Intraflagellar transport-A complex mediates

ciliary entry and retrograde trafficking of ciliary

G protein—coupled receptors
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ABSTRACT Cilia serve as cellular antennae where proteins involved in sensory and develop-
mental signaling, including G protein—coupled receptors (GPCRs), are specifically localized.
Intraflagellar transport (IFT)-A and -B complexes mediate retrograde and anterograde ciliary
protein trafficking, respectively. Using a visible immunoprecipitation assay to detect protein—
protein interactions, we show that the IFT-A complex is divided into a core subcomplex,
composed of IFT122/IFT140/IFT144, which is associated with TULP3, and a peripheral sub-
complex, composed of IFT43/IFT121/IFT139, where IFT139 is most distally located. IFT139-
knockout (KO) and IFT144-KO cells demonstrated distinct phenotypes: IFT139-KO cells
showed the accumulation of IFT-A, IFT-B, and GPCRs, including Smoothened and GPR161, at
the bulged ciliary tips; IFT144-KO cells showed failed ciliary entry of IFT-A and GPCRs and
IFT-B accumulation at the bulged tips. These observations demonstrate the distinct roles of
the core and peripheral IFT-A subunits: IFT139 is dispensable for IFT-A assembly but essential
for retrograde trafficking of IFT-A, IFT-B, and GPCRs; in contrast, IFT144 is essential for func-
tional IFT-A assembly and ciliary entry of GPCRs but dispensable for anterograde IFT-B traf-
ficking. Thus the data presented here demonstrate that the IFT-A complex mediates not only
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retrograde trafficking but also entry into cilia of GPCRs.

INTRODUCTION

Cilia are microtubule-based appendages projecting from the sur-
faces of various eukaryotic cells. Cilia play essential roles in sensing
extracellular stimuli and transducing developmental signals, such as
Hedgehog (Hh) signaling (Ishikawa and Marshall, 2011; Sung and
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Leroux, 2013). Therefore a number of proteins are specifically local-
ized in cilia, such as some G-protein—coupled receptors (GPCRs)
and ion channels. Defects in ciliary assembly and functions cause a
variety of hereditary disorders, generally called ciliopathies, with a
broad spectrum of symptoms, including retinal degeneration, poly-
cystic kidney, morbid obesity, and brain and skeletal malformations
(Schwartz et al., 2011; Madhivanan and Aguilar, 2014). These disor-
ders include Joubert syndrome, nephronophthisis, Meckel syn-
drome, Bardet-Biedl syndrome, short-rib thoracic dysplasia (SRTD),
and cranioectodermal dysplasia (CED); note that SRTD has pheno-
typic overlaps with CED.

The assembly and maintenance of cilia by intraflagellar trans-
port (IFT) were first demonstrated in Chlamydomonas reinhardtii
(Rosenbaum and Witman, 2002) and subsequently intensively
studied in metazoans (Ishikawa and Marshall, 2011; Sung and
Leroux, 2013). IFT is mediated by the bidirectional movement of
large protein particles, referred to as the IFT trains, along a micro-
tubule-based structure called the axoneme. The IFT train contains
the IFT-B complex, which comprises 16 subunits and mediates an-
terograde trafficking from the ciliary base to the tip with the aid of
kinesin-2 motor proteins, and the IFT-A complex, which comprises
at least six subunits and mediates retrograde trafficking powered
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protein, which causes developmental de-
fects through aberrant Hh signaling upon its
deficiency (Norman et al., 2009), bridges the
mammalian IFT-A complex and ciliary mem-
brane phosphoinositides and also that
IFT122, IFT140, and IFT144 constitute the
core of IFT-A (Mukhopadhyay et al., 2010).

Recessive mutations in the genes of IFT-
A subunits give rise to SRTD and CED;
IFT43 (CED3), IFT121 (SRTD7/CED2),
IFT122 (CED1), IFT139 (SRTD4), IFT140
(SRTD9), and IFT144 (SRTD5/CED4; Davis
et al., 2011; Huber and Cormier-Daire,
2012; Lin et al., 2013; Miller et al., 2013).
Defects in dynein-2 subunits are also known
to cause SRTD. In addition, mice defective
in their IFT-A genes have morphologically
abnormal short cilia generally with bulged
tips and exhibited aberrant Hh signaling
(Tran et al., 2008; Qin et al., 2011; Liem
etal., 2012; Miller et al., 2013).

We recently developed a novel strategy
named the visible immunoprecipitation (VIP)
assay as a simple, flexible, and versatile
method for studying protein—protein inter-
actions (Katoh et al., 2015). The VIP assay
can visually detect binary protein interac-
tions by microscopy without the need of
electrophoresis and immunoblotting. Fur-
thermore, the VIP assay can detect interac-
tions involving more than two proteins,

FIGURE 1: Interactions of IFT-A subunits demonstrated by all-by-all and subtractive VIP assays.
(A) Schematic representation of the structure and domain organization of IFT-A proteins. IAB,
IFT-A-binding sequence; WD40, WD40 repeat domain; TPR, tetratricopeptide repeat domain;
Tubby, Tubby-like domain. (B, C) All-by-all VIP assay. HEK293T cells cultured in six-well plates
were transfected with a combination of expression vectors for EGFP-fused and mChe-fused
IFT-A proteins as indicated and incubated for 24 h. After confirmation of the expression of the
EGFP and mChe fusion proteins in transfected cells under a microscope, lysates were prepared
from the cells and precipitated with GST-tagged anti-GFP Nb prebound to glutathione—
Sepharose beads. The green (B) and red (C) fluorescence signals on the precipitated beads
were observed, and images of the beads were acquired using a BZ-8000 microscope.

(D-F) Subtractive VIP assays. HEK293T cells were cotransfected with an expression vector for
TULP3 (D), IFT140 (E), or IFT139 (F) fused to EGFP and expression vectors for all but one (as
indicated) of the other IFT-A subunits fused to mChe, and lysates prepared from the transfected

namely, one-to-many and many-to-many
protein interactions. By taking advantage of
this strategy, we determined the overall ar-
chitectures of the exocyst, BBSome, and IFT-
B complexes, composed of eight, eight, and
16 subunits, respectively (Katoh et al., 2015,
2016). Furthermore, we determined the way
by which ARL13B and KIF17 interact with
the IFT-B complex (Funabashi et al., 2017;
Nozaki et al., 2017).

In this study, we applied the VIP assay to
delineate the overall architecture of the

cells were processed for the VIP assay as described.

by dynein-2 (Ishikawa and Marshall, 2011; Taschner et al., 2012;
Sung and Leroux, 2013; also see Figure 7K later in this article). We
and others recently demonstrated the overall architecture of the
IFT-B complex, which can be divided into the core subcomplex
(composed of 10 subunits) and the peripheral subcomplex (com-
posed of six subunits), which are connected by composite interac-
tions involving the IFT38, IFT52, IFT57, and IFT88 subunits (Boldt
et al., 2016; Katoh et al., 2016; Taschner et al., 2016).

In contrast, relatively little is known about the IFT-A complex. A
major reason for the delay in biochemical studies of the IFT-A com-
plex compared with those of IFT-B is that most IFT-A subunits (IFT43,
IFT121, IFT122, IFT139, IFT140, and IFT144; Figure 1A) are larger
than most IFT-B subunits. By combining yeast two-hybrid analysis,
recombinant protein expression in Escherichia coli, and genetic anal-
ysis, Behal et al. (2012) proposed that Chlamydomonas IFT122,
IFT140, and IFT144 create a stable core, with which IFT43 and IFT139
can interact. Others showed that mammalian TULP3, a Tubby family
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mammalian IFT-A complex, including TULP3.

Furthermore, we established human telom-
erase reverse transcriptase-immortalized retinal pigmented epithe-
lial ("\TERT-RPE1) cell lines defective in IFT139 or IFT144 using the
clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated 9 (Cas?) system with some modifications and
found that the ciliary defects observed in the IFT139-knockout (KO)
and IFT144-KO cells are different from each other in several aspects
that reflect their predicted positioning within the IFT-A complex.

RESULTS

All-by-all VIP assays of IFT-A proteins

To delineate the overall architecture of the IFT-A complex, we first
examined binary interactions between the six known constituents of
the IFT-A complex, as well as TULP3 (Figure 1A), by applying the VIP
assay as described previously (Katoh et al., 2015, 2016). Briefly, we
cotransfected any of the 49 possible combinations of expression
vectors for the IFT-A proteins fused to enhanced green fluorescent
protein (EGFP) and mCherry (mChe) into HEK293T cells, processed
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the lysates prepared from the transfected cells for immunoprecipita-
tion with glutathione S-transferase (GST)-tagged anti-GFP nano-
body (Nb) prebound to glutathione-Sepharose beads, and directly
observed green and red fluorescence signals on beads bound to
the immunoprecipitates by fluorescence microscopy. Note that im-
ages of the beads were acquired under constant conditions in the
same sets of experiments. We routinely assess binary interactions as
positive when red signals are detected on the precipitated beads in
reciprocal combinations of EGFP and mChe fusions under the same
conditions because the expression levels and/or stability of certain
fluorescent fusion proteins vary and are often affected by coex-
pressed proteins. The absence of a positive interaction in the VIP
assay therefore does not always mean that the two proteins cannot
interact with each other, similarly to other protein—protein interac-
tion assays, such as the yeast two-hybrid assay.

Figure 1, B and C, shows signals of EGFP and mChe, respec-
tively, on the beads immunoprecipitated with GST-tagged anti-GFP
Nb in all-by-all VIP assays for the IFT-A proteins. Using this assay, we
detected a strong interaction between IFT43 and IFT121, which was
previously detected by yeast two-hybrid analysis of Chlamydomo-
nas and human IFT-A proteins (Behal et al., 2012). In addition, we
found a robust interaction between IFT122 and IFT144; this direct
interaction has never been reported, although these two subunits
and IFT140 were reported to form a stable subcomplex (Mukhopad-
hyay et al., 2010; Behal et al., 2012). A weak interaction was also
observed between IFT140 and IFT144.

One-to-many subunit interactions demonstrated through
subtractive VIP assays

As described, we failed to detect any obvious interactions of IFT139,
IFT140, and TULP3 with the other IFT-A subunits. We therefore used
a modified version of the flexible VIP assay system, namely, a sub-
tractive VIP assay, with which we previously proved one-to-many
and many-to-many subunit interactions in the exocyst and IFT-B
complexes (Katoh et al., 2015, 2016; Funabashi et al., 2017; Nozaki
etal., 2017). When EGFP-TULP3 was coexpressed with all the other
IFT-A subunits fused to mChe in HEK293T cells, immunoprecipita-
tion of lysates prepared from the cells yielded red fluorescence
signals on the beads (Figure 1D, top), indicating that some IFT-A
subunits interacted with TULP3. We then performed VIP assays by
omitting one of the IFT-A subunits fused to mChe and found that
the red fluorescence signals were greatly diminished in the absence
of mChe-IFT122, mChe-IFT140, or mChe-IFT144. Similar experi-
ments demonstrated that interactions of IFT140 and IFT139 with the
other IFT-A subunits were greatly reduced in the absence of coex-
pressed IFT122 or IFT144 (Figure 1E) and IFT43, IFT121, or IFT122
(Figure 1F), respectively.

The subtraction assay data shown in Figure 1D suggest that in-
teraction of the IFT-A complex with TULP3 involves IFT122, IFT140,
and IFT144. In this context, it is noteworthy that these three IFT-A
subunits were suggested to constitute a stable core subcomplex
(Mukhopadhyay et al., 2010; Behal et al., 2012). Therefore we first
addressed whether this potential subcomplex is actually formed.
Because the data shown in Figure 1, B and C, suggest that IFT122
and IFT144 form a stable heterodimer and that IFT140 and IFT144
weakly interact with each other, and the subtraction data shown in
Figure 1E suggest that IFT140 interacts with IFT122 and IFT144, we
coexpressed EGFP-IFT140 with mChe-IFT122, mChe-IFT144, or
their combination in HEK293T cells and subjected lysates from the
cells to the VIP assay with GST-tagged anti-GFP Nb followed by
conventional immunoblotting analysis. The VIP data indicate that
IFT140 interacts robustly with the IFT122-IFT144 dimer to form a
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stable core subcomplex (Figure 2A). Subsequent immunoblotting
analysis using an anti-red fluorescent protein (RFP) antibody that
can detect mChe showed that IFT140 interacts strongly with the
IFT122-1FT144 dimer (Figure 2B, lane 4) and weakly with IFT144
alone (lane 3).

We then examined whether TULP3 interacts with the core sub-
complex en bloc. As shown in Figure 2, C and D, EGFP-TULP3 did
not substantially interact with any two of mChe-IFT122, mChe-
IFT140, and mChe-IFT144 (lanes 2-4). In considerable contrast,
these three subunits fused to mChe were robustly coimmunopre-
cipitated with EGFP-TULP3 when they were simultaneously coex-
pressed (lane 5). Collectively we conclude that TULP3 interacts with
the IFT-A complex through the core subcomplex composed of
IFT122, IFT140, and IFT144 (see later discussion of Figure 3A).

Next we addressed the mechanism by which IFT139 interacts
with the other IFT-A subunits. Because the subtraction assay data
shown in Figure 1F suggest that IFT43, IFT121, and IFT122 interact
with IFT139, we coexpressed EGFP-IFT139 with any one, any two,
or all three of mChe-IFT43, mChe-IFT121, and HA-IFT122 and sub-
jected the cell lysates to the VIP assay followed by conventional
immunoblot analysis; in this set of experiments, we used hemag-
glutinin (HA)-tagged IFT122 in place of mChe-IFT122 to discrimi-
nate between IFT121 and IFT122 because the bands for mChe-
IFT121 and mChe-IFT122 overlap with each other on the
immunoblot. As shown in Figure 2, E and F, IFT139 demonstrated
robust interaction with the other IFT-A subunits when IFT43, IFT121,
and IFT122 were simultaneously coexpressed (lane 8) but not when
IFT43 plus IFT122 or IFT121 plus IFT122 were coexpressed (lanes 6
and 7). However, somewhat unexpected from the subtraction assay
data in Figure 1F, EGFP-IFT139 coprecipitated mChe-IFT43 and
mChe-IFT121 in the absence of coexpressed HA-IFT122 (lane 5) to
an extent comparable with that in the presence of HA-IFT122 (lane
8). Although we do not know the exact reason for the apparent
discrepancy between the results obtained by the subtractive VIP as-
say and the one-to-many protein VIP assay, IFT122 might be re-
quired for the interaction of IFT139 with IFT43-IFT121 within the
overall IFT-A complex.

The data in Figure 2, E and F, suggest that IFT139 and IFT122 are
indirectly connected by the IFT43-IFT121 dimer (lane 8). To confirm
this prediction, we coexpressed EGFP-IFT122 with any one, any
two, or all three of mChe-IFT43, mChe-IFT121, and mChe-IFT139 in
HEK293T cells and subjected the cell lysates to the VIP assay and
immunoblotting. As shown in Figure 2, G and H, IFT122 interacted
robustly with the IFT43-IFT121 dimer (lane 5), through which it indi-
rectly interacted with IFT139 (lane 8).

On the basis of all of the data in Figures 1 and 2, we propose a
model of the overall architecture of the IFT-A complex (Figure 3A).
In this model, TULP3 and IFT139 are located at opposite sides of the
IFT-A complex and are connected by the core subcomplex com-
posed of IFT122, IFT140, and IFT144 and the IFT43-IFT121 dimer.
To validate this model, we examined whether all the subunits coex-
pressed can be coimmunoprecipitated en bloc. When EGFP-TULP3
was coexpressed with the other IFT-A subunits fused to mChe in
HEK293T cells and the cell lysates processed for the VIP assay using
GST-anti-GFP Nb (Figure 3B) followed by immunoblotting analysis
with an anti-RFP antibody (Figure 3C), bands corresponding to
mChe-IFT140, mChe-IFT139/IFT144, mChe-IFT121/IFT122, and
mChe-IFT43 were detected (Figure 3C, top, lane 4). To overcome
the overlap of the bands for mChe-IFT139 and mChe-IFT144 on
immunoblot, we also detected immunoprecipitated proteins with
an anti-IFT139 antibody and confirmed that mChe-IFT139 was
indeed coprecipitated with EGFP-TULP3 (Figure 3C, middle, lane
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FIGURE 2: One-to-many subunit interactions in the IFT-A complex. (A, B) Interaction of IFT140 with IFT122-IFT144.
HEK293T cells cultured in 6-cm dishes were transfected with expression vectors for EGFP-IFT140 and mChe-fused IFT-A
subunits as indicated. (A) Lysates prepared from the cells were precipitated with GST-tagged anti-GFP Nb prebound to
glutathione-Sepharose beads and processed for the VIP assay. (B) Proteins bound to the precipitated beads (top two
panels) or input proteins (bottom two panels) were subjected to immunoblotting with an anti-RFP antibody (top and
third panels) or anti-GFP antibody (second and bottom panels). (C, D) Interaction of TULP3 with the IFT122-IFT140-
IFT144 trimer. Lysates prepared from HEK293T cells cotransfected with expression vectors for EGFP-TULP3 and
mChe-fused IFT-A subunits, as indicated, were subjected to the VIP assay (C) and immunoblotting (D) as described.

(E, F) Interaction of IFT139 with IFT43-IFT121. Lysates prepared from HEK293T cells coexpressing EGFP-IFT139,
HA-IFT122, and mChe-fused IFT-A subunits, as indicated, were subjected to the VIP assay (E) and immunoblotting (F).
To distinguish between IFT121 and IFT122, different tags, namely, mChe and HA, were used. (G, H) Interaction of
IFT122 with IFT43-IFT121. Lysates prepared from HEK293T cells coexpressing EGFP-IFT122 and mChe-fused IFT-A
subunits, as indicated, were subjected to the VIP assay (G) and immunoblotting (H).

4). When mChe-IFT43 was omitted from the coexpression, the
IFT139 band intensity was greatly reduced, whereas the band inten-
sities of the other IFT-A proteins were not substantially changed
(lane 5). In striking contrast, bands for the IFT-A proteins were com-
pletely abolished when mChe-IFT140 was omitted (lane 6). These
results support our model, in which TULP3 and IFT139 are con-
nected through the other IFT-A subunits (Figure 3A).

Reciprocally, when EGFP-IFT139 was coexpressed with the other
IFT-A proteins fused to mChe, similar results were obtained (Figure
3, D and E, lanes 4-6). One important point is that the mChe-TULP3
band that was coimmunoprecipitated with EGFP-IFT139 appeared
considerably faint (lane 4). These results imply that TULP3 does not
always form a complex with the other IFT-A subunits, although we
did not further pursue this issue in this study.

IFT139-KO and IFT144-KO cell lines exhibit differential
defects in the trafficking of IFT-A and IFT-B proteins

Previous histological and pathophysiological analyses of mutant
mice clearly showed the crucial roles of IFT-A proteins in Hh signaling
during development (Tran et al., 2008; Stottmann et al., 2009; Mill
etal., 2011; Qin et al., 2011; Liem et al., 2012; Miller et al., 2013). In
addition, studies on IFT122, IFT139, and IFT144 mutant mice at the
cellular level indicated abnormal localization of the IFT-A and IFT-B
proteins, as well as components of Hh signaling (Qin et al., 2011;
Liem et al., 2012). However, these studies did not systematically
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address the roles of the IFT-A complex with respect to ciliary protein
trafficking. With the aim to deepen our understanding of the roles of
IFT-A components in ciliary protein trafficking, we established hTERT-
RPE1 cell lines defective in IFT-A components, using the CRISPR/
Cas9 system with our original modifications, as described in Materials
and Methods; experimental details will be described elsewhere
(Katoh, Michisaka, Nozaki, Funabashi, Hirano, Takei, and Nakayama,
unpublished data). We chose IFT139 and IFT144 as targets because
in our model of the architecture of IFT-A (Figure 3A), the former pro-
tein is most peripherally located in the complex, and the latter con-
stitutes the core subcomplex. Among the obtained KO cell lines, we
selected two independent cell lines for both IFT139 and IFT144
(Supplemental Figure S1) to use in the subsequent experiments.
When cilia were visualized by staining with antibodies against
ARL13B (a marker for the ciliary membrane) and acetylated o-tubulin
(Ac-o-tubulin; a marker for the ciliary axoneme), the staining for
both markers was observed uniformly along the entire cilia in control
RPET cells (Supplemental Figure S2, A-A™). In the two IFT139-KO
cell lines (139-2-6 and 139-2-8), the length of cilia visualized by Ac-
o-tubulin staining appeared to be comparable to that of control
RPET cells (Supplemental Figure S2, B and C’). However, in these
two cell lines, ARL13B staining often demonstrated bulged struc-
tures at the tips (Supplemental Figure S2, B and C, bottom insets),
which are suggestive of ciliary membrane expansion, probably
caused by excessive protein accumulation. In the two cell lines
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FIGURE 3: Validation of the architectural model of IFT-A. (A) Interaction map of IFT-A predicted
from the data shown in Figures 1 and 2. (B, C) Interaction of TULP3 with the entire IFT-A
complex. HEK293T cells were cotransfected with expression vectors for EGFP-TULP3 and for all
but one (IFT43 or IFT140) of the other IFT-A subunits fused to mChe, and (B) lysates prepared
from the cells were processed for the VIP assay. (C) Proteins bound to the precipitated beads
(lanes 4-6) or input proteins (lanes 1-3) were subjected to immunoblotting with an anti-RFP
(top), anti-IFT139 (middle), or anti-GFP antibody (bottom). (D, E) Interaction of IFT139 with the
other IFT-A subunits. Lysates prepared from HEK293T cells cotransfected with an expression
vector for EGFP-IFT139 and for all but one (IFT43 or IFT144) of the other IFT-A subunits fused to
mChe were processed for the VIP assay (D) or immunoblotting (E), as indicated.

defective in IFT144 (144-2-1 and 144-2-5), cilia were substantially
shorter than those of control cells (Supplemental Figure S2, D, E/,
and F), as observed for cells of IFT144 mutant mice (Liem et al.,
2012).

When stained for the IFT-B subunit IFT88, more appreciable
differences were observed between control cells and IFT139-KO
and IFT144-KO cells. In control RPE1 cells, IFT88 was found mainly
around the base of cilia and faintly at ciliary tips (Figure 4A). Cell
lines defective in IFT139 (Figure 4, B and C) and IFT144 (Figure 4,
D and E) showed prominent IFT88 staining at the bulged tips (also
see Figure 4U), which is consistent with previous observations of
cells from IFT122, IFT139, and IFT144 mutant mice (Tran et al.,
2008; Qin et al., 2011; Liem et al., 2012). The most plausible ex-
planation for these observations is that, in the absence of the IFT-
A complex, the IFT-B complex can be trafficked to the ciliary tips
but cannot undergo retrograde transport, thereby accumulating at
the tips.

Because one of the most critical concerns with genome editing
using the CRISPR/Cas? system is off-target cleavage, we next per-
formed rescue experiments; IFT139-KO (139-2-8) and IFT144-KO
(144-2-1) cells were infected with a lentiviral vector to stably express
TagRFP (tRFP), tRFP-IFT139, or tRFP-IFT144. As in noninfected
IFT139-KO and IFT144-KO cells (Figure 4, C and D), cells expressing
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around the base of cilia (Figure 4, | and J;
also see Figure 4V). To address whether the
differential effects of the loss of IFT139 and
IFT144 on IFT140 localization was specific
to this IFT-A core subunit, we established
cells stably expressing EGFP-IFT43 and
EGFP-TULP3 and examined their localiza-
tion. Similar to endogenous IFT140, EGFP-
IFT43 and EGFP-TULP3 were mainly local-
ized at the ciliary base in control cells (Figure
4, K and P, respectively), predominantly at
the bulged tips in IFT139-KO cells (Figure 4,
L and M, and Q and R, respectively) and
faintly around the ciliary base in IFT144-KO
cells (Figure 4, N and O, and S and T, re-
spectively; also see Figure 4, W and X). These observations, to-
gether with the data for the IFT-A architecture in Figures 1-3, sug-
gest that 1) the most peripherally associated subunit, IFT139, is
dispensable for the assembly and anterograde transport of the
complex containing other IFT-A subunits and the IFT-B complex but
essential for the retrograde transport of IFT particles containing the
IFT-A and IFT-B complexes; and 2) the core subunit IFT144 is es-
sential for ciliary entry of the IFT-A complex, probably due to its
crucial role in assembly of the functional complex.

IFT139-KO and IFT144-KO cell lines demonstrate
differential defects in the trafficking of Smoothened

and GPR161

We then examined the effects of the loss of IFT139 and IFT144 on
the localization of Smoothened (SMO) and GPR161, both of which
are GPCRs involved in Hh signaling. Under basal conditions, SMO is
not localized within cilia, whereas GPR161 is localized on the ciliary
membrane and negatively regulates the Hh signaling pathway via
the activation of protein kinase A (Mukhopadhyay and Rohatgi,
2014). In contrast, on receiving the Hh signal via the Hh receptor
Patched 1, SMO is activated by a yet-unknown mechanism and en-
ters cilia, whereas GPR161 is displaced from cilia (Figure 6, A and B,
and L and M, respectively).
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IFT139-KO and IFT144-KO cells demonstrate differential defects in the trafficking of
IFT-A and IFT-B complexes. (A-J) Control RPE1 cells (A, F), IFT139-KO cell lines 139-2-6
(B, G) and 139-2-8 (C, H), and IFT144-KO cell lines 144-2-1 (D, 1) and 144-2-5 (E, J) were
serum-starved for 24 h and triple immunostained for IFT88 (A-E) or IFT140 (F-J) and Ac-o-
tubulin and y-tubulin (A’-J"). (K-T) Control RPE1 cells (K, P), the IFT139-KO cell lines 139-2-6
(L, Q) and 139-2-8 (M, R), or the IFT144-KO cell lines 144-2-1 (N, S) and 144-2-5 (O, T), which
stably express EGFP-IFT43 (K-J) or EGFP-TULP3 (K-T), were serum-starved for 24 h and double
immunostained for Ac-o-tubulin and y-tubulin (K’-T). (A”-T") Merged images. Insets, enlarged
images of the boxed regions. Scale bars, 10 pm. (U-X) Localization of IFT88 (U), IFT140 (V),
EGFP-IFT43 (W), and EGFP-TULP3 (X) in individual control, IFT139-KO, and IFT144-KO cells was
classified as mainly ciliary base, mainly ciliary bulge, base and bulge, throughout the cilium, and
no ciliary localization and counted. Note that bulges were present at ciliary tips in most of the
cells but in the middle of cilia in a small fraction of cells. The percentages of these populations
are expressed as stacked bar graphs. Values are means + SE of three independent experiments.
In each set of experiments, 50-75 (U), 45-59 (V), 35-52 (W), and 38-62 (X) ciliated cells
were observed, and the total number of ciliated cells observed (n) is shown. **p < 0.0001
(Pearson’s y? test).

In the IFT139-KO cell lines, however, SMO was found within
~50% of cilia even under basal conditions (Figure 6, C and E; also
see Figure 6K). When the cells were treated with the Hh pathway
activator Smoothened agonist (SAG), a large proportion of SMO was
localized within cilia to a level comparable to that in SAG-treated
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control cells (Figure 6, D, F, and K). These
observations suggest that SMO undergoes
cycling, albeit at low levels, between the cell
body and cilia even under basal conditions
and that a block in retrograde transport due
to the lack of IFT139 results in the accumula-
tion of SMO within cilia. In clear contrast to
the IFT139-KO cell lines, in the IFT144-KO
cell lines, SMO was marginally observed in
cilia both in the absence and presence of
SAG (Figure 6, G-J, and K), indicating that
SMO cannot enter cilia in the absence of the
functional IFT-A complex due to the lack of
the core subunit, IFT144.

In IFT139-KO cells, GPR161 was found in
cilia under basal conditions, similarly to in
control cells (Figure 6, N and P); however,
unlike in control cells, GPR161 did not exit
cilia upon SAG treatment (Figure 6, O, Q,
and V), indicating a block in the retrograde
transport of GPR161. In IFT139-KO (139-2-
8) cells exogenously expressing tRFP-IFT139
(Figure 5, G and H) but not in those express-
ing tRFP (Figure 5, E and F), GPR161 was
able to exit cilia in response to SAG treat-
ment (also see Figure 5l), indicating that the
abnormal GPR161 localization observed in
IFT139-KO cells did not result from off-tar-
get effects of the CRISPR/Cas? system.

In clear contrast to the IFT139-KO cells,
GPR161 did not localize within cilia under
both basal and SAG-stimulated conditions
in IFT144-KO cells (Figure 6, R-U; also see
Figure V), indicating that the ciliary entry of
GPR161, as well as that of SMO, was
blocked in the absence of the functional IFT-
A complex. The basal ciliary localization and
SAG-stimulated exit of GPR161 were re-
stored when tRFP-IFT144 (Figure 5, L and
M) but not tRFP (Figure 5, J and K) was ex-
ogenously expressed (also see Figure 5N).

GPCRs other than those involved in Hh
signaling also fail to enter cilia in the
IFT144-KO cell lines

The foregoing data indicate that the IFT-A
complex is required not only for the retro-
grade transport of the GPCRs SMO and
GPR161 but also for their ciliary entry. We
then set out to address whether the block in
ciliary entry of GPCRs in the absence of
IFT144 is specific for GPCRs involved in Hh
signaling or is a more general event. To this
end, we established control, IFT139-KO,
and [IFT144-KO cells stably expressing
SSTR3 and MCHR1 fused to EGFP and ex-
amined their localization.

In IFT139-KO cells, both SSTR3-EGFP and MCHR1-EGFP were
found throughout the cilia (Figure 7, B and C, and G and H, respec-
tively) similarly to in control cells (Figure 7, A and F). In marked con-
trast, both SSTR3-EGFP and MCHR1-EGFP failed to localize within
cilia in the IFT144-KO cell lines (Figure 7, D and E, and | and J,
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Thus this peripheral subunit is not required
for construction of the IFT-A complex by the
other subunits or for anterograde ciliary pro-
tein trafficking but is essential for retrograde
trafficking from the tip to the base (Figure
7K, =IFT139). On the other hand, in cells de-
fective in IFT144, which is a constituent of
the core subcomplex, other IFT-A subunits
and GPCRs failed to localize within cilia, al-

though the IFT-B complex accumulated at
the bulged tips. Therefore these observa-
tions indicate that IFT144 is essential for as-
sembly of the functional IFT-A complex and
for ciliary entry of GPCRs, including SMO,
GPR161, SSTR3, and MCHR1, and that the
IFT-B complex can be transported antero-
gradely in the absence of the IFT-A complex
(Figure 7K, —IFT144). Thus the phenotype of
IFT139-KO cells appears milder than that of
IFT144-KO cells, reflecting the auxiliary role
of IFT139 as predicted from the architecture
of the IFT-A complex.

Most intriguingly, our data indicate that
the IFT-A complex is involved not only in ret-
rograde protein trafficking from the tip to

| GPR161-positive cilia / total cilia (%) N GPR161-positive cilia / total cilia (%) the base of cilia but also in ciliary entry of
? 20 40 & 8 1 ? 2 = L GPCRs and probably other transmembrane

o n=120 % a = 155 proteins (Figure 7K, control). The role of the

3 %m g%- =157 IFT-A complex in retrograde ciliary traffick-
g 2 E 3 ing, as well as the role of the IFT-B complex
£ =1 ¥ E n=168 | in anterograde trafficking, is well estab-
é- =122 E:::g E- A=160 E:::g lished (Ishikawa and Marshall, 2011; Sung
+ ¥ and Leroux, 2013). However, before our

FIGURE 5: Rescue experiments of IFT139-KO and IFT144-KO cells. (A-D) The IFT139-KO cell
line 139-2-8 (A, B) and the IFT144-KO cell line 144-2-1 (C, D) stably expressing tRFP (A" and C),
tRFP-IFT139 (B’), or tRFP-IFT144 (D’) were serum-starved for 24 h and double immunostained
for IFT88 (A-D) and ciliary markers, Ac-o-tubulin (a marker for the ciliary axoneme), and FOP

(a marker for the ciliary base; A”-D"). (E-N) The IFT139-KO cell line 139-2-8 (E-H) and the
IFT144-KO cell line 144-2-1 (J-M) stably expressing tRFP (E’, F’, I', J), tRFP-IFT139 (G’, H"), or
tRFP-IFT144 (L', M’) were serum-starved for 24 h, cultured for a further 24 h in the absence
(-SAG) or presence (+SAG) of 200 nM SAG, and immunostained for GPR161 (E-H, J-M) and
Ac-o-tubulin and FOP (E”-H", J"-M"). (A”’-H"”", J””-M"”’) Merged images. Insets, enlarged
images of the boxed regions. Scale bars, 10 pm. (I, N) Cells with GPR161-positive cilia were
counted, and the percentages of ciliated cells with GPR161-positive cilia are represented as bar
graphs. Values are means+SE (error bars) of three independent experiments. In each
experiment, 38-41 cells (I) and 49-63 ciliated cells (N) were observed, and the total number

of ciliated cells observed (n) is shown in the bar graphs.

respectively). Thus our data unequivocally demonstrate that the cili-
ary entry of GPCRs, including SMO, GPR161, SSTR3, and MCHR1,
generally requires the assembly of functional IFT-A complex around
the ciliary base.

DISCUSSION

On the basis of the data obtained using a combination of two differ-
ent approaches (determination of the IFT-A architecture using the
VIP assay and analyses of KO cells established using the modified
CRISPR/Cas9 system), we here unequivocally showed the differen-
tial roles of two IFT-A subunits, which reflect their positioning within
the IFT-A complex. Cells defective in IFT139, which is the most pe-
ripherally associated subunit, showed accumulation of the IFT-B
complex and other IFT-A proteins at the bulged ciliary tips, as well
as the ciliary accumulation of GPCRs, including SMO and GPR161.
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study, fragmentary evidence suggested the
roles of the IFT-A complex in anterograde
ciliary trafficking or periciliary protein traf-
ficking as follows. 1) On the basis of analyses
using cells derived from IFT144 mutant
mice, Liem et al. (2012) suggested that this
IFT-A subunit is required for anterograde
trafficking of some membrane proteins,
including SMO and adenylyl cyclase llI, al-
though they did not mention the potential
involvement of IFT-A in ciliary entry. 2) On
the basis of knockdown experiments of the
IFT-A subunits, including TULP3, Mukho-
padhyay et al. (2010) suggested that the IFT-
A complex is involved in some way in ciliary localization of some
GPCRs, including SSTR3 and MCHR1, although they observed no
appreciable defects in SMO trafficking upon single or double knock-
down of any IFT-A subunit. 3) Caparrés-Martin et al. (2015) reported
that SMO, EvC, and EvC2, the latter two of which form a ciliary
transmembrane protein complex and are mutated in patients of
Ellis—van Creveld syndrome, failed to localize within the cilia of cells
derived from IFT121-null mice. 4) Finally, on the basis of studies on
specialized cilia in Drosophila, Lee et al. (2008) speculated that IFT-A
proteins are required for the periciliary trafficking of TRPV channel
proteins. Taken our results together with these previous studies, we
conclude that the IFT-A complex plays a crucial role in the ciliary
entry of transmembrane proteins, including GPCRs.

Although the ciliary membrane is continuous with the plasma
membrane, the ciliary transition zone (TZ) partitions the interior
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a recent study using superresolution mi-
croscopy not only clarified the architectural
map of the TZ but also indicated that the
TZ serves as an assembly or resting site for
IFT particles before entering cilia (Yang
etal., 2015).

Ciliary transmembrane proteins are be-
lieved to be transported from the trans-
Golgi network or recycling endosomes by
vesicular carriers that target specifically to
the periciliary membrane, where transition
fibers from the distal appendage of the
basal body are attached (Sung and Leroux,
2013; Pedersen et al., 2016). Zhao and Ma-
licki (2011) showed that some TZ proteins
interact with IFT proteins and support the
ciliary entry of a GPCR (opsin). Further-
more, Wei et al. (2013, 2015) showed that
FBF1, a protein located at the transition
fiber and the distal appendage of the
basal body, interacts directly with IFT54
and is required for the transit of assembled
IFT particles across the TZ. On the other
hand, activated SMO was shown to enter
the ciliary compartment from the pericili-
ary membrane by lateral movement, either
via diffusion or active transport (Milenkovic
et al., 2009). It is therefore tempting to
speculate that binding to preassembled
IFT particles is required for the lateral
movement of transmembrane proteins
across the TZ.

The next issue to be addressed is there-
fore how the IFT-A complex interacts di-
rectly or indirectly with transmembrane
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IFT139-KO and IFT144-KO cells demonstrate differential defects in the trafficking of
SMO and GPR161 in response to SAG treatment. Control RPE1 cells (A, B, L, M), the IFT139-KO
cell lines 139-2-6 (C, D, N, O) and 139-2-8 (E, F, P, Q), and the IFT144-KO cell lines 144-2-1
(G, H, R, S) and 144-2-5 (I, J, T, U) were serum-starved for 24 h, cultured for a further 24 h in the
absence (—SAG) or presence (+SAG) of 200 nM SAG, and triple immunostained for either SMO
(A-J) or GPR161 (L-U), Ac-0-tubulin, and y-tubulin (A’-J’, L’-U"). (A”-J”, L”-U"”) Merged images.
Insets, enlarged images of the boxed regions. Scale bars, 10 pm. (K, V) Cells with SMO-positive

control #139-2-6 #139-2-8 #144-2-1 #144-2-5

proteins and mediates their ciliary entry
and retrograde trafficking. It will also be in-
teresting to know how the IFT-A complex
interacts with the IFT-B complex to mediate
anterograde trafficking and probably the
ciliary entry of transmembrane proteins, as
well as how the IFT-A complex interacts
with dynein-2 to mediate retrograde traf-
ficking. Our VIP assay might pave the way
to address these issues by serving as a
powerful tool to detect protein—protein
interactions.

cilia (K) and those with GPR161-positive cilia (V) were counted, and the percentages of ciliated

cells with SMO- or GPR161-positive cilia are represented as bar graphs. Values are means +SE
(error bars) of three independent experiments. In each experiment, 50-80 cells (K) and
47-78 cells (V) were counted, and the total numbers of ciliated cells observed (n) is shown

in the bar graphs.

and exterior of cilia by serving as a diffusion/permeability barrier
(Wei et al., 2015; Verhey and Yang, 2016). Proteins required for the
assembly and functions of cilia therefore have to be selectively
transported across the TZ from the cell body. Takao et al. (2014)
showed that ciliary soluble and membrane proteins enter cilia
across the TZ by distinct mechanisms. A study using total internal
reflection microscopy to analyze Chlamydomonas flagella sug-
gested that IFT proteins are accumulated at the flagellar base be-
fore their entry into flagella (Ludington et al., 2013). Furthermore,
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MATERIALS AND METHODS

Plasmids

The full coding sequences for the IFT-A
proteins listed in Supplemental Table S1
were cloned into fluorescent protein vec-
tors as shown in Supplemental Table S2; the IFT122, IFT140, and
TULP3 cDNAs were obtained from the RIKEN BRC through the
National Bio-Resource Project of the Ministry of Education,
Culture, Sports, Science and Technology, Japan (Ota et al.,
2004). Expression vectors for mouse SSTR3 and MCHR1 (Nagata
et al., 2013) were kindly provided by Yumiko Saito (Hiroshima
University, Hiroshima, Japan) and Sen Takeda (University of Ya-
manashi, Yamanashi, Japan) and modified as described previ-
ously (Hamamoto et al., 2016).

Molecular Biology of the Cell
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IFT144-KO cells demonstrate defects in the ciliary localization of SSTR3 and MCHR1. Control RPE1 cells
(A, F), the IFT139-KO cell lines 139-2-6 (B, G) and 139-2-8 (C, H), and the IFT144-KO cell lines 144-2-1 (D, I) and
144-2-5 (E, J) stably expressing SSTR3-EGFP (A-E) or MCHR1-EGFP (F-J) were serum-starved for 24 h and double
immunostained for Ac-o-tubulin (A’=J") and y-tubulin (A”-J"). (A”’-D"”’) Merged images. Insets, enlarged images of the
boxed regions. Scale bars, 10 pm. (K) Schematic representation of the phenotypes of control, IFT139-KO, and IFT144-
KO cells. In control cells, the IFT-A complex is required for ciliary entry of GPCRs and anterogradely trafficked along
with the IFT-B complex. Then the IFT-B complex and GPCRs undergo IFT-A-dependent retrograde trafficking. In the
absence of IFT139 (-IFT139), other IFT-A subunits can be assembled, mediate ciliary entry of GPCRs, and are
anterogradely trafficked along with the IFT-B complex. However, the IFT139-deficient IFT-A complex cannot mediate
retrograde trafficking. In the absence of IFT144 (-IFT144), GPCRs cannot enter cilia because functional IFT-A complex
cannot be formed. On the other hand, the IFT-B complex can be trafficked anterogradely, although it cannot undergo

IFT-A-dependent retrograde trafficking.

Antibodies and reagents

The antibodies used in this study are listed in Supplemental Table
S4. GST-tagged anti-GFP Nb prebound to glutathione-Sepharose
4B beads was prepared as described previously (Katoh et al., 2015).
SAG and Polyethylenimine Max were purchased from Enzo Life Sci-
ences and Polysciences, respectively.

Establishment of KO cell lines using the CRISPR/Cas9 system
The knockout strategy for genes in hTERT-RPE1 cells (CRL-4000;
American Type Culture Collection) by the CRISPR/Cas9 system
using homology-independent DNA repair will be described
elsewhere in detail (Katoh et al., unpublished data). Single guide
RNA (sgRNA) sequences targeting the human IFT139 and IFT144
genes (Supplemental Table S3) were designed using a CRISPR
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design (Hsu et al., 2013). Double-stranded oligonucleotides for
these sequences were separately inserted into a donor knock-in
vector, pDonor-tBFP-NLS-Neo (deposited in Addgene, ID 80766),
and an all-in-one sgRNA expression vector, pSpCas?(BB)-2A-Puro
(Addgene plasmid 48139). hTERT-RPE1 cells cultured to ~3.0 x 10°
cells on a 12-well plate were transfected with 1 pg of the
pSpCas?(BB)-2A-Puro and 0.25 pg of the donor vector using X-
tremeGENE9 DNA Transfection Reagent (Roche Applied Science).
After selection in the presence of G418 (600 pg/ml), the cells with
nuclear blue fluorescence were isolated. Genomic DNA was ex-
tracted from the isolated cells and subjected to PCR using KOD FX
Neo DNA polymerase (Toyobo). Three sets of primers (Supplemen-
tal Table S3) were used to distinguish the following three states of
integration of the donor knock-in vector: forward integration,
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reverse integration, and no integration with a small insertion or
deletion (Supplemental Figure S1, A and D). Direct sequencing of
the PCR products ensured the KO of both alleles of the IFT139 and
IFT144 genes, with integration of the donor vector and/or a small
deletion/insertion causing a frameshift (Supplemental Figure S1, B,
C, E,and F).

Preparation of cells stably expressing EGFP-IFT43, EGFP-
TULP3, SSTR3-EGFP, MCHR1-EGFP, tRFP, tRFP-IFT139,

or tRFP-IFT144

Lentiviral vectors were prepared as described previously (Takahashi
et al., 2012). Briefly, pRRLsinPPT-EGFP-IFT43, pRRLsinPPT-EGFP-
TULP3, pRRLsinPPT-SSTR3-EGFP, pRRLsinPPT-MCHR1-EGFP,
PRRLsinPPT-tRFP, pRRLsinPPT-tRFP-IFT139, or pRRLsinPPT-tRFP-
IFT144 was transfected into HEK293T cells using Polyethylenimine
Max together with the packaging plasmids (pRSV-REV, pMD2.g,
and pMDL/pRRE; kind gifts from Peter McPherson, McGill Univer-
sity, Montreal, Canada; Thomas et al., 2009). Culture medium was
replaced 8 h after transfection and collected at 24, 36, and 48 h
after transfection. The medium containing viral particles was fil-
trated through a 0.45-um filter and centrifuged at 32,000xg at
4°C for 4 h. Precipitated lentiviral particles were resuspended in
Opti-MEM (Invitrogen) and stored at —80°C until use. Control cells,
IFT139-KO cells, and IFT144-KO cells that express EGFP-IFT43,
EGFP-TULP3, SSTR3-EGFP, MCHR1-EGFP, tRFP, tRFP-IFT139,
and tRFP-IFT144 were prepared by the addition of lentiviral sus-
pension to the culture medium and used for immunofluorescence
analysis.

VIP assays

VIP assays were performed as described previously (Katoh et al.,
2015, 2016). Briefly, HEK293T cells (~1.6 x 10°¢ cells in a six-well
plate) were transfected with EGFP and mChe fusion constructs (2 pg
of each) using Polyethylenimine Max (20 pg) and cultured for 24 h.
The cells were then lysed in cell lysis buffer (20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid-KOH, pH 7.4, 150 mM NaCl, 10%
glycerol, and 0.1% Triton X-100) containing EDTA-free protease in-
hibitor cocktail (Nacalai Tesque). After 15 min on ice, the cell lysates
were centrifuged at 16,100 x g for 15 min at 4°C in a microcentri-
fuge. The supernatants (200 pl) were incubated with 5 pl of GST-
tagged anti-GFP Nb prebound to glutathione-Sepharose beads in
0.2-ml eight-tube strips for 1 h at 4°C. The tube strips were centri-
fuged at 2000 x g for 30 s at room temperature. The precipitated
beads were washed three times with 180 pl of lysis buffer and then
transferred to a 96-well plate for observation. Precipitated beads
with fluorescent fusion proteins were observed using an all-in-one-
type fluorescence microscope (BZ-8000; Keyence) using a 20x/0.75
objective lens under constant conditions (sensitivity ISO 400, expo-
sure 1/10 s for green fluorescence; sensitivity ISO 800, exposure
1/10 s for red fluorescence). Image acquisition was performed un-
der constant conditions in the same series of experiments. When
indicated, the materials bound to the beads were subjected to
immunoblot analysis using an anti-GFP or anti-RFP antibody after
image acquisition (see further description).

Immunoblot analysis

Immunoblot analysis was performed as described previously (Katoh
etal.,, 2015, 2016). Proteins in cell lysates prepared as described or
on beads after the VIP assay were separated by SDS-PAGE and
electroblotted onto an Immobilon-P membrane (EMD Millipore).
Membranes were blocked in 5% skim milk and incubated sequen-
tially with a primary antibody (anti-GFP, anti-RFP antibody, anti-HA,
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or anti-IFT139) and horseradish peroxidase—conjugated secondary
antibody. Detection was carried out using the Chemi-Lumi One L Kit
(Nacalai Tesque).

Immunofluorescence analysis

hTERT-RPE1 cells were cultured in DMEM/F-12 (Nacalai Tesque)
supplemented with 10% fetal bovine serum (FBS) and 0.348% so-
dium bicarbonate. To induce ciliogenesis, cells were grown to 100%
confluence on coverslips and starved for 24 h in Opti-MEM (Invitro-
gen) containing 0.2% bovine serum albumin. Cells were fixed and
permeabilized with 3% paraformaldehyde at 37°C for 5 min and
subsequently in methanol at —20°C for 5 min and washed three
times with phosphate-buffered saline (PBS). For detection of endog-
enous IFT140, cells were fixed and permeabilized with methanol at
—20°C for 5 min and washed three times with PBS. The fixed/per-
meabilized cells were blocked with 10% FBS and stained with anti-
bodies diluted with 5% FBS. The stained cells were observed using
an Axiovert 200M microscope (Carl Zeiss). Statistical analyses were
performed using JMP Pro 12 software (SAS Institute).
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