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Abstract

Cilia-associated human genetic disorders are striking in the diversity of their abnormalities and 

their complex inheritance. Inactivation of the retrograde ciliary motor by mutations in DYNC2H1 

cause skeletal dysplasias that have strongly variable expressivity. Here we define unexpected 

genetic relationships between Dync2h1 and other genes required for ciliary trafficking. Mutations 

in mouse Dync2h1 disrupt cilia structure, block Sonic hedgehog (Shh) signaling and cause 

midgestation lethality. Heterozygosity for Ift172, a gene required for anterograde ciliary 

trafficking, suppresses the cilia phenotypes, Shh signaling defects and early lethality of Dync2h1 

homozygotes. Ift122, like Dync2h1, is required for retrograde ciliary trafficking, but reduction of 

the Ift122 gene dosage also suppresses the Dync2h1 phenotype. These genetic interactions 

illustrate the cell biology underlying ciliopathies and argue that mutations in IFT genes cause their 

phenotypes because of their roles in cilia architecture rather than direct roles in signaling.

Introduction

Human ciliopathies arise from defects in the primary cilium and can lead to obesity, retinal 

degeneration and cystic kidney disease, and are also associated with a wide array of 

morphological abnormalities. Although most of the characterized ciliopathies are single 

gene recessive disorders, there is evidence that mutations in more than one cilia-associated 

gene can have additive or synergistic effects in disease 1-5. It has been estimated that there 
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are more than 100 cilia-associated human diseases 6 and that hundreds of genes are required 

for the construction of cilia and the centrioles that template cilia 7,8, making ciliopathies a 

model for the complex genetic interactions seen in human genetic disease.

Mutations in human DYNC2H1, which encodes the heavy chain of the cytoplasmic dynein-2 

motor required for trafficking cargo from the tip to the base of the cilium, have been 

associated with short rib-polydactyly syndrome (SRP) type III and Jeune asphyxiating 

thoracic dystrophy (JATD) 9,10, two related skeletal dysplasias characterized by shortened 

long bones, a narrow rib cage and polydactyly, and other features of ciliopathies. Assembly 

of cilia depends on the process of intraflagellar transport (IFT) 11. IFT particles, composed 

of IFT-A and IFT-B protein complexes, are transported to the tip of the cilium (anterograde 

transport) by the heterotrimeric kinesin-2, and transport of products back to the base of the 

cilium (retrograde transport) is powered by cytoplasmic dynein-2. Chondrocyte cilia from 

individuals with DYNC2H1 mutations are shortened with bulbous distal ends, similar to the 

phenotypes of IFT-dynein mutant cilia in other species 10. The human syndromes show a 

range of severity, from lethality during gestation to adult survival in affected individuals, 

with no apparent relationship between the nature of the mutation and the severity of the 

disease 9. The presence of both SRP type III and the less severe JATD within the same 

family also suggests that the human phenotypes can be modified by other genetic or 

environmental factors 12.

Many of the morphological abnormalities seen in human ciliopathies are likely to be caused 

by disruption of the Hedgehog (Hh) signaling pathway 13,14. Genetic analysis in the mouse 

and zebrafish has shown that primary cilia are essential for Hh signal transduction in 

vertebrate embryos 13. Mutations in all of the IFT genes that have been studied disrupt Hh 

signaling. For example, mouse mutants that lack IFT-B complex proteins lack cilia and fail 

to respond to Hh signals; these mutants can neither activate Hh target genes nor produce the 

Gli repressors that keep target genes off in the absence of ligand 15,16.

The proteins that mediate Hedgehog signal transduction are enriched in wild-type primary 

cilia. Patched1 (Ptch1), the Hh receptor, is present in cilia in the absence of ligand, but 

moves out in response to Hh ligand 17. The transmembrane protein Smoothened (Smo), 

which acts downstream of Ptch1 moves into cilia in response to Shh, and cilia localization of 

Smo is required to activate downstream signaling 17,18. The Gli2 and Gli3 transcription 

factors that implement Hh signals are enriched at the tips of cilia 19, and the level of Gli2 

and Gli3 at cilia tips increases in response to ligand 20,21. It is, however, unclear how or 

whether IFT directly regulates trafficking of specific components of the Hh signal 

transduction pathway.

Mouse Dync2h1 mutants show a loss of Shh-dependent signaling in the neural tube and die 

at midgestation (∼e10.5) 15,22. Here we define the genetic relationships between Dync2h1 

and other genes required for ciliogenesis. Unexpectedly, we find that both the cilia 

morphology and Shh phenotypes of Dync2h1 homozygotes are strongly suppressed when 

the level of either the IFT-A or IFT-B proteins is reduced. The results indicate that the 

balance of anterograde and retrograde IFT controls ciliary architecture, which in turn 

controls Shh signaling and the developmental processes that are disrupted in ciliopathies.
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Results

Dync2h1 mutant alleles disrupt Sonic hedgehog signal transduction and cilia structure

Shh-dependent neural patterning is blocked in each of the Dync2h1 mutants that have been 

studied, including apparent null alleles (Fig. 1a, Supplementary Fig. 1) 15,22,23. The ventral 

neural cell types specified by the highest level of Shh signaling, the floor plate and V3 

interneuron progenitors, are never specified in any of the mouse Dync2h1 mutants (Fig. 1a, 

Supplementary Fig. 1a, b) 15,22,23. Motor neurons, which are specified by intermediate 

levels of Shh, are greatly reduced in number in the rostral neural tube (Supplementary Fig. 

2), but do develop caudally (Fig. 1a, Supplementary Fig. 1b). Double mutant analysis 

showed that Dync2h1 is required for the activity of the Hh pathway at the heart of the signal 

transduction pathway, downstream of Ptch1 and upstream of the Gli transcription factors 

(Supplementary Fig. 2), like other IFT genes 16,24.

Scanning electron microscopy (SEM) analysis of primary cilia in the neural tube showed 

that, while there were some differences in cilia morphology between different Dync2h1 

alleles, all mutant cilia appeared swollen (Fig. 1b, Supplementary Fig. 1c). Dync2h1lln/lln 

cilia were the least affected of the Dync2h1 mutants; these cilia were as long as in wild type, 

but were twice as wide (Supplementary Table 1). We found that twice as much IFT88, a 

component of the IFT-B complex, accumulated in Dync2h1lln/lln ciliary axonemes (Fig. 1c, 

Supplementary Table 2), similar to the accumulation of IFT particles in Chlamydomonas 

dynein-2 mutant flagella 25-27.

In contrast to the restricted, Shh-dependent localization of Shh pathway proteins in wild-

type cilia, we observed previously that Smo accumulates in cilia of Dync2h1ttn/ttn mutant 

mouse embryo fibroblasts (MEFs) 23 and over-expressed Gli2 accumulates to high levels in 

Dync2h1 RNAi-treated cells 28. We examined the localization of Hh pathway proteins in 

Dync2h1lln/lln MEFs (Fig. 2), and found that high levels of Smo, Gli2 and Ptch1 

accumulated along the entire length of Dync2h1lln/lln ciliary axoneme in the absence or 

presence of Shh (Fig. 2a, c, e, Supplementary Table 3). We also examined the cilia on the 

neural progenitors that project into the lumen of the developing neural tube and found that 

Smo, Gli2 and Ptch1 accumulated to high levels in the cilia at both ventral positions, near 

the source of Shh, and dorsally, far from any Shh (Fig. 2b, d, f, Supplementary Fig. 3). Thus, 

even in the absence of ligand, Smo, Gli2 and Ptch1 traffic into cilia and accumulate there in 

the absence of the IFT-dynein retrograde motor.

Decreased activity of IFT-B suppresses the defects in Shh signaling, cilia morphology and 
Hh pathway protein localization of Dync2h1 homozygotes

Because Hh pathway proteins accumulate in primary cilia in the absence of the retrograde 

motor, we tested whether reduction of anterograde trafficking within the cilium would affect 

the Dync2h1lln/lln phenotypes. The IFT-B protein complex is required for anterograde 

trafficking, and null mutations in IFT-B genes block ciliogenesis 16. As expected, mutants 

that were homozygous for both Dync2h1lln and a null allele of an IFT-B gene, Ift172wim, 

were indistinguishable from Ift172wim homozygotes: they lacked cilia and embryos failed to 

specify all ventral neural cell types (Supplementary Fig. 4a). We then examined the 
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Dync2h1lln phenotype when combined with avc1, a partial loss-of-function allele of Ift172
29,30. While neural patterning in Ift172avc1/avc1 mutants was nearly wild type 

(Supplementary Fig. 4a), Dync2h1lln/lln Ift172avc1/avc1 double mutants lacked floor plate and 

V3 progenitors, as in Dync2h1lln/lln but did specify motor neurons rostrally as well as 

caudally, suggesting that Ift172avc1/avc1 partially rescued the Dync2h1lln/lln phenotype 

(Supplementary Fig. 4).

A more dramatic rescue of the Dync2h1 phenotype was observed in Dync2h1lln/lln 

Ift172avc1/+ compound mutants. All Shh-dependent ventral neural cell types were specified 

in the compound mutants, including the floor plate, which expressed FoxA2, and Nkx2.2-

expressing V3 progenitors (Fig. 3a). A similar, but less complete, rescue of Shh-dependent 

neural patterning was seen in Dync2h1lln homozygotes that were heterozygous for null 

alleles of Ift172 or of another IFT-B complex gene, Ift88 (Supplementary Fig. 5), although 

Ift172wim/+, Ift88null/+ and Ift172avc1/+ animals have no detectable phenotype. While all 

Dync2h1lln/lln mutants die by E13.5 15, ∼30% of Dync2h1lln/lln Ift172avc1/+ embryos 

survived to at least E16.5 (Fig. 3b). IFT mutants that survive long enough to make digits are 

polydactylous due to the failure to make Gli3 repressor 15,22,24,31-33. At E16.5, some 

Dync2h1lln/lln Ift172avc1/+ mutants (n=2/5) did not exhibit polydactyly in either forelimbs or 

hindlimbs (Fig. 3c, Supplementary Fig. 6). Thus a modest reduction of IFT-B proteins 

rescued the early lethality and polydactyly caused by the absence of IFT-dynein function.

In parallel with this rescue of Shh signaling, the morphology of primary cilia in the neural 

tube of Dync2h1lln/lln Ift172avc1/+ was also rescued, as assayed by SEM (Fig 3d). The IFT-B 

complex protein IFT88 did not accumulate in the compound mutant cilia (Fig. 3e). In 

contrast to the accumulation of Smo in the absence of ligand in Dync2h1lln/lln MEFs (Fig. 

2a), Smo was detected in cilia of Dync2h1lln/lln Ift172avc1/+ compound mutant cells only 

after stimulation with Shh (Fig. 3f), as in wild type. Gli2 was observed only at cilia tips in 

Dync2h1lln/lln Ift172avc1/+ mutants (Fig. 3g), as in wild type and at more normal levels 

(Supplementary Table 3). Thus, reduction of the level of IFT-B, and presumably a decreased 

rate of anterograde trafficking, bypassed the requirement for the IFT-dynein for both cilia 

structure and Shh signaling.

Hh pathway activation in the absence of both the IFT-A protein IFT122 and Dync2h1

Retrograde trafficking depends on both IFT-dynein and the IFT-A complex 25,26,34,35. 

Mouse mutants that lack the IFT-A complex genes Ift122 and Ttc21b (the mouse orthologue 

of Chlamydomonas reinhardtii IFT-A complex gene Ift139) have short bulbous cilia 24,36 

and depletion of TTC21B causes slower retrograde IFT without affecting anterograde 

IFT 24, indicating that the function of IFT-A proteins in retrograde trafficking is conserved 

in mammals. However, in contrast to Dync2h1 mutants where the block in retrograde 

transport prevents the response to Shh, Ift139 and Ift122 mutants show ligand-independent 

ectopic activation of the Shh pathway 24,32.

One hypothesis to explain the block of Hh signaling in Dync2h1 mutant embryos is that Gli 

proteins are trapped in the cilium by the defect in retrograde trafficking and therefore cannot 

activate target genes in the nucleus. If this were correct, then Dync2h1 IFT-A double mutant 

embryos should have a strong defect in retrograde trafficking and would be expected to lack 
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Shh-dependent cell types in the neural tube. Ift122sopb is a null allele of the gene encoding 

IFT122 32, which is a core component of the IFT-A complex 37. Contrary to our expectation, 

embryos homozygous for both Dync2h1lln and the null allele Ift122sopb showed ectopic 

activity of the Shh pathway in the neural tube, similar to the phenotype of Ift122sopb/sopb 

single mutants (Fig. 4a, Supplementary Fig. 7). The motor neuron marker HB9 was 

expressed in a dorsally expanded domain in the double mutants, as in Ift122sopb/sopb single 

mutants (Fig. 4a). Floor plate and V3 progenitors, which were absent in Dync2h1lln/lln 

embryos (Fig. 1b), were specified in the double mutants, although these domains did not 

show the dorsal expansion seen in Ift122sopb/sopb single mutants (Fig. 4a). Thus, in the 

context of this IFT-A mutant, the Shh pathway can be ectopically activated to high levels 

even in the absence of the canonical retrograde motor.

Just as the neural patterning of the double mutants resembled that of Ift122sopb/sopb, the 

Dync2h1lln/lln Ift122sopb/sopb double mutant cilia were similar to those of the Ift122sopb/sopb 

single mutants (Fig. 4b, Supplementary Table 1). IFT88 was enriched at cilia tips (Fig. 4c), 

as in Ift122sopb/sopb single mutants, and not accumulated along the cilium as seen in 

Dync2h1lln/lln cilia (Fig. 1c). Smo was localized to cilia only in the presence of Shh (Fig. 

4d), and Gli2 was limited to the tips of Dync2h1lln/lln Ift122sopb/sopb double mutant cilia 

(Fig. 4e). Thus removal of this IFT-A protein prevented the accumulation of proteins within 

the cilium caused by loss of Dync2h1, suggesting that Ift122 has a role in anterograde, as 

well as retrograde trafficking.

Dync2h1 protein was enriched at the base of the cilium and in puncta along in the axoneme 

of wild-type MEFs (Fig. 4f), as in Chlamydomonas 25,26. In contrast, Dync2h1 protein 

accumulated near the base of Ift122sopb mutant cilia with little or no staining along the distal 

axoneme (Fig. 4f). This suggests that the defect in retrograde trafficking in Ift122sopb 

mutants might be due to a failure of the retrograde motor to enter the cilium normally. The 

loss of Dync2h1 from the Ift122sopb/sopb cilium could account for the similarity between the 

Dync2h1lln/lln Ift122sopb/sopb double and Ift122sopb/sopb single mutant phenotypes.

Lowered dosage of Ift122 suppresses the Dync2h1 phenotype and restores Shh 
responsiveness

As with the IFT-B complex genes, removal of one copy of Ift122 partially rescued the 

phenotype of Dync2h1 homozygotes. All ventral neural cell types, including floor plate, V3 

progenitors and motor neurons, were specified in the caudal neural tube in the Dync2h1lln/lln 

Ift122sopb/+ embryos (Fig. 5).

Two alternative models could explain the suppression of the Dync2h1 phenotype by 

decreased dosage of Ift122. In the first model, Dync2h1 and IFT122 have opposing 

phenotypes because they have opposing effects on the activity of core Hh pathway 

components and the suppression reflects a balance of these effects. Both Ift122 and Dync2h1 

act downstream of Shh, Patched1 and Smoothened 32(Supplementary Fig. 1a), so this model 

predicts that Ift122 and Dync2h1 have opposing effects on the activity of pathway proteins 

downstream of Smo; in this case, the suppression of the Dync2h1 phenotype would be 

independent of the presence of ligand. Alternatively, the suppression could indicate that 

changing the balance of IFT proteins restored sensitivity to Shh ligand. We therefore tested 
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whether activation of the pathway in Dync2h1lln/lln Ift122sopb/+ embryos depended on Shh. 

The external morphology of Dync2h1lln/lln Ift122sopb/+ Shh-/- mutants appeared to be 

intermediate between Dync2h1lln/lln Ift122sopb/+ and Shh-/- embryos (Fig. 5). In the neural 

tube, markers of the FP and V3 progenitors, which were expressed in Dync2h1lln/lln 

Ift122sopb/+ embryos, were not expressed in Dync2h1lln/lln Ift122sopb/+ Shh-/- compound 

mutants. Thus the specification of ventral neural cell types in Dync2h1lln/lln Ift122sopb/+ 

embryos depended on the presence of Shh (Fig. 5, Supplementary Fig. 8). This suggests that 

the suppression of the Dync2h1 phenotype was not due to a direct effect on the activity of 

core components of the Shh pathway and was instead due to a change in the balance of IFT 

trafficking.

Consistent with the model that reduced IFT122 suppressed the Dync2h1 phenotype because 

of the altered balance of IFT, cilia phenotypes were also strongly rescued by lowering the 

dosage of Ift122: Dync2h1lln/lln Ift122sopb/+ compound mutant neural cilia were less wide 

than Dync2h1lln/lln cilia (Fig. 6a, Supplementary Table 1). Trafficking of IFT88 (Fig. 6b, 

Supplementary Fig. 9a, Supplementary Table 2) and the Hh components Smo (Fig. 6c, 

Supplementary Fig. 9b) and Gli2 (Fig. 6d, Supplementary Fig. 9c, Supplementary Table 3) 

was also rescued in the compound mutant MEFs. Smo was found in cilia of Dync2h1lln/lln 

Ift122sopb/+ MEFs only after cells were exposed to Shh (Fig. 6c, Supplementary Fig. 9b) 

and Gli2 was enriched in cilia tips only after stimulation with Shh (Fig. 6d, Supplementary 

Fig. 9c, Supplementary Table 3). Therefore partial loss of Ift122 rescued the Dync2h1 

trafficking defect, restoring normal cilia morphology and normal ciliary localization of Hh 

pathway proteins (Fig. 6e). The restored trafficking of Gli2 and Smo in MEFs also 

paralleled the ligand-dependent specification of ventral neural cell types in Dync2h1lln/lln 

Ift122sopb/+ embryos (Fig. 5). In addition, Ift122sopb/+ rescues the ectopic localization of 

Smo in neural cilia seen in Dync2h1lln/lln embryos: Smo is present in cilia only in the ventral 

neural tube of Dync2h1lln/lln Ift122sopb/+ embryos (Supplementary Fig. 10). Thus normal 

Shh-dependent protein trafficking in cilia and neural patterning can take place in the absence 

of Dync2h1, if the dosage of Ift122 is reduced.

Discussion

Our studies suggest that the roles of IFT proteins in Shh signaling depend, in large part, on 

their importance in cilia structure. While both IFT-dynein and IFT-B complex proteins are 

required for Shh signaling, we find that reduction of IFT-B complex protein levels can 

suppress the defects in the Shh pathway defects and cilia morphology caused by loss IFT-

dynein. The most striking rescue of the Dync2h1lln/lln phenotype was seen by lowering the 

amount of IFT172 to ∼60% of wild-type levels. Neural patterning in the caudal neural tube 

is indistinguishable from wild type in Dync2h1lln/lln Ift172avc1/+ embryos. In contrast to the 

midgestation lethality of Dync2h1lln/lln embryos, the compound mutants survive to at least 

E16.5 when most of the phenotypes associated with defects in Hh signaling, such as 

polydactyly, are mitigated.

The rescue of Shh signaling in the compound mutants correlates with the rescue of cilia 

structure. Dync2h1 mutant cilia that accumulate IFT proteins, Smo, Ptch1 and Gli2 to high 

levels, but downstream Hh targets are not activated in the Dync2h1 mutant neural tube. In 
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contrast, Dync2h1lln/lln Ift172avc1/+ cilia have normal morphology and do not accumulate 

either IFT or Hh pathway proteins, and Hh target gene expression appears to be normal. We 

therefore conclude that the defect in Shh signal transduction in Dync2h1lln/lln mutants is 

caused by a block of retrograde trafficking that disrupts the architecture of the cilium due to 

the accumulation of IFT-B and other ciliary proteins, and that IFT-dynein does not play a 

direct role in transporting Gli proteins from the tip to the base of the cilium.

Because double mutants that lack both IFT-dynein and the IFT-A protein IFT122 have cilia 

that resemble those of the Ift122 single mutant, we suggest that Dync2h1 and Ift122 mutants 

share a common defect in retrograde trafficking, and that IFT122 has additional roles in the 

cilium. Like the IFT-B genes, reduced dosage of Ift122 suppresses the Dync2h1 phenotype, 

which suggests the IFT-A complex has a role in anterograde ciliary trafficking. Similarly, 

recent findings in Chlamydomonas show that while partial loss of IFT-A function causes 

preferential defects in retrograde trafficking, complete loss of IFT-A leads to loss of 

flagella 35,38. We suggest the gain of Hh phenotype seen in IFT-A mutants occurs either 

because IFT-A is required to load unidentified Hh pathway antagonists into the cilium 32,37 

or because the structure of the cilium is altered in IFT-A mutants in a way that disrupts the 

normal interactions between Hh pathway proteins.

Our findings show that lowered levels of two IFT-B complex genes and one IFT-A complex 

gene strongly suppress the Dync2h1 phenotype in the mouse. Although previous studies 

have shown that mutations in cilia-associated genes can have additive effects 1-5, this is the 

first demonstration that mutations in one set of cilia genes can suppress the phenotype of 

mutations that affect another aspect of ciliary trafficking. It is striking that although 

mutations in human IFT122 cause cranioectodermal dyplasia 39, a ciliopathy that partially 

overlap with JATD, our data predict that heterozygosity for human IFT122 would partially 

correct the defects seen in JATD caused by mutations in DYNC2H1. As hundreds of genes 

are required for the formation of primary cilia, it is possible that the variable expressivity of 

human DYNC2H1 mutations could be due to heterozygosity for mutations in other cilia 

genes. It will be important to consider this type of dosage-sensitive genetic interaction when 

analyzing whole exome sequence data to identify genes responsible for ciliopathies and 

other complex genetic disorders 40.

Methods

Antibodies

Smo and Ptch1 antibodies were raised in rabbits (Pocono Rabbit Farm and Laboratory Inc.) 

using antigens and procedures described previously 17; both antibodies were used at a 

dilution of 1:500. Monoclonal antibodies against Nkx2.2 (74.5A5), HB9/MNR2 (81.5C10) 

and Pax6 (PAX6) were used at 1:10 and obtained from the Developmental Studies 

Hybridoma Bank. In all experiments, ciliary microtubules were marked by expression of 

acetylated α-tubulin (mouse, 1:5000, Sigma Aldrich). Other antibodies used were: FoxA2 

(rabbit, 1:200, Abcam), Olig2 (rabbit, 1:200, Millipore), γ tubulin (mouse, 1:5000, Sigma 

Aldrich), IFT88 (rabbit, 1:500, Proteintech). The Gli2 antibody was described previously 41 

(guinea pig, 1:500); antibodies that recognize Dync2h1 42 (rabbit, 1:200) were a gift from R. 

Vallee (Columbia University).
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Mouse Mutations and Strains

Genotyping for the Dync2h1 alleles ling-ling (lln), tian-tian (ttn) and mei-mei (mmi) as well 

as the genetrap line Dync2h1Gt(RRM278)Byg were described previously 15,23,43. All Dync2h1 

alleles were maintained in a C3H background, with the exception of mmi, which was 

analyzed in the FVB background. At least three embryos for each genotype described were 

examined for both neural patterning and cilia structure.

Ift172avc1 is an A to G transition in the splice donor site upstream of exon 24 29; this change 

creates a DraIII restriction fragment length polymorphism when assayed in genomic DNA 

using the allele-specific primer wmp-G1. The Ift122sopb mutation is a C to T transition in the 

start codon and destroys a BtgZI restriction site assayed using allele-specific primer sopb-G1 

to genotype genomic DNA. Ift172wim genotyping has been described previously 16,31. The 

Ift88null allele used in Supplementary Fig. 6 was generated by crossing the conditional Ift88 

allele 44 to the CAG-Cre line 45. Genotyping of the Shhtm1Chg, Ptch1tm1Mps, Gli3Xt-J and 

Gli2tm1Alj mutant alleles was carried out as described 46-49.

Primary MEF cell culture

MEFs were isolated from E10.5 embryos as described 23. Cells were maintained in High 

Glucose DMEM, 0.05 mg/ml Penicillin, 0.05 mg/ml Streptomycin, 2 mM L-Glutamine, and 

10% Fetal Bovine Serum (FBS). Cells were shifted from 10% to 0.5% FBS 24-48h after 

plating to induce ciliogenesis. Shh stimulation was initiated 24h post starvation using Shh-

conditioned medium (used at 1:5 dilution in low-serum medium) for an additional 24h as 

described 23.

Cells were fixed in 4% Paraformaldehyde (PFA) in Phosphate Buffered Saline (PBS) for 15 

minutes and washed extensively in PBS + 0.1% Triton X-100 (PBT). Fixed cells were 

placed in blocking solution (PBT + 1% v/v FBS) for 10 minutes. Cells were then incubated 

with primary antibodies diluted in blocking solution overnight at 4°C. The next day, cells 

were washed three times in PBT and incubated with Alexa-coupled secondary antibodies 

and DAPI in blocking solution for 1 hour at room temperature. After washing three times in 

PBT, cells were mounted in Vectashield for microscopy. For Dync2h1 staining, cells were 

fixed in cold methanol at -20°C for 5 minutes after fixation in 4% PFA. Processing for 

immunofluorescence proceeded as described above.

Light microscopy

Cilia images were obtained using a DeltaVision image restoration microscope (Applied 

Precision/Olympus) equipped with CoolSnap QE cooled CCD camera (Photometrics). An 

Olympus 100×/1.40 NA, UPLS Apo oil immersion objective was used. Z-stacks were taken 

at 0.20-μm intervals. Images were deconvolved using the SoftWoRx software (Applied 

Precision/DeltaVision) and corrected for chromatic aberrations.

Confocal microscopy was performed using an upright Leica TCS SP2 AOBS laser scanning 

microscope. Images were taken with a 63× water objective and 1× zoom. Extended views of 

the confocal datasets were processed using the Volocity software package (Improvision).
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Scanning Electron Microscopy

E10.5 embryos were dissected in PBS at RT and immediately fixed in 2.5% glutaraldehyde 

and 2% PFA in 0.1M Sodium Cacodylate Buffer, pH 7.4 (Electron Microscopy Sciences) 

for at least 1 hr at RT. Embryos were stored in fixative for an additional 24 hr at 4°C before 

processing as described previously 16. Scanning electron micrograph images were taken on a 

Zeiss SUPRA 25 FESEM.

Cilia measurements

Cilia lengths and widths were measured from a series of representative SEM images of 

primary cilia located 15-60μm from the ventral midline acquired at 30,000× and 50,000× 

magnifications. All measurements were processed using ImageJ Software (NIH Image). 

Length was measured from the tip of cilia to the base. Width was measured from one side of 

cilia to the other at its widest point. At least three embryos per genotype were analyzed for 

measurement and at least 30 images were taken for each embryo; total number of cilia 

counted is indicated in the tables. Non-deconvolved confocal images were used for 

quantitative analysis of IFT88 and Gli2 immunofluorescence within cilia. Using Metamorph 

software (Molecular Devices, Downington, PA), a region of interest (ROI) was created 

using the acetylated α-tubulin channel and transposed to the IFT88 or Gli2 channel and 

integrated density was measured and reported as arbitrary units (a.u.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mutations in Dync2h1 disrupt Shh-dependent neural patterning and cilia morphology
(a), Mutations in Dync2h1 lead to the absence of Shh-dependent cell types in the E10.5 

neural tube. In Dync2h1lln/lln mutants, floor plate (FoxA2, green) and V3 progenitor 

(Nkx2.2, red) domains are not specified, and motor neurons (HB9, green) are present only in 

the caudal neural tube (shown here); dorsal up. Scale bars represent 100 μm. (b), Scanning 

electron micrographs show that neural tube primary cilia in Dync2h1lln/lln mutants are 

bloated; dimensions are given in Supplementary Table1. Scale bars represent 500 nm. (c), 

IFT88 (green) in cilia of serum-starved wild-type MEFs is enriched at the base and the tip of 

the cilium, marked with acetylated α-tubulin (red). In Dync2h1lln/lln mutant MEFs, the 

amount of IFT88 in the cilium is increased and is found all along the axoneme. Quantitation 

is in Supplementary Table 2. Scale bars represent 1 μm (c).
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Figure 2. Hh components accumulate in Dync2h1 mutant cilia
Localization of Smo (a, b), Gli2 (c, d) and Ptch1 (e, f) to the primary cilium in wild-type 

and Dync2h1lln/lln MEFs (a, c, e) and E10.5 neural tube (b, d, f). (a) Smo (green) was 

enriched in cilia of wild-type MEFs only after exposure to Shh. Smo was enriched in cilia of 

Dync2h1lln/lln mutant cells even in the absence of Shh. (b) Smo was enriched in cilia of 

ventral neural progenitors in wild-type. Smo was strongly enriched in primary cilia of 

Dync2h1lln/lln neural progenitors at all dorsal-ventral levels. (c) Gli2 (green) localized to the 

tips of cilia in wild-type MEFs and accumulated further after Shh treatment. Gli2 levels 

were elevated along the axoneme of Dync2h1lln/lln mutant MEF cilia. (d) Gli2 was elevated 

in the cilia of Dync2h1lln/lln neural progenitors. (e) Low amounts of endogenous Ptch1 

(green) were detected near the base and along the length of primary cilia in wild-type MEFs 

only in the absence of Shh, whereas Ptch1 was strongly enriched along the axoneme of 

Dync2h1lln/lln cilia in unstimulated cells; strong Ptch1 immunofluorescence remained near 

the base of the cilium after stimulation with Shh. (f) Ptch1 appeared localized to the 

cytoplasm of wild-type neural progenitors, and was strongly enriched in cilia throughout the 

neural tube in Dync2h1lln/lln mutants. Acetylated α-tubulin (red) marks cilia in (a, c, e); (b, 
d, f) are ventral views of transverse sections through the ventral half of the neural tube at the 

level of the forelimb. Scale bars represent 500 nm (a, c, e), 25 μm (b, d, f) and 10 μm (insets 

b, d, f).
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Figure 3. Ift172 is a dominant suppressor of Dync2h1
(a), E10.5 embryos and transverse sections through the caudal neural tube of wild-type, 

Dync2h1lln/lln and Dync2h1lln/lln Ift172avc1/+ embryos. Specification of floor plate (FoxA2, 

green), V3 progenitors (Nkx2.2, red) and motor neurons (HB9, green) were rescued in 

Dync2h1lln/lln Ift172avc1/+ embryos. Scale bars represent 100 μm. (b), Dync2h1lln/lln 

Ift172avc1/+ mutants survive to at least E16.5 (n=5). Scale bar is 5 mm. (c), Right forelimbs 

and digits of embryos in (b) stained with Alcian blue (cartilage) and Alizarin red (bone) 

staining shows incomplete penetrance of polydactyly in Dync2h1lln/lln Ift172avc1/+ embryos 

at E16.5. (d), Scanning electron micrographs of cilia from the neural tube at E10.5 showing 

near-normal morphology of Dync2h1lln/lln Ift172avc1/+ mutant cilia (quantitation in 

Supplementary Table 1). Scale bar is 500 nm. IFT88 (green, e) and Smo (green, f) and Gli2 

(red, g) localize normally in primary cilia of MEFs derived from Dync2h1lln/lln Ift172avc1/+ 

embryos. Acetylated α-tubulin (red) marks cilia in (e-g). Scale bars represent 1 μm in (e-g).
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Figure 4. Neural patterning and cilia morphology in Dync2h1lln Ift122sopb embryos
(a), In contrast to the lack of ventral neural cell types in Dync2h1lln/lln mutants, both 

Ift122sopb/sopb single and Dync2h1lln/lln Ift122sopb/sopb double mutants specify floor plate 

(FoxA2, green), V3 progenitors (Nkx2.2, red) and motor neurons (HB9, green) in the 

lumbar neural tube. Scale bars represent 100 μm. (b), Scanning electron micrographs of 

neural tube cilia from the neural tube of E10.5 Ift122sopb/sopb and Dync2h1lln/lln 

Ift122sopb/sopb embryos. The distal ends of Ift122sopb/sopb mutant cilia appeared swollen. 

Dync2h1lln/lln Ift122sopb/sopb mutant cilia were similar in diameter to Ift122sopb/sopb but were 

shorter than either Dync2h1lln/lln or Ift122sopb/sopb single mutants (See Supplementary Table 

1). Scale bars represent 500 nm. (c), IFT88 (green) accumulates specifically at the distal tips 

of both Ift122sopb/sopb and Dync2h1lln/lln Ift122sopb/sopb mutant MEF cilia. Acetylated α-

tubulin staining (red) marks primary cilia. Localization of Smo (d, green) and Gli2 (e, green) 

in the cilia of Ift122sopb/sopb and Dync2h1lln/lln Ift122sopb/sopb mutant MEFs. Acetylated α-

tubulin (red) marks cilia. (f), Dync2h1 protein is present at the base of the cilium and along 

the ciliary axoneme in wild-type cells. In Ift122sopb/sopb mutant cilia, Dync2h1 localization 

accumulates mainly at the base of the cilium. Orientation for (b-f) is distal tip up. Scale bars 

are 1 μm (d-f).
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Figure 5. Shh responsiveness in Dync2h1lln/lln Ift122sopb/+ embryos
Whole embryos and patterning in the lumbar neural tube of E10.5 wild type, Dync2h1lln/lln, 

Shh-/-, Dync2h1lln/lln Ift122sopb/+ and Dync2h1lln/lln Ift122sopb/+ Shh-/- compound mutants. 

Specification of floor plate (FoxA2, red, middle panels), V3 progenitors (Nkx2.2, red, 

bottom panels) and motor neurons (HB9, green, middle panels) were partially rescued in 

Dync2h1lln/lln Ift122sopb/+ mutant embryos but all these cell types were absent in 

Dync2h1lln/lln Ift122sopb/+ Shh-/- embryos. The Pax6 domain (green, bottom panels), which 

is restricted by low levels of Shh signaling, was ventrally expanded in Shh-/- and 

Dync2h1lln/lln Ift122sopb/+ Shh-/- embryos. Scale bars represent 100 μm.
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Figure 6. Cilia morphology in Dync2h1lln/lln Ift122sopb/+ compound mutants
(a), SEM analysis of neural tube primary cilia show the more normal length and width of 

Dync2h1lln/lln Ift122sopb/+ mutants compared to Dync2h1lln/lln. Quantitation in 

Supplementary Table 1. Scale bars are 500 nm. (b-d), Localization of IFT88 (b, green), Smo 

(c, green) and Gli2 (d, green) in cilia (acetylated α-tubulin, red) appear normal in 

Dync2h1lln/lln Ift122sopb/+ mutants. Scale bars are 500 nm (b-d). (e) Model of the trafficking 

of mammalian IFT and Hh pathway proteins in the primary cilium, shown in the absence of 

Hh ligand. In wild-type cells, IFT directs the formation of cilia, which accumulate a basal 

level of Gli2 at cilia tips, while Smo traffics through the cilium at a low basal rate. Loss of 

retrograde motor in Dync2h1lln/lln mutant cilia leads to the accumulation of IFT particles and 

blocks the movement of both Smo and Gli2 out of the cilium. In Ift122sopb/sopb mutants, 

Dync2h1 protein fails to enter the cilium, leading to the accumulation of IFT-B particles. 

Loss of IFT122 also results in the accumulation of Gli2 but does not affect Smo trafficking. 

Decreased anterograde ciliary trafficking in Dync2h1lln/lln Ift122sopb/+ suppresses the 
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Dync2h1lln/lln phenotype and permits normal transport of both Smo and Gli2 through the 

cilium.
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