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SUMMARY

Vertebrate hedgehog signaling is coordinated by the
differential localization of the receptors patched-1
and Smoothened in the primary cilium. Cilia assem-
bly is mediated by intraflagellar transport (IFT), and
cilia defects disrupt hedgehog signaling, causing
many structural birth defects. We generated Ift25
and Ift27 knockout mice and show that they have
structural birth defects indicative of hedgehog
signaling dysfunction. Surprisingly, ciliary assembly
is not affected, but abnormal hedgehog signaling is
observed in conjunction with ciliary accumulation of
patched-1 and Smoothened. Similarly, Smoothened
accumulates in cilia on cells mutated for BBSome
components or the BBS binding protein/regulator
Lztfl1. Interestingly, the BBSome and Lztfl1 accumu-
late to high levels in Ift27mutant cilia. Because Lztfl1
mutant cells accumulate BBSome but not IFT27, it is
likely that Lztfl1 functions downstream of IFT27 to
couple the BBSome to the IFT particle for coordi-
nated removal of patched-1 and Smoothened from
cilia during hedgehog signaling.

INTRODUCTION

The cilium plays a key role in development by coordinating cell

physiology with signals coming from the extracellular environ-

ment. Defects in ciliary structure or ciliary signaling underlie a

diverse class of human diseases that range from adult onset

degenerative disorders such as polycystic kidney disease, liver

fibrosis, and retinal degeneration to structural birth defects of

the heart, brain, and skeleton, to obesity and other metabolic

disorders. The cilium functions by creating a cellular microenvi-

ronment where receptors and signaling pathways are seques-

tered and concentrated in a small projection from the surface

of the cell. Cilia can detect many types of signals, from photons
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in rod and cone outer segments to diverse odorants detected by

olfactory cilia, tomechanical stimuli detected by epithelial cilia or

morphogenic ligands like sonic hedgehog (Shh) detected by the

cilia of the developing embryo (Satir and Christensen, 2007).

Cilia themselves are extremely complex organelles that are

composed of at least 500–1,000 structural proteins organized

around a microtubule-based cytoskeleton and an associated

membrane domain (Pazour et al., 2005). Many of the structural

components of the cilium are known to be encoded by genes

involved in human diseases, and the number of human disorders

or syndromes caused by ciliary defects is rapidly growing

(Badano et al., 2006). Understanding how this organelle is

assembled and how the signaling environment is created and

maintained is critical to understanding how the cilium functions

in the etiology of these diseases. The cilium is assembled by

the process of intraflagellar transport (IFT), where large protein

complexes called IFT particles are carried along the ciliary

microtubules by kinesin and dynein motors (Rosenbaum and

Witman, 2002; Pedersen and Rosenbaum, 2008). The IFT parti-

cles are composed of more than 20 unique proteins organized in

two subcomplexes called IFT-A and IFT-B (Cole et al., 1998; Ou

et al., 2007; Follit et al., 2009). The IFT particles are thought to

function as a cargo adaptor to connect proteins needed to build

cilia to the molecular motors so the ciliary structural components

can be transported from the cell body into the cilium for assem-

bly. IFT-B appears to be critically important for ciliary assembly,

as mutations in most IFT-B components block ciliary assembly.

IFT-A mutations typically cause less severe defects in ciliary

assembly and often result in accumulations of materials in

the cilium, suggesting that it is more important for retrograde

transport (Iomini et al., 2009). In addition to IFT-A and IFT-B,

a third complex called the BBSome is connected to the IFT

particle. Mutations in BBSome components do not typically

block ciliary assembly but prevent the delivery of specific

receptors to the cilium (Berbari et al., 2008) and cause accumu-

lations of abnormal membrane-associated proteins in the cilium

(Lechtreck et al., 2009).

In this work, we examine the function of the IFT-B subunit

IFT27 (also known as Rabl4), which was recently shown to be

mutated in two siblings with Bardet-Biedl syndrome (BBS). The
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affected siblings displayed classic BBS phenotypes, including

obesity, polydactyly, mental disabilities, renal dysfunction, and

retinal degeneration (Aldahmesh et al., 2014). IFT27 is a small

G protein distantly related to the Rab subfamily of Ras-like

GTPases (Qin et al., 2007). The mammalian protein lacks the

prenylation sites found in other Rab proteins, indicating that it

is not membrane associated (at least via these moieties).

Instead, IFT27 forms a stable heterodimer with IFT25 that exists

both within the IFT-B complex and outside of it. IFT27 binds

nucleotide with micromolar affinity but has a very low intrinsic

GTPase activity (Bhogaraju et al., 2011). We became interested

in IFT25 and IFT27 because, unlike most IFT-B proteins, these

two subunits are missing from several species that assemble

cilia. This suggested that IFT25 and IFT27 are not required

for ciliary assembly but could be involved in sensory or other

functions of cilia (Keady et al., 2012). We recently showed

that IFT25 is not required for ciliary assembly, but mice homozy-

gous for a null allele died at birth with a variety of structural

defects (Keady et al., 2012). The Ift25 phenotype differed from

previously studied null alleles of IFT complex B proteins, as

those alleles caused lethality earlier in development, typically

at midgestation. In this study, we generated an Ift27 mutant

mouse model and showed that it has a phenotype overlapping

that of the Ift25mutant. Using these two mutant mouse models,

we show that Ift25 and Ift27 are dispensable for ciliogenesis,

but both are required for BBSome trafficking essential for hedge-

hog signaling.

RESULTS

Ift27 Mutants Have Pleiotropic Structural Birth Defects
To understand the importance of IFT27 to ciliary assembly and

mouse development, we used European Conditional Mouse

Mutagenesis Program (EUCOMM) cells to create an Ift27mutant

mouse (Figures 1, 2, 3, and 4). The Ift27null1 allele (Figure S1 avail-

able online) that we analyzed for most studies (all except

Figure 4H) contained a b-galactosidase gene in intron 2 and

had exons 3–5 deleted. The b-galactosidase gene has a strong

splice acceptor at its 50 end and is expected to capture the

upstream exons of Ift27 to prevent their splicing to the down-

stream exons. It is likely that the Ift27null1 allele is a null or a

strong hypomorph, as quantitative RT-PCR indicated that tran-

scripts containing the 30 exons were reduced to less than 0.5%

of controls (Figures 3A and 4A) and no protein was detected

by western blot (Figures 3A and 4A). The expected Mendelian

ratio of genotypes was found in animals harvested the day prior

to birth (embryonic day [E]18) and on the day of birth (P0), but all

homozygous mutants exhibited cyanosis and were stillborn or

died shortly after birth (Figures 1A and 1B).

Fourteen Ift27 mutant E18 embryos were analyzed by MRI

(Table S1) and episcopic confocal microscopy (ECM) (Figure 2;

Table S2), and 11 other E18 animals were analyzed by necropsy

and histology (Figures 1 and 2; Table S3). The phenotypes

observed in each animal are listed in Tables S1 through S3 and

summarized here. Many of the same phenotypes observed in

the Ift25 mutants (Keady et al., 2012) were also observed in the

Ift27 mutant animals, but the phenotypes were more severe

and more penetrant in the Ift27mutants. Like Ift25, Ift27mutants

had a high incidence of omphaloceles or umbilical cord hernias.
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Polydactyly and other digit defects were observed in the Ift27

mutants. In contrast to the Ift25 mutant in which only preaxial

duplication of digit 1 was observed, the Ift27 animals also

showed central polydactyly and syndactyly. Ift27mutants occa-

sionally exhibited abnormal flexure of the wrists, resulting in a

clubbing phenotype (talipomanus) (Figure 1J).

A small lower jaw (micrognathia) of varying severity was

observed (Figures 1Cb and 1Cc), and most animals had an

abnormally shaped nose (Figures 1C and 1E) with closely spaced

eyes (hypotelorism) (Figure 1Cd). Morphological assessment of

the cranial facial region showed hypoplasia of the midline,

including nasal structures, maxilla, and mandible. Histological

analysis indicated that the mutants lacked development of the

palate, upper incisor, vomeronasal organ, and body of the

mandible, with the development of a single anterior nasal aper-

ture (Figure 1F). The latter anomaly appeared to develop as

a result of a smaller, malformed nasal septum that failed to

fuse with structures at the floor of the nose (Figure 1F). The

Ift27 mutants also developed various malformations of the

tongue that ranged from aglossia (lack of tongue development)

to microglossia (abnormally small tongue) to the tongue

being abnormally attached to the floor of the oral cavity

(Figure 1E; Table S1).

Like Ift25, Ift27 mutants had malaligned sternal vertebrae and

malformed ribs, yielding an abnormally shaped chest cavity

(Figures 1G and 1H). Also similar to Ift25 mutants, lung isomer-

isms (Figure 2A) and other structural respiratory tract abnormal-

ities were prevalent in Ift27 mutants. Fusions between the

trachea and esophagus (tracheoesophageal fistulas; TEFs)

were found in many Ift27 mutants. The Ift27 mutant lungs often

contained a large abnormal balloon-like cavity (Figure 2Ad).

ECM imaging revealed that these cavities arise from the

bronchial airways after they branch from the fused trachea-

esophagus, and the balloons then project through the dia-

phragm to connect with the stomach (Figure 2Ad). Histological

analyses showed that multiciliated cells were present on the

lining of the cavity (Figure 2B).

Cardiac malformations (Figures 2C, 2D, and S2) were found in

all Ift27mutants. Similar to the Ift25 animals, we observed a dou-

ble-outlet right ventricle (Figure S2A;Movie S1), whichwas asso-

ciated with hypoplasia of the pulmonary trunk (Figure S2B;

Movie S2). The Ift27 mutants, similar to the Ift25 mutants,

showed partial or complete atrioventricular septal defects

(AVSDs) that reflect defects in development of the endocardial

cushions. This resulted in a single orifice with common AV valves

formed instead of separate tricuspid and mitral valves required

for separation of the right atrium/right ventricle from the left

atrium/left ventricle. In mutants with partial AVSD, the atrioven-

tricular orifice is asymmetrically positioned to favor one ventricle

(Figure 2D; Movie S1). These defects are also associated with a

common atrium due to complete failure in atrial septum forma-

tion. In addition, one mutant exhibited a pulmonary artery defect

where a long common artery extended from the pulmonary trunk

(Figure S2D; Movie S2), and aortic arch anomalies were also

observed with one mutant exhibiting a double arch forming a

vascular ring (Figure S2F; Movie S3). The latter phenotype was

observed in conjunction with TEFs. As with the Ift25 mutants,

Ift27 mutant animals likely die neonatally from these severe

congenital heart defects.
evier Inc.



Figure 1. Ift27 Null Mutants Display Multiple

Developmental Defects

(A) Images of P0 animals. Ift27null1 genotypes are

given below the images. All animals were alive

when photographed.

(B) Genotype distribution at the day prior to birth

(E18), day of birth (P0), and later (>P0) in offspring

of Ift27null1/+ 3 Ift27null1/+ crosses. Blue, orange,

and green represent +/+, +/�, and�/� genotypes,

respectively. Homozygous mutant animals were

alive on the day prior to birth but died on P0, so the

P0 numbers reflect a mix of live and dead animals.

(C) Images of embryos at E18.5 (a–c) and E15.5 (d).

Note abnormal facial structure, abnormal lower jaw

(arrow), and more closely spaced eyes (hypo-

telorism).

(D) Alcian blue and alizarin red staining of the skull

shows abnormal palate development.

(E) Hematoxylin-and-eosin (H&E)-stained frontal

sections of the oral cavity. The mutant lacks the

body of the mandible (md) and the tongue (to).

(F) H&E-stained sections of nasal cavities of E15.5

(a and b) and E18.5 (c and d) embryos. The mutant

embryos in each case show underdeveloped

nasal structures, particularly the inferior regions

including the vomer bone of the nasal septum (ns),

although superior cartilaginous parts of the septum

appear to develop normally. 1p, primary palate; 2p,

secondary palate; ui, upper incisor; vno, vomer-

onasal organ. Scale bars, 200 mm.

(G and H) Alcian blue and alizarin red staining of the

skeleton shows abnormal skull shape, curvature of

the spine and abnormal rib cage including mala-

ligned sternal vertebrae.

(I and J) Alcian blue and alizarin red stained (I) and

unstained (J) images of limbs showing a variety of

digit defects.
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Left lung isomerism was the only laterality phenotype

observed in the Ift25 mutants. This was observed in Ift27 mu-

tants, but the Ift27 animals also show a variety of left-right

patterning defects characterized by heterotaxy with randomiza-

tion of visceral organ situs. Defects include malpositioning of the

stomach (dextrogastria), liver isomerisms, and cardiac malfor-

mations. Laterality defects of the heart include abnormal posi-

tioning of the organ (dextrocardia and mesocardia) (Figure 2C),

right atrial isomerism, and duplication of the inferior vena cava

(Figure S2F; Movie S4).
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IFT27 Is Not Required for IFT25
Stability but Is Required for
IFT25 Entry into Cilia
IFT25 was not required for ciliary assem-

bly or for the stability of any of the IFT par-

ticle proteins that we have antibodies

against, except for IFT27, which is largely

depleted when IFT25 was lost (Keady

et al., 2012). Similarly IFT27 is not required

for ciliary assembly in cultured fibroblasts

or in the embryo (Figure 3). As expected,

IFT27 protein is missing from the Ift27

mutant cells, as detected by western

blot and by immunofluorescence (IF)
staining. The abundance of IFT25 is not affected by the loss of

IFT27 (Figure 3A), indicating that, while IFT27 requires IFT25

for stability, the requirement is not mutual. The levels of some

complex B proteins (IFT88, IFT57) were reduced in the Ift27

mutant cells, but the significance of this is not clear, as ciliation

is normal and IFT88 staining of mutant cilia is similar to that of

wild-type (Figures 3B–3D). In Trypanosoma, Ift27 RNA interfer-

ence caused a reduction of IFT dynein and IFT-A proteins and

an increase in IFT-B proteins in the cilia (Huet et al., 2014). How-

ever, we did not observe any differences in IFT dynein (Dync2h1),
ovember 10, 2014 ª2014 Elsevier Inc. 281



Figure 2. Ift27 Mutants Have Structural Heart and Lung Diseases

(A) Lung isomerism. H&E images show the normal arrangement of four right lobes and one left lobe in the control animals (a and c). Mutants (b and d) have a single

lobe on both sides, indicating a left isomerism. Note the large open sac (TEF balloon) within the thoracic cavity that projects through the diaphragm and connects

to the stomach (St). Lg, lung; Lv, liver; Ht, heart. Scale bars, 500 mm. The asterisk indicates a crack in the tissue that occurred during processing.

(B) IF images of the epithelium lining the TEF balloon (IFT88, green; 6-11B-1, red; DAPI, blue). A section adjacent to the one imaged in (d) was stained, and the

approximate position of the imaged region is indicated by an arrow in (d). Likewise, the arrow in (a) indicates the cell that was imaged in (b). Scale bars, 50 mm in (a)

and 10 mm in (b). (a) and (b) are maximum projections of a 16- and 10-layer z stacks acquired every 0.5 mm.

(C) Surface renderings of ECM image stacks show heart placement defects. The apex of the heart normally points toward the left side of the thoracic cavity

(levocardia). Heart orientation in Ift27 mutants is variable with 11/14 showing levocardia, 1/14 showing mesocardia (apex at midline), and 2/14 showing dex-

trocardia (apex pointed to the right side).

(D) ECM imaging reveals structural heart defects in Ift27 mutants. Images shown are single planes of reconstructed hearts taken at levels to highlight the

ventricular septum (top row) or atrial septum (bottom row). Movies of these 3D reconstructions and additional planes are included in the Supplemental Infor-

mation. The left panels show control heart images, and the middle and right panels are from mutants illustrating either partial (middle) or complete (right)

atrioventricular septal defects. CA, common atrium; VSD, ventricular septal defect; Ao, aorta; dAo, descending aorta; PT, pulmonary trunk; PA, pulmonary artery;

LSVC, left superior vena cava; RSVC, right superior vena cava; LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle; T, trachea; O, esophagus.
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IFT-A (IFT140), or IFT-B (IFT88) distribution in our cells

(Figure 3C). We were unable to determine if the endogenous

distribution of IFT25 was altered in Ift27 cells, as neither a com-

mercial antibody nor any that we generated worked for IF

(Figure S3). However, Flag-IFT25 was unable to enter cilia on

Ift27mutant cells butwas able to enter wild-type cells (Figure 3E),

suggesting that, while IFT25 is stable in the absence of IFT27, it

does not bind the IFT particle. Direct interaction between IFT25

and IFT27 appears to be important for the delivery of IFT25 to

cilia, as mutation of three residues (T40R/T42R/S128E) in

IFT25 that make direct contact with IFT27 (Bhogaraju et al.,

2011) disrupts the interaction as detected by immunoprecipita-

tion and prevents the entry of IFT25 into cilia (Figures 3F and

3G). This mutation also fails to rescue the Smo1 and BBS9 accu-

mulation defects (discussed later) caused by the loss of IFT25

(Figure 3H).
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IFT27 is a small G protein in the RAS superfamily and, as such,

is thought to bind and hydrolyze guanosine triphosphate (GTP)

(Qin et al., 2007; Bhogaraju et al., 2011). To understand how

the GTP/guanosine diphosphate (GDP) state of IFT27 affects

binding of IFT27 to IFT25 and the IFT particle, we generated

IFT27 constructs with the mutations that are expected to mimic

the GTP-bound (K68L) and GDP-bound or nucleotide-free

(T19N) states. These mutations in IFT27 did not affect binding

to IFT25 (Figure 3I), indicating that the GTP cycle does not influ-

ence the formation of the IFT25/IFT27 heterodimer. The binding

of IFT27 to the IFT particle (IFT88) was disrupted by the Ift27T19N

mutation but not by the Ift27K68L mutation (Figure 3I). Consistent

with this, in wild-type cells, IFT27T19N was excluded from cilia

(Figure 3J, top row). However, IFT27T19N was able to enter the

cilia of Ift27 mutant cells (Figure 3J, bottom row), suggesting

that it retains some ability to bind the IFT particle but that the
evier Inc.



Figure 3. Ift27 Is Not Required for Ciliation

(A) Effect of the Ift27null1 mutation on IFT protein stability. Protein extracts from wild-type and mutant MEFs were immunoblotted with the antibodies indicated on

the right side of each western blot panel. Approximate molecular weights are listed on the left side. Quantitation of IFT protein levels relative to g-tubulin loading

control are listed on the right side of each western blot (n = 3 embryos/MEF lines per genotype) (*p < 0.05; **p < 0.01). Error bars indicate SD.

(B) E18.5 lung and kidney sections from Ift27+/+ and Ift27null1/null1 mice immunostained with IFT88 (green) and the acetylated tubulin cilia marker 6-11B-1 (red).

Scale bar, 5 mm and applies to all images. Images are maximum projections of ten-layer z stacks acquired every 0.5 mm.

(C) IF of control and mutant MEFs immunostained with 6-11B-1 (cilia, red) and IFT27, IFT88, IFT140, or Dync2h1 (green). Note the lack of IFT27 staining of mutant

cells (25/25 wild-type cells and 0/25 mutant cells showed IFT27 staining). Staining of cilia for the other antibodies were similar in both mutant and control cells

(25/25 cells positive for each condition).

(D) Quantitation of ciliation and ciliary length in MEF cells. Percentage of ciliated cells and ciliary lengths based on ciliary IFT88 immunostaining in serum-starved

MEFs (n = 3 Ift27+/+ and 3 Ift27null1/null1 embryos/MEF lines for percent ciliation and n = 50 cilia per cell line for length). Differences for percent ciliation were not

significantly different, but mutant cilia were slightly longer (**p < 0.01; ns, not significant). Error bars indicate SD.

(E) IFT25-Flag (green) localizes to cilia (6-11B-1, red) in wild-type cells but not Ift27null1/null1 cells. Inset shows green (IFT25-Flag) channel. Quantification shows

that 23/25 transfected wild-type cells had ciliary-localized IFT25-Flag while 0/25 transfected mutant cells had ciliary-localized IFT25-Flag.

(F and G) Interaction between IFT25 and IFT27 are required for IFT25 to enter cilia. (F) Immunoprecipitation from IMCD3 cells transfected with Flag-GST,

Flag-IFT25, or Flag-IFT25(T40R/T42R/S128E) demonstrates that wild-type IFT25, but not the mutant form, binds to IFT27 and IFT88. (G) In IMCD3 cells, wild-

type Flag-IFT25 (Flag, red) localizes to cilia (IFT88, green), but Flag-IFT25(T40R/T42R/S128E) (Flag, red) does not. Quantification shows that 0/50 Flag-GST-,

47/50 Flag-IFT25-, and 0/50 Flag-IFT25(T40R/T42R/S128E)-transfected cells had Flag-positive cilia. Scale bar, 5 mm and applies to all images in (G).

(H) Wild-type Flag-IFT25 (top row; Flag, red), but not Flag-IFT25(T40R/T42R/S128E) (bottom row; Flag, red), rescues the BBS9 (left panel, green) and Smo (right

panel green) accumulation phenotypes in Ift25null1/null1 mutant MEFs. Arrows indicate cilia on transfected cells, which are shown in the insets with separate red

and green channels. Quantification of 25/25 cells transfected with wild-type IFT25 showed rescue of the accumulation of ciliary BBS9 and Smo phenotypes, while

0/25 transfected with IFT25(T40R/T42R/S128E) showed rescue. Asterisk indicates a cilium on a nontransfected cell. Scale bar, 5 mm and applies to all images.

(I) Immunoprecipitation from MEF cells transfected with IFT27-Flag, IFT27(K68L)-Flag, IFT27(T19N)-Flag, or Flag-GST demonstrates that all forms of IFT27 bind

to IFT25 but only wild-type and the K68L forms of IFT27 bind to IFT88. No binding between any form of IFT27 and IFT140 was detected. Note that, with this

exposure time, IFT88 is not detectable until after immunoprecipitation.

(J) Wild-type IFT27-Flag (left column; Flag, red), IFT27(K68L)-Flag (middle column; Flag, red) and Flag-IFT27(T19N) (right column; Flag, red) expressed in Ift27+/+

(top row) and Ift27null1/null1 (bottom row) MEFs. Quantification showed that 80/100 IFT27-Flag-, 24/100 IFT27(K68L)-Flag-, and 0/100 IFT27(T19N)-Flag-trans-

fected Ift27+/+ cells had Flag-positive cilia, while 72/100 IFT27-Flag-, 86/100 IFT27(K68L)-Flag-, and 36/100 IFT27(T19N)-Flag-transfected Ift27null1/null1 cells had

Flag-positive cilia. Scale bar, 5 mm and applies to all images.
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affinity is reduced such that it cannot compete with wild-type.

Furthermore, Ift27T19N was not able to fully rescue the Smo1

and BBS9 accumulation defects (discussed later) caused by

the loss of IFT27, while wild-type Ift27 and Ift27K68L were able

to rescue (Figure S3C). Thus, it is likely that IFT27 is in the

GTP-bound state in the cilium, and the data further suggest
Developme
that the IFT particle is an effector of IFT27, since the interaction

is affected by the GTP/GDP state of IFT27.

Ift27 Mutants Have Hedgehog Signaling Defects
It is well established that cilia play a major role in the hedgehog

pathway of the developing embryo (Huangfu et al., 2003), and
ntal Cell 31, 279–290, November 10, 2014 ª2014 Elsevier Inc. 283
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many of the phenotypes observed in the Ift27mutant mouse are

consistent with defects in hedgehog signaling. Thus, we

analyzed how hedgehog signaling was affected by the loss of

IFT27 in the developing embryo and in vitro cultured fibroblasts.

Analysis of cultured murine embryonic fibroblasts (MEFs)

(Figure 4A) showed that, while Gli1 is highly upregulated in

response to the hedgehog activator Smoothened Agonist

(SAG) in wild-type cells, the response is dampened significantly

in the mutant cells. Ptch1 behaved similarly, but the high amount

of variation in expression precluded reaching statistical signifi-

cance. This attenuation was similar to what we observed in

Ift25 and Ift88 mutant cells (Keady et al., 2012). The response

was observed at both the messenger RNA and protein levels.

As expected, other genes (Gli2, Smo, etc.) not transcriptionally

activated by the hedgehog pathway were not affected.

When the hedgehog pathway is normally activated, Ptch1 and

Gpr161 exit from the cilium and Smo and Gli2 enter. Ift27

mutants are defective in maintaining low ciliary Smo levels

when the pathway is off (Figure 4B). Interestingly, additional

Smo can enter the cilium when the pathway is activated by

SAG. This additional accumulation is likely because SAG acti-

vates the pathway by binding Smo directly (Chen et al., 2002)

and does not depend on activation of the upstream parts of

the pathway. Similar to what we observed in cultured cells,

Smo accumulates to high levels in the cilia of the embryo, which

is also the case for Ptch1 (Figure 4I). Gpr161 is normally found in

unstimulated cilia and exits after pathway activation (Mukhopad-

hyay et al., 2013). In Ift27mutants, more Gpr161 is present in the

cilia than normal at the basal state, and the protein is not fully

cleared after activation (Figure 4C). Even though SAG is capable

of stimulating the entry of additional Smo and partial removal of

Gpr161 in Ift27 mutant cells, this is not sufficient to cause Gli2

to accumulate at the ciliary tip in normal levels (Figure 4D). The

failure of Gli2 to accumulate at the ciliary tip could be caused

by the lack of signal from the upstream components of the

pathway or because IFT27 is needed to transport Gli2 into the
Figure 4. IFT27 Is Required for Normal Hedgehog Signaling

(A–D) In (A)–(C), Ift27+/+and Ift27null1/null1MEFs were left untreated or treated with S

for each genotype. (A) RNAwas isolated from one set of cells and analyzed for gen

from another set of cells and analyzed bywestern blotting. Quantitation of protein l

loading control. Groups were compared by ANOVA; only comparisons between

***p% 0.001), but other comparisons are shown in Table S4. Full-length (FL) and re

fixed and stained for cilia (arrows; 6-11B-1, red) and Smo (green, B), Gpr161 (gree

Ciliary Smo or ciliary tip Gli2 was quantitated in 25 cilia from three independent ce

line of each genotype. Groups were compared by ANOVA (*p% 0.05; **p% 0.01;

are shown in Figure 3D. Scale bars, 10 mm and apply to all images in (B)–(D). Err

(E) Ift27+/+and Ift27null1/null1MEFs were transfected with SmoM2-mCherry and fixe

Gli2 at the ciliary tip (arrow) of control cells as compared to the broader distribu

significantly different in the two groups. The distribution of Gli2 along the cilium

fluorescence intensity above background. Scale bars, 2 mm and apply to all ima

(F) Neural tube patterning of Ift27null1/null1 embryos. All images are shown with the

of E9.5 embryos and immunostained for Olig2 (green) and Shh or Pax6 (red). Merg

of Pax6 and Olig2 in the wild-type floor plate and an expansion of Pax6 and Olig

(G) Ift27+/+and Ift27null1/null1 protein extracts from E11.5 hindlimbs were immunobl

Gli3 protein levels (ratio of Gli3-FL/Gli3-R) from hindlimbs is shown below the ge

(H) E12.5 Ift27null2, Gli1-LacZ embryos were fixed and stained for b-galactosidas

buds are shown on the right side. Additional images are in Figure S4. Scale bar,

(I) Paraxial mesoderm stained with Smo and Ptch1 antibodies. Sections of E10.5

Insets are 43 enlargements of the cilium indicated with an arrow. Scale bar, 10 mm

Graph at bottom shows ciliary Smo and Ptch1 are significantly (***p < 0.001) inc
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cilium. To distinguish between these possibilities, we transfected

wild-type and Ift27 mutant cells with SmoM2. SmoM2 is an

oncogenic form of Smo that is constitutively activated (Xie

et al., 1998). Expression of SmoM2 in wild-type cells caused

Gli2 accumulation at the ciliary tip, similar to what would be

observed if the pathway were activated (Figure 4E). Ift27mutant

cells transfected with SmoM2 accumulated ciliary Gli2 to the

same level as that of the control cells. However, in the mutant

cells, the Gli2 was more broadly distributed along the length of

the cilium rather than being concentrated at the tip. This sug-

gests that IFT27 is not needed for entry of Gli2 into the cilium

but is needed for its transport to the tip or alternatively in some

yet-unknown structural aspect of the ciliary tip.

In vivo analysis of the hedgehog pathway inmouse neural tube

showed caudal expansions of Olig2- and Pax6-positive cells and

a failure of the floor plate to express sonic hedgehog (Figure 4F).

These phenotypes are similar to what we saw in the Ift25mouse,

similar to other IFT complex B mutant mice (Keady et al., 2012;

Ko et al., 2009), and are consistent with the attenuated hedgehog

signaling observed in vitro. The processing of Gli3 into the

repressor form was also reduced in the Ift27mutants (Figure 4G)

similarly to how it is affected by Ift25 and other IFT complex B

mutants (Keady et al., 2012; Haycraft et al., 2005). To understand

how the Ift27 mutation affects global hedgehog signaling, Gli1-

LacZ expression was monitored in E12.5 embryos. Note that

the Ift27 allele (Ift27null2) used in this experiment did not contain

a b-galactosidase gene (Figure S1). Alterations in Gli1-LacZ

expression were observed in the brain, limb buds, and facial

regions, consistent with these regions being the most highly

affected by the lack of IFT27 (Figure 4H and Figure S4).

Ift27 Mutants Accumulate BBS Proteins in Cilia
Much the same as what we observe in Ift25 and Ift27 mutant

cells, Ptch1 and Smo accumulate in the cilia of Bbsmutant cells

(Zhang et al., 2012) (Figure S5), prompting us to examine how the

BBSome is affected by the Ift27 mutation. In wild-type cells, the
AG, a Shh pathway activator. Cell lines from three different embryos were used

e expression by quantitative real-time PCR (left column). Proteins were isolated

evels are listed on the right side of eachwestern blot and compared to g-tubulin

SAG-treated control and mutant cells are depicted in this figure (**p % 0.01;

pressor (R) forms of Gli3 protein were analyzed separately. In (B)–(D), cells were

n, C), or Gli2 (green, D). Insets show the green channel (Smo, Gpr161, or Gli2).

ll lines of each genotype. Ciliary Gpr161 was quantitated in 25 cilia from one cell

***p% 0.001; ns, not significant). Cilia length and percent ciliation for these cells

or bars in (A) indicate SEM; all other error bars indicate SD.

d and stained for cilia (6-11B-1, red) and Gli2 (green). Note the concentration of

tion in the mutant cell. Total Gli2 was quantitated from >100 cilia and was not

was quantitated by determining what percentage of the cilium length had Gli2

ges.

ventral side (floor plate) on bottom. Cryosections were cut from caudal regions

ed images with DAPI (blue) are shown in the top row. Arrows depict the absence

2 into the mutant floor plate. Scale bar, 50 mm and applies to all images.

otted for Gli3 protein (Gli3-FL: full-length and Gli3-R: repressor). Quantitation of

l (*p = 0.032). Number of embryos (n) analyzed is given below genotypes.

e activity. Ift27null2 genotypes are provided above the embryos. Isolated limb

2 mm and applies to whole embryos. FL, forelimb, HL, hindlimb.

embryos were stained for cilia (6-11B-1, green) and either Smo or Ptch1 (red).

. Images aremaximum projections of 16-layer z stacks acquired every 0.25 mm.

reased in the mutant embryos.
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Figure 5. BBSome Subunits BBS5 and BBS9

and BBS Regulators Arl6 and Lztfl1 Accumu-

late in Ift27 Mutant Cilia

(A) Ift27+/+and Ift27null1/null1 MEFs were stained for

cilia (6-11B-1, red) andBBS5 (top row, green), BBS9

(second row, green), Arl6 (third row, green), or Lztfl1

(bottom row, green). Insets show the green channel

(BBS5, BBS9, Arl6, Lztfl1). Quantification showed

that 0%wild-type cells had detectable BBS5 in cilia,

while 88% ± 12% of mutant cells had detectable

BBS5 in cilia, and 0% wild-type cells had strong

BBS9 in cilia (all had weak ciliary staining, with

moderate staining of the centrosomal region), while

95% ± 6% of mutant cells had strong staining of

BBS9 in cilia and no staining of the centrosome

(n = 25 cilia from three cell lines per genotype, p <

0.001). Similarly 0% of wild-type cells had detect-

able Arl6 in cilia, while 80%±3%ofmutant cells had

detectable Arl6 in cilia, and 0% of wild-type cells

haddetectable Lztfl1 in cilia,while 97%±2%of Ift27

mutant cells had strong Lztfl11 label in cilia (n > 25

cilia per genotype from three experiments, p <

0.001). Scale bar, 10 mm and applies to all images.

(B) ParaxialmesodermstainedwithBBS5andBBS9

antibodies. Sections of E10.5 embryoswere stained

for cilia (6-11B-1, green) and either BBS5 or BBS9

(red). Insets are 43 enlargements of the cilium

indicated with an arrow. Scale bar, 10 mm. Images

are maximum projections of 16-layer z stacks

acquired every 0.25 mm.
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BBSome subunit BBS5 is not detectable in cilia with our anti-

body, and the BBSome subunit BBS9 is found primarily at the

base of the cilium with very faint label along the ciliary shaft.

Interestingly, in Ift27 mutant cells, both of these proteins accu-

mulate to high levels in the cilium, so that BBS5 is easily detected

and BBS9 is redistributed from the base of the cilium into

the cilium (Figure 5A). This accumulation also is observed in

Ift25 mutant cells (data not shown). Similarly BBS5 and BBS9

are not detectable on cilia in the paraxial mesoderm of wild-

type embryos but are highly enriched in these cilia on Ift27

mutant embryos (Figure 5B). These data suggest that the

BBSome enters cilia independent of IFT25/IFT27 but requires

them for removal.

Ciliary levels of the BBSome are regulated by Lztfl1 and the

small GTPase Arl6, which is also known as BBS3. Lztfl1 is a

BBSome-binding protein that was found in the cell body but not

in the cilium. Knockdown cells accumulate high levels of the

BBSome in their cilia, suggesting that Lztfl1 functions in the cell

body to negatively regulate entry of the BBSome into cilia (Seo

et al., 2011). Arl6 is required for entry of the BBSome into cilia

and knockdown cells have reduced levels of ciliary BBSome

(Jin et al., 2010). Interestingly, both Arl6 and Lztfl1 are highly en-

riched in Ift27 mutant cilia (Figure 5A), suggesting that both pro-

teins cycle through the cilia and that IFT25/IFT27 are needed

for their removal. Like Ift25 and Ift27, Lztfl1 is conserved in Chla-

mydomonasbut absent fromDrosophilaandCaenorhabditis. The

Chlamydomonas homolog of Lztfl1 (XP_001696645.1) was found

in our flagellar proteome (CrFP C_1570028, three peptides). The

Ltzfl1 peptides were found in the membrane and matrix fraction,

which is where IFT proteins fractionate (Pazour et al., 2005), sug-

gesting that, in contrast to conclusions of prior studies (Seo et al.,
286 Developmental Cell 31, 279–290, November 10, 2014 ª2014 Els
2011), Lztfl1 is a ciliary protein. Lztlfl1mutant mice are not avail-

able, so we created Ltzfl1 null NIH 3T3 lines using the clustered

regularly interspaced short palindromic repeat (CRISPR)/Cas9

system (Cong et al., 2013). In these cells, Ltzfl1 protein was not

detectable by western blotting (Figure 6A), and the cells showed

SmoandBBSomeaccumulationaspreviously reported in knock-

down cells (Seo et al., 2011) (Figure 6C). Ciliary assembly ap-

peared normal, and the Lztfl1 mutant cells had normal IFT27

ciliary staining (Figures 6B and 6C), suggesting that Lztfl1 func-

tions downstreamof IFT27. Previously, it was shown that a C-ter-

minal fragment of Lztfl1 bound theBBSomeand acted as a domi-

nant-negative mutation, causing accumulation of BBSome

components into cilia (Seo et al., 2011). Interestingly, theC-termi-

nal half of Lztfl,which functions as a dominant-negativemutation,

is trafficked to cilia, whereas the N-terminal half, which does not

function as a dominant-negative mutation (Figure 6D), is not

found in cilia. Neither fragment affected the distribution of IFT27

(data not shown), supporting a role of Lztfl1downstreamof IFT27.

To further understand the relationship between IFT27 and the

BBSome in regulating the ciliary distribution of hedgehog com-

ponents and the BBSome, we examined MEF cell lines mutated

for BBSome components BBS2 and BBS7 and the BBS regu-

lator BBS3/Arl6 (Figure S5). As expected, in all lines, the BBS

components were not enriched in cilia, and all lines had

increased levels of ciliary Smo. None of these cells lines had

detectable alterations in IFT27 or Lztfl1 distribution, suggesting

that IFT27 and Lztfl1 function upstream of the BBSome. The

observations that mutations in Bbs2, Bbs7, Lztfl1, and Ift27 all

cause increases in ciliary Smo—while mutations in Lztfl1 and

Ift27 cause increases in ciliary BBSome and mutations in Ift27

alone causes increased ciliary Lztfl1 (Figure 7A)—suggest a
evier Inc.



Figure 6. The BBSome Regulator Lztfl1

Functions Downstream of IFT27 in the

Removal of the BBSome and Smo from Cilia

(A) NIH 3T3 control (+/+) and Lztfl1 mutant (�/�)

cells probed for Lztfl1 show that the mutant does

not have any detectable protein. g-tubulin is a

loading control. Note that the blot is overexposed

to ensure that no protein remains.

(B) Ciliation is not affected by the loss of Lztfl1

(n = 3 experiments on one cell line). Error bars

indicate SD.

(C) NIH 3T3 control (+/+) and Lztfl1 mutant cells

were stained for cilia (6-11B-1, red) and IFT27 (top

row, green), Smo (second row, green), Arl6 (third

row, green), or BBS9 (bottom row, green). Insets

show the green channel (IFT27, Smo, Arl6, BBS9).

Scale bar, 10 mm.Quantification showed that 100%

of control cilia and Lztfl1 mutant cilia had normal

IFT27 label (strong peribasal body label with

weaker ciliary shaft label) (n = 3 experiments on one

cell line per genotype); 4.0% ± 4% of control and

60% ± 11% of Lztfl1 mutant cells had ciliary Smo

label in unstimulated cells (n = 3 experiments on

one cell line per genotype, p < 0.01); 0% of control

cilia and 59%± 26%of Lztfl1mutant cilia hadweak

but detectable levels of Arl6 (n = 3 experiments

on one cell line per genotype, p < 0.05); and 0%

of control cilia and 98% ± 2% of Lztfl1 mutant cilia

had strong ciliary BBS9 label (n = 3 experiments on

one cell line per genotype, p < 0.001).

(D) The N-terminal half of Lztfl1 (residues 1–144)

does not localize to cilia and does not perturb cili-

ation or increase the ciliary levels of BBS9. Quan-

tification showed that 0/10 ciliated transfected cells

had detectable ciliary BBS9. The C-terminal half of

Lztfl1 (residues 145–299) localizes to cilia and

causes BBS9 to accumulate in cilia. Quantification

showed that 10/10 ciliated transfected cells had

detectable ciliary BBS9. Arrows indicate cilia on

myc-positive cells, and arrowheads indicate cilia

on myc-negative cells. Scale bar, 10 mm.
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model where Lztfl1 couples the BBSome to IFT25/IFT27 for

removal from the cilium by retrograde transport (Figure 7B).

DISCUSSION

Why does the IFT particle need 6 complex A, 16 complex B, and

8 BBSome proteins to carry out its work? The high degree of

evolutionary conservation from algae to humans suggests that

each has an important function to play in the assembly of

the cilium or in the signaling functions of the organelle. Trying

to understand the functions of individual subunits has been a

challenge, as mutations in most subunits disrupt the function

of their respective subcomplexes. For example, in mouse, null

mutations in most complex B subunits block ciliary assembly

and result in embryonic lethality at midgestation. In contrast,

the IFT25/IFT27 dimer appears to be a submodule of complex

B, and its loss does not disrupt cilia assembly. In trypanosomes,

IFT27 is required for IFT as cells depleted of the protein accumu-

late complex B proteins in short, stumpy flagella (Huet et al.,

2014). The difference between IFT27 function in trypanosomes

and mouse is unknown, but the fact that Ift27 mutations do

not block ciliary assembly in the mouse allowed us to uncouple
Developme
the function of IFT25/IFT27 from the function of complex B

in ciliary assembly. Ift25 and Ift27 mutant mice survive to

birth but die soon after with a constellation of phenotypes

including heart, lung, skeletal, and brain abnormalities. The phe-

notypes of the Ift27 and Ift25 mutants are similar, but the Ift27

phenotypes are stronger and more penetrant. This was unex-

pected, as IFT27 is highly destabilized in the Ift25 mutant and

the protein was mostly gone. However, a small amount of

IFT27 remains in the Ift25 mutant animals, whereas no IFT27 is

detected in the Ift27null1 mutant, and it is likely that the small

amount of IFT27 that remains in the Ift25 mutant animals is

able to partially function. The mouse Ift27 phenotype suggests

weakened hedgehog signaling, and we observed dysfunctional

hedgehog signaling in both the embryo and in fibroblasts derived

from the animals.

Model for the Function of IFT25/IFT27
Our finding that the IFT25/IFT27 dimer is not required for ciliary

assembly but is needed to remove Smo when hedgehog

signaling is off and to remove Ptch1 and Gpr161 when the

pathway is activated raises the question about how IFT25 and

IFT27 function to accomplish this.
ntal Cell 31, 279–290, November 10, 2014 ª2014 Elsevier Inc. 287



Figure 7. Model for IFT25/IFT27 Function

(A) Graphical summary of the effects of Ift and Bbs

mutations on ciliary assembly and localization of

IFT, BBS, and hedgehog components. X means

that the process or localization was blocked by the

mutation in the left column; = means that the pro-

cess or localization is not affected by the mutation;

and [ indicates that the protein is elevated in the

cilia on the mutant cells. The crossed-out arrow

means that we cannot detect the protein in cilia on

wild-type cells and that the ciliary level is not

increased in the mutant.

(B) Model for function of IFT25/IFT27. Details are

provided in the Discussion.
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IFT27 Couples the BBSome to IFT
Based on our data and on data in the literature, we developed

the following model for IFT25/IFT27 function (Figure 7). Entry of

Ptch1 and Smo into cilia appears to be independent of IFT25,

IFT27, and the BBSome, as Ptch1 and Smo accumulate in cilia

on Ift25, Ift27, Bbs2, and Bbs7 mutant cells. Thus, our model

focuses on the removal of these hedgehog components. IFT27

is a small G protein, and interactions of G proteins with other

proteins are often regulated by the nucleotide bound to the G

protein. The binding of IFT27 to IFT25 does not appear to depend

on the type of guanine nucleotide bound, as the dimer formed as

well with IFT27T19N form (thought to mimic the GDP-bound or

nucleotide-free state of IFT27) as it did with the IFT27K68L

(thought to reflect theGTP-bound state) and thewild-type forms.

However, the IFT25/IFT27T19N dimer was unable to associate

with the rest of complex B when wild-type IFT27 was present,

and the T19N mutant form was not able to fully rescue the

Smo and BBS accumulation phenotypes of Ift27 mutant cells.

This suggests that, while IFT25/IFT27T19N retains some ability

to bind to the IFT particle, the affinity is reduced. The binding

of IFT25/IFT27 to IFT complex B is likely through interactions

with IFT81/IFT74 (Lucker et al., 2010; Bhogaraju et al., 2013).

IFT25/IFT27 could directly bind Smo, Ptch1, and Gpr161 to

couple them to the IFT particle for removal from the cilium.
288 Developmental Cell 31, 279–290, November 10, 2014 ª2014 Elsevier Inc.
However, in vitro Ptch1 and Smo accumu-

late in BBS-defective cilia, and the

BBSome interacts directly with the cyto-

plasmic tail of Smo (Zhang et al., 2012).

Our findings that the BBSome and Lztfl1

accumulate in Ift27 mutant cilia, along

with the data showing that theBBSomeac-

cumulates in Lztfl1 mutant cilia, suggest

that IFT25/IFT27 work with the BBSome

through Lztfl1 to actively remove ciliary

membrane proteins such as Ptch1, Smo,

andGpr161 in a signal-dependentmanner.

The relationship between Arl6 and IFT25/

IFT27 remains to be established, but the

observation that Arl6 accumulates in Ift27

mutant cilia suggests that Arl6 requires

IFT25/IFT27 for removal from cilia.

In addition to the role of IFT25/IFT27 in

the regulated removal of Ptch1, Smo,

and Gpr161 from cilia, IFT25/IFT27 may

also play a role in transport of Gli2. Ift25
and Ift27 mutant cells fail to elevate Gli2 at the ciliary tip when

the hedgehog pathway is activated. It is likely that this phenotype

is largely indirect and due to the failure of the pathway to be acti-

vated. However, our SmoM2 results suggest that IFT25 and

IFT27 do play a role in transporting Gli2 to the ciliary tip. When

cells are transfected with this oncogenic form of Smo, the

pathway downstream of Smo is activated. In wild-type cells,

this causes accumulation of Gli2 at the ciliary tip, much like

would be observed if the pathway were activated by ligand. In

Ift27 mutant cells transfected with SmoM2, the total amount of

Gli2 in the cilia was similar to what was seen in control cells,

but the protein was not concentrated at the tip as normally

observed. This indicates that IFT25 and IFT27 are needed to

transport Gli2 to the tip or the tip of Ift27mutant cilia that are ab-

normal. Live cell imaging will be needed to address this question.

Conclusions
In this work, we demonstrate that IFT27, like IFT25, is not

required for ciliary assembly but is required for the dynamic

movements of Ptch1, Smo, and Gpr161 that occur during

hedgehog signaling. The BBSome and BBSome regulator Lztfl1

also accumulate in Ift27 mutant cilia. This suggests a functional

model whereby Lztfl1 coordinates the interactions between the
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BBSome and the IFT particle to regulate the removal of Ptch1

and Smo from cilia at the appropriate times during hedgehog

signaling.

EXPERIMENTAL PROCEDURES

Additional methods can be found in the Supplemental Experimental

Procedures.

Mouse Breeding

Ift27tm1a(EUCOMM)Hmgu-targeted embryonic stem cell line HEPD0653_7_E10

was obtained from the EUCOMM project and injected into C57Bl/6J albino

blastocysts to generate chimeric animals. Chimeric mice were mated to

C57Bl/6J albino mice [B6(Cg)-Tyrc-2J/J, Jax 000058] or to C57Bl/6J mice

(Jax 000664). This allele, Ift27neo, was converted to Ift27null1, Ift27flox, and

Ift27null2 using C57Bl/6 congenic PrmCre (O’Gorman et al., 1997) and FlpE

(Farley et al., 2000) (Figure S1). In vivo Gli1 expression was monitored using

Gli1-LacZ (Jax 008211) (Bai et al., 2002). Genotyping was carried out as

described in Figure S1. All mouse work was carried out at the University of

Massachusetts Medical School (UMMS) and was approved by the UMMS

Institutional Animal Care and Use Committee.

IF Microscopy

Cells for IFmicroscopy were grown, fixed, and stained as described elsewhere

(Keady et al., 2012). Primary antibodies used included the following: acetylated

tubulin (6-11B-1, Sigma), beta-tubulin (B-5-1-2, Sigma), gamma-tubulin

(GTU-88, Sigma), MmIFT20, MmIFT52, MmIFT57, MmIFT88 (Pazour et al.,

2005), MmIFT25 (Proteintech), MmIFT140 (Jonassen et al., 2012), Gli1

(V812, Cell Signaling), Gli3 (AF3690, R&D Systems), beta actin (13E5; Cell

Signaling), Gli2 (a gift from J. Eggenschwiler, University of Georgia), Ptch1,

Smo (gifts from R. Rohatgi, Stanford University), Dync2h1 (a gift fromR. Vallee,

Columbia University), Gpr161 (a gift from S. Mukhopadhyay, University of

Texas Southwestern Medical Center), Arl6 (a gift from M. Nachury, Stanford

University), BBS9 (Sigma and Proteintech), Lztfl1 and BBS5 (Proteintech),

Pax6, Shh, and Olig2 (Developmental Studies Hybridoma Bank, University of

Iowa). Anti-MmIFT25 and anti-MmSmo were made by expressing the mouse

protein in bacteria as a maltose-binding protein fusion and injecting into

rabbits (Figure S3). Antibodies were affinity purified against the same fragment

expressed as a glutathione S-transferase fusion.

DNA Constructs

The following are DNA constructs used in this study.

Flag-GST (BK35): glutathione S-transferase from pGex6p1 cloned into

JAF113 (Follit et al., 2009), a slightly modified p3xFLAG-myc-CMV-26 (Sigma)

(Keady et al., 2011). TE24 is the equivalent construct in lentiviral vector

pHAGE_DN_CMV_nucEGFP (a gift from D. Nedelcu and A. Salic).

Flag-GFP (JAF 146): EGFP cloned into JAF113.

Flag-IFT25 (JAF143): mouse Ift25 cloned into JAF113. Flag-

IFT25T40R/T42R/S128E (BK61) was made by PCR. TE14 and TE16 are equivalent

constructs in the lentiviral vector pHAGE_DN_CMV_nucEGFP.

IFT27-Flag (BK8): mouse Ift27 cloned into p3XFLAG-myc-CMV-14 (Sigma)

(Follit et al., 2009). IFT27T19N-Flag (BK12) and IFT27K68L-Flag (BK10) were

generated by PCR. TE17, TE19, and TE18 are equivalent constructs in

pHAGE_DN_CMV_nucEGFP.

Flag-Lztfl1 (TE30): mouse Lztfl1 cloned into pHAGE_DN_CMV_nucEGFP.

Flag was added at the N terminus during PCR amplification.

Smo-M2-mCherry: SmoM2 in pHAGE_DN_CMV vector (a gift from D.

Nedelcu and A. Salic).

CRISPR/Cas9 Genome Editing

Candidate single-guide RNAs were identified by searching for G(N)20GG mo-

tifs, 300 bases upstream and 100 bases downstream of the targeting

sequence, that conform with the nucleotide requirements for U6 Pol III tran-

scription and the spCas9 PAM recognition element (NGG) (Jinek et al., 2012;

Mali et al., 2013) using the Web-based software ZiFiT targeter 4.2 (Sander

et al., 2010). Sequences generated were aligned to mouse genome using

nBLAST to search for potential off-target sites. Pairs of oligonucleotides
Developme
were subsequently annealed together and cloned into pBSK-gRNA (a gift

from R.Maehr). Finally, this construct was electroporated into NIH 3T3 cells,

together with pCas9p2a (a gift from R. Maehr), and cells were selected for

Cas9 vector expression with the appropriate antibiotic.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, four tables, and four movies and can be found with this article

online at http://dx.doi.org/10.1016/j.devcel.2014.09.011.
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