in Chlamy-
domonas, IFT is a rapid movement of particles along the
axonemal microtubules of cilia and flagella. The outward
movement of these particles from the cell body to the tip
of the flagellum is driven by FLA10 kinesin-II (Kozminski
et al., 1993, 1995), whereas the transport of the particles
from the tip back to the cell body is driven by DHC1b/
DHC?2 cytoplasmic dynein (Pazour et al., 1998, 1999; Por-
ter et al., 1999). The particles that are transported by IFT
are composed of at least 17 protein subunits (Piperno and
Mead, 1997; Cole et al., 1998). The functions of the indi-
vidual subunits are not known, but the proteins are con-
served between green algae, nematodes, and vertebrates
(Cole et al., 1998; Rosenbaum et al., 1999). In this manu-
script, we describe the cloning of the IFT88 subunit of the
Chlamydomonas IFT particle and show that cells missing
this gene do not assemble flagella. We further show that
IFTS88 is homologous to the polycystic kidney disease gene
Tg737 and that mice with mutations in this gene have
shorter than normal primary cilia in their kidney.

LAbbreviations used in this paper: IFT, intraflagellar transport; TPR, tet-
ratricopeptide repeats.
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Mm_Tg737 -MENVHLAPETDEDDLYSGFNDY -NPAYDTEELENDTGFQQAVRTSHGRRPPVTAKIPST
Hs_Tg737 MMQNVHLAPETDEDDLYSGYNDY-NPIYDIEELENDAAFQQAVRTSHGRRPPITAKISST
Cr_IFT88 --~--MSYG-GTEEDDLYGGYDEQSNPLAG- - - - SGGAAFKALG- -ADG-APPGTAMMG - -
i:***** * 1 * * . ...:_*: :.* * Kk kK
Mm_Tg737 AVSRPIATGYGSKTSLTSSMGRPMTGTIQDG- VARPMTAVRAAGFSKAALRGSAFDPLGQ
Hs_Tg737 AVTRPIATGYGSKTSLASSIGRPMTGAIQDG-VTRPMTAVRAAGFTKAALRGSAFDPLSQ
Cr_IFT88 ----PPGT- -AMKSFVPGTAMRGGTAMQQDPSLARPMTSNRGAGFTSAPNK - - KFDPLNR
* L * . *: ..t * *' * * H **** *.*** .*. : ****
Mm_Tg737 SR~w=----- GPAPPLEAKNED-SPEEKIRQLEKKVNELVEESCIANSCGDLKLALEKAKD
Hs_Tg737 SR--~----~ GPASPLEAKKKD-SPEEKIKQLEKEVNELVEESCIANSCGDLKLALEKAKD
Cr_IFT88 SMGSTLGSSGGGAMLVARKGDTSPEEQARGMEKTVHELLEKSAADAAKNDINSALENAME
* * . * *:: * ****: T :** *:**:*:*. : .*:: ***:*
Mm_Tg737 AGRKERVLVRQREQVTSPENINLDLTYSVLFNLASQYSANEMYAEALNTYQVIVKNKMFS
Hs_Tg737 AGRKERVLVRQREQVTTPENINLDLTYSVLSNLASQYSVNEMYAEALNTYQVIVKNKMFS
Cr_IFT88 AKKNERKLCRFREQNNMADQINLELMYAVDFNLAHMYHMNKNYSEALNLYTAIVRNKNFP
* ok ok ok kkk EEEELEE R NS LE S * k. k.kdkk*x Kk _**:** *
Mm_Tg737 NAGRLKVNMGNIYLKQRNYSKATKFYRMALDQIPSVHKEMRIKIMONIGITFIKTGQYSD
Hs_Tg737 NAGILKMNMGNIYLKQRNYSKATKFYRMALDQVPSVNKQMRIKIMONIGVTFIQAGQYSD
Cr_IFT88 QSGWLRVNMGNIHFEQKKYPSAIKMYRMALDQISATAKEVRFKIMRNIGLSFVRMGQYPD
11k *::t****:::*::*'_'k**:*******:.:. KooKk okkk okkok . ok kk kA
Mm_Tg737 AINSFEHIMSMAPSLKAGFNLILSCFAIGDREKMKKAFQKLIAV--PLEIDEDDKYISPS
Hs_Tg737 AINSYEHIMSMAPNLKAGYNLTICYFAIGDREKMKKAFQKLITV--PLEIDED-KYISPS
Cr_IFT88 ALQSFATVMDNVPDHQTGYNLVMCNYALSDREGMKNAFIKLLKVSPSSEMDDD- - - - - DD
LS P X N ik akk o sk kR Kk Aok -kk kk . ok L Kok ok
Mm_Tg737 DDPHTNLLIEAIKNDH- LRQMERERKAMAEKY IMTAAKLIAPVIEAS - -FAVGYNWCVEV
Hs_Tg737 DDPHTNLVTEAIKNDH - LRQMERERKAMAEKYITTSAKLIAPVIETS - - FAAGCDWCVEV
Cr_IFT88 DDPMGDDDMQVMTMDDGLKDEMRKRNTI ITRLIVKAAQLISEKVDRANGFEGGFMWCCEQ
* Kk Kk T .. *' *:: *.* Y : * . * **: 1 i * * * ok K
Mm_Tg737 VKASQYVELANDLEINKAITYLRQKDFNQAVDTLKMFEKKDSRVKSAAATNLSFLYYLEN
Hs_Tg737 VKASQYVELANDLEINKAVTYLRQKDYNQAVEILKVLEKKDNRVKSAAATNLSALYYMGK
Cr_I1FT88 LRDAGYTKLANEVELAKATRFMGQKQFDKAVGVFKDFEKKEPRVKARAATNLAFLYFLEG
.. - *':tt*::*: * K ] **::::** :* :***: ***: ****‘k: ’(*::
Mm_Tg737 EFAQASSYADLAVNSDRYNPSALTNKGNTVFANGDYEKAAEFYKEALRNDSSCTEALYNI
Hs_Tg737 DFAQASSYADIAVNSDRYNPAALTNKGNTVFANGDYEKAAEFYKEALRNDSSCTEALYNT
Cr_IFT88 ETDQADKYSEMALKSDRYNARAYVNKGCVLVERGDLEGARSLFNEAAGIDPYCVEAIYNL
ke koo ko okkkkk ok kkk . JKkEx ok k- kK * ok kk kK,
Mm_Tg737 GLTYKKLNRLDEALDSFLKLHAILRNSAQVLCQIANIYELMEDPNQAIEWLMQLISVVPT
Hs_Tg737 GLTYEKLNRLDEALDCFLKLHAILRNSAEVLYQIANIYELMENPSQAIEWLMQVVSVIPT
Cr_ IFT88 GLVSQRLNELPYALAAFKKLHNMVPDNVEVIHQIATTYDMMGDFKNAVKWFELLTSLVSN
LA A N A I S S S T L S I R S HEL I S
Mm_Tg737 DSQALSKLGELYDSEGDKSQAFQYYYESYRYFPSNIEVIEWLGAYYIDTQFCEKAIQYFE
Hs_Tg737 DPQVLSKLGELYDREGDKSQAFQYYYESYRYFPCNIEVIEWLGAYYIDTQFWEKAIQYFE
Cr_IFT8s DPGVLARLGAIHARFDDEAKALHYYQESHRVYPVNMDVISWLGAYHVKSEVYEKAMPFFD
L LK kE L _*:::*::** ko ko LS *****.:_::_ ***: :*:
Mm_Tg737 RASLIQPTQVKWQLMVASCFRRSGNYQKALDTYKEIHRKFPENVECLRFLVRLCTDIG-L
Hs_Tg737 RASLIQPTQVKWQLMVASCFRRSGNYQKALDTYKDTHRKFPENVECLRFLVRLCTDLG-L
Cr_IFT88 LASKIQPQEVKWALMVASCYRRTNNLPAALGKYKQIHTQHPDNVECLRYLVHLCSELGRR
*k kK :*** ***r**:**:'* **..**: * :'*:******:**:**:::*
Mm_Tg737 KEVQEYATKLKRLEKMKEMREQRIKSGRDSSGGSRSKREGSAGSDSGQNNSASSKSERLS
Hs_Tg737 KDAQEYARKLKRLEKMKEIREQRIKSGRDGSGGSRGKREGSASGDSGQONYSASSKGERLS
Cr_IFT88 AEAAEYMTKLKKAEKAAVPEATTAAAPAAAAAGSGMGGMGGLDDDIG- - SSAVSAQNRGK
. * K Kkk . kK . : R * . * * *x Kk L *
Mm_Tg737 AKLRALPGTDEPYESSGNKEIDASYVDPLGPQIERPKTAAKKRIDEDDFADEELGDDLLS
Hg_Tg737 ARLRALPGTNEPYESSSNKEIDASYVDPLGPQIERPKTAAKKRIDEDDFADEELGDDLLP
Cr_ IFT88 KML----- VKEHMGGGG------------ G---K---=-mmmn- DNDDWGNEQLGDDLLP
* ..1( e * . *:**:':*:******.
Mm_Tg737 E
Hs Tg737 B
Cr_IFT88 M

Figure 1. Sequence and structure of the Chlamydomonas TFT88 protein. (a) Chlamydomonas IFT88 is homologous to the mouse and hu-
man Tg737 proteins. The sequences of the Chlamydomonas (Cr_IFT88, accession number AF298884), mouse (Mm_Tg737, accession num-
ber AAB59705), and human (Hs_Tg737, accession number AA A86720) proteins were aligned using ClustalW (Thompson et al., 1994). (*)
Complete conservation,; :, highly conserved substitutions; and (.) semiconservative substitutions (below the alignment). (b) IFT88 contains 10
TPR repeats. Residues matching the TPR consensus sequence (bottom) are indicated by bold font. (¢c) The 10 TPR repeats (shaded boxes)
are organized in a group of three in the NH,-terminal half of the protein and a group of seven in the COOH-terminal half of the protein.
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YAVDFNLAHM YHMNKNYSEA LNLYTAIVRN KNEFP TPR 1
GWLRVNMGNI HFEQKKYPSA IKMYRMALDQ ISAT TPR 2
FKIMRNIGLS FVRMGQYPDA LQSFATVMDN VPDH TPR 3
ARAATNLAFL YFLEGETDQA DKYSEMALKS DRYN TPR 4
ARAYVNKGCV LVERGDLEGA RSLFNEAAGI DPYC TPR 5
VEAIYNLGLV SQRLNELPYA LAAFKKLHNM VPDN TPR 6
VEVIHQIATT YDMMGDFKNA VKWFELLTSL VSND  TPR 7
PGVLARLGAI HARFDDEAKA LHYYQESHRV YPVN  TPR 8
MDVISWLGAY HVKSEVYEKA MPFFDLASKI QPQE TPR S
VKWALMVASC YRRTNNLPAA LGKYKQIHTQ HPDN TPR 10

W LG Y A F A P
---L--IA-- L--m==---- S ---Y--S--- -K-- Consensus

Y MS F E L L E

N H2 e COOH
Figure 1 continued
Materials and Methods

Purification and Microsequencing of
Chlamydomonas IFT88

16S IFT particles were purified from Chlamydomonas flagella as described
in Cole et al. (1998). The IFT88 subunit was further purified by two-dimen-
sional gel electrophoresis and transferred to ImmobilonP*? (Millipore) as
described previously (Cole et al., 1998). The spot corresponding to IFT88
was excised and digested with trypsin. Tryptic peptides were eluted from
the membrane and fractionated by high performance liquid chromatogra-
phy. Pure peptides, identified by mass spectrometry, were subjected to mi-
crosequence analysis in the UMMS Protein Sequencing Facility.

Cloning IFTS88

Portions of the IFT88 peptide sequence (LEGETDQA and GIDPYCVE)
were used to design two degenerate oligonucleotide PCR primers (GA[A/
G] AC[C/G/T] GA[C/T] CA[A/G] GC[C/G/T] GA[CIT] AA[A/G] TA
and GC [C/T]TC [A/C/G]AC [A/G]CA [A/G]TA [A/C/G]GG [A/G]TC
[A/G]AT). These primers amplified a 365-bp fragment of genomic DNA
that contained parts of two exons and a 132-bp intron. This fragment of
genomic DNA was used to screen a Chlamydomonas cDNA library made
from cells undergoing division (contact Drs. Pazour and Witman for
cDNA libraries). Two positive clones were identified and sequenced by
primer walking. These two clones were similar except for the sequences at
their 5" ends. IFT88cDNA-1 was longer than IFT88cDNA-2 and appeared
to have a short region of polyA inappropriately fused to the 5’ end, proba-
bly the result of a cloning artifact. One Chlamydomonas IFT88 EST clone
is in Genbank (accession number AV395576). This EST sequence, which
is from the 5’ end of the gene and overlaps the cDNA clones, was used to
define the 5" end of the cDNA sequence.

Four independent BAC clones (40-B3, 11-021, 24-F2, and 27-M3) were
found in the Genome Systems Chlamydomonas BAC library by Southern
hybridization using the 365-bp fragment of /F788 genomic DNA as a
probe. The presence of the IFT88 gene in the clones was confirmed by
Southern blotting.

Identification and Rescue of an IFT88 Mutant

DNA from each of the ~400 transformants in our insertional mutant col-
lection (Pazour et al., 1995, 1998; Pazour and Witman, 2000) was cut with
Pstl and analyzed by Southern blotting with the 365-bp fragment /FT788
genomic DNA fragment. This probe detected an ~2.5-kb band in wild-
type cells and all of the mutants except strain V79.

Pazour et al. IFT88 and Tg737 Are Required for Ciliary Assembly

The motility/flagellar defect in V79 was rescued by transforming with
BAC clones carrying the /F788 gene. Transformation was performed by the
glass bead method of Kindle (1990), and rescued cell lines were identified
by restoration of their ability to swim. One rescued cell line was crossed to
wild-type CC124 cells. Tetrads from this cross were dissected and analyzed
by standard procedures (Levine and Ebersold, 1960; Harris, 1989) as de-
scribed in Pazour et al. (1998). The flagellar phenotype was scored by light
microscopy when the cells were in the early log phase of growth.

Electron Microscopy

Chlamydomonas cells were fixed in glutaraldehyde for EM (Hoops and
Witman, 1983) and processed as described in Wilkerson et al. (1995). Tis-
sues of anesthetized mice were fixed in situ by brief cardiac perfusion with
2.5% gluteraldehyde in 100 mM cacodylate buffer. The kidneys were re-
moved and a small amount of additional fixative was injected under the
capsule of the kidney. The kidneys were placed in additional fixative for
1 h. At that time, the kidneys were sliced in half and further fixed for 2 d.
The tissue was freeze fractured and metal impregnated as described in
McManus et al. (1993).

Western Blotting

Whole cell extracts of wild-type and mutant cells were made by resus-
pending log-phase cells in SDS-sample buffer, heating at 50°C for 10 min,
and repeatedly drawing the sample through a 26-gauge needle to shear the
DNA. Proteins were separated by SDS-PAGE, blotted onto polyvi-
nylidene difluoride membranes, and probed with antibodies as described
in Pazour et al. (1998). Antibodies used included mAbS57.1, mAb81.1,
mAb139.1, and mAb172.1, which are mAbs against IFT particle proteins
(Cole et al., 1998); FLA10N, which is specific for a kinesin-II motor sub-
unit (Cole et al., 1998); DHC1b, which is specific for the heavy chain of
DHCI1b/DHC2 cytoplasmic dynein (Pazour et al., 1999); and B-5-1-2,
which is specific for alpha tubulin (Piperno and Fuller, 1985).

Chlamydomonas Culture

Chlamydomonas strains used in this work included: gl (nitl, aggl, mt+)
(Pazour et al., 1995), CC124 (nitl, nif2, mt—), and CC1390 (fla2, mt—).
The latter two strains are available from the Chlamydomonas Genetics
Center (Duke University, Durham, NC). Strains generated in the course
of this work included: V79 (ift88-1::NIT'1, mt+), which was generated by
random insertional mutagenesis of gl, V79/40-B3#2.5 (ift88-1:NIT1,
IFT88, mt+), generated by transformation of V79 with BAC clone 40-B3,
and 3276.2 (ift88-1::NIT1), which is a progeny from a cross between V79/
40-B3#2.5 and CC124.

Mouse Genotyping

DNA was purified by digesting mouse tails with proteinase K, extracting
once with 50% phenol / 50% chloroform, once with chloroform, and then
precipitating the DNA with ethanol. The genomic DNA was amplified us-
ing the RW450, RW451, and RW452 primer set described by Yoder et al.
(1997). These primers amplified a 270-bp fragment from the wild-type lo-
cus and a 340-bp fragment from the mutant locus.

Digital Image Processing

Western and Southern blots were scanned from negative x-ray film with a
Linotype-Hell Saphir Ultra 2 flatbed scanner and brought into Photoshop
for cropping and contrast adjustment. Scanning EM micrographs were
scanned from positive Polaroid film in the same way. Transmission EM
negatives were scanned with a Polaroid Sprint Scan 45 and brought into
Photoshop for cropping, contrast adjustment, and inversion from a nega-
tive to a positive image.

Results

Cloning and Sequencing of Chlamydomonas IFT88

To learn more about the structure and function of the pro-
teins that make up the IFT particle, we cloned and se-
quenced the IFT88 protein, formerly known as p88 (Cole et
al., 1998). To do this, Chlamydomonas IFT particles were
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Figure 2. Phenotype of the ift88-1 mutant cells. (a) Southern blot
showing that the V79 cell line has an insertion in the /F788 gene.
DNA was isolated from wild-type and V79 cells, digested with
Pstl, and analyzed by Southern blotting with a 365-bp fragment
of IFT88 genomic DNA as a probe. The single band in wild-type
cells is split into two bands in the mutant. (b) Disruption of /FT88
does not affect growth rate. Wild-type and ift88-1 mutant cells
were grown in liquid culture and monitored as described in Pa-
zour et al. (1998). (c) In contrast to wild-type cells that have two
~10-pm-long flagella, flagella are not formed on ift88-1 cells.
Cells were recorded by differential interference contrast micros-
copy as described in Pazour et al. (1998).

purified from the matrix of isolated flagella by sucrose den-
sity gradient centrifugation and two-dimensional gel elec-
trophoresis. IFT88 was cleaved by trypsin and two internal
peptides were microsequenced (Cole et al., 1998), yield-
ing the sequences AATNLAFLYFLEGETDQADKYSE-
MALK and SLFNEAAGIDPYCVEAIYNLGLVSQR.
Degenerate PCR primers were designed from these se-
quences and used to amplify a fragment of genomic DNA.
A cDNA library was screened with the genomic fragment
and the resulting clones were sequenced by primer walking.
Southern blots indicated that there is only one copy of the
IFT88 gene in the Chlamydomonas genome.

Sequence analysis showed that the IF788 cDNA con-
tains a 2,346-nucleotide open reading frame that is pre-
dicted to encode an 86.3-kD protein (Fig. 1 a) with a pI of
5.87. Perfect matches to both IFT88 tryptic peptides are
found in the open reading frame of this cDNA, rigorously
confirming that these clones encode the Chlamydomonas
IFT88 protein. No discernible motifs were identified
within the sequence except for the presence of 10 tetratri-
copeptide repeats (TPR) (Fig. 1 b). TPRs are degenerate

The Journal of Cell Biology, Volume 151, 2000

34—amino acid repeats (Lamb et al., 1995), present in tan-
dem arrays of 3-16 U that are predicted to form amphi-
pathic helices (Hirano et al., 1990). The first three TPR
motifs are found closely spaced between amino acid resi-
dues 185-294. The other seven TPR motifs occur without
spacing between amino acid residues 441-676 (Fig. 1 c).

Chlamydomonas IFT88 Is Homologous to a Mouse
Polycystic Kidney Disease Gene

Blast searches with the Chlamydomonas IFT88 protein se-
quence indicate that it is very similar to the mouse (41%
identical; BLAST E=e-148) and human Tg737 (40% iden-
tical;, BLAST E=e-146) proteins. Mice with defects in
Tg737 have severe polycystic kidney disease and die
within a few weeks of birth. The protein also is homolo-
gous to proteins predicted by ESTs from zebra fish and
swine and fragments of preliminary C. elegans and Dro-
sophila melanogaster genomic sequence. IFT88 and Tg737
are likely to be functionally equivalent orthologs as the
similarity between the Chlamydomonas and mammalian
proteins is robust and distributed over the entire coding
region and not just within the TPR domains (Fig. 1 a).
40% identity is very typical of the amount of similarity
seen between other Chlamydomonas and mammalian
orthologs that encode flagellar proteins (Pazour, G.J., B.L.
Dickert, and G.B. Witman, manuscript in preparation).

IFT88 Is Required for Flagellar Assembly

To learn more about the function of IFT88 in cells, we
searched our collection of Chlamydomonas insertional mu-
tants (Pazour et al., 1995, 1998; Pazour and Witman, 2000)
for a cell line with a defect in this gene. The insertional mu-
tants were made by transforming cells with DNA carrying a
selectable marker. In Chlamydomonas, transforming DNA
is integrated randomly throughout the genome and dis-
rupts genes at the site of integration. DNA was isolated
from ~400 insertional mutants having behavioral or motil-
ity defects and was screened by Southern blotting using a
fragment of /FT88 genomic DNA as a probe. One cell line
(V79) was identified that had an insertion in the IFT88
gene (Fig. 2 a). The fact that the single hybridizing band in
wild-type cells was split into two bands in the mutant indi-
cated that the selectable marker integrated into the gene
within the region covered by the probe and did not result in
a large deletion of the genome at the site of integration.
The mutant allele was termed ift88-1.

The ift88-1 cells grew at the same rate as wild-type cells,
indicating that IFT88 is not required for processes essen-
tial for growth or cell division (Fig. 2 b). However, in con-
trast to wild-type cells that normally have two ~10-pm
long flagella extending from the anterior end of the cell
body, the ift88-1 cells completely lack flagella (Fig. 2 c).
Electron microscopic analysis of these cells showed that
the basal bodies were structurally normal but the flagella
did not extend beyond the transition zone (Fig. 3, arrows).
In some cells, the membrane covering the flagellar tips was
tightly apposed to the microtubules with no material be-
tween them and the membrane. In other cells, the flagellar
stubs were slightly swollen and contained fragments of mi-
crotubules in random orientations. However, in contrast
to the IFT mutants flal4 (Pazour et al., 1998) and dhclb
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(Pazour et al., 1999), no accumulation of IFT particles was
observed in any of the flagellar stubs.

To determine the effect of the lack of IFT88 on the IFT
particle and the IFT motors, we examined whole-cell ex-
tracts by Western blotting (Fig. 4). The IFT particle is
made up of two large complexes. Complex A is composed
of four to five proteins and includes IFT139, shown in Fig.
4. Complex B is composed of IFT88 and 10 other proteins
including IFT172, IFT81, and IFT57, shown in Fig. 4. The
complex A protein IFT139 is enriched in the mutant, sug-
gesting that the gene may be upregulated in the mutant
cells. The mutation has little or no effect on the levels of
complex B proteins IFT172 and IFT81, but causes a signif-

o O Figure 4. Western blot showing

N .
Q the effect of the ift88-1 mutation

on the levels of IFT motor

IFT172 and particle proteins. Equal
amounts of whole-cell extracts

FT139 e of ift88-1 (3276.2) and wild-type
cells (CC124) were separated

IFT81 N— by SDS-PAGE, transferred to
membrane and probed with an-

IFT57 —_— tibodies to IFT particle proteins
(IFT172, IFT139, IFT81, IFT57)

and IFT motor proteins

FLATO === (FLA10, DHCIb). An antibody
to a-tubulin (a-Tub) was used to

DHCIb — confirm that equivalent amounts
o-Tub “ of wild-type and ift88-1 protein

extracts were loaded on the gel.
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t88-1

f Figure 3. Ultrastructure of the
W ift88-1 flagella. The flagella on
g ift88-1 mutant cells are very

-

short and the microtubules do
not extend beyond the transition
zone (arrows). The microtu-
bules in wild-type cells start at
the basal body, extend through
the transition zone, and con-
tinue on to the flagellar tip. The
wild-type flagellum shown here
leaves the plane of section
shortly after passing through the
cell wall.

icant decrease in IFT57, another complex B protein. The
cellular levels of the IFT motors FLA10 kinesin-II and
DHCI1b are not affected by the ift88 mutation.

To be certain that the flagellar assembly defect is caused
by the mutation in /F788 and is not the result of another
mutation elsewhere in the genome, we transformed the
mutant cells with BAC clones carrying the IFT88 gene.
Three independent BAC clones (40-B3, 24-F2, and 27-M3)
complemented the flagellar defect. The complemented cell
lines swam like wild-type cells and had IFT. One of the res-
cued cell lines was crossed to a wild-type cell line and 26
tetrads were dissected. All four products of one tetrad and
a single product of the remaining 25 tetrads were analyzed
by Southern blotting. Because the transformed copy of the
IFT88 gene inserted at a site unlinked to the original locus,
the inserted DNA segregated independently from the orig-
inal gene, allowing offspring to carry zero, one, or two cop-
ies of the wild-type gene. Cells that carry at least one copy
of wild-type IFT88 have normal flagella and motility,
whereas those that carry no copies of wild-type IFT88 lack
flagella and are nonmotile (Fig. 5). These data indicate
that the flagellar defect is tightly linked to the ift88 muta-
tion and is almost certainly the result of it.

Primary Cilia in the Kidney of Tg737 Mice Are
Shorter than Normal

Primary cilia are present on many cells in the mammalian
body (Wheatley, 1995; Wheatley et al., 1996), and are par-
ticularly well developed in the kidney (Andrews and Porter,
1974). Inasmuch as Chlamydomonas IFT88 is necessary for
assembly of flagella and is homologous to mammalian
Tg737, and because a defect in mouse Tg737 leads to kidney
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Figure 5. Presence of the IFT88
gene correlates with the wild-
type phenotype in meiotic prod-
ucts. Strain V79 was transformed
with a BAC clone containing the
IFT88 gene. Transformed cells

Motility ++ —+++

Mutant—=> « =~

Wid-lyoe— =9 oo eo=se ®

Mutani— & &

disease, it was of great interest to determine whether the de-
fect in Tg737 affected formation of the primary cilia in the
kidney. In wild-type rats, the cilia are ~2.5-um long and are
found in the proximal tubule, the loop of Henle, the distal
tubules, and the collecting ducts (Andrews and Porter,
1974). In wild-type mice, these cilia are <5-pm long and
similarly distributed (Flood and Totland, 1977).

We obtained the hypomorphic Tg737-mutant mice
from Oak Ridge National Laboratory and examined the
kidneys of 4- and 7-d-old pups by scanning electron mi-
croscopy. Numerous monociliated cells were observed in
the kidneys of both wild-type (Fig. 6 a, +/+) and ho-
mozygous mutant (Fig. 6 a, —/—) mice, but the cilia in the
mutant kidneys were much shorter. To quantify this dif-
ference, the cilia lengths were measured from scanning
electron micrographs taken from the tubules distal to the
proximal tubule (Fig. 6, b and c¢). The proximal tubule
was avoided because it contains a thick brush border that
can obscure a micron or more of cilia length. The tubules
distal to the proximal tubule have only sparse microvilli
that do not obscure cilia, and the cilia in these regions are
uniform in length (Andrews and Porter, 1974). These
cilia in wild-type mice were 3.1 = 1.4 and 3.5 = 1.7 pm at
4 and 7 d, respectively, whereas these cilia in the mutant
mice were 1.0 = 0.6 and 1.3 £ 0.6 pm at 4 and 7 d, respec-
tively. These values represent minimum lengths as it is
difficult to accurately measure cilia that are lying at dif-
ferent angles in the tubules. However, the differences are
quite large and are significant at the >99% level. Thus,
Tg737 plays an essential role in assembly of the primary
cilium in the mouse, just as IFT88 is essential for flagellar
assembly in Chlamydomonas.
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recovered the ability to swim and
were enriched by taking inoculi
from the top part of an unmixed
culture. After enrichment, a pure
culture of one of the transfor-
mants (V79/40-B3#2.5) was iso-
lated and mated to a wild-type
cell line (CC124) of the opposite
mating type. Tetrads were dis-
sected and the offspring scored
for motility by light microscopy.
DNA was isolated from the par-
ents, the four products of one tet-
rad, and random single products
of 10 additional tetrads. The
DNA was analyzed by Southern
blotting using a 386-bp fragment
of IFT88 genomic DNA as a
probe. Cells that swam normally
carried at least one copy of the
wild-type gene, whereas the non-
motile cells did not carry a copy
of the wild-type gene.

Discussion

The IFT88 Gene Is Required for Flagellar Assembly
in Chlamydomonas

Chlamydomonas cells lacking the IFT88 gene do not as-
semble flagella, indicating that the IFT88 protein is re-
quired for flagellar assembly. This is the first Chlamy-
domonas IFT particle subunit to be shown to be required
for ciliary assembly. Loss of IFT88 causes a substantial de-
crease in the amount of IFT57 relative to other IFT parti-
cle proteins in the cytoplasm, suggesting that IFTS88 is im-
portant for assembly of at least a portion of the IFT
particle. Thus, IFT may be blocked at a very early stage in
the ift88-1 mutant. Consistent with this, IFT particles do
not accumulate in the flagellar stubs of the ift88 mutant, in
sharp contrast to the dramatic accumulation of apparently
intact IFT particles in the flagella of mutants with defects
in cytoplasmic dynein DHC1b/DHC?2 (Pazour et al., 1999)
or the dynein light chain LC8 (Pazour et al., 1998). Alter-
natively, IFT88 may have a vital role in the attachment of
the IFT particle to its cargo or to the anterograde IFT mo-
tor FLA10-kinesin-II. In either case, loss of IFT88 would
preclude flagellar assembly. It is also possible that IFTS8S is
essential for transduction of a signal that is necessary for
flagellar assembly.

Tg737, the Mouse IFT88 Homologue, Is Required for
Assembly of the Primary Cilia in Kidney

We have shown that IFT88 is highly similar to the mouse
and human Tg737 proteins and that mice with defects in
Tg737 have defective cilia in their kidneys. Tg737 was
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identified at Oak Ridge National Laboratory by random
insertional mutagenesis of mice. Hypomorphic mutations
in Tg737 cause kidney disease and death within a few
weeks of birth. The phenotype of this mutation closely re-
sembles human autosomal recessive polycystic kidney dis-
ease (ARPKD) in that the mice develop cystic kidneys
and have hepatic biliary disease, which is also common in
human patients with ARPKD (Moyer et al., 1994). The
mice develop large cysts in their collecting ducts and are
unable to concentrate urine (Yoder et al., 1996, 1997).
Null alleles of Tg737 have a more severe phenotype and
cause the mice to die during midgestation (Murcia et al.,
2000). The phenotype caused by the null Tg737 mutation
closely resembles the phenotype of kinesin-II knockout
mice (Nonaka et al., 1998; Marszalek et al., 1999, Takeda
et al., 1999). Both the kinesin-II and Tg737 null mice have
left-right asymmetry defects, lack cilia on the embryonic
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Figure 6. Primary cilia in the
kidney of Tg737 mutant mice
are shorter than normal. (a)
Kidneys from 4-d-old pups were
fixed with  glutaraldehyde,
freeze fractured, metal impreg-
nated, and examined by scan-
ning electron microscopy. Nu-
merous cilia were found on the
epithelial cells in the tubules and
collecting ducts of the wild-type
mice (+/+). Cilia were also
found in the homozygous mu-
tant (—/—) pups, but they were
usually <2-pm long and most
were only short stubs. (b) Cilia
length in kidneys of 4-d-old
mice. Cilia were measured in
scanning electron micrographs
of tubules located distal to the
proximal tubule. Wild-type cilia
averaged 3.1 = 1.4 pm (n = 50),
whereas the mutant cilia aver-
aged 1.0 = 0.6 pm (n = 50). (c)
Cilia length in kidneys of 7-d-old
mice. The cilia lengths were
measured in scanning electron
micrographs of tubules located
distal to the proximal tubule.
‘ Wild-type cilia averaged 3.5 *
1.7 pm (n = 50), whereas the
mutant cilia averaged 1.3 = 0.6
pm (n = 50).

Seven-Day Old

mm Mutant
© Wild Type

,H‘D‘D‘

node, and die during midgestation. Our finding that IFT88
is required for ciliary assembly provides the first evidence
that the lack of nodal cilia on embryos of Tg737 null mu-
tant mice is a direct result of a defect in IFT.

Primary cilia are extremely widely dispersed throughout
the mammalian body. The only cells that are known not to
contain primary cilia are hepatocytes and differentiated
cells of myeloid or lymphoid origin (Wheatley, 1995;
Wheatley et al., 1996). The primary cilia in kidney tubules
and ducts (Andrews and Porter, 1974) and hepatic biliary
ducts (Motta and Fumagalli, 1974) are unusually long and
project into the lumens of these structures. The role of the
primary cilia in the kidney or hepatic ducts is not known,
but has been suggested to be sensory (Roth et al., 1988).
The most studied primary cilia are the outer segments of
rod and cone photoreceptor cells and the olfactory cilia in
the nasal cavity. In these examples, the role of the primary
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cilia is clearly to serve as an appendage to concentrate sen-
sory machinery. C. elegans also makes extensive use of pri-
mary cilia to detect osmolarity gradients and chemical sig-
nals (White et al., 1976; Lewis and Hodgkin, 1977).
Primary cilia on other cells may similarly have a sensory
role. Supporting this idea, the somatostatin 3 receptor has
recently been localized to primary cilia in the brain (Han-
del et al., 1999). Kidney epithelial cells sense multiple ex-
tracellular signals, including peptide hormones such as an-
giotensin and ions such as chloride (reviewed in Gunning
et al., 1996). Whether any of these sensory receptors are
localized to the primary cilia of the vertebrate kidney re-
mains to be determined.

C. elegans homologues of the human polycystic kidney
disease genes, PKD1 and PKD?2, are localized to sensory
cilia (Barr and Sternberg, 1999). Humans with mutations
in PKD1 and PKD?2 develop kidney disease similar to that
caused by Tg737 mutations in mice. PKD1 and PKD?2 are
transmembrane proteins that interact with each other
(Qian et al., 1997; Tsiokas et al., 1997). PKDI1 has a large
extracellular domain that is thought to bind an unknown
ligand (Hughes et al., 1995; The International Polycys-
tic Kidney Disease Consortium, 1995). PKD2 is homolo-
gous to calcium-regulated cation channels, suggesting that
PKD?2 is a cation channel (Chen et al., 1999). Further work
will be necessary to determine if PKD1 or PKD?2 are ever
found on mammalian primary cilia.

TPR Repeats in IFT88 and Tg737 Suggest that these
Proteins Are Involved in Protein—Protein Interactions

TPR repeats are degenerate 34 amino acid motifs (Lamb et
al., 1995) that are present in tandem arrays in proteins.
These arrays are predicted to form super helices (Hirano et
al., 1990) with amphipathic grooves responsible for binding
specific target proteins (Das et al., 1998). TPR domains
have been found to mediate multiple simultaneous protein—
protein interactions in such multiprotein complexes as mo-
lecular chaperones and the anaphase-promoting complex
(reviewed in Blatch and Lassle, 1999). In IFT88 and Tg737,
there are three closely spaced TPR repeats in the amino-
terminal half of the protein and another seven TPR repeats
in the carboxyl-terminal half of the protein. These two sepa-
rate TPR domains might serve to bind simultaneously to
two separate target proteins. These target proteins could be
axonemal subunits that are transported via IFT to the
flagellar tip, where they are assembled (Piperno et al.,
1996). The targets also could be membrane proteins such as
receptors and channels, as IFT particles are tightly associ-
ated with the flagellar membrane (Kozminski et al., 1995;
Pazour et al., 1998). Alternatively, IFT88 could be binding
to other subunits of the IFT particle and holding it together.
IFT57 is likely to be an interacting protein because it is de-
stabilized in the absence of IFTS8S.

IFT Is a Conserved Mechanism in the Assembly and
Maintenance of Cilia and Flagella

A strong body of evidence indicates that IFT is necessary
for assembly and maintenance of all eukaryotic motile and
sensory cilia. Previous work has shown that the antero-
grade motor, kinesin-II, is necessary for assembly and
maintenance of cilia and flagella in diverse organisms that
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include green algae, ciliated protozoa, nematodes, echino-
derms, and vertebrates (reviewed in Cole, 1999; Marszalek
and Goldstein, 2000). The retrograde motor, cytoplasmic
dynein DHC1b/DHC2, also has been shown to be re-
quired for assembly of Chlamydomonas flagella (Pazour
et al., 1999; Porter et al., 1999) and Caenorhabditis sensory
cilia (Signor et al., 1999; Wicks et al., 2000). Our initial re-
port on the composition of the Chlamydomonas IFT parti-
cle proteins showed that IFT52 was homologous to C. ele-
gans OSM-6 and that IFT172 was homologous to C.
elegans OSM-1 (Cole et al., 1998). OSM-1 and OSM-6 are
required for assembly of sensory cilia in worms (Perkins et
al., 1986; Collet et al., 1998). The involvement of these two
nematode proteins in IFT was recently confirmed when
GFP-labeled OSM-6 and OSM-1 were both shown to un-
dergo IFT in transformed C. elegans (Orozco et al., 1999;
Signor et al., 1999). The work in this paper shows that the
IFT particle protein IFT88 is required for ciliary assembly
in Chlamydomonas and that the IFT88 homologue, Tg737,
is required for assembly of primary cilia in the kidney of
mice. Thus, evidence from a diverse group of eukaryotes
shows that both the IFT motors and the IFT particle pro-
teins are required for assembly and maintenance of cilia
and flagella. This indicates that IFT is an ancient and con-
served mechanism by which eukaryotic cilia and flagella
are built and maintained.

IFT Is Likely to Play Important Roles in Many
Disease States

In addition to polycystic kidney disease, discussed above,
there are many other diseases that may involve IFT. This
includes retinitis pigmentosa, which is a genetic disorder
that causes destruction of photoreceptor cells, resulting in
progressive vision loss. Transport of opsin and other com-
ponents of the rod outer segment is very important in pho-
toreceptor cells, as ~10% of the outer segment is turned
over each day. Transport from the inner segment to the
outer segment occurs through the connecting cilium (re-
viewed in Besharse and Horst, 1989). Kinesin-1I and sev-
eral IFT particle proteins are located in the connecting cil-
ium of photoreceptor cells (Beech et al., 1996; Muresan et
al., 1999; Whitehead et al., 1999; Pazour, G.J., D.G. Cole,
J.A. Deane, S.A. Baker, B.L. Dickert, J.L. Rosenbaum,
G.B. Witman, and J.C. Besharse, manuscript submitted for
publication). Moreover, Marszalek et al. (2000) showed
that photoreceptor cells lacking kinesin-II accumulate op-
sin and arrestin in the inner segment, indicating that kine-
sin-II is involved in transport in photoreceptor cells.
Therefore, IFT is likely to be an important transport mech-
anism in vertebrate photoreceptor cells, and mutations in
IFT particle proteins are likely to cause vision defects.
Defects in IFT also are likely to affect motile cilia and
flagella and be a cause of primary ciliary dyskinesia
(PCD). PCD is a syndrome caused by defects in motile
cilia and is characterized by male infertility, respiratory
disease, and situs inversus. It is well known that defects in
axonemal components cause PCD (Afzelius, 1979; Pen-
narun et al., 1999). However, IFT particle proteins are
highly expressed in the testis and lung, suggesting that they
are involved in the assembly of motile sperm flagella and
respiratory tract cilia (Pazour, G.J., unpublished results).
Thus, a mutation in an IFT particle protein could lead to
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defects in sperm flagellar assembly and result in sperm
with short disorganized tails, as have been described in
some infertile human males (Baccetti et al., 1993). It is
possible that mutations that prevent assembly of both
motile and sensory cilia are so severe that the embryos ter-
minate during gestation, as has been observed with
mutations in the mouse kinesin-II motor subunits kif3a
(Marszalek et al., 1999; Takeda et al., 1999) and kif3b
(Nonaka et al., 1998).
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