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Summary

Sonic hedgehog (SHH) is a master developmental regulator. In 1995, the SHH crystal structure
predicted that SHH-E176 (human)/E177 (mouse) regulates signaling through a Zn2*-dependent
mechanism. While Zn2* is known to be required for SHH protein stability, a regulatory role for
SHH-E176 or Zn2* has not been described. Here, we show that SHH-E176/177 modulates Zn2*-
dependent cross-linking in vitro and is required for endogenous signaling, in vivo. While
ectopically expressed SHH-E176A is highly active, mice expressing SHH-E177A at endogenous
sites (SHHEL77/7) are morphologically indistinguishable from mice lacking SHH (SA#7/7), with
patterning defects in both embryonic spinal cord and forebrain. SHH-E177A distribution along the
embryonic spinal cord ventricle is unaltered, suggesting that E177 does not control long-range
transport. While SHH-E177A association with cilia basal bodies increases in embryonic ventral
spinal cord, diffusely distributed SHH-E177A is not detected. Together, these results reveal a novel
role for E177-Zn2* in regulating SHH signaling that may involve critical, cilia basal-body
localized changes in cross-linking and/or conformation.
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Introduction

Sonic hedgehog (SHH) is a highly conserved signaling protein required for ventral fate
specification throughout vertebrate embryonic development (Dessaud et al., 2008; Echelard
etal., 1993; Ingham and Placzek, 2006). SHH exerts its cellular patterning effects through
the combined action of short-and long-range signaling (Dessaud et al., 2008). Early in neural
development, SHH secreted from the notochord induces differentiation of the overlying floor
plate in a contact-dependent manner (Jessell, 2000; Roelink et al., 1995). Subsequently,

SHH acts at a distance to specify more dorsally positioned cell types in the developing
spinal cord (Briscoe and Ericson, 2001). In anterior regions, where the notochord is absent,
SHH expression from the midline specifies developing forebrain neurons (Kohtz et al.,
1998).

SHH undergoes a series of processing events before it is secreted from the cell (Bumcrot et
al., 1995). The active SHH protein fragment is a 19kD signaling domain generated by signal
sequence cleavage and subsequent autoproteolysis of the 45kD precursor (Lee et al., 1994).
During autoproteolysis, the 19kD fragment can be modified at its C-terminus by cholesterol
(Porter et al., 1995; Porter et al., 1996) and by a palmitate at the N-terminal amino acid
(Pepinsky et al., 1998). The roles of N-terminal palmitate and C-terminal cholesterol (N-and
C-lipid) post-translational modifications in SHH activity and transport are region-and
species-specific (Ingham, 2001; Ingham and McMahon, 2001). A combination of different
N-and C-lipid modified SHH protein forms can be isolated from mouse embryonic brain and
limbs (Feng et al., 2004). In cell culture and explant assays, the N-lipid increases SHH-
induced cellular differentiation compared to the unmodified form (Kohtz et al., 1998; Kohtz
et al., 2001; Pepinsky et al., 1998; Williams et al., 1999). This is consistent with the finding
that both mutant mice lacking palmitoylation and SA/™/~ mice display similar ventral
patterning defects (Chen et al., 2004; Chiang et al., 1996).

The role of the C-lipid in SHH activity is less well defined. Cell culture studies demonstrate
that the SHH C-lipid is required for cell surface association (Bumcrot et al., 1995; Lee et al.,
1994), while the C-lipid plays an important role in SHH long-range signaling in mice
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(Huang et al., 2007; Lewis et al., 2001). Interestingly, forebrain neural explant assays
indicate that the C-lipid reduces SHH activity (Feng et al., 2004).

The role of N-and C-lipids in Shh multimerization in vitro has previously been reported
(Chen et al., 2004; Feng et al., 2004; Zeng et al., 2001). N-and C-lipid content determine the
extent of multimerization, with multimerization increasing SHH activity in forebrain neural
explant assays (Feng et al., 2004) as well as cell lines (Chen et al., 2004; Zeng et al., 2001).
Previous reports that the largest multimers, formed in the presence of both N-and C-lipids,
have reduced signaling capacity (Feng et al., 2004), led to idea that soluble SHH multimers
exhibit different activities based on size. Together, these data led to the proposal that SHH
multimerization hides hydrophobic side chains enabling long-range transport (Zeng et al.,
2001), while the C-lipid maintains the SHH protein in an inactive state during long-range
transport (Feng et al., 2004), thereby requiring an activation mechanism. Conversion
between active and inactive SHH states was proposed, but not shown.

In addition to lipid modifications, SHH binds heparin through an N-terminal Cardin-
Weintraub sequence (Rubin et al., 2002), that also contains a conserved site required for
SHH multimerization (Goetz et al., 2006). The Cardin-Weintraub motif was predicted to
play a role in Shh multimerization through a heparin sulfate (HS) dependent mechanism
(Dierker et al., 2009a). In these studies, specific HS sulfations are required for
metalloprotease-mediated release of lipidated SHH from the cell membrane (Dierker et al.,
2009b). In Drosophila, a critical Lys residue is essential for the formation of Hh multimers,
which localize to HS-proteoglycans and participate in long-range transport (Vyas et al.,
2008). These studies further support a role for SHH multimerization in signaling in vivo.

Despite extensive work on the relationship between SHH biochemistry and signaling activity
in vivo, a major question still remains regarding the role of Zn?* in SHH signaling, as
predicted by crystal structure analysis of the SHH amino terminal fragment (Hall et al.,
1995). Based on Zn2* coordination that is structurally homologous to the active site in
known Zn2* hydrolases, SHH glutamate 177 (human, E176; mouse E177) was proposed to
be the catalytic amino acid required for proteolytic activity (Hall et al., 1995). Site-specific
mutations in human (Day et al., 1999) and mouse (Fuse et al., 1999) SHH proteins show that
mutation of two (H140 and D147) of four Zn2* coordinating residues results in significant
loss of the bound Zn2* and reduced protein stability (Day et al., 1999). However, SHH-
E177A/E176A mutant proteins not only bind Zn2*, but are equivalent to wild-type SHH
(WtSHH) in signaling assays, as well as patched 1 (PTC1) receptor binding (Day et al.,
1999; Fuse et al., 1999). Additional experiments failed to identify SHH-mediated proteolytic
activity (Day et al., 1999) or a requirement of E177/E176 in metalloprotease-dependent
secretion (Dierker et al., 2009Db).

To date, all published experiments testing SHH-E177A/E176A activity have been performed
in cell lines, spinal cord explants, or Drosophila embryos (Day et al., 1999; Fuse et al.,
1999). Because of the lack of differences in activity between SHH-E177A/E176A and
WtSHH proteins, it is presently thought that E177 does not play a role in SHH signaling.
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This report demonstrates for the first time that SHH-E177/E176 is required for SHH
signaling at endogenous, but not ectopic sites in the mouse embryo. We show that E176/
E177 modulates a Zn2*-mediated conformational change, detected by formation of cross-
linked dimers in mutated SHH-E176A proteins. In Sh#£177A/~ mouse mutant spinal cord,
SHH-E177A accumulates near cilia basal bodies (BBs), but fails to signal. Therefore, we
propose a model whereby E176/E177-Zn2* is critical for SHH activity near cilia BBs in the
mouse embryo, affecting SHH conformation/cross-linking during pre-and/or post-signaling
steps.

A conformation-specific antibody recognizes SHH cross-linked dimers and basal body-
associated SHH in the mouse embryonic spinal cord

Previous studies demonstrated the presence of cross-linked forms of SHH in embryonic
protein extracts by Western analysis (Feng et al., 2004). It was not known whether cross-
linking occurred during SHH protein preparation or whether this reflected a biologically
significant event that plays a role in SHH activity. In order to detect cross-linked SHH in
vivo, we used a-SHHCLP, an antibody generated against cross-linked human SHH N-
terminal 197 amino acids. Anti-SHHCLP recognizes SDS-resistant, cross-linked wtSHH
(WtSHHCL), but not soluble monomers of wtSHH (N-and C-lipid containing SHH purified
from C17 cells) or uSHHNM (recombinant unmodified human SHH purified from £, colj,
lacking both N-and C-lipids (Kohtz et al., 2001), and also lacking a 6-histidine tag, removed
by proteolytic cleavage, (Kohtz et al., 2001; Williams et al., 1999)) (Figure 1A).

In Figure 1A, wtSHHCL migrates at ~52kD, presumably dimers, whereas wtSHH monomers
migrate ~20kD (Feng et al., 2004). Since wtSHHCL and wtSHH are identical in primary
sequence, a-SHHCLP specifically recognizes SHH after cross-linking. Failure of a-
SHHCLP to recognize dual lipid-modified wtSHH monomers (WtSHHM), suggests that a.-
SHHCLP is not a lipid-specific antibody. The commercially available a-SHH antibody H160
(generated against SHH N-terminal 160 amino acids, Santa Cruz) recognizes soluble
monomeric uSHHNM and wtSHH monomers, but not wtSHHCL (Figure 1A). Therefore, a.-
SHHCLP and H160 differentially recognize SHH based on dimer/monomer formation.

We next determined a-SHHCLP specificity in cell lines that express different SHH proteins,
wtSHH (N-and C-terminal lipid-containing SHH protein made) and C24S-SHHN (N-and C-
terminal lipid-lacking SHH protein) Fig 1B. Mutation of C24S prevents N-terminal lipid
modification in vivo, while expression of the N-terminal fragment of SHH prevents addition
of the C-terminal lipid, generating C24S-SHHN that lacks both N and C-terminal lipids in
C17 cells, as previously described (Feng et al., 2004). WtSHH was previously shown to
form both soluble multimers and cross-linked aggregates, and remains predominately
membrane bound (Feng et al., 2004). In contrast, C24S-SHHN fails to form soluble
multimers, and is predominately secreted (Feng et al., 2004). The ability of a-SHHCLP to
recognize wtSHH expressed by C17 neural cells supports recognition of SHH in its native
conformation /in vivo.
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It is now well established that essential SHH signaling components localize to primary cilia
(Corbit et al., 2005; Haycraft et al., 2005; Rohatgi et al., 2007; Zimmerman and Yoder,
2015). In addition, GFP fusion of SHH has shown close association with y-tubulin at cilia
BBs (Chamberlain et al., 2008). Therefore, we next determined whether a-SHHCLP
identifies SHH associated with cilia BBs (-y-tubulin) and/or cilia axonemes (acetylated a.-
tubulin). In E9.5 mouse spinal cord (Fig 1C), «C), “-/Pidentifies SHH in puncta restricted to
the apical domain of neuroepithelial cells lining the ventricle (Fig 1D-G). Therefore, a-
SHHCLP jdentifies an epitope shared between SHHCL proteins i vitro, and punctate, cilia
BB-associated SHH proteins in embryonic spinal cord ventricles, /n vivo. This protein is
referred to as SHHCP. In E9.5 spinal cord, SHHCLP ventricular accumulation is greater in
ventral (Figures 1F-G) and intermediate regions (Fig 1E), compared to dorsal (Fig 1D).
Cilia BBs (y-tubulin) and cilia axonemes (acetylated a-tubulin) are also found in puncta
along the apical spinal cord (Figures 1D-L). Three-dimensional surface rendering of
sequential z-axis images (AMIRA software) magnifies SHHCLP association near cilia BBs
(Fig 1F") and cilia axonemes (Fig 1G”). The H160 antibody detects non-BB associated
SHH, (referred to as diffuse SHH) in the floor plate (Fig 1H) and notochord (Fig 1J). H160
staining of SHH is distinct in both appearance and localization when compared to a-
SHHCLP_ Staining with a-SHHCLP detects puncta in the notochord (Fig 11), but not in the
basal region of the floor plate.

Quantification of SHHCLP puncta in E9.5 spinal cord shows that the number of puncta does
not differ between ventral and intermediate regions (Figure 1M, green bars). However, the
number of SHHCYP puncta associated with cilia BBs increases in intermediate compared to
ventral spinal cord (Fig 1M, yellow bars), in agreement with results reported for SHH-GFP
(Chamberlain et al., 2008). Quantitative analysis at E9.5 supports that SHHCLP association
with cilia BBs is increased in the intermediate spinal cord compared to ventral regions.
Figure 1N is a schematic of the SA#/#™* ventral spinal cord showing the relative location of
puncta identified by a-SHHCLP (dark circles) and diffuse SHH identified by H160 (gray
region). The absence of staining in C24S-SHHN and C17 cells lacking SHH supports a-
SHHCLP specificity for SHH (Fig 1B). In addition, SA#~/~ mice do not stain for H160
(Figure 1K) or a-SHHCYP (Figure 1L), supporting antibody specificities. Together, these
experiments support that a-SHHCLP specifically recognizes a SHH conformation shared by
cross-linked SHH in vitro and basal body co-localized SHH in the embryonic ventral spinal
cord. This is referred to as cross-linked conformation.

Key regulators of SHH signaling control SHHCLP distribution in the embryonic ventral

spinal cord

In order to further characterize the relationship between SHHCL/P and cilia BB association
in vivo, we determined the role of regulators of the SHH pathway (SHH receptor patched
(PTC1), SHH cholesterol modification, and intraflagellate transport protein 172, IFT172) on
SHHCLP distribution in the embryonic ventral spinal cord. The SHH receptor PTC1 binds
and sequesters SHH (Incardona et al., 2000; Marigo et al., 1996) and localizes to cilia
axonemes (Rohatgi et al., 2007). Mice lacking PfcI exhibit neural tube defects and die
beginning from E9.0 (Goodrich et al., 1997). Therefore, we next examined SHHCL/P
localization in Ptc1~ !~ E8.75 spinal cord, comparing diffusely distributed SHH with
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SHHCLP (Figure 2A-F). In Pc**, SHHCLP associates with y-tubulin (Figure 2B, B”) and
a-tubulin (Figure 2C, C”) at cilia BBs and axonemes, respectively, along the ventricle. Upon
loss of Prc1, both diffuse SHH and SHHCLP are affected, with less restriction to the
floorplate (Figure 2D-F, 2D'—F"). SHHCLP forms large aggregates lining the ventricle and
at a distance from the ventricle (Figure 2E, E’, F, F"), indicating greater diffusion and loss of
discrete puncta in the absence of PTCL. Increased SHH protein expression is expected, as
increased Shh RNA expression is observed in PtcZ™~ mice (Goodrich et al., 1997).
However, increased SHH expression in Ptc1~/~ ventral spinal cord cannot account for the
extensive nature of SHHCLP aggregation and diffusion, supporting that PTC1 sequesters
both diffuse SHH and punctate SHHCP jn vivo, with a significant role in localizing
SHHCLP to cilia BB’s.

Given the role of the SHH C-terminal cholesterol (C-lipid) in membrane retention (Porter et
al., 1995; Porter et al., 1996), we next compared the effect of C-lipid loss on diffuse and
SHHCLP |ocalization in ShhN/E9.5 ventral spinal cord (Figure 21,17, J, ). In ventricles
and floorplate of ShAN/, SHHCLP and diffuse SHH are either reduced or absent. The
absence of diffuse SHH in floorplate, but not in the notochord agrees with previously
reported effects on SHH localization in SAAN/spinal cord (Huang et al., 2007). Loss of the
SHH cholesterol does not completely eliminate SHHCLP —cilia BB association (Figure 2J"),
suggesting that the SHH C-lipid facilitates, but is not required for SHHCLP —cilia BB
association.

We next asked whether an intraflagellate transport (IFT) protein known to affect SHH
signaling through ciliary defects, affects SHHCLP |ocalization in the embryonic spinal cord.
Ift172/Wimple mice contain a null mutation in IFT172, lack nodal cilia, and show reduced
SHH signaling (Huangfu and Anderson, 2005; Huangfu et al., 2003). In /ft172/Wimple
spinal cord, diffuse SHH is detected in the notochord, while diffuse SHH and SHHCLP are
not detected in the floorplate or spinal cord ventricles (Figure 2K, K’, L, L"), consistent with
reduced SHH signaling. Thus, defects in primary cilia resulting from mutating IFT172
prevent detection of both diffuse SHH and SHHCL/P in the floorplate and spinal cord
ventricles. In order to detect diffuse SHH in these studies, we used a-SHHCLM/D which
stains diffusely distributed SHH in E8.75 and E9.5 floorplate and notochord (Figure 2A, A,
G, G”), similar to that found for H160 at E9.5 (Figure 1H, J). a -SHHCLM/D fajls to detect
SHH proteins in ShA~ E9.5 spinal cord (Figure 2M), supporting anti-SHH specificity,
expected for an affinity purified antibody. By Western analysis, a-SHHCLM/D recognizes
both wtSHHCL and uSHHN monomers, showing recognition of a shared epitope in vitro,
that is likely masked in vivo.

SHH-E176 regulates Zn2* dependent cross-linking

In order to characterize SHH cross-linking that causes differential recognition by a-
SHHCLP we developed an assay for detecting cross-linking, in vitro. While wtSHH requires
extensive storage at —80°C (=6 months) in order to form the cross-linked form detected in
Fig 1A, uSHHN forms cross-linked dimers (uUSHHN-CLYiMers) within 30 minutes at 37°C, in
a pH-dependent manner (Figure 3A, compare lane 1, pH 6.5, lane 3, pH 7.0, and lane 5, pH
7.5), with pH 7.5 providing optimal cross-linking conditions.
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Crystal structure and mutational analysis previously showed that uSHHN stability requires
binding to Zn2* (Day et al., 1999; Hall et al., 1995). Therefore, we next tested the possibility
that Zn2* influences SHH cross-linking. Zn2* inhibits uSHHN cross-linking at pH 7.0
(Figure 3A, compare lanes 3 and 4), and pH 7.5 (Figure 3A, compare lanes 5 and 6). Cross-
linking reactions performed at pH 6.5 do not result in uSHHN-CLYMer formation (Figure
3A, lane 1), even in the absence of Zn2*, showing that lowering to pH 6.5 abrogates the need
for Zn2*.

Zn%*, but not Mg2* prevents formation of uSHHN-CLYMers (compare Figure 3A, lanes 6
and 7), supporting Zn2* specificity. Addition of 10 mM EDTA, a Zn?* chelator, allows
USHHN-CLYImers tq form in the presence of Zn?* (Figure 3, lane 9), indicating that Zn2*
chelation prevents cross-linking inhibition. Furthermore, Zn?* added 30 minutes after
USHHN-CLYIMers gre formed, cannot disassemble CLYIMers (Figure 3B, lane 1), showing that
Zn2* alone cannot reverse uSHHN cross-linking, in vitro. Other labs have shown that
uSHHN becomes unstable in the absence of Zn?*, degrading when Zn2* is removed.
Therefore, in the cross-linking assays, it is expected that uSHHN is bound to Zn2*. Adding
more Zn2*, rather than being required for stability, may then play a cross-linking role. This
is supported by the finding that addition of the Zn?* chelator EDTA, prevents Zn2*
inhibition of crosslinking, without degrading SHH. However, it should be noted that 1 mM
Zn2* used in these experiments is well above physiological concentrations in the picomolar
range.

Given the significant role of the SHH heparin-binding domain in signaling (Rubin et al.,
2002), we next tested whether heparin affects formation of uSHHN-CLYIMers. Addition of
heparin does not prevent formation of uSHHN-CLYMers (Figure 3B, lane 4), or cross-linking
inhibition by Zn2* (Figure 3B, lane 5). However, heparin increases the formation of a faster
migrating uSHHN cross-linked intermediate that may represent intramolecular cross-linking,
rather than dimerization (CLI"", as indicated by the dashed arrow in Figure 3B, lane 4).
Therefore, Zn2* can modulate the effect of the SHH-heparin binding on SHH cross-linking.

In order to further investigate SHH cross-linking control, we used results obtained from the
crystal structure of uSHHN, predicting that there are three Zn2* coordinating residues (Hall
et al., 1995). While two of these bind Zn2*, and are necessary for protein stability (Day et
al., 1999), one (human, SHH-E176, mouse, SHH-E177) was predicted to be the catalytic
amino acid in metalloprotease activity. However, SHH metalloprotease activity was never
reported. Given the ability of 1 mM Zn2* to prevent uSHHN cross-linking (Figure 3A, B),
we tested the possibility that SHH-E176-Zn2* coordination regulates SHH cross-linking.
Crosslinking experiments (Figure 3C) using four different SHH proteins that contain
different combinations of N-and C-terminal lipids (see schematics in Figure 3D), and/or the
E176A mutation, were performed to test whether E176 regulates SHH cross-linking. In
these assays, preparation of SHHN-E176A and SHH-E176A from transfected C17 neural
cell supernatants was similar to that previously described for SHHN and wtSHH (Feng et al.,
2004). Unlike uSHHN, SHHN-CLYimers and wtSHH-CLYIMers are not detected after 30-
minute incubations at 37°C and pH 7.5 (Figure 3C, lanes 1, 5, 1", 5"). However, mutation of
E176 to A (SHHN-E176A, SHH-E176A) dramatically changes SHH cross-linking,
producing both SHHN-E176A CLYimers and SHH-E176A CLYImers (Figure 3C, lanes 3" and
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7”). In contrast to uSHHN (Figure 3A, B), Zn2* increases the formation of SHHN-E176A-
cLdimers (Figure 3C, compare lanes 3" and 4”), and SHH-E176A-CLYMers (Figure 3C,
compare lanes 7’ and 8”). Detection with a-SHHCLP reveals the following important
differences between E176A mutated (Figure 3C, lanes 3’, 4, 77, 8”) and wildtype SHH
proteins (Figure 3C, lanes 1°, 2", 5", 6): 1. E176A mutation causes SHH to form CLdimers
not detected in wildtype proteins, 2. Zn2* increases cross-linking of E176A mutant proteins,
without affecting wildtype proteins. H160 does not detect wtSHHCL (Fig 1A), but Figure 3C
shows that H160 faintly recognizes SHHN-E176A-CLYIMers (Figure 3C, lanes 3 and 4) and
SHH-E176A-CLYIMers (Figure 3C, lane 8). In addition, H160, but not a.-SHHCLP,
recognizes monomers of SHHN, SHHN-E176A and wtSHH (Figure 3C, lanes 16), while
monomers of SHH-E176A are not detected (Figure 3C, lanes 7 and 8). Therefore,
cholesterol prevents E176A mutant proteins (SHH-E176A) from forming monomers that are
recognized by H160 (compare Figure 3C lanes 3, 4 (cholesterol lacking) and lanes 7, 8
(cholesterol containing)). Together, these data support that SHH-E176 and the C-lipid
modulates the effects of Zn?* on SHH cross-linking, and recognition by conformation-
specific antibodies, H160 and a-SHHCL/P.

The properties of different SHH proteins forms and recognition by H160 and a.-SHHCL/P
are summarized in Figure 3D. It is important to note that these are properties of secreted,
soluble proteins. When cell lysates from C17 cells transfected with ShhE176A are probed
with H160, monomeric forms are detected (Figure S1), distinguishing between the role of
E176 in cross-linking secreted and membrane bound proteins.

SHH-E176/E177 is required for endogenous, but not ectopic SHH signaling

The differential cross-linking properties between E176A mutated proteins and wildtype
proteins observed in Figure 3C raised the possibility that the E176 site plays a role in
signaling activity. However, previous experiments failed to detect differences in activity
between wtSHH and SHH-E176A mutant proteins (Day et al., 1999; Fuse et al., 1999).
Despite extensive characterization of E176A mutant protein signaling, the effects of SHH-
E176A on ectopic signaling in developing mouse brain have not been reported. Therefore,
we used a gain-of-function approach to assay ectopic SHH activity by retroviral injection
into the embryonic forebrain (Feng et al., 2006; Gaiano et al., 1999; Himmelstein et al.,
2010; Kohtz et al., 2001; Olsson et al., 1997)

Retroviruses expressing human wtSHH and SHH-E176A N-and C-lipid modified proteins
were made using the retroviral backbone shown in Figure 4A. Western analysis of C17 cells
infected with retroviruses show that both wtSHH and SHH-E176 proteins are expressed
(Figure 4B, lanes 2, 3). It is important to note that Figure 4B analyzes cell lysates, where
H160 can detect monomers of membrane-associated SHH-E176A (Figure 4B, lane 3),
differing from the secreted forms used in the cross-linking assays (Figure 3C, lanes 5, 7, 5,
77). WitShhand Shh-E176A retrovirus-injected brains have similar forebrain dorsal midline
morphological defects, with cortical thinning, and enlarged ventricles, as previously
described after wtShhinjection (Gaiano et al., 1999)(Figure 4G, witShh, and 4J, Shh-
E176A). In addition, D/x2, a gene normally restricted to ventral regions (Figure 4E), is
ectopically expressed in the cortex, in both wtShhand Shh-E176A infected brains (arrows,
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Figure 4H and 4K). Furthermore, retroviral expression of SHHN-E176A also shows dorsal
midline morphological and gene expression defects in 8/8 embryos analyzed (Figure S2). In
line with previous reports that SHH-E176A is active in multiple assays, these results show
that SHH-E176A is also active when ectopically expressed in the embryonic mouse
forebrain.

In order to determine whether SHH-E177 plays a role at endogenous sites of SHH signaling,
we generated mice containing an E177A point mutation, as described in Fig 5A. ShAEL77A%*
mice were crossed to ShA heterozygous mice (Shh™")to generate SHHEL77A/~ embryos for
analysis (Figure 5A). A glutamate (E) to alanine (A) point mutation was made at amino acid
177 in exon 2, and verified by sequencing of cDNA from Sh#E177A/~ embryos (Figure 5B).
At the same time, an Mlul restriction site was introduced (Figure 5B, TA*C) to distinguish
between Shh*/* and ShHEL77A~, by restriction analysis. Sequencing of the full-length
ShhE177A cDNA verifies that no other mutations are present (not shown).

ShhEI77A= embryos have gross deformities in presumptive midbrain and forebrain
structures; by E12.5, ShHE177A/~ embryos have a nasal proboscis (Figure 5A), similar to Shh
I~ embryos (Chiang et al., 1996). SA#177A/~ embryos have shortened limbs and lack digits,
which are present in their SA4** and Shh*/~ littermates at this age (Figure 5A).
Additionally, Sh#E177A"~ embryos die before birth.

In order to verify that Sh/1 RNA is expressed and correctly spliced from the targeted allele
containing E177A mutated sites, RT-PCR was performed on RNA isolated from E9.5 Shh
= ShHELT7AT/* and ShhEL77A/~ embryos (Figure 5B), and Mlul digested (Figure 5B).
Detection of SHH-E177A protein with a-SHHCYP in E9.5 Sh#EL77A/ spinal cord sections
provides additional support that targeting does not disrupt Shh mRNA or protein expression
(see below).

In order to determine the extent of the severity of SHH signaling loss in SAHFL77A/~
embryos, expression of the SHH receptor PfcZ was determined, providing a direct readout of
SHH pathway activity (Goodrich et al., 1997; Marigo et al., 1996). We generated
ShhEL77A=piclacZ/* embryos to examine Prcl expression (Goodrich et al., 1997). X-gal
staining for B-galactosidase activity shows loss of PtcI expression in the Sh#E177A/~ spinal
cord (Figure 5C). RNA in situ hybridization analysis confirms the absence of PicZin
ShhEI77A%= spinal cord (Figure 5E). The expression of G/iZ, a transcriptional target and
mediator of SHH signaling (Lee et al., 1997; Matise and Joyner, 1999; Walterhouse et al.,
1993) is also absent in SA/F177A/=spinal cord (Figure 5H). Despite the loss of SHH activity,
ShhRNA is detected in the SH#F177A/~ notochord (Figure 4K), but absent in S/~ embryos
(Figure 5L). Shh RNA expression is not detected in the S##5277A~ floor plate, as would be
expected if E177A SHH proteins were inactive in vivo.

In order to further investigate the role of E177 in SHH signaling, we analyzed dorsal/ventral
patterning in E9.5 Sh#E177A/~ mutant spinal cord. Consistent with the absence of a defined
floor plate by S RNA (Figure 5 K), HNF3p+ floor plate cells are not observed (Figure5
N). Class Il factors Nkx2.2 and Nkx6.1, induced by SHH and expressed in ventral
progenitor domains (Ericson et al., 1997) are also not detected in the SA#-L77A"~ mutant
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(Nkx2.2, Figure 5Q, Nkx6.1, Figure 5T). Pax6 and Pax7 are class | factors that are repressed
by SHH (Ericson et al., 1997). In the Sh#5177A/~ spinal cord Pax6 and Pax7 expression
domains shift ventrally compared to ShA*/* expression (Pax6, Figure 5W, Pax7, Figure 5Z).
This is similar to the SA/™~ spinal cord (Figures 5X, a), although subtle differences in the
expression pattern gradient may be present in the SA#E277A/~ mutant.

We next asked whether E177A forebrain morphological defects are accompanied by ventral
forebrain gene expression defects. Figure 5(b—d) shows that NVkx2.1, a ventral forebrain gene
activated by SHH Jn vitro (Kohtz et al., 1998) and absent in Sh#47/~ (Chiang et al., 1996), is
not detected in SHA5L77A~in anterior sections. Together, these data show that SHH-E177 is
required for patterning of embryonic spinal cord and brain.

Only cilia BB-associated SHH-E177A is detected, in vivo

ShHE177A~ mutants phenocopy S/~ embryos, and indicate that E177 is critical for SHH
activity at endogenous signaling sites. This is unexpected given that SHH-E176A/E177A
mutations do not eliminate activity in a variety of in vitro and in vivo assays (Figure 4), (Day
etal., 1999; Fuse et al., 1999). Given that SA#5177A/~ embryos express correctly spliced Shh
mMRNAs, we hypothesized that altered SHH-E177A protein localization may be responsible
for loss of signaling. Given differential recognition of SHH-E176A secreted proteins by a-
SHHCLP and H160 in vitro (Figure 3C, D), and differential detection of SHH punctate and
diffuse forms in vivo, we next used immunohistochemistry to determine whether E177A
mutation affects SHH localization in SA#277A/~ ventral spinal cord. Consistent with SHH
protein localization shown in Figure 1H, H160 detects wtSHH in a diffuse pattern in the
floor plate of Sh#** spinal cord (Figure 6A, A”). However, in Sh#5177/~ spinal cord, H160
does not detect SHH-E177A proteins (Figure 6B, B”). This is consistent with the results
shown by Western analysis, where H160 fails to recognize secreted SHH-E176A proteins
(Figure 3C, lane 7). a-SHHCLP detects cilia BB-associated wtSHH (Figure 6D, D) and
SHH-E177A (Figure 5E, E”), with increased accumulation of cilia BB-associated SHH-
E177A proteins compared to wtSHH (compare Figure 6D” and E”). Detection of SHH-
E177A in cilia BBs is also consistent with Western analysis showing that a.-SHHCL/P
recognizes wtSHHCL (Fig 1A) and SHH-E176ACL (Figure 3C). H160, and a-SHHCLP do
not detect proteins in ShA'~ spinal cord, supporting SHH antibody specificities (Figure 6C,
C’, F, F"). Therefore, SHH-E177A proteins co-localize with cilia BBs along spinal cord
ventricles, but are not detected in floorplate region, outside of cilia BBs.

We next compared the numbers of SHH puncta along the spinal cord ventricles of Sh#**
and SHHEL77A~ (Figure 6G). The schematic in Figure 6G shows an embryonic spinal cord
section, with dashed boxes highlighting the intermediate (Int) and ventral regions (Vent).
Puncta containing SHH were counted from 2000um? areas in the Int and Vent regions of Shh
**and ShHEL77A~ lumbar spinal cord sections. The number of SHH puncta are not
statistically different between the Int and Vent regions of S##™* spinal cord (black bars,
Figure 6G), or the Int and Vent regions of the Sh#E177A/= spinal cord (gray bars, Figure 6G).
However, there are significantly greater numbers of SHH-E177A puncta in both Int and Vent
ShhEL77A~ regions than in the corresponding ShA™* spinal cord regions. Analysis of SHH-
cilia BB co-localization indicates that SHH-E177A increases association with cilia BBs in
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ventral, but not intermediate regions, where SHH-cilia BB already occurs in the majority
regions (Figure 6G, graph on the right). Increased numbers of SHH-E177A puncta compared
to wtSHH puncta may result from the inability of SHH to signal, and therefore increased
accumulation in proteasomes located near cilia BBs. Alternatively, E177A mutation may
allow better visualization of SHH-cilia BB puncta.

In order to resolve issues of detection, we next used Western analysis of E10.5 membrane
extracts, and a-SHHCLP and H160 to compare the profile of SHH proteins in SA#%* and
ShHFL77A%~, Figure 6H shows that E177A mutation in vivo shifts monomeric SHH to form
dimers, but that monomers are still detected. Detection of both SHH-E177A dimers and
monomers is consistent with results found in transfected cells where H160 to detects cell-
associated SHH-E176A monomers (Figure S1) and a.-SHHCL/P detects secreted SHH-
E176A dimers (Figure 3C).

Figure 61 contains schematics of S#A™* and ShhE177A/~ spinal cords comparing wtSHH and
SHH-E177A protein distribution. Diffusible wtSHH is present in the floor plate and
notochord, whereas cilia BB-associated wtSHHCP concentrates in puncta along the
ventricle. SHH-E177ACLP is only detected associated with cilia BBs along ventricles, in
higher concentrations than wtSHHCL/P,

Discussion

In this paper, we show that mice containing a glutamate (E) to alanine (A) point mutation in
E177 (ShHEL77A~) phenocopy Shf'~ mice with respect to embryonic morphological and
gene expression defects in spinal cord and forebrain. In contrast to ectopic assays, where
SHH-E176A is highly active, SHH-E177A is inactive at endogenous sites in vivo. In
addition, SHH-E177A proteins are only detected near cilia BBs, with greater accumulation
at cilia BBs compared to wtSHH. Several lines of evidence in this report support that zinc-
dependent SHH cross-linking and/or conformational changes are responsible for the
discrepancy between SHH-E176A ectopic and endogenous activities. While alternative
mechanisms are also possible, based on the cumulative in vivo and in vitro data, we propose
amodel in which SHH-E176/E177 modulates the effects of Zn2* on SHH protein cross-
linking and/or conformation, an event that is required for signaling at cilia BBs (Figure 6J).

SHH cross-linking indicates conformational change

Factors controlling SHH multimerization have been studied in detail, specifically the role of
N-and C-lipids (Chen et al., 2004; Feng et al., 2004; Ingham, 2001; Zeng et al., 2001).
However, direct studies of multimerization in vivo have not been possible, mainly due to the
lack of reagents to distinguish between multimers and monomers. Therefore, the biological
significance of SHH multimerization has only been inferred from properties of recombinant
SHH proteins, in vitro, and corresponding activities of these proteins in ectopic assays and
mouse models. In order to directly visualize SHH multimers in vivo, we made several efforts
to generate an N-lipid modified specific SHH antibody (using palmitoylated SHH peptides
in vitro). These antibodies were unsuccessful in recognizing SHH proteins in embryonic
spinal cord sections or denatured SHH proteins by Western analysis.
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In contrast, we were able to generate a conformation-specific antibody (a-SHHCLP) that
recognizes cross-linked wtSHHCL in Westerns (Fig 1A), and cilia BB-associated wtSHHP in
embryonic spinal cord sections (Fig 1E, F, F’, I). It is important to note that the ability of a-
SHHCLP to detect a SHH conformation that is shared between SHHCL proteins in vitro and
cilia BB-associated SHHP in vivo, supports the biological significance of the SHHCL
conformation formed by crosslinking. Despite being able to detect several cross-linked
forms of SHH in embryonic tissues by western analysis (Feng et al., 2004), without shared
detection of the cross-linked conformation in vivo, the SHH cross-linked conformation
could be the result of SHH misfolding during in vitro manipulations, with little or no
biological significance. Thus, shared recognition of SHHCL and SHHP reinforces the
validity of using cross-linking and recognition by conformation-specific antibodies to study
SHH conformational changes, with the advantage that factors that control cross-linking in
vitro can shed insight into the regulation of SHH conformation in vivo.

The ability of conformation-specific antibodies to distinguish between cilia BB-associated
SHHP and non-BB associated SHHP (diffusible SHHP) supports the hypothesis that changes
in SHH conformation occur at cilia BBs either during pre-signaling or post-signaling events
(Figure 6J). Given that cilia BBs are the site of active SHH signaling (Zimmerman and
Yoder, 2015), it is not surprising that SHH conformational change critical for signaling
would occur at cilia BBs. The finding that SHH-E177/E176 controls SHH cross-linking in
vitro, as detected by a-SHHCLP (Figure 3C), and is also critical for signaling in vivo
(Figure 4) further supports a critical role of SHH cross-linking and/or conformational
change during signaling. Thus, the use of conformation-specific antibodies (a.-SHHCLP,
H160) and in vitro cross-linking assays to detect conformational changes, combined with
characterization of SHH-E176A protein localization in spinal cord cilia BBs of SA#EL77A/~
mice reveals a previously unknown role for cross-linking/conformational control of SHH
during signaling.

Zinc activation mechanism and concentration gradient

SHH is secreted by the notochord and the floor plate and is thought to act in a graded
manner to induce expression of a unique combination of homeodomain transcription factors
in the developing spinal cord (Jessell, 2000). However, the graded distribution of the SHH
protein along the dorsal/ventral spinal cord has never been convincingly shown. While the
numbers of SHHCLP containing puncta do not change between ventral and intermediate
regions (Fig 1M), cilia BB-association increases in intermediate compared to ventral spinal
cord. In addition, analysis of SA##F177A/~ mutant spinal cord indicates increased
accumulation of SHH-E177ACLP puncta in both intermediate and ventral regions (Figure
6G), suggesting that E177 is required for SHH activation, but not necessarily gradient
formation.

A conformational change that is required for signaling raises the possibility that SHHCLP is
inactive in vivo, and requires conversion to become active (see model in Figure 6J-1). A
conversion model was also proposed based on the finding that the C-lipid required for long
range signaling, reduces SHH activity in forebrain explant assays (Feng et al., 2004). If
conversion is involved, then the gradient of SHH activity would depend on factors

Dev Biol. Author manuscript; available in PMC 2018 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Himmelstein et al.

Page 13

contributing to SHH activation, rather than the concentration of SHH ligand. Analysis of
ShHEI77A~ mice is consistent with in vitro properties of E177A/E176A, and support a Zn2*
-dependent model of SHH activation (Fig 6J-1). The simplest Zn2* activation model is
shown in Fig 6J-1, where cilia BB-localized SHH-E176-Zn?* binding changes SHH
conformation, enabling proper binding to PTC1, release of Smoothened (SMO) and
downstream signaling. The uniform distribution of both wtSHHC!P and SHH-E177ACVP
from ventral to intermediate spinal cord argues against a gradient distribution of cilia BB-
associated SHH; instead, the ability of E176/E177 to bind Zn?*, as determined by Zn2*
availability, or co-factors of SHH signaling, may regulate activity at a specific location.

The proposed Zn2* activation model not only predicts that wtSHHCVP conformation does
not prevent association with PTC1, but also that PTC1 sequesters wtSHHCLP. Both are
supported by the following experimental evidence: (1) wtSHHCP s detected in the absence
of PTCL1, but requires PTC1 for proper localization, (2) SHHN and SHHN-E176A directly
bind PTC1 with similar binding affinities (Day et al., 1999), (3) E176A/E177A mutant
proteins exhibit increased cross-linking (Figure 3C), while retaining potency in ectopic
assays (Figure 4, Fig S2). Taken together, the activation model predicts that SHH-E176/
E177 -Zn?* conformational change is required during PTC1 association, for subsequent
PTC1 release of SMO (Figure 6J-1).

An alternative model is that E176 is required for signaling, but SHHCLP forms during a
post-signaling event (on the right in Figure 6J-11). While the ability to detect SHHCLP in the
absence of the SHH receptor PTC1 argues against post-signaling, the inability to reversibly
cross-link SHH in vitro argues against a conversion model. Additional evidence against
WESHHCVP or SHH-E177ACVP as part of a post-signaling complex is the presence of SHH-
E177ACYP along spinal cord ventricles even in the absence of signaling. Given that E176
modulates pH -dependent SHH crosslinking in vitro, and that endosomes allow pH-specific
compartmentalization, it is possible that the enodocytic pathway may be involved, unifying
both pre-and post signaling mechanisms.

It is important to note that H160 fails to detect SHH-E177A in SA#177A/~ mutant spinal
cord sections, but detects cell-associated SHH-E176A monomers by Western analysis. Thus,
it is possible that loss of the bioactive form (as detected by H160) of SHH is responsible for
loss of SHH-E177A activity. Therefore, alternative mechanisms may be involved in
generating the bioactive form of SHH. Clearly, future experiments that require developing
novel tools will be necessary to distinguish between these possibilities.

Differential requirement of E176/E177 in endogenous vs. ectopic SHH signaling

Previous studies comparing SHH signaling activity of soluble multimers in forebrain neural
explants assays, showed that medium sized, but not large multimers (>669kD) were active.
This led us to propose that inactive SHH is transported, requiring an activation step after
long-range transport (Feng et al., 2004). More recently, Zn2* mediated metalloprotease
cleavage by ADAM (Ohlig et al., 2012), resulting in N-terminal lipid removal, was proposed
to be required for SHH activation. However, neither report was able to show that SHH
activation occurs through multimer disassembly or cleavage events, in vivo, or to determine
in vivo sites where such activation occurs.
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If SHHCVP is inactive, its presence in ShA*/* spinal cord supports the likelihood that inactive
SHH is a normal part of SHH signaling at cilia BBs, and does not only appear as a result of
E177A mutation, or in vitro manipulation of SHH proteins.

Although our data shows that E177 is required for SHH activity at endogenous sites in mice,
previous and present studies (mouse embryonic forebrain, Figure 4C) show that E176/E177
is not required in culture or at ectopic sites (C3H10T1/2 cells, chick neural plate explants,
Drosophila embryonic cuticle). In addition, previous experiments demonstrated that E176A/
E177A mutation does not affect protein stability (Day et al., 1999).

One of the major questions raised by our results is: why is E176/E177 required for
endogenous, but not ectopic assays? One possibility is that context-dependent regulation by
Zn2* occurs at endogenous sites, but not at ectopic sites; for instance, Zn2* activation may
be regulated by changes in pH, and co-factors, as proposed in the models shown in Figure
6J.

In vitro experiments support the involvement of pH in regulating E176/E177-Zn?* cross-
linking, as Zn%* is required to inhibit cross-linking at pH 7.0 and 7.5, but not pH 6.5. One
possibility is that accessibility of E176/E177 to Zn?* is regulated by the arrangement or size
of multimers. Additionally, co-factors of SHH signaling, specifically components of the
extracellular matrix (ECM), may distinguish endogenous and ectopic roles of E176/E177
and the requirement for conformational regulation. While early studies showed that SHH
interacts with heparin (Bumcrot et al., 1995; Lee et al., 1994), later work showed that ECM
heparin sulfate proteoglycans and SHH interactions with proteoglycans influence the
formation of the Hh morphogen gradient in Drosophila and SHH signaling activity in mice
(YYan and Lin, 2009). Site-specific SHH mutations in the Cardin-Weintraub interaction
domain (R34A/K38A) disrupt interactions with proteoglycans, specifically interfering with
proliferative but not patterning activities in mice (Chan et al., 2009). In vitro uSHHN cross-
linking assays suggest that heparin, in the absence, but not presence of Zn2*, increases
formation of a faster migrating cross-linked intermediate uSHHN-CL""@ (Figure 3B).
Therefore, it will be important to determine how the SHH-heparin binding domain or SHH-
proteoglycan interactions contribute to Zn2*-dependent cross-linking/conformational
control.

The identification of transmembrane proteins HIP1 (Chuang and McMahon, 1999) and
fibronectin 111 domain-containing proteins IHOG/CDO/BOC indicate both negative and
positive regulation of Hh/SHH activity (Beachy et al., 2010; Tenzen et al., 2006; Yao et al.,
2006). Together, these data raise the possibility that differential expression of SHH binding
proteins, factors that regulate pH, and Zn?* availability (referred to as co-factors, Figure 6J
models) at endogenous sites compared to ectopic sites, regulates SHH signaling through
cross-linking/conformational control.
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Materials and Methods

Antibody Generation

The SHH N-terminal 197 amino acids fused to GST, was cross-linked to KLH (keyhole
limpet hemocyanin, Pierce) and injected into rabbits for polyclonal antibody production
(Pocono Farms). Several different bleeds were affinity purified on a column containing SHH
N-terminal 197aa protein fragment. Conformation-specific, affinity-purified antibodies were
tested for recognizing cross-linked wtSHH (N-and C-lipid containing SHH), but not soluble
monomers, by Western analysis, generating a-SHHCLP. WtSHH is affinity purified on a
5E1 antibody column from stably transfected C17 cell culture supernatants, as previously
described (Feng et al., 2004). 5E1 purified antibodies were obtained from Developmental
Studies Hybridoma Bank (DSHB, University of lowa); 5E1 is a well-characterized mouse
monoclonal antibody that recognizes SHH (Ericson et al., 1996). a-SHHCLMP (rabbit sera
raised against SHH aa24-197, gift from Jessell lab) was made by affinity purification on
USHHN column (aa24-197), and specificity verified by western and immunohistochemistry
on Shi!~ spinal cord sections. Cross-linked wtSHH (WtSHHCL) is spontaneously generated
by extended storage in DMEM containing 20% fetal bovine serum (~6 months, — 80°C).
USHHN is recombinant human SHH purified from £. coli and lacks both N-and C-lipids
(Kohtz et al., 2001).

Cross-linking Assays

50 ng of uSHHN (Figure 3A) or 3 ng of SHHN, SHHN-E176A, wtSHH, SHH-E176A
(Figure 3C) were incubated with 1 mM ZnCl,, 1 mM MgCl,, or alone in crosslinking buffer
(20 mM Hepes-KOH pH 7.5, 15 mM NacCl, 0.9 mM KCI, 0.5 mM MgCls,, 0.02 mM EDTA,
0.03% Triton X-100, 0.15% Tween 80, Aprotinin 0.625 pg/ml, 3 mM PMSF and 1 mM
DTT) for 30 min at 37°C. For incubations at pH 6.5 and pH 7.0, 20 mM Hepes-KOH was
replaced with 20 mM Pipes pH 6.5 and 20 mM Tris-Cl pH7.0, respectively. For samples
containing EDTA, 10 mM EDTA was added prior to incubation. Westerns were probed with
H160 or a-SHHCLP, WtSHHCL (Fig 1A) was generated by storage of wtSHH containing
supernatants from stably transfected C17 cell line at =80 for = 6 months, followed by 5E1
monoclonal anti-SHH antibody affinity chromatography.

Immunofluorescent Staining and Confocal Microscopy

The HNF3p (clone 4C7, dilution 1:8), Nkx2.2 (clone 74.5A5, dilution 1:8), Nkx6.2 (clone
F64A6B4, dilution 1:6), Pax6 (1:11), Pax7 (1:8) monoclonal antibodies were obtained from
the Developmental Studies Hybridoma Bank (University of lowa), and mouse anti-
acetylated a-tubulin (Zymed, 1:500) and anti y-tubulin (Sigma, 1:700) were detected by
anti-mouse Cy3 (Jackson, 1:250) and DAPI 1:1000 to label nuclei. H160 (Santa Cruz,
dilution 1:400) and anti-SHHCL (1:1400), were detected using tyramide amplification,
according to manufacturer’s instructions (TSA, AlexaFluor 488, Molecular Probes).

Zeiss confocal 510 Meta microscope with Plan-Neofluar 10x%/0.3, Plan-Apochromat 63x/1.4
Oil DIC, and Alpha-Plan-Apochromat 100x/1.46 Oil DIC objectives and AlM software was
used; Z-stacks were taken at 100x objective by merging between 8 and 11 images taken at
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the optimal interval. Each image was 8 pum thick, and was overlaid 50% with the 