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KIF13B enhances the endocytosis of LRP1 by

recruiting LRP1 to caveolae
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ultifunctional low-density lipoprotein (LDL) re-

ceptor-related protein 1 (LRP1) recognizes and

internalizes a large number of diverse ligands,
including LDL and factor VIII. However, little is known about
the regulation of LRP1 endocytosis. Here, we show that a
microtubule-based motor protein, KIF13B, in an unexpected
and unconventional function, enhances caveolin-dependent
endocytosis of LRP1. KIF13B was highly expressed in the
liver and was localized on the sinusoidal plasma mem-
brane of hepatocytes. KIF13B knockout (KO) mice showed
elevated levels of serum cholesterol and factor VIII, and

Introduction

Kinesin superfamily proteins (KIFs) play essential roles in the
intracellular transport of various cargos, such as membranous or-
ganelles, protein complexes, and mRNA within cells (Hirokawa,
1998; Vale, 2003; Hirokawa et al., 2010). KIF13B is a kinesin-3
family motor protein that binds to centaurin-a1 and hDLG1 via
its forkhead-associated (FHA) and membrane-associated gua-
nylate kinase homologue binding stalk (MBS) domains, respec-
tively (Hanada et al., 2000; Miki et al., 2001; Venkateswarlu
et al., 2005). KIF13B activates Arf6 function by inhibiting the
Arf6-GAP activity of centaurin-a1 (Venkateswarlu et al., 2005),
and several reports have indicated it may bind to cargo via
centaurin-a1 or hDLG1 (Horiguchi et al., 2006; Bolis et al., 2009).
However, the cargo of KIF13B has not yet been identified, and
little is known about the role of KIF13B in animal models. In
this study, we elucidate a new scaffolding role of KIF13B in
caveolin-dependent endocytosis of low-density lipoprotein (LDL)
receptor—related protein 1 (LRP1).

LRP1 is the most multifunctional member of the LDL re-
ceptor family, and it is expressed in a wide variety of tissues
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KO MEFs showed decreased uptake of LDL. Exogenous
KIF13B, initially localized on the plasma membrane with
caveolae, was translocated to the vesicles in the cytoplasm
with LRP1 and caveolin-1. KIF13B bound to hDLG1 and
utrophin, which, in turn, bound to LRP1 and caveolae, re-
spectively. These linkages were required for the KIF13B-
enhanced endocytosis of LRP1. Thus, we propose that
KIF13B, working as a scaffold, recruits LRP1 to caveolae
via LRP1-hDLG1-KIF13B-utrophin—-caveolae linkage and
enhances the endocytosis of LRP1.

(Herz and Strickland, 2001). It is suggested to have two main
biological functions: endocytosis of its numerous ligands and
regulation of cell signaling pathways. LRP1 interacts with and
mediates the endocytosis of more than 40 ligands, including li-
poproteins, proteinases, proteinase—inhibitor complexes, extra-
cellular matrix proteins, bacterial toxins, viruses, and various
intracellular proteins (Herz et al., 1992; Kounnas et al., 1995;
Liu et al., 2000; Wang et al., 2003). LRP1 is endocytosed by
clathrin- and caveolin-dependent pathways (Zhang et al., 2004).
However, little is known about how LRP1 is linked to the endo-
cytic pathways, and how the endocytosis of LRP1 is regulated.

Here, we show that KIF13B enhances caveolin-dependent
endocytosis of LRP1 by recruiting LRP1 to caveolae. KIF13B
was highly expressed in the liver and was localized on the si-
nusoidal plasma membrane of hepatocytes. Disruption of the
KIF13B gene caused increased levels of serum cholesterol and
factor VIII (fVIII) in animals and decreased uptake of LDL in
KIF13B-deficient cells. Exogenous KIF13B, initially localized
on the plasma membrane with caveolae, was translocated to the
vesicles in the cytoplasm with LRP1 and caveolin-1. We identi-
fied utrophin as a new KIF13B binding protein. KIF13B bound
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Figure 1. KIF13B is localized on the sinusoidal plasma membrane of hepatocytes. (A) Diagram of KIF13B structure. KIF13B is composed of 1843 amino

acids. Motor, motor domain; FHA, FHA domain, which binds to centaurin-o; MBS, MBS domain, which binds to hDLG1; CC, coiled-coil domains, whose
functions have not yet been reported; CAP-Gly, a binding motif for the plus-ends of microtubules. (B) KIF13B is highly expressed in the liver. (a) Crude
extracts of 11 kinds of tissues from adult mice (20 pg protein/lane) were subjected to immunoblotting analyses using antibodies against KIF13B and
KIF5B. KIF5B, a conventional kinesin, was used as a reference. (b) Amounts of KIF13B and KIF5B in the tissues normalized by the corresponding amounts
in the brain. (c) KIF13B/KIF5B ratios in the tissues normalized by the corresponding ratio in the brain. Br, brain; He, heart; Lu, lung; Sp, spleen; Li, liver;
Ki, kidney; In, intestine; Mu, muscle; Te, testis; Ov, ovary; Ut, uterus. The data shown are from a single representative experiment out of four repeats.
(C) KIF13B is located along the sinusoid of the liver. Livers from WT and KO mice were stained for KIF13B. Bar, 20 pm. (D and E) KIF13B is on the sinu-
soidal plasma membrane of hepatocytes. (D) WT liver was double stained for KIF13B (green) and actin (Alexa 568-phalloidin; red). Arrow, sinusoidal
region; arrowhead, bile duct region; n, nucleus; s, sinusoid; a-b, line measured in E. Bar, 10 pm. (E) KIF13B and actin intensities measured along the a-b
line in D. The peak signals of KIF13B (green arrows) were found inside those of actin (red arrows). (F) KIF13B is expressed in hepatocytes. Crude extracts
of the liver and isolated hepatocytes (20 pg protein/lane) were subjected to immunoblotting analyses using antibodies against KIF13B, KIF5B, and albumin,
a hepatocyte marker.

to hDLG1 and utrophin, which in turn bound to LRP1 and
caveolae, respectively. These linkages were required for the
KIF13B-enhanced endocytosis of LRP1. Therefore, we propose
that KIF13B, working as a scaffold underneath the plasma
membrane, enhances caveolin-dependent endocytosis of LRP1
by recruiting LRP1 to caveolae via LRP1-hDLG1-KIF13B—
utrophin—caveolae linkage.

Results

KIF13B is localized on the sinusoidal
plasma membrane of hepatocytes

To examine the physiological relevance of KIF13B in vivo,
kif13b~"~ (KO) mice were generated by gene targeting (Fig. 1 A;
Fig. S1). KO mice were viable and fertile, with no gross

JCB « VOLUME 204 « NUMBER 3 « 2014

anomalies and normal body size and weight (Fig. S1 F). Histo-
logical analyses on the major organs of the body did not show
apparent changes between wild-type (WT) and knockout (KO)
mice (Fig. S2).

We then searched for the tissues where KIF13B is abun-
dantly expressed (Fig. 1 B). We evaluated a conventional kine-
sin, KIF5B, as a reference in this experiment, because KIF5B is
the most abundant KIF and shows ubiquitous expression (Kanai
et al., 2000; Hirokawa and Noda, 2008). Lung, liver, testis,
ovary, and uterus showed high expression of KIF13B (more
than four times higher than that in the brain; Fig. 1 B, a and b).
Among them, liver exhibited the highest KIF13B/KIF5B ratio
(more than four times higher than those in the other tissues ex-
amined, and in particular, 18 times higher than that in the brain;
Fig. 1 B, c¢). Quantitative analyses revealed that KIF13B and
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Figure 2. KIF13B enhances the endocytosis of LDL. (A) GFPKIF13B, initially localized on the plasma membrane (2, 4, and 6 h; arrows), changes its
localization to the cytoplasm in a vesicle-like structure with time (6, 8, and 16 h; arrowheads). (Left) KO MEFs were cultured for 2, 4, 6, 8, and 16 h after
infection with GFP-KIF13B-adenovector. (Right) The ratio of the cells with GFP-KIF13B on the plasma membrane (PM) and exclusively on vesicles in the
cytoplasm (n = 227-378 cells). (B) GFP-KIF13B-positive vesicles are early endosomes (arrowheads). KO MEFs transfected with GFP-KIF13B and tagRFP-
Rab5A (an early endosome marker, left) or with GFPKIF13B alone were cultured for 16 h. The latter were stained for LAMP2 (a late endosome marker,
right). (C) Elevated serum cholesterol level in KO mice. The serum cholesterol levels in adult WT and KO mice were 75.5 + 9.4 mg/dland 101.1 £ 12.1 mg/dI,
respectively (mean = SD, n = 10 mouse pairs). (D) Cholesterol levels were elevated dominantly in small LDL and large HDL fractions in KO mice. (Leff) A
typical case of serum cholesterol profiles of WT and KO mice. (Right) KO/WT ratios of cholesterol in small LDL and large HDL fractions (colored fractions
in the left panel) and in the remaining fractions were 1.97 + 0.56 and 1.23 = 0.14, respectively. (mean = SD, n = 4 mouse pairs). VL, very large;
L, large; M, medium; S, small; VS, very small. (E) KIF13B is associated with a subset of early endosomes containing newly endocytosed LDL. Dil-LDL was
applied to GFP-KIF13B-transfected KO MEFs for 7 min before fixation. Arrowheads point to GFP-KIF13B/Dil-LDL double-positive vesicles. (F) KIF13B-
associated vesicles are rich in cholesterol (arrowheads). KO MEFs transfected with GFPKIF13B were stained with filipin, a cholesterol dye. 88.7 + 6.7%
of GFP-KIF13B-positive area was cholesterol positive (mean = SD, n = 20 cells). (G) Decreased uptake of LDL in KO MEFs. Dil-LDL was applied to WT and
KO MEFs for 10, 20, and 40 min. Dil intensities of endocytosed Dil-LDL were measured and normalized by that of the WT MEFs incubated for 10 min
(mean = SD, n = 4 independent experiments). (H) Elevated uptake of LDL in GFP-KIF13B-infected KO MEFs. KO MEFs were cultured for 6 h after infection
with GFP-KIF13B- or GFP-adenovector. Dil-LDL was applied to the cells for 20 min and the Dil intensities of infected cells were compared with that of non-
infected cells (GFPKIF13B: 1.65 = 0.30; GFP: 0.97 + 0.19; mean = SD, n = 4 independent experiments). The bottom panels show higher magnification
images of the boxed areas. Bars: (main panels) 10 pm; (insets) 5 pm.

KIF5B comprised 0.072% and 0.053% of liver crude extract actin-rich microvilli originating from hepatocytes, liver sec-
proteins, respectively (not depicted). This indicates that in the tions were stained for KIF13B and actin to determine the local-
liver, KIF13B shows similarly high expression to the most ization of KIF13B (Fig. 1, D and E). KIF13B was detected on
abundant KIF, KIF5B. the hepatocyte side of the actin-rich microvilli, indicating the

KIF13B was observed along the sinusoid of the liver, localization of KIF13B on the sinusoidal plasma membrane
where the sinusoidal plasma membrane of hepatocytes and the of hepatocytes. The expression of KIF13B in hepatocytes
sinusoidal epithelial cells are separated by the space of Disse was confirmed by immunoblotting analyses of isolated hepa-

(Fig. 1 C). Because the space of Disse is filled with numerous tocytes (Fig. 1 F).

KIF1 3B enhanced endocytosis of LRBP1 via caveolae
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Figure 3. KIF13B enhances LRP1-mediated endocytosis. (A) KIF13B is associated with LRP1-containing vesicles (arrowheads). MycKIF13B-ransfected KO
MEFs were double stained for myc-tag and LRP1 (left) or LDLr (right). (B) KIF13B is colocalized with LRP1 on the sinusoidal plasma membrane of hepatocytes
(arrowheads). WT liver was double stained for KIF13B and LRP1. (C) KIF13B is associated with LRP1-containing vesicles in cultured hepatic cells, HepG2
cells (arrowheads). HepG2 cells cultured for 16 h after infection with GFP-KIF13B-adenovector were stained for LRP1. (D) KIF13B translocates from the
plasma membrane to the vesicles in the cytoplasm with LRP1. KO MEFs cultured for 4, 6, 8, and 16 h after infection with GFPKIF13B-adenovector were
stained for LRP1. (4 h) LRP1 was not associated with GFP-KIF13B on the plasma membrane. (6 h) LRP1 was associated with GFP-KIF13B both on the plasma



KIF13B enhances the endocytosis of LDL
To investigate the role of KIF13B at the cellular level, we estab-
lished clonal mouse embryonic fibroblasts (MEFs) from WT
and KO embryos. The expression of KIF13B in WT MEFs,
but not in KO MEFs, was verified by immunoblotting (Fig. S3).
We first examined the distribution of exogenous GFP-tagged
KIF13B (GFP-KIF13B) in KO MEFs (Fig. 2 A). Cells were in-
fected with GFP-KIF13B-adenovector and cultured for 2, 4, 6, 8,
and 16 h. GFP-KIF13B was initially localized on the plasma mem-
brane of the cells like intrinsic KIF13B in the liver (2 and 4 h).
However, with time, distribution of GFP-KIF13B changed from
the plasma membrane to the vesicles in the cytoplasm (6, 8, and
16 h). To confirm this translocation to be through endocytosis,
we examined the relationship between KIF13B-positive vesi-
cles and endosome markers, such as Rab5 (early endosome)
and LAMP2 (late endosome). TagRFP-Rab5A was localized
to GFP-KIF13B—positive vesicles in the cotransfected cells,
whereas LAMP2 was not, indicating the vesicles to be early en-
dosomes (Fig. 2 B). Association of KIF13B with the newly
endocytosed LDL also confirmed that the KIF13B-positive ves-
icles were early endosomes (see below; Fig. 2 E).

Our data suggest that KIF13B is involved in endocytosis
on the sinusoidal plasma membrane of hepatocytes. Because
lipoproteins, especially small fractions of LDL and large frac-
tions of high-density lipoprotein (HDL), are major targets of
endocytosis in hepatocytes, we measured the serum choles-
terol levels in WT and KO mice and found increased levels in
KO mice (Fig. 2 C). We further analyzed the cholesterol pro-
files among the serum lipoproteins (Fig. 2 D). The KO/WT
ratio of the cholesterol level in small fractions of LDL and
large fractions of HDL (Fig. 2 D, colored fractions) was
dominantly elevated compared with that in the other frac-
tions. These data strengthen the potential role of KIF13B in
cholesterol metabolism through the uptake of LDL/HDL in
the liver.

We then investigated the role of KIF13B in the uptake of
LDL at the cellular level. First, we examined the relationship
between KIF13B-positive vesicles and endocytosed LDL. GFP-
KIF13B—-transfected KO MEFs were incubated with Dil-LDL
for 7 min before fixation. Some, but not all, Dil-LDL—positive
vesicles were GFP-KIF13B positive (Fig. 2 E). Because LDL
is rich in cholesterol, we stained GFP-KIF13B-transfected KO
MEFs with a cholesterol marker dye, filipin, and found GFP-
KIF13B—positive vesicles to be rich in cholesterol (Fig. 2 F).
These observations indicate the presence of an endocytic path-
way for LDL that involves KIF13B.

Next, we investigated the effect of KIF13B on the uptake
of LDL. WT and KO MEFs were incubated with Dil-LDL for

10, 20, and 40 min, and the intensity of endocytosed Dil-LDL
was measured (Fig. 2 G). Uptake of Dil-LDL was decreased in
KO MEFs at each incubation time. We then examined the up-
take of LDL in the KO MEFs expressing exogenous KIF13B.
KO MEFs and KO MEFs cultured for 6 h after infection with
GFP-KIF13B- or GFP-adenovector were incubated with Dil-LDL
for 20 min, and the intensity of endocytosed Dil-LDL was mea-
sured (Fig. 2 H). KO MEFs expressing GFP-KIF13B, but not
GFP, showed elevated uptake of Dil-LDL compared with con-
trol KO MEFs. Therefore, we conclude that KIF13B enhances
the endocytosis of LDL.

KIF13B enhances LRP1-mediated
endocytosis
In mice, KIF13B was localized on the sinusoidal plasma mem-
brane of hepatocytes, and KIF13B-deficient mice showed an
elevated level of serum cholesterol. In cultured cells, KIF13B
enhanced the endocytosis of LDL and was associated with
LDL-containing early endosomes. We therefore investigated
the relationship between KIF13B and receptors for LDL/HDL,
such as LRP1 (Lillis et al., 2008) and LDL receptor (LDLr;
Jeon and Blacklow, 2005). Expression of LRP1 and LDLr in
MEFs and the liver was confirmed by immunoblotting (Fig. S3).
We examined the distribution of LRP1 and LDLr in myc-tagged
KIF13B (myc-KIF13B)-transfected KO MEFs (Fig. 3 A). Myc-
KIF13B was localized to LRP1-containing but not LDLr-
containing vesicles, and LRP1-containing vesicles were enlarged
in the transfected cells (Fig. S4). KIF13B and LRP1 were colo-
calized on the sinusoidal plasma membrane of hepatocytes in the
liver, and the localization of GFP-KIF13B to LRP1-containing
vesicles was also observed in the human hepatic cell line, HepG2
(Fig. 3, B and C).

Because distribution of GFP-KIF13B changed with time
(Fig. 2 A), we examined the localization of LRP1 in KO MEFs
cultured for 4, 6, 8, and 16 h after infection with GFP-KIF13B-
adenovector (Fig. 3 D). GFP-KIF13B was mostly localized on
the plasma membrane of the cells cultured for 4 h after infec-
tion; however, LRP1 was not associated with GFP-KIF13B.
With time, GFP-KIF13B translocated from the plasma mem-
brane to vesicles in the cytoplasm, and LRP1 was associated
with GFP-KIF13B both on the plasma membrane and on the
endocytosed vesicles (6 h). The number of GFP-KIF13B/
LRP1-positive vesicles in the cytoplasm increased with time
(8 and 16 h). These data indicate that KIF13B is involved in
LRP1-mediated endocytosis and is associated with LRP1-
containing endosomes. A slight decrease in the size of LRP1-
containing vesicles in KO MEFs was consistent with these
observations (Fig. 3 E; Fig. S4).

membrane and on the vesicles in the cytoplasm. (8 and 16 h) GFPKIF13B-associated, LRP1-containing vesicles increased with time. 77.4 + 13.9% of
GFPKIF13B-positive area was LRP1 positive (8 h, mean + SD, n = 21 cells). Arrows and arrowheads point to GFPKIF13B on the plasma membrane and
on the vesicles in the cytoplasm, respectively. (E) LRP1 vesicles in WT and KO MEFs. WT and KO MEFs were stained for LRP1. (F) Diffuse distribution of
KIF13B in the LRP1-depleted cells. GFPKIF13B was transfected to the KO MEFs with LRP1 knockdown by a tagRFP-miR-LRP1 vector. Two knockdown vectors
showed similar results. (G) Association of KIF13B with LRPT-containing vesicles is through the cytoplasmic domain of LRP1 (arrowheads). KO MEFs were
transfected with GFP-KIF13B and VSVG-LRP1-tagRFP (left) or VSVG-LDLr-tagRFP (right). (H) Elevated serum fVIIl in the KO mice. KO/WT ratios of serum VIl
activity were measured (KO/WT of fVIIl activity: 1.25 + 0.17, mean + SD, n = 11 mouse pairs). The bottom panels show higher magnification images of

the boxed areas. Bars: (main panels) 10 pm; (insets) 5 pm.

KIF13B enhanced endocytosis of LRP1 via caveolae ¢ Kanai et al.
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Figure 4. KIF13B uses caveolin-dependent endocytic pathway. (A) KIF 13B-positive vesicles are associated with caveolin-1, but not with clathrin (arrowheads).
GFPKIF13B-ransfected KO MEFs were stained for caveolin-1 (left) or clathrin (right). (B) Caveolin-1 in WT and KO MEFs. WT and KO MEFs were stained
for caveolin-1. (C) KIF13B was colocalized with caveolin-1 both on the plasma membrane (arrows) and on the vesicles in the cytoplasm (arrowheads). KO
MEFs cultured for 4, 6, and 8 h after infection with GFP-KIF13B-adenovector were stained for caveolin-1. 83.1 = 13.5% of GFPKIF13B—positive area was
caveolin-1 positive (8 h, mean = SD, n = 24 cells). (D) Caveolin-1-tagRFP was mostly colocalized to GFPKIF13B in the cotransfected KO MEFs (arrowheads).
76.2 + 13.4% of caveolin-1-tagRFP-positive area was GFP-KIF13B positive (mean = SD, n = 33 cells). (E) “Caveosomes” generated by exogenous caveolin-
1-GFP are distinct from LRP1-containing vesicles. KO MEFs transfected with caveolin-1-GFP were stained for LRP1. 21.1 + 18.3% of caveolin-1-GFP-positive
area was LRP1 positive (mean + SD, n = 25 cells). The bottom panels show higher magnification images of the boxed areas. CAV1, caveolin-1. Bars: (main

panels) 10 pm; (insets) 5 pm.

We then investigated the distribution of KIF13B in the LRP1
knockdown cells and found GFP-KIF13B to be diffusely distrib-
uted in the absence of LRP1 (Fig. 3 F). This suggests the specific
association of KIF13B with LRP1-containing vesicles and the re-
quirement of LRP1 for the KIF13B-enhanced endocytosis. The
question then arose as to whether KIF13B binds to these vesicles
through the cytoplasmic domain of LRP1. To address this ques-
tion, GFP-KIF13B was transfected into KO MEFs with VSVG-
LRP1-tagRFP or control VSVG-LDLr-tagRFP vector, which was
composed of the extracellular domain of VSVG, the transmem-
brane and cytoplasmic domain of LRP1 or LDLr, and tagRFP
(Fig. 3 G). GFP-KIF13B was localized to VSVG-LRP1-tagRFP-
containing vesicles, but not to VSVG-LDLr-tagRFP—containing
ones. These findings indicate that KIF13B is associated with
LRP1-containing vesicles via the cytoplasmic domain of LRP1.

LRP1 is a multifunctional receptor that is known to bind to
many different ligands (Lillis et al., 2008). fVIII is the one of the
ligands specific for LRP1, and not LDLr (Lenting et al., 1999;
Saenko et al., 1999). LRP1 polymorphisms influence the serum
fVIII level in humans (Franchini and Montagnana, 2011), and
mice with a liver-specific LRP1 deletion show an increased serum
fVIII level (Bovenschen et al., 2003). Therefore, we analyzed
the serum fVIII activity in WT and KO littermate mice (Fig. 3 H).

Serum fVIII activity was higher in the KO mouse in every pair,
suggesting a reduced function of LRP1 in the uptake of serum
fVIII in KO mice. Therefore, we conclude that KIF13B enhances
the endocytosis of LRP1, and that disruption of KIF13B de-
creases LRP1-mediated endocytosis.

To find the endocytic pathway for the KIF13B-enhanced en-
docytosis of LRP1, we examined the distribution of caveolin-1
and clathrin in the GFP-KIF13B-transfected cells (Fig. 4 A).
Caveolin-1, but not clathrin, was localized to GFP-KIF13B—
positive vesicles, suggesting that KIF13B uses the caveolin-
dependent pathway. Because caveolin-1 formed caveolae mainly
along the edge of the plasma membrane of WT and KO MEFs
(Fig. 4 B), we examined the distribution of caveolin-1 in the KO
METFs cultured for 4, 6, and 8 h after infection with GFP-KIF13B-
adenovector (Fig. 4 C). Caveolin-1, initially localized with GFP-
KIF13B on the plasma membrane (4 and 6 h), was translocated to
the vesicles in the cytoplasm with GFP-KIF13B, and disappeared
from the plasma membrane (6 and 8 h). These data indicate
that KIF13B enhances the endocytosis of LRP1 via caveolae
using the caveolin-dependent pathway.
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vesicle formation”: the size of LRP1-containing vesicles was enlarged (+) or was similar to those in the nontransfected cells (—). myc, myctag sequence. The
numbers indicate the amino acid positions in KIF13B. (B-G) Representative images of immunofluorescence microscopy of KO MEFs transfected with myc-
tagged KIF13B mutants, and stained for myctag and LRP1. The numbers represent the mutants shown in A and the labels (motor, FHA, MBS, CC, and CAP-
Gly) indicate the domains included in the mutants. The MBS and CC domains were necessary for KIF13B to be associated with LRP1-containing vesicles
(B, arrowheads). The FHA domain, together with the MBS and CC domains, was required for KIF13B to enlarge LRP1-containing vesicles. (C, arrowheads).

Bars: (main panels) 10 pm; (insets) 5 pm.

We investigated the relationship between KIF13B,
caveolin-1, and LRP1-containing vesicles. We first confirmed
the localization of caveolin-1-tagRFP with GFP-KIF13B in the
cotransfected cells (Fig. 4 D). We then examined the distribu-
tion of caveolin-1-GFP and LRP1-containing vesicles in the
absence of KIF13B (Fig. 4 E). Caveolin-1-GFP induced caveolin-
rich vesicles, “caveosomes,” in the transfected KO MEFs (Hayer
et al., 2010); however, the caveosomes were distinct from
LRP1-containing vesicles. These data suggest that KIF13B is
required for the recruitment of LRP1 to the caveolin-dependent
endocytic pathway.

To solve the molecular mechanism of how KIF13B binds to
LRP1-containing vesicles, we determined the region within
KIF13B that was responsible for its binding to the vesicles.

KIF13B is composed of motor, FHA, MBS, coiled-coil, and
CAP-Gly domains (Fig. 5 A). The motor domain possesses
motor activity, allowing KIF13B to travel along microtubules
(Hirokawa et al., 2010). The FHA domain binds to centaurin-a1
to activate Arf6; this activation occurs through the inhibition
of the Arf6-GAP activity of centaurin-a1 (Venkateswarlu et al.,
2005). The MBS domain binds to hDLG1 (Hanada et al., 2000).
The roles of the two coiled-coil domains remain unknown.
The CAP-Gly domain binds to the plus-ends of microtubules
(Steinmetz and Akhmanova, 2008). We designed a series of
KIF13B deletion mutants and examined their binding to LRP1-
containing vesicles (Fig. 5). The MBS and coiled-coil domains
(557-1416) were sufficient for the localization of KIF13B to
LRPI1-containing vesicles (Fig. 5 B), and the FHA domain,
together with the MBS and coiled-coil domains (361-1416),
was required for KIF13B to enlarge LRP1-containing vesicles
(Fig. 5 C). On the other hand, the mutants lacking either the
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hDLG1

KIF13B binding

GFP-hDLG1

GFP-hDLG1-DN

GFP-hDLG1 + LRP1

-B__HYy__

myc-KIF13B + GFP-hDLG1-DN
+ LRP1

Figure 6. hDLG1 links KIF13B to LRP1-containing vesicles. (A) Diagrams of hDLG, GFP-hDLG1, and its dominant-negative mutant, GFP-hDLG1-DN. hDLG 1
is composed of 127, PDZx3, SH-3, 13, and guanylate kinase homologue (GUK) domains. GFP-hDLG1-DN is composed of the binding domain of hDLG1 to
KIF13B (Yamada et al., 2007). (B-D) hDLG1 links KIF13B to LRP1-containing vesicles. KO MEFs were transfected with GFP-hDLG 1 alone (B), cotransfected
with myc-KIF13B and GFP-hDLG1 (C), or GFP-hDLG1-DN (D). Transfected myc-KIF13B and intrinsic LRPT were stained with anti-myc and anti-LRP1 anti-
bodies, respectively. (B) GFP-hDLG1 was associated with LRP1-containing vesicles even in the absence of KIF13B, although the major part of GFP-hDLG1
remained in the cytoplasm. 58.9 + 12.4% of GFP-hDLG 1-positive area (vesicle) was LRP1 positive (mean = SD, n = 27 cells). (C) MycKIF13B and GFP-
hDLG1 were mostly localized to enlarged LRP1-containing vesicles. 89.9 + 8.6% and 91.0 + 9.0% of myc-KIF13B-positive areas were LRP1 and GFP-
hDLG1 positive, respectively (mean = SD, n = 24 cells). (D) Myc-KIF13B and GFP-hDLG1-DN showed diffuse distribution. The bottom panels show higher
magnification images of the boxed areas. Arrowheads point to LRP1-containing vesicles in the transfected cells. Bars: (main panels) 10 pm; (insets) 5 pm.

MBS domain or the coiled-coil domains showed diffuse distri-
bution in the cell (Fig. 5, D-G). These findings indicate that
both the MBS and coiled-coil domains are necessary for KIF13B
to be localized to LRP1-containing vesicles.

To define the contributions of the MBS and coiled-coil domains
to KIF13B localization in more detail, we examined each do-
main individually. First, we investigated the role of the MBS
domain. Because KIF13B binds to hDLG1 through this domain
(Hanada et al., 2000), we examined the role of hDLG1 in the
KIF13B enhanced endocytosis of LRP1 (Fig. 6). When GFP-
hDLGI was expressed in KO MEFs, it was localized to LRP1-
containing vesicles, but remained partially in the cytoplasm
(Fig. 6 B). The size of the vesicles was similar to that in the
nontransfected cells (Fig. S4). These observations indicate that
hDLGI1 can bind to LRP1-containing vesicles even in the ab-
sence of KIF13B, but is not enough to enhance the endocytosis

of LRP1. To examine the relationship between KIF13B, hDLGI,
and LRP1-containing vesicles, myc-KIF13B was transfected to
KO MEFs with GFP-hDLGI or a dominant-negative mutant,
GFP-hDLG1-DN, composed of its KIF13B-binding region
(Fig. 6, A, C, and D). Myc-KIF13B and GFP-hDLGI coopera-
tively enhanced localization of each other to enlarged LRP1-
containing vesicles (Fig. 6 C; Fig. S4). On the other hand,
myc-KIF13B and GFP-hDLG1-DN showed diffuse distribution,
and were not localized to LRP1-containing vesicles (Fig. 6 D).
These findings indicate that hDLG1 links KIF13B to LRP1-
containing vesicles, and that the recruitment of KIF13B to LRP1
is important for the enhanced endocytosis of LRP1.

Next, we investigated the role of the coiled-coil domains. Be-
cause hDLG1 was observed not only on the sinusoidal but also
on the basolateral plasma membranes of hepatocytes (Fig. 7 A),
we assumed the presence of other factor(s), located on the



sinusoidal plasma membrane of hepatocytes, which bind to the
C-terminal region of KIF13B including the coiled-coil domains.

We first examined the binding between the coiled-coil
domains of KIF13B (829-1416) and the cytoplasmic domain of
LRP1 (4445-4544) using yeast two-hybrid experiments, but
could not detect any interaction between these proteins (unpub-
lished data). We then searched for binding partners of KIF13B
using immunoprecipitation experiments (Fig. 7 B). A 400-kD
band was coprecipitated with KIF13B in a WT-specific manner,
and was identified as utrophin (Tinsley et al., 1992; Guo et al.,
1996). Utrophin was expressed in MEFs and the liver (Fig. S3),
and was localized on the sinusoidal plasma membrane of he-
patocytes (Fig. 7 C), as previously reported (Takahashi et al.,
2005). Utrophin is composed of a calponin homology (CH) do-
main, 22 spectrin repeats, a WW domain, two EF hand regions,
and a ZZ domain zinc finger (Fig. 6 D; Haenggi and Fritschy,
2006). Utrophin is a component of dystrophin—dystroglycan
complex (Haenggi and Fritschy, 2006). The CH domain binds
to the actin cytoskeleton. The WW domain binds to DG, which
is localized along the sinusoidal plasma membrane of hepato-
cytes (Durbeej et al., 1998). Utrophin complex interacts with
caveolin-1 in caveolae (Ramirez-Sanchez et al., 2012) and utro-
phin competes with caveolin for the binding to BDG (Sotgia
et al., 2000; Ilsley et al., 2002).

We then searched for the binding domains between KIF13B
and utrophin using deletion mutants. First, we determined the
KIF13B-binding domain on utrophin using myc-tagged full-
length KIF13B and a series of FLAG-tagged utrophin mutants
(Fig. 7 D). Only the mutants containing the N-terminal region of
utrophin (1-1098) were able to bind to KIF13B. Therefore, this
region was defined as the KIF13B-binding domain on utrophin,
and was used to determine the utrophin-binding domain on
KIF13B (Fig. 7 E), and to create dominant-negative mutants of
utrophin (FLAG-Utrn-DN and Utrn-DN-GFP). Next, we deter-
mined the utrophin-binding domain on KIF13B using FLAG-
tagged utrophin (1-1098) and a series of myc-tagged KIF13B
mutants (Fig. 7 E). Utrophin (1-1098) bound to the C-terminal
region of KIF13B, which included the coiled-coil domains
(989-1843).

Because KIF13B binds to hDLG1 and utrophin through
the different domains, they can form hDLG1-KIF13B—utrophin
complex. To examine the presence of this complex in vivo, we
performed an immunoprecipitation experiment using WT and
KO mouse livers (Fig. 7 F). KIF13B, hDLG1, and utrophin
were coprecipitated from WT mouse liver. This WT-specific
co-precipitation of hDLGI1 and utrophin clearly indicates the
KIF13B-mediated linkage between utrophin and hDLG1. Be-
cause hDLG1 recruited KIF13B to LRPI-containing vesicles
(Fig. 6), KIF13B and hDLG1 can, in turn, recruit utrophin to the
vesicles. We performed a series of transfection studies using
FLAG-utrophin, GFP-KIF13B, and hDLG1 (Fig. 7, G-I). In the
absence of KIF13B, FLAG-utrophin was not localized to LRP1-
containing vesicles, but was diffusely distributed (Fig. 7 G). On
the other hand, FLAG-utrophin was localized to GFP-KIF13B/
LRP1—containing vesicles when GFP-KIF13B was cotransfected
with FLAG-utrophin (Fig. 7 H). FLAG-utrophin was also lo-
calized to enlarged GFP-KIF13B/hDLG1/LRP1-containing

vesicles in the cells cotransfected with FLAG-utrophin, GFP-
KIF13B, and hDLG1 (Figs. 6 C and 7 I). These data confirmed
the recruitment of utrophin to LRP1-containing vesicles via the
LRP1-hDLG1-KIF13B-utrophin linkage at the cellular level.

Utrophin was located on the sinusoidal plasma membrane
of hepatocytes, bound to the C-terminal region of KIF13B in-
cluding the coiled-coil domains, and formed LRP1-hDLGI1-
KIF13B—utrophin linkage. Therefore, we conclude that utrophin
is the factor that we assumed to be responsible for localizing
KIF13B to LRP1-containing vesicles with hDLGI1.

Utrophin links KIF13B to caveolae

Utrophin complex interacts with caveolin-1 in caveolae (Ramirez-
Sanchez et al., 2012), and utrophin competes with caveolin for
binding to BDG (Sotgia et al., 2000; IIsley et al., 2002). Given
the recruitment of utrophin to LRP1 via LRP1-hDLG1-KIF13B-
utrophin linkage and the association of KIF13B with caveolae on
the plasma membrane and with LRP1/caveolin-1-containing
endosomes (Figs. 3 D and 4 C), utrophin may play an important
role in the recruitment of LRP1 to caveolae.

First, we examined the role of utrophin in the linkage
between KIF13B and caveolae. For this purpose, we blocked
the binding between KIF13B and intrinsic utrophin using
FLAG-Utrn-DN, a dominant-negative mutant of utrophin com-
posed of its KIF13B binding domain (Fig. 7 D). To keep a
sufficient amount of FLAG-Utrn-DN during the expression of
GFP-KIF13B, KO MEFs were transfected with FLAG-Utrn-DN
and cultured for 8 h before being infected with GFP-KIF13B-
adenovector and cultured for additional 4 h (Fig. 7 J). GFP-
KIF13B was observed on the plasma membrane even in the
expression of FLAG-Utrn-DN; however, localization of cave-
olae to GFP-KIF13B was disrupted. Caveolae were localized
to GFP-KIF13B in the control cells, such as FLAG-Utrn-DN-
nonexpressing cells and control tagRFP-expressing cells (un-
published data). Therefore, utrophin plays an important role
in the linkage between KIF13B and caveolae.

Next, to investigate the effect of loss of the linkage be-
tween KIF13B and caveolae in the endocytosis of LRP1, Utrn-
DN-GFP was transfected with GFP-KIF13B and hDLG1 (Fig. 7 K,
also refer to panel I). Despite the coexpression of hDLG1, the
size of LRP1-containing vesicles was not enlarged (Fig. S4), al-
though Utrn-DN-GFP and GFP-KIF13B were associated with
the vesicles. Thus, utrophin-mediated linkage between KIF13B
and caveolae was required for the KIF13B-enhanced caveolin-
dependent endocytosis of LRP1. Taken together, the data from
our present study collectively conclude that KIF13B enhances
caveolin-dependent endocytosis of LRP1 through the recruit-
ment of LRP1 to caveolae via LRP1-hDLG1-KIF13B-utrophin—
caveolae linkage.

Discussion

In this study, we show that KIF13B enhances caveolin-dependent
endocytosis of LRP1 by recruiting LRP1 to caveolae through the
LRP1-hDLG1-KIF13B-utrophin—caveolae linkage (Fig. 8 A).
KIF13B binds to hDLG1 and utrophin via the MBS domain
and the C-terminal region containing the coiled-coil domains,

KIF13B enhanced endocytosis of LRP1 via caveolae ¢ Kanai et al.
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Figure 7.  Utrophin, a new KIF13B binding protein, links KIF13B to caveolae. (A) hDLG1 is located on the sinusoidal (arrowheads) and basolateral (arrows)
plasma membranes of hepatocytes. WT liver was stained for hDLG 1. (B) Identification of utrophin as a new binding protein for KIF13B. WT and KO mouse
liver homogenates were subjected to immunoprecipitation using an anti-KIF13B antibody. (C) Utrophin (Utrn) colocalized with KIF13B on the sinusoidal
plasma membrane of hepatocytes (arrowheads). WT liver was double stained for KIF13B and utrophin. (D) N-terminal region of utrophin (1-1098) binds
to KIF13B. Diagrams of the constructs for the FLAG-tagged utrophin mutants. Utrn (1-1098) was used to determine the utrophin-binding domain on KIF13B
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Figure 8. Proposed model for the role of
KIF13B in caveolin-dependent endocytosis
of LRP1. (A) KIF13B links LRP1 to caveolae
through the LRP1-hDLG1-KIF13B-utrophin—
caveolae linkage (this study). Utrophin com-
plex interacts with caveolin-1 in caveolae
(Ramirez-Sénchez et al., 2012) and utrophin
competes with caveolin for the binding to
BDG (Sotgia et al., 2000; llsley et al., 2002).
(B) KIF13B activates Arfé through the inhibi-
tion of Arf6-GAP activity of centaurin-a1, sub-
sequently enhancing the endocytosis nearby
(Venkateswarlu et al., 2005). (C) KIF13B, as
a motor protein, transports the endocytosed
vesicles along microtubules (Horiguchi et al.,
2006; Hirokawa et al., 2010).

utrophin

KIF13B \ centaurin-o § ==~

B KIF13B enhances endocytosis
by binding to GAP domain
of centaurin-o

C KIF13B transports vesicle
along microtubules

respectively (Fig. 7 E; Hanada et al., 2000). hDLG1 and utro- Venkateswarlu et al., 2007). Arf6 influences membrane traf-

phin, in turn, bind to LRP1-containing vesicles and caveolae, ficking and the functions of the actin cytoskeleton at the plasma
respectively (Figs. 6 and 7). membrane, such as endocytosis, exocytosis, and cell spread-

In addition to the MBS and the coiled-coil domains, the ing (Donaldson, 2003). KIF13B inhibits the Arf6-GAP activ-
FHA domain was required for KIFI13B to enlarge LRPI- ity of centaurin-al and activates Arf6 (Venkateswarlu et al.,
containing vesicles (Fig. 5). The FHA domain binds to the GAP 2005). Therefore, we predict that centaurin-a1, which is re-
domain of centaurin-a1 (Venkateswarlu et al., 2005). Centaurin- cruited to the plasma membrane upon PIP; generation by PI-

al is composed of PH and GAP domains. The PH domain binds 3-kinase, inactivates adjacent Arf6; however, KIF13B binds to
to PIP; and the GAP domain inactivates Arf6 (Czech, 2000; the GAP domain of centaurin-al to mask its activity, thereby

in E and to generate dominant-negative mutants (FLAG-Utrn-DN and Utrn-DN-GFP). “KIF13B binding”: the utrophin mutant was coprecipitated with myc-
KIF13B (+) or not (—). CH, calponin homology domain, an actin-binding motif; WW, WW domain; EF, EF hand region; ZZ, ZZ domain zinc finger; FLAG,
FLAG-ag sequence. (E) C-terminal region of KIF13B binds to utrophin. Diagrams of the constructs for the myc-tagged KIF13B mutants. “Utrophin binding”:
the KIF13B mutant was coprecipitated with FLAG-Utrn (1-1098) (+) or not (—). In D and E, the numbers indicate the amino acid positions in utrophin
and KIF13B, and the symbols “<” and “*" in the right panels indicate immunoprecipitated and coprecipitated proteins, respectively (green, myc-KIF13B
mutants; red, FLAG-Utrn mutants). (F) KIF13B links utrophin and hDLG 1. Inmunoprecipitation from WT and KO mouse liver homogenates using antibodies
against KIF13B, hDLG1, utrophin, and KIF5B (control). hDLG1 and utrophin were coprecipitated in a WT-specific manner (*). (G-) KIF13B links utrophin
to LRP1-containing vesicles via hDLG1. KO MEFs were transfected with FLAG-Utrn alone (G), with FLAG-Utrn and GFPKIF13B (H), and with FLAG-Utrn,
GFPKIF13B, and hDLG1 (l). (G) FLAG-Utrn showed diffuse distribution in the absence of KIF13B. (H) FLAG-Utrn and GFP-KIF13B were colocalized on
LRP1-containing vesicles. 84.3 + 9.8% and 85.5 + 15.5% of GFPKIF13B-positive areas were LRP1 and FLAG-Utrn positive, respectively (mean = SD,
n = 25 cells). (I) FLAG-Utrn and GFP-KIF13B were colocalized on enlarged LRP1-containing vesicles under the coexpression of exogenous hDLG1. 83.0 =
11.4% and 93.6 + 7.2% of GFPKIF13B-positive areas were LRP1 and FLAG-Utrn positive, respectively (mean = SD, n = 25 cells). (J) Utrophin links KIF13B
to caveolae. KO MEFs, cultured for 8 h after transfection with FLAG-Utrn-DN, were infected with GFP-KIF 13B-adenovector and cultured for an additional
4 h. Localization of caveolae to GFP-KIF13B on the plasma membrane was disrupted in the FLAG-Utrn-DN-expressed cells (arrows), whereas caveolae
were localized to GFP-KIF13B in the nonexpressed cells (arrowheads) or in the control tagRFP-expressed cells (not depicted). (K) Utrophin is required for the
enhanced endocytosis of LRPT. KO MEFs were transfected with Utrn-DN-GFP, myc-KIF13B, and hDLG1. Utrn-DN-GFP and mycKIF13B were colocalized
on LRP1-containing vesicles; however, LRP1-containing vesicles were not enlarged even under the coexpression of exogenous hDLG1. 62.3 + 17.2% and
64.4 + 20.1% of mycKIF13B-positive areas were LRPT and Utrn-DN-GFP positive, respectively (mean + SD, n = 24 cells). (G-K) FLAG-Utrn/Utrn-DN, myc-
KIF13B, intrinsic LRP1, and intrinsic caveolin-1 were stained with antibodies against FLAG, myc, LRP1, and caveolin-1, respectively. Arrowheads point to
LRP1-containing vesicles in the transfected cells (G-I and K). The bottom panels show higher magnification images of the boxed areas. Bars: (main panels)
10 pm; (insets) 5 pm.
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allowing Arf6 to proceed with the endocytosis nearby (Fig. 8 B).
After endocytosis, KIF13B would transport the endocytosed
vesicle along microtubules as a motor protein (Fig. 8 C).

Caveolin-1 was located along the edge of the plasma
membrane of WT and KO MEFs (Fig. 4 B); however, it showed
focal distribution on the plasma membrane with exogenous
KIF13B (Fig. 4 C, 4 h). Focal distribution of KIF13B was ob-
served even when the linkage between KIF13B and caveolae
was disrupted (Fig. 7 K). These results indicate that KIF13B is
primarily localized focally on the plasma membrane, to which
caveolae migrate.

LRP1 was not localized to KIF13B/caveolae on the plasma
membrane in the cells cultured for 4 h after infection (Fig. 3 D;
Fig. 4 C, 4 h). With time, LRP1 became localized to KIF13B/
caveolae (Fig. 3 D; Fig. 4 C, 6 h) and was translocated to the
vesicles in the cytoplasm with KIF13B and caveolin-1 (Fig. 3 D;
Fig. 4 C, 6 h and 8 h). Given the requirement of LRP1 for the
formation of KIF13B-positive vesicles (FIg. 3 F), recruitment
of LRP1 to KIF13B/caveolae is a key event in the progression
of endocytosis. The activity of PI-3-kinase is required for the
insulin-stimulated migration of LRP1 to caveolae in adipocytes
(Zhang et al., 2004). Because the activation of PI-3-kinase also
drives FHA—centaurin-o 1-Arf6—endocytosis cascade as discussed
above, the precise molecular mechanism of how the FHA domain,
together with PI-3-kinase, is involved in the KIF13B-enhanced
endocytosis of LRP1 should be investigated in future studies.

The effect of the loss of KIF13B on the uptake of LDL
was limited (Fig. 2 G, uptake of LDL by KO MEFs was ~60%
of that of WT). LRP1 uses the clathrin-dependent endocytic
pathway in addition to the caveolin-dependent one (Zhang et al.,
2004), and there are other receptors for LDL, such as LDLr. In-
deed, KIF13B was not associated with a portion of early endo-
somes containing LDL (Fig. 2 E). Therefore, we conclude that
LDL is also endocytosed through KIF13B-independent path-
ways, especially in the absence of KIF13B.

Certain kinds of receptors are endocytosed via the
caveolin-dependent pathway (Pelkmans and Helenius, 2002).
KIF13B is expressed ubiquitously (Fig. 1 A), but there are sev-
eral hDLG1-like proteins, e.g., hDLG1 to hDLG4, which show
distinct tissue distributions and interact with kinds of receptors
(Fujita and Kurachi, 2000; Anderson and Grant, 2006; Hsueh,
2006). Therefore, a general mechanism could be possible, whereby
KIF13B works as a scaffold protein that links receptors to the
caveolin-dependent endocytic pathway in combination with
their corresponding hDLG1-like proteins.

In contrast to piles of information about clathrin-
dependent endocytosis, little is known about how caveolin-
dependent endocytosis is regulated. This is the first demonstration
of a molecular mechanism where a receptor is recruited to caveo-
lae and endocytosed through the caveolin-dependent pathway.

Materials and methods

Clones and transfection

A KIF13B cDNA was cloned from a mouse brain <cDNA library. VSVG-
LRP1-tagRFP and VSVG-LDLr-tagRFP were constructed using VSVG (Nakata
and Hirokawa, 2003), partial LRPT (FANTOM 3 B930091M07), and full-
length LDLr (FANTOM 3 G530109HO06) clones. An hDLG1[13] cDNA was
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constructed using FANTOM 3 clones (full-length hDLG1{12]: F430107E01;
partial hDLG1[13]: 3830420N02). A caveolin-1 <DNA was constructed
using a FANTOM 3 clone (9530073F05). A utrophin ¢cDNA was a gift
from J.M. Ervasti (University of Minnesota, Minneapolis, MN; Guo et al.,
1996). The deletion mutants were constructed by restriction enzyme diges-
tion or PCR. These cDNAs were confirmed by sequencing, and were tagged
with GFP (Takara Bio Inc.), tagRFP (Evrogen), and myc (MEQKLISEEDL)
sequences. GFPKIF13B-adenovector was generated using the ViraPower
adenoviral expression system (Invitrogen) according to the manufacturer’s
protocol. Cells were transfected using Lipofectamine 2000 (Invitrogen) or
infected with GFP-KIF 13B-adenovector according to the manufacturer’s pro-
tocol. Transfected cells were cultured for 16 h before observation, unless
otherwise noted. Infected cells were cultured for 2-16 h before observation.

Antibodies

An antiKIF13B polyclonal antibody was produced by immunizing rab-
bits with a purified GST-tagged C-terminal KIF13B protein (1382-1843)
expressed in BL21(DE3) Escherichia coli using the pGEX-4T-3 vector (GE
Healthcare). The GST tag was removed from the protein by thrombin di-
gestion before immunization. The antiserum was affinity purified using
the antigen coupled to CNBr-activated Sepharose 4B beads (GE Health-
care). A rabbit polyclonal anti-KIF5B antibody, generated against the
C-terminal sequence of KIF5B, was described previously (Kanai et al.,
2000). Goat polyclonal anti-albumin (Bethyl Laboratories, Inc.), rat
monoclonal anti-LAMP2 (ABL-93; Santa Cruz Biotechnology, Inc.), rabbit
monoclonal anti-lRP1 (EPR3724; Abcam), rabbit monoclonal anti-LDLr
(EP1553Y; Abcam), rabbit polyclonal anti-caveolin (sc-894; Santa Cruz
Biotechnology, Inc.), mouse monoclonal anti-clathrin heavy chain (clone
23; BD), rabbit polyclonal anti-hDLG1 (sc-25661; Santa Cruz Biotechnol-
ogy, Inc.), mouse monoclonal anti-utrophin (20C5, Abcam; 8A4, Santa
Cruz Biotechnology, Inc.), mouse monoclonal anti-myc (9B11; Cell Sig-
naling Technology), and mouse monoclonal anti-FLAG (M2; Sigma-Aldrich)
primary antibodies were purchased commercially. Alexa Fluor-conjugated
secondary antibodies and Alexa Fluor 568-conjugated phalloidin were
purchased from Invitrogen.

Gene targeting of kif13b

A 13.5kb genomic clone was isolated from a AEMBL3 genomic library of
the embryonic stem (ES) cell line CMT1-1 using standard procedures (Kanai
et al., 2000). A targeting vector was constructed using a promotertrap
strategy, and three loxP elements were inserted among the following four
parts: (1) a 2-kb 5’ homologous region (short arm); (2) a 2.3-b region
(middle arm) containing the ATP-binding motif P-loop exon (p) and its up-
stream exon (p-1); (3) a newly introduced SA-IRES-Bgeo-polyA cassette;
and (4) a 9kb 3’ homologous region (long arm).

The targeting vector was linearized by Notl digestion and electro-
porated into the ES cells. The homologous recombinant ES clones were iso-
lated, and injected into blastocysts as described previously (Kanai et al.,
2000). The chimeric mice were bred to C57BL/6) females, and the trans-
mission of the neo allele to the agouti offspring was examined by PCR
using the primer set of neoF (5" TGGGCACAACAGACAATCGG-3') and
neoR (5'-ACTTCGCCCAATAGCAGCCAG-3'). Kif13b%*/* mice were
mated with CAG-Cre mice to remove the p and p-1 exons together with the
IRES-Bgeo-polyA cassette to obtain KO mice. The mice were maintained by
backcrossing with C57BL/6) mice for more than 10 generations in a spe-
cific pathogen-free environment. We determined the genotypes of the mice
by PCR with primer sets p1 (5’-TTTAGCTCAGTGGCAGAGTGCTC-3') and
p2 (5'-ACACACCTGACCATGTITGGG-3') for the WT dllele, and p1 and
p3 (5'-TCACTGATCCATCTCTCCAGCACC-3') for the KO allele. We used
male mice to investigate the liver function to avoid the effects of pregnancy
in this study.

Histological analyses

Mice were anesthetized and fixed by perfusion with 4% paraformalde-
hyde in PBS. Tissues were dissected out and fixed with 10% formalin. The
tissues were then dehydrated in ethanol, embedded in paraffin, sectioned
serially at 7-pm thickness using a microtome (model HM355; Rotary Mi-
crotome), and subjected to hematoxylin/eosin or Bodian staining accord-
ing to standard methods. The stained sections were observed using an
Axiophot light microscope (Carl Zeiss) equipped with a digital camera
(model DXM1200; Nikon).

Hepatocyte isolation

The hepatocytes from 8-wk-old male mice were isolated using hepatocyte
media (Gibco) according to the manufacturer’s protocol. Isolated hepato-
cyfes were subjected to immunoblotting analyses.



Establishment of immortalized MEFs

Primary MEFs were obtained from WT and KO mice at E13.5. For immor-
talization with the SV40 large T antigen, the cells were transfected with the
pSV3hyg vector (Ueno et al., 2011) using the Effectene transfection re-
agent (QIAGEN) according to the manufacturer’s protocol, and then sub-
cloned in the presence of 200 pg/ml hygromycin B (Invitrogen). The trans-
formed clones were maintained in high-glucose DMEM (Gibco) supple-
mented with 10% FCS at 37°C in a humidified 5% CO, atmosphere.

RNA interference (RNAI)

A BLOCK-T Pol Il miR RNAi expression kit (Invitrogen) was used according to
the manufacturer’s protocol. Four miRNAs for LRP1 were designed by BLOCK-
iT RNAi Designer (https://rnaidesigner.lifetechnologies.com/raiexpress)
based on the mouse LRP1 sequence (GenBank/EMBL/DDB]J accession no.:
NM_008512). As a marker, tagRFP was inserted into the Dral-Sall sites of
the vectors. The knockdown vectors were transfected into kif13b KO MEFs.
At 12 h after transfection, the medium was replaced and the cells were incu-
bated for another 48 h. The cells were then used for transfection experiments
with GFP-KIF13B. Knockdown of intrinsic LRP1 was confirmed by immuno-
fluorescence microscopy using an anti-LlRP1 antibody. Two of the miRNA
vectors successfully suppressed intrinsic LRP1 and showed same results.
Their inserted sequences were 5'-TGCTGTAAAGATTGTCTCCCATCCAGG-
TTTTGGCCACTGACTGACCTGGATGGGACAATCTTTA-3" and 5'-TGCT-
GTTAAGCTGAACACCAATGCCTGTTTTGGCCACTGACTGACAGGCATT-
GGTTCAGCTTAAZ'".

Fluorescence staining

We performed immunostaining of liver sections and cultured cells using a
standard protocol (Kanai et al., 2000). For immunostaining of liver sec-
tions, mice were anesthetized and fixed by perfusion with 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.2). The tissues were cryopro-
tected with increasing concentrations of sucrose, embedded with O.C.T.
embedding medium (Sakura), and frozen in 2-methylbutane cooled with
liquid nitrogen. Tissue sections of 15-ym thickness were further fixed with
4% paraformaldehyde in 0.1 M phosphate buffer, and then permeabilized
with 0.1% Triton X-100 in PBS. For immunostaining of cultured cells, the
cells were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer and
then permeabilized with 0.1% Triton X-100 in PBS. After blocking with 1%
BSA in PBS, the sections and cells were incubated with primary antibodies
in the same buffer, followed by incubation with Alexa Fluor—conjugated
secondary antibodies. For double staining using rabbit antibodies (Fig. 3 B;
anti-LlRP1 and anti-KIF13B antibodies), we used an Alexa Fluor 488-
conjugated anti-KIF13B antibody (Invitrogen) as the fertiary antibody in
1% BSA and 10% normal rabbit serum in PBS (Kanai et al., 2004). To in-
vestigate the localization of GFP-KIF13B and endocytosed LDL (Fig. 2 E),
GFPKIF13B-transfected cells were rinsed twice with Opti-Mem (Invitro-
gen), incubated in Opti-MEM containing 10 pg/ml Dil-LDL (Biomedical
Technologies) for 7 min at 37°C, immediately rinsed three times with PBS,
and fixed with 4% paraformaldehyde in 0.1 M phosphate buffer. Samples
were observed under a confocal laser-scanning microscope (LSM-510
Duo; Carl Zeiss) equipped with a C-Apochromat 40x/1.2 W lens (Carl
Zeiss). Images were captured by a camera (AxioCamHRc; Carl Zeiss)
using its accompanying LSM 510 software (Carl Zeiss) at room tempera-
ture. For filipin staining (Fig. 2 F), KO MEFs transfected with GFP-KIF13B
were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer. After in-
cubation with 50 pg/ml filipin (Sigma-Aldrich) in PBS at room temperature
for 2 h, cells were observed under an microscope (IX70; Olympus)
equipped with a UPlanApo 40x/1.00 lens using U-MWU?2 (filipin) and
U-MNIBA2 (GFP) filter sets (Olympus). Images were captured by a Cool-
SNAPcf camera (Photometrics) using MetaCam software (Universal Imaging
Corp.) at room temperature. Processing of the images and colocalization
and vesicle size analyses were performed using Image) 1.47 with “Colo-
calization” and “Particle Analysis (Nucleus Counter)” plugins (National In-
stitutes of Health, Bethesda, MD).

Dil-LDL uptake

WT and KO MEFs (Fig. 2 G), or KO MEFs infected with GFP-KIF13B- or GFP-
adenovector and cultured for 6 h after infection along with noninfected KO
MEFs (Fig. 2 H), were rinsed twice with Opti-MEM and incubated with Opti-
MEM containing 10 pg/ml DiHDL for 10, 20, or 40 min (Fig. 2 G), or 20
min (Fig. 2 H) at 37°C. Cells were then rinsed three times with PBS and fixed
with 4% paraformaldehyde in 0.1 M phosphate buffer. Cells were stained
with DRAQS5 (Cell Signaling Technology) to count the cell number. Intensities
of the Dil signal from endocytosed Dil-LDL were measured and the cell
numbers in the same field were counted under a confocal laser-scanning mi-

croscope (LSM-510 Duo; Carl Zeiss) equipped with a Plan Apochromat
20x/0.8 NA lens (Carl Zeiss). Intensities of Dil signal, subtracted by back-
ground level (intensity of non-Dil loaded cells), corrected by cell number,
were compared between WT and KO MEFs (Fig. 2 G) or between GFP-
KIF13B- or GFP-adenovector infected and noninfected KO MEFs (Fig. 2 H).
Processing of the images was performed with Image) 1.47.

Blood biochemistry

We used littermate WT and KO adult male mice for the blood biochemical
analyses. We anesthetized the mice, opened their chests, and directly ob-
tained blood samples from the left ventricle using 1-ml syringes equipped
with a 25-gauge needle. The blood samples were quickly mixed with ice-
cold sodium citrate to a final concentration of 10 mM, and centrifuged at
2,000 g for 20 min at 4°C. The serum supernatants were used for choles-
terol and fVIII analyses. The total serum cholesterol concentrations were
measured using a Cholesterol E kit (Wako Chemicals USA) according to
the manufacturer’s instructions. The cholesterol profiles of the serum lipo-
proteins were analyzed using a high-sensitivity lipoprotein profiling system
with high-performance liquid chromatography (Okazaki et al., 2005) at
Skylight Biotech (Akita, Japan). The serum fVIII activities were measured
using a clotting time method at SRL, Inc. (Tokyo, Japan).

Immunoprecipitation and protein identification

Immunoprecipitation and protein identification were performed as de-
scribed previously (Kanai et al., 2004). In brief, WT and KO mouse livers
were homogenized in a homogenizing buffer (50 mM Tris-HCI, pH 8.0,
150 mM NaCl, 1% Triton-X, and 0.5% NP-40) supplemented with prote-
ase inhibitors (Roche). Homogenates, precleared with Protein G-Sepharose
Fast Flow (GE Healthcare), were applied to immunoprecipitation using an-
tibodies and Protein G-Sepharose Fast Flow according to the manufactur-
er’s instructions. To identify the proteins separated on SDS-PAGE gels,
bands excised and digested with trypsin (Roche) were subjected to a 4700
Proteomics Analyzer (Applied Biosystems).

Binding assay

FLAG-tagged full-length or truncated utrophin and myc-tagged full-length
or truncated KIF13B were cotransfected in HEK293A cells. Cells, cultured
for 16 h after transfection, were lysed in the homogenizing buffer, fol-
lowed by immunoprecipitation using anti-myc and anti-FLAG antibodies.
The precipitants, separated on SDS-PAGE gels, were stained with Coo-
massie brilliant blue.

Online supplemental material

Fig. S1 shows the targeted disruption of the mouse kif13b gene. Fig. S2
shows the histological analyses of major organs from WT and KO mice.
Fig. S3 shows the immunoblotting analyses of WT and KO MEFs and
livers using antibodies against KIF13B, KIF5B, LRP1, LDLr, hDLG1, and
utrophin. Fig. S4 shows quantitative analyses of the size of LRP1-containing
vesicles. Online supplemental material is available at http://www.jcb.org/
cgi/content/full/jcb.201309066/DC1.
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