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Combinations of deletion

and missense variations

of the dynein-2 DYNC2LI1 subunit
found in skeletal ciliopathies cause
ciliary defects

Hantian Qiu'?, Yuta Tsurumi'?3, Yohei Katoh' & Kazuhisa Nakayama™*

Cilia play crucial roles in sensing and transducing extracellular signals. Bidirectional protein trafficking
within cilia is mediated by the intraflagellar transport (IFT) machinery containing IFT-A and IFT-B
complexes, with the aid of kinesin-2 and dynein-2 motors. The dynein-2 complex drives retrograde
trafficking of the IFT machinery after its transportation to the ciliary tip as an IFT cargo. Mutations

in genes encoding the dynein-2-specific subunits (DYNC2H1, WDR60, WDR34, DYNC2LI1, and
TCTEX1D2) are known to cause skeletal ciliopathies. We here demonstrate that several pathogenic
variants of DYNC2LI1 are compromised regarding their ability to interact with DYNC2H1 and WDR60.
When expressed in DYNC2L/1-knockout cells, deletion variants of DYNC2LI1 were unable to rescue

the ciliary defects of these cells, whereas missense variants, as well as wild-type DYNC2LI1, restored
the normal phenotype. DYNC2LI1-knockout cells coexpressing one pathogenic deletion variant
together with wild-type DYNC2LI1 demonstrated a normal phenotype. In striking contrast, DYNC2L/1-
knockout cells coexpressing the deletion variant in combination with a missense variant, which mimics
the situation of cells of compound heterozygous ciliopathy individuals, demonstrated ciliary defects.
Thus, DYNC2LI1 deletion variants found in individuals with skeletal ciliopathies cause ciliary defects
when combined with a missense variant, which expressed on its own does not cause substantial
defects.

Abbreviations

CED Cranioectodermal dysplasia

EvC Ellis-van Creveld syndrome

FBS Fetal bovine serum

GPCR G protein-coupled receptor

GST Glutathione S-transferase

Hh Hedgehog

hTERT-RPE1 Human telomerase reverse transcriptase-immortalized retinal pigment epithelial 1
IFT Intraflagellar transport

JATD Jeune asphyxiating thoracic dystrophy
KO Knockout

LIC Light intermediate chain

mChe mCherry

Nb Nanobody

sgRNA Single-guide RNA

SMO Smoothened

SRPS Short rib-polydactyly syndrome
SRTD Short-rib thoracic dystrophy
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TZ Transition zone
WT Wild-type

The movement of cargos (proteins, and membrane-bound vesicles and organelles) along microtubules, as well as
the remodeling of microtubules during cell division, are coordinately controlled by motor proteins. In general,
the kinesin and dynein motors drive plus- and minus-end directed movements of cargos, respectively’.

Cilia are microtubule-based projections from the surfaces of a variety of eukaryotic cells, and perceive and
transduce mechanical signals, such as fluid flow, and biochemical signals, such as the Hedgehog (Hh) family of
morphogens. To achieve these functions, specific proteins exist on the ciliary membrane, including G protein-
coupled receptors (GPCRs) and ion channels®™*. For example, GPR161 and Smoothened (SMO) are ciliary
GPCRs that regulate Hh signaling; GPR161 participates in the basal repression of Hh signaling, whereas upon
Hh pathway activation, GPR161 exits cilia and SMO gains entry into cilia to stimulate events downstream of
Hh®. Owing to the crucial roles of cilia in development and homeostasis of organisms, their dysfunction causes
a heterogenous group of disorders known as the ciliopathies, which demonstrate a broad spectrum of symptoms,
including skeletal and brain malformation®S.

Not only bidirectional protein trafficking within cilia, but also the entry and exit of proteins across the ciliary
gate composed of the transition zone (TZ) is mediated by the intraflagellar transport (IFT) machinery 7%, which
was originally identified in flagella of the green alga Chlamydomonas and is often referred to as TFT particles’
or ‘IFT trains®!!. Within the IFT machinery, the IFT-B complex, which is composed of 16 subunits, mediates
anterograde trafficking driven by the kinesin-II motor, and the export of ciliary membrane proteins across the TZ
together with the BBSome. On the other hand, the IFT-A complex, which is composed of six subunits, mediates
retrograde trafficking driven by dynein-2 (also known as IFT dynein) and the import of ciliary GPCRs across the
TZ together with the TULP3 adaptor®!>"%. In addition, recent studies in Caenorhabditis elegans suggested that
the IFT-A complex and IFT dynein are required for the integrity and gating function of the TZ'"*>,

Dynein-2/IFT dynein is a very large protein complex that is composed of five subunits specific to dynein-2
(the DYNC2HI1 heavy chain, the WDR60 and WDR34 intermediate chains [recently renamed as DYNC2I1
and DYNC2I2, respectively], the DYNC2LI1 light intermediate chain [LIC], and the TCTEX1D2 light chain
[recently renamed as DYNLT2B]), and three-types of light chains shared with the dynein-1 complex (DYNLL1/
DYNLL2, DYNLRB1/DYNLRB2, and DYNLT1/DYNLT3)!*!®17, Biochemical and interactome analyses by us
and others delineated the architectural model of the mammalian dynein-2 complex'®*', in which DYNC2LI1
forms a subcomplex with the N-terminal tail (nonmotor) region of DYNC2H1, which in turn interacts with
WDR60 and WDR34. Our model is largely consistent with the recently clarified cryo-EM structure of the human
dynein-2 complex?, in which two molecules of DYNC2H1 adopt asymmetric conformations in the tail region,
with each DYNC2H1 molecule binding to DYNC2LI1, and either WDR60 or WDR34. Docking of the dynein-2
structure into the anterograde IFT train structure of Chlamydomonas flagella® clarified by cryoelectron tomog-
raphy suggested that each dynein-2 complex spans out multiple IFT-B repeats when it is transported as a cargo
of the anterograde IFT train'”?>?, In agreement with the docking model, interactome analyses of WDR60 and
WDR34 suggested that dynein-2 interacts with multiple IFT-B subunits®'. Furthermore, it is interesting to note
that while this study was in progress, the DYNC2LI1 ortholog in Chlamydomonas was reported to interact with
the IFT-B subunit IFT54, and the DYNC2LI1-IFT54 interaction was suggested to be crucial for the transport of
dynein-2 as a cargo of the anterograde IFT train®.

In line with the cooperative role of the IFT-A and dynein-2 complexes in retrograde trafficking, mutations
of all IFT-A subunits and dynein-2-specific subunits are known to cause skeletal ciliopathies characterized
by a narrow thorax and polydactyly, generally termed short-rib thoracic dystrophy (SRTD; OMIM 208,500),
including short rib-polydactyly syndrome (SRPS), Jeune asphyxiating thoracic dystrophy (JATD), Ellis-van
Creveld syndrome (EvC; OMIM 225,500), and cranioectodermal dysplasia (CED; OMIM 218,330)%26-31. We
recently demonstrated the molecular basis of the ciliary defects caused by CED-associated variations of the
IFT-A subunits IFT122 and IFT144/WDR19*>**. In this study, we focused on DYNC2LII, which is the causative
gene of SRTD15 (OMIM 617,088), as several pathogenic biallelic variations were reported®*->”. We here show
that several DYNC2LI1 variants have reduced abilities to bind DYNC2H1 and WDR60. More importantly, we
found that in DYNC2LI1-knockout (KO) cells, the expression of a single deletion variant in combination with
a missense variant causes substantial ciliary defects, but not in combination with wild-type (WT) DYNC2LII.

Results

Variations of DYNC2LI1 found in SRTD individuals affect its interactions with DYNC2H1 and
WDR60. As DYNC2LII interacts directly with the DYNC2H1 heavy chain!®?, we first determined which
region(s) of the DYNC2LI1 protein participates in its interaction with DYNC2H]1. The previously revealed X-ray
crystallographic structure of the dynein-1 LIC of thermophilic yeast and biochemical experiments using human
DYNCILI1 demonstrated that DYNCILII interacts with DYNC1HI via the N-terminal Ras-like G domain
(Fig. 1a), which is evolutionally conserved among the LICs of the dynein-1 and dynein-2 complexes (Fig. 1b)*.
In addition, the cryo-EM structure of the dynein-2 complex indicated that both the G domain and the C-termi-
nal coil region of DYNC2LI1 participate in its interaction with DYNC2H1%2 In addition, there is a relatively long
a-helical coil region (residues 318-352) at the C-terminus of DYNC2LI1 (Fig. 1a)*. We therefore made some
DYNCILI1 constructs with truncations from the C-terminus, and analyzed their interactions with the N-termi-
nal tail region (residues 1-1090) of DYNC2HI1 [hereafter referred to as DYNC2H1(N)]. Lysates prepared from
HEK293T cells coexpressing DYNC2H1(N)-mCherry (mChe) and any of the DYNC2LI1 constructs fused to
EGFP were subjected to immunoprecipitation with glutathione S-transferase (GST)-fused anti-mChe nanobod-
ies (Nb) (LaM-2 version)* prebound to glutathione-Sepharose beads, followed by SDS-PAGE and immunob-
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Figure 1. Multiple DYNC2LI1 variants found in SRTD individuals have compromised interactions with DYNC2H1 and WDR60.

(a) Schematic representation of the DYNC2LII constructs used in the interaction experiments shown in (c,d) and in Fig. Sla,b. (b)
Sequence alignment of the conserved regions among human DYNC2LI1, DYNCILII, and DYNCILI2. Amino acid residues identical
between DYNC2LII and DYNCILI1 and/or DYNCILI2 are shown in a black background, and those with conservative substitutions
are shown in a grey background. The positions of L117, P120, and T221 are indicated by asterisks. (c) Lysates prepared from HEK293T
cells coexpressing EGFP-fused DYNC2LI1 constructs, as indicated, and DYNC2H1(N)-mChe were subjected to immunoprecipitation
using GST-tagged anti-mChe Nb (LaM-2 version), followed by immunoblotting analysis using anti-mChe and anti-GFP antibodies.
(d) Lysates of cells coexpressing the DYNC2H1(N)-EGFP and EGFP-fused DYNC2LI1 constructs, as indicated, together with mChe-
WDR60(627-1066), were subjected to immunoprecipitation using GST-anti-GFP Nb, followed by immunoblotting analysis using
anti-mChe and anti-GFP antibodies.
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lotting analysis using anti-mChe and anti-GFP antibodies. As shown in Fig. 1¢, EGFP-DYNC2LI1(WT), but
not EGFP alone, was coimmunoprecipitated with DYNC2H1(N)-mChe (compare lanes 1 and 2). The DYN-
C2LI1(1-317) construct, which lacks the C-terminal coil region (Fig. 1a), was much less efficiently coprecipi-
tated with DYNC2H1(N)-mChe than DYNC2LI1(WT) (Fig. lc, compare lanes 2 and 9). The amounts of the
other truncation constructs, DYNC2LI1(1-297) and DYNC2LI1(1-240), coprecipitated with DYNC2H1(N)-
mChe were also substantially lower than that of DYNC2LI1(WT) (compare lanes 8 and 10 with lane 2). On the
other hand, the C-terminal construct DYNC2LI1(241-352) was not coprecipitated with DYNC2H1(N)-mChe
(lane 11). These results are consistent with the dynein-2 cryo-EM structure, which indicates the contribution of
the C-terminal coil region as well as the G domain of DYNC2LII to its interaction with DYNC2H1*

To date, four studies have identified compound heterozygous variations in DYNC2LII in individuals show-
ing phenotypes of the skeletal ciliopathies (Table S1)**-%”. One case study reported combinations of a missense
variant p.(Leul17Val) [hereafter referred to as DYNC2LI1(L117V) for the variant DYNC2LII protein] with
the deletion/truncation variant, p.(Ser302_Ile332del) [hereafter DYNC2LI1(A302-332)] or p.(Trp124*)* in
individuals showing phenotypes of the skeletal ciliopathies. In two other case studies, affected individuals were
found to have combinations of the missense variant, p.(Thr2211le) [hereafter DYNC2LI1(T2211)], and the trunca-
tion variant, p.(Arg208*) [hereafter DYNC2LI1(1-207)], p.(Val141*), or p.(Met1?), which has a mutation at the
initiation codon®*>*”. While this study was underway, a study reported a combination of the missense variant,
p-(Pro120Ser) [hereafter DYNC2LI1(P120S)] and a truncation variant, p.(Lys310%) in an affected individual®.
Among the deletion/truncation variants, we selected DYNC2LI1(A302-332) and DYNC2LI1(1-207), and ana-
lyzed their interactions with DYNC2H]1. We were also interested in three missense variants, DYNC2LI1(L117V),
DYNC2LI1(P120S), and DYNC2LI1(T221I), as these mutated residues are conserved not only in DYNC2LI1
but also in the dynein-1 LICs, DYNCI1LI1 and DYNCI1LI2 (Fig. 1b).

As expected from the analysis of the C-terminal truncation variants described above, DYNC2LI1(A302-332)
and DYNC2LI1(1-207) were found to have substantially reduced abilities to interact with DYNC2H]I, com-
pared with DYNC2LI1(WT) (Fig. 1¢c, compare lanes 3 and 5 with lane 2). Among the missense variants,
DYNC2LII1(T221I) retained DYNC2H1-binding ability to a level comparable to that of DYNC2LI1(WT) (lane
7), whereas DYNC2LI1(L117V) and DYNC2LI1(P120S) had reduced DYNC2H1-binding ability (lanes 4 and 6).
It is of note that the amount of the DYNC2H1(N)-mChe protein tends to be reduced when coexpressed with any
of the DYNC2LI1 constructs with reduced interacting abilities (Fig. 1c, input panel); therefore, DYNC2H1(N)
might be unstable in the absence of its efficient interaction with DYNC2LI1 (also see below).

As our previous study indicated that a subcomplex of DYNC2H1 and DYNC2LI1 efficiently interacts with the
C-terminal WD40 repeat region of WDR60/DYNC2I1'%, we then analyzed the interactions of WDR60(627-1,066)
with a combination of DYNC2H1(N) and any of the DYNC2LII constructs. The results shown in Fig. 1d cor-
related well with those for the binary interactions between DYNC2H1(N) and the DYNC2LI1 construct shown
in Fig. 1¢; namely, mChe-WDR60(627-1,066) was coimmunoprecipitated with DYNC2H1(N)-EGFP when com-
bined with EGFP-DYNC2LI1(T221I) as efficiently as when combined with EGFP-DYNC2LI1(WT) (Fig. 1d, lanes
2 and 7); in striking contrast, coprecipitation of mChe-WDR60(627-1,066) was abolished when DYNC2H1(N)-
EGFP was combined with any other DYNC2LII construct (lanes 3-6 and lanes 8-11). Thus, it is likely that
WDR60 interacts efficiently with the DYNC2H1-DYNC2LI1 dimer but not with DYNC2HI1 alone. Again, it is
of note that DYNC2H1(N) appeared to be unstable in the absence of its efficient interaction with DYNC2LI1
(Fig. 1d, input panel), although we did not pursue this issue further.

Our previous studies also suggested that although DYNC2H1 alone can interact with the WD40 repeat region
of WDR34, its efficient interaction with WDR34 requires its subcomplex formation with DYNC2LI1'%1°. We
therefore analyzed the interactions of WDR34(106-536) with a combination of DYNC2H1(N) and any of the
DYNCR2LII constructs. However, in contrast to the results obtained for WDR60 (Fig. 1d), the amount of mChe-
WDR34(106-536) coimmunoprecipitated with DYNC2H1(N)-EGFP did not substantially vary in the presence of
any of the coexpressed EGFP-DYNC2LI1 constructs (Fig. S1a). Thus, it is likely that WDR34 interacts primarily
with DYNC2H1, and that the DYNC2LI1 variations found in SRTD do not considerably affect the interaction
of WDR34 with DYNC2H1-DYNC2LI1.

While this study was in progress, a study using Chlamydomonas reported that IFT54, which is a subunit of
the IFT-B complex, binds to IFT dynein via the DYNC2LI1 ortholog, and suggested that the IFT54-DYNC2LI1
interaction is crucial for anterograde trafficking of the dynein-2 complex, as a cargo of the IFT machinery®. We
therefore analyzed the interactions of human IFT54 with the various DYNC2LI1 constructs. As shown in Fig. S1b,
we confirmed that mChe-IFT54 coimmunoprecipitated EGFP-DYNC2LI(WT) (lane 2). Regarding the DYN-
C2LI1 variants, DYNC2LI1(241-352) (lane 11) lacked the ability to interact with IFT54, and DYNC2LI1(1-207)
and DYNC2(1-240) (lanes 5 and 10) appeared to have substantially reduced IFT54-binding ability. These results
indicate that DYNC2LI1 interacts with IFT54 mainly via the G domain, and that the missense variations of
DYNC2LII found in SRTD do not substantially affect its interaction with IFT54.

Defects of ciliary protein trafficking in DYNC2LI1-KO cells exogenously expressing DYNC2LI1
variants. To analyze the functional defects of the DYNC2LI1 variants, we first established DYNC2LII-KO
cells from human telomerase reverse transcriptase-immortalized retinal pigment epithelial 1 (hTERT-RPE1)
cells using the CRISPR/Cas9 system®. The DYNC2LII-KO cell line #DYNC2LI1-3-2 (Fig. S2a,b) was found
to have very short cilia, when stained with antibodies against ARL13B (a marker of the ciliary membrane),
acetylated a-tubulin (Ac-tubulin; a marker of the ciliary axoneme), and y-tubulin (a marker of the basal body)
(Fig. S2¢,d; also see Fig. 2a). The ciliogenesis defect observed in the #DYNC2LI1-3-2 cell line did not result from
off-target effects of the CRISPR/Cas9 system, as the exogenous expression of mChe-DYNC2LI1(WT), but not
mChe alone, restored normal ciliary length (compare Fig. 2a,b; also see Fig. 2k). The very short cilia-phenotype
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Figure 2. Effects of the expression of DYNC2LI1 variants on ciliogenesis and IFT88 localization in
DYNC2LII-KO cells. (a—j) DYNC2LII-KO cells expressing mChe (a), or mChe-fused DYNC2LI1 constructs as
indicated (b—j) were serum-starved for 24 h to induce ciliogenesis, and immunostained with antibodies against
IFT88 and ARL13B +FOP. Scale bar, 5 um. (k) Ciliary lengths of individual cells were measured and expressed
as scatter plots. (I) Relative staining intensities of IFT88 in the distal region of cilia were estimated and expressed
as scatter plots. Different colored dots represent three independent experiments (1 =30x 3). Horizontal lines are
means, and error bars are SD. Statistical significances were calculated using one-way ANOVA followed by the
Dunnett’s multiple comparison test.

of DYNC2LII-KO cells was essentially the same as those of C. elegans and Chlamydomonas depleted of DYN-
C2LI1 orthologs***}; loss of the dynein-2 LIC destabilizes the heavy chain and blocks retrograde IFT, resulting
in impaired recycling of IFT components and defect in axoneme extension, like loss of the heavy chain itself*2.

As for the C-terminal truncation variants, the exogenous expression of mChe-DYNC2LI1(1-317) in DYN-
C2LI1-KO cells partially restored ciliogenesis (Fig. 2c), whereas the expression of mChe-fused DYNC2LI1(1-297)
or DYNC2LI1(1-240) did not (Fig. 2d,e,k). In addition, IFT88 appeared to be enriched within very short cilia
(see below).

We then analyzed whether the DYNC2LI1 variants found in SRTD individuals are able to rescue the cili-
ogenesis defect of DYNC2LII-KO cells. The expression of mChe-DYNC2LI1(A302-332) partially rescued the
ciliogenesis defect (Fig. 2f), as for the expression of mChe-DYNC2LI1(1-317) (Fig. 2¢,k). Somewhat unex-
pected was the phenotype of DYNC2LI1-KO cells expressing mChe-DYNC2LI1(1-207) (Fig. 2g); these cells had
cilia that were significantly longer than those expressing DYNC2LI1(WT) (Fig. 2k) (see "Discussion” Section).
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When missense SRTD variants, namely, DYNC2LI1(L117V), DYNC2LI1(P120S), and DYNC2LI1(T221I), were
expressed in DYNC2LII-KO cells, all the variants were found to generate cilia of normal length (Fig. 2h-j,k).

The localization of IFT88 (an IFT-B subunit) in DYNC2LI1-KO cells expressing DYNC2LI1 variants was
also analyzed, as our previous studies showed that KO cells of other dynein-2 subunits demonstrated signifi-
cant accumulation of IFT machinery components within cilia. This was also the case for DYNC2LI1-KO cells;
DYNC2LII1-KO cells expressing mChe alone demonstrated the enrichment of IFT88 within short cilia, particu-
larly in the distal region, whereas this enrichment was eliminated by the expression of mChe-DYNC2LI1(WT)
(compare Fig. 2a,b; also see Fig. 21). Ciliary IFT88 enrichment was not eliminated by the expression of DYNC2LI
C-terminal truncation variants, i.e., DYNC2LI1(1-317), DYNC2LI1(1-297), or DYNC2LI1(1-240), or by the
expression of DYNC2LI1(A302-332) (Fig. 2c-f]]). By contrast, the missense variants restored the normal IFT88
localization at the ciliary base (Fig. 2h-j), comparable to DYNC2LI1(WT) (Fig. 21). In DYNC2LI1-KO cells
expressing DYNC2LI1(1-207), the enrichment of IFT88 in cilia was partially reduced (Fig. 2g,1).

We then analyzed the localization of GPR161 in DYNC2LII-KO cells expressing the DYNC2LI1 variants;
GPR161 is localized on the ciliary membrane under basal conditions to suppress Hh signaling, and it exits cilia
upon Hh pathway stimulation®. In DYNC2LII-KO cells expressing mChe-DYNC2LI1(WT), GPR161 was found
within cilia under basal conditions and became undetectable when the cells were treated with Smoothened
agonist (SAG) (Fig. 3b,]). By contrast, in DYNC2LI1-KO cells expressing mChe alone, GPR161 was retained
within short cilia even in the presence of SAG (Fig. 3a, k), indicating that exit of GPR161 from cilia upon Hh
signaling activation is suppressed in DYNC2LI1-KO cells. It is also notable that the relative staining inten-
sity of ciliary GPR161 in mChe-expressing DYNC2LI1-KO cells was significantly higher than that in mChe-
DYNC2LI1(WT)-expressing DYNC2LII-KO cells under basal conditions (Fig. 3a,b; also see Fig. 3u), suggesting
that constitutive GPR161 exit is also suppressed in the absence of DYNC2LI1. Essentially the same results were
obtained for DYNC2LI1-KO cells expressing DYNC2LI1(1-317), DYNC2LI1(1-297), DYNC2LI1(1-240), or
DYNC2LI1(A302-332); namely, GPR161 was significantly retained within short cilia even when the cells were
treated with SAG (Fig. 3c-f,m-p,u). In DYNC2LI1-KO cells expressing DYNC2LI1(1-207), the basal ciliary
level of GRP161 was relatively low, but the level was not significantly decreased even upon SAG treatment
(Fig. 3g,q,u). By contrast, in DYNC2LI1-KO cells expressing any of the missense variants, the ciliary GRP161
level was significantly decreased when the cells were treated with SAG (Fig. 3h-j,r-t,u), as in DYNC2LI1(WT)-
expressing cells (Fig. 3b, 1).

Specific combinations of DYNC2LI1 variants are unable to rescue the ciliary defects in DYN-
C2LI1-KO cells. As described above, all the reported individuals with skeletal ciliopathies caused by vari-
ations in DYNC2LII have compound heterozygous mutations (Table S1). Therefore, we then addressed how
combinations of the DYNC2LI1 variants contribute to the ciliary defects. To this end, we expressed the DYN-
C2LI1 variants in DYNC2LII-KO cells in the combinations found in compound heterozygous individuals, and
analyzed the phenotypes of these cells.

We first analyzed the effects of expression of the combination of DYNC2LI1(L117V) and
DYNC2LI1(A302-332) in DYNC2LI1-KO cells, which mimics the cellular situation of an SRPS individual
reported by Taylor et al.?®. It is noteworthy that the same study reported the p.(Leul17Val) variant [in combi-
nation with p.(Trp124*)] in one other SRPS individual and the p.(Ser302_Ile332del) variant [in combination
with p.(Glu335*)] in another individual®®. As described above (Fig. 2), DYNC2LI1-KO cells expressing mChe-
DYNC2LI1(A302-332) showed defects in ciliogenesis and ciliary IFT88 level (Fig. 4a), whereas those expressing
mChe-DYNC2LI1(L117V) did not show either defect (Fig. 4d). When mChe-fused DYNC2LI1(A302-332) and
DYNC2LI1(WT) were coexpressed in DYNC2LI1-KO cells, a situation that mimics cells of a healthy parent of an
affected individual, both normal ciliary length and low ciliary IFT88 level were significantly restored (Fig. 4b,m,n).
In striking contrast, when DYNC2LI1(A302-332) was coexpressed together with DYNC2LI1(L117V), ciliogen-
esis was not significantly recovered and ciliary IFT88 enrichment was not significantly rescued (Fig. 4c,m,n).
Note that we confirmed the expression of both mChe-DYNC2LI1(A302-332) and mChe-DYNC2LI1(L117V)
by immunoblotting analysis of the cell lysates (Fig. 40, lane 2).

We also compared the ciliary localizations of GPR161 in the presence and absence of SAG treatment in
DYNC2LI1-KO cells expressing a combination of DYNC2LI1(A302-332) and either DYNC2LI1(WT) or
DYNC2LI1(L117V). Again, when expressed alone in DYNC2LII-KO cells, DYNC2LI1(L117V) (Fig. 5d,h),
but not DYNC2LI1(A302-332) (Fig. 5a, e, i), restored the ciliary exit of GPR161 in response to SAG treat-
ment. Combinatorial expression of DYNC2LI1(A302-332) and DYNC2LI1(WT) also restored the exit of
GRP161 from cilia upon SAG treatment (Fig. 5b,f,i). In striking contrast, in DYNC2LI1-KO cells coexpressing
DYNC2LI1(A302-332) together with DYNC2LI1(L117V), GPR161 was significantly retained within cilia even
when the cells were stimulated with SAG (Fig. 5¢,g,i). Thus, ciliary length, ciliary localization of IFT88, and the
induced exit of GPR161 were abnormal in DYNC2LI1-KO cells coexpressing DYNC2LI1(A302-332) together
with the missense variant DYNC2LI1(L117V), but not together with DYNC2LI1(WT). These observations are
consistent with a previous study showing that in fibroblasts derived from an SRPS individual with heterozygous
alleles of DYNC2LI1(A302-332) and DYNC2LI1(L117V), IFT components including IFT88 were accumulated
within cilia®®.

Another case study reported an individual with skeletal ciliopathy with a spectrum between EvC and JATD
caused by compound heterozygous variants, p.(Thr221Ieu) and p.(Arg208*) (Table S1)*. A subsequent study
reported EvC patients with combinations of p.(Thr221Ieu) and either p.(Val141*) or an initiation codon mutant
of DYNC2LI1 (Table S1)*. Thus, DYNC2LI1(T2211I) is likely to be crucial for the pathogenesis of EvC. We
therefore analyzed the effects of the expression of DYNC2LI1(T221I) in combination with the deletion vari-
ant DYNC2LI1(1-207) in DYNC2LI1-KO cells. As described above (Fig. 2), DYNC2LI1-KO cells expressing
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Figure 3. Effects of the expression of DYNC2LI1 variants on basal ciliary level and induced ciliary exit of
GPR161 in DYNC2LII-KO cells. (a-t) DYNC2LII-KO cells expressing mChe (a, k), or mChe-fused DYNC2LI1
constructs as indicated (b-j, 1-t) were serum-starved for 24 h to induce ciliogenesis, cultured in the absence
(a-j; -SAG) or presence (k-t;+ SAG) of SAG for a further 24 h, and immunostained with antibodies against
GPR161 and ARL13B + FOP. Scale bars, 5 um. (u) Relative ciliary staining intensities of GPR161 were estimated
and expressed as scatter plots. Different colored dots represent three independent experiments (n=30x 3),
horizontal lines are means, and error bars are SD. Statistical significances among multiple cell lines were
calculated using one-way ANOVA followed by the Dunnett’s multiple comparison test, and those between two
groups (-SAG and + SAG) were calculated using the Student ¢-test.
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Figure 4. Specific combinations of DYNC2LI1 variants are unable to rescue defects in ciliogenesis and IFT88
localization in DYNC2LI1-KO cells. (a-1) DYNC2LII-KO cells expressing the indicated mChe-fused DYNC2LI1
construct or the indicated combinations of mChe-fused DYNC2LI1 constructs were serum-starved for 24 h and
immunostained with antibodies against IFT88 and ARL13B + FOP. Scale bars, 5 um. (m,n) Ciliary lengths of
individual cells and staining intensities for IFT88 in the distal region of cilia in the experiments shown in (a-1)
were measured and expressed as scatter plots, and analyzed as described in the legend to Fig. 2k,l, respectively.
(o) Immunoblotting analysis of equivalent amounts of cell lysates coexpressing the indicated combinations of
mChe-fused DYNC2LII constructs, with an anti-mChe antibody.

mChe-DYNC2LI1(1-207) alone demonstrated relatively long cilia with substantial accumulation of IFT88 within
cilia (Fig. 4e), and impaired exit of GRP161 in response to SAG treatment (Fig. 5j,n). On the other hand, the
phenotype of DYNC2LI1-KO cells expressing mChe-DYNC2LI1(T2211) appeared to be normal (Fig. 4h, and
Fig. 5m, q; also see Figs. 4m,n, and 5r). When DYNC2LI1(1-207) was coexpressed with either DYNC2LI1(WT)
or DYNC2LI1(T221I) in DYNC2LII-KO cells, their phenotypes appeared to be normal (Figs. 4f, g; and 5Kk, L,0,p;
also see Figs. 4m,n and 5r) and were indistinguishable from those expressing DYNC2LI1(WT) alone (Figs. 2 and
3). Thus, the pathogenic combination of EvC [DYNC2LI1(1-207) and DYNC2LI1(T2211I)] did not apparently
affect ciliogenesis or ciliary protein localization (see "Discussion” Section).

While this study was in progress, a case study reported a combination of the DYNC2LII variants,
p-(Pro120Ser) and p.(Lys310%), in a fetus with SRPS-like phenotypes (Table S1)*%. We therefore analyzed the
effects of this combination in DYNC2LI1-KO cells. However, in this experiment, we used DYNC2LI1(1-317)
instead of DYNC2LI1(K310%), as we thought that cells expressing DYNC2LI1(1-317) would most closely reflect
the situation of those expressing DYNC2LI1(K310*). As described above (Fig. 2), DYNC2LI1-KO cells express-
ing DYNC2LI1(1-317) alone demonstrated relatively short cilia, significant enrichment of IFT88 within cilia
(Fig. 4i), and impaired exit of GPR161 in response to SAG treatment (Fig. 5s,w), whereas those expressing
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Figure 5. Specific combinations of DYNC2LI1 variants are unable to rescue defects in the induced exit of
GPRI161 from cilia in DYNC2LI1-KO cells. (a-h, j-q, u-z) DYNC2LII-KO cells expressing the indicated mChe-
fused DYNC2LI1 construct or the indicated combinations of mChe-fused DYNC2LI1 constructs were serum-
starved for 24 h to induce ciliogenesis, cultured in the absence (a-d, j-m, s—v; ~-SAG) or presence (e-h, n-q,
w-z;+ SAG) of SAG for a further 24 h, and immunostained with antibodies against GPR161 and ARL13B +FOP.
Scale bars, 5 um. (i, r, aa) Relative ciliary staining intensities of GPR161 in the experiments shown in a-h, j-g,
and s-z, respectively, were estimated and expressed as scatter plots, and analyzed as described in the legend to
Fig. 3u.

DYNC2LI1(P120S) were normal with respect to cilia length, IFT88 localization (Fig. 41), and GPR161 exit
(Fig. 5v,z). DYNC2LII-KO cells coexpressing DYNC2LI1(1-317) and DYNC2LI1(WT) also appeared normal
regarding cilia length and IFT88 localization (Fig. 4j,m,n) and the SAG-induced exit of GPR161 (Fig. 5t,x,aa).
However, DYNC2LII-KO cells coexpressing DYNC2LI1(1-317) and DYNC2LI1(P120S) had short cilia and
considerable enrichment of IFT88 within cilia (Fig. 4k,m,n) and significant impairment of GRP161 exit upon
SAG treatment (Fig. 5u,y,aa). Thus, DYNC2LII-KO cells coexpressing DYNC2LI1(1-317) together with
DYNC2LI1(L117V), but not with DYNC2LI1(WT), were abnormal with regard to their cilia length, ciliary
IFT88 localization, and GPR161 exit from cilia.
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Discussion

We here demonstrated the molecular and cellular basis of the ciliary defects in SRPS skeletal ciliopathy caused
by compound heterozygous variations of the dynein-2 LIC, DYNC2LI1. Namely, we showed that combinatorial
expression of a DYNC2LI1 variant with an extensive deletion [DYNC2LI1(A302-332) or DYNC2LI1(1-317)]
together with a missense variant [DYNC2LI1(L117V) or DYNC2LI1(P120S)], but not with DYNC2LI1(WT),
in DYNC2LII-KO cells causes defects in cilia biogenesis, retrograde trafficking of the IFT machinery, and exit
of GPR161 from cilia upon stimulation of the Hh signaling pathway (Figs. 4 and 5). These observations are
consistent with ciliary defects observed in fibroblasts derived from SRPS individuals®, and are in line with the
fact that SRPS individuals with compound heterozygous variations demonstrate severe symptoms, whereas their
parents with one of the variations are healthy***. On the other hand, expression of either of the missense vari-
ants DYNC2LI1(L117V) or DYNC2LI1(P120S) in DYNC2LI1-KO cells was able to rescue the ciliary defects, as
with DYNC2LI1(WT) (Figs. 4 and 5). However, we found that these missense variants are indeed compromised
with regard to their interactions with DYNC2H1 and WDR60 (Fig. 1c, d). Thus, these missense variations might
have subtle effects on the overall function of dynein-2, and lead to an abnormal ciliary phenotype in a context-
dependent manner.

In contrast to the compound heterozygous variations found in SRPS individuals, the combination of an
extensive deletion and a missense variant [DYNC2LI1(1-207)/DYNC2LI1(T221I)] found in EvC individuals did
not lead to apparent ciliary defects when expressed in DYNC2LI1-KO cells. EvC appears to be a milder subtype
of SRTD than SRPS; in contrast to the prenatal lethality of SRPS individuals, EvC individuals are often able to
survive to adulthood. Unexpectedly, DYNC2LI1(1-207), albeit the extensive deletion, caused cilia elongation,
rather than shortening, in DYNC2LII-KO cells. Although we do not know the exact reason for the cilia elonga-
tion in DYNC2LI1(1-207)-expressing cells, this may be due to a subtle difference in the interaction(s) with other
dynein-2 subunits between DYNC2LI1(1-207) and other deletion constructs. On the other hand, even though the
DYNC2LI1(T221I) variants was reported in three compound heterozygous EvC patients®, we did not detect any
apparent defects in the interactions of DYNC2LI1(T221I) with DYNC2H1 and WDR60, in contrast to the other
missense variants analyzed, i.e., DYNC2LI1(L117V) and DYNC2LI1(P120S) (Fig. 1). Thus, unlike in the case
of SRPS, just a subtle defect in the interaction(s) of DYNC2LI1(T221I) with some other protein(s) might affect
the trafficking and/or localization of ciliary proteins, which we did not analyze, and may be responsible for the
abnormalities observed in EvC individuals. For example, to date, we have not been able to detect an interaction
between the dynein-2 complex and the IFT-A complex, even though involvement of the IFT-A complex in retro-
grade trafficking driven by the dynein-2 motor entails an interaction(s) between them. Such an interaction might
take place after the dynein-2 complex is transported to the ciliary tip as an anterograde IFT cargo (see below).

In addition to DYNC2LII, variations of other dynein-2 subunits and subunits of the IFT-A complex are
known to cause SRTD?. As the IFT-A complex together with the dynein-2 complex mediates retrograde ciliary
protein trafficking, impaired retrograde trafficking is implicated in the etiology of the skeletal ciliopathies. How-
ever, these are phenotypically diverse, and even in the same proteins, different variations and different combina-
tions of variations can cause different subsets of ciliopathies. For example, we have recently shown that a combi-
nation of the missense variant of IFT144, p.(Leu710Ser) and the C-terminally truncated variant, p. (Arg1103*), a
combination which is found in CED individuals*?, exacerbated ciliogenesis defects when expressed in IFT144-KO
cells, whereas expression of the missense variant alone in IFT144-KO cells, which mimics the cellular situation
of recessive retinitis pigmentosa*, rescued the ciliary defects, as with the expression of IFT144(WT)?. Thus, the
severity of the autosomal recessive ciliopathies appears to be associated with context-dependent mechanisms, in
which one variant can lead to severe ciliary defects in combination with a hypomorphic variant.

To achieve its function as a retrograde motor for the IFT machinery, the dynein-2 complex must be trans-
ported to the ciliary tip as an anterograde IFT cargo. The cryo-EM structure of the human dynein-2 complex, in
conjunction with the cryoelectron tomographic structure of Chlamydomonas anterograde IFT trains, suggested
that the dynein-2 complex and the IFT-B complex interact with each other via multiple sites'”**~2*. In addition, a
study using Chlamydomonas demonstrated that the IFT-B subunit IFT54 directly binds to IFT dynein via its LIC
subunit®. We here confirmed the DYNC2LI1-IFT54 interaction and that some DYNC2LI1 variants had reduced
ability to interact with IFT54 (Fig. S1b). In view of the extensive contacts, however, there may be additional
interactions between dynein-2 and the [FT-B subunits, and some ciliopathy variations of these subunits impair
the dynein-2-IFT-B interactions. Furthermore, dynein-2 must be transported as an anterograde cargo in an
autoinhibited state to avoid a tug-of-war between kinesin and dynein'***, and the above Chlamydomonas study
suggested that IFT54 interacts not only with IFT dynein but also with heterotrimeric kinesin-II. As it is possible
that the short cilia phenotype may have resulted from an increased tug-of-war between kinesin and dynein, the
difference between the expression of DYNC2LI1(1-317)/DYNC2LI1(1-297)/DYNC2LI1(1-240) and that of
DYNC2LI1(1-207), which results in short and long cilia, respectively (Fig. 2), may be owing to the differential
abilities of these DYNC2LI1 constructs to interfere with the autoinhibition of dynein-2. Therefore, an interesting
issue to be addressed in the future is whether variations in the dynein-2 subunits affect the autoinhibited state.

Methods

Plasmids, antibodies, and reagents. Expression vectors for DYNC2LII and other dynein-2 subunits
used in this study are listed in Table S2; some of them were constructed in our previous studies'®!?. The anti-
bodies used in this study are listed in Table S3. GST-tagged anti-GFP Nb and anti-mChe Nb (LaM-2 version)
prebound to glutathione-Sepharose 4B beads (GE Healthcare) were prepared as described previously***47. SAG
and polyethylenimine Max were purchased from Enzo Life Sciences and Polysciences, respectively.
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Coimmunoprecipitation analyses. Coimmunoprecipitation analyses were performed based on the pro-
cedures previously described for the visible immunoprecipitation assay*®*®*. In brief, approximately 1.2 x 10°
HEK293T cells (RBC2202; RIKEN BioResource Research Center) were plated onto six-well plates. The next day,
cells were transfected with EGFP and mChe fusion constructs using polyethylenimine Max (20 pg) and cultured
in DMEM with high glucose supplemented with 5% fetal bovine serum (FBS) for 24 h. The cells were then sus-
pended in 250 uL of HMDEKN cell lysis buffer (10 mM HEPES [pH 7.4], 5 mM MgSO,, 1 mM DTT, 0.5 mM
EDTA, 25 mM KCI, and 0.05% NP-40) containing EDTA-free protease inhibitor cocktail (Nacalai Tesque),
placed on ice for 20 min, and centrifuged at 16,100 x g for 15 min at 4 °C in a microcentrifuge. The supernatants
(200 uL) were then incubated with 5 pL of GST-tagged anti-mChe Nb (LaM-2) or anti-GFP Nb prebound to glu-
tathione-Sepharose 4B beads at 4 °C for 1 h, or for 3 h in the IFT54 experiments. The beads were washed three
times with 180 pL of lysis buffer, boiled in SDS-PAGE sample buffer, and the proteins were separated by SDS-
PAGE and electroblotted onto an Immobilon-P membrane (Merck Millipore). The membrane was then blocked
in 5% skimmed milk and incubated sequentially with primary antibody and peroxidase-conjugated secondary
antibody. Protein bands were detected using a Chemi-Lumi One L kit (Nacalai Tesque).

Establishment of DYNC2LI1-KO cells. The strategy for the disruption of genes in hTERT-RPEL1 cells
(CRL-4000, American Type Culture Collection) by the CRISPR/Cas9 system using homology-independent
DNA repair (version 2 method) was performed as previously described?®, with minor modifications®**!. Briefly,
single-guide RNA (sgRNA) sequences targeting the human DYNC2LII gene (see Table S4) were designed using
CRISPOR®. Double-stranded oligonucleotides for the target sequences were inserted into the all-in-one sgRNA
expression vector peSpCAS9(1.1)-2 x sgRNA (Addgene 80768). Approximately 1.5 x 10° hTERT-RPEL cells were
plated onto a 12-well plate. The next day, cells were transfected with the all-in-one vector and the donor knockin
vector pDonor-tBFP-NLS-Neo(universal) (Addgene 80767) using X-tremeGENE9 Reagent (Roche Applied Sci-
ence). After selection of the transfected cells in medium containing G418 (600 ug/mL), cells were isolated using
an SHB800 series cell sorter (SONY) at the Medical Research Support Center, Kyoto University. Genomic DNA
extracted from the isolated cells were analyzed by PCR using GoTaq Master Mixes (Promega) and three sets of
primers (Table S4) to distinguish the following three states of integration of the donor knockin vector: forward
integration, reverse integration, and no integration with a small indel. The disruption of both DYNC2LII alleles
was confirmed by direct sequencing of the PCR products.

Preparation of DYNC2LI1-KO cells expressing mChe-fused DYNC2LI1 constructs. The prepa-
ration of lentiviral vectors was performed as described previously**. Briefly, the pRRLsinPPT-based vectors
for various DYNC2LI1 constructs were transfected into HEK293T cells together with the packaging plasmids
[PRSV-REV, pMD2.g, and pMDLg/pRRE; kind gifts from Peter McPherson, McGill University>*]. The culture
medium was replaced 8 h after transfection, and collected between 24 to 48 h after transfection. The medium
containing viral particles was passed through a 0.45-um filter, and centrifuged at 32,000 x g at 4 °C for 4 h. Pre-
cipitated lentiviral particles were resuspended in DMEM/F-12 and stored at —80 °C until use. DYNC2LI1-KO
cells expressing the mChe-fused DYNC2LI1 constructs were prepared by adding the lentiviral suspension to the
culture medium followed by a 24-h incubation, and then subsequently used for analyses.

Immunofluorescence analysis. Parental hTERT-RPE1 cells and DYNC2LII-KO cells were cultured in
DMEM/F-12 supplemented with 10% FBS and 0.348% sodium bicarbonate. To induce ciliogenesis, cells were
grown to 100% confluence on coverslips, and starved for 24 h in Opti-MEM (Invitrogen) containing 0.2% bovine
serum albumin to induce ciliogenesis. Subsequent immunofluorescence analysis was performed as described
previously®»*. The cells were fixed and permeabilized with 3% paraformaldehyde at 37 °C for 5 min, and sub-
sequently in methanol at-20 °C for 5 min, and washed three times with phosphate-buffered saline. The fixed/
permeabilized cells were blocked with 10% FBS, stained with antibodies diluted in 5% FBS, and observed using
an Axio Observer microscope (Carl Zeiss). All images acquired under the same setting and saved in CZI file
format were processed and analyzed by using ZEISS ZEN microscope software (Version 3.1; Carl Zeiss). For
analysis of ciliary length and the GPR161 staining intensity, a new model of cilia was created by drawing the
contour of cilia along the signal of Ac-tubulin or ARL13B in object channel using the Intellesis trainable seg-
mentation module of ZEN. After training many times, the model in the Intellesis trainable segmentation could
automatically recognize most cilia. After manually excluding regions that were incorrectly identified as cilia, the
Image Analysis application was able to use the model to automeasure ciliary length and the mean fluorescence
intensity within cilia. For analysis of the IFT88 staining intensity in the distal region of cilia, a ROI was con-
structed by using drawing region tools along the ciliary distal region. To correct for local background intensity,
the ROI was set to a nearby region. Statistical analyses were performed using GraphPad Prism8 (Version 8.4.3;
GraphPad Software, Inc.).

Received: 7 July 2021; Accepted: 13 December 2021
Published online: 07 January 2022

References
1. Hirokawa, N., Niwa, S. & Tanaka, Y. Molecular motors in neurons: transport mechanisms and roles in brain functiion, develop-
ment, and disease. Neuron 68, 610-638 (2010).

Scientific Reports |

(2022)12:31 | https://doi.org/10.1038/s41598-021-03950-0 nature portfolio



www.nature.com/scientificreports/

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

. Nachury, M. V. & Mick, D. U. Establishing and regulating the composition of cilia for signal transduction. Nat. Rev. Mol. Cell Biol.

20, 389-405 (2019).

. Kopinke, D., Norris, A. M. & Mukhopadhyay, S. Developmental and regenerative paradigms of cilia regulated hedgehog signaling.

Sem. Cell Dev. Biol. 110, 89-103 (2021).

. Anvarian, Z., Mykytyn, K., Mukhopadhyay, S., Pedersen, L. B. & Christensen, S. T. Cellular signaling by primary cilia in develop-

ment, organ function and disease. Nat. Rev. Nephrol. 15,199-219 (2019).

. Mitchison, H. M. & Valente, E. M. Motile and non-motile cilia in human pathology: from function to phenotypes. J. Pathol. 241,

294-309 (2017).

. Reiter, J. E. & Leroux, M. R. Genes and molecular pathways underpinning ciliopathies. Nat. Rev. Mol. Cell Biol. 18, 533-547 (2017).
. Prevo, B, Scholey, J. M. & Peterman, E. J. G. Intraflagellar transport: mechanisms of motor action, cooperation, and cargo delivery.

FEBS J. 284, 2905-2931 (2017).

. Nakayama, K. & Katoh, Y. Ciliary protein trafficking mediated by IFT and BBSome complexes with the aid of kinesin-2 and

dynein-2 motors. J. Biochem. 163, 155-164 (2018).

. Kozminski, K. G., Johnson, K. A., Forscher, P. & Rosenbaum, J. L. A motility in the eukaryotic flagellum unrelated to flagellar

beating. Proc. Natl. Acad. Sci. USA 90, 5519-5523 (1993).

Rosenbaum, J. L. & Witman, G. B. Intraflagellar transport. Nat. Rev. Mol. Cell Biol. 3, 813-825 (2002).

Cole, D. G. et al. Chlamydomonas kinesin-1I-dependent intraflagellar transport (IFT): IFT particles contain proteins required for
ciliary assembly in Caenorhabditis elegans sensory neurons. J. Cell. Biol 144, 993-1008 (1998).

Nakayama, K. & Katoh, Y. Architecture of the IFT ciliary trafficking machinery and interplay between its components. Crit. Rev.
Biochem. Mol. Biol. 55, 179-196 (2020).

Mukhopadhyay, S. et al. Trafficking to the primary cilium membrane. Mol. Biol. Cell 28, 233-239 (2017).

Jensen, V. L. et al. Role for intraflagellar transport in building a functional transition zone. EMBO Rep. 19, €45862 (2018).
Scheidel, N. & Blacque, O. Intraflagellar transport complex A genes differentially regulate cilium formation and transition zone
gating. Curr. Biol. 28, 3279-3287 (2018).

Vuolo, L., Stevenson, N. L., Mukhopadhyay, A. G., Roberts, A. J. & Stephens, D. J. Cytoplasmic dynein-2 at a glance. J. Cell Sci.
133, jcs240614 (2020).

Webb, S., Mukhopadhyay, A. G. & Roberts, A. J. Intraflagellar transport trains and motors: insights from structure. Sem. Cell Dev.
Biol. 107, 82-90 (2020).

Hamada, Y., Tsurumi, Y., Nozaki, S., Katoh, Y. & Nakayama, K. Interaction of WDR60 intermediate chain with TCTEX1D2 light
chain of the dynein-2 complex is crucial for ciliary protein trafficking. Mol. Biol. Cell 29, 1628-1639 (2018).

Tsurumi, Y., Hamada, Y., Katoh, Y. & Nakayama, K. Interactions of the dynein-2 intermediate chain WDR34 with the light chains
are required for ciliary retrograde protein trafficking. Mol. Biol. Cell 30, 658-670 (2019).

Asante, D., Stevenson, N. L. & Stephens, D. J. Subunit composition of the human cytoplasmic dynein-2 complex. J. Cell Sci. 127,
4774-4787 (2014).

Vuolo, L., Stevenson, N. L., Heesom, K. J. & Stephens, D. J. Dynein-2 intermediate chains play crucial but distinct roles in primary
cilia formation and function. Elife 7, €39655 (2018).

Toropova, K. et al. Structure of the dynein-2 complex and its assembly with intraflagellar transport trains. Nat. Struct. Mol. Biol.
26, 823-829 (2019).

Jordan, M. A,, Diener, D. R,, Stepanek, L. & Pigino, G. The cryo-EM structure of intraflagellar transport trains reveals how dynein
is inactivated to ensure unidirectional anterogarde movement in cilia. Nat. Cell Biol. 20, 1250-1255 (2018).

Jordan, M. A. & Pigino, G. The structural basis of intraflagellar transport at a glance. J. Cell Sci. 134, jcs247163 (2021).

Zhu, X., Wang, J., Li, S., Lechtreck, K. & Pan, J. IFT54 directly interacts with kinesin-II and IFT dynein to regulate anterograde
intraflagellar transport. EMBO J. 40, e105781 (2021).

Arts, H. & Knoers, N. Cranioectodermal dysplasia. in GeneReviews® [Internet] (eds M.P. Adam et al.) (University of Washington,
Seatle (WA), (2013) [updated 2018]).

Mclnerney-Leo, A. M. et al. Whole exome sequencing is an efficient, sensitive and specific method for determining the genetic
cause of short-rib thoracic dystrophies. Clin. Genet. 88, 550-557 (2015).

Schmidts, M. Clinical genetics and pathobiology of ciliary chondrodysplasias. J. Pediatr. Genet. 3, 49-64 (2014).

Lin, A. E. et al. Sensenbrenner syndrome (Cranioectodermal dysplasia): Clinical and molecular analyses of 39 patients including
two new patients. Am. J. Med. Genet. 161A, 2762-2776 (2013).

Corés, C. R., Metzis, V. & Wicking, C. Unmasking the ciliopathies: Craniofacial defects and the primary cilium. Wiley Interdiscip.
Rev. Dev. Biol. 4, 637-653 (2015).

Zhang, W. et al. Expanding the genetic architecture and phenotypic spectrum in the skeletal ciliopathy. Hum. Mut. 39, 152-166
(2018).

Takahara, M. et al. Ciliopathy-associated mutations of IFT122 impair ciliary protein trafficking but not ciliogenesis. Hum. Mol.
Genet. 27, 516-528 (2018).

Ishida, Y., Kobayashi, T., Chiba, S., Katoh, Y. & Nakayama, K. Molecular basis of ciliary defects caused by compound heterozygous
IFT144/WDR19 mutations found in cranioectodermal dysplasia. Hum. Mol. Genet. 30, 213-225 (2021).

Zhang, X. et al. Whole-exome sequencing identified two novel mutations of DYNC2LII in fetal skeletal ciliopathy. Mol. Genet.
Genomic Med. 8, e1524 (2020).

Kessler, K. et al. DYNC2LI1 mutations broaden the clinical spectrum of dynein-2 defects. Sci. Rep. 5, 11649 (2015).

Taylor, S. P. et al. Mutations in DYNC2LII disrupt cilia function and cause short rib polydactyly syndrome. Nat. Commun. 6,7092
(2015).

Niceta, M. et al. Biallelic mutations in DYNC2LI1 are a rare cause of Ellis-van Creveld syndrome. Clin. Genet. 93, 632-639 (2018).
Schroeder, C. M., Ostrem, J. M. L., Hertz, N. T. & Vale, R. D. A Ras-like domain in the light intermediate chain bridges the dynein
motor. Elife 3, 03351 (2014).

Katoh, Y. et al. Practical method for targeted disruption of cilia-related genes by using CRISPR/Cas9-mediated homology-inde-
pendent knock-in system. Mol. Biol. Cell 28, 898-906 (2017).

Reck, J. et al. The role of the dynein light intermediate chain in retrograde IFT and flagellar function in Chlamydomonas. Mol. Biol.
Cell 27, 2404-2422 (2016).

Schafer, J. C., Haycraft, C. ], Thomas, J. H., Yoder, B. K. & Swoboda, P. XBX-1 encodes a dynein light intermediate chain required
for retrograde intraflagellar transport and cilia assembly in Caenorhabditis elegans. Mol. Biol. Cell 14, 2057-2070 (2003).

Yi, P, Li, W.-],, Dong, M.-Q. & Ou, G. Dynein-driven retrograde intraflagellar transport is triphasic in C. elegans sensory cilia.
Curr. Biol. 27, 1448-1461 (2017).

Bredrup, C. et al. Ciliopathies with skeletal anomalies and renal insufficiency due to mutations in the IFT-A gene WDRI9. Am. ].
Hum. Genet. 89, 634-643 (2011).

Coussa, R. G. et al. WDR19: an ancient, retrograde, intraflagellar ciliary protein is mutated in autosomal recessive retinitis pigentosa
and in Senior-Loken syndrome. Clin. Genet. 84, 150-159 (2013).

Toropova, K., Mladenov, K. & Roberts, A. J. Intraflagellar transport dynein is autoinhibited by trapping of its mechanical and
track-binding elements. Nat. Struct. Mol. Biol. 24, 461-468 (2017).

Scientific Reports |

(2022)12:31 |

https://doi.org/10.1038/s41598-021-03950-0 nature portfolio



www.nature.com/scientificreports/

46. Katoh, Y., Nozaki, S., Hartanto, D., Miyano, R. & Nakayama, K. Architectures of multisubunit complexes revealed by a visible
immunoprecipitation assay using fluorescent fusion proteins. J. Cell Sci. 128, 2351-2362 (2015).

47. Katoh, Y., Nakamura, K. & Nakayama, K. Visible immunoprecipitation (VIP) assay: A simple and versatile method for visual
detection of protein-protein interactions. Bio-Protoc. 8, 2687 (2018).

48. Katoh, Y. et al. Overall architecture of the intraflagellar transport (IFT)-B complex containing Cluap1/IFT38 as an essential com-
ponent of the IFT-B peripheral subcomplex. J. Biol. Chem. 291, 10962-10975 (2016).

49. Nishijima, Y. et al. RABL2 interacts with the intraflagellar transport B complex and CEP19 and participates in ciliary assembly.
Mol. Biol. Cell 28, 1652-1666 (2017).

50. Okazaki, M. et al. Formation of the B9-domain protein complex MKS1-B9D2-B9D1 is essential as a diffusion barrier for ciliary
membrane proteins. Mol. Biol. Cell 31, 2259-2268 (2020).

51. Qiu, H., Fujisawa, S., Nozaki, S., Katoh, Y. & Nakayama, K. Interaction of INPP5E with ARL13B is essential for its ciliary membrane
retention but dispensable for its ciliary entry. Biol. Open 10, bio057653 (2021).

52. Haeussler, M. et al. Evaluation of off-target and on-target scoring algorithms and integration into the guide RNA selection tool
CRISPOR. Genome Biol. 17, 148 (2016).

53. Takahashi, S. et al. Rab11 regulates exocytosis of recycling vesicles at the plasma membrane. J. Cell Sci. 125, 4049-4057 (2012).

54. Thomas, S. et al. Intersectin regulates dendritic spine development and somatodendritic endocytosis but not synaptic vesicle
recycling in hippocampal neurons. J. Biol. Chem. 284, 12410-12419 (2009).

55. Hirano, T, Katoh, Y. & Nakayama, K. Intraflagellar transport-A complex mediates ciliary entry and retrograde trafficking of ciliary
G protein-coupled receptors. Mol. Biol. Cell 28, 429-439 (2017).

Acknowledgements

We thank Peter McPherson for providing the plasmid vectors for recombinant lentivirus production, David
Stephens for sharing unpublished data, and Helena Akiko Popiel for critical reading of the manuscript. This work
was supported in part by grants from the Japan Society for the Promotion of Science (Grant Numbers 19H00980
and 20H04904 to K. Nakayama, and 18H02403 and 21H02427 to Y. Katoh); and a grant of JRPs-LEAD with
UKRI from the Japan Society for the Promotion of Science (Grant Number JPJSJRP20181701 to K. Nakayama).
H. Qiu received financial support from the Otsuka-Toshimi Scholarship Foundation.

Author contributions
H.Q. and Y.T. designed and performed the experiments; and Y.K. and K.N. designed the experiments and pre-
pared the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-03950-0.

Correspondence and requests for materials should be addressed to K.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022)12:31 | https://doi.org/10.1038/s41598-021-03950-0 nature portfolio


https://doi.org/10.1038/s41598-021-03950-0
https://doi.org/10.1038/s41598-021-03950-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Combinations of deletion and missense variations of the dynein-2 DYNC2LI1 subunit found in skeletal ciliopathies cause ciliary defects
	Results
	Variations of DYNC2LI1 found in SRTD individuals affect its interactions with DYNC2H1 and WDR60. 
	Defects of ciliary protein trafficking in DYNC2LI1-KO cells exogenously expressing DYNC2LI1 variants. 
	Specific combinations of DYNC2LI1 variants are unable to rescue the ciliary defects in DYNC2LI1-KO cells. 

	Discussion
	Methods
	Plasmids, antibodies, and reagents. 
	Coimmunoprecipitation analyses. 
	Establishment of DYNC2LI1-KO cells. 
	Preparation of DYNC2LI1-KO cells expressing mChe-fused DYNC2LI1 constructs. 
	Immunofluorescence analysis. 

	References
	Acknowledgements


