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SUMMARY

Cholesterol plays two critical roles in Hedgehog signaling, a fundamental pathway in animal development
and cancer: it covalently modifies the Sonic hedgehog (SHH) ligand, restricting its release from producing
cells, and directly activates Smoothened in responding cells. In both contexts, a membrane protein related
to bacterial RND transporters regulates cholesterol: Dispatched1 controls release of cholesterylated SHH,
and Patched1 antagonizes Smoothened activation by cholesterol. The mechanism and driving force for eu-
karyotic RND proteins, including Dispatched1 and Patched1, are unknown. Here, we show that Dispatched1
acts enzymatically to catalyze SHH release. Dispatched1 uses the energy of the plasma membrane Na+

gradient, thus functioning as an SHH/Na+ antiporter. In contrast, Patched1 repression of Smoothened
requires the opposing K+ gradient. Our results clarify the transporter activity of essential eukaryotic RND pro-
teins and demonstrate that the two main cation gradients of animal cells differentially power cholesterol
transport at two crucial steps in the Hedgehog pathway.

INTRODUCTION

TheHedgehog (Hh) signaling pathway is essential in embryogen-

esis of most metazoans (Ingham and McMahon, 2001; Lum and

Beachy, 2004), while aberrant Hh activity is responsible for

several cancers, including basal cell carcinoma and medullo-

blastoma (Rubin and de Sauvage, 2006). When the Hh pathway

is not stimulated, the membrane protein Patched1 (PTCH1) (Na-

kano et al., 1989) inhibits the GPCR-like protein Smoothened

(SMO) (Alcedo et al., 1996; van den Heuvel and Ingham, 1996),

thus ensuring that the downstream Hh pathway is idle. Signaling

is initiated by a secreted Hedgehog ligand, such as the verte-

brate prototype, Sonic hedgehog (SHH) (Chang et al., 1994;

Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993).

SHH binds and inhibits PTCH1, allowing SMO to become active.

Active SMO then triggers activation of the downstream zinc

finger GLI proteins (Humke et al., 2010; Tukachinsky et al.,

2010), which turn on transcription of specific target genes.

A unique aspect of Hh signaling is the critical involvement of

cholesterol at two distinct steps (Figure 1A). First, in signal-pro-

ducing cells, cholesterol is covalently attached to SHH (Porter

et al., 1996), causing it to strongly associate with membranes;

thus, cholesterol is crucial for regulating SHH production and

distribution. Second, in responding cells, cholesterol activates

SMO (Huang et al., 2016; Luchetti et al., 2016) by binding to its

extracellular cysteine-rich domain (CRD) (Byrne et al., 2016;

Huang et al., 2016; Myers et al., 2013; Nachtergaele et al.,

2013; Nedelcu et al., 2013); thus, cholesterol is required for Hh

signal transduction (Cooper et al., 2003).

Each of the two cholesterol-dependent aspects in Hh

signaling involves a protein related to the resistance–nodula-

tion–division (RND) superfamily of transporters (Nikaido, 2018).

In signal-producing cells (Figure 1B), the RND-related Dis-

patched1 (DISP1) (Amanai and Jiang, 2001; Burke et al., 1999;

Caspary et al., 2002; Kawakami et al., 2002; Ma et al., 2002; Na-

kano et al., 2004) is necessary for SHH release in a diffusible form

capable of long-distance signaling. DISP1 interacts with the cho-

lesteryl moiety of SHH (Creanga et al., 2012; Tukachinsky et al.,

2012), transferring it from the membrane to a secreted SCUBE

family protein, such as SCUBE2 (Hollway et al., 2006; Kawakami

et al., 2005; Woods and Talbot, 2005). In Hh-responding cells

(Figure 4A), PTCH1, itself RND-related, is thought to inhibit

SMO by transporting cholesterol. The idea that cholesterol is

the PTCH1 substrate is supported by the observation of sterol

molecules in recent cryo-EM structures of PTCH1 (Gong et al.,

2018; Qi et al., 2018a, 2018b; Qian et al., 2019; Zhang et al.,

2018), although the manner and direction of the presumed

cholesterol movement are unclear.

The RND superfamily includes both prokaryotic and eukary-

otic members. Prokaryotic RNDs function as proton (H+)-driven
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antiporters in which expulsion of small-molecule substrates from

the periplasm of Gram-negatives to the extracellular space is

coupled with inward H+ flow, from the periplasm into the cyto-

plasm (Aires and Nikaido, 2005; Delmar et al., 2015; Seeger

et al., 2006). Eukaryotic RND-related proteins include Nie-

mann-Pick disease protein C1 (NPC1) (Carstea et al., 1997)

and NPC1L1 (Davis et al., 2004), which play fundamental roles

in cholesterol metabolism, and DISP1 and PTCH1, which are

essential for embryonic development. In contrast to bacterial

RNDs, however, eukaryotic RND-related proteins remain poorly

understood mechanistically. Catalytic substrate transport has

not been directly demonstrated for any eukaryotic RND, and,

furthermore, it is unknown if and how eukaryotic RNDs are pow-

ered by ionic gradients. Two residues required for H+ conduc-

tance in bacterial RNDs are conserved and required for DISP1

(Ma et al., 2002) and PTCH1 (Taipale et al., 2002) function; in

the case of PTCH1, mutations in these residues cause Gorlin

syndrome, a genetic predisposition to cancers caused by hyper-

active Hh signaling (Taipale et al., 2002). However, unlike bacte-

ria, most eukaryotic cells do not maintain an H+ gradient across

the plasma membrane, suggesting that eukaryotic RNDs,

including DISP1 and PTCH1, perhaps rely on different ionic gra-

dients. A recent report suggested that PTCH1 activity requires

the Na+ gradient (Myers et al., 2017), but this study was not per-

formed in Hh-responsive cells and did not use a physiological Hh

readout, leaving the issue of how PTCH1 is powered in cells un-

dergoing normal Hh signaling unresolved.

Here, we address two major open questions concerning eu-

karyotic RND-related proteins: do they catalyze substrate trans-

port, and what is their energy source? We start by developing a

fast and quantitative assay for DISP1 activity, which we use to

demonstrate that DISP1 acts catalytically to transport choles-

terylated SHH during its release from cells. We find that the

plasma membrane Na+ gradient is absolutely required for

DISP1 activity, while the K+ gradient is dispensable; furthermore,

increasing the steepness of the Na+ gradient potentiates DISP1

activity. Since cholesterylated SHH is released to the extracel-

lular space while Na+ enters the cell, this indicates that DISP1

functions as a Na+-powered antiporter. In contrast, in the case

of PTCH1, we find that its inhibitory effect on SMO requires the

K+ gradient but not the Na+ gradient; this suggests that PTCH1

operates as a K+-powered cholesterol transporter. Both for

DISP1 and PTCH1, mutagenesis and functional assays support

the role of a cation different from H+. Our results demonstrate

catalytic transporter activity for a crucial eukaryotic RND and

show that the two critical steps in the Hh pathway involving

cholesterol transport are powered by two distinct monovalent

cationic gradients across the plasma membrane.
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Figure 1. Reconstitution of DISP1-Depen-

dent SHH Release in Cultured Cells

(A) Schematic of the Hh signaling pathway,

showing the two RND-related proteins, DISP1 and

PTCH1, which play essential roles in SHH ligand

release and in signal transduction, respectively.

(B) DISP1 is required for the release of SHH as a

soluble complex with a SCUBE family protein.

Whether DISP1 acts as a catalytic transporter of

cholesterylated SHH, and how DISP1 is powered,

are open questions.

(C) Wild-type or DISP1 knockout (DISP1KO)

HEK293T cells were co-transfected with SHH, HA-

tagged SCUBE2, and the indicated EGFP-tagged

DISP1 constructs. SHH release into serum-free

media was assayed by immunoblotting. SHH is not

released in the absence of DISP1, which is

reversed by wild-type DISP1, but not by the inac-

tive DISP1-NNN mutant. Arrowheads indicate the

band corresponding to dually lipid-modified SHH.

(D) Schematic of the SHH-NL5 fusion (PDB: 6e1h.c

and 5ibo).

(E) SHH-NL5 or SHH was stably expressed in

HEK293T cells, and release by purified SCUBE2

(500 nM) was measured by anti-SHH immuno-

blotting and densitometry. Released amounts

were normalized to the level of SHH species in

each cell line. SHH-NL5 and untagged SHH are

released with similar kinetics. See also Figures

S1G–S1J for blots and luminescence measure-

ments.

(F) SHH-NL5 was stably expressed in wild-type or

DISP1KO HEK293T cells, and SHH-NL5 release by

purified SCUBE2 (300 nM) into serum-free media

was measured by luminescence. SHH-NL5

release by bovine serum albumin (BSA, 300 nM) served as a negative control. Defective SHH-NL5 release in DISP1KO cells is rescued by expression of wild-type

DISP1, but not by the inactive DISP1-NNNmutant. Data represent themean of two biological replicates and error bars show standard deviation around themean.

See also Figure S1 for characterization of SHH-NL fusions and for recombinant SCUBE2 purification.
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RESULTS

A Quantitative Cellular System for DISP1-Dependent
SHH Release
Despite the critical importance of eukaryotic RND-related pro-

teins, catalytic transporter function has not been directly demon-

strated for any of them. To tackle this problem, we focused on

developing a biochemical system for measuring DISP1 activity.

The choice of DISP1 was based on the following rationales: (1)

DISP1 functions at the plasma membrane, thus is immediately

accessible to factors added exogenously; (2) the movement of

the cholesterylated SHH substrate is well-defined, from the outer

membrane leaflet to the extracellular SCUBE2 acceptor; and (3)

uniquely among eukaryotic RNDs, DISP1 acts on a cholesterol

substrate attached to a protein, which should greatly simplify

quantification (Figure 1B).

SHH release by SCUBE2 has been observed in cultured

HEK293T cells (Creanga et al., 2012; Tukachinsky et al.,

2012), but it is unclear if this process requires endogenous

DISP1. We thus generated DISP1 knockout (DISP1KO)

HEK293T cells (Figure S1A) and measured SHH release. As

shown in Figure 1C, SCUBE2 did not release SHH from DIS-

P1KO cells, in contrast to the robust release observed in

parental wild-type cells. Importantly, SCUBE2-dependent

SHH release was fully rescued by transfecting DISP1KO cells

with a construct expressing wild-type DISP1 but not the inac-

tive DISP1-NNN mutant (Ma et al., 2002) (Figure 1C), indicating

the specificity of the SHH release defect. Thus, SHH release

from HEK293T cells recapitulates the strict requirement for

DISP1 and SCUBE family proteins observed in in vivo studies

of the Hh pathway.

In the experiments above, SHH was collected after several

hours and then assayed by immunoblotting. To develop a faster

and more sensitive system capable of measuring release ki-

netics, we tagged SHH with the highly active, ATP-independent

NanoLuc luciferase (NL) (Hall et al., 2012), as previously done us-

ingRenilla luciferase (Ma et al., 2002). The NL tagwas introduced

internally (Figures S1B and S1C) to preserve SHH modification

with palmitate at the N terminus (Chamoun et al., 2001; Pepinsky

et al., 1998) and cholesterol at the C terminus (Porter et al., 1996).

A total of nine SHH-NL fusions were generated, with different NL

insertion sites into SHH (Figures S1B and S1C) (Ma et al., 2002)

and were screened for SCUBE2-dependent release from cells.

As shown in Figure S1D, the release of three of the SHH-NL fu-

sions was stimulated by SCUBE2 co-expression. The two

best-behaved fusions, SHH-NL5 and SHH-NL7, were then

tested using purified recombinant SCUBE2 (Figure S1E). As

shown in Figure S1F, SHH-NL5 and SHH-NL7 were released in

a SCUBE2-dependent manner and could be detected in the cul-

ture media by luminescence after much shorter times than SHH

detection by immunoblot (Figure 1C). Subsequent experiments

were performed using SHH-NL5 (Figure 1D). Significantly,

SHH-NL5 was released from cells at similar levels and with the

same kinetics as untagged SHH (Figures 1E and S1G–S1I),

and luminescence and immunoblot measurements of SHH-

NL5 were strongly correlated (Figure S1J). Importantly, SHH-

NL5 release from cells requires both DISP1 and SCUBE2

(Figure 1F), indicating its suitability for studying physiological

SHH release.

DISP1 Catalyzes SHH Release from Cells
To determine if DISP1 functions as a transporter, we first charac-

terized the kinetics of SHH-NL5 release from cells. To avoid the

potentially confounding effect of the continued SHH-NL5 pro-

duction, protein synthesis was blocked with cycloheximide (Fig-

ure 2A). Adding a fixed concentration of purified SCUBE2

caused an increase in SHH-NL5 release that was linear with

time (Figures 2B and 2C). Although release by SCUBE2 could

be robustly measured after less than 1 min, strictly linear release

continued for the entire 30-min duration of the experiment (Fig-

ure 2B). Furthermore, the 30-min incubation with SCUBE2 had

a negligible effect on cellular SHH-NL5 levels (Figures S2A and

S2B), indicating that the SHH-NL5 substrate was saturating

under these experimental conditions. Similar DISP1- and

SCUBE2-dependent initial release rates were observed for

SHH(C24A)-NL5, which is cholesterylated but not palmitoylated,

consistent with the idea that the SHH cholesterol moiety serves

as a substrate for DISP1 (Figure S2C). Together, these results

indicate that our system can be used to precisely measure initial

rates of DISP1- and SCUBE2-dependent SHH release

(Figure 2C).

Upon titration of purified SCUBE2 added to SHH-NL5-ex-

pressing cells, we observed a saturable increase in the initial

rate of SHH-NL5 release (Figures 2D and 2E). Importantly,

though the rate of release saturated, SHH-NL5 release did not,

in line with our finding that cellular SHH-NL5 levels were not

limiting (Figures S2A and S2B). This kinetic behavior is not

consistent with a simple SHH-SCUBE2 binding equilibrium,

where the SHH release rate would be a linear function of

SCUBE2; it is consistent, however, with an enzymatic process,

whereby formation of the SHH-SCUBE2 complex is catalyzed

by a saturable (i.e., rate-limiting) enzyme. Indeed, the rate of

SHH-NL5 release is fit well by a simple Michaelis-Menten equa-

tion (R2 = 0.9954), with KM in the low micromolar range of

SCUBE2 (KM�3 mM) (Figure 2E; see STAR Methods).

We next asked if DISP1 is the enzyme catalyzing SHH

release. To this end, we compared the rate of SCUBE2-

dependent SHH-NL5 release from cells expressing different

levels of DISP1 (Figures 2F–2K and S2H–S2K). DISP1 was

titrated either by expressing additional DISP1 on top of

endogenous DISP1 (Figures 2F–2H, S2D, and S2E), by

isolating low and high DISP1-expressing cells by fluores-

cence-activated sorting (Figures 2I–2K, S2F, and S2G), or by

expressing DISP1 by transient transfection of DISP1KO cells

(Figures S2H–S2K). In all cases, the rate of SHH-NL5 release

was potentiated by increasing DISP1 levels and was saturable

by SCUBE2 (Figures 2F, 2I, and S2H). Crucially, increasing

DISP1 levels increased the maximal rate of SHH-NL5 release

(Vmax) (Figures 2G, 2J, and S2I) but not the KM, which re-

mained 2–3 mM (Figures 2H, 2K, and S2J); this result strongly

implies that DISP1 catalyzes SHH release (see STAR

Methods). SHH-NL5 release by DISP1 and SCUBE2 is in stark

contrast to SHH-NL5 release by methyl-b-cyclodextrin

(MbCD), a sterol-binding cyclic oligosaccharide that efficiently

solubilizes cholesterylated SHH from membranes (Tukachin-

sky et al., 2012). SHH-NL5 release by MbCD was DISP1-inde-

pendent (Figures S2L–S2N), and the rate was a linear function

of MbCD concentration, as expected for an uncatalyzed pro-

cess. Furthermore, SHH-NL5 release by MbCD was more than
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Figure 2. DISP1 Catalyzes SHH Release from Cells

(A) Schematic of the release assay. Cells stably expressing SHH-NL5 are washed of serum, and protein synthesis is inhibited by pre-incubation with cyclo-

heximide (CHX). SHH-NL5 release is initiated by the addition of purified SCUBE2, and SHH-NL5 in the media is measured at various time points, by NanoLuc

luminescence. Bovine serum albumin (BSA) and methyl-b-cyclodextrin (MbCD) serve as controls.

(B) Kinetics of SHH-NL5 release by a fixed concentration of purified SCUBE2 (1 mM). SCUBE2 strongly stimulates SHH-NL5 release, while BSA (1 mM) has no

effect. SHH-NL5 release by SCUBE2 is linear over the 30-min duration of the experiment. Inset shows SHH-NL5 release can be robustly detected 1 min after the

addition of SCUBE2.

(C) SHH-NL5 initial release rates. Data represent slope estimates in (B) with error bars showing standard error of the estimate.

(D) Time course of SHH-NL5 release by different concentrations of purified SCUBE2.

(E) SHH-NL5 initial release rates from the experiment in (D), plotted as a function of SCUBE2 concentration. Data represent slope estimates and error bars

standard error of the estimate. Data were fit to the Michaelis-Menten equation using least-squares, nonlinear regression.

(F) As in (E), but with SHH-NL5 stably expressed in wild-type cells,DISP1KO cells, or cells overexpressing wild-type DISP1. Initial release rates were normalized to

SHH-NL5 expression levels in each cell line, and to total cell number (total protein) in each experimental condition. SHH-NL5 initial release rates increase with

increasing DISP1 levels, while displaying saturation relative to SCUBE2. Curves show fits either to the Michaelis-Menten equation or to a line in the case of

DISP1KO cells. The vertical dotted line shows KM estimate. See also Figures S2D and S2E.

(G) Estimates of Vmax for the indicated conditions in (F). Error bars indicate the standard error of the estimate.

(H) Estimates of KM for the indicated conditions in (F). Error bars indicate the standard error of the estimate. ns, not statistically significant

(I) As in (F), but with SHH-NL5- and DISP1-expressing cells sorted into low or high DISP1-expressers. See also Figures S2F and S2G.

(K) As in (G), but with data from (I).

(J) As in (H), but with data from (I).

(L) SCUBE2-dependent SHH-NL5 release as a function of increasing SHH-NL5 levels. Variable amounts of SHH-NL5 were expressed in cells with endogenous

DISP1 and initial release rates recorded for low (1 mM) and high (10 mM) SCUBE2. At high SCUBE2 concentrations, release saturates as a function of SHH-NL5

level, as indicated by good hyperbolic fit (R2 = 0.998). Inset shows Lineweaver-Burk plot of the data with accompanying linear fits (R2 = 0.996 and R2 = 0.995 for

low and high SCUBE2, respectively). Data represent rate estimates versus mean SHH-NL5 level. Vertical error bars represent standard error of the estimate;

horizontal error bars represent the standard deviation of the mean. See also Figure S2O.

See also Figure S2 for additional characterization of SHH-NL5 release.
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Figure 3. The Na+ Gradient Drives DISP1-Catalyzed SHH Release

(A) Schematic of Na+ and K+ gradients at the plasma membrane in resting mammalian cells.

(B) Cells stably expressing SHH-NL5 were incubated with SCUBE2 (1 mM), in normal Tyrode’s media (4KT), 4KT supplemented with gramicidin (2 mg/mL), or

media with high K+ and low Na+ (Tyrode’s containing 125 mM KCl, 125KT), and SHH-NL5 release was measured. Protein synthesis was inhibited with CHX

(100 mg/mL). Dissipating Na+ and K+ gradients with gramicidin or 125KT inhibits SHH-NL5 release. Data represent rate estimates with error bars showing the

standard error of each estimate.

(C) As in (B), but with incubation in Tyrode’s media in which Na+ is replacedwith K+, Cs+, or choline+. Replacement of extracellular Na+ inhibits SHH-NL5 release in

a dose-dependent manner, indicating that the Na+ gradient is required for DISP1 activity. The electrochemical driving force (EDF) was calculated as described in

STAR Methods. Data represent rate estimates; error bars are small and obscured but indicate the standard error of each estimate.

(D) Decreasing extracellular Na+ concentration causes rapid and reversible inhibition of SHH-NL5 release. SCUBE2-dependent SHH-NL5 release was measured

as in (B), from cells successively incubated in media with physiological Na+ (4KT), then with low Na+ and high choline+ (140CholT), and finally with physiological

Na+ again (Well B). In parallel, cells were incubated successively only in media with physiological Na+ (Well A), or only in media with low extracellular Na+ (Well C).

Data represent rate estimates with error bars showing the standard error of each estimate.

(E) As in (B), but with incubation in media with varying Na+ concentration. Equal osmolarity was maintained with the addition of either Cs+ or choline+. SHH-NL5

release is accelerated by a steeper than normal Na+ gradient. Data represent rate estimates; error bars are small and obscured but indicate the standard error of

each estimate. Curves show linear fits with associated R2 values. Vertical dotted lines indicate the physiological value of EDFNa
+.

(F) As in (E), but using SHH-NL5-expressing DISP1KO cells. SHH-NL5 release is not accelerated by a steeper Na+ gradient in the absence of DISP1.

(G) As in (E), but usingMbCD (1mM) or BSA (5 mM) instead of SCUBE2. SHH-NL5 release is not accelerated by a steeper Na+ gradient in the absence of SCUBE2.

(legend continued on next page)
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an order of magnitude slower, pointing to the specificity of the

DISP1-SCUBE2 system for SHH transport.

Finally, if DISP1 acts as an enzyme to catalyze SCUBE2-

dependent SHH release, we would expect the formation of a

DISP1-SHH-SCUBE2 ternary complex, which predicts release

rate saturation at high concentrations of SCUBE2 and SHH-

NL5 (see STAR Methods). To test this, we titrated SHH-NL5

expression by transient transfection in cells with endogenous

DISP1 (Figure S2O) and measured the rate of SHH-NL5 release

at low (1 mM) and high (10 mM) SCUBE2 (Figure 2L). Importantly,

at high SCUBE2 concentrations the rate saturated as a function

of SHH-NL5. These data are further consistent with DISP1 enzy-

matic activity and suggest the formation of a ternary DISP1-

SHH-SCUBE2 complex. Together, these results indicate that

DISP1 catalyzes the release of SHH from cells.

The Transmembrane Na+ Gradient Is Necessary for
DISP1 Activity
Given the homology between DISP1 and bacterial RND trans-

porters, we asked whether SHH transport by DISP1 is powered

by a cation gradient at the plasmamembrane. Na+ and K+ are the

two monovalent cations with appreciable concentration gradi-

ents across the plasma membrane of metazoan cells; at rest,

Na+ concentration is high outside the cell and low inside, while

K+ concentration shows the opposite distribution (Figure 3A).

We first measured SHH-NL5 release in cells treated with grami-

cidin, a pore-forming antibiotic specific for monovalent cations,

which abolishes both Na+ and K+ gradients. As shown in Fig-

ure 3B, the SHH release rate was greatly reduced by gramicidin;

importantly, gramicidin did not affect cell viability (Figure S3A)

over the course of the experiment. A similar result was observed

when cells were incubated in isotonicmedia inwhichNa+was re-

placed with K+ (Table S1), a treatment that also diminishes both

Na+ and K+ gradients (Figure 3B). Importantly, the H+-specific

ionophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP),

which equilibrates H+ gradients across membranes, had a mini-

mal effect on SHH release (Figure S3B), thus excluding H+ as a

potential driver of DISP1 activity. Together, these results suggest

that a monovalent, non-H+ cation gradient is necessary for SHH

release, although they do not identify which ion is involved.

To test the possible role of the Na+ gradient, we measured

SHH-NL5 release from cells incubated in defined low-Na+ me-

dia, adjusted to isotonicity with chloride salts of the cations K+,

Cs+, choline+, or N-methyl-D-glucamine (NMDG+) (Table S1). In

all cases, we observed a dose-dependent decrease in the

release rate with decreasing extracellular Na+ (Figures 3C,

S3C, and S3D). This effect cannot be attributed to decreases

in the membrane potential because Cs+, choline+, and NMDG+

ions are not membrane permeant at short timescales, and

thus, do not depolarize the cells, as high extracellular K+ does

(Figure S3E). Importantly, the observed effect was not caused

by cellular toxicity, as shown by measurements of cellular ATP

levels (Figure S3F) and of NAD(P)H levels (Figure S3G). Further-

more, inhibition of Na+-dependent SHH-NL5 release was rapidly

reversible: release ratewas greatly reduced upon replacement of

extracellular Na+ with choline+ and then quickly recovered

(<1 min) when cells were returned to media with high extracel-

lular Na+ (Figure 3D). Finally, DISP1-independent SHH-NL5

release by MbCD occurred normally in low-Na+ media (Fig-

ure S3H), indicating that the SHH-NL5 substrate remains acces-

sible to extracellular factors, on the cell surface. Together, these

results indicate that the Na+ gradient is required for DISP1-

dependent SHH release.

The Na+ Gradient Drives SHH Release from Cells
The acute response of SHH release to transient perturbations of

the Na+ gradient (Figure 3D) suggests that perhaps Na+ directly

drives the function of DISP1. One implication of this hypothesis is

that the rate of SHH release should be potentiated by a steeper

than normal Na+ gradient across the plasma membrane. To test

this prediction, we measured Vmax for SHH release when extra-

cellular Na+ concentration was increased above normal. Since

the Na+ concentration that we tested caused the media to be

slightly hypertonic (370mOsm), all media used in this experiment

were adjusted to the same osmolarity using either choline+ or

Cs+ cations instead of Na+. Vmax was measured by adding satu-

rating levels of purified SCUBE2 (15mM, corresponding to �5

times the KM value). Strikingly, increasing the strength of the

Na+ gradient accelerated SHH-NL5 release, with the rate dis-

playing a linear (R2 > 0.999) dependence on the Na+ electro-

chemical driving force (EDFNa
+) (Figure 3E). Significantly, media

in which Na+ was replaced with choline+ did not exhibit changes

in membrane potential (Figure S3I), thus excluding membrane

potential change as the cause of the accelerated SHH release.

We were unable to detect DISP1- and SCUBE2-dependent up-

take of radioactive 22Na+ into cells (Lee, 1984a, 1984b); perhaps

the DISP1 turnover number is too low relative to the background

ion fluxes across the plasma membrane.

We performed several experiments to test the specificity of

Na+ perturbations on DISP1- and SCUBE2-dependent SHH-

NL5 release. First, we assayed the effect of Na+ gradient

change on residual SHH-NL5 release from DISP1KO cells (Fig-

ure 3F). Second, we assayed the effect of Na+ gradient change

on SHH-NL5 release by MbCD, which is SCUBE2-independent

(Figure 3G). Third, we assayed the effect of Na+ gradient

change on the release of NL-tagged WNT3A, a lipidated Wnt

family ligand unrelated to SHH (Figures 3H and S3J–S3L).

Finally, we assayed the effect of K+ gradient change on

DISP1- and SCUBE2-dependent SHH-NL5 release, using hy-

pertonic media in which Na+ was maintained at physiological

levels but extracellular K+ was varied (Figure 3I). In none of

these experiments did we observe changes in the release

rate of either SHH or WNT3A. Together, these results indicate

that the Na+ gradient specifically drives DISP1- and SCUBE2-

dependent release of SHH, consistent with DISP1 being pow-

ered by Na+ influx.

(H) As in (E), but with L cells stably expressingWNT3A-NL, andmeasuringWNT3A-NL release intomedia containing 2%FBS.WNT3A-NL release is unaffected by

changes in the Na+ gradient. WNT3A-NL faithfully mimics serum- and palmitoylation-dependent release of untagged WNT3A (see Figures S2K–S2L).

(I) As in (E), but with incubation inmedia with varying K+ concentration, and constant Na+ gradient. The rate of SHH-NL5 release is unaffected by changes in the K+

gradient.

See also Figure S3 for additional experiments demonstrating the role of the Na+ gradient and for additional controls.
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The Transmembrane Na+ Gradient Is Not Required for
PTCH1 Activity
We next asked if and how PTCH1, the other RND-related protein

involved in Hh signaling, might also act as a cation-driven trans-

porter, a longstanding hypothesis in the field (Inghamet al., 2000;

Taipale et al., 2002). In the absence of SHH, PTCH1 localizes to

primary cilia (Rohatgi et al., 2007) and prevents the accumulation

of SMO in cilia. Upon binding SHH, PTCH1 is inhibited and

removed from cilia. This results in SMO activation and accumu-

lation in cilia (Corbit et al., 2005), leading to ciliary recruitment

and activation of GLI-family transcription factors (Humke et al.,

2010; Tukachinsky et al., 2010), which ultimately turn on the tran-

scription of Hh target genes, such asGli1 (Figure 4A). Since SMO

is the most proximal downstream target of PTCH1, and SMO

accumulation in cilia is the fastest readout for Hh pathway acti-

vation, we used it to measure PTCH1 activity and its sensitivity

to cation gradient perturbations. In some instances, we used

additional readouts of SMO and Hh pathway activation, namely,

ciliary accumulation of GLI proteins and transcription of the Hh

target gene, Gli1.

SMO and downstream Hh signaling were not activated when

the Na+ gradient was abolished by incubating cells in media in

which Na+ was replaced with choline+ (Figures 4B–4E), or

NMDG+ (Figure 4E); this shows that, in the absence of the Na+

gradient, SMO is efficiently repressed, thus PTCH1 is active.

Importantly, even in the absence of the Na+ gradient, cells re-

tained their ability to robustly activate Hh signaling in response

to the small-molecule SMO agonist, SAG (Chen et al., 2002) (Fig-

ures 4B–4E). Thus, in contrast to DISP1, the Na+ gradient is not

required for PTCH1 function.

The Transmembrane K+ Gradient Is Necessary for
PTCH1 Activity
Dramatically, replacing extracellular Na+ with K+ or Rb+ caused

the Hh pathway activation in NIH-3T3 cells, as indicated by

ciliary accumulation of SMO (Figures 5A, 5B, and S4A) and GLI

proteins (Figures 5C and S4B) and stimulation of Gli1 transcrip-

tion (Figure 5D). In all cases, the small-molecule SMO antago-

nist, SANT-1 (Chen et al., 2002), reversed these effects (Figures

5A, 5C, 5D, and S4B), indicating that Hh pathway activation was

SMO-dependent. SMO activation by high extracellular K+ was

also observed in mouse embryonic fibroblasts (MEFs) (Fig-

ure S4C). Together, these results suggest that the K+ gradient

might be required for PTCH1 function.

We also tested whether reducing the K+ gradient inhibits

PTCH1 reversibly. Hh signaling was activated with SHH, which

caused the accumulation of SMO in cilia (Figure 5E). SHH was

then washed out, and we measured the decay of ciliary SMO,

a process dependent on PTCH1 activity. As shown in Figure 5E,

ciliary SMO was removed from cilia in media of normal ionic

composition but not in high K+ media. Importantly, PTCH1 activ-

ity was recovered when cells were switched from high to low K+,

indicating that the inhibitory effect is reversible.

The treatments above alter not only the K+ gradient but also

have other effects on cells, including possible perturbations of

ciliary trafficking, energy metabolism, Ca2+ levels, and resting
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B Figure 4. The Na+ Gradient Is Dispensable

for PTCH1 Function

(A) PTCH1 is required for repressing SMO in Hh-

responding cells, by antagonizing SMO activation

by cholesterol. It is unknown what powers the

essential activity of PTCH1.

(B) Confluent NIH-3T3 cells were serum-starved

overnight, to promote ciliogenesis, and were then

incubated for 3 h in normal Tyrode’s media (4KT)

or in media in which Na+ was replaced by choline+

(140CholT). Ciliary levels of endogenous SMO

were measured by immunofluorescence micro-

scopy. Staining for the cilium-resident protein

ARL13B was used to identify cilia. Abolishing the

Na+ gradient does not cause SMO ciliary accu-

mulation. The SMO agonist SAG (500 nM) causes

ciliary accumulation of SMO in the absence of the

Na+ gradient. Data show the mean of three bio-

logical replicates, and error bars show standard

deviation around the mean. At least 100 cilia were

recorded per replicate.

(C) As in (B), but varying the concentration of

choline+ replacing extracellular Na+. Varying the

Na+ gradient does not lead to SMO ciliary accu-

mulation. SMO responds to SAG irrespective of

Na+ concentration. Data show the mean of three

biological replicates, and error bars show stan-

dard deviation around the mean. At least 100 cilia

were recorded per replicate.

(D) As in (B), but measuring the fluorescence in-

tensity of endogenous GLI proteins in cilia. Low

Na+ does not lead to GLI accumulation in cilia, in contrast to SAG or high extracellular K+ (110KT, see below). At least 300 cilia per condition were measured in a

single biological replicate. *p < 0.05, unpaired, two-tailed t test.

(E) As in (B), but replacing extracellular Na+ with NMDG+ (110NMDG-T) or K+. SMO is not recruited to cilia in 110NMDG-T, in contrast to SAG or 110KT.
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membrane potential (Em). To exclude the possibility that one of

these perturbations might have caused SMO activation, we per-

formed a number of control experiments. First, we assayed the

effect of high extracellular K+ or Rb+ on ciliary trafficking, by

measuring PTCH1 removal from cilia upon SHH binding, as

well as by assaying the constitutive ciliary localization of seroto-

nin receptor 6 (HTR6). High K+ or Rb+ allowed normal SHH-

induced PTCH1 exit from cilia (Figures 5F and S4D), while high

K+ did not change ciliary HTR6 levels (Figure S4E). These results

indicate that high extracellular K+ or Rb+ do not generally perturb

ciliary trafficking.

Second, we measured cellular ATP levels in cells incubated

with high extracellular K+ or Rb+.We found that high extracellular

K+ or Rb+ reduced cellular ATP by 40%–50%compared with low

extracellular K+ (Figure S3F). We speculated that reduction in

cellular ATP may be responsible for the blunted pathway
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Figure 5. The K+ Gradient Is Necessary for PTCH1 Function

(A) Ciliated NIH-3T3 cells were incubated for 3 h in media with either low (4KT, 4RbT) or high (110KT, 110RbT) K+ or Rb+, and endogenous SMO at cilia was

measured by immunofluorescence. High K+ or Rb+ leads to SMO accumulation in cilia, which is reversed by the SMO antagonist, SANT-1 (1 mM). SAG (500 nM)

was used as a positive control. Data represent mean of at least two biological replicates; error bars show standard deviation around the mean. At least 100 cilia

were assayed per replicate. *p < 0.05, unpaired, two-tailed t test.

(B) As in (A), but with incubation in isotonic media in which Na+ is replaced with various concentrations of monovalent cations (Li+, K+, Rb+, Cs+). Hill equation

curves with Hill slope of 3 and maximum value of 100% were fit to the data. Data represent mean of at two biological replicates; error bars show standard

deviation around the mean. At least 100 cilia were assayed per replicate.

(C) As in (A), but measuring endogenous GLI proteins in cilia. GLI proteins are recruited to cilia in media with high extracellular K+ (110KT), which is reversed by

SANT-1. The Hh pathway activators SHH and SAG were used as positive controls. At least 250 cilia were assayed per treatment condition in a single biological

replicate. *p < 0.001, one-way ANOVA.

(D) As in (A), but measuring transcription of Gli1 by quantitative RT-PCR, after incubation for 3 and 6 h. Gli1 transcription is activated in 110-KT media, which is

reversed by SANT-1. SHH was used as positive control.

(E) Reducing the K+ gradient causes reversible inhibition of PTCH1. NIH-3T3 cells were stimulated overnight with SHH, after which they were chased in media of

varying K+ concentration, and ciliary SMOwasmeasured at different times. Ciliary SMO levels drop quickly in 4KTmedia, but persist in 110KT, in which PTCH1 is

inactive. Switching cells from 4KT to 110KT inhibits PTCH1 and thus SMO removal from cilia, which is reactivated by switching back to 4KT media. At least 250

cilia were assayed per condition in a single biological replicate.

(F) Ciliated NIH-3T3 cells stably expressing EGFP-tagged PTCH1 were incubated for 3 h in the indicated media, in the presence or absence of SHH, and PTCH1

levels in cilia were measured by immunofluorescence. High levels of extracellular K+, Rb+, or Cs+ do not perturb SHH-induced removal of PTCH1 from cilia.

PTCH1 fluorescence intensity at cilia is shown as box-and-whisker plots for a single biological replicate. The dotted line shows the threshold used to compute the

percent PTCH1-positive cilia (Figure S4D). At least 100 cilia were assayed per condition.

See also Figure S4 for additional experiments demonstrating the role of the K+ gradient in Hh signaling
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activation that we observed with these treatments; however, it is

not sufficient to explain the observed pathway activation.

Third, we investigated whether divalent cations, Ca2+ and

Mg2+, affect SMOciliary dynamics andwhether they are required

for SMO activation in the presence of high extracellular K+ or

Rb+. By incubating cells in media lacking extracellular Ca2+

and Mg2+, we observed that extracellular pools of Ca2+ and

Mg2+ are dispensable for SMO inhibition by PTCH1, for SMO

activation in response to SHH, as well as for SMO activation

by high levels of extracellular K+ and Rb+ (Figure S4F). These

data suggest that any putative Ca2+ and Mg2+ fluxes are not

necessary for SMO inhibition by PTCH1.

Fourth, we asked if the membrane depolarization caused by

high extracellular K+ or Rb+ (Figure S3E), rather than a decrease

in K+ gradient, is the cause of SMO activation. Treating cells with

the sodium channel agonist veratridine, which depolarizes cells

without collapsing the K+ gradient (Figure S4G), led only to a

very slight increase in ciliary SMO (Figure S4H); thus, cellular de-

polarization cannot account for SMO activation by high K+

and Rb+.

Finally, we discovered that Cs+ causes dose-dependent accu-

mulation of SMO in cilia (Figures 5B, S4A, and S4I), which was

reversed by SANT-1 (Figure S4I). Cs+ was also more potent

than K+ or Rb+ in activating SMO (Figures 5B and S4I). Cs+ did

not perturb PTCH1 ciliary trafficking (Figures 5F and S4D),

cellular ATP levels (Figure S3F), and did not depolarize cells (Fig-

ure S3E), consistent with a specific inhibitory effect on PTCH1.

Interestingly, Cs+ did not collapse the K+ gradient, suggesting

a different explanation for its effect. We note that the potency

of PTCH1 inhibition increases as a function of van der Waals

radius for K+, Rb+, and Cs+ (Figure S4J); we speculate that

Cs+, and to a lesser extent Rb+, might inhibit PTCH1 by

occluding a putative cation-conducting pore in PTCH1.

A Possible Mechanism for Cation-Dependent DISP1 and
PTCH1 Function
We used structure-guided mutagenesis and functional assays to

probe the role of cations in DISP1 and PTCH1 function. Homol-

ogy between DISP1, PTCH1, and H+-powered bacterial RNDs

is highest within their transmembrane (TM) domains. In particular,

there is striking conservation of three sets of polar residues within

helices TM4, TM10, and TM11 (Figure 6A). In AcrB (Murakami

et al., 2006; Seeger et al., 2006), these residues form an alter-

nating hydrogen-bonding network (Figure 6B). In the absence

of protons, the two neighboring aspartate residues in TM4

(D407 and D408) are ionized and coordinate the ε-amino group

of the lysine residue in TM10 (K940). In the presence of protons,

the glutamic acid residues in TM4 are titrated, and the ε-amino

group of the lysine in TM10 now interacts with the serine and thre-

onine residues in the neighboring TM11 (T978 and S979). By

altering the hydrogen-bonding network of these TM-resident res-

idues, AcrB couples proton binding to conformational changes

that enable substrate pumping (Pos, 2009). Consistent with this

mechanism, the three sets of polar residues are necessary for

AcrB function (Su et al., 2006; Takatsuka and Nikaido, 2006).

While DISP1 and PTCH1 both contain the TM4-resident aspar-

tate found in bacterial RNDs, they lack the opposing, TM10-resi-

dent lysine; instead, this residue is replaced with an acidic one,

either aspartate in DISP1 or glutamate in PTCH1 (Figure 6A). We

hypothesize that the triad of acidic residues in TM4 and TM10 of

DISP1 and PTCH1 forms a cation-binding pocket, such that, in

the cation’s presence, a salt bridge forms between TM4 and

TM10, analogous to the link between TM4 and TM10 in unproto-

nated AcrB (Figure 6C). Upon cation dissociation, the negative

charge of these residues would lead to electrostatic repulsion

and dissolution of the salt bridge, and formation of a hydrogen

bond between the first TM4 aspartate of DISP1 and PTCH1 and

the TM11 serine/threonine cluster (Figure 6C). At least for

PTCH1, evidence of such an alternating hydrogen-bonding

network can be found in recent cryo-EM structures (Figure S5).

The prediction of this model is that this set of polar residues

would be necessary for DISP1 and PTCH1 function. This was

shown for the TM4 aspartate residues in both DISP1 (Ma et al.,

2002) and PTCH1 (Taipale et al., 2002). Additionally, we found

that the TM11 serine/threonine cluster is absolutely required

for DISP1 (Figures 6D, S6A, and S6B) and PTCH1 (Figures 6E

and S6C) function. In accordance with the proposed mechanism

(Figure 6C), the introduction of a lysine residue (i.e., non-dissoci-

ating cation) within the TM4-TM10-TM11 network drastically in-

hibits both DISP1 (Figures 6D, S6A, and S6B) and PTCH1 (Fig-

ures 6E and S6C). Finally, we found that low pH inhibits, while

high pH potentiates DISP1 activity (Figure 6F), an effect that

can be explained by protonation of TM-resident acidic residues

inhibiting cation coordination. The observed pH dependence is

consistent with the calculated pKa values (Kilambi and Gray,

2012) of the three TM-resident acidic residues in DISP1 (3.8,

3.5, and 4.1, for D571, D572, and D1049, respectively). A similar

effect has been observed for the Na+-powered human choline

symporter (hCHT) (Iwamoto et al., 2006). Together, these data

support DISP1 and PTCH1 as transporters powered by non-H+

cations and point to a possible mechanism for how cation-

induced conformational changes in the TM domain are trans-

lated into substrate pumping.

DISCUSSION

Among signaling pathways that orchestrate animal embryogen-

esis, the Hh pathway stands out for the critical role played by

cholesterol at two different steps. First, cholesterol is covalently

attached to SHH, a unique modification catalyzed by the C-ter-

minal domain of the SHH precursor (Porter et al., 1996). Second,

the GPCR-like protein SMO, which conveys signals to the

cytoplasm, is directly activated by cholesterol (Huang et al.,

2016; Luchetti et al., 2016). In both instances, the pathway

employs RND-related proteins: DISP1 interacts with cholestery-

lated SHH and hands it off to an extracellular SCUBE family

protein (Creanga et al., 2012; Tukachinsky et al., 2012), resulting

in SHH morphogen release, while PTCH1 interacts with choles-

terol and antagonizes SMO, thus repressing Hh signal transduc-

tion. Two important open questions are whether eukaryotic

RND-like proteins, such as DISP1 and PTCH1, function as trans-

porters, and what is the energy source that powers them. Pro-

karyotic RNDs use the H+ gradient across the plasmamembrane

(Figure 7A), which does not exist in most eukaryotic cells. Here,

we directly demonstrated the transporter activity for a eukaryotic

RND-like protein, DISP1. We then showed that DISP1 is pow-

ered by the Na+ gradient at the plasma membrane, while the

K+ gradient is dispensable (Figure 7B). Interestingly, we found
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Figure 6. A Conserved Cation-Sensitive Network Necessary for DISP1 and PTCH1 Function
(A) Sequence alignment of DISP1, PTCH1, and E. coli AcrB and AcrD. TM helices are shown as yellow boxes, with red dots indicating polar residues necessary for

DISP1, PTCH1, and AcrB function.

(B) Proton-dependent conformational changes in AcrB (PDB: 2gif). TM4-resident D407 and D408 residues alternate between being deprotonated and bound to

the TM10-resident K940 (left) and being protonated and with K940 bound to T978/S979 in TM11 (right).

(C) Proposedmodel of cation-dependent conformational switching in DISP1 and PTCH1. TM10 hosts an aspartate in DISP1 and glutamate in PTCH1, instead of a

lysine. This suggests that the deprotonated acidic residues in TM4 and TM10 form a cation-binding site. In the absence of cation, the first TM4 aspartate binds to

the S/T cluster in TM11, to effect conformational change. Residue numbers are for mouse DISP1 and PTCH1.

(D) TM-resident polar residues in DISP1 are necessary for SHH release. DISP1KO HEK293T cells stably expressing SHH-NL5 were stably rescued with DISP1

mutants, and SCUBE2-dependent SHH-NL5 releasewasmeasured. Protein synthesis was inhibited with CHX (100 mg/mL). Data show an estimate of release rate

normalized to DISP1 and SHH-NL5 levels in single biological replicate; error bars represent combined standard error and standard deviation around the mean.

(E) TM-resident polar residues inPTCH1are necessary forSMOrepression.PTCH1mutantswere stably expressed inPtch1�/�MEFs, and their ability to reduce ciliary

levels of endogenousSMOwasassayedby immunofluorescence. SAG (500 nM) andSANT-1 (1mM) served as apositive andnegative control, respectively. Error bars

represent the standard deviation around the mean of two biological replicates. At least 100 cilia were assayed per replicate. *p < 0.01, unpaired, two-tailed t test.

(F) As in (D), but HEK293T cells stably expressing SHH-NL5 were incubated with SCUBE2 (1 mM), in modified Tyrode’s media with high Na+, choline+ or Cs+,

buffered to different pH values. SHH-NL5 release is potentiated by increasing pH, but only if the Na+ gradient is present. Error bars are obscured but indicate

standard error of the estimate in a single replicate.

See also Figure S5 for evidence of an alternating hydrogen-bonding network in PTCH1, similar to AcrB. See also Figure S6 for characterization of cells used for

DISP1 and PTCH1 mutant analysis.
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that PTCH1 displays the opposite behavior: The K+ gradient is

necessary for its activity in Hh signaling, but the Na+ gradient

is dispensable (Figures 7C and 7D). Thus, Na+ and K+, the two

monovalent cations that form substantial gradients across the

plasma membrane of animal cells, are used to power DISP1

and PTCH1, respectively. Despite diverged cation specificity,

however, the mechanism by which cation binding is translated

into substrate pumping appears conserved between DISP1,

PTCH1, and prokaryotic RNDs, as indicated by our functional

studies.

Past investigations of DISP1 (Creanga et al., 2012; Tukachin-

sky et al., 2012) lacked the sensitivity and temporal resolution

needed to address the role of ion gradients.We, therefore, devel-

oped a fast and sensitive NL luciferase assay, inspired by an

earlier Renilla luciferase assay (Ma et al., 2002), which allowed

us to directly study the kinetics of SHH substrate release by

DISP1 and purified SCUBE2, in media of defined ionic composi-

tion. Our measurements indicate that DISP1 is a transporter

quantitatively described by Michaelis-Menten kinetics, with a

catalytic rate constant (kcat) that is a function of the transmem-

brane Na+ gradient. Strikingly, a steeper Na+ gradient increases

kcat and accelerates SHH release, indicating that the Na+

gradient directly controls DISP1.

Why would DISP1 need energy to catalyze SHH release, given

that SHH is likely more concentrated on the membrane than in

the extracellular space? We speculate that the cholesteryl an-

chor of SHH is strongly attached to membrane lipids, resulting

in high activation energy for direct SHH transfer to SCUBE2.

To catalyze SHH transfer, DISP1 would not only need to provide

a pathway for the cholesteryl anchor from the membrane to

SCUBE2 but also to overcome the binding energy between an-

chor and membrane. Importantly, energy consumption would

ensure that SHH transfer by DISP1 is unidirectional. Similar con-

siderations apply for energy utilization during cholesterol trans-

port by PTCH1 (see below).

The present kinetic data and previous cross-linking experi-

ments using SHH modified with photoreactive cholesterol ana-

A B

C D

Figure 7. RND-Catalyzed Cholesterol

Transport in the Hh Pathway

(A) Schematic of the prototypical prokaryotic H+-

powered RND transporter, E.coli AcrB.

(B) DISP1 functions as a Na+-powered antiporter,

transporting cholesterylated SHH from the outer

leaflet of the plasma membrane and handing it off

to extracellular SCUBE2.

(C and D) Two possible modes of K+-powered

cholesterol transport by PTCH1. In (C), PTCH1

moves cholesterol between the two leaflets of the

membrane, making it unavailable for SMO activa-

tion. In (D), PTCH1 transports cholesterol from

SMO to the membrane, thus catalyzing SMO

deactivation.

logs (Tukachinsky et al., 2012), are

consistent with the formation of a

DISP1-SHH-SCUBE2 complex. SHH

transfer from DISP1 to SCUBE2 resem-

bles, in reverse, the transfer of cholesterol

between the soluble NPC2 protein and

NPC1 (Infante et al., 2008), for which a stable NPC1-NPC2 inter-

action has been observed (Deffieu and Pfeffer, 2011). We have

so far been unable to detect DISP1-SCUBE2 binding, even in

the presence of SHH, possibly because such an interaction is

transient. Further studies will be necessary to dissect SHH trans-

fer from DISP1 to SCUBE2, and to capture and structurally char-

acterize a possible ternary complex.

Unlike DISP1, the mode and direction of cholesterol transport

by PTCH1 are unclear (see below). Thus, instead of directly assay-

ing substrate transport by PTCH1, we measured PTCH1 activity

using endogenous downstream readouts of the Hh pathway, pri-

marily the activity state of SMO. We found that PTCH1 represses

SMO efficiently and keeps the Hh pathway off even when the Na+

gradient is abolished, in contrast to DISP1. Strikingly, abolishing

the K+ gradient leads to PTCH1 inhibition and Hh pathway activa-

tion, as assayed by SMO and GLI recruitment to primary cilia, and

activation of target gene transcription. Importantly, other effects

can be excluded as the cause of the Hh pathway activation,

including membrane depolarization, energy metabolism, or ef-

fects on ciliary trafficking. These results indicate that the K+

gradient powers PTCH1 activity.

Our observation that the Na+ gradient is dispensable for SMO

repression by PTCH1 contrasts with a recent report claiming

that PTCH1 activity requires the Na+ gradient (Myers et al.,

2017). Although the reason for this discrepancy is not clear, it

might be due to one of several differences in experimental design.

We used MEFs that display robust cilia-dependent Hh signaling,

while the other study used HEK293T cells, which lack endoge-

nousHh signaling.We assayed endogenousSMO,while the other

study assayed truncated SMO fused toGai, a construct of unclear

physiological relevance in Hh signaling. Finally, we used physio-

logical readouts of SMO activation, while the other study

measured the reduction of forskolin-enhanced cAMP levels.

Our results clarify the relationship between the direction of

substrate transport and ion flow in eukaryotic RND-related pro-

teins. In the case of DISP1, cholesterylated SHH is transported

from the membrane to the extracellular space, while Na+ ions
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flow along their concentration gradient from the extracellular

space inward. Thus, DISP1 is a Na+/SHH antiporter, similar to

bacterial RNDs, which are H+/substrate antiporters, pumping

substrates out of the cell while H+ ions flow inward.

In the case of PTCH1, the pathway of cholesterol transport re-

mains unresolved, a question with important implications for the

mechanism of SMO repression. One suggestion is that PTCH1

moves cholesterol from the inner to the outer leaflet of the plasma

membrane (Zhang et al., 2018); however, the imaging method for

measuring cholesterol used in this study has been questioneddue

to its strong dependence on the phospholipid composition of the

membrane (Courtney et al., 2018). If PTCH1 is an antiporter, the

fact that it is powered by the K+ gradient implies that it must trans-

port cholesterol toward the cell, while K+ ions flow outward; this is

similar to how cholesterol movement occurs in the NPC2-NPC1

system, from the lysosomal lumen into the limiting membrane.

For a PTCH1 K+/cholesterol antiporter, we envision two possibil-

ities: PTCH1 moves cholesterol from the outer to the inner leaflet

of the membrane (Figure 7C), or PTCH1 accepts cholesterol

directly from SMO, perhaps from the CRD, and transports it to

the outer leaflet of the membrane (Figure 7D). The former model

implies that PTCH1 prevents SMO activation by cholesterol, for

example, by lowering cholesterol concentration in the ciliarymem-

brane. In contrast, the latter model implies that PTCH1 catalyzes

the deactivation of cholesterol-bound SMO. We note that choles-

terol transport postulated by this latter model is consistent with

recent cryo-EM studies (Gong et al., 2018; Qian et al., 2019), in

which sterol densities are observed both in the extracellular

domain and in an outer leaflet-proximal groove of PTCH1, sug-

gesting a conduit from SMO to the membrane. An attractive

aspect of this model is that it explains the specificity of PTCH1

for SMO and the Hh pathway, in contrast to a model in which

PTCH1 transports cholesterol independent of SMO. Another

implication of this model is that SMO can bind cholesterol early

in the secretory pathway, and PTCH1 would remove it only

when SMO reaches the cilium. Importantly, even though choles-

terol-bound SMO might adopt an active conformation outside

the cilium, it would not trigger Hh signaling, as that requires the

presence of cilia-localized pathway components. Functional ex-

periments will be required to elucidate this important aspect of

the PTCH1-SMO interaction.

A useful estimate is that of the free energy that transmembrane

Na+ and K+ gradients can provide for cholesterol transport by

DISP1 and PTCH1, respectively. The power of an ionic gradient

is expressed as Gibbs free energy, which can be calculated ac-

cording to Equation 1:

DGion = zFðEDFionÞ (Equation 1)

where, z is the ion charge, F is the Faraday constant, and EDFion
is the electrochemical driving force. In a typical fibroblast

(Em=�54 mV, [Na+]out = 150 mM and [Na+]in = 15 mM) the Na+

gradient has an EDFNa+=�115 mV, which translates into

�11 kJ/mol of free energy available for Na+-powered transport

by DISP1. In the case of PTCH1, we must consider that it func-

tions at the ciliary membrane (Rohatgi et al., 2007), which has

electrophysiological properties slightly different from the plasma

membrane (Delling et al., 2013); specifically, at the primary

cilium, Em=�20 mV, [K+]out = 4 mM and [K]in = 70mM. These pa-

rameters yield an EDFK+ = 54mV, corresponding to�5.2 kJ/mol

of free energy available for K+-powered cholesterol transport by

PTCH1. To put these free energy values in perspective, we

consider the Na+-powered glucose symporter SGLT2 (Coady

et al., 2017) and the Na+-powered choline symporter hCHT (Iwa-

moto et al., 2006). These proteins transport one Na+ ion per sub-

strate molecule, and voltage-current studies show that an

EDFNa+> 5 kJ/mol Na+ is sufficient to power these transporters.

Thus, the energy supplied by the plasma membrane Na+

gradient or by the ciliary K+ gradient is likely sufficient to power

substrate transport by DISP1 and PTCH1, respectively.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit monoclonal anti-SHH (clone C9C5) Cell Signaling Technology Cat# 2207S; RRID: AB_2188191

rabbit monoclonal anti-WNT3A

(clone C64F2)

Cell Signaling Technology Cat# 2721;

RRID: AB_2215411

rabbit polyclonal anti-GFP Rockland Cat# 600-401-215; RRID: AB_828167

mouse monoclonal anti-tubulin

(clone DM1A)

Sigma; Blose et al., 1984 Cat# T6199;

RRID: AB_477583

mouse monoclonal anti-acetylated tubulin

(clone 6-11B-1)

Sigma Cat# T7451;

RRID: AB_609894

goat polyclonal anti-mSMO Nedelcu et al., 2013 N/A

rabbit polyclonal anti-mCherry Nedelcu et al., 2013 N/A

chicken polyclonal anti-mARL13B This study N/A

rat anti-HA (clone 3F10)–HRP conjugate Roche Cat# 12013819001; RRID: AB_390917

sheep anti-mouse IgG–HRP conjugate Jackson ImmunoResearch Cat# 515-005-003; RRID: AB_2340287

donkey anti-rabbit IgG–HRP conjugate GE Healthcare Cat# NA934;

RRID: AB_772206

donkey anti-goat IgG–Alexa Fluor 488

conjugate

Thermo Cat# A-11055;

RRID: AB_2534102

donkey anti-rabbit IgG–Alexa Fluor 555

conjugate

Thermo Cat# A-31572; RRID: AB_162543

donkey anti-chicken IgY–Alexa Fluor 647

conjugate

Jackson ImmunoResearch Cat# 703-605-155; RRID: AB_2340379

Bacterial and Virus Strains

E. coli BL21 (DE3) pLysS Sigma Cat# 69451

Chemicals, Peptides, and Recombinant Proteins

polyethylenimine (PEI), linear, MW 25000 Polysciences Cat# 23966

TransIT-293 Transfection Reagent Mirus Cat# MIR2700

cycloheximide (R94%) Sigma Cat# C7698

methyl-b-cyclodextrin (MbCD) Sigma Cat# 332615

IWP-2 (PORCN inhibitor) (R98%) Sigma; Wang et al., 2013 Cat# I0536

SAG (SMO agonist) (R98%) Axxora; Chen et al., 2002 Cat# BV-1939

SANT-1 (SMO antagonist) (R95%) Calbiochem; Chen et al., 2002 Cat# 559303

gramicidin A Sigma Cat# 50845

veratridine (R98%) Tocris Bioscience Cat# 2918

bis-(1,3-dibutylbarbituric acid) trimethine

oxonol (DiBAC4(3)) (R95%)

Sigma Cat# D8189

carbonyl cyanide 3-chlorophenylhydrazone

(CCCP) (R97%)

Sigma Cat# C2759

staurosporine (>99%) LC Laboratories Cat# S-9300

oligomycin A (R99%) Sigma Cat# 75351

See Table S1 for composition of modified

Tyrode’s media utilized in this study

This study N/A

FLAG peptide: NH2-DYKDDDDK-OH Genscript N/A

6xHis-mARL13B (antigen for immunization) This study N/A

MBP-mARL13B (for antibody affinity

purification)

This study N/A

FLAG-HT7-mSCUBE2-DFurin This study N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

MiSeq Reagent Kit v2 Illumina Cat# MS-102-2001

Affi-Gel 10 Gel Bio-Rad Cat# 1536099

anti-FLAG M1 resin Millipore Cat# A4596

Amicon Ultra-4 Centrifugal Filter Unit –

10kDa cutoff

Millipore Cat# UFC8010

Superdex 200, 10/300 GL GE Healthcare Cat# 17517501

Nano-Glo Luciferase Assay Promega Cat# N1120

BCA Assay G Biosciences Cat# 786-570

TRIzol Reagent Thermo Cat# 15596018

RQ1 RNase-Free DNase Promega Cat# M6101

LunaScript RT SuperMix Kit NEB Cat# E3010L

PowerUp SYBR Green Master Mix Thermo Cat# A25742

CellTiter-Glo Luminescent Cell

Viability Assay

Promega Cat# G7572

MTT Cell Proliferation Assay Kit Cayman Chemical Cat# 10009365

Experimental Models: Cell Lines

Human: HEK293T ATCC Cat# CRL-3216; RRID: CVCL_0063

Human: HEK293S GnTI- A.C. Kruse; ATCC; Reeves et al., 2002 Cat# CRL-3022; RRID: CVCL_A785

Mouse: L cell ATCC Cat# CRL-2648; RRID: CVCL_4536

Mouse: L Wnt-3A ATCC Cat# CRL-2647;

RRID: CVCL_0635

Mouse: NIH-3T3 ATCC Cat# CRL-1658;

RRID: CVCL_0594

Mouse: Ptch1 -/- MEF Goodrich et al., 1997 N/A

Human: DISP1KO HEK293T This study N/A

Oligonucleotides

mRpl27 qRT-PCR forward primer:

5’-GTCGAGATGGGCAAGTTCAT-3’

Nedelcu et al., 2013 N/A

mRpl27 qRT-PCR reverse primer:

5’-GCTTGGCGATCTTCTTCTTG-3’

Nedelcu et al., 2013 N/A

mGli1 qRT-PCR forward primer:

5’-GGCCAATCACAAGTCAAGGT-3’

Nedelcu et al., 2013 N/A

mGli1 qRT-PCR reverse primer:

5’-TTCAGGAGGAGGGTACAACG-3’

Nedelcu et al., 2013 N/A

See Table S2 for a list of CRISPR gRNA

oligonucleotides and sequencing primers

utilized in this study

This study N/A

Recombinant DNA

See Table S3 for a list of all plasmids utilized

in this study

This study N/A

Software and Algorithms

MetaMorph Microscopy Automation and

Image Analysis Software

Molecular Devices http://www.moleculardevices.com/

Products/Software/Meta-Imaging-Series/

MetaMorph.html;

RRID: SCR_002368

MATLAB MathWorks http://www.mathworks.com/products/

matlab/;

RRID: SCR_001622

FIJI National Institutes of Health http://fiji.sc;

RRID: SCR_002285
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for reagents should be directed to, and will be fulfilled by, the Lead Contact, Adrian Salic (asalic@

hms.harvard.edu).

Materials Availability
All newly generated plasmids and cell lines are available from the Lead Contact upon request.

Data and Code Availability
This study did not generate datasets. Custom MATLAB scripts utilized for image analysis are available from the Lead Contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
HEK293T, HEK293S GnTI-, NIH-3T3, and L cells were purchased from ATCC. L cells, HEK293T and HEK293S GnTI- cells, and

Ptch1-/- MEFs (Goodrich et al., 1997) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum

(FBS), penicillin, and streptomycin. NIH-3T3 cells were grown in DMEM with 10% bovine calf serum (BCS), penicillin, and strepto-

mycin. HEK293T and HEK293S GnTI- cells are female. NIH-3T3 and L cells are male. The sex of Ptch1-/- MEFs has not been deter-

mined. Stable lines were generated by lentiviral transduction, followed by blasticidin selection (50 mg/mL), as described (Tukachinsky

et al., 2012). Briefly, HEK293T cells were transiently transfected (TransIT-293, Mirus) with lentiviral constructs bearing transgenes of

interest; lentivirus-conditioned medium was harvested after 48 h and used to infect cells of interest. For transient expression exper-

iments, cells were transfected using polyethylenimine (PEI, Polysciences). For SHH-NL5 titration experiments, the amount of trans-

fected DNA was equalized by mixing the SHH-NL5 expression construct with carrier plasmid DNA (pBluescript).

Generation of DISP1 Knockout (DISP1KO) HEK293T Cells by CRISPR/Cas9
Two gRNA sequences were chosen, in exons 2 and 4 (the first and third exons with coding sequence) of human DISP1 (crispr.mit.

edu). Targeting constructs were generated in a derivative of pX330 (Cong et al., 2013) expressing EGFP-tagged Cas9. HEK293T cells

were co-transfected with the two targeting plasmids, and EGFP-positive cells, isolated by fluorescence-activated sorting, were

plated clonally. Genomic DNA was extracted from single clones and was initially screened by PCR, to identify cells with large dele-

tions spanning the two gRNA-targeted loci. A clonal line harboring a 47.7-kbp deletion allele was identified. Both gRNA loci were then

PCR amplified and Sanger sequenced to define all lesions present. Lesions were further confirmed by sequencing target locus am-

plicons on a MiSeq instrument (Illumina). The DISP1KO line used in this study harbors a deletion allele, as well as alleles with frame-

shifts at both targeted loci. Two indels causing frameshifts were identified at the exon 2 locus, and one indel causing frameshift at the

exon 4 locus. No wild-type sequences were observed by MiSeq at either locus. That two frameshifts were identified for exon 2

perhaps reflects the presence of 3 copies of the DISP1 locus in HEK293T cells.

METHOD DETAILS

Antibodies
The following antibodies were purchased: rabbit anti-SHH monoclonal antibody (Cell Signaling Technology), rabbit anti-WNT3A

monoclonal antibody (Cell Signaling Technology), rabbit anti-GFP polyclonal antibody (Rockland), mouse monoclonal anti-tubulin

(Sigma), mouse anti-acetylated tubulin monoclonal antibody (Sigma), rat anti-HA–HRP conjugate (Roche), sheep anti-mouse

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

JalView Waterhouse et al., 2009 http://www.jalview.org/;

RRID: SCR_006459

PyMOL Schrodinger http://www.pymol.org/; RRID:SCR_000305

Prism 8 GraphPad http://www.graphpad.com/;

RRID: SCR_002798

Photoshop CS5 Adobe https://www.adobe.com/products/

photoshop.html;

RRID: SCR_014199

Inkscape Inkscape https://inkscape.org/en/;

RRID: SCR_014479
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IgG–HRP conjugate (Jackson ImmunoResearch), donkey anti-rabbit IgG–HRP conjugate (GE Healthcare), donkey anti-goat IgG–

Alexa Fluor 488 conjugate (Thermo), donkey anti-rabbit IgG–Alexa Fluor 555 conjugate (Thermo), and donkey anti-chicken IgY–

Alexa Fluor 647 conjugate (Jackson ImmunoResearch). Antibodies against mCherry (Nedelcu et al., 2013) and against mouse

SMO (Tukachinsky et al., 2010) were described previously. Polyclonal antibodies against mouse ARL13B (mARL13B), a marker of

cilia, were raised in chickens. Briefly, 6xHis-tagged mARL13B was expressed in E. coli (BL21 DE3 pLysS, Novagen), was purified

as a soluble protein, and was used to immunize hens (Abcore). Whole IgY was isolated from eggs laid by the immunized hens, as

described (Pauly et al., 2011). Anti-mARL13B antibodies were isolated from whole IgY, by affinity purification against recombinant

MBP-tagged mARL13B immobilized on Affi-Gel 10 beads (Bio-Rad).

DNA Constructs
All constructs were subcloned into a lentiviral CMV promoter-driven expression vector. Overlapping PCRwas used to introduce mu-

tations and to assemble fusions, and the resulting constructs were confirmed by sequencing. Mouse DISP1 and PTCH1 were tagged

with mCherry fluorescent protein at their C-termini. SHH-NL fusions were generated by inserting the coding sequence for NanoLuc

(NL, Promega), flanked by two glycine residues on either end, between the following residues of the N-terminal signaling domain of

human SHH: K32 and R33; N69 and S70; S70 and E71; P82 and D83; N91 and T92; P118 and G119; E130 and D131; R153 and D154;

K194 and S195. WNT3A-NL consists of the influenza hemagglutinin signal sequence, one copy of the FLAG epitope, the NL

sequence, followed by the sequence ofmouseWNT3Awithout signal sequence; this is the same tagging location as used to generate

epitope-tagged functional WNT3A (Farin et al., 2016). The expression construct for producing mouse SCUBE2 contained, from the N

terminus: the influenza hemagglutinin signal sequence, one copy of the FLAG epitope, the mutant bacterial dehalogenase HaloTag7

(Ohana et al., 2009), a PreScission protease cleavage site, and the sequence of SCUBE2without the signal sequence. To increase the

yield of full-length SCUBE2, the putative furin cleavage site was mutated (R274A, R276A, R277A).

Custom Media Formulations
Cell culture media of defined ionic composition were based on Tyrode’s solution, and are described in Table S1.

Fluorescence-Activated Cell Sorting
A single-cell suspension at 10x106 cells per mL in phenol red-free DMEM, supplemented with 0.5% FBS was made by trypsinizing,

pelleting, and resuspending cells. The suspension was passed through a 35mmnylon strainer and cells were sorted on a FACSAria III

(BD Biosciences) cell sorter equipped with a 561nm yellow laser and multi-sort option. The population fluorescence distribution was

measured for each population after the sort.

Protein Expression and Purification
SCUBE2 was affinity purified on anti-FLAG-M1 resin (Millipore), from media conditioned by HEK293S GnTI- cells stably transduced

with the SCUBE2-expressing lentivirus. Briefly, conditioned media was clarified by centrifugation and filtration, and was then

adjusted to 300 mM NaCl, 2 mM CaCl2, and 0.1% Triton X-100. The media was applied twice to a column packed with anti-

FLAG-M1 resin, at 4�C. The column was washed with >10 column volumes of wash buffer with detergent (10 mM Tris pH 8,

150 mM NaCl, 2mM CaCl2, 0.1% Triton X-100), followed by >20 column volumes of wash buffer without detergent (10 mM Tris

pH 8, 150 mM NaCl, 2mM CaCl2). The protein was eluted at room temperature, with 100 mg/mL FLAG peptide (Genscript) in Tris-

buffered saline (TBS, 10 mM Tris pH 8, 150 mM NaCl). Fractions containing the protein were pooled and concentrated using

centrifugal concentrators (Millipore), according to the manufacturer’s instructions. SCUBE2 was further purified by gel filtration on

a Superdex 200 column (GE Healthcare).

Luciferase-based SHH Release Assays
HEK293T cells stably expressing SHH-NL5were plated on poly-D-lysine, in completemedia. The next day, the cells were exchanged

into DMEM, andwere cultured overnight. The cells werewashed three timeswith DMEM, to remove all serum, andwere preincubated

with cycloheximide (100mg/mL, Sigma) for 30 min. The release reaction was started by switching the cells into media supplemented

with purified SCUBE2, BSA (negative control), or methyl-b-cyclodextrin (MbCD, Sigma), in the continued presence of cycloheximide.

The cells were incubated at 37�C in a cell culture incubator, and aliquots of the supernatant were withdrawn at specified time points.

Between time points, the plates were gently shaken to ensure even mixing of media. Collected supernatants were centrifuged, to

remove possible cellular debris, and NanoLuc activity was measured on a Wallac Victor3 Microplate Reader (Perkin-Elmer), using

Nano-Glo Luciferase Assay Substrate (Promega), according to the manufacturer’s instructions. Luminescence measurements

were corrected for the decreasing supernatant volume during the assay. Only linear portions of release curves were used to calculate

initial release rates. In experiments comparing SHH-NL5 release between different cell lines, the cells were also harvested at the end

of the experiment (30 min), were lysed in TBS with 0.2% Triton X-100, and NanoLuc activity was measured, to determine SHH-NL5

expression levels. Only a small fraction (<5%) of total SHH-NL5 was released from cells during the 30-minute duration of the release

assay. Specific modifications of this protocol used during initial assay development are noted in the associated figure legends. Lumi-

nescence dynamic range and standard curves were determined using recombinant NanoLuc, expressed and purified from bacteria.
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WNT3A Release Assays
L cells stably expressing WNT3A or WNT3A-NL were grown overnight in complete media, and were washed thrice with DMEM. The

cells were then incubated overnight in DMEMwithout serum or with 10% FBS, in the absence or presence of the Porcupine (PORCN)

inhibitor, IWP-2 (2mM, Sigma). Media was harvested, was centrifuged to remove cellular debris, and released WNT3A was detected

by SDS-PAGE and immunoblotting, while released WNT3A-NL was measured by luminescence, as for SHH-NL5. Total WNT3A-NL

was measured in cell lysates, as for SHH-NL5. For measuring the effect of the Na+ gradient on WNT3A-NL release rates, after

washing with DMEM, the cells were preincubated in DMEM with cycloheximide (100mg/mL) for 30 min, after which WNT3A-NL

release was initiated by switching cells into the indicated Tyrode’s media, supplemented with cycloheximide and 2% FBS. Aliquots

of the supernatant were withdrawn at specified time points, and released WNT3A-NL was measured as above. Remaining WNT3A-

NL was measured in cell lysates.

Total Protein Measurements
Total protein was measured using a BCA assay (G Biosciences), according to manufacturer’s recommendations, using cell lysates

harvested at the end of each experiment (see above). Briefly, 5-10mL of cell lysate was combined with 1mL BCA reagent and incu-

bated at 37�C for 60min. Absorbancewas read at 562nmusing a Cary 300UV-Vis spectrophotometer (Agilent). Protein concentration

was determined according to a BSA standard curve.

Immunoblot-based SHH Release
Onday 1, wild-type orDISP1KO HEK293T cells were plated in 6-well format, such that they would reach 50%confluence the next day.

On day 2, cells were transiently transfected with SHH and the indicated SCUBE2 and DISP1 constructs. On day 3, the cells were

washed three times with DMEMat 2-hour intervals to remove serum and then into DMEM for overnight collection. Conditionedmedia

was harvested, centrifuged to remove debris, and then subjected to trichloroacetic acid (TCA) precipitation. Precipitated proteins

were separated by SDS-PAGE, and released SHH was detected by immunoblotting (Tukachinsky et al., 2012).

Microscopy and Immunofluorescence
On day 1, cells were plated on gelatin-coated glass coverslips, such that they would reach confluence the next day. On day 2, the

cells were serum-starved, by overnight incubation in DMEM. On day 3, the cells were incubated under the indicated conditions, after

which they were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS, 10mM Na2HPO4, 1.8mM KH2PO4, 2.7mM KCl,

137mM NaCl) at room temperature, for 15 min. The cells were washed with TBS, were permeabilized with TBST (TBS with 0.2%

Triton X-100), and were incubated in a blocking solution (25mg/mL BSA in TBST). Immunofluorescence was performed as described

(Tukachinsky et al., 2010). The primary antibodies were: chicken anti-ARL13B, rabbit anti-mCherry, goat anti-SMO, each at 2mg/mL

final concentration. The secondary antibodies were: donkey anti-goat IgG–Alexa Fluor 488 conjugate, donkey anti-rabbit IgG–Alexa

Fluor 555 conjugate, donkey anti-chicken IgY–Alexa Fluor 647, each at 1mg/mL final concentration. Images were acquired with a 40x

Plan Apo 0.95 N.A. objective lens (Nikon), on a TE2000Emicroscope (Nikon) equipped with amotorized stage (Prior Scientific) and an

OrcaER camera (Hamamatsu Photonics). Ciliary fluorescence intensity was quantified using custom-built scripts implemented in

MATLAB, as described (Nedelcu et al., 2013). At least 100 cilia were analyzed per condition. Details of statistical testing are described

in figure legends.

Quantitative RT-PCR
Measurements of Gli1 expression, relative to the housekeeping gene Rpl27, were done by quantitative RT-PCR, as described (Tu-

kachinsky et al., 2016). Briefly, cells were serum-starved overnight and treated as described in the figure legends. TRIzol (Thermo)

was used to extract total RNA, which was treated with DNAse I (Promega) and re-extracted with TRIzol prior to reverse transcription

(LunaScript RT SuperMix, NEB). cDNA samples were quantified with PowerUp SYBR Green Master Mix (Thermo) and the indicated

primers (Key Resources Table). Biological triplicates were performed for all assays.

Em Measurements
DiBAC4(3) (Sigma), a dye with Em-sensitive uptake (Epps et al., 1994), was used to measure Em for cells incubated in various media.

Confluent NIH-3T3 cells were serum-starved in DMEM for 4-6 h, after which the cells were detached by trypsinization, were washed,

and the cell suspension was incubated with DiBAC4(3) (400nM), for 30 min at 37�C. The cells were then analyzed on a FACSCalibur

flow cytometer (BD Biosciences), using 488nm laser excitation and a 530/30 emission filter. Media with various K+ concentrations

were used as positive controls for membrane depolarization. A standard curve for DiBAC4(3) fluorescence was determined by per-

meabilizing cells with 2mg/mL gramicidin A (Sigma), incubating them with DiBAC4(3) (0, 25, 50, 100, 200, 400nM), followed by fluo-

rescence measurement by flow cytometry.

Cellular ATP Measurements
NIH-3T3 cells were plated in 96-well plates, at a density of 40,000 cells per well. The next day, the complete media was replaced with

DMEM, followed by overnight incubation. The cells were washed again with DMEMandwere then incubated inmedia of defined ionic

composition, for 3 or 6 h. After the incubation period, cellular ATP was measured using the CellTiter-Glo reagent (Promega), accord-

ing tomanufacturer’s instructions, using aWallac Victor3 Microplate Reader. As a control, cellular ATPwas depleted by incubation in
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PBS supplemented with CCCP (1mM or 5mM, as indicated; Sigma), staurosporine (2mM, LC Laboratories), or oligomycin A (100nM,

Sigma). Standard curves were determined using pure ATP solutions. All ATP measurements were performed at least three times.

Cellular NAD(P)H Measurements
NAPD(P)H was assayed using an MTT viability assay (Cayman Chemical). HEK293T cells were plated on poly-D-lysine coated 96-

well plates, at a density of 50,000 cells per well. The next day, cells were gently washed with DMEM (0.1mL/well) and were incubated

in test media for 3 h. The media was then removed and PBS (0.1mL/well) and MTT reagent (5mL/well) were added, followed by in-

cubation at 37�C for 3 h. The dissolution solution (0.1mL/well) was then added, followed by incubation at room temperature overnight.

The next day, absorbance at 570nm was read using a microplate reader.

Kinetic Model for DISP1-catalyzed SHH Release
We hypothesized that DISP1 acts as an enzyme in SHH release. This scenario is described by the following scheme:

SHH+SCUBE2 �!DISP1
DISP1 : SHH : SCUBE2/

kcat
SCUBE2 : SHH

SHH and SCUBE2 (added purified protein) are substrates for DISP1, while SCUBE2:SHH (i.e., released SHH) is the reaction prod-

uct. We apply an equilibrium assumption, that binding is faster than enzyme kinetics, which means that we can describe the concen-

trations of intermediate species according to their binding equilibria:

½SHH : DISP1� = ½SHH�½DISP1�
Kd1

½SCUBE2 : DISP1� = ½SCUBE2�½DISP1�
Kd2

The ternary complex SHH:SCUBE2:DISP1 can form either by SCUBE2 joining SHH:DISP1, or by SHH joining SCUBE2:DISP1,

hence two Michaelis–Menten constants, KM1 and KM2, respectively. Importantly, the rate of SHH release (vrelease) does not depend

on the order of the substrate association with DISP1. Putting everything together, we obtain:

Vrelease =
Vmax

1+ KM1

½SCUBE2�+
KM2

½SHH�+
Kd1KM2

½SCUBE2�½SHH�
(Equation 1)

where Vmax = ½DISP1� � kcat:
Rearranging Equation 1 to show the release rate dependence on [SCUBE2], we have:

vrelease =
Vmax½SCUBE2�

KM + ½SCUBE2�
�
1+ KM2

SHH

� (Equation 2)

where KM = KM1 +
Kd1KM2

½SHH� .
In most of our experiments, SHH is saturating, i.e., [SHH] >> KM2. This yields Equation 3:

vrelease =
Vmax½SCUBE2�
KM1 + ½SCUBE2� (Equation 3)

Equation 3 predicts that the release rate will saturate as a function of [SCUBE2], which is what is observed (Figure 2E). This shows

that SHH release by SCUBE2 is a catalyzed process, as opposed to a simple binding equilibrium.

According to Equation 3, if DISP1 were the enzyme catalyzing SHH release, then Vmax, but not KM, would be a function of

[DISP1], since:

Vmax = ½DISP1� � kcat
We test this prediction by varying [DISP1] (Figures 2F–2K, and S2H–S2J), and we find that DISP1 levels indeed affect Vmax, but not

KM, which remains constant at 2–3mM across multiple independent experiments. These results strongly suggest that DISP1 is the

rate-limiting enzyme that catalyzes SHH release.

Kinetic Model for DISP1 Playing an Accessory Role in SHH Release
As an alternative hypothesis, we considered a second scheme, wherein DISP1 functions as an adaptor between membrane-bound

SHH and an unknown enzyme (E) catalyzing SCUBE2:SHH release. This scenario is described by the following scheme:

SHH + DISP14
Kdi

DISP1 : SHH+SCUBE2/
E
DISP1 : SHH : SCUBE2 : E/SCUBE2 : SHH
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Applying an equilibrium assumption as above, we obtain the following:

½SHH : DISP1� = ½SHH�½DISP1�
Kdi

½SHH : DISP1 : E� = ½SHH : DISP1�½E�
Kd1

=
½SHH�½DISP1�½E�

KdiKd1

SCUBE2 : E =
½SCUBE2�½E�

Kd2

Michaelis–Menten constants are similar to those above, with KM1 describing SCUBE2 joining the enzyme:substrate complex and

KM2 describing SHH:DISP1 joining the enzyme substrate complex; kcat is the catalytic constant of the enzyme E. The resulting rate

equation is:

vrelease =
Vmax

1+ KM1

½SCUBE2�+
KM2Kdi

½SHH�½DISP1�+
Kd1KM2Kdi

½SCUBE2�½SHH�½DISP1�
(Equation 4)

where Vmax=[E]*kcat.

Rearranging Equation 4 to show the release rate dependence on [SCUBE2], we have:

vrelease =
Vmax½SCUBE2�

K�
M + ½SCUBE2�

�
1+ KM2Kdi

½SHH�½DISP1�

� (Equation 5)

where K�
M = KM1 +

Kd1KM2Kdi

½SHH�½DISP1�.
This scenario also predicts release rate saturation as a function of SCUBE2; however, now the measured KM (KM*), but not Vmax,

would be a function of [DISP1]. This is the opposite of what we observe experimentally, indicating that DISP1 itself, not another

enzyme, catalyzes SHH release.

Calculations of the Electrochemical Driving Force (EDF)
The EDF for Na+ and K+ for the experiments in Figures 3E and 3F was calculated using Equation E1:

EDFNa+ = Em � RT

F
ln

�½Na+ �out
½Na+ �in

�
(Equation E1)

where R is the universal gas constant, T=300K, F is the Faraday constant, and Em is the resting membrane potential. Em was esti-

mated using the Goldman–Hodgkin–Katz equation, assuming a ratio of 10:1 in Na+:K+ permittivity, [Na+]in = 15mM,

[K+]in=125 mM, [Cl-]in=15 mM.

Blot Image Processing
Blot images in which species of different molecular weights were probed simultaneously were cropped in Photoshop CS5. Where

necessary, such blots were resized along the horizontal axis to present clear vertical alignment of lanes across multiple probed spe-

cies. Original images are available upon request.

QUANTIFICATION AND STATISTICAL ANALYSIS

SHH release was measured as a single measurement over multiple time points unless indicated otherwise in the figure legends. The

release rate was calculated as the slope of the linear regression line fit to the linear portion, typically 1-30min, of the SHH release data.

Curve fitting was performed in Prism 8 (GraphPad Software), using least-squares linear or nonlinear regression, as indicated in the

figure legends. Parameter estimates are reported with associated standard errors of the estimate. Statistical tests and associated

significance threshold are reported in the figure legends.
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Figure S1. Generation of DISP1KO cells and SHH-NanoLuc (SHH-NL) fusions, related to Figures 1 and 2
(A) Top: map of the human DISP1 genomic locus, showing the two guide RNAs (gRNAs) used to generate DISP1KO HEK293T cells. 
Bottom: sequence of the three DISP1 alleles in the DISP1KO clone used in this study. 
(B) Schematic of the human SHH ligand (PDB: 6e1h.c), showing the 9 sites where NanoLuc luciferase (NL) was inserted. 
(C) As in (B), but showing the primary sequence of human SHH. 
(D) Testing SHH-NL fusions for SCUBE2-dependent release. SHH-NL fusions were co-transfected with SCUBE2 or the inactive SCUBE2-
ty97 mutant (Hollway et al., 2006; Kawakami et al., 2005; Woods and Talbot, 2005) in HEK293T cells, and release into serum-free media 
was assayed by luminescence in a single replicate. The fusions SHH-NL5, SHH-NL7 and SHH-NL9 are released in a SCUBE2-dependent 
manner. 
(E) Tagged mouse SCUBE2 was stably expressed in HEK293S cells, and was affinity purified from conditioned media. Purified SCUBE2 
was analyzed by SDS-PAGE, followed by Coomassie staining. 
(F) Kinetics of SHH-NL5 and SHH-NL7 release. Cells stably expressing SHH-NL5 or SHH-NL7 were incubated with purified recombinant 
SCUBE2 (300nM), in the presence of the protein synthesis inhibitor, cycloheximide (100μg/mL). At the indicated times, SHH-NL5 or SHH-
NL7 released into serum-free media was measured by NanoLuc luminescence assay in a single replicate. Incubation with BSA (300nM) 
served as negative control.
(G) Cell lysates from stable cell lines used in Figure 1E. HEK293T cells stably expressing SHH-NL5 or SHH were analyzed by 
immunoblotting. Precursor and processed forms are indicated for each protein. 
(H) Cell lines from (G) were incubated with purified SCUBE2 (500nM), and SHH release was measured by immunoblotting. Release by 
bovine serum albumin (BSA, 500nM) served as negative control. SCUBE2 released SHH-NL5 and SHH with similar kinetics and in similar 
amounts, when adjusted for expression levels in lysates (G). See Figure 1E for quantification. 
(I) As in (H), but measuring SHH-NL5 release by NanoLuc luminescence assay. 
(J) As in (H), but showing correlation between SHH-NL5 release as measured by densitometry and by luminescence. The two 
measurements show strong linear correlation. Curve shows linear fit with associated confidence envelope shown by dotted lines.
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Figure S2. Kinetics of catalyzed and uncatalyzed SHH-NL5 release, related to Figure 2
(A) Cells stably expressing SHH-NL5 were incubated with purified SCUBE2 (1μM), in the presence of CHX (100μg/mL). At the indicated 
times, both SHH-NL5 released into the media and SHH-NL5 left in the cells were measured in a single replicate. At times <2 hours, 
released SHH-NL5 represents a very small fraction of cellular SHH-NL5, indicating that SHH-NL5 levels are not limiting for DISP1- and 
SCUBE2-dependent release. Incubation with BSA (1μM) was used as negative control.
(B) As in (A), but showing the percentage of total SHH-NL5 released into the media.
(C) SHH-NL5 or SHH(C24A)-NL5 was stably expressed in DISP1KO cells, and initial SHH-NL5 release rates were measured for cells 
treated with purified SCUBE2 (1μM) or BSA (1μM), with or without transient DISP1 expression. SHH(C24A)-NL5, which is modified with 
cholesterol but not palmitate, is still released in a DISP1- and SCUBE2-dependent manner. Data show estimates of release rate, and error 
bars show standard error of the estimate.
(D) Graph showing pre-normalization SHH-NL5 release rates for the experiment in Figure 2F.
(E) Graph showing relative SHH-NL5 levels across cell lines, measured as luminescence per total protein (mg), for the experiment in 
Figure 2F. Error bars show standard deviation around the mean.
(F) DISP1 levels in cells expressing high and low levels of DISP1, related to Figure 2I. Cells stably expressing SHH-NL5 and mCherry-
tagged DISP1 were sorted into populations expressing high or low levels of DISP1, based on mCherry fluorescence. Curves show 
fluorescence distributions for each population after fluorescence-activated cell sorting.
(G) Graph showing relative SHH-NL5 levels across cell lines, measured as luminescence per cell number (total protein (mg)), for the 
experiment in Figure 2I. Error bars show standard deviation around the mean.
(H) SHH-NL5 initial release rates plotted as function of SCUBE2 concentration for DISP1KO cells transiently transfected with different 
amounts of wild-type DISP1 in single replicates. Data show release rate estimates; error bars show standard error of the estimate; curves 
show fits to the Michaelis–Menten equation. Initial release rates were normalized to SHH-NL5 expression levels in each cell line, and to 
total cell number (total protein) in each experimental condition. SHH-NL5 initial release rates increase with increasing DISP1 levels, while 
displaying saturation relative to SCUBE2. Vertical dotted line shows KM estimate.
(I) Estimates of Vmax for the indicated conditions in (H). Error bars indicate standard error of the estimate.
(J) Estimates of KM for the indicated conditions in (H). Error bars indicate standard error of the estimate. ns. – not statistically significant, 
two-tailed t-test, p<0.05.
(K) Graph showing total protein across conditions, for the experiment in (H). Error bars show standard deviation around the mean.



(L) SHH-NL5 was stably expressed in wild-type or DISP1KO cells, and initial SHH-NL5 release rates were measured for various 
concentrations of added methyl-β-cyclodextrin (MβCD) in single replicates. Rates were normalized to SHH-NL5 expression levels in each 
cell line, and to the cell number in each experimental condition (total protein (mg)). Data show release rate estimates; error bars show 
standard error of the estimate; curves show linear fits with associated R2 values. SHH-NL5 release by MβCD obeys simple mass-action 
kinetics, does not require DISP1, and does not saturate, in contrast to DISP1-catalyzed release by SCUBE2.
(M) Graph showing pre-normalization SHH-NL5 release rates for the experiment in (L).
(N) Graph showing relative SHH-NL5 levels across cell lines, as luminescence per total protein (mg), for the experiment in (L). Data show 
mean of two replicates and error bars show standard deviation around the mean.
(O) Graph showing relative SHH-NL5 levels, as luminescence per total protein (mg), for the experiment in Figure 2L, as a function of 
transfected DNA. Data show mean level; error bars show standard deviation around the mean. 
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Figure S3. Role of the Na+ gradient in DISP1-dependent and DISP1-independent SHH-NL5 release, related to Figure 3
(A) Cellular ATP levels in cells treated for 30min with gramicidin (2μg/mL), related to Figure 3B. Incubation with CCCP serves as a positive 
control for ATP depletion. Data show mean of four replicates and error bars represent standard deviation around the mean.
(B) Cells stably expressing SHH-NL5 were incubated with SCUBE2 (1μM) in Tyrode’s media (4KT), in the absence or presence of the H+-
specific ionophore CCCP, or in media in which Na+ was replaced by choline+ (140CholT). Protein synthesis was inhibited with CHX (100μg/
mL). Released SHH-NL5 was measured by NanoLuc luminescence assay in a single replicate. SHH-NL5 release is unaffected by up to 1μM 
CCCP. Error bars show standard error of the estimated release rates.
(C) As in (B), but cells were incubated in Tyrode’s media containing physiological Na+ levels (4KT), or media in which Na+ was replaced by K+, 
choline+, or NMDG+ (110KT, 140CholT, 110NMDG-T). SHH-NL5 release is inhibited in low Na+ media. Curves show linear fits to release data 
in single replicate.
(D) Graph showing SHH-NL5 release rates for the experiment in (C). Error bars show standard error of the estimate.
(E) Membrane potential of cells incubated in various media, measured by DiBAC4(3) accumulation Left: media with varying concentrations of 
K+ were used to generate a standard curve, to calculate Em from DiBAC4(3) fluorescence intensity, using the Nernst equation. Right: high K+ 
and Rb+ depolarize the cells, while Li+, Cs+ and choline+ do not. Error bars represent standard deviations around the mean of three biological 
replicates.
(F) Cellular ATP levels in cells incubated in the indicated media for 3 or 6 hours. Incubation with staurosporine, CCCP, or oligomycin A served 
as positive controls for ATP depletion. Error bars represent standard deviation around the mean of three biological replicates.
(G) NAD(P)H levels in cells incubated in the indicated media for 3 hours. NAD(P)H levels were measured using an MTT viability assay in 
triplicate. Incubation in PBS was used as a positive control. Error bars represent standard deviation around the mean.
(H) As in (C), but measuring initial rates of SHH-NL5 release by varying MβCD concentrations. Extracellular Na+ is dispensable for SHH-NL5 
release by MβCD, which is linear with respect to MβCD, in contrast to DISP1- and SCUBE2-dependent release, which is hyperbolic with 
respect to SCUBE2 and SHH-NL5. Curves show linear fits with R2=0.976, R2=0.821, and R2=0.996 for 4KT, 140CholT, and 110NMDG-T 
respectively.
(I) As in (E), but measuring the membrane potential in media of varying Na+ concentration, related to Figure 3E-I. Altering Na+ concentration in 
each medium does not change the membrane potential. Error bars represent standard deviation around the mean of three biological replicates.
(J) Total WNT3A-NL released for the experiment in Figure 3H. Single replicate.
(K) WNT3A-NL was stably expressed in L cells, and its release was assayed, in triplicate, after overnight incubation in the absence or presence 
of serum (FBS, 10%), and in the absence or presence of IWP-2 (2μM), which blocks WNT palmitoylation by Porcupine (PORCN). WNT3A-NL 
release occurs in media supplemented with serum, but not in the absence of serum.  WNT3A-NL secretion is palmitoylation-dependent.
(L) As in (K), but with stably expressed untagged WNT3A. WNT3A was visualized by immunoblotting. Serum protein was visualized by 
Ponceau S staining. WNT3A secretion is serum- and palmitoylation-dependent.
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Figure S4. Role of K+ gradient for PTCH1 function, related to Figure 5
(A) Representative immunofluorescence micrographs of cilia for the experiment in Figure 5B. SHH was used as positive control for SMO 
activation. High extracellular concentrations of K+, Rb+, or Cs+ lead to SMO accumulation in cilia. Scale bar = 2µm.
(B) Representative immunofluorescence micrographs of cilia for the experiment in Figure 5C. GLI is shown in magenta, while the ciliary 
marker acetylated tubulin (AcTub) is shown in teal. Media with high K+ causes GLI accumulation in cilia, which is reversed by SANT-1 
(1µM). SHH and SAG were used as positive controls. Scale bar = 2µm.
(C) Confluent mouse embryonic fibroblast (MEF) cultures were serum-starved overnight, to promote ciliogenesis, and were then incubated 
for 3 hours in isotonic Tyrode’s media with increasing concentrations (4, 50, 110mM) of K+ instead of Na+ (4KT, 50KT, 110KT). Endogenous 
SMO at cilia was measured by immunofluorescence microscopy. ARL13B was used as ciliary marker. High extracellular K+ causes SMO 
accumulation in cilia. Error bars represent standard deviation around the mean of two biological replicates; at least 100 cilia were assayed 
per replicate. * p<0.05, unpaired, two-tailed t-test.
(D) Graph showing percentage of PTCH1-positive cilia for the experiment in Figure 5F. Single replicate.
(E) Ciliated NIH-3T3 cells stably expressing HA-tagged serotonin receptor 6 (HTR6) were incubated for 3 hours in the indicated media. 
HTR6 and endogenous SMO levels in cilia were measured by immunofluorescence. High extracellular K+ recruits SMO to cilia, but does 
not perturb ciliary localization of HTR6. SMO recruitment is reversed by SANT-1 (1µM). SAG (500nM) was used as positive control for SMO 
activation. At least 100 cilia were measured per condition in a single replicate.
(F) As in (E), but measuring ciliary SMO in NIH-3T3 cells incubated in modified Tyrode’s media lacking divalent cations. SHH was used as 
positive control for SMO activation. At least 100 cilia were assayed per condition in a single replicate.
(G) Membrane potential in cells treated with the voltage-gated sodium channel agonist veratridine. Veratridine efficiently depolarizes cells. 
Error bars represent standard deviation around the mean of three biological replicates.
(H) As in (F), but cells were depolarized with the Na+-channel agonist veratridine (50 or 500µM). Membrane depolarization by veratridine 
does not appreciably elevate ciliary SMO levels. Cells incubated with veratridine still respond to SHH. At least 100 cilia were assayed per 
condition in a single replicate.
(I) Ciliated NIH-3T3 cells were incubated for 3 hours in isotonic media with low (4CsT) or high (110CsT) Cs+, and endogenous SMO at cilia 
was measured by immunofluorescence in triplicate. SMO accumulates in cilia in 110CsT media, which is reversed by SANT-1. Treatment 
with SAG serves as positive control. Error bars show standard deviation around the mean; * p<0.05, unpaired, two-tailed t-test.
(J) EC50 values from the experiment in Figure 5B plotted as function of ionic van der Waals radius. Larger monovalent cations are more 
potent at inducing SMO ciliary accumulation. Error bars show standard error of the estimate.
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Figure S5. Evidence for an alternating hydrogen-bonding network in the transmembrane domain of PTCH1, related to Figure 6
Cryo-EM structure of SHH (teal) bound to two molecules of human PTCH1 (PDB: 6e1h), shown in yellow (PTCH1-A protomer) and purple
(PTCH1-B protomer). The inset shows a close-up view of the superimposed TM regions of the two PTCH1 protomers. In protomer A, the
residue D513 in TM4 appears to form a hydrogen bond with residue T1133 in TM11. Movement of D513 breaks the hydrogen bond in
protomer B. Green mesh shows cryo-EM map around the indicated residues, contoured at 5σ.
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Figure S6. Characterization of stable cell lines used for DISP1 and PTCH1 mutant analysis, related to Figure 6
(A) Graph showing relative DISP1-mCherry expression level across cell lines, measured as mCherry fluorescence per cell number (total
protein) for the experiment in Figure 6D. Error bars show standard deviation around the mean of technical triplicates.
(B) Graph showing relative SHH-NL5 expression level across cell lines, measured as luminescence per cell number (total protein), for the
experiment in Figure 6D. Error bars show standard deviation around the mean of technical triplicates.
(C) Graph showing that PTCH1 mutants localize to cilia, measured as percentage of PTCH1-positive (mCherry-positive) cilia for the
experiment in Figure 6E. Error bars show standard deviation around the mean of two biological replicates. 



Media Buffer [Na+]

[Li+/K+/Rb+/Cs+/

Choline+ 

/NMDG+]

[Cl-] [Glucose] [Mg2+] [Ca2+] [HCO3
-] Osmolarity

4mM Li+ 300

50mM Choline+ mOsmol/L

110mM Li+ 300

40mM Choline+ mOsmol/L

4mM K+ 300

50mM Choline+ mOsmol/L

50mM K+ 300

50mM Choline+ mOsmol/L

90mM K+ 300

50mM Choline+ mOsmol/L

110mM K+ 300

50mM Choline+ mOsmol/L

4mM Rb+ 300

50mM Choline+ mOsmol/L

50mM Rb+ 300

50mM Choline+ mOsmol/L

90mM Rb+ 300

50mM Choline+ mOsmol/L

110mM Rb+ 300

50mM Choline+ mOsmol/L

4mM Cs+ 300

50mM Choline+ mOsmol/L

50mM Cs+ 300

50mM Choline+ mOsmol/L

90mM Cs+ 300

50mM Choline+ mOsmol/L

110mM Cs+ 300

50mM Choline+ mOsmol/L

4mM K+ 300

110mM NMDG+ mOsmol/L

300

mOsmol/L

4mM K+ 300

50mM Choline+ mOsmol/L

110mM K+ 300

50mM Choline+ mOsmol/L

110mM Rb+ 300

50mM Choline+ mOsmol/L

110mM Cs+ 300

50mM Choline+ mOsmol/L

2mM 2mM 30mM110NMDG-T
10mM Na-
Hepes pH7.5

10mM 110mM 10mM

0mM 30mM

110CsT-X2+ 10mM Na-
Hepes pH7.5

10mM 110mM 10mM 0mM 0mM 30mM

110RbT-X2+ 10mM Na-
Hepes pH7.5

10mM 110mM 10mM 0mM

30mM

110KT-X2+ 10mM Na-
Hepes pH7.5

10mM 110mM 10mM 0mM 0mM 30mM

2mM 2mM 30mM

4KT-X2+ 10mM Na-
Hepes pH7.5

110mM 120mM 10mM 0mM 0mM

140CholineT
10mM Na-
Hepes pH7.5

10mM 140mM Choline+ 110mM 10mM

2mM 30mM

110CsT
10mM Na-
Hepes pH7.5

10mM 110mM 10mM 2mM 2mM 30mM

90CsT
10mM Na-
Hepes pH7.5

20mM 120mM 10mM 2mM

2mM 30mM

50CsT
10mM Na-
Hepes pH7.5

60mM 120mM 10mM 2mM 2mM 30mM

4CsT
10mM Na-
Hepes pH7.5

110mM 120mM 10mM 2mM

2mM 30mM

110RbT
10mM Na-
Hepes pH7.5

10mM 110mM 10mM 2mM 2mM 30mM

90RbT
10mM Na-
Hepes pH7.5

20mM 120mM 10mM 2mM

2mM 30mM

50RbT
10mM Na-
Hepes pH7.5

60mM 120mM 10mM 2mM 2mM 30mM

4RbT
10mM Na-
Hepes pH7.5

110mM 120mM 10mM 2mM

2mM 30mM

110KT
10mM Na-
Hepes pH7.5

10mM 110mM 10mM 2mM 2mM 30mM

90KT
10mM Na-
Hepes pH7.5

20mM 120mM 10mM 2mM

2mM 30mM

50KT
10mM Na-
Hepes pH7.5

60mM 120mM 10mM 2mM 2mM 30mM

4KT
10mM Na-
Hepes pH7.5

110mM 120mM 10mM 2mM

2mM 30mM

110LiT
10mM Na-
Hepes pH7.5

10mM 110mM 10mM 2mM 2mM 30mM

4LiT
10mM Na-
Hepes pH7.5

110mM 120mM 10mM 2mM

Table S1. Composition of modified Tyrode’s media, related to STAR 
Methods



gRNA ID
Target 
Gene gRNA #

NCBI Reference 
Sequence

Target 
Site gRNA Sequence

gRNA 
Orientation

Associated 
Plasmid

hDISP1_KO_gRNA1 DISP1 1 NM_001369594.1 Exon 2 TGACCGTGCCATTAAGTTGC antisense pBMW275

hDISP1_KO_gRNA2 DISP1 2 NM_001369594.1 Exon 4 GGCACAGACTACGATGAACA antisense pBMW276

gRNA Oligonucleotides

Table S2. Generation of DISP1KO HEK293T cells, related to STAR Methods

Primer 
ID

Target 
Gene gRNA # Direction Barcode Sequence Target Recognition Sequence

PR8.E2 DISP1 1 forward ACACTCTTTCCCTACACGACGCTCTTCCGATCT CCTGTGATGGAGACCATGC

PR8.E3 DISP1 1 reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT GGCTAGTCAAAGGGTGATGGTA

PR8.E4 DISP1 2 forward ACACTCTTTCCCTACACGACGCTCTTCCGATCT CCGACACTTCTTTGTGTTTTGT

PR8.E5 DISP1 2 reverse GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT CAATATTTGGAGATGATTTTAGGCT

CRISPR Sequencing Primers

gRNA # Allele 1 Sequence Allele 1 Type

Allele 1 % 
Aligned 
Reads Allele 2 Sequence Allele 2 Type

Allele 2 % 
Aligned 
Reads

1 GCA-[T]TTAATGGCACGGTCA

1-nt deletion;
transition 50 GCA-----------CGGTCA 11-nt deletion 50

2 T--TCATCGTAGTCTGTGCC 2-nt deletion 100

Deletion GCA//TCATCGTAGTCTGTGCC

47687-nt 
deletion 100

Two gRNAs were used simultaneously, producing one fused deletion allele as well as additional alleles with frameshifts at each gRNA locus, 
suggesting that three copies of the DISP1 locus are present in this line.

Lesions Present in DISP1 KO Cells



pBMW 
Identifier Vector Promoter

Short 
Name Full Transgene

Euk. 
Marker

Bact. 
Marker Category Subcategory

pAS1 pCS2 IE94-CMV SHH hSHH-FL -- Amp
transient 
expression SHH release

pBMW146 pCS2 IE94-CMV SCUBE2 HA-mSCUBE2-Del(Furin) -- Amp
transient 
expression

SHH release; 
positive control

pBMW157 pCS2 IE94-CMV
SCUBE2-
ty97 HA-mSCUBE2-Del(CUB) -- Amp

transient 
expression

SHH release; 
negative control

pAS64 pCS2 IE94-CMV DISP1-WT mDISP1::fEGFP -- Amp
transient 
expression

DISP1 rescue; 
positive control

pAS65 pCS2 IE94-CMV
DISP1-
NNN

mDISP1(D571N,D572N,D1049N)::f
EGFP -- Amp

transient 
expression

DISP1 rescue; 
negative control

pAS123 pCS2 IE94-CMV NL1 hSHH(NanoLuc1)-FL -- Amp
transient 
expression

screening for 
NL insertion 
sites

pAS124 pCS2 IE94-CMV NL2 hSHH(NanoLuc2)-FL -- Amp
transient 
expression

screening for 
NL insertion 
sites

pAS125 pCS2 IE94-CMV NL3 hSHH(NanoLuc3)-FL -- Amp
transient 
expression

screening for 
NL insertion 
sites

pAS126 pCS2 IE94-CMV NL4 hSHH(NanoLuc4)-FL -- Amp
transient 
expression

screening for 
NL insertion 
sites

pAS127 pCS2 IE94-CMV NL5 hSHH(NanoLuc5)-FL -- Amp
transient 
expression

screening for 
NL insertion 
sites

pAS128 pCS2 IE94-CMV NL6 hSHH(NanoLuc6)-FL -- Amp
transient 
expression

screening for 
NL insertion 
sites

pAS129 pCS2 IE94-CMV NL7 hSHH(NanoLuc7)-FL -- Amp
transient 
expression

screening for 
NL insertion 
sites

pAS130 pCS2 IE94-CMV NL8 hSHH(NanoLuc8)-FL -- Amp
transient 
expression

screening for 
NL insertion 
sites

pAS131 pCS2 IE94-CMV NL9 hSHH(NanoLuc9)-FL -- Amp
transient 
expression

screening for 
NL insertion 
sites

pAS77 pHAGE2 CAG-CMV DISP1 mDISP1::fmCherry Blast Amp
transient 
expression

testing role of 
DISP1 dose on 
SHH release

pBMW275 pX330 U6 -- hDISP1_CRISPR_KO_gRNA1 -- Amp

CRISPR 
knockout 
generation DISP1

pBMW276 pX330 U6 -- hDISP1_CRISPR_KO_gRNA2 -- Amp

CRISPR 
knockout 
generation DISP1

pAS296 pHAGE2 EF1α -- hSHH Puro Amp

stable 
mammalian 
expression SHH 

pAS144 pHAGE2 CAG-CMV -- hSHH(NanoLuc5)-FL Puro Amp

stable 
mammalian 
expression SHH-NL

Table S3. List of plasmids used in this study, related to STAR Methods



pBMW 
Identifier Vector Promoter

Short 
Name Full Transgene

Euk. 
Marker

Bact. 
Marker Category Subcategory

pAS145 pHAGE2 CAG-CMV -- hSHH(NanoLuc7)-FL Puro Amp

stable 
mammalian 
expression SHH-NL

pAS258 pHAGE2 CAG-CMV -- hSHH(C24A; NanoLuc5)-FL Puro Amp

stable 
mammalian 
expression SHH-NL

pAS77 pHAGE2 CAG-CMV -- mDISP1::fmCherry Blast Amp

stable 
mammalian 
expression DISP1 variants

pAS78 pHAGE2 CAG-CMV --
mDISP1(D571N,D572N,D1049N)::f
mCherry Blast Amp

stable 
mammalian 
expression DISP1 variants

pBMW479 pHAGE2 CAG-CMV -- mDISP1(G567V)::fmCherry Blast Amp

stable 
mammalian 
expression DISP1 variants

pBMW480 pHAGE2 CAG-CMV -- mDISP1(D571Y)::fmCherry Blast Amp

stable 
mammalian 
expression DISP1 variants

pBMW481 pHAGE2 CAG-CMV -- mDISP1(D1049K)::fmCherry Blast Amp

stable 
mammalian 
expression DISP1 variants

pBMW483 pHAGE2 CAG-CMV -- mDISP1(T1088A)::fmCherry Blast Amp

stable 
mammalian 
expression DISP1 variants

pBMW484 pHAGE2 CAG-CMV -- mDISP1(T1087,1088A)::fmCherry Blast Amp

stable 
mammalian 
expression DISP1 variants

pAS297 pHAGE2 CAG-CMV -- FLAG-NanoLuc::mWNT3A Blast Amp

stable 
mammalian 
expression WNT3A-NL

pKP4 pHAGE2 CAG-CMV -- mPTCH1::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP5 pHAGE2 CAG-CMV -- mPTCH1(G495V)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP6 pHAGE2 CAG-CMV -- mPTCH1(D499N)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP7 pHAGE2 CAG-CMV -- mPTCH1(D499Y)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP8 pHAGE2 CAG-CMV -- mPTCH1(D499E)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP9 pHAGE2 CAG-CMV -- mPTCH1(D500L)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP10 pHAGE2 CAG-CMV -- mPTCH1(D500E)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP11 pHAGE2 CAG-CMV -- mPTCH1(D500H)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP12 pHAGE2 CAG-CMV -- mPTCH1(D500K)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP13 pHAGE2 CAG-CMV -- mPTCH1(E1081A)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants



pBMW 
Identifier Vector Promoter

Short 
Name Full Transgene

Euk. 
Marker

Bact. 
Marker Category Subcategory

pKP14 pHAGE2 CAG-CMV -- mPTCH1(E1081K)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP15 pHAGE2 CAG-CMV -- mPTCH1(S1118A)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP16 pHAGE2 CAG-CMV -- mPTCH1(T1119A)::fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pKP17 pHAGE2 CAG-CMV --
mPTCH1(D499E,E1081D):: 
fmCherry Blast Amp

stable 
mammalian 
expression PTCH1 variants

pBMW153 pHAGE2 CAG-CMV --
FLAG-HT7-Presci::mSCUBE2-
Del(Furin) Blast Amp

stable 
mammalian 
protein 
production

SCUBE2 
protein
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