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Application of the Floxin gene targeting technology reveals that Ofd1 controls
centriole length
Veena Singla
ABSTRACT
We describe here a resource of mouse embryonic stem (ES) cell lines that contain

gene trap insertions capable of post-insertional modification. We demonstrate Floxin
technology for efficient targeted modification of gene trap alleles. Loss-of-function gene
trap mutations created with the pGTLxf and pGTLxr vectors are reverted and new DNA
sequences inserted into the locus using Cre recombinase and a shuttle vector, pFloxin.
As proof-of-principle, we used this strategy to create targeted modification of several
gene trap alleles. pFloxin-contained DNA constructs are efficiently and precisely
inserted, and are regulated by endogenous promoters. Possible applications include the
generation of point mutations, humanized alleles, tagged alleles and insertion of non-
homologous constructs such as fluorescent reporters. The resource contains ES cell lines
with compatible gene traps in more than 4,500 genes, enabling the high-throughput
modification of many genes in mouse ES cells.

Centrosomes and their component centrioles represent the principal microtubule
organizing centers of animal cells. Here we show that the gene underlying
Orofaciodigital Syndrome 1, Ofd1, is a component of the distal centriole that controls
centriole length. In the absence of Ofd1, distal regions of centrioles, but not procentrioles,
elongate abnormally. These long centrioles are structurally similar to normal centrioles,
but contain destabilized microtubules with abnormal post-translational modifications.

Ofd1 is also important for centriole distal appendage formation and centriolar recruitment
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of the intraflagellar transport protein Ift88. To model OFD1 Syndrome in embryonic stem
cells, we replaced the Ofd] gene with missense alleles from human OFD1 patients.
Distinct disease-associated mutations cause different degrees of excessive or decreased
centriole elongation, all of which are associated with diminished ciliogenesis. Our results
indicate that Ofd1 acts at the distal centriole to build distal appendages, recruit Ift88, and

stabilize centriolar microtubules at a defined length.
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CHAPTER 1: Floxin, a resource for genetically engineering mouse ESCs.

INTRODUCTION

Genetic modification of mouse embryonic stem cells (ESCs) and mice is an
important source of insight into the functions of mammalian genes. Loss of function
studies provide valuable initial information about gene function, but a full understanding
of gene structure and function requires study of alleles other than the null allele. The most
widely applied approaches for genetic modification of mouse ESCs are transgene
insertion and homologous recombination. These methods allow creation of loss of
function and other alleles, but there are limitations associated with both.

Transgenes are useful for expression of new alleles, but these constructs integrate at
a random location in the genome. As such, transgenes are subject to position effects and
can interfere with the function of neighboring genes. Large regions of known or possible
regulatory elements can be included in a transgene construct, but control of native
regulatory elements is lost. Transgene insertion is not a reproducible process.

Targeted mutations, either loss of function (‘knock out’) or insertion of new
constructs (‘knock in’), can be created by homologous recombination, but the process is
extremely laborious from construct design to end product. It takes from several months to
a year, and on average, only about 1.5% of clones screened will have correctly integrated
the construct (Lu et al., 2003). Additionally, different constructs must be created for each
gene. These factors limit the throughput of this technology for individual researchers.
Large scale efforts such as the NIH Knockout Mouse Project (KOMP) and the European

Conditional Mouse Mutagenesis (EUCOMM) Program have developed more high-



throughput pipelines, but these modifications do not permit expression of new alleles at
the targeted loci (Collins et al., 2007).

A complementary approach to generating loss-of-function mutations in ESCs is
gene trapping (Hansen et al., 2003; Mitchell et al., 2001; Stanford et al., 2006). Gene
trapping in ESCs offers a high-throughput method to generate random insertional
mutations that are immediately accessible to molecular characterization (Stanford et al.,
2001). Gene trap vectors interfere with gene function by co-opting splicing; integration of
a vector containing a strong splice acceptor creates a fusion between 5’ exons of the
endogenous gene and a gene trap open reading frame encoding a reporter gene and
polyadenylation signal (Gossler et al., 1989; Skarnes et al., 1992; von Melchner et al.,
1992). The most widely used reporter system for gene trapping is f3geo, a fusion between
[-galactosidase and neomycin phosphotransferase (Friedrich and Soriano, 1991). Gene
trap insertions accurately report the expression pattern of the trapped gene and are highly
mutagenic, almost always resulting in the generation of null alleles (Mitchell et al.,
2001).

Gene trap lines have been created and characterized using high-throughput methods
(Hansen et al., 2008; Horn et al., 2007; Townley et al., 1997; Wiles et al., 2000;
Zambrowicz et al., 1998). Existing gene trap lines are described in the International Gene
Trap Consortium (IGTC) database (www.genetrap.org), and have been used extensively
to generate mutant mouse lines for phenotypic analysis (Leighton et al., 2001; Mitchell et
al., 2001; Nord et al., 2006; Zambrowicz et al., 2003).

Below, we describe the gene trap vectors pGTLxf and pGTLxr, which allow post-

insertional modification of the trapped locus using an accompanying technology called



Floxin (Flanked lox site insertion), based on recombination mediated cassette exchange
(RMCE).

We show that the Floxin technology allows for reversion of the gene trap mutation
and targeted insertion of new DNA constructs at eight genomic loci. Insertion is highly
efficient, representing an eighty-fold improvement over average homologous
recombination integration rates. Using the Floxin technology, one individual can create
targeted alleles representative of the null, wild type, and other desired variations within

weeks.

RESULTS

Overview of the Floxin gene trap and vector designs

We show a schematic of mutation, reversion, and modification of a generic,
autosomal Your Favorite Gene (YFG) (Fig. 1a-d). A pGTLxf or pGTLxr gene trap in an
intron of YF'G results in expression of an YFG-Bgeo fusion protein in the gene trap line
YFG" (Fig. 1a). To revert this loss-of-function mutation, transiently expressed Cre
excises the floxed splice acceptor, leaving a single Lox71 site (Fig. 1b) (Sauer, 1993). In
the absence of the splice acceptor, YFG*** cells lose Sgeo expression and reactivate
YFG expression.

pFloxin vectors contain a Lox66 site (Fig. 1¢) so that Cre-mediated recombination
between the pFloxin Lox66 and genomic Lox71 site of revertant cells results in
directional insertion of the pFloxin sequence (Fig. 1d). Recombination between Lox66
and Lox71 sites produces one inactive Lox site and one LoxP site (Fig. 1d), making

integration irreversible (Albert et al., 1995).



Floxin vectors also include a splice acceptor to permit expression of defined
sequences at the modified locus (Fig. 1¢-d). The pFloxin-YFG-Flag inserted cDNA is
spliced so that the inserted sequence is expressed as a fusion with upstream exons from
the endogenous promoter. The other Floxin vector, pFloxin-IRES-HA-YF G, contains an
IRES element to initiate translation of an amino-terminally tagged version of YFG. The
line YFG™RESHATEC ox presses full length HA-YFG under the control of the endogenous
promoter and the IRES element. The Floxin vectors also include fActin promoters that
reactivate ffigeo expression and thus permit pharmacological selection of correct
insertions (Fig. 1c-d).

RMCE has been shown previously to function robustly in ESCs with varied vector
designs (Araki et al., 1999; Hardouin and Nagy, 2000; Osipovich et al., 2005; Schnutgen
et al., 2005; Taniwaki et al., 2005; Xin et al., 2005). To date, the BayGenomics and
Sanger Institute gene trap efforts have generated 24,149 gene trap cell lines with the
pGTLxf and pGTLxr vectors, representing 4,528 individual genes (Skarnes et al., 2004).
This resource of gene trap cell lines represents genes covering a wide array of cellular
components and processes (Supplementary 1). A database of the gene trap alleles and
the corresponding cell lines are accessible to the community through the IGTC

(www.genetrap.org).

Cre-mediated reversion of gene trap mutations

Here, we demonstrate modification of eight genomic loci: Sall4, Suzl2, Ofdl1, Gli2,

Tardbp, Sntb2, Pex14 and Tetl. MGI allele names are included (Supplementary Table



1). Ofd1“ cells are hemizygous as the OfdI gene is X-linked and the E14 gene trap ESCs
are male. Consequently, Ofd1“ cells do not produce any Ofd1 protein (Fig. 1e).

To remove the exogenous splice acceptor, we electroporated gene trap cells with an
expression construct for nuclear Cre recombinase. On average, 45% of colonies screened
showed proper excision of the splice acceptor (Table 1). Revertant cells no longer
displayed (3-galactosidase activity or neomycin resistance (Fig. 2a, Supplementary 2d),
and reversion caused loss of the figeo transcript (Supplementary 2e). Genomic PCR and
Southern blot confirmed correct excision of the splice acceptor in revertant cells
(Supplementary 2f{-g).

Gene trap vectors can insert in a concatamer fashion, creating multiple possibilities
for Lox site recombination with expression of Cre. However, we have found that the
process of reversion collapses concatamer insertions down to a single insertion with a
high frequency, thus allowing application of the Floxin process to these alleles

(Supplementary 3).

Floxin-mediated insertion of new DNA sequences at gene trap loci

Using the Floxin strategy, we generated cell lines expressing wild type Ofd1,
Suz12, Sall4, Gli2, or Tardbp with carboxy-terminal tags, and lines expressing eGFP at
the Sntb2, Pex14, or Tetl genomic loci. Revertant lines were co-electroporated with the
appropriate pFloxin or pFloxin-IRES construct and a nuclear Cre expression construct
and selected with neomycin. On average, 86% of resultant ESC colonies contained the
correctly integrated pFloxin construct (Table 2), and p-galactosidase activity was re-

activated (Fig. 2a). Genomic PCR and Southern blot confirmed integration in Floxin cell



lines (Supplementary 2g, Supplementary 4a-c). These data indicate that Floxin-
mediated targeted insertion occurs efficiently and accurately in many different genomic

contexts.

Expression and function of reverted and Floxin proteins

Quantitative RT-PCR and immunoblot indicated that revertant alleles are expressed
at wild type levels in Sall4%"" and Suz12®" (Fig. 2b and Supplementary 4d). In
contrast, immunoblot indicated that Ofd1*® cells expressed lower levels of Ofd1 (at the
expected size of 110 kD) than wild type cells (Fig. 2¢). RT-PCR and sequencing
indicated that the reduced Ofd1 expression is attributable to the use of cryptic splice
acceptor sites present in the fgeo cassette (data not shown). Northern blot revealed that
Pgeo transcript is detectable in a subset of revertant lines (Supplementary 2e). The use
of these cryptic splice acceptor sites in certain revertant cell lines suggests that locus-
dependent factors affect the restoration of normal expression. Ofd! is essential for the
formation of the primary cilium (Ferrante et al., 2006), and wild type ESCs possessed
primary cilia whereas Ofd1“" cells do not. Ofd1*® cells possessed primary cilia,
indicating that reversion of the gene trap mutation restored gene function (Fig. 2d).

Floxin-inserted alleles were expressed at levels equivalent to the revertant alleles.
The tagged alleles for both Sall4%™™F™* and Suz12%"*™""" were expressed at wild type
levels (Fig. 2b and Supplementary 4d). Although immunoblot showed that Ofd1-Myc
protein levels were less than wild type (Fig. 2¢), production of Ofd1-Myc was sufficient
to support ciliogenesis (Fig. 2e). Ofd1-Myc, like endogenous Ofd1, localized to the

centrosome as assessed by immunofluorescence detection (Fig. 2f). Thus, Floxin-



inserted Ofd1 constructs, like the revertant allele, are functional but expressed at lower
levels than the wild type allele.

Suz12-TAP, like endogenous Suz12, localized to the nucleus (Fig. 2g). ESC
differentiation led to downregulation of endogenous Suz12 and Suz12-TAP to similar
extents (Fig. 2h) (Pasini et al., 2007). Together, these data indicate that Floxin cells
produce modified proteins that function and are regulated similar to wild type proteins.

In addition to tagged versions of endogenous genes, the Floxin technology can
insert exogenous DNA into loci. Snth2™RES¢CE | pox | 4™RESCCEPI* and Tet I"*ES¢CFP™ Jines
expressed eGFP under the control of endogenous regulatory elements (Supplementary
4e).

The presence of vector sequences may affect normal gene expression (Wilson and
Kola, 2001). Therefore, we included Frt sites in the gene trap and Floxin vectors to allow
for Flp-mediated removal of the BActin promoter and figeo cassette (Supplementary Sa).

. ) +

To remove the BActin-fgeo cassette, we electroporated Ofd
with a mouse codon optimized FLP (FLPo) expression construct (Raymond and Soriano,
2007). On average, 51% of ESC clones assayed showed excision of the fActin-fgeo
cassette (APgeo), identified by loss of -galactosidase activity (Fig. 2a, Supplementary
5b). Genomic PCR verified correct excision (Supplementary 5c¢). Removal of vector
sequences increased the expression of Ofd1-Myc (Supplementary 5d).

To assess whether the genetic manipulations associated with gene trapping,
reversion, and the Floxin process affected ESCs, we performed karyotyping and

evaluated pluripotency by three methods. The five Floxin lines evaluated showed normal

euploid karyotypes (Supplementary 6 and data not shown). All Floxin lines had normal



ESC colony and cell morphology (Supplementary 7a). Additionally, Floxin lines had
expression levels similar to wild type ESCs for three regulators of pluripotency, Oct4,
Sox2 and Nanog (Supplementary 7b). The Floxin lines also possessed the ability to
differentiate into cell types that express Fgf5, Afp and 7/Brachyury, markers of
embryonic ectoderm, endoderm and mesoderm, respectively (Supplementary 7c¢). While
these assays suggest that the Floxin process does not adversely affect ESC pluripotency,
germline competency of Floxin cells has not been systematically evaluated. Other studies
have shown that three genetic manipulations do not necessarily limit germline

transmission (Hardouin and Nagy, 2000; Nagy et al., 1993).

DISCUSSION

A detailed understanding of gene function requires the generation of a range of
alleles. The Floxin strategy described here allows for high throughput modification of
ESC loci harboring insertions of the pGTLxf or pGTLxr gene trap vectors. The Floxin
system allows for Cre-mediated reversion of the gene trap mutation and subsequent
insertion of new DNA of interest into the genomic locus. Genes of interest are cloned

with standard molecular biology techniques into pFloxin shuttle vectors.

Unanswered Questions and Future Improvements

Reversion restores wild type expression of the endogenous trapped allele and
abrogates fgeo expression for the majority of the gene trap lines studied. However, in a
subset of the lines studied (Ofd1**” and XD052""), reversion only partially restored wild

type expression of the allele (Fig. 2¢, Supplementary 7d). Additionally, some lines



continued to express fgeo after reversion as assayed by either RT-PCR (Ofd1**", data not
shown) or Northern blot (FIna™®, Supplementary 1e). The chromosomal location of the
trap in all of these cases is the X chromosome. This suggests the possibility of specific
factors unique to the X chromosome that cause a greater use of cryptic splice sites in the
Pgeo cassette for this particular chromosomal location. To determine if this is the case
would require further study of revertant alleles located on the X chromosome. If
chromosomal location were not the primary factor affecting use of cryptic splice sites, it
may be interesting to determine what other features of gene location and/ or sequence
determine splicing efficiency of different sites.

Regardless of the mechanism that determines cryptic splicing in various lines, it
may be useful to remove this variable all together in future lines by eliminating cryptic
splice sequences from future Floxin-compatible gene trap vectors. To redesign the
pGTLxf/r gene trap vectors for possible use in creating human gene trap ESC lines, one

could employ a similar method as used to construct FLPo (Raymond and Soriano, 2007).

Applications and advantages of the Floxin system

We have demonstrated the generation of tagged or reporter alleles at eight loci,
and shown how the technology can be used to model a human genetic disease in ESCs,
study protein localization, and report on the dynamics of protein expression
(Supplementary Table 2). The gene trap allele can also be converted into a wide variety
of other tailored alleles, such as missense, deletion, and domain swap alleles.
Additionally, the Floxin technology is convenient for insertion of non-homologous DNA

sequences into endogenous loci, such as demonstrated with eGFP. This approach could



be utilized for generating alleles expressing other exogenous proteins such as Cre, rtTA,
®C31 integrase, Alkaline phosphatase, or Diptheria toxin under the control of tissue- or
cell type-specific promoters.

The Floxin strategy has several advantages over transgene insertion, homologous
recombination, and other approaches for manipulating the ESC genome (Araki et al.,
1999; Hardouin and Nagy, 2000; Osipovich et al., 2005; Taniwaki et al., 2005). First,
unlike homologous recombination, the Floxin strategy does not require cloning of large
pieces of DNA sequence (‘homologous arms’). Second, unlike transgenes, Floxin alleles
are created in the native genomic context. Third, each modification causes the presence
or absence of fgeo expression, assisting in the selection or identification of the desired
cells. Fourth, reversion allows for confirmation that observed cellular phenotypes are due
to the gene trap mutation, as demonstrated for the role of Ofd! in ciliogenesis. Fifth,
inserted DNA sequences can be expressed either as a direct fusion to upstream exons, or
as a separate cistron. Sixth, Frt sites allow for removal of the fActin-fgeo cassette,
abrogating interference from vector prokaryotic sequences. Lastly, the Floxin technology
is compatible with the extensive collection of 24,149 characterized and validated gene
trap lines available to the community.

The Floxin strategy of reversion and new DNA insertion are both highly efficient
and reproducible at a variety of loci. By avoiding the most laborious aspects of traditional
gene replacement strategies, the Floxin system allows new alleles to be engineered with

minimal effort.
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MATERIALS AND METHODS

Cell Lines and Cell Culture

Ofd1° (RRF427), Sall4“"*(XE027), Suz12°"*(XG122), Gli2°"" (XG045), and
Tardbp®* (RRB030) E14 ESC lines were obtained from BayGenomics. Sntb2%""
(XC195), Pex14°"" (XC197), Tet1“* (XD006), Fina® (XC373), B3 (XD028),
NsdI19"* (XC030), and XD052% (XD052) were provided by W.C.S. Cells were cultured
on 0.1% gelatin in GMEM supplemented with 10% FBS, glutamine, pyruvate, NEAA,

BME, and LIF.

Plasmids and Vector Construction

pPGK-NLS-Cre expresses a fusion of the bacteriophage P1 recombinase Cre with a SV40
large T antigen nuclear localization signal (Gu et al., 1993). pFloxin vectors were built
from the pBluescript backbone by adding an Engrailed? splice acceptor sequence,
multiple cloning site polylinker, SV40 polyA signal and, in the case of pFloxin-IRES, an
IRES. All pFloxin constructs were produced in recAl Stbl2 cells (Invitrogen) according
to manufacturer’s protocol, except cultures were grown at 37° in LB medium. GenBank
accession numbers for pFloxin, pFloxin-IRES, pFloxin-TAP, and pFloxin-IRES-eGFP are
EU916834, EU916835, EU916836, and GQ357182 respectively. The vector pFloxin-
MCS2-IRES-MCS (GenBank number GU180239) with two multiple cloning sites and an
IRES allows insertion of homologous cDNA as well as a reporter regulated by the same

promoter.
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cDNA constructs and cloning

Suz12 and Sall4 cDNAs were gifts from Miguel Ramalho-Santos. To make Sall45*"*™""*
and Suz12%“!?7"* cell lines, primers were used to amplify and add appropriate
restriction sites to exons 2-4 of Sall4, and exons 8-16 of Suz/2 (Supplementary Table
3). The cDNAs were then cloned into pFloxin-TAP, in frame with the TAP tag. Ofd!
cDNA was cloned from RNA of E11.5 mouse embryos using 1 Step RT-PCR kit
(Invitrogen). Further amplification and addition of the Myc tag was performed with the
Expand High Fidelity kit (Roche). Quik Change II XL site directed mutagenesis kit
(Stratagene) was used to repair missense mutations introduced during PCR. Final

products were confirmed by sequencing.

Electroporation and Selection

For reversion: 60 ug of pGK-NLS-Cre DNA was ethanol precipitated, and the pellet
washed 3 times with 70% ethanol. The pellet was dried in tissue culture hood for 30’ at
room temperature and resuspended in 100 uL calcium-magnesium free PBS overnight at
room temperature. On the morning of electroporation, new media was added to the gene
trap cells grown to 70-90% confluency in a T75 flask. After 3-4 hours, cells were
trypsinized, counted, and washed with PBS. 10 cells were added to a chilled
electroporation cuvette with DNA and electroporated at 240 V, 500 uF, exponential (Bio-
Rad GenePulser Xcell). Electroporated cells were incubated 20° at room temperature, and
10° cells were split evenly between 10 10-cm plates. Colonies were picked and

transferred to a 48 well plate after 3-5 days.
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For Floxin: pGK-NLS-Cre and pFloxin DNA were prepared as above. We electroporated
revertant cell lines with both DNAs as above, except 10’ cells were plated evenly
between 6 10-cm plates. We began selection with 150-350 ug/mL G418 (Invitrogen) one
day after electroporation, and picked colonies after 6-7 days.

For FLP removal of vector sequence: 120 ug pPGK-FLPo (Addgene plasmid 13793) was
prepared as above (Raymond and Soriano, 2007). We electroporated and plated Floxin
cell lines as described in the reversion section above.

See supplementary experimental procedures for detailed protocol.

p-galactosidase Activity Assays

Galacto-Light Plus System (Applied Biosystems) was used to assay cell lysates from a 24

or 48-well plate according to manufacturer’s protocol.

Quantitative PCR

RNA was extracted from ESCs or embryoid bodies using RNeasy Plus (Qiagen). First
strand cDNA synthesis was performed using extracted RNA with iScript (Biorad) or First
Strand cDNA Synthesis (Fermentas). Transcript levels were measured in triplicate using
a 7300 Real-time PCR machine (Applied Biosystems) and then normalized to fActin

levels.

Antibodies
Antibodies to Ofd1 were generated by Covance by immunizing rabbits with the peptide

[H]-CDTYDQKLKTELLKYQLELKDDYI-[NH2] corresponding to amino acids 340-
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362 of murine Ofd1. Antibody was used at 1:5000 for Western blotting and 9.2 ug for IP.
Other antibodies used were: acetylated Tubulin (Sigma T6793) used at 1:1000, y—Tubulin
(Santa Cruz sc-7396) 1:200, GFP (Aves Labs GFP-1020) 1:500, Centrinl (Abcam
ab11257) 1:200, Suz12 (Santa Cruz sc-46264) 1:200, Flag (Sigma F7425) 1:500 for IF.
Flag resin (Sigma) was used for [P. Myc antibody (Novus Biologicals NB600-335) was
used at 1:1000 for immunoblotting, 1:200 for IF, and 3 ug for IP. TAP antibody
(GenScript A00683) was used at 1:500 for immunoblotting. Secondary antibodies were

conjugated with Alexa Fluor 488 or 555 (Invitrogen) and used at 1:400.

Immunofluorescence and Microscopy

For ESC ciliation studies: ESCs were plated on coverslips coated with poly-D-lysine and
1% Matrigel (BD) and treated with 0.5 mM mimosine (Sigma) overnight to arrest cells.
Cells were fixed 5’ in 4% PFA, washed in PBS, and fixed 2-3’ in -20° methanol. The
cells were then washed in PBS with 0.1% Triton-X100 (PBST), blocked in 2% BSA in
PBST, and incubated with primary antibodies in block for 1 hr at RT. The cells were
washed in PBST, incubated with secondary antibodies in block for 30’ at RT, and
mounted with Vectashield hardset with DAPI (Vector labs). Slides were viewed on
Deltavision microscope (Applied Precision) and images were processed with Deltavision
and Metamorph (Molecular Devices) software.

For GFP staining: Cells were plated on coverslips as above and cultured overnight. Cells
were fixed 5’ in 4% PFA and stained as above. Slides were viewed on an Axio Observer
D1 (Zeiss) microscope and images were processed with Axiovision (Zeiss), Imagel

(NIH), and Metamorph (Molecular Devices) software.
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For TAP staining: Cells were plated on coverslips as above and cultured overnight. The
cells were fixed in 100% methanol for 5’and stained as above. Slides were viewed on
Nikon C1 confocal and images were processed with Nikon EZ-C1 software.

For cellular morphology assessment: Cells were plated in 6 well plates and viewed on an

Axio Observer D1 (Zeiss) microscope.

ESC differentiation

ESCs were plated in suspension culture in ultra-low adherence six well plates (Corning)
at 5x10° per well (Suz12-TAP differentiation) or 10° per well in duplicate (pluripotency
assessment) to induce embryoid body formation. Suspension media consisted of 10%
FBS, nonessential amino acids, pyruvate, glutamine, and BME in GMEM and was
changed every other day. For Suz12-TAP differentiation, protein lysate was collected on
0, 4, 8, and 12 days following initial plating. For pluripotency assessment, RNA was

collected 7 days after plating.

SUPPLEMENTARY EXPERIMENTAL PROCEDURES

Detailed protocol for electroporation and selection

Protocol for Creating Revertant cell line

Prepare pGK-NLS-Cre DNA at least one day before you want to electroporate cells.
1. Ethanol precipitate 60 ug of DNA
Add all following washes in tissue culture hood to keep DNA sterile
2. wash pellet 2x 1 mL 70% ethanol, spin down max speed, 5’ at 4 degree after

each wash
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3. aspirate second wash, add 1 mL 70% ethanol, dislodge pellet by vortex or
flicking tube, incubate 10 4 degree on shaker or nutator to wash pellet really
well, spin down 5’ 4 degree max speed

4. aspirate supe

5. let dry in hood with lid of tube open, 30’ at room temp (RT)

6. add 100 uL PBS (Calcium and magnesium free (CMF-PBS)), pipet up down to
break up the pellet. let resuspend in the hood at RT over night.

7. can store DNA at 4 degree if cells are not ready yet

Electroporation
* Gene trap cell line should be about 70-90% confluent in a T75 on the morning of. Feed
cells in the morning, wait 3-4 hours. Chill electroporation cuvette on ice.
1. Trypsinize and count cells. Collect about 1.4E7 cells and spin down.
2. wash cells 1x with 10 mL CMF-PBS. spin down.
3. Resuspend cells in 1 mL. CMF-PBS
4. add 100 uL. DNA to chilled cuvette, then add 700 uL cells (1E7 cells)
carefully, avoiding bubbles.
5. electroporate at 240 V, 500 uF, exponential.
6. incubate cuvette at RT in hood 20’
7. Take 1ES cells of the electroporation reaction and split evenly
between 10 10-cm plates. (can freeze down rest of reaction)
8. because you cannot select the cells with drug (reversion eliminates G418

resistance), you must pick colonies before the cells become too confluent, usually
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about 3-5 days. The colonies will be small.
Correct reversion will create a cell line with the following characteristics:
-sensitive to G418
-does not express fgeo
-should express your gene of interest from both copies in the genome, the allele

with the gene trap and the allele without the gene trap

Picking Colonies

Prepare 48 well plates to pick into. We usually get plenty of usable clones if we pick 2
48-well plates (96 clones) total.

Use dissecting scope in hood (wipe down really well with 70% EtOH, and then UV for
15 min)

Remove media and add 10 mL PBS

Scrape/ aspirate center of each colony with a pipettor set at 50 uL, into 48 well plate.
When you have picked the number of colonies you want, add 50 uL 4x trypsin (0.1%
trypsin) to each well.

Incubate 37 degree, 2-3’

Add 1 mL complete media, pipet up and down 3-4x each well to break up cells.

Protocol for Creating Floxin cell line

Follow protocol for making revertant cell line above, except you will precipitate 60 ug
each of pGK-NLS-Cre and your pFloxin DNA. Resuspend in separate tubes, 100 uL

CMF-PBS each.
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* Revertant cell line should be about 70-90% confluent in a T75 on the morning of. Feed
cells in the morning, wait 3-4 hours. chill electroporation cuvette on ice.

Electroporation: Follow protocol for making revertant cell line above, except you will
collect 1.67E7 cells, and then take 600 uL of cells (1E7 cells) to electroporate after
adding 100 uL each DNA (200 uL total) to cuvette.

Also, plate the entire electroporation reaction, split evenly between 6 10-cm plates.

The next day after electroporation:
1. Begin selection with G418. I highly recommend doing a kill curve on the revertant ES
cells with each new lot of G418, as the strength varies considerably from batch to batch.
We have used from 150-350 ug/ mL G418 to select. (Note- I have found that some
revertant cells are slightly more resistant to G418 than WT cells due to cryptic splicing in
the gene trap. Also, anything lower than 150 ug/ mL G418 is generally too low)
2. Change media every day until colonies start to form, usually about 6-7 days.
3. Follow protocol for picking colonies above.
Correct Floxin will create a cell line with the following characteristics:

-resistant to G418

-expresses Pgeo from PActin promoter

-expresses inserted construct from gene-trap locus promoter
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Figure 1. The Floxin strategy for reversion and modification of gene trap loci.

(a) In the wild type allele of Your Favorite Gene (YFG), exons 1 and 2 are spliced
together and translated to produce full length YFG protein (right). Dashed lines indicate
splicing. In the gene trap line YFG”", a gene trap vector pGTLxf or pGTLxr has inserted
into the intron. The gene trap splice acceptor, flanked by Lox71 and LoxP sites, co-opts
splicing to create a fusion between fgeo and the 5° endogenous exon. (b) To revert the
gene trap mutation, Cre recombines the Lox71 and LoxP sites, excising the splice
acceptor and leaving a Lox71 site. In the absence of the gene trap splice acceptor, wild
type expression of YFG is restored. (¢) For Floxin-mediated cassette insertion, revertant
cells are co-electroporated with a Cre expression plasmid and a pFloxin vector carrying
the DNA sequence of interest. pFloxin-YFG-Flag carries the cDNA for exon 2 of YFG
with a C-terminal Flag tag, and pFloxin-IRES-HA-YFG carries the full-length cDNA for
YFG with an N-terminal HA tag. Recombination between the Lox71 and Lox66 sites
irreversibly integrates the pFloxin construct into the genomic locus. (d) The Floxin cell
lines express tagged YFG under the control of endogenous regulatory elements and re-
express fgeo from the BActin promoter. (e) Immunoblots with Ofd1 and Actin antibodies

on lysates from wild type and Ofd1“ ESCs. We loaded 10 ug protein per lane.
Y
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Figure 2. Efficient reversion of gene trap mutations and Floxin-mediated
engineering of new alleles.

(a) pP-galactosidase activity in cell lines of the indicated genotypes RLU, relative
luciferase units. Error bars indicate standard deviation (z = 3). (b) Immunoblots showing
Suz12 (left and middle, 20 ug protein per lane) detected with antibodies to Suz12 and
TAP, and Sall4 (right; immunoprecipitated (IP) with an antibody to Flag from 500 ug for
each cell line) detected with an antibody to TAP in the cell lines of the indicated
genotypes. (¢) Immunoblots showing expression of Ofd1 in Ofd1* cells (left, IP with an
Ofd1 antibody from 4 mg of total protein for each cell line and detected with an Ofd1
antibody) and full length Myc-tagged Ofd1 in Floxin cells (middle, 25 ug per lane; right,
IP with a Myc antibody from 800 ug total protein for each cell line and detected with an
Ofd1 antibody). (d, e) Representative fluorescence micrographs of cell lines of the
indicated genotypes. Cilia (acetylated tubulin), centrosomes (y-Tubulin), DAPI (DNA).
(f) Representative fluorescence micrograph showing Ofd1-Myc (Myc), centrosome
(Centrin), and DAPI (DNA) staining. (g) Representative fluorescence micrograph
showing Suz12-TAP (Flag), centrosomes (acetylated tubulin), and DAPI (DNA) staining.
Scale bars 5 um, inset 1 wm. (h) Immunoblot showing wild type Suz12 and Suz12-TAP

2Suz] 2TAP/+

detected with an antibody to Suz12 upon differentiation of Suz/ cells for the

indicated number of days. We loaded 3 ug protein per lane.
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Supplementary Figure 1. Gene ontogeny analysis of Floxin compatible genes reveals

that a wide variety of genes involved in all aspects of cell function are accessible.
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Supplementary Figure 2. Reversion removes the splice acceptor, restores neomycin
sensitivity, and abrogates Pgeo expression.

(a-¢) Schemas of Ofd1, Suz12, and Sall4 loci showing locations of diagnostic PCR
primers and band sizes (dark red), Southern probes (dashed lines), and expected Southern
product sizes in kB (black). For Ofd1, the 5’ probe is located in the intron upstream of the
gene trap insertion site, and the 3’ probe spans part of exon 4 and intron 4, downstream of
the gene trap insertion site. Black arrows indicate BglII cut sites for Southern. Diagram is
not to scale. (d) Whereas gene trap cell lines are resistant to G418, revertant cell lines
display wild type G418 sensitivity. Live cells are stained blue. (e) Northern blot with a
probe against fSgeo transcript reveals that all gene trap lines (Nsd 1", Pex14"", Fina®,
Tet1®”, Btf3°"", and XD052°") produce figeo message, while the revertant (Rev) lines
show loss of Sgeo message. The presence of some fSgeo message in Fina™” cells
indicates the use of a cryptic splice acceptor site in this revertant cell line. (f) PCR
primers B and C span the region of the gene trap containing the splice acceptor. Gene
trap lines have a product of 500 bp, whereas revertant lines, with the splice acceptor
excised, have a product size of 160 bp. Genomic PCR with primers B and C demonstrates
removal of the splice acceptor in Ofd1*, Suz12"*"*, and Sall4**"cells. (g) Southern blot
with 57 and 3’ probes outside of the modified region confirms the excision of the splice

]Rev

acceptor in Ofd1™" cells and correct integration into the Ofd! genomic locus of pFloxin-

Ofd1-Myc or pFloxin-IRES-Ofd1-Myc.
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Supplementary Figure 3: Reversion reduces concatamer insertions to a single
insertion with high frequency.

(a) Southern blot with a probe against the Engrailed2 intronic sequence, present in the
endogenous Engrailed2 locus, as well as in the gene trap vector. All revertant lines show
a smaller size band consistent with Cre excision of the splice acceptor sequence, while
lines 1 and 5 also show a larger band due to Class 2 recombination. (b) Southern blot
with a probe against the Engrailed2 splice acceptor sequence, present in the endogenous
Engrailed2 locus, as well as in the gene trap vector. No bands are present in the revertant
lines due to Cre excision of this sequence. (¢) Southern blot with a probe against the pUC
sequence, present in the gene trap vector. All lines except 1 and 5 show one band,
consistent with Class 1 recombination. (d) Diagram of Nsd1 genomic loci. Class 1
recombination reduces the concatamer insertion to a single insertion while Class 2
recombination excises the individual splice acceptor sequences. Black arrows indicate

BgllI cut sites.
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Supplementary Figure 4. The Floxin process precisely integrates DNA.

(a) Genomic PCR reveals correct integration of pFloxin constructs in multiple clones in
Ofdl, Suzl2 and Sall4 cell lines. PCR primer sets have a forward primer C in the newly
integrated splice acceptor sequence, and a reverse primer (Ofd1 R, Suz12 R, or Sall4 R)
in the pFloxin cDNA sequence. Primer locations are indicated in Supp. la-c. (b-c)
Genomic PCR with a forward primer in the intronic region 5’ of the insertion site and a
reverse primer in the pFloxin cDNA sequence confirms correct integration at Suz/2 or
Sall4 in multiple Floxin lines. Primer locations are indicated in Supp. 1B-C. (d) qRT-
PCR indicates that Suz12 and Sall4 revertant and Floxin cells express close to wild type
levels of message. Similar levels of Sall4 message may be present in all cell lines due to
JIRESEGEP/* p 1 4IRESCGEP/+

autoregulation (Wu et al., 2006). (E) eGFP expression in Sntb

and TetI"E5°“FP”" Floxin cell lines. eGFP (green), nuclei (DAPI, blue). Scale bar 5 um.

Wu, Q., Chen, X., Zhang, J., Loh, Y.H., Low, T.Y., Zhang, W., Zhang, W., Sze, S.K.,

Lim, B., and Ng, H.H. (2006). Sall4 interacts with Nanog and co-occupies Nanog

genomic sites in embryonic stem cells. J Biol Chem 281, 24090-24094.
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Supplementary Figure 5. FLP mediated removal of the BActin-fgeo cassette.

(a) FLPo recombination of FRT sites excises the $-Actin-fgeo cassette. Locations of
diagnostic PCR primers shown (dark red). Ofd1%%™ 4% cells continue to express Ofd1-
Myc, but no longer express fgeo. (b) Quantitation of B-Actin-fgeo cassette excision
efficiency for two genomic loci. Clones were screened for absence of 3-galactosidase
activity. (¢) Genomic PCR reveals correct excision of B-Actin-fgeo in the APgeo cell
line. Image was digitally manipulated to change order of lanes. (d) Deletion of the (3-
Actin-figeo cassette increases expression of Ofd1. Densitometric quantitation is

normalized to Actin. 20 ug protein per lane.
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Supplementary Figure 6. Floxin cells have normal euploid karyotypes.

Representative karyotypes from cells of the indicated genotypes. Scale bar 15 um.
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Supplementary Figure 6

Ofd]Odemyc
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Supplementary Figure 7. ESCs retain pluripotency after Floxin.

(a) Floxin cell lines show typical ESC colony and cellular morphology. Scale bar 100
um. (b) Floxin ESCs and WT ESCs have similar expression levels of the pluripotency
regulators Sox2, Oct4, and Nanog, as assessed by quantitative RT-PCR. (¢) Quantitative
RT-PCR assessment of Fgf3, T/Brachyury, and Afp expression levels in EBs generated
from WT and Floxin ESC lines after 7 days of differentiation. Expression was scored as
positive if greater than 10 fold than undifferentiated WT ESCs. (d) Northern blot with a

probe against XD052 transcript using RNA from the indicated cell lines.
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Table 1.Efficiency of reversion at eight gene trap loci.

% with correct
Cellline | oversion Chromosome
Ofd17e 62 X
Sall4fe+ 45
Suz12Rev+ 74 11
Gli2kev+ 74 1
Tardbpe”+ 33 4
Sntb2fe 27 8
Pex14fev/+ 24 4
Tet1Rev* 18 10
Average 45
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Table 2. Efficiency of correct Floxin-mediated
engineering of new alleles.

% with correct

Cell line Floxin
9] fd 1 IRESOfd1myc 9 2
Ofdiofdimyc 73
Sa Il 4SaII4TAP/+ 89
SUZ]25u272TAP/+ 91
G 26!2TAP/+ 88
TardprardprAP/+ 68
Snth2IRESeGFP/+ 100
Pex ] 4/RESeGFP/+ 89
Tot IRESeGFP/+ 80
Average 86
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Supplementary Table 1. MGl nomenclature for alleles.

Allele MGI nomenclature

Ofd1Gt Ofc1Gt(RRF427)Byg

Ofd7ReV Ofd7Gt(RRF427)Byg+

Ofd1 Ofd1myc Ofd1 Gt(RRF427)Byg.tm1(Ofd1myc)Reit

Ofd 1/RESOfd1myc

Ofd1 Gt(RRF427)Byg.tm2(0Ofd1myc)Reit

Ofd10fd1m ycABgeo Ofd 1Gt(RRF427)Byg.tm3( Ofd1myc)Reit
Sall4Ct Sall4CtXE027)Byg

Sa”4Rev Sa//4Gt(XE027)Byg+

Sa”45a//4TAP Sa”4Gt(XE027)Byg. tm1(Sall4TAP)Reit
Suz126t Suz12GtXG122)Byg

SUZTZReV Suz]ZGt(XG722)Byg+
Suz]ZSuzIZTAP 5uz]26t(XG 122)Byg.tm1(Suz12TAP)Reit
Gli2Gt G/i2Gt(XG045)Byg

GIIZReV G/iZGt(XGO45)Byg+

G/I-ZGIIZTAP Gi2Gt(XG045)Byg.tm1 (Gli2TAP)Reit
TardbpSt TardbpGt(RRB030)Byg

Tardb pRev Tardb th(RRBOBO)Byg+

Tardb pTardprAP Tardb th(RRBOS’O)Byg.tm 1(TardbpTAP)Reit
Sntb2Ct Sntb2Gt(XC195)Byg

Snl’bZReV SntbzGt(XC795)Byg+

Sntb2!RESeGFP Sntb2Gt(XC195)Byg.tm1(eGFP)Reit
Pex14°t Pex14GtXC197)Byg

Pex 74Rev PeX74Gt(XC197)Byg+

Pex 14/RESeGFP PeX74Gt(XC797)Byg. tm1(eGFP)Reit
TetIGt Tet1 Gt(XD006)Byg

Tet1 Rev Tet1 Gt(XD006)Byg+

Tet1 IRESeGFP

Tet1Gt(XD006)Byg.tm1(eGFP)Reit
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Supplementary Table 2. Proposed applications of the Floxin technology. Demonstrated

applications are shown in green.
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Supplementary Table 3. PCR primer sequences

Experiment or Primer name

Sequence

Cloning Sall4 cDNA

forward 5’-TACCAGGTCGTACCAGCCTCCCT-3’
reverse 5S’-TACTAGTGCTGACAGCAATCTTATTTT-3’

Cloning Suz12 cDNA

forward 5’-TACCAGGTGTCAGTGAAGAACTTCCA-3’ reverse
5’-TACTAGTGAGTTTTTGTTTCTTGCTCT-3’

Cloning Ofd1 cDNA- step 1

forward mOFD1 5’-TCCGTCTTTATTCCGTCCAG-3’
reverse mOFD1 5S>CCAGAAAAACAAGAACACATATTACG-3’

Cloning Ofd1 cDNA- step 2

forward mOfd1 5°- GACGAGTTAGGGGCTGAATG-3’ reverse
mOFDI1 from above

Cloning Ofd1 cDNA- step 3

forward mOfd1 from above and reverse Ofd1Myc 5°-
TTACAAGTCCTCTTCAGAAATGAGCTTT
TGCTCCCACATGTCATCTGGTTCTTC-3’

Primer B 5’-GTTTTCCCAGTCACGACGTT-3’
Primer C 5’-AACAAACTTGGCCTCACCAG-3’
Primer D 5’-CCAAAAGACGGCAATATGGT-3’
Suzl2F1 5’-GCTGGCCATGGTAGTTTGTT-3’
Suzl2R 5’-TCGCGATTTCGTTTTCTTCT-3’
Sall4F1 5’-CCGGAGAGAGACCTTACGTG-¥
Sall4F2 5’-GGCTACCTCAAAAGCTCACG-3’
Sall4F3 5’-AGGGGAGAGACCATTCCAGT-3’
Sall4R 5’-GGCTGTGCTCGGATAAATGT-3’
Sall4R1 5’-CGGAGATCTCGTTGGTCTTC-3’
Primer | 5’-AAGGCATAATGAACGGCAAG-3’
Primer 9 5’-ATCTGGTGAACCAGTGGCTA-3’

For Southern 5’ probe

forward 5°-GCAGAGTCCCACACTGTCAA-3’
reverse 5’-GCCTAGGACTCACCAAGCTG-3’

For Southern 3’ probe

forward 5>-TCATTCGGATTAACCCCTCA-3’
reverse 5’-GTTCCATTTGAGGGGGCTAT-3’

Quantitative PCR

B-Actin F: CACAGCTTCTTTGCAGCTCCTT

R: CGTCATCCATGGCGAACTG
Suzl2 F: GTGCACTCTGAACTGCCGTA

R: CCGGTCCATTTCGACTAAAA
Sall4 F: CTCATGGGGCCAACAATAAC

R: CGGAGATCTCGTTGGTCTTC
Sox2 F: AAGGGTTCTTGCTGGGTTTT

R: AGACCACGAAAACGGTCTTG
Oct4 F: CCAATCAGCTTGGGCTAGAG

R: CTGGGAAAGGTGTCCCTGTA
Nanog F: GCTCAGCACCAGTGGAGTATCC

R: TCCAGATGCGTTCACCAGATAG
Fgf5 F: TGCATCTGCTCTGCTCTAAGAAA

R: TCATCACATTCCCGAATTAAGCT
T/Brachyury F: CTGGGAGCTCAGTTCTTTCGA

R: GAGGACGTGGCAGCTGAGA
Afp F: TGAAGCAAGCCCTGTGAACTC

R: TCAGAAAACTGGTGATGCATAGC

47




Chapter 2: Ofd1, a human disease gene, regulates the length and distal structure of

centrioles

INTRODUCTION

The centrosome: much more than mitosis

Centrosomes organize the microtubule cytoskeleton of animal cells and are most
famous for their role in mitosis (Badano et al., 2005; Mikule et al., 2007; Nigg, 2004). A
centrosome is present at each pole of a mitotic cell, nucleating and anchoring both
spindle and astral microtubules. Perhaps less well known are the functions of
centrosomes during interphase, when they play critical roles in the processes of cellular
migration and cell polarity/ shape determination (Nigg and Raff, 2009). Centrioles are the
functional hub of the centrosome and have a complex structure based upon a central core
of microtubules arranged in a nine-fold triplet pattern. In a G1 or GO cell, the centrosome
consists of two centrioles, the mother and daughter, and pericentriolar material (Figure
iA). In contrast to most cellular microtubules, which display dynamic instability and
range widely in length, centriolar microtubules undergo regulated growth to a
characteristic length, are extremely stable, and display numerous posttranslational
modifications (PTMs) including acetylation and polyglutamylation (Bettencourt-Dias and
Glover, 2009; Kochanski and Borisy, 1990). The centriole also exhibits polarity, with the
microtubule minus ends defining proximal and the plus ends defining distal (Bornens,
2002).

The proximal and distal ends of centrioles are structurally and functionally

distinct. By transmission electron microscopy (TEM), the distal lumen of both mother
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and daughter centrioles contains electron dense material (Vorobjev and Chentsov, 1980).
Additionally, the mother centriole is longer than the daughter and possesses two sets of
projections at the distal end called subdistal and distal appendages (Chretien et al., 1997,
Paintrand et al., 1992) (Figure iB).

The proximal end of the mother and daughter centrioles is the site at which a
single new centriole, termed a procentriole, begins to grow during the process of
centrosome duplication in S phase. The microtubules of procentrioles grow to a defined
length before entry into mitosis, but these new centrioles must pass through the G2 phase
of the next cell cycle before they achieve their full length. In the process of centriole
maturation, the centriole grows and acquires the properties of a mother centriole,
including appendages (Azimzadeh and Bornens, 2007). The distal and subdistal
appendages are required for ciliogenesis, another important centrosomal function (Graser

et al., 2007; Ishikawa et al., 2005).

Primary cilia: the cell’s “antenna”

Primary cilia project from the surface of many vertebrate cells and transduce
signals essential for normal development and adult tissue homeostasis (Sharma et al.,
2008) (Figure ii). Cilia can be viewed as specialized cellular compartments or organelles.
All cilia are generated during interphase from a plasma membrane—associated mother
centriole (Figure i1A-B). During interphase, the centriole moves to the plasma membrane
and templates the nucleation of the axoneme, the structural core of the cilium.
Construction of the axoneme requires intraflagellar transport (IFT), a bidirectional

transport system discovered in the green alga Chlamydomonas [reviewed in (Rosenbaum
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and Witman, 2002)] (Figure iiC). Because no protein synthesis occurs within cilia, IFT is
needed to move the organelle's structural components from the cell body to the ciliary tip
(the anterograde direction) where axoneme synthesis occurs. This anterograde movement
of the IFT complex is driven by the heterotrimeric motor Kinesin-2 (Kozminski et al.,
1995) and, at least in the nematode C. elegans, by the kinesin OSM-3 (Snow et al., 2004).
IFT returns proteins from the cilium to the cell body by means of a retrograde movement
driven by a dynein motor (Pazour et al., 1998). IFT also brings signaling proteins to the
cilium. For example, adhesion of the flagella of two Chlamydomonas gametes activates
an [FT-dependent signaling pathway, resulting in cell fusion (Pan and Snell, 2003).

Structural elements contribute to the specialization of the ciliary environment.
Among these elements are the terminal plate at the distal end of the basal body and the
transitional fibers at the base of the cilium, which may physically restrict entrance of
proteins into the cilium (Anderson, 1972)(Figure iiB). The most prominent structural
element is the axoneme, consisting of nine doublet microtubules that originate at the
triplet microtubules of the basal body centriole and extend the length of the cilium. Most
motile cilia have an additional central microtubule pair (the 9+2 microtubule
arrangement). Primary cilia are usually immotile, and they lack this central pair (the 9+0
arrangement). The motile primary cilia present on the node, a specialized signaling
structure in the early mammalian embryo, are an exception (Figure iiD). The twirling of
these primary cilia creates a leftward flow of the surrounding fluid and this flow is
essential for the development of the left-right axis (Nonaka et al., 1998).

The primary cilium has several characteristics that make it an ideal cellular

location for sensing and transducing signals. It extends into the extracellular space,
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affording access to environmental signals. Its elongated geometry provides a high
surface-to-volume ratio that may promote interaction of transmembrane receptors with
downstream signaling machinery. Finally, the regulated entry of proteins into the cilium
confers the advantages of specialization and compartmentalization. Evolution appears to
have made use of these characteristics to adapt the cilium for the interpretation of

information both from the environment and from other cells.

Cilia in sensation and signaling

Primary cilia play essential roles in odorant reception and photoreception (Benton
et al., 2006; Marszalek et al., 2000). In addition to sensing odorants and light, cilia can
sense movement. During normal kidney function, urine flows over kidney epithelial cells,
bending their primary cilia. A ciliary mechanosensory complex translates this deflection
into signals associated with the control of cellular growth and differentiation. Defects in
ciliary mechanosensation underlie polycystic kidney disease (PKD), the most common
monogenic disorder (Bisceglia et al., 2006; Nauli et al., 2003). PKD causes formation of
large cysts, ultimately leading to kidney failure.

A clue that vertebrate cilia may be involved not only in sensing environmental
inputs but also in transducing intercellular signals came from the surprising finding that
mutations in genes encoding IFT components severely disrupt mammalian Hedgehog
(Hh) signal transduction (Huangfu et al., 2003). Hh family members are secreted
lipoproteins that regulate tissue patterning, cell proliferation, and many other biological
processes [reviewed in (Lum and Beachy, 2004)]. Primary cilia are required to coordinate

key steps of the vertebrate Hh signaling pathway (Wong and Reiter, 2008). Ciliary
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dysfunction therefore can affect many Hh-mediated processes, such as patterning of the
neural tube and limbs during development, and tumorigenesis in the adult (Wong et al.,
2009). Cilia also regulate the PDGFaa and Wnt signaling pathways, both of which, like
Hh, regulate cellular growth, differentiation, and tissue patterning (Corbit et al., 2008;
Schneider et al., 2005).

Recently, it has become clear that defects in cilia underlie a group of genetic
syndromes known as ciliopathies (Table 1). Ciliopathies include PKD, Bardet-Biedl
syndrome, and Orofaciodigital syndrome 1 (OFD1) (Badano et al., 2006; Christensen et
al., 2007). These diseases are heterogeneous, but often share the phenotypes of cystic
kidneys, polydactyly, CNS malformations, and skeletal defects, thus leading to the idea
that ciliopathies are different clinical entities that “share a common cellular defect and an
overlapping set of phenotypes” (Cardenas-Rodriguez and Badano, 2009). The pleiotropic
effect of mutations in centrosomal and ciliary genes likely reflects the involvement of

cilia in diverse sensory modalities and signaling pathways.

OFD] mutations cause ciliopathies

Mutations in the OFD1 gene can cause X-linked Joubert syndrome, Simpson-
Golabi-Behmel syndrome type 2, or OFD1 syndrome (Budny et al., 2006; Coene et al.,
2009). OFDI is rare, occurring about one in every 250,000 live births. The syndrome
shows an X-linked dominant inheritance pattern with lethality in males, though about
75% of cases are sporadic (Morisawa et al., 2004). Heterozygous females present with a
variable phenotype including malformations of the face, oral cavity and digits, CNS

defects, and often polycystic kidney disease (Ferrante et al., 2001). The Ofd1 gene

52



product localizes to the centrosome, is part of the centriolar proteome, and is required for
formation of primary cilia (Ferrante et al., 2006; Keller et al., 2005; Romio et al., 2004).
Mouse embryos with a targeted disruption of the Ofd/ gene show abnormal left-right axis
specification and Hh signaling, consistent with the requirement for primary cilia in these
processes. However, it was unknown how Ofd1 acts at the centrosome to promote
ciliogenesis.

Here we show that Ofd1 associates with the distal ends of centriolar microtubules
and constrains mother and daughter centriole elongation. We demonstrate that Ofd1 is
necessary for distal appendage formation and Ift88 recruitment, two processes essential
for cilium formation. We also model effects of Ofd/ human mutations in mouse
embryonic stem (ES) cells, revealing that each disease-associated mutation differentially

affects centriole length and ciliogenesis.

RESULTS

Ofd1 is required for centriole length control

To understand how Ofd1 contributes to normal centrosome structure and function,
we characterized male murine ES cells with a gene trap mutation in the Ofd! locus,
Ofd1% cells. As OfdI is located on the X chromosome, these Ofd1“" cells are hemizygous
for Ofd1 and do not produce Ofd1 protein (Figure 1A).

TEM of asynchronously growing cells revealed abnormally long centriole-like
structures in 35% of cells lacking Ofd1, but never in wild type cells (Figure 1B). The
mean length of wild type centrioles was 412 nm, whereas the Ofd/ mutant centrioles

averaged 685 nm, and were sometimes more than a micron long. In contrast to the wild
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type centrioles which showed little variation in length (SD = 32 nm), the mutant
centrioles varied widely in length (SD =201 nm). The long Ofd mutant centrioles had
the microtubule composition and morphology of normal size centrioles, with distinct
proximal and distal ends (Figure 1B), and recruited centrosomal and centriolar proteins
including Pericentrin, acetylated tubulin, y-tubulin, and Centrin (Figure 1C). The long
Ofd1 mutant centrioles also possessed known centriole-specific proteins, including
Ninein, CP110, and Cep97 (Kleylein-Sohn et al., 2007; Mogensen et al., 2000; Piel et al.,
2000; Spektor et al., 2007) (Figure S1A-C). Thus, Ofd1 is essential for the regulation of
centriole length.

Recent work has shown that CP110 is also required for centriole length control
(Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009). CP110 and Cep97
showed normal levels and localization on both normal size and long centrioles of Ofd1
mutant cells, indicating that centriole elongation defects were not due to misregulation of
the centriolar localization of these proteins. Transverse TEM sections showed that, like
wild type centrioles, both the long and normal sized centrioles of Ofd/ mutant cells
contained triplet microtubules (Figure 1D, Figure S1D).

Centrioles have critical roles in the mitotic and microtubule organizing functions
of centrosomes, as well as in promoting procentriole formation. The doubling time of
Ofd1“ cells was not different from wild type cells (Figure S1E). Additionally, wild type
and Ofd1“" cells had similar cell cycle phase distributions (Figure S1F).

Furthermore, loss of Ofd1 did not affect the interphase microtubule array or
mitotic spindle structures (Figure S1G). OfdI“ cells showed no changes in normal

centrosome or procentriole number, indicating that Ofd! is not required for centriole
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duplication (Figure S1G-I). Both TEM and localization of procentriole components
showed that long Ofd mutant centrioles were associated with the normal number of
procentrioles (Figure S1H-I), indicating that long mutant centrioles were capable of
promoting normal centriole duplication. Microtubule nucleation and anchoring abilities
of wild type and OfdI“ centrosomes were examined by using nocodazole treatment to
depolymerize microtubules, and then observing microtubule regrowth and anchoring 30
seconds to 15 minutes following nocodazole removal (Figure S1J, and data not shown).
Loss of Ofd1 did not affect microtubule nucleation or anchoring. Taken together, these
data indicate that centriole duplication, microtubule organization and the mitotic

functions of centrosomes do not depend on Ofd1.

Ofd1 localizes to the distal ends of all centrioles

To determine where within the centrosome Ofd1 localizes, we generated an
antibody to Ofd1. The antibody recognized the centrosome of wild type cells, but not of
Ofd1 cells (Figure 2A-B). Similarly, preimmune serum did not recognize the
centrosome, confirming the specificity of the Ofd1 antibody (Figure 2A). In
asynchronous cells, Ofd1 was present as two or four dots within the centrosome(s)
(Figure 2B). In synchronized cells, Ofd1 localized to centrosomes throughout the cell
cycle, appearing most intense during S/G2 and diminishing at mitosis (Figure S2A).

Closer inspection of wild type ES cells revealed that Ofd1 was associated with
mother, daughter and procentrioles (Figure S2B). In cells in which the mother centriole
extended a cilium, Ofd1 localized to the base of the cilium (Figure 2B-C). Similar

localization to centrioles and the cilium base was seen in fibroblast, kidney, bone and

55



retinal cell lines of mouse or human origin (Figure S2C). To further assess Ofd1
centriolar association, we induced centriole overduplication by arresting U20S cells in S
phase (Habedanck et al., 2005). Consistent with findings in other cells, Ofd1 associated
with all centrioles, including supernumerary centrioles, in arrested U20S cells (Figure
S2D).

We have developed a technology, called Floxin, to engineer ES cell gene trap loci
(Singla et al., 2009). Floxin enables efficient targeted insertion of DNA constructs into
gene trap loci. Using the Floxin approach, we introduced a carboxy-terminal Myc tagged
version of wild type Ofdl (Ofd1-Myc knock-in) at the endogenous locus (OQfd1%*™*
cells). Inserting an Ofd1-Myc gene into the native genomic context and under control of
endogenous regulatory elements restored Ofd1 protein expression and prevented long
centriole formation (Figure S2E-F). However, Ofd1-Myc Floxin cells expressed reduced
levels of protein as compared to wild type (Singla et al., 2009). Localization of the Myc
tag of Ofd1 confirmed that Ofd1 localized to centrioles and the cilium base (Figure 2C).
Additionally, of the Ofd1?“'™* cells that were ciliated, Ofd1-Myc also localized to about
50% of cilia, either along the cilium or at the tip (Figure S2G). Ciliary localization of

Ofd1 was never seen when staining Ofd1%*™*

or wild type cells with Ofd1 antibody,
suggesting that both antibodies recognize Ofd1 protein at the centrosome, while ciliary
Ofd1 can only be detected by staining against the C-terminal Myc tag. Ciliary
localization of Ofd1 has also been reported in renal proximal tubule epithelial cells using
an antibody generated against the C-terminal portion of the protein (Romio et al., 2004).

To ascertain where Ofd1 localizes on procentrioles, we examined three markers of

procentrioles: Sas-6, Poc5, and CP110, which associate with the proximal, distal and very

56



distal ends of procentrioles, respectively (Azimzadeh et al., 2009; Kleylein-Sohn et al.,
2007; Strnad et al., 2007). Ofd1 localized to the procentriole distal end, in a domain
between Poc5 and CP110 (Figure 2D-F).

We next examined the localization of Ofd1 on mother and daughter centrioles.
Costaining with Rootletin or Poc1, which mark the proximal ends of mother and daughter
centrioles, showed that Ofd1 localized to the opposite, distal ends (Bahe et al., 2005;
Keller et al., 2008) (Figure 2G, Figure S2H). To ascertain the localization of Ofd1 more
precisely, we examined Ofd1 localization relative to Ninein, Odf2, and Cep164, which
are parts of the subdistal and distal centriole appendages (Graser et al., 2007; Ishikawa et
al., 2005; Mogensen et al., 2000; Nakagawa et al., 2001; Piel et al., 2000) (Figure 2H-L).
Ofd1 was located at the very distal ends of centrioles, at a more central position than the
subdistal and distal appendages.

Taken together, these data reveal that Ofd1 localizes to the distal ends of all
centrioles (mother, daughter, and procentrioles), closely associated with the centriole
microtubule barrel. This is consistent with immuno-electron microscopy studies that

showed Ofd1 to be associated with centrioles (Romio et al., 2004).

Ofdl mutant centrioles contain destabilized microtubules

As Ofdl1 is in close proximity to centriolar microtubules, we examined whether
Ofd1 associates with microtubule components. To determine what subcellular
compartment Ofd1 associates with, we performed cellular fractionation and determined
that Ofd1 was located in the cytoplasmic fraction (Figure 3A). We also found that Ofd1

was best solubulized in a modified RIPA buffer containing sodium deoxycholate and NP-
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40 detergents (Figure 3B). Immunoprecipitation revealed that Ofd1 complexes contained
y-tubulin and acetylated tubulin, two forms of tubulin found in centriolar microtubules
(Moudjou et al., 1996) (Figure 3C). Ofdl complexes did not contain other proximal or
distal centriolar proteins (Figure 3C, Figure S3A). Together with the above data that
revealed Ofd1 localization at the centriole distal end, these data suggest that Ofd1 caps
the distal ends of all centrioles in a complex intimately associated with centriolar
microtubules.

Centriolar microtubules are extremely stable, as reflected by their resistance to
microtubule depolymerizing drugs (Kochanski and Borisy, 1990). To assess whether
abnormal centriole length reflects altered centriolar microtubule dynamics, we treated
cells with nocodazole. Whereas nocodazole did not affect the length of wild type
centrioles, it shrank Ofd] mutant centrioles (Figure 3D).

Stabilized microtubules are associated with PTMs such as acetylation and
polyglutamylation (Bobinnec et al., 1998; Loktev et al., 2008). We therefore investigated
whether microtubules of long Ofd] mutant centrioles have aberrant PTMs. Although the
microtubules of long centrioles were normally acetylated, polyglutamyl groups were
reduced or absent from approximately 50% of long centrioles (Figure 3E-F). Thus, Ofd1
may constrain centriole length in part by affecting the dynamics of centriolar

microtubules.

Ofd1 controls elongation of the distal centriole in G2

Procentrioles first elongate during S phase, while daughter centrioles elongate and

mature during G2. To investigate if cell cycle phase influenced whether loss of Ofd1 was
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permissive for aberrant elongation, we blocked cells in G1, S, or G2 (Figure S3C). G1
arrested cells showed a lower proportion of long centrioles, while G2 arrested cells
showed a higher proportion of long centrioles, indicating that elongation defects occurred
predominantly during G2, the phase during which centriole maturation and daughter
centriole elongation normally occurs (Figure 4A, Figure S3D).

To understand what part of the centriole was elongating abnormally, we examined
the long centrioles for the presence of distal centriole components. Poc5 normally
localizes to a small region in the centriole distal lumen (Azimzadeh et al., 2009). The
Ofd1 mutant long centrioles displayed an expanded Poc5 region that comprised most of
their length (Figure 4B). The appendage proteins Ninein and Odf2 usually localize to a
small domain at the centriole subdistal and distal end, respectively (Mogensen et al.,
2000; Nakagawa et al., 2001; Piel et al., 2000). Though sometimes found in the middle of
long centrioles, expanded domains of Ninein and Odf2 were seen on many Ofd/ mutant
long centrioles as well (Figure 4C, Figure S4C). The centriole distal end contains electron
dense material within the lumen (Vorobjev and Chentsov, 1980). In TEM images, the
electron dense distal end comprised most of the long Ofd/ mutant centrioles, whereas the
electron sparse proximal end was of comparatively normal size (Figure 4D, Figure S3B).
Centrin, which is normally present in the centriole distal lumen (Paoletti et al., 1996), was
often present in discrete foci within the abnormal long centriole, suggesting that the
elongated distal domain was structurally abnormal (Figure 1C, Figure S3E). Together,
these data suggest that Ofd1 acts during G2 to restrain elongation specifically of the distal

centriole.
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Ofd1 controls elongation of mother and daughter centrioles

Because Ofd1 localized to all centrioles, we were interested to know if the distal
ends of mother, daughter, and procentrioles showed equivalent length abnormalities in
the absence of Ofd1. To determine if procentrioles showed length abnormalities, we re-
examined the data regarding localization of Odf2. Odf2 is a component of appendages
specifically found only on mother centrioles in G1-S and on both mother and maturing
daughter centrioles in G2 (Nakagawa et al., 2001). Odf2 is never found on procentrioles.
In asynchronous cells, 95% of long centrioles were positive for Odf2, suggesting that the
long centrioles were not procentrioles (Figure 4C). TEM of long centrioles supported this
conclusion, as Ofd] mutant long centrioles showed appendages, procentriole nucleation,
and microtubules anchored at the distal ends (Figure 4D-E, S11, S3B, S4B),
characteristics of mother and daughter centrioles not possessed by procentrioles (Piel et
al., 2000).

As described above, during G1-S the mother centriole is the only Odf2-positive
centriole in the cell. Therefore, the presence of a single long Odf2-positive centriole in
Ofd1 mutant cells indicated that the long centriole was the mother centriole (Figure 4C,
last 3 columns). Thus, the mother centriole depends upon Ofd1 for length control.

Although most OfdI% cells had only one long centriole, they occasionally had
two (Figure 4F), suggesting that daughter centrioles could also elongate aberrantly in the
absence of Ofd1. In order to determine if daughter centrioles show Ofd1-dependent
length perturbations, we assayed for the presence of the daughter centriole component
Centrobin (Zou et al., 2005). Some long centrioles also contained Centrobin, indicating

that long centrioles present in Ofd1“ cells can display characteristics of daughter

60



centrioles (Figure 4G). These experiments suggest that Ofd1 controls both mother and

daughter centriole length.

Ofd1 is required for formation of distal, but not subdistal, appendages

As demonstrated above, Ofd1 localizes to a domain central to the distal

appendages. We examined subdistal appendages in wild type and Ofd%

cells by
immunofluorescent localization of Ninein, a subdistal appendage component, as well as
by TEM. Ninein showed the normal localization to the proximal mother and daughter, as
well as the subdistal mother centriole in Ofd1“" cells (Figure 5A). The appendages are an
important site of microtubule anchoring with characteristic TEM appearances depending
on plane of section (Delgehyr et al., 2005; Paintrand et al., 1992) (Figure iB). Based on
both longitudinal and transverse sections, loss of Ofd1 did not affect subdistal appendage
structure or microtubule anchoring (Figure 5B, Figure S4A).

Subdistal appendages were also present on long Ofd/ mutant centrioles, either in
the middle of the long centriole or spread out along the elongated distal domain, as
assayed by immunofluorescence localization or by TEM (Figure S11, 4D-E, S4B-C).
Though their proximal-distal position was sometimes abnormal, the structure of the
subdistal appendages appeared normal on the long centrioles as well.

In contrast to the subdistal appendages, Ofd1“" cells showed severe defects in
distal appendage formation (Figure 5C). Loss of Ofd1 caused complete loss of the distal
appendage component Cep164 from all centrioles. As Ofd1”" cells expressed Cepl64

(Figure 5D), but the distal appendages of Ofd1“" centrioles appeared less electron dense

by TEM (Figure 5E, Figure S4B), the delocalization of Cep164 in Ofd1“" cells suggested
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a failure to form normal distal appendages. Whereas wild type distal appendages showed
the characteristic elongated triangular shape with increased density on one end, loss of
Ofd1 caused the appendages to appear thin and uniform along the length, on both normal
(Figure 5E) and abnormal length centrioles (Figure S4B). Cep164 was not associated
with immunoprecipitated Ofd1 complexes, suggesting that Ofd1 does not directly recruit
Cep164 (Figure S3A), but rather is more generally required to promote normal distal
appendage formation.

To establish the extent of the distal appendage defects, we examined centriolar
localization of Odf2 in asynchronous Ofd1“ cells. Odf2 is required for both subdistal and
distal appendage formation and localizes at the base of the appendages (Ishikawa et al.,
2005; Nakagawa et al., 2001). Unlike Cep164, Odf2 localized to the distal centriole in
asynchronous Ofd] mutant cells (data not shown). To ascertain if the distal appendage
defects might be temporally related to the centriole elongation defects, cells were
synchronized and Odf2 localization followed as the cell cycle progressed. At 0 hr, cells
were in G1, with one mother and one daughter centriole. As the cells progressed through
G2/M at 8-10 hr, the daughter matured by gaining appendages and Odf2 localization
(Figure 1A, Figure S4D). This process was observed by monitoring the presence of cells
with two Odf2 spots, indicating two mature centrioles. During G2, the same phase in
which centriole elongation defects occur, Ofd1" cells had significantly fewer cells with
two Odf2-positive centrioles (Figure SF-G). No differences in acquisition of the subdistal
appendage marker Ninein was observed, suggesting that the maturation defect is confined

to the distal appendages (data not shown). Restoring Ofd1 protein expression in
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Ofd1%%"™* cells restored normal localization of Cep164 and Odf2 to the mother centriole
(Figure 21, J).

To determine if Ofd]1 required Odf2 or Cep164 to localize to centrioles, we
transfected hTERT-RPEI cells with short interfering RNAs (siRNA) directed against
luciferase (control, GL2), Odf2, or Cep164 and assessed Ofd1 centrosomal localization
(Figure S4E-F). Removing Cep164 or Odf2 from centrioles did not change Ofd1
localization, indicating that Ofd1 does not require these distal appendage proteins to
localize to centrioles.

Together, these data indicated that Ofd1 is required for recruitment of distal
appendage proteins. Odf2 is associated with both distal and subdistal appendage
structures and participates in their formation (Ishikawa et al., 2005; Nakagawa et al.,
2001). Cep164, on the other hand, is only associated with the distal appendages (Graser
et al., 2007). It seems that some Odf2 protein, perhaps the pool associated with the
subdistal appendages, is recruited normally in Ofd] mutant cells, whereas the distal

appendage-specific protein Cep164 is not.

Ofd1 is required for the recruitment of Ift88 to the centrosome

As distal appendages may also be important for docking of intraflagellar transport
(IFT) proteins during the process of ciliogenesis (Deane et al., 2001), we examined Ift
recruitment. Two components of Ift complex B, Ift20 and Ift80, localized normally to
centrosomes in Ofd1“" cells (Follit et al., 2006; Lucker et al., 2005) (Figure 6A-B).
Similarly, Kif3a, part of the anterograde Ift motor, localized to centrosomes in both wild

type and Ofd1“ cells (Figure 6C). Ift88, another Ift complex B component, is present at
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the centrosome and along the cilium (Haycraft et al., 2007). Immunofluorescence staining
and quantification revealed that, in contrast to Ift20, Ift80 and Kif3a, Ift88 failed to
associate with centrosomes in Ofd1“ cells (Figure 6D-E). This defect is not due to
differences in protein expression, as wild type and Ofd“ cells expressed Ift88 at similar

19%dme qols restored normal

levels (Figure 6F). Restoring Ofd1 protein expression in Ofd
localization of Ift88 to the centrosome (Figure 6G-H). Together, these data suggest that
loss of Ofd1 caused a specific loss of Ift88 from the centrosome.

To determine if loss of centrosomal Ift88 was due to a general disruption of
trafficking to the centrosome, we investigated localization of three proteins known to be
important for this function: Dynactin, Pericentrin, and Cep290 (Jurczyk et al., 2004; Kim
et al., 2008; Quintyne and Schroer, 2002; Tsang et al., 2008). All localized normally in
cells lacking Ofd1 (Figure S5), indicating that the requirement for Ofd1 in the
recruitment of Ift88 does not reflect a general disruption of centrosomal trafficking.

As both Ofd1 and Ift88 localize to centrosomes, we were interested to determine
if Ofd1 co-localized with Ift88 to the same regions of this organelle. In ciliated cells,
Ift88 colocalized with Ofd1 at the base of the cilium (Figure 6G). When cells were not
ciliated, Ift88 and Ofd1 colocalized at the distal end of the mother centriole (Jurczyk et
al., 2004) (Figure 6H).

Both Ift88 and centriole appendages are required for ciliogenesis (Ishikawa et al.,
2005; Pazour et al., 2000). An important step in ciliogenesis is docking to a vesicular
membrane (Sorokin, 1962). In TEM images, Ofd1% centrioles were never seen docked to

a vesicle or at the plasma membrane. Consistent with this, and previous data showing that

Ofdl is required for ciliogenesis (Ferrante et al., 2006), Ofd1“" cells did not make
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primary cilia (Figure 61). Collectively these data revealed that Ofd1 is required for length
control of the distal mother and daughter centriole, recruitment of distal appendages and

Ift88, and ciliogenesis.

OFD1 syndrome-associated mutations cause centriole length defects and disrupt normal

ciliogenesis

Ofd1 protein has an amino-terminal Lis1 homology (LisH) domain and five
coiled-coil domains that are important for centrosomal localization (Romio et al., 2004).
To identify how human mutations affected Ofd1 function, we generated ES cell lines
expressing five disease-associated missense mutations (Figure S6A): S75F and ASOT
affect the LisH domain, S437R affects the second coiled-coil domain, and G139S and
KDD359-361FSY affect intervening highly conserved residues (Ferrante et al., 2001;
Rakkolainen et al., 2002; Romio et al., 2003; Thauvin-Robinet et al., 2006). Using the
Floxin system, we inserted Myc-tagged murine Ofd! alleles containing the homologous
mutations into the Ofd! locus. Because the cells are hemizygous for Ofd1, they express
only the inserted mutant allele under control of the endogenous promoter.

Cells were examined for Ofd1 protein expression and centrosomal localization.
All disease-associated alleles were expressed, though three (S75F, A8OT and KDD359-
361FSY) reduced protein levels (Figure 7A, Table 2). These finding are consistent with
previous studies in HEK293 cells that found that the A80T mutation reduced protein half-
life (Gerlitz et al., 2005). Because KDD359-361FSY mutates the region of the protein
that the Ofd1 antibody is expected to recognize, protein levels were also compared by

immunoprecipitating and blotting against the carboxy-terminal Myc tag. The same
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decrease was seen by this method (Figure S6B). Low levels of the S75F and A8OT
mutant proteins prohibited accurate assessment of centriolar localization in ES cells. The
S75F mutant protein has been shown previously to localize normally to centrioles in
HEK?293 cells, and deletion of the LisH domain does not affect Ofd1 localization (Romio
et al., 2004). None of the other disease associated mutations altered centriolar localization
(Figure 7B).

To assess how disease-associated mutations affected Ofd1 function, centrioles
were examined for length defects, Cep164 and Ift88 recruitment. A quantitative summary
of this data is presented in Table 2 and Figure S6C with all lines compared to wild type
ES cells. However, the significance of these differences cannot be determined directly
from this type of comparison, as Ofd1-Myc Floxin cells express reduced levels of Ofd1
(Singla et al., 2009). This reduction does not affect centriole length control or Cep164
recruitment, but does reduce Ift88 recruitment and ciliogenesis (Figure S6C). Ofd1™"
cells (Singla et al., 2009) expressed wild type Ofdl at still lower levels, lower than any of
the disease allele lines (data not shown). This reduced level did not affect centriole size,
but did affect recruitment of Cep164 and Ift88, as well as ciliogenesis. (Figure S6C).

To understand how disease mutations affect Ofd1 function independent of protein
stability, disease-allele carrying cells were compared to a line that expressed similar
levels of wild type Ofd1 (Figure 7C). The G139S and S437R Ofd] mutant lines
expressed protein levels comparable to the Floxin Ofd1-Myc line. The S75F, A80T, and
KDD359-361FSY mutant lines expressed protein levels comparable to Ofd1%¢".
Comparing these lines suggested that the deficits described below are not entirely

attributable to decreased protein levels.
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Four Ofd1 mutations decreased the ability of Ofd1 to restrain centriole elongation,
resulting in abnormally long centrioles (Figure 7D). Quantification of long centrioles
indicated that the hypomorphic mutations affected Ofd1 function to different degrees,
indicating that the mutations represent an allelic series (Figure S6C). Mutations in the
LisH domain caused the most profound centriole elongation. In contrast, the KDD359-
361FSY mutation decreased the number of long centrioles below that observed in cells
expressing similar levels of wild type Ofd1, suggesting that this mutation may shorten
centrioles (Figure 7C).

Cep164 recruitment was affected by A80OT, one mutation affecting the LisH
domain, but none of the other mutations (Figure S6D, Table 2).

The LisH mutations blocked Ift88 recruitment. Of the other mutations only S437R
affected Ift88 recruitment, suggesting that the second coiled coil of Ofd1 is particularly
important for recruiting Ift88 (Figure S6E, Table 2).

The LisH mutations also blocked ciliogenesis, whereas the carboxy-terminal
mutations caused decreased ciliogenesis (Figure 7C, S6F).

Thus, phenotyping a variety of human disease mutations reveals that distinct Ofd1
domains contribute to genetically separable Ofd1 functions. Although the disease-
associated missense mutations represented alleles with varying degrees of stability and
function, all compromised the ability of Ofdl to regulate centriole length and

ciliogenesis.

DISCUSSION

Summary
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Taken together, our results reveal that Ofd1 is a critical component of the distal
centriole required for centriole length control, distal appendage formation and Ift88
recruitment. Ofd1 localizes to all centriole distal ends, and Ofd1 complexes with - and
y-tubulin. Ofd] mutant cells show instability of centriolar microtubules, suggesting that
Ofd1 functions as a cap to stabilize centriolar microtubules at a defined length.

Daughter centrioles normally elongate and gain subdistal and distal appendages
during centriole maturation in G2 phase. Ofdl regulation of centriolar size is most
critical in G2, and only mother and daughter centriole distal ends show excessive
elongation in the absence of Ofd1l. Thus, Ofd1 capping may be specifically required for
stabilization and length control of centrioles during centriole maturation (Figure 7E).

Loss of Ofd1 does not affect subdistal appendage structure or function. Distal
appendage formation, on the other hand, is severely perturbed, suggesting that centriole

stability may be a prerequisite for assembly of distal, but not subdistal, appendages.

Ofd1 control of centriole length and distal structure are separable functions

OFD1 patients do not show a tight genotype-phenotype correlation, making it
difficult to assign a relationship between OFD/ mutations and disease severity (Feather
et al., 1997; Prattichizzo et al., 2008). Use of the Floxin system allowed us to create a
panel of ES cell models that express alleles orthologous to human disease alleles.
Expression of the disease alleles from the endogenous Ofd! locus allows for direct
comparison of the effects of the mutation on gene function. The phenotyping of these

cellular models indicated that the human disease-associated mutations form an allelic
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series which, from weakest to strongest, are KDD359-361FSY, S347R, G139S, S75F and
AS80T.

We found that the LisH domain is essential for all Ofd1 functions. In contrast,
mutations carboxy-terminal to the LisH domain and in the coiled-coil domain do not
abolish Cep164 localization, Ift88 recruitment, or ciliogenesis, but do affect centriole
length. Whereas it is likely that many manifestations of OFDI1 are due to defective
ciliogenesis, the additional Ofd1 roles discovered by modeling the disease in ES cells
raise the possibility that some OFD1 phenotypes may be due to centriolar, not ciliary,
dysfunction. Centrosomes have many important developmental functions, including roles
in cell migration and fate determination (Higginbotham and Gleeson, 2007). It will be
interesting to investigate if and how centriolar length dysfunction contributes to OFD1
pathogenesis.

As loss of Ofd1 also causes defects in distal appendage formation and centriolar
recruitment of Ift88, it is possible that these phenotypes are secondary to abnormal
centriole elongation. Alternatively, the requirement for Ofd1 in distal appendage
formation and Ift88 recruitment may reflect separate function(s) from its role in centriole
length control. In support of this possibility, neither Cep164 nor Ift88, proteins
respectively critical for distal appendage formation and ciliogenesis, have been
implicated in centriole length control (Graser et al., 2007; Pazour et al., 2000). Moreover,
our finding that the G139S and KDD359-361FSY substitutions disrupted centriole length
control without changing Ift88 or Cep164 localization indicates that length abnormalities
do not necessarily result in the other Ofd/ null phenotypes. These missense mutations

also reveal that distinct domains of Ofd1 are involved in centriole length control and
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recruitment of distal appendages and Ift88. Interestingly, cells expressing G139S and
KDD359-361FSY mutant forms of Ofd1 also show decreased ciliogenesis, suggesting

that control of centriole length itself may be essential for ciliogenesis.

CPAP, CP110 and Ofd1 have different roles in centriole length control

The proteins CPAP, Pocl, and CP110 also have functions in centriole length
control (Keller et al., 2008; Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al.,
2009), summarized in Table 3. CPAP is part of the proximal centriole and is required for
procentriole formation (Kleylein-Sohn et al., 2007). In contrast, Ofd1 is part of the distal
centriole and is not required for procentriole formation. Abnormal centrioles caused by
CPAP overexpression can display procentriole characteristics and show incomplete
centriolar walls. Loss of Ofd! affects mother and daughter centrioles, but not
procentrioles, and does not affect the integrity of centriole walls.

Overexpression of CPAP induces long centrioles that do not display a normal
proximal to distal polarity, as CPAP and other proximal centriole proteins are present
along the length of the centriole (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al.,
2009). Also, the abnormal elongated portion of CPAP-associated centrioles can initiate
procentriole formation, a function of the proximal centriole. Long CPAP-associated
centrioles do not possess an elongated appendage domain, as appendages are located in
the middle of the long centriole. These findings suggest that CPAP overexpression
induces the formation of an elongated domain at the distal end of the centriole that

possesses proximal characteristics.
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In contrast to long CPAP-associated centrioles, long Ofd] mutant centrioles do
not nucleate extra procentrioles and display expanded localization of distal centriole
proteins. These findings suggest that loss of Ofd1 results in elongation of a distal
centriole-like domain. The extensive differences between the CPAP overexpression
phenotype and the Ofd1 loss-of-function phenotype argue that CPAP and Ofd1 may
regulate the elongation of different domains within the centriole. CPAP may regulate the
elongation of proximal domains, whereas Ofd1 is required to regulate the elongation of
the distal domain.

The functions of CP110 and Ofd1 are similarly distinct. Although both proteins
control centriole length, CP110 shows a complicated localization pattern and may be
present on 1, 2, 3, or all 4 centrioles ((Spektor et al., 2007), our unpublished
observations). Once centrioles are formed, the influences that control CP110 presence or
absence from centrioles are not understood, although CP110 is never present when a
centriole possesses a cilium. In contrast, Ofd1 is located on the distal ends of all
centrioles throughout the cell cycle, regardless of ciliary status. This localization may
reflect the role of Ofd1 in distal appendage formation, a role not shared by CP110.

Although not studied as extensively as CPAP overexpression, the elongated
centrioles of CP110 depleted cells show morphological similarities to the abnormal
CPAP centrioles. Depletion of CP110, like CPAP overexpression and unlike loss of
Ofd1, affects procentriole length, suggesting distinct roles for CP110 and Ofd1 during the
centrosome cycle.

Centrioles dramatically elongate at two times during the centrosome cycle: first

during procentriole initiation and growth, and later during centriole maturation, the
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process by which daughter centrioles obtain the length and appendages characteristic of
mother centrioles (Chretien et al., 1997). What may not have been fully appreciated
before our study is that building the proximal and distal centriole are two very different
processes. Structural components required to make the proximal procentriole include
Pocl, CPAP, Centrobin, and Cep135. As CP110 is required for centriole duplication and
the regulation of both centriole and procentriole length, CP110 may function primarily in
procentriole initiation and growth (Chen et al., 2002; Kleylein-Sohn et al., 2007; Tsang et
al., 2006). Building the distal part of the centriole requires Poc5, and for subsequent
elongation and maturation, appendage proteins like Odf2 and Cep164. We have found
that Ofd1, on the other hand, specifically regulates mother and daughter centriole
elongation at G2, suggesting that it functions in centriole maturation and coordinates
elongation of this final, distal domain with the construction of centriolar appendages.
(Figure 7E). The major differences in the complement of proteins that compose the
proximal and distal centriole, and the lack of any other proteins similar to Ofd1, argues
that different mechanisms control elongation of these domains. Thus, CP110 and Ofd1
may regulate centriole length at different points of the centrosome cycle. One could also
imagine that dissimilar factors influence the cellular decision to initiate centrosome
duplication (procentriole biogenesis) as compared to centriole maturation. It then follows
that regulation of procentriole elongation might look distinct from maturation, though

both processes ostensibly control centriolar microtubule elongation.

Ofd1, CP110, and centriole evolution
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Ofd1 orthologs are present in the genomes of all organisms with canonical
centriole structure and cilia, including single celled organisms such as Chlamydomonas
(Figure S7A). “Canonical” centriole structure refers to the presence of the 9-triplet
microtubule pattern and distinct appendages on the mother centriole (Figure S8A). The
multiciliated organisms Tetrahymena and Paramecium also contain another Ofd1
paralog, Ofd1p. Ofd1 and Ofd1 are most similar in the N-terminal half, though Ofd1f
does not contain the LisH domain (Figure S7B). Since we demonstrated the LisH domain
to be essential for all Ofd1 functions, it is unclear if Ofd1 plays a similar role in
centriole structure, or has additional functions. Perhaps Ofd1f is important for biogenesis
of the many centrioles required to make multiple cilia, serving a strictly structural instead
of regulatory role. Organisms with divergent centriole structure (singlet or doublet
microtubules, no clear mother centriole appendages, Figure S8A) have an ortholog that is
most closely related to Ofd18 (Drosophila, Tribolium). These organisms also only
possess cilia on a specialized subset of cells, sensory neurons and sperm.

CP110 orthologs are absent from the genomes of many single celled eukaryotes
such as Tetrahymena, but are possessed by animal lineages, including nematodes and
insects (Figure S8B). This association of CP110 with multicellularity may reflect the
complexity of integrating inputs such as growth factor signaling into the coordination of

the centrosome cycle with the cell cycle (Figure S8C).

Centriole function, ciliogenesis and cell division

Phylogenetic analysis shows without exception that organisms without centrioles

also do not have cilia (Marshall, 2009). Several authors postulate that ciliogenesis is the
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original, ancestral function of centrioles, and that centriolar association with mitosis and
cell division is a derived characteristic (Bornens and Azimzadeh, 2007; Marshall, 2009;
Woodland and Fry, 2008). A number of lines of evidence support the hypothesis that
centrioles are absolutely required for ciliogenesis, but are dispensable in mitosis.
Centrioles and centrosomes are not required for mitosis, even in organisms that normally
possess them. Mammalian oocytes progress through meiosis II without centrioles, and
after fertilization in the mouse, early embryonic cleavages proceed in the absence of
centrioles (Sun and Schatten, 2007). Drosophila larvae that lose all centrioles by the
third-instar larval stage develop into an almost morphologically normal adult fly (Basto et
al., 2006). Indeed, the major phenotype of these “centrosome-less” flies is inability to
move, caused by lack of neuronal cilia. Sensory neurons are the only ciliated population
of cells in flies, besides sperm. Finally, as described here, the severe structural
abnormalities in centrioles caused by loss of Ofd1 only disturbs ciliogenesis, while other
functions associated with centrioles (mitosis, microtubule nucleation and organization),
remain normal.

On the other hand, some evidence suggests that centrioles and centrosomes have a
role in asymmetric cell divisions, independent of their role in ciliogenesis. Disrupting
centrioles in C. elegans embryos arrests embryos at the 1 or 2-cell stage, and Drosophila
without centrioles show defects in asymmetric neuroblast divisions (Basto et al., 2006).
Asymmetric cell division also contributes to neurogenesis in the mammalian neocortex,
with neural progenitor cells preferentially inheriting the oldest centriole after division.
This asymmetric centrosome inheritance is functionally important, as removing Ninein

function causes both cells to leave the progenitor niche and differentiate, depleting the
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stem cell population (Wang et al., 2009). Ninein is required for both centriolar
microtubule anchoring and ciliogenesis, so it is unclear which function is important for
maintaining progenitor fate. To answer this question, it would be interesting to study
neurogenesis in an OFD1 mouse model, as loss of Ofd1 specifically causes ciliary loss
without perturbing Ninein function and microtubule organization. Evidence from an in
vitro model using embryoid body differentiation suggests that loss of Ofd1 causes
increased neurogenesis, consistent with a role for cilia and/ or centrioles in maintaining
progenitor fate (Hunkapiller et al., 2010).

Mutations in several centrosomal and centriolar genes cause primary
microcephaly, suggested to be due to mitotic abnormalities in neural progenitors (Cox et
al., 2006). It is not known if these mutations also affect ciliogenesis, and thus whether
effects are due directly to centrosomal dysfunction during mitosis, or if abnormal ciliary
signaling precedes these defects. However, ciliopathy patients do not show microcephaly,
indicating that there may a specific centrosomal contribution besides ciliogenesis to the

proper regulation of neurogenesis.

Does OFD1 have an independent ciliary function?

The human OFD1 gene undergoes alternative splicing, producing two transcripts
(de Conciliis et al., 1998). The first, designated OFD1a, produces the longer protein,
approximately 1011 amino acids long. The second, OFD1b, produces a protein that
contains the first 353 amino acids of OFD1a with 13 alternative C-terminal amino acids
(Figure S9). Both isoforms are ubiquitously expressed, but the expression level of

OFD1b is lower in many tissues (de Conciliis et al., 1998; Romio et al., 2003). The
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function of OFD1b is completely unknown. Comparison to OFD1a shows that OFD1b
contains the LisH domain and the first coiled-coil domain. Based on previous localization
studies, OFD1b would be predicted to only partially localize to the centrosome (Romio et
al., 2004). It would be interesting to create a Floxin cell line expressing the OFDI1b
isoform to determine localization, and if this protein had a role in stabilizing other types
of microtubules, perhaps ciliary or cytoplasmic.

As mentioned in the introduction, OF D1 mutations can cause different
ciliopathies, depending on the location of the mutation. OFD1 syndrome (OFD1S) shows
an X-linked dominant pattern with lethality in males, and is associated with mutations in
exons 1-17 of OFDI. Simpson-Golabi-Behmel syndrome type 2 (SGBS2) and X-linked
Joubert syndrome (XL-JS) have an X-linked recessive pattern with males affected
exclusively. SGBS2 and XL-JS are caused by mutations in exon 16 and exon 21 of
OFDI, respectively. Both SGBS2 and XL-JS patients have recurrent respiratory
infections caused by dysfunctional motile cilia in respiratory epithelial cells, suggesting
that in addition to its role in primary ciliogenesis, OFD] is also required for proper
formation and/ or function of motile cilia (Budny et al., 2006; Coene et al., 2009).
Consistent with this hypothesis, morpholino knockdown of ofd! in zebrafish embryos
results in abnormal cilia in Kupffer’s vesicle that are short and do not move properly
(Ferrante et al., 2009). Intriguingly, TEM of these cilia revealed misplaced axonemal
microtubules and abnormal ciliary vesicular bulges. Are these ciliary defects secondary to
centriolar defects, or does OF D1 have an independent function in controlling ciliary
microtubule length, patterning, or stability? Investigating ciliary structure in the

previously described Floxin cell lines expressing human OF D] alleles, as well as creating
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new Floxin lines expressing SGBS2 and XL-JS alleles could provide insight into this

question.

Human mutations define functionally important OF D1 domains

The large majority of mutations from OFD1S, SGBS2, and XL-JS patients are
frameshift, splice site, and nonsense mutations (81% of all described mutations) (Macca
and Franco, 2009). Many of these are likely to cause nonsense-mediated decay of the
resulting transcript. Of the 14 known missense mutations, 9 are located within the LisH
domain, emphasizing the importance of this domain for OFD/ function. The portion of
the protein between the LisH and first coiled-coil domain may also be important for
regulating microtubule stability, as the G139S mutation located here causes elongated
centrioles without affecting Cep164 or Ift88 localization.

All the coiled-coil (cc) domains are important for mediating centrosomal
localization, as well as for specific protein-protein interactions. The second cc is of
particular significance for Ift88 recruitment, while the fourth and fifth cc are critical for
interaction with Lebercilin (LCAS5, mutated in a form of Leber Congenital Amaurosis
retinal degeneration) (Coene et al., 2009).

The region between the first and second cc domains is well conserved amongst
vertebrate orthologs of Ofd1, and two different missense mutations from OFDI1S patients
affect this region. One of these mutations (KDD359-361FSY) caused a hypermorphic
allele of Ofd1 that shortened centriolar microtubules without affected Cep164 or Ift88
localization, suggesting that this domain is also central to Ofd1 control of microtubule

stability. We propose to define this region as a third type of functional domain in Ofd1,
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the intercoil domain (Figure S9). Further investigation into the mechanism of Ofd1
function as discussed below could elucidate how the intercoil domain is important for

regulating microtubule dynamics.

Ofd1 controls elongation of a distinct centriole distal domain

The microtubule pattern of centrioles shows a change from a triplet arrangement
at the proximal end to a doublet arrangement at the distal end. This shift in microtubule
pattern occurs approximately where the subdistal appendages attach to the centriole
(Paintrand et al., 1992). Perhaps Ofd1 controls elongation specifically of distal centriole
doublet microtubules, while other proteins like CP110 regulate triplet microtubule length.
It would be interesting to study Ofd% centrioles with a technique such as EM
tomography that allows better visualization of microtubule pattern to determine whether
the abnormally elongated portion of the centriole contained doublet microtubules only.

The LisH domain may be involved in the regulation of microtubule dynamics
(Emes and Ponting, 2001). We favor a model for Ofd1 function in which the coiled-coil
domains mediate Ofd1 centrosomal localization, and the LisH domain then stabilizes
centriole doublet microtubules during elongation, allowing posttranslational modification
of centriolar microtubules and construction of distal appendages. After centriole
maturation, Ofd1 remains at the centriole distal end, where the second coiled-coil domain

is important for recruitment of Ift88.

Defining the mechanism of Ofd1 function
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Though the current study helps define the cellular role of Ofd! in centrosome
structure and function, many questions remain about the detailed mechanism of how
Ofd1 works. To investigate whether Ofd1 binds directly to microtubules, it would be
interesting to perform a microtubule binding assay with in vitro translated Ofd1. Finding
other interacting proteins would also give insight into mechanism, as so far only one
interactor, Lebercilin, is known (Coene et al., 2009). Purification of Ofd1 complexes
followed by mass spectrometry would be an unbiased approach to identify new
interactors.

Another open question is the role of phosphorylation in Ofd1 function. Mass
spectrometry studies identified phosphorylation, possibly cell cycle related, at three
different residues in Ofd1: serines 173, 672, and 689 (Dephoure et al., 2008; Sui et al.,
2008). Ofd1 localization at the centrosome diminishes during mitosis; perhaps
phosphorylation is important in controlling centriolar localization. Further analysis of
Ofd1 localization, centriole length, and ciliogenesis needs to be carried out on the Floxin

cell lines carrying phospho-dead and phospho-mimetic substitutions at these residues.

Conclusion

Centrioles have long fascinated scientists because of their extremely complex but
ordered pattern. Yet, the components, biogenesis and function of centrioles remained
mysterious until recently because of the technical challenges inherent in working with
these tiny organelles. When I began graduate school, centriole composition and
regulation of biogenesis was mostly a black box, with few structural or regulatory

components known. Much more was known about the pericentriolar matrix, especially in
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regards to mitotic spindle organization, which was seen as the main function of the
centrosome. In the past seven years, proteomic and genetic studies have finally allowed
us to peek inside the microtubule barrels that had been recalcitrant to investigation for so
long, giving us a new understanding of the how, what and why of the centriole.

The picture that is coming into focus reveals that the idea of “THE centriole” is an
incorrect conception of the true nature of this organelle. Centrioles are dynamic, changing
in composition and function over time as they progress from procentriole, to daughter, to
mother. Some components, such as o-tubulin, are a stable part of all centrioles. Other
proteins are only found in a particular type of centriole, for example the distal appendage
protein Cep164 on mother centrioles. Still other proteins are required for centriole
formation, but have only a transient association with the centrioles themselves, such as
Sas-6. Changes in function accompany changes in centriole composition. Each type of
centriole has very different microtubule organizing abilities, with the mother capable of
anchoring cytoplasmic microtubules and nucleating a cilium.

It is this centriole-cilium connection that we share with our humblest unicellular
relatives, that has persisted throughout evolutionary time. Conservation of Ofd[ suggests
that Ofd1 is part of an ancient mechanism for regulating centriole structure and length

and reveals the importance of centriole length control in centrosome function.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture

Ofd1° (RRF427) E14 ES cell line was obtained from BayGenomics. Ofd1*, Ofd1%*™",

and cell lines with human mutations were created as described previously (Singla et al.,
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2009). Official allele names are listed in Table 4. Cells were cultured on 0.1% gelatin in

GMEM supplemented with 10% FBS, glutamine, pyruvate, NEAA, PME, and LIF.

3T3 (ATCC) and POCI-GFP U20S (gift of Dr. Wallace Marshall) cells were cultured in
DMEM supplemented with 10% FBS and antibiotics. IMCD3 (ATCC) and hTERT-RPE1
(gift of Dr. Wallace Marshall) were cultured in DMEM:F12 supplemented with 10% FBS

and antibiotics.

cDNA constructs and cloning

Ofdl cDNA was cloned as described previously (Singla et al., 2009). Missense mutations
were created using Quik Change II XL site directed mutagenesis kit (Stratagene). Final

products were confirmed by sequencing.

Creation of Floxin cell lines

Missense mutations S75F and A80T occur in exon 1 of Ofd1, while G139S occurs in
exon 3. The gene trap insertion in Ofd1“ cells is in intron 3 of the Ofd! genomic locus.
Full length cDNA for Ofd1-Myc-S75F, Ofd1-Myc-A80T, and Ofd1-Myc-G139S, alleles
in which the mutation occurs in exons upstream of the gene trap insertion site, was cloned
into the vector pFloxin-IRES (Genbank EU916835). Missense mutations S437R and
KDD359-361FSY occur in exons downstream of the gene trap insertion site. cDNA for
exons 4-23 of Ofd1-Myc-S437R and Ofd1-Myc-KDD359-361FSY was cloned into the
vector pFloxin (Genbank EU916834). pFloxin and pFloxin-IRES constructs were

electroporated into Ofd1*" cells as previously described. Cells were selected with 300
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ug/mL G418 (Invitrogen) and colonies were transferred to 48 well plates after 6 days.

Correct integration was verified by genomic PCR.

Antibodies

Antibodies to Ofd1 were generated by Covance, Inc. Rabbits were immunized with the
peptide [H]-CDTYDQKLKTELLKYQLELKDDYI-[NH2] corresponding to amino acids
340-362 of murine Ofd1. Antibody was used at 1:5000 for Western blotting and for
immunofluorescence, 1:2000 in murine cells, 1:1000 in human cells. Acetylated tubulin
antibody (Sigma T6793) was used at 1:1000, y—=Tubulin (Santa Cruz sc-7396) 1:200,
y—Tubulin (Abcam ab11316) 1:500, Kif3A (Sigma K3515) 1:200, Centrin (Abcam
ab11257) 1:200, alpha Tubulin (Sigma T9026) 1:1000, Pericentrin (Covance PRB-432C)
1:500, Myc (Novus Biologicals NB600-335) 1:200 for IF and 3 ug for IP, GFP (Roche
11814460001) 1:250, Sas-6 (Santa Cruz sc-81431) 1:300 for IF, 1:200 for western.
Rabbit anti-Ift88 (gift of Dr. Bradley Yoder) was used at 1:5000 for Western and 1:500
for IF, rabbit anti-Ift20 (gift of Dr. Gregory Pazour) 1:1000, rabbit anti-Ift80 (gift of Dr.
Suzanne Nix) 1:200, rabbit anti-Rootletin (Root6, gift of Dr. Tiansen Li) 1:5000, rabbit
anti-Ninein (gift of Dr. James Sillibourne) 1:20000, rabbit anti-Odf2 (gift of Dr. Sachiko
Tsukita) 1:200, rabbit anti-Centrobin (gift of Dr. Qingsen Gao) 1:750, rabbit anti-Poc5
(gift of Dr. Juliette Azimzadeh) 1:500, rabbit anti-Cep164 (gift of Dr. Erich Nigg) 1:5000
for Western and 1:1000 for IF, rabbit anti-CP110 or Cep97 (gifts of Dr. Brian Dynlacht)
at 1:500 and 1:200, respectively. Rabbit anti-p150 (gift of Dr. Erika Holzbauer) 1:100,
rabbit anti-Cep290 (gift of Dr. Chengchao Shou) 1:500, Mouse anti-polyglutamylated

tubulin (GT335) (gift of Dr. Carsten Janke) 1:500 or 1:3000. Secondary antibodies
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donkey anti- mouse, rabbit, or goat conjugated with Alexa Fluor 488 or 555 (Invitrogen)
or Cy5 (Jackson Labs), or bovine anti-goat FITC (Jackson Labs), were used at 1:400.
Secondary antibodies donkey anti-mouse, rabbit, or goat biotin (Jackson Labs), and

streptavidin 488, 555 (Invitrogen) or Cy5 (Jackson Labs) were used at 1:300.

Immunofluorescence and Microscopy

For ES cell ciliation studies: ES cells were plated on coverslips coated with 1% matrigel
(BD) and treated with 0.5 mM mimosine (Sigma) overnight to arrest cells. Cells were
fixed 5’ in 4% PFA, washed in PBS, and fixed 2-3’ in -20° 100% methanol. The cells
were washed in PBS with 0.1% Triton-X100 (PBST), blocked in 2% BSA in PBST, and
incubated with primary antibodies in block for 1 hr at RT. The cells were washed in
PBST, incubated with secondary antibodies in block for 30’ at RT, and mounted with
Vectashield hardset with DAPI (Vector labs).

POCI1-GFP U20S S-phase arrest: Cells were plated on coverslips and treated with 3.2
ug/mL aphidocolin (Sigma) for 72 hr, then fixed in 100% methanol and washed and
processed as above.

For cell synchronization studies: Cells were synchronized using thymidine-mimosine
block(Fujii-Yamamoto et al., 2005). Briefly, cells were plated on coated coverslips in 2.5
mM thymidine, incubated for 12 hr, released into regular media for 6 hr, then blocked in
0.5 mM mimosine for 6 hr. Timepoints were taken after release from mimosine block.
Cells for FACS were collected as described below. For IF, cells were fixed in 100%

methanol, then washed and processed as above.

83



For all other experiments, cells were plated on coverslips and fixed in 100% methanol,
then washed and processed as above.

Slides were viewed on a Deltavision microscope (Applied Precision) and image
processing was completed with Deltavision and Metamorph (Molecular Devices)

software. Images are maximum projections of Z-stacks.

Immunoblots, Cell Fractionation and Quantification

Cells were grown in flasks, trypsinized, collected, and washed once in PBS. Cell pellets
were lysed in buffer (50 mM Tris-HCL, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1:200
dilution protease inhibitor cocktail (Calbiochem)) containing 1% NP-40, 1%Triton-X-
100, 0.25% sodium deoxycholate, or 1%NP-40 and 0.25% sodium deoxycholate
(modified RIPA) for 30 minutes at 4 degrees. Lysates were centrifuged for 15 minutes,
16,000 rcf, at 4 degrees. Cleared supernatants were transferred to a new tube and 6X
reducing sample buffer was added to the pellet.

For cell fractionation, 2E6 cells were collected and fractionated using the NE-PER kit
(Pierce) according to manufacturer’s protocol.

Ofd1 protein expression was quantified by densitometry and normalized to actin.

Immunoprecipitations

Cells were grown in flasks, trypsinized, collected, and washed once in PBS. Cell pellets
were lysed in modified RIPA buffer for 30 minutes at 4 degrees. Lysates were
centrifuged for 15 minutes, 16,000 rcf, at 4 degrees. Protein concentration of the cleared

supernatant was determined by Bradford assay. Supernatants were standardized to 1.6
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mg/ mL concentration, 3 mg total protein, and pre-cleared with protein G agarose beads
(Invitrogen) for 2 hours. Beads were removed and supernatants were incubated overnight
with 1.6 ug Ofd1 antibody. Next day, complexes were captured with protein G beads for
1 hr. Beads were washed 4 times with modified RIPA and proteins eluted with 6X

reducing sample buffer.

Population Doubling Studies, FACS, and Microtubule Regrowth Assays

Population doubling: Cell lines were grown in T25 flasks, counted and replated every 3
days.

FACS: Cells from a confluent T75 flask were collected and stained with propidium
iodide. Samples were analyzed on a BD FACsort (Beckton Dickinson), 40,000 events
collected per sample. FlowJo software (TreeStar) was used to perform cell cycle analysis.
Microtubule regrowth assays: Cells were plated on coated coverslips and treated with 1
uM nocodazole for 1 hr in culture to depolymerize microtubules. Cells were fixed with
100% methanol at 07, 30, 1°, 2°, 10°, and 15’ after nocodazole washout, and processed

for IF as described above.

Electron Microscopy

Cells were plated on 8 well Permanox slides (Nunc), fixed in 3% glutaraldehyde in 0.1M
phosphate buffer (PB) for 30’ at room temperature, then washed 3 times in 0.1M PB.
Cells were postfixed in 2% osmium for 2 hr, dehydrated and embedded in Araldite
(Durcupan, Fluka). Serial ultrathin sections (70nm) were cut with a diamond knife,

stained with lead citrate and examined under a FEI Tecnai Spirit electron microscope.
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Percent of Ofd1“ cells with long centrioles was determined using information from
centrioles in both longitudinal and transverse sections. Quantitative centriole length

measurements were performed on longitudinal sections only using ImageTool software.

Centriole Dynamics and Cell Cycle Studies

Cells were plated on coated coverslips, then treated with 10 ug/mL nocodazole for 1 hr in
culture, or 0.5 mM mimosine, 3.2 ug/ mL aphidocolin, or 2 uM camptothecin (Sigma)

overnight. Cells were fixed in 100% methanol and processed for IF as described above.

siRNA transfections

hTERT-RPEI cells were plated at 2E4 cells/ well on glass coverslips in a 24 well plate.
Next day, wells were changed to 0.5 mL Opti-MEM (Invitrogen) and transfected with
siRNA against GL2, Cep164, or Odf2 using HiPerfect transfection reagent (Qiagen) with
the following conditions: 3 uLL siRNA (stock is 20 uM), 3 uL HiPerfect, 100 uL Opti-
MEM per well. Two days later, wells were changed to DMEM/F12 media, no serum, 1
mL per well. After another two days, cells were fixed with 100% methanol and processed
for immunofluorescence as described above.

siRNAs were generated by Qiagen against the following target DNA sequences:

GL2: AACGTACGCGGAATACTTCGA

Cepl164: CAGGTGACATTTACTATTTCA

Odf2: AGACTAATGGAGCAACAAG

Statistics
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All error bars represent one standard deviation. For immunofluorescence quantifications,
at least 200 cells were counted on each of duplicate coverslips in at least two separate
experiments. Student’s unpaired t-test was used to determine statistical significance with

a p value of less than 0.05.
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Figure i. Coordination of the centrosome and cell division cycles.
(A) Diagram showing centriole duplication and maturation in coordination with the cell
cycle. MC, mother centriole. DC, daughter centriole. (B) Diagram depicting the TEM

appearance of a mother centriole in transverse and longitudinal views.
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Figure ii. Primary cilia are highly structured and are found in many organisms and
on many cell types.

(A) Electron micrograph of the primary cilium of a canary brain radial glia (Alvarez-
Buylla et al., 1998). (B) Schematic showing structure of the basal body and primary
cilium [modified from (Anderson, 1972; O'Toole et al., 2003)]. (C) The green alga
Chlamydomonas showing flagella (green, arrow) and basal body (red). Nuclei are blue.
[(D) to ()] Scanning electron and immunohistological images of primary cilia (arrows)
of (D) the mouse node, (E) the mouse neural tube, emanating from basal bodies (red), (F)
the Xenopus neural tube, (G) the zebrafish neural tube, (H) a mouse neurogenic
astrocyte, (I) a mouse embryonic epidermal cell, (J) a mouse somite, (K) mouse
embryonic stem cells, and (L) mouse astrocytes expressing glial fibrillary acidic protein
(red). Also shown in (H) are motile ependymal cell cilia (arrowhead). Scale bars, 1 pm

[(A), (C), and (D)] and 10 um [(E) to (L)].

Alvarez-Buylla, A., Garcia-Verdugo, J.M., Mateo, A.S., and Merchant-Larios, H.
(1998). Primary neural precursors and intermitotic nuclear migration in the ventricular
zone of adult canaries. J Neurosci /8, 1020-1037.
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Figure 1. Ofd1 is essential for centriole length control.

(A) Immunoblot of cell lysate supernatants from wild type (WT) and Ofd1“’

cells. 15 ug
protein loaded per lane. (B) Longitudinal TEM sections of WT and Ofd1“" cell centrioles.
Long centrioles (defined as > 600 nm) are seen in 35% of Ofd1“ cells. P, proximal end
and D, distal end of centriole. Graph shows centriole length data, collected from 9 WT
and 23 Ofd1 Y centrioles. Each measured centriole was from a distinct cell. (C)

Representative fluorescence micrographs of WT and Ofd1¢

cells showing centrosomes
(Pericentrin and y-tubulin), centrioles (Centrin and acetylated tubulin), and DNA (DAPI).
(D) Transverse TEM sections of WT and Ofd% cell centrioles. White arrows indicate
triplet microtubules. Normal length centrioles are contained within a maximum of 8-10

transverse sections, whereas long centrioles span more than 10 sections. Scale bars

indicate 200 nm (TEM), 5 wm, and 1 um (inset).
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Figure 2. Ofd1 localizes to the distal ends of mother, daughter, and procentrioles.
(A-C) Representative micrographs of WT and Ofd1 cells showing centrosomes (y-
tubulin), centrioles and cilia (acetylated tubulin), DNA (DAPI), and other indicated
antibodies. (D) WT cells showing centrosomes (y-tubulin), Ofd1, and the proximal
procentriole (Sas-6). (E) Ofd1?*™* cells showing centrosomes (y-tubulin), Myc (Ofd1-
Myc), and the distal procentriole (Poc5). Poc5 localizes more strongly to mother or
daughter centrioles than to procentrioles. (F) Ofd1%*™* cells showing centrosomes (y-
tubulin), Myc (Ofd1-Myc), and the distal centriole and procentriole (CP110). (G)
Ofd1?"'™* cells showing centrosomes (y-tubulin), Myc (Ofd1-Myc), and the proximal
centriole (Rootletin). (H) Ofd1%%'™* cells showing centrosomes (y-tubulin), Myc (Ofd1-
Myc), and mother centriole subdistal appendages (Ninein). The mother centriole is
marked by 3 Ninein foci (2 on the subdistal appendages and one on the proximal end)
whereas the daughter centriole is marked by one Ninein focus (on the proximal end). (I)
Ofd1?"'™* cells showing centrosomes (y-tubulin), Myc (Ofd1-Myc), and mother
centriole appendages (0df2). (J) Ofd1?“'™* cells showing Myc (Ofd1-Myc), mother
centriole distal appendages (Cep164), and centrosomes (y-tubulin). (K) - (L) Schematics
showing Ofd1%%'™* cells stained for Myc (Ofd1-Myc), mother centriole subdistal
(Ninein) or distal (Cep164) appendages, and centrosomes (y-tubulin). MC, mother
centriole. DC, daughter centriole. PC, procentriole. Scale bars (A)-(B) indicate 5 um and

1 um (inset), and 1 um for (C)-(L).
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Figure 2, G-L

Y-tubulin Ofd1myc

Overlay

Rootletin

MC DC

odf2

McC DC

- :
(@)

appendages
distal /
J B
PC
DC

MC
pc Proximal

0ofd1-Myc
Ninein

108



Figure 3. Ofd1 complexes contain centriolar microtubule components and control
centriole microtubule stability.

(A) Immunoblot showing Ofd1 (detected with an Ofd1 antibody) in cytoplasmic, nuclear,
and insoluble fractions of WT or Ofd1% cell lysate. (B) Immunoblot showing Ofd1
(detected with an Ofd1 antibody) in the supernatant (S) and pellet (P) of WT cells lysed
with various detergents. (C) Immunoblots of Ofd1 complexes immunoprecipitated from
WT or Ofd1% cell supernatant with an Ofd1 antibody. (D) Graph indicating percent of
long centrioles in WT and Ofd1" cells. Cells were treated with nocodazole, fixed and
stained for a- and y-tubulin. y-tubulin foci more than twice as long as they were wide
were counted as long centrioles. Because immunofluorescent (IF) microscopy has lower
resolution than TEM, a smaller percent of OfdI“ centrioles appeared long when assessed
by IF (6-10% by IF versus 35% by TEM). (E) WT and Ofd1“" cells stained for
centrosomes (y-tubulin) and acetylated tubulin. (F) WT and Ofd1“ cells stained for
centrosomes (y-tubulin) and polyglutamylated tubulin (GT335). Arrows indicate areas of

reduced or absent polyglutamylation. Scale bars indicate 1um.
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Figure 4. Ofd1 restrains growth of the distal domain of both mother and daughter
centrioles in G2.

1% cells in different

(A) Graph indicating the percent of long centrioles in WT and Ofd
cell cycle phases. Asterisks indicate statistically significant differences compared to the
asynchronous population (p < 0.01). (B) The distal centriole (Poc5), centrosomes (y-
tubulin), and DNA (DAPI) of WT and Ofd1% cells. Poc5 localizes more strongly to
mother or daughter centrioles than to procentrioles. PC, procentriole. C, centriole. (C)
Centriole appendages (Odf2) and centrosomes (y-tubulin) of WT and OfdI% cells. (D)
Longitudinal and (E) transverse TEM sections of a WT and long Ofd1“ centriole.
Centriole proximal domain (P), distal domain (D), subdistal appendages (white arrows),
procentrioles (black arrows). Arrowheads indicate centrioles in low magnification TEM
images. Brown arrows show direction of section sequence. Normal length centrioles are
contained within 8-10 sequential transverse sections, whereas long centrioles span more
than 10 sections. (F) OfdI% cells showing centrosomes (Pericentrin and y-tubulin) and
DNA (DAPI). (G) Daughter centrioles and procentrioles (Centrobin), centrosomes (y-
tubulin), and DNA (DAPI) of WT and OfdI“ cells. In S-G2 phase, Centrobin localizes
more strongly to the procentrioles than to the daughter centriole. Arrows indicate

daughter centrioles. Scale bars indicate 2 um (TEM, low magnification), 200 nm (TEM,

high magnification), 5 wm and 1 wm (inset).
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Figure 4, A-C
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Figure 4, D-G

Pericentrin

Ofd16Gt

Centrobin

113



Figure 5. Ofd1 is essential for distal appendage formation.

(A) Centrioles (acetylated tubulin) and mother centriole subdistal appendages (Ninein) of
WT and Ofd1“" cells. (B) TEM longitudinal views of WT and Ofd1“’ centrioles. Arrows
indicate subdistal appendages. (C) Centrioles (acetylated tubulin) and mother centriole
distal appendages (Cep164) of WT and OfdI“ cells. Graph shows percent of centrosome
pairs showing Cep164 localization in WT and OfdI“’ cells. (D) Immunblot showing
Cep164 in the supernatants of WT and OfdI“ cell lysates. 20 ug protein loaded per lane.
(E) TEM transverse views of WT and Ofid1“ centrioles. Arrows indicate distal
appendages. (Full serial reconstructions are included in Figure S4). (F) Centrioles and
cilia (acetylated tubulin), centriole appendages (Odf2), centrosomes (y-tubulin), and
DNA (DAPI) of WT and Ofd1“" cells at the indicated time after release from cell
synchronization block. Arrowheads indicate centrioles positive for Odf2. (G)
Quantification of Odf2 foci per cell in WT and OfdI“ cells at the indicated time after
release from cell synchronization block. Asterisks indicate p< 0.05. Scale bar indicates

200 nm (TEM) and 1 um.
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Figure 5, F-G
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Figure 6. Ofd1 is required for centrosomal recruitment of Ift88, but not Ift20, Ift80,
or Kif3a.

(A) The intraflagellar transport protein Ift20, centrosomes (y—tubulin), and DNA (DAPI)
of WT and Ofd1“ cells. IFT20 localizes to the Golgi and near the centrosome (Follit et
al., 2006). (B) Ift80, centrosomes (y—tubulin), and DNA (DAPI) of WT and Ofd1“’

cells. (C) Anterograde kinesin motor component Kif3A, centrosomes (y—tubulin), and
DNA (DAPI) of WT and Ofd1 “ cells. (D) Ift88, centrosomes (y-tubulin), and DNA
(DAPI) of WT and Ofd1“" cells. (E) Graph showing percent of centrosome pairs with
Ift88 localization in WT and Ofd1 cells. (F) Immunblot showing Ift88 in the
supernatants of WT and Ofd1“" cell lysates. 20 ug protein loaded per lane. (G) Ift88,
Ofd1-Myc (Myc), and centrioles and cilia (acetylated tubulin) of Ofd1%*™* cells. (H)
1ft88, Ofd1-Myc (Myc), and centrosomes (y-tubulin) of Ofd1%*"™* cells. (I) Centrioles
and cilia (acetylated tubulin), centrosomes (y-tubulin), and DNA (DAPI) of WT, Ofd1“"

and Ofd1%“'™* cells. Arrows indicate cilia. Scale bar indicates 5 um or 1 um (inset, (G)-

(H)).
Follit, J.A., Tuft, R.A., Fogarty, K.E., and Pazour, G.J. (2006). The intraflagellar

transport protein IFT20 is associated with the Golgi complex and is required for cilia

assembly. Mol Biol Cell 77, 3781-3792.
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Figure 7. Missense Ofdl mutations found in human patients affect centriole length
control and ciliogenesis.

(A) Immunoblots showing Ofd1 (detected with an Ofd1 antibody) in the supernatants of
lysates from cells of the indicated genotypes. 20 ug protein loaded per lane. (B) Cells of
the indicated genotypes stained for Ofd1-Myc (Myc), centrosomes (y-tubulin), and DNA
(DAPI). (C) Graphs comparing the frequencies of long centriole formation, centriolar
localization of Cep164 and Ift88, and ciliogenesis of cells with Ofd1 alleles to Ofd 1™,
Ofd 1™ESCHIme - or Ofd 177" cells. Asterisks indicate statistically significant differences
(p < 0.05). (D) Cells of the indicated genotypes showing centrosomes (y-tubulin) and
DNA (DAPI). (E) In wild type cells, the mother centriole distal appendages contain Odf2
and Cepl64, and Ift88 is recruited at the transition zone into the primary cilium. Ofd1
binds to the distal ends of centriolar microtubules, stabilizes centrioles at the proper
length during maturation and recruits [ft88 and distal appendage proteins. In the absence
of Ofdl, both mother and daughter centrioles show microtubule destabilization and
unrestrained elongation of the distal domain during G2, the phase during which centriole
maturation occurs. Without Ofd1, subdistal and distal appendages may be present in the
middle of the long centriole, or distributed along the elongated portion. The inability to
make primary cilia may be due to centriole elongation defects, distal appendage defects,
Ift88 recruitment defects, inability to dock to a vesicular membrane (Sorokin, 1962), or a

combination of these.

Sorokin, S. (1962). Centrioles and the formation of rudimentary cilia by fibroblasts and

smooth muscle cells. J Cell Biol 15, 363-377.
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Figure S1. Ofd1 is not required for the mitotic or microtubule organizing functions
of centrioles.

(A) Subdistal appendages (Ninein), centrosomes (y-tubulin) and DNA (DAPI) of WT and
Ofd1° cells. (B-C) CP110 or Cep97, centrosomes or centrioles (y-tubulin or acetylated
tubulin) and DNA (DAPI) of WT and Ofd1“ cells. (D) Transverse TEM sections of
normal length centrioles from Ofd1“" cells. Arrows indicate triplet microtubules. (E)
Graph indicating the population doubling times of WT and OfdI“ cells. (F) FACS
analysis of DNA content and cell cycle phase distribution of asynchronous WT and
Ofd1“ cells. Samples analyzed in duplicate in 2 separate experiments. (G) Microtubules
(o-tubulin), centrosomes (y-tubulin), and DNA (DAPI) of interphase and mitotic WT and
Ofd1“ cells. (H) Procentrioles (Sas-6), centrosomes (y-tubulin), and DNA (DAPI) of WT
and Ofd1“" cells. Sas-6 is present in newly forming procentrioles. (I) Transverse TEM
sections of a long Ofd1“ centriole. Procentriole (black arrow), subdistal appendages
(white arrows). (J) Microtubules (a-tubulin) and centrosomes (y-tubulin) of WT and
Ofd1“ cells. Cells were incubated with nocodazole to depolymerize microtubules, drug
was washed out, and microtubules were allowed to regrow from 0-15 minutes. Regrowth
after 2 minutes is shown. Scale bar indicates 2 um (TEM, low magnification), 200 nm

(TEM, high magnification), 15 wm (panel G), 5 wm, or 1 um (inset).
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Supplementary 1, A-E
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Supplementary 1,F-J
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Figure S2. Ofd1 localizes to the distal ends of centrioles in diverse types of cells.

(A) Ofd1 and centrioles (acetylated tubulin and y-tubulin) in synchronized WT ES cells at
the indicated cell cycle phase. (B) Ofdl, centrioles and cilia (acetylated tubulin) in WT
ES cells. MC, mother centriole. DC, daughter centriole. PC, procentriole. (C) Murine
fibroblasts (NIH-3T3), intermedullary collecting duct (IMCD?3), and human retinal
pigmented epithelial cells (W\TERT-RPE1) showing Ofd1, centrioles and cilia (acetylated
tubulin), centrosomes (y-tubulin), and DNA (DAPI). (D) S-phase arrested Poc1-GFP
expressing U20S (human osteosarcoma) cells showing Ofd1, Poc1-GFP (GFP), and
DNA (DAPI). Pocl marks all centrioles. (E) Immunoblot showing Ofd1 (detected with
an Ofd1 antibody) in supernatant from cell lysate of Ofd1?“'™* cells. 15 ug protein
loaded per lane. (F) Graph showing percent of cells with long centrioles in cells of the
indicated genotypes. (G) Ofd1-Myc, centrioles (Centrin) and cilia (acetylated tubulin) in
Ofd 1™ cells. (H) Poc1-GEP expressing U20S cells showing Ofd1, Poc1-GFP (GFP),

and DNA (DAPI). Scale bar indicates 5 um or 1 um (A-B, G and inset).
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Figure S3. Loss of Ofd1 causes abnormal elongation of the centriole distal domain in
G2.

(A) Immunoblot of Ofd1 complexes immunoprecipitated from WT cell supernatant with
an Ofdl antibody and detected with a Cep164 antibody. (B) Longitudinal TEM views of
WT and Ofd1“ centrioles. White arrow indicates an elongated centriole. Black arrows
point to microtubule anchoring at long centriole distal end. D, distal domain. P, proximal
domain. (C) Different drugs arrest cells in distinct phases of the cell cycle. (D)
Asynchronous or G2 arrested (+ camptothecin) WT and Ofd1 cells showing
centrosomes (y-tubulin) and DNA (DAPI). Magnified region indicated by box. White

arrows indicate elongated centrioles. (E) WT and Ofd1“’

cells showing the centriole
distal lumen (Centrin), centrosomes (y-tubulin), and DNA (DAPI). Scale bar indicates

200 nm (TEM), 5 um or 1 um (inset).
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Figure S4. Ofd1 is essential for distal appendage formation.

(A) Transverse TEM serial reconstructions of the WT and Ofd1“’ centrioles depicted in
Figure 5F. White arrows indicate subdistal appendages. (B) Longitudinal and transverse
TEM views of Ofd]% long centrioles. White arrows indicate subdistal appendages, black
arrow distal appendages. (C) Subdistal appendages (Ninein), centrosomes (y-tubulin),
and DNA (DAPI) of WT and Ofd1“ cells. (D) FACS analysis of DNA content and cell
cycle phase of WT cells at the indicated time after release from thymidine-mimosine
block. (E) Graph showing percent of centrosomes with Cep164 after treatment with the
indicated siRNA, determined by immunofluorescence in hTERT-RPE1 cells. (F) Graph
showing percent of centrosomes with Ofd1 after treatment with the indicated siRNA,
determined by immunofluorescence in hTERT-RPEI cells. Scale bar indicates 200 nm

(TEM), 5 um or 1 um (inset).
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Figure SS. Ofd1 is not required for the centrosomal localization of trafficking
proteins p150, Pericentrin or Cep290.

(A) p150, centrioles (acetylated tubulin), and DNA (DAPI) of WT and Ofd! “ cells. (B)
Pericentrin, centrosomes (y-tubulin) and DNA (DAPI) of WT and OfdI% cells. (C)
Cep290, centrosomes (y-tubulin), and DNA (DAPI) of WT and Ofd1% cells. Scale bar

indicates 5 um or 1 um (inset).
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Figure S6. Disease-associated missense mutations in Ofd! affect centriole length,
Cep164 and Ift88 recruitment, and ciliogenesis.

(A) Alignment of the N-terminal half of human and mouse Ofd1, depicting protein
domains, peptide used to raise antibody, and locations of missense mutations (numbers
given are for mouse Ofdl). (B) Immunoblot of Ofd1-Myc immunoprecipitated with a
Myc antibody from cell lysate supernatants and detected with a Myc antibody. (C) Graph
comparing the frequencies of long centriole formation, centriolar localization of Cep164
and Ift88, and ciliogenesis of cells with Ofd! alleles to WT cells. (D) Cells of the
indicated genotypes showing mother centriole distal appendages (Cep164), centrosomes
(y-tubulin), and DNA (DAPI, blue). (E) Cells of the indicated genotypes showing Ift88,
centrosomes (y-tubulin), and DNA (DAPI). (F) Cells of the indicated genotypes showing

cilia (acetylated tubulin) and DNA (DAPI). Scale bar indicates 5 um or 1 um (inset).
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Figure S7. OfdI phylogeny.
(A) Phylogram of Ofd1. Organisms with canonical centriole structure have Ofd!
orthologs. (B) Alignment of Tetrahymena Ofd1 and Ofd1f protein sequences. Ofd1 LisH

domain is highlighted in blue.
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Figure S8. Ofd1 is associated with canonical centriole structure and cilia.

(A) Diagram of centriole structure and microtubule pattern in organisms considered to
have “canonical” and “divergent” centriole structure. (B) Phylogram of CP/10. Single-
celled organisms do not contain CP/10 orthologs. (C) Hypothetical progression for gain
of CP110 function in centriole length control and ciliogenesis upon acquisition of
multicellularity. Organisms that lost ciliation from most cells also lost the requirement for

Ofd1 in controlling centriole structure.
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Figure S9. Domains of OFD]I isoforms.
Alignment of protein sequences from human OFD1la and OFD1b showing domain

locations.
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Table 1. Defects in ciliary functions cause several human diseases.

Heterotaxia (Nonaka et al., 1998; Yost, 2003), retinal degeneration (Li et al., 1996; Liu et
al., 2004), anosmia (Kulaga et al., 2004), polycystic kidney disease (Barr et al., 2001;
Bisceglia et al., 2006; Chauvet et al., 2004; Hanaoka et al., 2000; Lin et al., 2003; Low et
al., 2006; Nauli et al., 2003; Praetorius and Spring, 2001), polydactyly and neural
patterning defects (Liu et al., 2005), neural patterning defects (Corbit et al., 2005;
Huangfu et al., 2003; Liu et al., 2005), neural tube closure defects (Kyttala et al., 2006;

Park et al., 2006; Ross et al., 2005; Simons et al., 2005; Smith et al., 2006).

Barr, M.M., DeModena, J., Braun, D., Nguyen, C.Q., Hall, D.H., and Sternberg, P.W.
(2001). The Caenorhabditis elegans autosomal dominant polycystic kidney disease gene
homologs lov-1 and pkd-2 act in the same pathway. Curr Biol /7, 1341-1346.

Bisceglia, M., Galliani, C.A., Senger, C., Stallone, C., and Sessa, A. (2006). Renal cystic
diseases: a review. Adv Anat Pathol /3, 26-56.

Chauvet, V., Tian, X., Husson, H., Grimm, D.H., Wang, T., Hiesberger, T., Igarashi, P.,
Bennett, A.M., Ibraghimov-Beskrovnaya, O., Somlo, S., ef al. (2004). Mechanical stimuli
induce cleavage and nuclear translocation of the polycystin-1 C terminus. J Clin Invest
114, 1433-1443.

Corbit, K.C., Aanstad, P., Singla, V., Norman, A.R., Stainier, D.Y., and Reiter, J.F.
(2005). Vertebrate Smoothened functions at the primary cilium. Nature 437, 1018-1021.
Hanaoka, K., Qian, F., Boletta, A., Bhunia, A.K., Piontek, K., Tsiokas, L., Sukhatme,
V.P., Guggino, W.B., and Germino, G.G. (2000). Co-assembly of polycystin-1 and -2

produces unique cation-permeable currents. Nature 408, 990-994.

144



Huangfu, D., Liu, A., Rakeman, A.S., Murcia, N.S., Niswander, L., and Anderson, K. V.
(2003). Hedgehog signalling in the mouse requires intraflagellar transport proteins.
Nature 426, 83-87.

Kulaga, H.M., Leitch, C.C., Eichers, E.R., Badano, J.L., Lesemann, A., Hoskins, B.E.,
Lupski, J.R., Beales, P.L., Reed, R.R., and Katsanis, N. (2004). Loss of BBS proteins
causes anosmia in humans and defects in olfactory cilia structure and function in the
mouse. Nat Genet 36, 994-998.

Kyttala, M., Tallila, J., Salonen, R., Kopra, O., Kohlschmidt, N., Paavola-Sakki, P.,
Peltonen, L., and Kestila, M. (2006). MKS1, encoding a component of the flagellar
apparatus basal body proteome, is mutated in Meckel syndrome. Nat Genet 38, 155-157.
Li, T., Snyder, W.K., Olsson, J.E., and Dryja, T.P. (1996). Transgenic mice carrying the
dominant rhodopsin mutation P347S: evidence for defective vectorial transport of
rhodopsin to the outer segments. Proc Natl Acad Sci U S A 93, 14176-14181.

Lin, F., Hiesberger, T., Cordes, K., Sinclair, A.M., Goldstein, L.S., Somlo, S., and
Igarashi, P. (2003). Kidney-specific inactivation of the KIF3A subunit of kinesin-II
inhibits renal ciliogenesis and produces polycystic kidney disease. Proc Natl Acad Sci U
S A 100, 5286-5291.

Liu, A., Wang, B., and Niswander, L.A. (2005). Mouse intraflagellar transport proteins
regulate both the activator and repressor functions of Gli transcription factors.
Development /32, 3103-3111.

Liu, Q., Zuo, J., and Pierce, E.A. (2004). The retinitis pigmentosa 1 protein is a

photoreceptor microtubule-associated protein. J Neurosci 24, 6427-6436.
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Low, S.H., Vasanth, S., Larson, C.H., Mukherjee, S., Sharma, N., Kinter, M.T., Kane,
M.E., Obara, T., and Weimbs, T. (2006). Polycystin-1, STAT6, and P100 function in a
pathway that transduces ciliary mechanosensation and is activated in polycystic kidney
disease. Dev Cell 10, 57-69.

Nauli, S.M., Alenghat, F.J., Luo, Y., Williams, E., Vassilev, P., Li, X., Elia, A.E., Lu,
W., Brown, E.M., Quinn, S.J., et al. (2003). Polycystins 1 and 2 mediate
mechanosensation in the primary cilium of kidney cells. Nat Genet 33, 129-137.
Nonaka, S., Tanaka, Y., Okada, Y., Takeda, S., Harada, A., Kanai, Y., Kido, M., and
Hirokawa, N. (1998). Randomization of left-right asymmetry due to loss of nodal cilia
generating leftward flow of extraembryonic fluid in mice lacking KIF3B motor protein.
Cell 95, 829-837.

Park, T.J., Haigo, S.L., and Wallingford, J.B. (2006). Ciliogenesis defects in embryos
lacking inturned or fuzzy function are associated with failure of planar cell polarity and
Hedgehog signaling. Nat Genet 38, 303-311.

Praetorius, H.A., and Spring, K.R. (2001). Bending the MDCK cell primary cilium
increases intracellular calcium. J Membr Biol 7184, 71-79.

Ross, A.J., May-Simera, H., Eichers, E.R., Kai, M., Hill, J., Jagger, D.J., Leitch, C.C.,
Chapple, J.P., Munro, P.M., Fisher, S., et al. (2005). Disruption of Bardet-Biedl
syndrome ciliary proteins perturbs planar cell polarity in vertebrates. Nat Genet 37, 1135-
1140.

Simons, M., Gloy, J., Ganner, A., Bullerkotte, A., Bashkurov, M., Kronig, C., Schermer,

B., Benzing, T., Cabello, O.A., Jenny, A., et al. (2005). Inversin, the gene product
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mutated in nephronophthisis type II, functions as a molecular switch between Wnt
signaling pathways. Nat Genet 37, 537-543.

Smith, U.M., Consugar, M., Tee, L.J., McKee, B.M., Maina, E.N., Whelan, S., Morgan,
N.V., Goranson, E., Gissen, P., Lilliquist, S., ef al. (2006). The transmembrane protein
meckelin (MKS3) is mutated in Meckel-Gruber syndrome and the wpk rat. Nat Genet 38,
191-196.

Yost, H.J. (2003). Left-right asymmetry: nodal cilia make and catch a wave. Curr Biol

13, R808-809.
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Table 2. Summary of phenotypes caused by OFD1 syndrome-associated mutations.
(A) Ofd1 protein expression quantified by immunoblot. Percentages reflect comparison
to wild type (for the Gene trap line), Ofd1™F5%*™* cells (for the S75F, A8OT, G139S
mutants) or Ofd1%*™* cells (for the S437R, KDD359-361FSYmutants), as appropriate.
(B) Ofd1 centrosomal localization, as assessed by immunofluorescence. NA, not
assessed. (C-F) Percent of cells showing long centrioles, centrosomal Cep164 and Ift88
localization, and cilia, as assessed by immunofluorescent staining and normalized to wild
type cells. Asterisks indicate a statistically significant difference (p < 0.05) when
compared to Ofd1™EH ™ or Ofd19™* cells (for G139S and S437R mutants,
respectively), or Ofd1*® cells (for S75F, A80T, and KDD359-361FSY mutants). Errors

are standard deviations.
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Table 3. Distinct role of Ofd1 in centriole length control.
Comparison of the functions of four proteins implicated in centriole length control
(Keller et al., 2008; Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009).

MC, mother centriole. DC, daughter centriole. PC, procentrioles. ND, no data.

Keller, L.C., Geimer, S., Romijn, E., Yates, J., 3rd, Zamora, 1., and Marshall, W.F.
(2008). Molecular Architecture of the Centriole Proteome: The Conserved WD40
Domain Protein POC1 Is Required for Centriole Duplication and Length Control. Mol
Biol Cell.

Kohlmaier, G., Loncarek, J., Meng, X., McEwen, B.F., Mogensen, M.M., Spektor, A.,
Dynlacht, B.D., Khodjakov, A., and Gonezy, P. (2009). Overly long centrioles and
defective cell division upon excess of the SAS-4-related protein CPAP. Curr Biol /9,
1012-1018.

Schmidt, T.I., Kleylein-Sohn, J., Westendorf, J., Le Clech, M., Lavoie, S.B., Stierhof,
Y.D., and Nigg, E.A. (2009). Control of centriole length by CPAP and CP110. Curr Biol
19, 1005-1011.

Tang, C.J., Fu, R.H., Wu, K.S., Hsu, W.B., and Tang, T.K. (2009). CPAP is a cell-cycle

regulated protein that controls centriole length. Nat Cell Biol /7, 825-831.
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Table 4. MGl nomenclature for alleles.

Allele

MGI nomenclature

Ofd 1'RESOfd1myc-S75F

Ofd1 Gt(RRF427)Byg.tm4(0Ofd1mycS75F)Reit

Ofd 1'RESOfd1myc-A80T

Ofd 1Gt(RRF427)Byg.tm5(Ofd1mycA80T)Reit

Ofd 1'RESOfd1myc-G1395

Ofc 1Gt(RRF427)Byg.tm6(Ofd1mycG1395)Reit

Ofc109fd1myc-5437R

Ofd 1Gt(RRF427)Byg.tm7(Ofd1mycS437R)Reit

Ofd1 Ofd1myc-KDD359-361FSY

Ofd1 Gt(RRF427)Byg.tm8(0fd1mycKDD359-361FSY)Reit
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Chapter 3: Perspectives: Floxin technology and study of gene function

SUMMARY AND CONCLUSION

Understanding gene function requires studying the phenotypes caused by
knockout and replacement alleles of a specific gene. The Floxin technology is unique in
that it encompasses both aspects of gene targeting within one system, and allows study of
phenotypes on a cellular and organismal level. Our investigation of Ofd! function
showed how the Floxin technology can be used to model a human disease, permitting
creation of cell lines with targeted alleles in a quantity that was prohibitive with
traditional methods. As this approach was successful in defining a role for Ofd! in a basic
cell biological process, and identifying the molecular basis of a human disease, we hope
to see other similar applications in the future.

Many centrosomal and ciliary genes have Floxin-compatible gene trap lines, so
models of other ciliopathies could be created. Floxin is also particularly suited for
studying gene function in ES cells, as genes expressed in this cell type are likely to be
trapped. Finally, autosomal dominant and X-linked diseases are amenable to modeling
with Floxin.

We see the Floxin technology as complementary to traditional methods for gene
targeting. We hope that the capability to generate targeted alleles in a high throughput
fashion in mammalian cells will aid in the detailed understanding of gene function, and

creation of cellular and animal models of disease.

154



Publishing Agreement

It is the policy of the University to encourage the distribution of all theses, dissertations,
and manuscripts. Copies of all UCSF theses, dissertations, and manuscripts will be routed
to the library via the Graduate Division. The library will make all theses, dissertations,
and manuscripts accessible to the public and will preserve these to the best of their

abilities, in perpetuity.

Please sign the following statement:
I hereby grant permission to the Graduate Division of the University of California, San
Francisco to release copies of my thesis, dissertation, or manuscript to the Campus

Library to provide access and preservation, in whole or in part, in perpetuity.

A / 3/26/2010

155



	Chapter 1
	figures and legends
	figure legends
	Ch1 fig1
	figure legends
	Ch1 fig 2
	figure legends
	Ch 1 Supp 1
	figure legends
	Ch 1 Supp 2
	figure legends
	Ch 1 Supp 3
	figure legends
	Ch 1 Supp 4
	figure legends
	Ch 1 Supp 5
	figure legends
	Ch 1 Supp 6
	figure legends
	Ch 1 Supp 7
	Ch 1 Table 1
	Ch 1 Table 2
	Ch 1 supp table 1
	figure legends
	Ch 1 Supp table 2
	Ch 1 supp table 3

	Chapter 2
	figures and legends ch 2
	Figure Legends ch 2
	Ch 2 Fig i
	Figure Legends ch 2
	Ch 2 Fig ii
	Figure Legends ch 2
	Ch 2 Fig 1
	Figure Legends ch 2
	Ch 2 Fig 2 part 1
	Ch 2 Fig 2 part 2
	Figure Legends ch 2
	Ch 2 Fig 3
	Figure Legends ch 2
	Ch 2 Fig 4 part 1
	Ch 2 Fig 4 part 2
	Figure Legends ch 2
	Ch 2 Fig 5 part 1
	Ch 2 Fig 5 part 2
	Figure Legends ch 2
	Ch 2 Fig 6 part 1
	Ch 2 Fig 6 part 2
	Figure Legends ch 2
	Ch 2 Fig 7 part 1
	Ch 2 Fig 7 part 2
	Figure Legends ch 2
	Ch 2 Supp 1 part 1
	Ch 2 Supp 1 part 2
	Figure Legends ch 2
	Ch 2 Supp 2
	Figure Legends ch 2
	Ch 2 Supp 3
	Figure Legends ch 2
	Ch 2 Supp 4 part 1
	Ch 2 Supp 4 part 2
	Figure Legends ch 2
	Ch 2 Supp 5
	Figure Legends ch 2
	Ch 2 Supp 6 part 1
	Ch 2 Supp 6 part 2
	Figure Legends ch 2
	Ch 2 Supp 7
	Figure Legends ch 2
	Ch 2 Supp 8
	Figure Legends ch 2
	Ch 2 Supp 9
	Figure Legends ch 2
	Ch 2 Table 1
	Figure Legends ch 2
	Ch 2 Table 2
	Figure Legends ch 2
	Ch 2 Table 3
	Ch 2 table 4

	Ch 3
	library release form



