©2023. Published by The Company of Biologists Ltd | Biology Open (2023) 12, bio059976. doi:10.1242/bi0.059976

e Company of
‘Blologlsts

RESEARCH ARTICLE

Dynein-2—driven intraciliary retrograde trafficking indirectly
requires multiple interactions of IFT54 in the IFT-B complex with

the dynein-2 complex

Shunya Hiyamizu*, Hantian Qiu*, Yuta Tsurumi$, Yuki HamadaT, Yohei Katoh and Kazuhisa Nakayama**

ABSTRACT

Within cilia, the dynein-2 complex needs to be transported as an
anterograde cargo to achieve its role as a motor to drive retrograde
trafficking of the intraflagellar transport (IFT) machinery containing
IFT-A and IFT-B complexes. We previously showed that interactions
of WDR60 and the DYNC2H1-DYNC2LI1 dimer of dynein-2 with
multiple IFT-B subunits, including IFT54, are required for the
trafficking of dynein-2 as an IFT cargo. However, specific deletion
of the IFT54-binding site from WDR60 demonstrated only a minor
effect on dynein-2 trafficking and function. We here show that the
C-terminal coiled-coil region of IFT54, which participates in its
interaction with the DYNC2H1-DYNC2LI1 dimer of dynein-2 and
with IFT20 of the IFT-B complex, is essential for IFT-B function, and
suggest that the IFT54 middle linker region between the N-terminal
WDR60-binding region and the C-terminal coiled-coil is required for
ciliary retrograde trafficking, probably by mediating the effective
binding of IFT-B to the dynein-2 complex, and thereby ensuring
dynein-2 loading onto the anterograde IFT trains. The results
presented here agree with the notion predicted from the previous
structural models that the dynein-2 loading onto the anterograde IFT
train relies on intricate, multivalent interactions between the dynein-2
and IFT-B complexes.
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INTRODUCTION

Primary cilia are microtubule-based, antenna-like appendages
extending from the surface of most eukaryotic cells, and play
crucial roles in receiving and integrating mechanical and chemical
extracellular signals, such as the Hedgehog (Hh) family of
morphogens (Anvarian et al., 2019; Kopinke et al., 2021). For
these roles, specific proteins are present in the ciliary interior and on
the ciliary membrane, including G protein-coupled receptors
(GPCRs). The specific ciliary protein composition is maintained
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by the presence of the transition zone (TZ), which acts as a diffusion
and permeability barrier at the ciliary base by restricting entry and
exit of proteins (Garcia-Gonzalo and Reiter, 2017; Nachury and
Mick, 2019). Defects in ciliary protein trafficking and abnormal
ciliary protein localization therefore cause a broad range of genetic
diseases, collectively referred to as the ciliopathies (Braun and
Hildebrandt, 2017; Reiter and Leroux, 2017).

The biogenesis, maintenance, and functions of cilia rely on
intraflagellar transport (IFT), which was first found in
Chlamydomonas flagella (Kozminski et al., 1995, 1993) but is
highly conserved across eukaryotic species (Prevo et al., 2017). Not
only is protein trafficking within cilia in the anterograde and
retrograde directions, but the import and export of proteins across
the TZ are mediated by IFT machinery, which includes the IFT-A
and IFT-B complexes comprising six and 16 subunits, respectively
(Nakayama and Katoh, 2020; Taschner and Lorentzen, 2016). The
IFT-B complex is grouped into two subcomplexes; the IFT-B1
(IFT-B core) subcomplex composed of ten subunits (IFT22, [FT25,
IFT27,1IFT46, IFT52, IFT56, IFT70, IFT74,1FT81, and IFT88) and
the IFT-B2 (IFT-B peripheral) subcomplex composed of six
subunits (IFT20, IFT38, IFT54, IFT57, IFT80, and IFT172).
These two subcomplexes are linked by two IFT-B1 and two IFT-B2
subunits (IFT52 and IFT88, and I[FT38 and IFT57, respectively; see
Fig. 1A, right) (Boldt et al., 2016; Katoh et al., 2016; Lacey et al.,
2023; Petriman et al., 2022; Taschner et al., 2016).

Anterograde trafficking of the IFT machinery from the base to the
tip of cilia is driven by heterotrimeric kinesin-II coupled to the IFT-
B complex (Funabashi et al., 2018; Rosenbaum and Witman, 2002),
whereas retrograde trafficking is believed to be driven by dynein-2/
IFT dynein, probably coupled to the IFT-A complex (Nakayama
and Katoh, 2020). The dynein-2 motor itself is also a multisubunit
complex (Fig. 1A, left) (Vuolo et al., 2020; Webb et al., 2020). In
the human dynein-2 structure clarified by cryoelectron microscopy
(cryo-EM), two copies of the motor subunit DYNC2HI1 associate
with the light intermediate chain DYNC2LI1, which stabilizes
DYNC2HI1 (Tayloretal., 2015), and with the WD40 repeat domains
of specific intermediate chains, namely WDR60 and WDR34
(recently renamed as DYNC2I1 and DYNC212, respectively) via the
highly asymmetric N-terminal nonmotor region (Toropova et al.,
2017, 2019; Webb et al., 2020). WDR60 and WDR34 are clumped
by an array of the dimerized light chains (DYNLL1, DYNLL2,
DYNLRBI1, DYNLRB2, DYNLT1, DYNLT3, and DYNLT2B; the
last of which was previously called TCTEX1D2) (Hamada et al.,
2018; Toropova et al., 2019; Tsurumi et al., 2019). Intriguingly,
variations in all of the dynein-2—specific subunits and those in all of
the IFT-A subunits cause skeletal ciliopathies with a variety of
clinical manifestations (Mclnerney-Leo et al., 2015; Reiter and
Leroux, 2017; Schmidts, 2014; Zhang et al., 2018). In addition,
variations of several IFT-B subunits, including IFT54 (also known
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Fig. 1. The N-terminal CH domain and middle linker region of IFT54 are dispensable for ciliogenesis. (A) Schematic representation of the architectures
of the dynein-2 and IFT-B complexes. Individual IFT-B subunits are depicted with the first letter pointing to the N-terminal side. (B) Schematic representation
of the structures of IFT54 constructs used in this study. Regions required for binding to WDR60, DYNC2H1-DYNC2LI1, and IFT20 determined in the
previous study (Hiyamizu et al., 2023) are indicated. (C—K) Control RPE1 cells (C), IFT54-KO cells (D) and those stably expressing mCherry (mChe)-fused
IFT54(WT) (E), IFT54(1-532) (F), IFT54(135-625) (G), IFT54(335-625) (H), IFT54(488-625) (1), IFT54(507-625) (J), or IFT54(533-625) (K) were cultured
for 24 h under serum-starved conditions. The cells were immunostained for ARL13B, RFP, and FOP (recently renamed as CEP43). Enlarged (2.5-fold)
images of the boxed regions are shown on the right side. Scale bars: 5 um. (L) Cells shown in C—K (n=100) were classified into those with ARL13B-positive
cilia (red) or with no cilia (gray), and the percentages were represented as stacked bar graphs. (M) Ciliary lengths of individual ciliated cells were measured
and expressed as scatter plots (n=30). Triangles are mean ciliary lengths. Statistical significances were calculated using one-way ANOVA followed by

Tukey’s multiple comparison test.

as TRAF3IP1), IFT80, and [FT172, are also known to cause skeletal
ciliopathies (Beales et al., 2007; Halbritter et al., 2013; Zhang et al.,
2018). In this regard, our previous studies demonstrated the
associations between defects in protein—protein interactions and
ciliary defects caused by ciliopathy-associated variations of the IFT-
A subunits IFT122 and IFT144, the dynein-2 subunits DYNC2LII
and WDR34, and the IFT-B subunit IFT52 (Ishida et al., 2021,
2022; Qiu et al., 2022; Shak et al., 2023; Takahara et al., 2018).
To achieve its function as a retrograde motor, the dynein-2
complex must be transported to the ciliary tip as an anterograde IFT
cargo. A model assembled by docking of the cryo-EM structure of
the human dynein-2 complex (Toropova et al., 2019) onto the

anterograde IFT train structure in Chlamydomonas flagella revealed
by in situ cryoelectron tomography (cryo-ET) (Jordan et al., 2018),
and an in situ cryo-ET study of assembling anterograde IFT trains at
the Chlamydomonas flagellar base (van den Hoek et al., 2022)
suggested that the dynein-2 complex has extensive contacts with the
IFT-B complex of the anterograde train (Jordan and Pigino, 2021;
Vuolo etal., 2020; Webb et al., 2020). In these structures, individual
dynein-2 complexes are expected to span out multiple IFT-B unit
repeats. Consistent with these structures, we have recently shown
that multiple subunits of the dynein-2 complex interact
predominantly with multiple subunits of the IFT-B2 subcomplex;
individual dynein-2 subunits have contacts with distinct IFT-B2
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subunits or even with different regions of the same IFT-B2 subunits
(Hiyamizu et al., 2023). Our biochemical data are supported by a
recently proposed model of the Chlamydomonas anterograde IFT
train assembled using a combination of in situ cryo-ET data and the
AlphaFold2 prediction, in which the dynein-2 complex contacts the
IFT-B2 face of the IFT-B unit repeats (Lacey et al., 2023). Among
the detected interactions between the dynein-2 and IFT-B
complexes, the WDR60-IFT54 interaction appeared to be a key
interaction (Hiyamizu et al., 2023). However, a WDR60 construct
with specific deletion of the IFT54-binding site showed apparently
normal function similar to wild-type (WT) WDR60, although more
extensive deletion substantially impaired the function of WDR60 as
a subunit of the retrograde motor complex.

In the present study, we investigated the role of IFT54 in the
dynein-2-IFT-B interaction, and indirectly in dynein-2—driven
retrograde trafficking. IFT54 has an N-terminal calponin-homology
(CH) domain and a C-terminal coiled-coil region, which are linked
via a middle, unstructured linker region. We previously showed that
the CH domain and the coiled-coil region of IFT54 participate in its
interactions with WDR60 and with the DYNC2H1-DYNC2LII
dimer, respectively. The coiled-coil region of IFT54 is also essential
for its interaction with IFT20 of the IFT-B complex (Hiyamizu
et al.,, 2023). On the other hand, a previous study showed that
Chlamydomonas 1FT54 interacts with IFT dynein via its middle
linker region, and that targeted disruption of this interaction impairs
anterograde trafficking of IFT dynein (Zhu et al., 2021). Both in the
AlphaFold model of the Chlamydomonas IFT-B complex validated
using cross-linking/mass spectrometry analysis (Petriman et al.,
2022), and in the model of the Chlamydomonas anterograde IFT
train assembled using a combination of cryo-ET analysis and the
AlphaFold predictions (Lacey et al., 2023), the long linker region of
IFT54 was unmodeled, whereas the C-terminal region was found to
form a parallel coiled-coil with IFT20, suggesting that the linker
provides flexibility in the relative positioning of the N-terminal CH
domain in the IFT-B complex. In this study, we therefore compared
the phenotypes of IFT54-knockout (KO) cells expressing various
deletion constructs of IFT54. We found that specific deletion of the
IFT54 CH domain responsible for WDR60 binding had a marginal
effect on dynein-2—driven retrograde trafficking. In clear contrast,
the IFT54 C-terminal coiled-coil, which encompasses the region
involved in binding to DYNC2H1-DYNC2LI1 and IFT20, was
found to be essential for IFT-B function and for effective retrograde
trafficking driven by the dynein-2 complex.

RESULTS

The N-terminal CH domain and middle linker region of IFT54
are dispensable for ciliogenesis

We and others recently identified interactions between the dynein-2
complex and the IFT-B complex (Hiyamizu et al., 2023; Vuolo
et al., 2018). In agreement with the current model of the dynein-2
complex docked with the anterograde IFT train (Jordan et al., 2018;
Lacey et al, 2023; Toropova et al., 2019), these multiple
interactions were identified between dynein-2 and the IFT-B2
subunits. In particular, WDR60 and the DYNC2H1-DYNC2LII1
dimer from dynein-2, and the IFT-B2 subunits IFT54 and IFT57
make substantial contributions to the dynein-2—IFT-B interaction
(Hiyamizu et al., 2023); a Chlamydomonas study also supported the
important role of IFT54 in binding to dynein-2 during anterograde
IFT (Zhu et al., 2021). Both IFT54 and IFT57 have N-terminal CH
domains and C-terminal coiled-coil regions, which are connected
via relatively long linker regions. The coiled-coil regions of IFT54
and IFT57 form parallel coiled-coils with IFT20 and IFT38,

respectively (Katoh et al., 2016; Taschner et al., 2016; Zhu et al.,
2017); the IFT20-IFT54 and IFT38-IFT57 dimers then form an
antiparallel tetramer (schematically shown in Fig. 1A, right) (Lacey
et al., 2023; Petriman et al., 2022). We showed that [FT54 interacts
with WDR60 and DYNC2H1-DYNC2LI1 via its CH domain and
the coiled-coil region, respectively (see Fig. 1B and Table 1); as
described above, the IFT54 coiled-coil region is also crucial for
parallel coiled-coil formation with IFT20 (Hiyamizu et al., 2023;
Omori et al., 2008; Petriman et al., 2022). On the other hand, the
middle linker region of IFT54 is predicted to be unstructured by
AlphaFold predictions (Lacey et al., 2023; Petriman et al., 2022),
and is likely to flexibly interact with the dynein-2 subunits.

We here investigated the roles of the interactions of IFT54 with
the dynein-2 subunits and IFT20. To this end, we first established
IFT54-KO cells from human telomerase reverse transcriptase-
immortalized retinal pigment epithelial 1 (hTERT-RPEL) cells
(Fig. S1). In good agreement with a previous study on a
Chlamydomonas ift54-null mutant (Zhu et al., 2017), IFT54-KO
cells demonstrated a cilia-lacking phenotype depicted by staining
for ARL13B (Fig. 1C,D). We then expressed various IFT54
constructs in /FT54-KO cells. The stable expression of mCherry-
IFT54(WT) restored ciliogenesis (Fig. 1E; also see Fig. 1L),
excluding the possibility that the cilia-lacking phenotype of IFT54-
KO cells was a result of an off-target effect, although we could not
determine the exact disruption site in one of the /F754 alleles (see
the legend for Fig. S1B). Comparable to IFT54(WT), ciliogenesis
was also restored by the stable expression of mCherry-fused
IFT54(135-625) (Fig. 1G; also see Fig. 1L,M), which lacks the CH
domain responsible for WDR60 binding (see Fig. 1B and Table 1);
this observation is in line with a previous study using the
Chlamydomonas ift54 mutant lacking the CH domain (Zhu et al.,
2017). Thus, the IFT54 CH domain is dispensable for ciliogenesis,
although a previous study suggested that the CH domain of
Chlamydomonas 1FT54 can bind the of-tubulin dimer in vitro
(Taschner et al., 2016).

In clear contrast to IFT54(WT) and IFT54(135-625), the stable
expression of mCherry-fused I[FT54(1-532), which lacks a part of
the coiled-coil region responsible for binding to IFT20 and the
DYNC2H1-DYNC2LI1 dimer (see Fig. 1B and Table 1), could not
rescue the ciliogenesis defect of /F'754-KO cells (Fig. 1F; also see
Fig. 1L). This was probably because IFT54(1-532) is no longer
incorporated into the IFT-B complex owing to its lack of binding to
IFT20, for two reasons. Firstly, mCherry-IFT54(1-532) signals
were not detected around the basal body marked by FOP (recently
renamed as CEP43) (Fig. 1F). Secondly, using the anti-mCherry
nanobody (Nb), mCherry-fused IFT54(WT) and IFT54(135-625),
but not IFT54(1-532), expressed in [FT54-KO cells
coimmunoprecipitated the endogenous IFT-B1 subunits IFTSS,
IFT81, IFT52, and IFT25 (Fig. 2, lanes 3-5), none of which has
direct contact with IFT54 in the IFT-B complex (see Fig. 1A, right)
(Lacey et al., 2023; Petriman et al., 2022). Note that the expression
levels of the IFT54 constructs containing the middle linker region,
namely IFT54(WT), IFT54(1-532), and IFT54(135-625), were
relatively low (Fig. 2, top panel, lanes 12—14) compared with the
other constructs (lanes 15—18), probably because the unstructured
linker region destabilizes the IFT54 protein in the cell lysates.
Despite this relative instability, mCherry-fused IFT54(WT) and
IFT54(135-625) were detected around the ciliary base (Fig. 1E, G,
rightmost panels), and coprecipitated endogenous IFT-B1 proteins
using anti-mCherry Nb (Fig. 2, lanes 3 and 5).

We also observed cilia formation in /F'754-KO cells expressing
IFT54 constructs that were further truncated from the N-terminus
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Table 1. Summary of the features of the IFT54 constructs

Binding to™ Expressed in IFT54-KO cells

IFT54 constructs WDRG60 DYNC2H1(N)+DYNC2LI1 IFT20 Ciliated cells (%) Mean ciliary length (um)
WT + + + 64 2.92

1-134 + NE NE NE NE

1-334 + — — NE NE

1-532 NE — — 0 ND
135-625 — NE NE 55 3.26
335-625 — NE NE 35 2.10
488-625 NE + NE 18 1.28
507-625 NE + + 13 0.99
533-625 NE + + 0 ND

“Determined in a previous study (Hiyamizu et al., 2023).
NE, not examined; ND, not determined.

[[FT54(335-625), IFT54(488-625), and IFT54(507-625)]. With
longer truncations of the linker region from the N-terminus, the
ciliogenesis efficiency of IF754-KO cells expressing the IFT54
construct decreased gradually (Fig. 1L), and the ciliary length
tended to be shorter (Fig. 1H-J; also see Fig. IM). In IFT54-KO
cells expressing mCherry-fused IFT54(533-625), which retains the
binding abilities to IFT20 and DYNC2H1-DYNC2LII, virtually no
cilia were formed (Fig. 1K; also see Fig. 1L). As mCherry-
IFT54(533-625) could coimmunoprecipitate endogenous IFT-B1
proteins (Fig. 2, lane 9), the IFT54(533—-625) construct is likely
to be incorporated into the IFT-B complex. The reason for the

cilia-lacking phenotype of IFT54(533-625)-expressing [FT54-KO
cells will be discussed later (see Discussion).

IFT54-KO cells expressing N-terminally truncated IFT54
constructs are impaired in retrograde trafficking of the IFT
machinery

We then investigated the localization of the components of the IFT
machinery in [FT54-KO cells expressing the various mCherry-
IFT54 constructs; note that in these experiments, we omitted cells
that did not form cilia [[FT54-KO cells expressing mCherry-
IFT54(1-532) and those expressing mCherry-IFT54(533-625)].
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In control RPE1 cells and /FT54-KO cells expressing mCherry-
IFT54(WT), the IFT-B subunit IFT88 was mainly detected at the
ciliary base, and a minor fraction was detected at the tip (Fig. 3A,B;
also see Fig. 3G,H,I). In IFT54-KO cells expressing mCherry-fused
IFT54(135-625) or IFT54(335-625) (Fig. 3C,D), the ratio of tip-to-
(base+ttip) for IFT88 signals was not significantly different from that

ARL13B

in control RPE1 cells and in /FT54-KO cells expressing mCherry-
IFT54(WT) (Fig. 3G,H). By contrast, in /FT54-KO cells expressing
mCherry-fused IFT54(488-625) or IFT54(507-625), IFT88 was
significantly enriched around the tip (in the distal region) of
shortened cilia (Fig. 3E,F; also see Fig. 3G,H). Line scanning of
IFT88 staining images along cilia confirmed that IFT88 was
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Fig. 3. IFT88 accumulation in the distal tip region of cilia in IFT54-KO cells expressing truncated IFT54. (A—F) Control RPE1 cells (A), IFT54-KO cells
stably expressing mCherry (mChe)-fused IFT54(WT) (B), IFT54(135-625) (C), IFT54(335-625) (D), IFT54(488-625) (E), or IFT54(507—625) (F) were serum-
starved for 24 h and immunostained for IFT88, RFP, and ARL13B+FOP. Enlarged (2.5-fold) images of the boxed regions are shown on the right side. Scale
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comparison test. (I-M) Line scans of IFT88 staining intensities along individual cilia of IFT54-KO cells stably expressing mChe-fused IFT54(WT) (1),
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are shown (n=5). (N,0O) Staining intensities of the IFT54 constructs in the ciliary
represented as scatter plots as in G and H.
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considerably enriched within cilia, in particular, in the distal region
of severely shortened cilia of /FT54-KO cells expressing mCherry-
fused IFT54(488-625) or IFT54(507-625) (Fig. 3LM). The
localization of the expressed IFT54 constructs at the ciliary base
and tip almost completely overlapped with that of endogenous
IFT88. Namely, mCherry-fused IFT54(WT), IFT54(135-625), and
IFT54(335-625) were mainly found at the base, and a minor
fraction at the tip (Fig. 3B—D), whereas mCherry-fused [FT54(488—
625) and IFT54(507-625) accumulated in the distal region of
shortened cilia (Fig. 3E,F, also see Fig. 3N,0).

Localization of the IFT-A subunit IFT140 also substantially
overlapped with that of the mCherry-fused IFT54 constructs.
In [FT54-KO cells expressing mCherry-fused IFT54(WT),
IFT54(135-625), and IFT54(335-625), IFT140 was mainly
localized at the ciliary base (Fig. 4B—-D) as in control RPEI cells
(Fig. 4A); note that the anti-IFT140 antibody that was used often
stains nonspecific cytoplasmic and nuclear dots, as described
previously (Hirano et al., 2017; Shak et al., 2023; Takahara et al.,
2018). By contrast, [FT54-KO cells expressing mCherry-fused
IFT54(488-625) or IFT54(507-625) demonstrated considerable
enrichment of IFT140 in the distal region of severely shortened
cilia, like as the mCherry-fused IFT54 constructs themselves
(Fig. 4EF, also see Fig. 4G,H). The accumulation of IFT-B and
IFT-A components in the distal region of short cilia resembles that
observed in DNYC2LI1-KO cells (Hiyamizu et al., 2023; Qiu et al.,
2022) and in DYNC2H1-KO cells (Wu et al., 2017), but not that in
WDRG60-KO and WDR34-KO cells (Hamada et al., 2018; Hiyamizu
et al., 2023; Tsurumi et al., 2019; Vuolo et al., 2018; Wu et al.,
2017). 1t is therefore likely that IFT54(488—-625)-expressing and
IFT54(507-625)-expressing [FT54-KO cells demonstrated very
short cilia, and considerable accumulation of IFT-B and IFT-A
within cilia due to the severely impaired function of dynein-2 as a
retrograde motor (see Discussion).

IFT54-KO cells expressing N-terminally truncated IFT54
constructs are defective in the export of GPCRs from cilia
We then investigated changes in the localization of GPR161, which
is a class A GPCR that negatively regulates Hh signaling (Kopinke
et al., 2021) in response to stimulation of the Hh pathway, as the
retrograde trafficking and/or export from cilia of GPR161 mediated
by the BBSome coupled with the IFT machinery is thought to be
powered by dynein-2. In control RPE1 cells, GPR161 was found on
the ciliary membrane under basal conditions, whereas it was
exported from cilia when the Hh pathway was stimulated by the
treatment of cells with Smoothened agonist (SAG) (Fig. 5A,G).
Essentially the same results were obtained for /F754-KO cells
expressing mCherry-IFT54(WT) (Fig. 5B,H), and those expressing
mCherry-IFT54(135-625) (Fig. 5C,I). By contrast, in /FT54-KO
cells expressing mCherry-IFT54(335-625), ciliary GPR161 levels
were slightly, but significantly, high in both the basal and SAG-
stimulated states compared with the levels in control RPE1 cells and
in IFT54(WT)-expressing [FT54-KO cells (Fig. 5D,J, also see
Fig. 5M). The abnormal enrichment of GPR161 within cilia under
both basal and SAG-stimulated conditions was further enhanced in
IFT54-KO cells expressing either mCherry-fused IFT54(488—625)
(Fig. 5E,K) or IFT54(507-625) (Fig. 5F,L, also see Fig. SM).

We also analyzed SAG-induced changes in the localization of
Smoothened (SMO), which is a class F GPCR that positively
regulates Hh signaling (Kopinke et al., 2021). In control RPE1 cells
and in [FT54-KO cells expressing mCherry-IFT54(WT), SMO was
not found within cilia under basal conditions (Fig. 5N,0) due to
constitutive transport both in and out of cilia in the steady state

(Kopinke et al., 2021). However, SMO was enriched within cilia in
response to SAG treatment (Fig. 5T,U, also see Fig. 5Z). Similar
results of changes in SMO localization were obtained for /FT54-KO
cells expressing mCherry-IFT54(135-625) (Fig. 5P,V,Z). In IFT54-
KO cells expressing mCherry-IFT54(335-625), the basal ciliary
level of SMO tended to be slightly high, although not statistically
significant (Fig. 5Q,Z). In IFT54-KO cells expressing either
mCherry-fused IFT54(488-625) (Fig. 5R,X) or IFT54(507-625)
(Fig. 5S,Y, also see Fig. 5Z), the basal and SAG-stimulated levels
of ciliary SMO were higher than in cells expressing IFT54(WT).
Thus, defects in the export of GPR161 and SMO from cilia
appeared to correlate with the impairment in dynein-2—driven
retrograde trafficking.

DISCUSSION

The structural model of the Chlamydomonas anterograde IFT
train suggests that the heavy chains of the dynein-2 complex
contact the IFT-B2 face of the polymerized IFT-B complexes
(Lacey et al., 2023). However, due to the resolution limit and the
presence of unmodeled regions in the cryo-ET structure, details of
the dynein-2-IFT-B2 interactions have not been fully elucidated.
On the other hand, we biochemically demonstrated that multiple
dynein-2 subunits and multiple IFT-B2 subunits participate in the
interactions between the dynein-2 and IFT-B complexes (Hiyamizu
et al., 2023). In particular, we found that IFT54 of the IFT-B2
subcomplex can interact with WDR60 and the DYNC2HI1-
DYNC2LI1 dimer via its N-terminal CH domain and the
C-terminal coiled-coil region, respectively (schematically shown
in Fig. 1B) (Hiyamizu et al., 2023), and a Chlamydomonas study
showed that IFT54 plays an important role in the binding of IFT-B
to IFT dynein (Zhu et al., 2021). In this context, it is of note that,
probably due to the presence of the flexible linker region, the IFT54
CH domain was unmodeled in the cryo-ET structure of the
anterograde train (Lacey et al., 2023), and in the structural model of
the IFT-B complex using AlphaFold prediction with validation by
chemical cross-linking/mass-spectrometry (Petriman et al., 2022).
Therefore, we here analyzed the roles of the IFT54 interactions with
dynein-2 subunits by observing the phenotypes of IFT54-KO cells
expressing various IFT54 constructs.

IFT54-KO cells expressing IFT54(135-625), which specifically
lacks the CH domain that is responsible for its binding to WDR60
(Fig. 1B and Table 1) (Hiyamizu et al., 2023) and was reported to be
able to bind tubulin in vitro (Taschner et al., 2016), appeared normal
compared with cells expressing IFT54(WT), with respect to the
various criteria analyzed. Given that dynein-2 subunits have
multiple contacts with IFT-B2 subunits (Hiyamizu et al., 2023;
Lacey et al., 2023) and that a WDR60 construct specifically lacking
just the IFT54-binding site rescued ciliary defects of WDR60-KO
cells, similar to WDR60(WT) (Hiyamizu et al., 2023), it is likely
that the lack of binding of IFT54 to WDR60 alone does not
substantially affect trafficking of the dynein-2 complex as an
anterograde IFT cargo. IFT54-KO cells expressing IFT54(335-625)
also appeared almost normal, although ciliogenesis efficiency and
ciliary length were significantly, although slightly, decreased
compared with cells expressing IFT54(WT) or IFT54(135-625).
In clear contrast, /[FT754-KO cells expressing a construct lacking
almost the entire linker region as well as the CH domain, i.e.
IFT54(488—-625) or IFT54(507—-625), demonstrated considerable
accumulation of IFT-B and IFT-A components in the distal region
of severely shortened cilia. In IFT54(488—625)-expressing and
IFT54(507-625)-expressing IFT54-KO cells, dynein-2 is likely to
be severely impaired with respect to driving retrograde trafficking
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Fig. 4. IFT140 accumulation in the distal tip region of cilia in IFT54-KO
cells expressing truncated IFT54. (A—F) Control RPE1 cells (A), IFT54-KO
cells stably expressing mCherry (mChe)-fused IFT54(WT) (B), IFT54(135—
625) (C), IFT54(335-625) (D), IFT54(488-625) (E), or IFT54(507-625) (F)
were serum-deprived for 24 h and immunostained for IFT140, RFP, and
ARL13B+FOP. Boxed regions were 2.5-fold enlarged and shown on the right
side. Scale bars: 5 um. (G,H) The IFT140 staining intensities in the ciliary
base and tip regions of individual ciliated cells were measured (n=30) and
expressed as scatter plots (H). In G, relative IFT140 staining intensities in
the ciliary base and tip regions were estimated, and the ratio of tip/(tip+base)
was expressed as scatter plots. Triangles indicate the means of the
experiments. Statistical significances were calculated using one-way ANOVA
followed by Tukey’s multiple comparison test.

due to its impaired trafficking as an anterograde cargo, although
the dynein-2 complex itself should be intact, in view of the fact that
cells lacking the motor subunit DYNC2H1 and those lacking
DYNC2LI1, which stabilizes DYNC2H1 (Taylor et al., 2015),
demonstrate similar defects in retrograde trafficking (Hiyamizu
etal., 2023; Qiu et al., 2022; Wu et al., 2017). On the other hand, the
IFT54(533-625) construct could not restore the ciliogenesis of
IFT54-KO cells (Fig. 1K,L), even though it retained the ability to be
incorporated into the IFT-B complex via interacting with IFT20
(Fig. 2, 1ane 9). Although we do not know the exact reason for these

+SAG

-SAG

results of IFT54(533-625), the deleted region may have a role in the
IFT-B complex other than incorporation of IFT54 into the complex,
such as lateral interactions of the IFT-B repeats, as the region
was unmodeled in structural studies (Lacey et al., 2023; Petriman
et al., 2022).

The docking model of the human dynein-2 complex to the
Chlamydomonas anterograde IFT train (Jordan et al., 2018;
Toropova et al., 2019) and the cryo-ET structure of the
Chlamydomonas anterograde train clarified with the aid of
AlphaFold prediction (Lacey et al., 2023) predicted that a single
dynein-2 complex has multiple contacts with the IFT-B2 side of the
polymerized IFT-B complexes when transported as an anterograde
cargo. On the other hand, we showed that multiple dynein-2
subunits (WDR60, the DYNC2H1-DYNC2LI2 dimer, and
WDR34) can interact with multiple IFT-B2 subunits (IFT54,
IFT57, IFT172, IFT80, and IFT38) (Hiyamizu et al., 2023). Thus,
the loading of dynein-2 onto the anterograde IFT train appears to
rely on intricate, multivalent interactions between the dynein-2
subunits and the IFT-B subunits, and disruption of a single
interaction, such as that between WDR60 and IFT54, would have a
marginal effect on dynein-2 loading as a whole. However, ciliary
retrograde trafficking is likely to be impaired if considerable
changes occur in the IFT-B complex that render the intact dynein-2
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complex unable to be loaded onto the anterograde train. To
corroborate the above reasoning, we attempted to track the
movement of mCherry-fused IFT54 constructs expressed in
IFT54-KO cells within the cilia by total internal reflection
fluorescence microscopy but have been unsuccessful to date due
to the weak intensity of the fluorescence signals. In the future, the
use of a fluorescent protein tag, such as mNeonGreen, which has
strong fluorescence signals, or StayGold, which is less likely to be
photobleached (Hirano et al., 2022), may enable us to observe the
movement of the IFT54 mutants.

It is interesting to note a case study that reported five unrelated
families (eight patients) of nephronophthisis (NPHP)-related
ciliopathies with IFT54 variations (Bizet et al., 2015); NPHP is a
relatively mild ciliopathy compared with skeletal ciliopathies.
Three of the five families had missense variations in the CH
domain, homozygous p.(I17S), homozygous p.(V125 M), and
compound heterozygous p.(VI125A) and p.(R155%). The other
two variations were in the IFT54 middle region, a homozygous
missense variation p.(M454R) and a homozygous frameshift
variation p.(M459Mfs*3). Based on the observations in this study
that disruption of a single interaction among multivalent interactions
has a marginal effect on dynein 2 loading, point mutations in the CH
domain or middle region are likely to have very limited effects on
ciliary function. Indeed, ciliogenesis of fibroblasts from a patient
with the IFT54(V125M) variation was nearly normal (Bizet et al.,
2015). However, fibroblasts from a patient with a nucleotide
variation ¢.1575+6T>G and a deduced protein change
p-(M459Mfs*3) also appeared normal in terms of ciliogenesis
(Bizet et al., 2015); this seems incompatible with the fact that
IFT54(1-532) was not incorporated into the IFT-B complex (Fig. 2,
lane 4) and its expression in [F754-KO cells could not restore
ciliogenesis (Fig. 1F). However, as the ¢.1575+6T>G variation is
located at the end of exon 13, the nucleotide variation could affect
splicing of this exon. If so, the predicted protein product is
IFT54(A419-459), which is expected to retain the abilities to be
incorporated into the IFT-B complex and to rescue ciliogenesis in
IFT54-KO cells in view of the results of this study (Figs 1 and 2).
Further studies, such as minigene splicing analysis to examine the
effects of the nucleotide variation found in the patient on splicing,
will be needed to resolve this apparent contradiction.

MATERIALS AND METHODS

Plasmids, antibodies, reagents, and cell lines

IFT54 constructs used in this study are listed in Table S1. In the current and
previous studies (Hiyamizu et al., 2023; Katoh et al., 2016), we used a
cDNA encoding human IFT54/TRAF3IP1 isoform 2 (625-amino acids;
NP_001132962) instead of isoform 1 (691-amino acids; NP_056465),
because the IFT54 proteins from most other vertebrate species correspond to
isoform 2. The other constructs were described previously (Hiyamizu et al.,
2023). Antibodies used in this study are listed in Table S2. Glutathione
S-transferase (GST)-tagged anti-mCherry Nb (LaM-2 version) prebound to
glutathione—Sepharose 4B beads were prepared as described previously
(Ishida et al., 2021; Katoh et al., 2015). SAG was purchased from Enzo Life
Sciences. hTERT-RPE1 cells (American Type Culture Collection, CRL-
4000) were grown in DMEM/Ham’s F-12 medium (Nacalai Tesque)
supplemented with 10% fetal bovine serum (FBS) and 0.348% sodium
bicarbonate at 37°C in 5% CO,. HEK293T cells (RIKEN BioResource
Research Center, RBC2202) were cultured in DMEM with high glucose
(Nacalai Tesque) supplemented with 5% FBS.

Establishment of IFT54-KO cells and establishment of IFT54-KO
cells stably expressing mCherry-fused IFT54 constructs
IFT54-KO cells were established from hTERT-RPE1 cells by essentially the
same strategy using the CRISPR/Cas9 system as we previously described

for the establishment of WDR60-KO cells (Hamada et al., 2018; Katoh et al.,
2017). The single guide RNA (sgRNA) sequence targeting the exon of the
human /FT54 gene encoding the C-terminal coiled-coil region (Table S3)
was designed using CRISPOR (Haeussler et al., 2016). A double-stranded
oligonucleotide for the target sequence was inserted into the all-in-one
sgRNA expression vector peSpCAS9(1.1)-2xsgRNA (Addgene 80768).
hTERT-RPEI cells were seeded onto a 12-well plate to approximately
1.5%10° cells, and the next day, they were transfected with 1 ug of the
sgRNA vector and 0.25 pg of the donor knock-in vector, pDonor-tBFP-
NLS-Neo(universal) (Addgene 80767), using X-tremeGENE9 Reagent
(Roche Applied Science). After selection in the presence of G418 (600 pg/
ml), the cells with blue nuclear fluorescence were isolated. Genomic DNA
extracted from the isolated cells was subjected to PCR using PrimeSTAR
GXL Premix Fast DNA polymerase (Takara Bio) using three sets of
primers (Table S2) to distinguish the following three states of integration
of the donor vector: forward integration, reverse integration, and no
integration with a small insertion or deletion (Fig. S1A). Direct
sequencing of the PCR products was performed to confirm the
disruption of both alleles of the /FT54 gene; a small deletion resulting
in a frameshift in one allele and an integration of the donor vector in the
other allele (Fig. S1B). The resultant /FF754-KO clone (#IFT54-4-3) was
used in this study.

Lentiviral vectors for mCherry-fused IFT54 constructs were prepared as
described previously (Qiu et al., 2022; Takahashi et al., 2012). HEK293T
cells were transfected with pRRLsinPPT-mCherry-IFT54 or its deletion
construct along with the packaging vectors pRSV-REV, pMD2.g, and
pMDLg/pRRE; kind gifts from Peter McPherson, McGill University
(Thomas et al.,, 2009). The culture medium was replaced 8 h after
transfection. Culture media containing lentiviral particles were
collected at 24, 36, and 48 h after transfection, passed through a 0.45-
um filter, and centrifuged at 32,000xg at 4°C for 4 h. Viral particles in
the precipitates were resuspended in Opti-MEM (Thermo Fisher
Scientific) and stored at —80°C until use. /FT54-KO cells expressing the
mCherry-fused IFT54 construct were prepared by addition of the lentiviral
suspension to the culture medium and processed for immunofluorescence
analysis.

Immunofluorescence analysis

To induce ciliogenesis, \TERT-RPEI cells were grown to 100% confluence
on coverslips, and serum-starved for 24 h in DMEM/F-12 containing 0.2%
bovine serum albumin.

Immunofluorescence analysis was performed as described previously
(Hiyamizu et al., 2023; Qiu et al., 2022). Cells were fixed and permeabilized
with 3% paraformaldehyde at 37°C for 5 min, followed by 100% methanol
for 5 min at —20°C, and then washed three times with phosphate-buffered
saline. The fixed and permeabilized cells were blocked with 10% FBS,
stained with antibodies diluted in 5% FBS (for experiments shown in
Figs 1C-K, 3A-F, 4A-F, SA-L), or stained with antibodies diluted in Can
Get Signal Immunostain Solution A (Toyobo) (for experiments shown in
Fig. SN-Y). The immunostained cells were observed using an Axio
Observer microscope (Carl Zeiss). Quantification analysis was performed as
described previously (Qiu et al., 2022). Briefly, all images acquired under
the same setting and saved in CZI file format were processed and analyzed
using the ZEN3.1 microscope software (Carl Zeiss). A region of interest
(ROI) was created by drawing a line along the signal of ARL13B within cilia
using the Draw Spline Contour tool in the ZEN 3.1 imaging software, and
the fluorescence intensity in the ROI was quantified. To measure
fluorescence intensity at the tip and base of cilia, ROIs were created by
drawing a circle at both the tip and the base of cilia using the Draw Circle
tool in the ZEN 3.1 imaging software. To correct for local background
intensity, the ROIs were duplicated and set to a nearby region. Statistical
analyses were performed using GraphPad Prism 8 (Version 8.4.3; GraphPad
Software, Inc.). To measure IFT88 staining intensities along individual cilia,
ROIs were created by drawing a curve along cilia from the base (position of
FOP staining) to the tip using a Draw Curve tool in the ZEN 3.1 imaging
software, and the fluorescence intensity in the ROI was quantified. To
correct for local background intensity, the ROI was duplicated and set in a
nearby region.
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Coimmunoprecipitation analysis

IFT54-KO cells stably expressing an mCherry-fused IFT54 construct were
grown to almost confluency on a 15-cm plate. The cells were lysed in 1 mL
of lysis buffer (20 mM HEPES-KOH [pH 7.4], 3 mM MgCl,, 1 mM
dithiothreitol, 100 mM KCI, 10% glycerol, 5 mM NaCl, and 0.1% Triton X-
100) containing EDTA-free protease inhibitor cocktail (Nacalai Tesque) by
placing on ice for 40 min. After centrifugation of the lysates at 16,000xg at
4°C for 20 min, the supernatants were incubated with 40 pl of GST-tagged
anti-mCherry Nb prebound to glutathione-Sepharose 4B beads. The beads
were washed five times with the lysis buffer and boiled in SDS-PAGE
sample buffer. The proteins bound to the beads were then separated by SDS-
PAGE, and electroblotted onto an Immobilon-P membrane (Merck
Millipore). The membrane was blocked in 5% skimmed milk and
incubated sequentially with the primary antibody and the peroxidase-
conjugated secondary antibody. Protein bands were detected with a Chemi-
Lumi one L kit, Chemi-Lumi super kit or Chemi-Lumi ultra kit (Nacalai
Tesque).
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Fig. S1. Analyses of IFT54 genomic sequences of the IF754-KO cell line

(A) Genomic DNA extracted from the /F'T54-KO cell line #IFT54-4-3 was subjected to PCR using primer sets
(a, b, and c; Table S3) to detect alleles with forward (b) or reverse (¢) integration of the donor knock-in vector
or no insertion/small indel (a). (B) The amplified DNAs with no insertion/small indel (allele 1) and reverse
integration of the donor vector (allele 2) were subjected to sequence analysis. Note that for allele 2, as an
unrelated long sequence from human chromosome 1 (LOC126805873), in addition to the knock-in vector
sequence, was inserted, we could not determine the exact insertion site of the knock-in vector. However, as the
abnormal cilia-lacking phenotype of the cell line #IFT54-4-3 was rescued by exogenous expression of
IFT54(WT) (see Fig. 1D, E), the abnormal phenotype is not likely to result from an off-target effect. (C, D)
Control RPEI cells (C) and the #IFT54-4-3 cell line (D) were cultured under serum-starved conditions for 24 h
to induce ciliogenesis, and doubly immunostained for FOP and ARL13B. Enlarged (2.5-fold) images of the
boxed regions are shown on the right. Scale bars, 5 um. The #IFT54-4-3 cell line could not form cilia, consistent

with the disruption of both /FT54 alleles.
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Fig. S2: Uncropped images

Fig. 2: mGherlFT54

Fig.|2: IFT88
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Fig. S2: Uncropped images

Fig.[2: IFT81

Fig. P: IFT/52
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Fig. S2: Uncropped images

Fig. S1A

Fig. 2:

FT25
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Fig. 2: GAPDH
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Table S1. Plasmids used in this study

Vector Insert * Reference
pRRLsinPPT-mCherry-C-IRES-Blast IFT54 This study
pRRLsinPPT-mCherry-C-IRES-Blast IFT54(1-532) This study
pRRLsinPPT-mCherry-C-IRES-Blast IFT54(135-625) This study
pRRLsinPPT-mCherry-C-IRES-Blast IFT54(335-625) This study
pRRLsinPPT-mCherry-C-IRES-Blast TFT54(488-625) This study
pRRLsinPPT-mCherry-C-IRES-Blast IFT54(507-625) This study
pRRLsinPPT-mCherry-C-IRES-Blast IFT54(533-625) This study
pGEX-6P1 Anti-mCherry-Nanobody (LaM-2) Ishida et al., 2021

* All cDNA inserts except for that of anti-mCherry Nb are of human origin.
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Table S2. Antibodies used in this study

Clone/catalog number or reference

Antibody Manufacturer Dilution (purpose)

number
Polyclonal rabbit anti-IFT25 Proteintech 15732-1-AP 1:1,000 (IB)
Polyclonal rabbit anti-IFT52 Proteintech 17534-1-AP 1:1,000 (IB)
Polyclonal rabbit anti-IFT81 Proteintech 11744-1-AP 1:1,000 (IB)
Polyclonal rabbit anti-IFT88 Proteintech 13967-1-AP 1:500 (IF), 1:1,000 (IB)
Polyclonal rabbit anti-IFT140 Proteintech 17460-1-AP 1:500 (IF)
Polyclonal rabbit anti-GPR161 Proteintech 13398-1-AP 1:200 (IF)
Polyclonal rabbit anti-ARL13B Proteintech 17711-1-AP 1:500 (IF)
Monoclonal mouse anti-ARL13B Abcam N295B/66 1:500 (IF)
Monoclonal mouse anti-FOP Abnova 2B1 1:10,000 (IF)
Monoclonal mouse anti-Smoothened ~ Santa Cruz sc-166685 1:100 (IF)
Monoclonal mouse anti-RFP MBL 3G5 1:1,000 (IF)
Monoclonal mouse anti-GAPDH Ambion 6C5 1:10,000 (IB)
Polyclonal rabbit anti-mCherry Proteintech 26765-1-AP 1:10,000 (IB)

A11034,A21127,A21131, A21147,
AlexaFluor-conjugated secondary Molecular Probes 1:1,000 (IF)

A21241,A21242, A21245

Jackson
Peroxidase-conjugated secondary 115-035-166, 111-035-144 1:3,000 (IB)
ImmunoResearch

IF, immunofluorescence; IB, immunoblotting

Table S3. Oligodeoxyribonucleotides used in this study

Name Sequence

IFT54-gRNA#4-S

5'-CACCGCAAGAGCGCACTTCCCCTG-3'

IFT54-gRNA#4-AS

5-AAACCAGGGGAAGTGCGCTCTTGC-3'

IFT54-Genome-#4-FW | 5-GCAGTGCTGTGTCCTCTGAT-3'

IFT54-Genome-#4-RV 5-"TGCCACATCTGCAGCTCATT-3'

pTagBFP-N-RV2

5'-CGTAGAGGAAGCTAGTAGCCAGG-3'

S, sense; AS, antisense; FW, forward; RV, reverse
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