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SUMMARY

The Hedgehog (Hh) pathway depends on primary
cilia in vertebrates, but the signaling machinery within
cilia remains incompletely defined. We report the
identification of a complex between two ciliary pro-
teins, EFCAB7 and IQCE, which positively regulates
the Hh pathway. The EFCAB7-IQCE module anchors
the EVC-EVC2 complex in a signaling microdomain
at the base of cilia. EVC and EVC2 genes are mutated
inEllis vanCreveldandWeyerssyndromes, character-
ized by impaired Hh signaling in skeletal, cardiac, and
orofacial tissues. EFCAB7binds to a C-terminal disor-
dered region in EVC2 that is deleted in Weyers pa-
tients. EFCAB7 depletion mimics the Weyers cellular
phenotype—the mislocalization of EVC-EVC2 within
cilia and impaired activation of the transcription factor
GLI2. Evolutionary analysis suggests that emergence
of these complexes might have been important for
adaptation of an ancient organelle, the cilium, for an
animal-specific signaling network.

INTRODUCTION

The Hedgehog (Hh) signaling pathway is orchestrated at primary

cilia in vertebrates (Huangfu et al., 2003). Cell biological studies

havehighlighted the importanceof bothciliary compartmentaliza-

tion and trafficking in regulating Hh signal propagation (Corbit

et al., 2005; Haycraft et al., 2005; Rohatgi et al., 2007). In the

absenceofHh ligands, theHh receptorPatched1 (PTCH1),which

suppresses signaling when not bound to its ligand, is localized in

and around cilia. Genetic elimination of PTCH1 or its inactivation

by Hh ligands results in accumulation of the seven-pass trans-

membrane (TM) protein Smoothened (SMO) to high levels in the

ciliary membrane. SMO activity at cilia promotes transport of

GLI and SUFU to the tip of the cilium, allowing the GLI transcrip-

tion factors todissociate fromSUFUandenter thenucleus to tran-

scribe target genes (Humke et al., 2010; Tukachinsky et al., 2010).

An open question is how SMO (and other seven-pass TM

receptors) signal from the ciliary membrane. EVC and EVC2,
Develo
two homologous type I single-pass TM proteins that form a

complex, have been identified as tissue-specific regulators of

Hh signaling. These proteins bind to SMO after it accumulates

in cilia in response to Hh ligands (Caparrós-Martı́n et al., 2013;

Dorn et al., 2012; Yang et al., 2012). Mutations in the EVC or

EVC2 genes cause Ellis van Creveld (EvC) syndrome, character-

ized by impaired Hh signaling in cardiac, skeletal, and orofacial

tissues during development (Blair et al., 2011; Galdzicka et al.,

2002; Ruiz-Perez et al., 2000, 2003, 2007; Ruiz-Perez andGood-

ship, 2009). Localization of these proteins to the EvC zone, a

distinct compartment at the base of primary cilia, is critical for

their function in Hh signaling. The importance of this precise

compartmentalization was demonstrated by the analysis of

a dominant EVC2 allele identified in patients with Weyers acro-

facial dysostosis (Weyers), a skeletal ciliopathy characterized

by phenotypes similar to that of EvC syndrome (Weyers, 1952).

The Weyers EVC2 allele encodes a truncated protein that lacks

the C-terminal 43 amino acids (aa) and is distributed along the

entire ciliary membrane rather than being restricted to the EvC

zone (Caparrós-Martı́n et al., 2013; Dorn et al., 2012; Valencia

et al., 2009; Ye et al., 2006). This mutant protein (hereafter,

EVC2DW) is a dominant inhibitor of Hh signaling and explains

the dominant mode of inheritance seen in Weyers families

(Valencia et al., 2009). These observations suggested that a

SMO signaling complex assembles at the EvC zone in cilia.

We have isolated a protein complex that restricts EVC and

EVC2 at the base of cilia and consequently promotes Hh

signaling. In the absence of the complex, EVC and EVC2 are

instead dispersed throughout the ciliary membrane. Although

SMO still accumulates in cilia in response to Hh ligands, it fails

to transmit the signal downstream to activate GLI2. Interestingly,

SMO remains competent to regulate repressor forms of GLI3

(GLI3R), suggesting an unexpected bifurcation in signaling

downstream of SMO. These data suggest that signaling by

ciliary receptors may be organized by scaffolds that assemble

in specific ciliary compartments.
RESULTS

EFCAB7 and IQCE Are EVC2-Interacting Proteins
Weused tandemaffinitypurification (TAP) followedbymassspec-

trometry to identify EVC2-interacting proteins from NIH/3T3 cells
pmental Cell 28, 483–496, March 10, 2014 ª2014 Elsevier Inc. 483
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Figure 1. Identification of EVC2 Binding

Proteins

(A) EVC2 binding partners were identified with a

tandem affinity approach using NIH/3T3 cells

stably expressing EVC2-YFP-FLAG.

(B) A Coomassie-stained 8% SDS-PAGE gel (left)

showing the five protein bands isolated after the

procedure shown in (A). The proteins contained in

each band were identified by mass spectrometry,

as summarized in the table on the right.

(C) Immunoblots showing endogenous EVC2 and

EVC isolated on anti-YFP beads incubated with

extracts of NIH/3T3 cells stably expressing YFP-

IQCE or YFP-EFCAB7. Cells were treated with

SAG (24 hr) to activate Hh signaling or were left

untreated.

(D) The four endogenous components of the EvC

complex from NIH/3T3 extracts could be isolated

on anti-iQCE beads (left) or anti-EVC beads (right).

IPs using beads coated with Rabbit IgG (Rb IgG)

served as a control.

(E) Endogenous IQCE and EFCAB7 (red) colocalize

with EVC2-YFP (green; anti-YFP) at the base of

primary cilia labeled with the axonemal marker

acetylated tubulin (white; acTub). Plots below the

images indicate normalized fluorescent intensities

for each of the channels along the cilium from base

(left) to tip (right). Scale bars, 2 mm.

See also Figure S1.
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stably expressing EVC2 fused to a dual Yellow Fluorescent

Protein (YFP)-FLAG tag (EVC2-YFP-FLAG; Figure 1A). In addition

to EVC, previously known to forma complexwith EVC2, twoother

proteins copurified with the EVC2 bait: IQ-domain containing

protein E (IQCE; NP_083109) and EF-hand calcium-binding

domain-containing protein 7 (EFCAB7;NP_663524.1) (Figure 1B).

Although the predicted molecular weight of IQCE is 86 kDa, both

endogenous IQCE (Figures 1C and 1D) and an epitope-tagged

version of IQCE (Figure 2C) consistently fractionated anomalously

above the 100kDamarker onSDS-PAGEgels. IQCEandEFCAB7

hadbeen previously detected in cilia proteomic surveys (Ishikawa

et al., 2012; Ostrowski et al., 2002).

These results suggested that EVC, EVC2, EFCAB7, and IQCE

formed a protein complex (hereafter, the EvC complex) in cells.

Immunoprecipitation (IP) of YFP-tagged EFCAB7 and IQCE

from NIH/3T3 cells stably expressing each protein on anti-YFP

beads also captured endogenous versions of the three other

proteins in the EvC complex (Figure 1C). These interactions

were not altered when Hh signaling was stimulated by SAG, a

direct SMO agonist.

Using antibodies to isolate IQCE and EVC, we also detected

the presence of a completely endogenous EvC complex (Fig-
484 Developmental Cell 28, 483–496, March 10, 2014 ª2014 Elsevier Inc.
ure 1D). Importantly, both endogenous

and YFP-tagged EFCAB7 and IQCE colo-

calized with EVC2 at the base of cilia in

the EvC zone (Figures 1E; Figures S1A

and S1B available online). The levels of

EFCAB7 and IQCE at the EvC zone did

not change after activation of Hh signaling

(Figure S1C). The subcellular localization

and biochemical interactions of EFCAB7
and IQCE suggested that they were likely to regulate the EVC-

EVC2 complex and consequently Hh signal transduction.

The Architecture of the EvC Complex
Whereas EVC and EVC2 are single pass, type I TM proteins with

extracellular N termini and intracellular C termini, EFCAB7 and

IQCE are not predicted to have any TM segments. However,

sub-cellular fractionation revealed that both proteins were mem-

brane associated to the same degree as the integral membrane

proteins EVC, EVC2, and SMO (Figure 2A). To investigate the

stability of the endogenous EvC complex, detergent extracts

of membranes isolated from NIH/3T3 cells were subjected to

gel filtration chromatography (Figure 2B) and glycerol gradient

sedimentation (Figure S1D). By both hydrodynamic methods,

the complex did not fractionate as a stable, unitary species but

rather as two distinct subcomplexes, EVC-EVC2 and EFCAB7-

IQCE.

To dissect the pattern of interactions between the compo-

nents of the EvC complex, we reconstituted its formation in

HEK293T cells. Coexpression of YFP-EVC2 with EVC, IQCE,

and EFCAB7 in 293T cells allowed us to isolate the entire tetra-

meric complex on anti-YFP beads, as visualized by Coomasie
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Figure 2. Architecture of the EvC Complex

(A) Subcellular distribution of EvC complex components in NIH/3T3 cells stably expressing YFP-IQCE or YFP-EFCAB7. SUFU, SMO, and Lamin A served as

markers for the cytoplasmic (Cyt), membrane (Mem), and nuclear (Nuc) fractions, respectively.

(B) Fractionation of endogenous EvC complex components on a Superose 6 gel-filtration column. The immunoblot (top) and graph (below) depict the amount

protein found in each of the column fractions. The numbers above the immunoblots denote the molecular weights (in kDa) and peak elution positions of a set of

standard proteins.

(C) A Coomasie-stained gel (left) and immunoblot (right) show isolation of an intact EvC complex on anti-YFP beads, but not on control beads, from extracts of

293T cells simultaneously transfected with constructs encoding YFP-tagged EVC2, along with EVC, IQCE, and EFCAB7.

(D) All four EvC complex subunits could be isolated from transfected 293T cells (see C) regardless of which subunit was used as the YFP-tagged bait. Above each

lane, the subunit used as the YFP-tagged bait is denoted; the remaining three subunits were tagged with HA or FLAG.

(E) Binary interactions between the four different subunits of the EvC complex were tested after transfecting the proteins in sets of two into 293T cells with YFP-

tagged bait proteins and HA-tagged prey proteins.

See also Figure S1.
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staining or immunoblotting (Figure 2C). We repeated this isola-

tion in four combinations by moving the YFP tag iteratively to

each of the four subunits of the complex (Figure 2D). Regardless

of which subunit was isolated on anti-YFP beads, the remaining

three subunits were coprecipitated. These data are most consis-

tent with the model that EFCAB7, IQCE, EVC, and EVC2 form a

complex when coexpressed in cells.

Using the 293T reconstitution system, we tested all possible

binary interactions between each of the four subunits of the
Develo
EvC complex (Figure 2E), allowing us to construct a provi-

sional map of the interactions between the components. EVC2

appeared to play the most central role in complex assembly, in-

teracting with EVC, EFCAB7, and IQCE. Interestingly, EVC2-EVC

and EFCAB7-IQCE expression levels were clearly correlated,

being significantly higher when coexpressed with the interaction

partner within each subcomplex (Figure 2E, left input panel). This

pattern of coregulation was consistent with the hydrodynamic

characterization of the EvC complex (Figure 2B).
pmental Cell 28, 483–496, March 10, 2014 ª2014 Elsevier Inc. 485
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Figure 3. The Weyers Peptide of EVC2 Links the EVC-EVC2 and EFCAB7-IQCE Subcomplexes
(A) Domain composition of EVC and EVC2. SP, signal peptide; TM, TM segment; bsan, b sandwich domain; Weyers, Weyers peptide.

(B) Multiple sequence alignment of theWeyers peptide in EVC2 with basic residues highlighted in red, hydrophobic residues in yellow, and polar residues in blue.

The alanine mutations that lead to the delocalization and dominant-negative function of EVC2 are boxed.

(C) Immunoblots showing the amount of endogenous EVC, IQCE, and EFCAB7 isolated on anti-YFP beads from NIH/3T3 cells stably expressing EVC2-YFP or

EVC2DW-YFP and treated ± SAG (24 hr).

(D) Interaction between the EVC-EVC2 or the EVC-EVC2DW complex and IQCE alone, EFCAB7 alone, or both IQCE and EFCAB7 together was assessed after

transient transfections in 293T cells with YFP-tagged bait proteins and HA-tagged prey proteins; all transfections also included EVC.

(E) Binding of in-vitro-translated, full-length IQCE or EFCAB7 to GST fused to the C-terminal 88 amino acids of EVC2 (GST-EVC2WWT) or a mutant fragment

bearing alanine mutations in four conserved amino acids within the Weyers peptide (GST-EVC2WAla) shown in (B).
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Taken together, thesedatasuggest that theEvCcomplex isbuilt

from two stable subcomplexes, EVC-EVC2 and EFCAB7-IQCE,

which in turn associate through EVC2-mediated interactions.

The Weyers Peptide in EVC2 Links the EVC-EVC2 and
EFCAB7-IQCE Subcomplexes
EVC and EVC2 are paralogous proteins that share a single TM re-

gion, followed by a long cytoplasmic region that is predicted to

adopt a coiled-coil conformation (Figure 3A) (Blair et al., 2011).

Whereas EVC has a very short extracellular segment, EVC2

has a globular extracellular domain that is likely to adopt a b

sandwich fold that may contact ligands in the extracellular space

(see the Supplemental Experimental Procedures). In the intracel-

lular region, beyond the shared coiled-coil region, EVC2 has

a distinct C-terminal disordered region, which in vertebrates

contains a well-conserved solitary hydrophobic tetrapeptide

motif, followed by an arginine (‘‘IFVFR’’ in themouse) (Figure 3B).

Strikingly, this disordered region (hereafter, the W-peptide) is

the same region that is deleted in a truncated EVC2 protein
486 Developmental Cell 28, 483–496, March 10, 2014 ª2014 Elsevier
(EVC2DW) encoded by the EVC2 allele found in families with

Weyers syndrome. When this 43 amino acid (aa) W-peptide is

deleted, as in Weyers patients, or the tetrapeptide motif con-

tained within this peptide is mutated, EVC2 becomes a dominant

inhibitor of Hh signaling and fails to be restricted to the EvC zone,

instead being distributed along the length of the ciliary mem-

brane (Caparrós-Martı́n et al., 2013; Dorn et al., 2012). Both

sequence conservation and mutational analysis of this disor-

dered W-peptide in EVC2 points to its importance in mediating

a protein interaction that is important for EvC zone localization

and Hh signaling in vertebrates.

To investigate a role for the W-peptide in assembly of the EvC

complex, we isolated EVC2-YFP and EVC2DW-YFP from stable

cell lines (Dorn et al., 2012), expressing each of these proteins

and testing their association with endogenous EVC, IQCE, and

EFCAB7 (Figure 3C). EVC bound equally well to both EVC2

and EVC2DW; however, EVC2DW failed to interact with either

EFCAB7 or IQCE. Experiments in the 293T reconstitution system

confirmed that the W-peptide was required for the interaction
Inc.
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between the EVC-EVC2 and IQCE-EFCAB7 subcomplexes (Fig-

ure 3D). Both EFCAB7 alone and the EFCAB7-IQCE complex in-

teracted with EVC2-EVC, but not with EVC2DW-EVC.

To determine if the W-peptide was sufficient to bind to

EFCAB7 or IQCE, we fused the C-terminal 88 amino acids of

EVC2 to glutathione S-transferase (GST-EVC2WWT). As a strin-

gent control, a variant GST-EVC2W protein (GST-EVC2WAla)

carrying alanine mutations (FVFR/AAAA) in the conserved tet-

rapeptide motif was also prepared (boxed in Figure 3B). Both

proteins were expressed as soluble proteins in bacteria, puri-

fied, immobilized on glutathione beads, and tested for binding

to in-vitro-translated full-length IQCE or EFCAB7. Neither GST-

EVC2WWT nor GST-EVC2WAla could bind to IQCE; however,

EFCAB7 bound selectively to GST-EVC2WWT (Figure 3E).

The interaction between the W-peptide, including the tetra-

peptide motif within this domain, and EFCAB7 likely plays an

important role in regulating the Hh signaling function and EvC

zone localization of EVC2. A deletion of the W-peptide, as seen

in patients with Weyers syndrome, would be predicted to

compromise the assembly of the EvC complex.

Mapping the Interactions between EVC2, EFCAB7, and
IQCE
Given that EFCAB7and IQCEwerepreviously unstudiedproteins,

we undertook a detailed sequence analysis to identify both

recognizable and novel domains (Figures 4A, 4B, S2, and S3).

EFCAB7 was annotated as a protein containing EF-hand do-

mains. Using sensitive sequence profiles with the RPS-BLAST

program and profile-profile comparisons with the HHpred

program, we established that EFCAB7 possesses at least eight

EF-hand domains arranged in two distinct runs: an N-terminal

set of five EF-Hands (EF1–5), followed by an uncharacterized

globular domain, followed by a second run of at least three

EF-Hands (EF6–8), and followedbyanother globular domain (Fig-

ure 4A). At least two EF-hand domains in the second set (EF6–8)

preserved conserved acidic residues that are required for bind-

ing to calcium. Profile searches using the PSI-BLAST program

demonstrated that the two uncharacterized globular domains in

EFCAB7 were related to conserved b sandwich domains found

in calpains, prompting us to name them EFCAB7-calpain homol-

ogy 1 and 2 (ECH1 and ECH2) (Figures 4A and S2).

Likewise, we systematically analyzed the structure of the IQCE

protein: its core contains a coiled-coil region, the N-terminal

part of which is strongly conserved, whereas the C-terminal

part is rapidly evolving (Figures 4B and S3). This coiled-coil re-

gion is followed by three tandem a-helical IQmotifs that are often

determinants for interactionwith EF-hand domains, suggesting a

mechanism for the interaction between IQCE and EFCAB7. The

coiled-coiled core is flanked on the N- and C-terminal sides by

disordered regions. Embedded within the N-terminal disordered

segment is a conserved hydrophobic segment (HP) predicted to

adopt an extended conformation. The C-terminal disordered

region contains a stretch enriched in acidic residues and serines

(AcidE). These N- and C-terminal conserved motifs in IQCE may

mediate interactions of IQCE with other binding partners.

To map EFCAB7 interactions with both the W-peptide (Fig-

ure 4C) and IQCE (Figure 4D), we split the protein into four do-

mains, EF1-5, ECH1, EF6-8, and ECH2, guided by the sequence

analysis described above (Figure 4A). When these individual
Develo
domains were produced by in vitro translation (IVT) and tested

for their interaction with GST-EVC2W immobilized on beads,

the ECH2 domain showed the strongest and most specific inter-

action (Figure 4C). On the other hand, EF1–5, the first cluster of

EF hands, was the only fragment that bound to full-length IQCE

(Figure 4D). Finally, to map the interaction domain in IQCE, a se-

ries of truncation mutants of IQCE (Figure 4E) were tested for

their ability to bind to full-length EFCAB7. Full-length IQCE, along

with a series of truncation mutants that carry deletions of the

N-terminal and coiled-coil domains of IQCE, bound to EFCAB7.

However, C-terminal truncation mutants that deleted the IQ mo-

tifs generally abrogated binding. The smallest truncation muta-

tion that was expressed but failed to bind EFCAB7 (aa 1–552;

hereafter, DIQ-IQCE) still retained IQ1, suggesting that IQ2 and

IQ3 are most important for the interaction with EFCAB7.

Taken together, the interaction mapping experiments sug-

gested that EFCAB7 functioned as an adaptor to link the EVC-

EVC2 complex to IQCE, using ECH2 to engage the W-peptide

in EVC2 and EF1–5 to bind to IQ domains in IQCE. Consistent

with this model, DIQ-IQCE, a truncation mutant of IQCE that

cannot bind to EFCAB7 (1–552 truncation in Figure 4E), failed

to interact with the EVC-EVC2 complex when stably expressed

in cells (Figure 4F).

EFCAB7 and IQCE Are Positive Regulators of Hh
Signaling
EVC2 and EVC are tissue-specific positive regulators of Hh

signaling. Because the EVC-EVC2 complex plays a role in skel-

etal development, we depleted IQCE and EFCAB7 using small

interfering RNA (siRNA) in C3H10T1/2 cells, mesenchymal cells

that differentiate into osteoblasts when exposed to Hh ligands

(Kinto et al., 1997). Depletion of either EFCAB7 or IQCE inhibited

both the induction ofGli1, a direct Hh target gene, and the induc-

tion of alkaline phosphatase, a marker of osteoblast differentia-

tion (Figures 5A and 5B). This same block in Hh signaling was

also seen when EFCAB7 and IQCE were depleted in a different

cell type, NIH/3T3 cells, commonly used to study Hh signal

transduction (Figures 5C and S4A). Importantly, depletion of

either protein did not significantly alter the frequency of ciliation

(Figure S4B). Two distinct siRNAs against EFCAB7 produced the

same phenotype (Figures 5A and 5B), and the effect seen with a

single IQCE siRNA could be rescued with a siRNA-resistant

IQCE transcript (Figure S4C).

When EFCAB7 and IQCEwere depleted, SMO accumulated in

cilia normally in response to SAG (Figure 5D), but there was a

defect in the activation of GLI2, the major Hh transcriptional acti-

vator. Both GLI2 accumulation at the tips of primary cilia and

GLI2 translocation into the nucleus were significantly reduced

(Figures 5E and 5F). This suggested that the EFCAB7-IQCE

complex functioned at a step between SMO and the GLI pro-

teins. Consistent with this notion, depletion of both IQCE and

EFCAB7 significantly impaired signaling by SMO-M2, a constitu-

tively active, oncogenic mutant of SMO (Figure 5G). EVC and

EVC2 have also been implicated in regulating the SMO/GLI

step in Hh signaling (Dorn et al., 2012).

Genetic Analysis of the EvC Complex
We used CRISPR/Cas9-based genome editing to investigate the

consequences of completely eliminating the function of each of
pmental Cell 28, 483–496, March 10, 2014 ª2014 Elsevier Inc. 487
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Figure 4. Mapping the Interaction between EFCAB7 and IQCE

(A and B) Domain compositions of EFCAB7, IQCE, and the fragments of each protein used for interaction studies. EF, EF-hand domain; ECH, EFCAB7-Calpain

Homology domain; HP, hydrophobic peptide; IQ, IQ calmodulin-binding motif; AcidE, acidic peptide. See the sequence alignments in Figures S2 and S3.

(C) An immunoblot and graph (mean ± SD, n = 2, one-way ANOVA with * p < 0.05 and *** p < 0.001) showing the amount of in-vitro-translated EFCAB7 fragments

captured by the wild-type (WT) GST-Weyers peptide fusion or the Alanine (Ala) mutant (see Figure 3E).

(D) Binding of Myc-tagged EFCAB7 fragments to YFP-tagged, full-length IQCE assessed by co-in-vitro translation of both proteins followed by an anti-YFP IP.

(E) Binding of YFP-tagged IQCE fragments to Myc-tagged, full-length EFCAB7 was assessed as in (D) with an anti-YFP IP.

(F) Immunoblots showing the amount of endogenous EVC and EVC2 that coprecipitated with YFP-tagged full-length IQCE or a deletion mutant (1–522 or DIQ)

from NIH/3T3 cells stably expressing each protein and treated ± SAG (24 hr).
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the twomodules that comprise the EvC complex in NIH/3T3 cells

(Cong et al., 2013). We first disrupted both alleles of the Efcab7

gene, because biochemical studies (Figure 4) had suggested

that EFCAB7 was the critical link between IQCE and the
488 Developmental Cell 28, 483–496, March 10, 2014 ª2014 Elsevier
EVC-EVC2 complex. Efcab7�/� cells were poorly responsive to

signaling induced by the direct SMO agonist SAG (Figure 6A)

or the native ligand Shh (Figure S4D). Efcab7�/� cells had no de-

fects in the length of cilia (Figure S4E), the frequency of ciliation
Inc.
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Figure 5. EFCAB7 and IQCE Are Positive Regulators of the Hh Signaling Pathway
(A) qRT-PCR was used to measure levels (mean ± SD, n = 3, unpaired Student’s t test) of Iqce, Efcab7, andGli1 transcripts in C3H10T1/2 cells transfected with a

nontargeting control (NTC) siRNA or siRNAs against the indicated transcripts. All cells were treated with SAG (36 hr), and Gli1 served as a metric for signaling.

(B) The SAG-mediated differentiation (36 hr) of C3H10T1/2 cells into osteoblasts was assayed by the increase in alkaline phosphatase activity (mean ± SD, n = 3,

unpaired Student’s t test) after siRNA-mediated depletion of IQCE, EFCAB7, or SMO.

(C) Immunoblots showing the effect of IQCE, EFCAB7, and EVC2 depletion on GLI1 induction in NIH/3T3 cells after treatment with SAG (24 hr).

(D–F) Accumulation of endogenous SMO in cilia (D), GLI2 at the cilia tip (E), and GLI2 in the nucleus of NIH/3T3 cells (n = 100) treated (4–6 hr) with SAG. Each point

represents a measurement from a single cell; black brackets depict median fluorescence and interquartile ranges; and the Kruskal-Wallis test is used to test

significance. In (E), the right panel shows the fold-change in mean (±SD, n = 4, Mann-Whitney test) GLI2 fluorescence at the cilia tip after treatment with SAG.

(G) Activation of an Hh reporter (mean ± SD, n = 3, unpaired Student’s t test) by the SMO-M2 mutant was assessed in NIH/3T3 cells after depletion of IQCE,

EFCAB7, or GLI2.

In all panels, statistical significance isdepictedas follows: p<0.05 (*), p <0.01 (**), p <0.001 (***), p<0.0001 (****), andp>0.05 (ns, not significant).SeealsoFigureS4.
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(Figure S4F), or in the localization of cilia markers (Figure S4G).

In Efcab7�/� cells treated with SAG, SMO accumulated in cilia

(Figure S4H), but GLI2 showed a defect in nuclear translocation

(Figures S4I and S4J).

Overall, the results obtained using CRISPR/Cas9-mediated

gene disruption were consistent with those obtained using

siRNA-mediated protein depletion. However, an important dif-

ference between these two techniques is that only the former

allows complete elimination of gene function. Efcab7�/� cells

had undetectable amounts of EFCAB7 and severely reduced

amounts of IQCE (Figure 6B), consistent with our previous obser-

vations that levels of these two complexed proteins are tightly

coregulated in cells (Figures 1C, 2E, and 5C). In contrast,

EVC and EVC2 levels were unaltered. Efcab7�/� cells remained

capable of transducing low-level Hh signals, as shown by the

slight induction of both a Hh reporter gene (Figure 6A) and the

endogenous target genes Ptch1 and Gli1 (Figure 6B). To under-

stand the basis of this residual signaling, we examined two Hh

transcription factors: GLI2, the major activator, and GLI3, the

major repressor. When SMO is activated, GLI3R production is

blocked and GLI2 is converted into a transcriptional activator

that enters the nucleus to activate target genes. Two markers

of GLI2 activation, nuclear translocation and stabilization

(Humke et al., 2010; Pan et al., 2006), were both substantially

decreased in Efcab7�/� cells (Figures 6B, S4I, and S4J). How-

ever, GLI3R regulation was unaffected; GLI3R was produced

in the basal state and extinguished normally in response to

SAG (Figure 6B). The Hh signaling phenotypes seen in Efcab7�/�

cells were similar to those observed in Iqce�/� cells indepen-

dently generated using CRISPR/Cas9 (Figure S5A). Thus, the

requirement for EFCAB7 and IQCE seems to be selective for

GLI2 over GLI3R regulation.

The discordance betweenGLI2 andGLI3 regulationwas unex-

pected because previous work had suggested that EVC and

EVC2 regulated both transcription factors (Caparrós-Martı́n

et al., 2013; Dorn et al., 2012). Therefore, we knocked out Evc2

in the same NIH/3T3 cell line used to disrupt Efcab7 and Iqce

(Figures 6C and S5B). As reported previously, loss of EVC2

blocked the SAG-induced activation ofGli1 andPtch1 (Figure 6C

and S5B). However, unlike Efcab7�/� cells, there was a clear

defect in the ability of Hh signaling to extinguish GLI3R levels.

To clarify the relationship between the EFCAB7-IQCE and

EVC-EVC2 subcomplexes, we used siRNA to deplete IQCE
Figure 6. EFCAB7 Tethers the EVC-EVC2 Complex at Base of Primary

(A) SAG-induced (24 hr) Hh reporter activity in wild-type NIH/3T3 cells, Efcab7�/�

Numbers above the bars show the fold-induction in reporter activity seen after SA

tested using an unpaired Student’s t test; p < 0.05 (*) and p < 0.01 (**).

(B) Immunoblots of extracts from Efcab7+/+ and Efcab7�/� cells treated ± SAG (2

components. a-tubulin served as the loading control; GLI1 and PTCH1 are Hh targ

fragment, respectively. (C and D) Immunoblots of extracts from Evc2�/� (C) and E

were used to assess levels of various proteins as in (B).

(E and F) Localization of endogenous EVC and EVC2 (both in white) within individu

graphs below show the fraction of acTub staining that colocalizes with EVC or EVC

0.01) colocalization fraction was determined from five independent images, each

(G) Localization of endogenous EVC2 in Efcab7�/� cells transfected with Myc-ta

EVC2 (see Figure 4C).

(H) Localization of endogenous IQCE at the cilium in cells with or without EFCAB

(I) Localization of transiently transfected YFP-tagged, full-length IQCE or its DIQ

Scale bars, 2 mm. See also Figures S4 and S5.

Develo
and EFCAB7 in Evc2�/� cells (Figure 6C) or IQCE and EVC2 in

Efcab7�/� cells (Figure 6D), a situation that is analogous to

a double mutant analysis. Hh target gene induction in Evc2�/�

cells was not further impaired by the depletion of EFCAB7 or

IQCE (Figure 6C). However, the depletion of EVC2 (but not

IQCE) in Efcab7�/� cells further reduced the Hh-stimulated in-

duction of Gli1 or Ptch1 (Figure 6D). SAG-induced reduction in

GLI3R was not affected, likely because the depletion of EVC2

by siRNA was incomplete.

Thus, EFCAB7-IQCE and EVC-EVC2 subcomplexes are

not redundant. The former selectively regulates GLI activator

functions, whereas the latter regulates both GLI activator and

repressor functions.

An Assembly Pathway for the EvC Complex at the Base
of Primary Cilia
The derivation of an Efcab7�/� cell line allowed us to address

an important question: which component of the EvC complex

specifies localization in the EvC zone at the cilia base?

In Efcab7�/� cells, as predicted from our biochemical mapping

experiments, EVC and EVC2 were not restricted to the EvC zone

but rather were distributed along the entire ciliary membrane

(Figures 6E and 6F). This altered localization is reminiscent

of the phenotype seen in cells expressing the Weyers protein

EVC2DW (Caparrós-Martı́n et al., 2013; Dorn et al., 2012), which

lacks theW-peptide and hence cannot bind to EFCAB7. Reintro-

duction of full-length EFCAB7 restored the EvC zone localization

of EVC2 (Figures 6G and S5C) and EVC (Figure S5D). The EF1-5

fragment of EFCAB7, which can bind to IQCE (Figure 4D) but

lacks the ECH2 domain that interacts with EVC2, was itself

correctly localized in the EvC zone but failed to restrict EVC2

to the base of cilia (Figures 6G and S5C).

In contrast to EVC and EVC2, the localization of endogenous

IQCE at the cilia base was unaffected in Efcab7�/� cells, though

levels of IQCE at cilia were lower as expected from the immuno-

blot in Figure 6B (Figure 6H). Overexpressed YFP-IQCE also

localized appropriately to the base of cilia in Efcab7�/� cells (Fig-

ure 6I), as did DIQ-IQCE, a truncation mutant IQCE that cannot

bind to EFCAB7, EVC, or EVC2. Moreover, the localization of

both IQCE and EFCAB7 at the EvC Zone was unaltered in

Evc2�/� cells, which also lacked EVC at cilia (Figure S5E). Taken

together, these data are consistent with the view that EvC zone

localization of this complex is driven by the EFCAB7-IQCE
Cilia

cells, and Efcab7�/� cells rescued with transient expression of YFP-EFCAB7.

G treatment. Mean ± SEM (n = 3) reporter activity is depicted with significance

4 hr) were used to assess levels of the indicated EvC complex and Hh pathway

et genes; and GLI3FL and GLI3R point to the full-length GLI3 and its repressor

fcab7�/� (D) cells further depleted of the indicated EvC complex components

al cilia, identified by axonemal anti-acetylated tubulin staining (acTub, red). The

2 using a Mander’s coefficient. The mean (±SD, Mann-Whitney test with ** p <

containing �50 cells each.

gged full-length EFCAB7 or an EFCAB7 fragment (EF1–5) that cannot bind to

7; colocalization measurement below is depicted as in (E).

truncation mutant (1–552 aa; Figure 4B) in Efcab7�/� cells.
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complex. The DIQ-IQCE fragment of IQCE contains the primary

targeting signal for the EvC zone. Whereas EVC and EVC2

can accumulate in cilia independently of EFCAB7, they require

EFCAB7 to be restricted to the EvC zone. This provides an illus-

tration of how distinct, separable mechanisms can regulate

ciliary trafficking and compartmentalization.

Evolutionary History of the EvC Complex
The cilium is an ancient organelle that can be traced back to the

last eukaryotic common ancestor (Zhang and Aravind, 2012).

Canonical Hh signaling is currently restricted to eumetazoans

(i.e., all animals excluding ctenophores, sponges, and placozo-

ans), raising the question of how this ancient organelle was co-

opted for a newly emergent signaling pathway in animals. Given

the role of the EvC complex in ciliary Hh signaling, we systemat-

ically investigated the evolutionary history of both the integral

membrane and intracellular components. Our analysis identified

a clade of proteins related to EVC and EVC2 that we named

EVC3 (e.g., Zebrafish; gi: 528501708 and 528501704). EVC3,

like EVC and EVC2, had a characteristic single TM region

followed by a long cytoplasmic coiled-coil region (Figure 7A).

However, its extracellular region is much longer; in addition

to a b sandwich, EVC3 has a variable number of repeats of a

cysteine-rich domain that likely form disulfide-bonded structures

(Figure 7A). In terms of phyletic patterns, both EVC and EVC2 are

restricted to metazoans and are found in the most basal animal

lineages, such as cnidarians. Curiously, EVC and EVC2 appear

to have been lost secondarily in certain animals, such as zebra-

fish (a pseudogene of evc can be identified on chromosome 14),

even though they are conserved in other fishes. EVC3 shows

a more widespread pattern; in addition to metazoans, it is also

present in their sister group the choanoflagellates and in

earlier-branching eukaryotes, such as ciliates, apicomplexans,

cryptophyte algae, and various stramenopiles (Figure 7A).

EVC3 has been recently lost in certain mammals, including

humans, where a pseudogene remnant (gi: 119578130) can be

identified on chromosome 22. However, zebrafish, which has

lost EVC and EVC2, possesses two EVC3 paralogs. Importantly,

EVC3 is present only in eukaryotes that possess cilia at some

stage of their life cycle, suggesting that it could potentially be a

novel ciliary membrane component.

A phylogenetic analysis of the common conserved region

shared by these proteins shows that EVC and EVC2 are sister

groups. Their divergence predates the radiation of Eumetazoa

because they are present in the placozoan Trichoplax, a basal

animal lineage (Figure 7A). However, EVC and EVC2 are absent

in the currently available sponge genome. EVC3 appears to have

undergone a parallel duplication in metazoans into two paralogs

we term EVC3.1 and EVC3.2. This, along with the pattern recip-

rocal gene loss in mammals and zebrafish, raises the possibility

that EVC3.1-EVC3.2 comprise a distinct ciliary protein complex,

which may have some functional overlap with EVC-EVC2. The

tree and phyletic patterns suggest that EVC3 was the original

representative, with EVC and EVC2 being derived from the

former early in metazoan evolution through loss of the extracel-

lular cysteine-rich domains.

The phyletic pattern of EFCAB7 closely mirrors that of EVC

and EVC2, being found only in Placozoa and Eumetazoa.

However, calpains with homologous domains are found more
492 Developmental Cell 28, 483–496, March 10, 2014 ª2014 Elsevier
widely across the eukaryotic tree with representatives from

more earlier-branching groups, such as choanflagellates, alveo-

lates, and stramenopiles. A phylogenetic tree of the ECH2

domain shows that the EFCAB7 version is nested within those

from the calpain-15 clade (Figure 7B). Importantly, those closest

to EFCAB7 are a specific subset of choanoflagellate (sister group

of Metazoa) calpain-15 proteins with similar organization of

EF-hands and ECH1/ECH2 domains as observed in EFCAB7

(Figure 7B). This suggests that EFCAB7 probably arose as

a breakaway from an ancestral calpain-15 (Sorimachi et al.,

1997) prior to themetazoan radiation. IQCE, like EVC3, but unlike

EVC, EVC2, and EFCAB7, is also found outside of Metazoa

in their closest sister group the choanoflagellates. Thus, both

EVC-EVC2 and the EFCAB7-IQCE subcomplexes can be confi-

dently inferred as being present in the common ancestor of pla-

cozoans and eumetazoans. However, an ancestral version of the

EFCAB7-IQCE subcomplex with IQCE and a calpain-like protein

might have predated the origin of metazoans.

DISCUSSION

Important molecular insights into the regulation of EVC proteins

came from the study of dominant alleles of EVC2, initially iso-

lated from families with Weyers syndrome (Valencia et al.,

2009; Ye et al., 2006). These alleles encode a protein

(EVC2DW) lacking the C-terminal 43 aa W-peptide. Loss of

this peptide had two major consequences— it endowed the

protein with the ability to inhibit Hh signaling and it led to a spe-

cific change in the sub-ciliary localization of EVC and EVC2

(Caparrós-Martı́n et al., 2013; Dorn et al., 2012; Valencia

et al., 2009). Instead of being tightly restricted to the base of

the cilium in the EvC zone, the EVC-EVC2DW complex was

instead distributed along the entire length of the cilium.

Notably, the EVC-EVC2DW complex still bound SMO efficiently

(Dorn et al., 2012), suggesting that the W-peptide mediated un-

known protein interactions that were essential for transmission

of the ciliary Hh signal.

Motivated by these observations about the importance of the

W-peptide for Hh signaling and skeletal development, we have

identified a previously unstudied complex composed of two

ciliary proteins, EFCAB7 and IQCE, that engages EVC-EVC2

through an interaction with the W-peptide. EFCAB7 and IQCE

are positive regulators of Hh signaling. Guided by detailed

domain mapping, genetic perturbations, and deep phylogenetic

analysis of the four proteins in this module, we elucidated the

architecture of the EvC complex at the base of primary cilia.

TM proteins often recruit cytoplasmic proteins in signal trans-

duction; however, in the case of the EvC complex, the arrange-

ment is reversed. IQCE, a protein without TM domains, is

sufficient to localize correctly at the base of cilia in the EvC

zone, and we believe it is the major determinant of localization

in this unique ciliary compartment through yet to be identified

protein or lipid factors. EFCAB7 is best viewed as an adaptor

that then recruits the EVC-EVC2 complex by interactions

between a b sandwich domain and theW-peptide of EVC2. Sup-

port for our model comes from the observation that depletion

of EFCAB7 phenocopies the effect of deleting the W-peptide:

Hh signaling is impaired and the EVC and EVC2 proteins fail to

be restricted to the EvC zone.
Inc.
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Figure 7. Evolutionary Analysis of EvC Complex Components

(A) Evolution and domain architectures of the EvC family proteins, EVC, EVC2, EVC3.1, and EVC3.2. An unrooted phylogenetic tree is presented with nodes

supported at 90% bootstrap shown with black circles. Each primary metazoan branch is highlighted in a different color. The proteins are represented by their

species abbreviations followed by their GenBank identifiers (GIs). The basal animal species, Nematostella vectensis and Hydra magnipapillata, are highlighted in

blue, whereas the sister clade of animals, Choanoflagellida, is in red. Domain architectures are shown for selected proteins (right); the number next to each

domain map is also used to mark that protein in the tree.

(B) Origin of EFCAB7 from the Calpain-15 family and associated domain architecture changes. Basal animal species are highlighted in blue; the animal-sister

clade, Choanoflagellida, is in red; and basal eukaryotic species is in purple.

Domain abbreviations: SP, signal peptide; TM, transmembrane region; Weyers, Weyers peptide; Cys, Cys-rich motif; bsan_EVC2 and bsan_EVC3, the b

sandwich domains in the EVC2 and EVC3 subfamilies; Calpain, the papain-like peptidase domain; EF, EF-hand domain; ECH1 and ECH2, EFCAB7-Calpain

Homology domains 1 and 2.

Species abbreviations: Aano, Aureococcus anophagefferens; Acal, Aplysia californica; Alai, Albugo laibachii; Bflo, Branchiostoma floridae; Bmal, Brugia malayi;

Cele, Caenorhabditis elegans; Cgig, Crassostrea gigas; Cint, Ciona intestinalis; Ctel, Capitella teleta; Dmel, Drosophila melanogaster; Drer, Danio rerio; Ehux,

Emiliania huxleyi; Ggal, Gallus gallus; Gthe, Guillardia theta; Hmag, Hydra magnipapillata; Isca, Ixodes scapularis; Mbre, Monosiga brevicollis; Mmus, Mus

musculus; Mput, Mustela putorius; Ncan, Neospora caninum; Nvec, Nematostella vectensis; Olat, Oryzias latipes; Otri, Oxytricha trifallax; Pinf, Phytophthora

infestans; Pmar, Perkinsus marinus; Psoj, Phytophthora sojae; Skow, Saccoglossus kowalevskii; Spur, Strongylocentrotus purpuratus; Ssp., Salpingoeca sp.;

Tadh, Trichoplax adhaerens; Tgon, Toxoplasma gondii; Trub, Takifugu rubripes; Xtro, Xenopus tropicalis.
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Further research is required to understand the mechanism by

which the EvC complex regulates Hh signaling. The EVC-EVC2

complex interacts with SMO in a signal-dependent manner,

but we have not been able to detect an interaction with down-

stream Hh signaling components, such as PKA, SUFU, or the

GLI proteins. One possibility is that this complex serves as a

scaffold to concentrate SMO in a distinct ciliary compartment,

the EvC zone, for efficient activation or signal transmission

(Dorn et al., 2012). A scaffolding role that determines the ampli-

tude of signaling is suggested by the fact that even the total loss

of EVC, EVC2, or EFCAB7 does not completely interrupt

signaling (as a loss of SMO does) and still allows a low level

of target gene induction (Figure 6). This might also explain why

the loss of EVC and EVC2 has an effect in some tissues and

not in others, suggesting a context-specific or level-specific

role. It is interesting to note that G-protein-coupled receptors,

the superfamily to which SMO belongs, are often regulated by

scaffolding proteins that play tissue-specific roles in modulating

the amplitude or speed of signaling (reviewed in Ritter and Hall,

2009).

Our results suggest that the Hh pathway may be bifurcated in

cilia downstream of SMO to allow independent regulation of the

repressor and activator functions of the GLI proteins. The pres-

ence of EVC-EVC2 in cilia, regardless of EvC zone restriction,

was sufficient for Hh signaling to regulate levels of GLI3R. How-

ever, restriction of EVC-EVC2 to the cilia base (mediated by

EFCAB7-IQCE) was required for Hh signaling to promote the

activation of GLI2. One possibility is that the EFCAB7-IQCE

module, and consequently the EvC zone, is most relevant for

high-level Hh signaling. The relative importance of Gli activator

and repressor functions seems to vary depending on the tissue

during development, supporting the view that Hh signaling may

be bifurcated at this step. This phenotype is reminiscent of

mice lacking the ciliary small GTPase ARL13B, whose loss did

not impact GLI3R levels but instead left GLI2 in a constitutive

state of low-level activity; however, we did not observe any

changes in the localization of ARL13B in cells lacking EFCAB7

(Figure S4G) (Caspary et al., 2007).

Finally, evolutionary analysis of the EvC complex provides

some interesting insights into how ciliary complexes and Hh

signaling may have become coupled. The components of this

complex show a degree of phyletic correlation with the distribu-

tion of the Hh signaling pathway and the pervasive presence

of primary cilia (Figure S6). Choanoflagellates and sponges

possess HINT and N-terminal hedgehog-like peptidase do-

mains fused to cadherin repeats (the ‘‘Hedgeling’’ proteins),

but they lack canonical hedgehog signaling; likewise, they

entirely or partly lack EvC complex components. Placozoans

appear to lack Hh signaling but possess a full-fledged EvC com-

plex. In Eumetazoa the EvC complex is present right from the

basal-most lineage (Cnidaria), which possesses a canonical

Hh signaling pathway. Within Eumetazoa, the loss of the EvC

complex is correlated with loss of Hh signaling and reduced

expression of primary cilia. Thus, the EvC complex is entirely

lost (Figure S6) in Drosophila, where cilia are limited to sensory

neurons and spermatozoa, and in Caenorhabditis elegans,

where again cilia are limited to sensory neurons and Hh

signaling is absent. Together, these observations suggest that

the EvC complex arose primarily in the context of a ciliary func-
494 Developmental Cell 28, 483–496, March 10, 2014 ª2014 Elsevier
tion and subsequently developed a connection to Hh signaling

within Eumetazoa.

The linkage between Hh signaling and cilia is best character-

ized in vertebrates. We examined the conservation of various

domains in EvC complex proteins within vertebrates, compared

to conservation across animals. EVC2 has a distinctive C-termi-

nal tail corresponding to the W-peptide in all metazoans where

it is present, but the hydrophobic tetrapeptide motif within this

segment, experimentally shown to be critical for the interac-

tion with EFCAB7, EvC zone localization, and Hh signaling, is

strongly conserved only in vertebrates (Figure 3B). The C-termi-

nal 3 strands of the EFCAB7 ECH2 domain, which interacts

with the tetrapeptide motif, are also rather divergent in sequence

outside vertebrates, implying coevolution of ECH2 and EVC2. In

addition, the b sandwich extracellular domain of EVC2, although

present in all metazoans, is strongly conserved in vertebrates but

is highly variable in sequence in other animals. The relatively

strong constraints on both the extracellular and intracellular

parts of EVC2 in vertebrates might have arisen from selective

pressures resulting from the need for interactions unique to

signaling events in vertebrates. In this regard, we note that the

major phenotypes seen when EVC and EVC2 are lost are found

in the skeletal system, a vertebrate-specific innovation.

EXPERIMENTAL PROCEDURES

Methods for Hh signaling assays, microscopy-based cilia trafficking assays,

quantitative image analysis, western blotting, immunoprecipitation and quan-

titative RT-PCR (qRT-PCR) have been described previously (Dorn et al., 2012)

and are also described in detail in the Supplemental Experimental Procedures.

Constructs

All EvC complex constructs used the mouse sequence. Constructs encoding

EVC, EVC2, EVC2DW (aa 1–1176), and SMO-M2 were described previously

(Dorn et al., 2012). For this study, mouse EVC was also cloned with an N-ter-

minal 3xHA tag. Full-length IQCE and EFCAB7 (or fragments thereof) were

cloned with N-terminal YFP, 3xHA tag, or 6xMyc tags. pCS2+ or pCS-DEST

(Addgene 22423) vectors were used for in vitro translation or transient expres-

sion in mammalian cells, pEF5/FRT/V5-DEST (Life Technologies) for transient

mammalian expression or the construction of stable Flp-In cell lines, pLENTI

CMVPuro DEST (Addgene 17452) for lentiviral production and pGex-FA vector

(GE Life Sciences), or pMal-FA (New England Biolabs) for bacterial produc-

tion of recombinant protein. Mutations were introduced by inverse PCR or

the QuikChange method (Agilent) to generate N-terminal tagged versions of

IQCE 1–139 (aa 1–139), IQCE 1–351 (aa 1–351), IQCE 1–489 (aa 1–489),

IQCE 1–552 (DIQ-IQCE; aa 1–552), IQCE DN (aa 1–139 deleted), IQCE DCC1

core (aa 142–211 deleted), IQCE DCC1 (aa 140–351 deleted), IQCE DCC2

(aa 362–489 deleted), IQCE D3x IQ (aa 530–635 deleted), IQCE DAcidE (aa

749–778 deleted), EFCAB7 EF 1–5 (aa 1–248), EFCAB7 ECH1 (aa 249–396),

EFCAB7 EF 6–8 (aa 400–540), EFCAB7 ECH2 (aa 540–628), EVC2WWT (aa

1133–1220), and EVC2WAla (aa 1133–1220 with mutations in FVFR motif).

Antibodies

Rabbit polyclonal antibodies against the N-terminal (1–166) and C-terminal

(637–778) domains ofmouse IQCE and full-lengthmouse EFCAB7were gener-

ated in rabbits (Cocalico Biologicals) and affinity purified prior to use.

Cell Lines

NIH/3T3, C3H10T1/2, and HEK293T cells were obtained from the American

Type Culture Collection, and Flp-In NIH/3T3 cells for stable cell lines construc-

tion were obtained from Life Technologies. Stable cell lines expressing tagged

EVC, EVC2, EFCAB7, and IQCE (or their mutants) were produced by site-spe-

cific recombination into a single site in the genome using the Flp-In system (Life

Technologies).
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Tandem Affinity Purification and Mass Spectrometry

One hundred 15 cm plates of NIH/3T3 cells stably expressing EVC2-YFP-

FLAG were serum starved for 24 hr and then treated with 100 nM SAG for

2 hr. Cells were washed twice with ice-cold PBS followed by 10 mM HEPES

(pH 7.4) and swollen in the same hypotonic buffer for 10 min. The buffer was

removed carefully, and cells were scraped with SEAT buffer (10 mM trietha-

nolamine/acetic acid, 1 mM EDTA [pH 8.0], 250 mM sucrose, and protease

inhibitor cocktail) to a final volume of 100 ml and homogenized with 20

strokes of a dounce homogenizer. The sample was spun at 900 3 g for

8 min to collect the postnuclear supernatant (PNS). The PNS was spun at

142,000 3 g for 60 min at 4�C to harvest a membrane pellet, which was

then resuspended by douncing in a membrane extraction buffer (MEB) con-

taining 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% DDM, 0.1% CHS, 1 mM

MgCl2, 1 mM EDTA, 1 mM EGTA, 0.2 mM DTT, 10% glycerol, 1 mM NaF,

1 mM Na3VO4, 1 mMmicrocystin-LR, and 13 protease inhibitor cocktail. After

incubation for 1 hr at 4�C, the detergent extract was clarified by centrifuga-

tion at 140,000 3 g for 60 min at 4�C and then incubated with anti-FLAG-M2

conjugated agarose beads (Sigma) for 16 hr at 4�C. Beads were washed

once with MEB followed by a single wash each in wash buffer A (MEB con-

taining 0.1% DDM, 0.1% CHS, and 300 mM NaCl) and wash buffer B (MEB

containing 0.1% DDM and 0.1% CHS). Bound protein complexes were

eluted with 0.2 mg/ml FLAG peptide (Sigma) for 4 hr at 4�C followed by an

additional round of elution at 22�C for 1 hr. The eluates were pooled and sub-

jected to a second round of immunoprecipitation with GFP binding protein

(GBP) covalently conjugated to carboxylic acid decorated Dynabeads

M-270 for 2 hr at 4�C. GBP beads were washed five times with buffer B,

and the bound complexes were eluted in 53 Laemmli buffer at 37�C for

30 min. The eluted sample was subjected to SDS-PAGE on an 8% Tris-

Glycine gel followed by GelCode Blue staining (Thermo Scientific) to visualize

protein bands. Protein bands were excised, digested with trypsin, and

analyzed (MS Bioworks) using a nano liquid chromatography-tandem mass

spectrometry with a NanoAcquity HPLC system (Waters) interfaced to an

Orbitrap Velos Pro (Thermo Scientific). The data were processed with the

Mascot Server (Matrix Science), and the Mascot DAT files were parsed

into the Scaffold software for validation, for filtering, and to create a nonre-

dundant list per sample. Data were filtered using a minimum protein value

of 90%, a minimum peptide value of 50% (Prophet scores), and requiring

at least two unique peptides per protein.

In Vitro Binding Assays

For GST pull-down assays, 10 mg of purified GST-EVC2WWT and GST-

EVC2WAla were immobilized on glutathione sepharose 4B beads and tested

for their ability to pull down IQCE and EFCAB7 expressed using the TNT-

coupled wheat germ extract system (Promega). For interactions between

EFCAB7 and IQCE, protein fragments whose interaction was being tested

were in vitro translated together, followed by immunoprecipitation of one of

the fragments.

Generation of NIH/3T3 Cell Lines Carrying Null Mutations in EvC

Complex Subunits

Efcab7�/�, Evc2�/�, and Iqce�/� cells were generated using the CRIPSR/

Cas9 genome editing strategy using Addgene plasmid number 42230

and the guide sequences 50-aactgaggcgtcaacagtt-30 (Efcab7), 50-gatattt-
caaaaatgctcac-30 (Evc2), and 50-ggcgatctctgaagacggca-30 (Iqce) (Cong

et al., 2013). The targeting CRISPR plasmid was cotransfected with a YFP-

containing plasmid using X-tremeGENE 9, and single cells expressing YFP

were sorted into 96-well plates using FACSAria II (BD). Single clones that

had lost expression of the targeted protein were identified using immunoblot-

ting. The frequencies at which NIH/3T3 clones bearing null mutations in both

alleles of Efcab7, Iqce, and Evc2 were retrieved were 5%, 1%, and 5%

respectively.

Statistical Analysis

Statistical analysis for fluorescence intensity comparisons between two or

multiple groups was performed by Mann-Whitney test or the Kruskal-Wallis

nonparametric ANOVA test, respectively. The statistical significance between

the means in Hh reporter assays was determined by a two-tailed, unpaired

Student’s t test.
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