EHBP1L1 coordinates Rab8 and Bin1 to regulate
apical-directed transport in polarized epithelial cells
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The highly conserved Rab guanosine triphosphatase (GTPase) Rab8 plays a role in exocytosis toward the polarized
plasma membrane in eukaryotic cells. In murine Rab8-deficient small intestine cells, apical proteins are missorted into
lysosomes. In this study, we identified a novel Rab8-interacting protein complex containing an EH domain-binding pro-
tein 1-like 1 (EHBP1L1), Bin1/amphiphysin Il, and dynamin. Biochemical analyses showed that EHBP1L1 directly bound
to GTP-loaded Rab8 and Bin1. The spatial dependency of these complexes at the endocytic recycling compartment (ERC)
was demonstrated through overexpression and knockdown experiments. EHBP1L1- or Bin1-depleted or dynamin-
inhibited small intestine organoids significantly accumulated apical membrane proteins but not basolateral membrane
proteins in lysosomes. Furthermore, in EHBP1L1-deficient mice, small intestine cells displayed truncated and sparse mi-
crovilli, suggesting that EHBP1L1 maintains the apical plasma membrane by regulating apical transport. In summary,
our data demonstrate that EHBP1L1 links Rab8 and the Bin1-dynamin complex, which generates membrane curvature
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and excises the vesicle at the ERC for apical transport.

Introduction

In polarized epithelial cells, the transport pathway is directed
to the apical or basolateral plasma membrane, which differ in
protein and lipid composition (Rodriguez-Boulan et al., 2005).
Several findings suggest that newly synthesized protein ex-
ported from the TGN is delivered to the endocytic recycling
compartment (ERC), which is regarded as a recycling endo-
some, and sorted to the apical or basolateral plasma membrane
(Ang et al., 2004; Thuenauer et al., 2014).

Rab GTPases belong to the Ras small GTPase super-
family (Wennerberg et al., 2005). More than 60 mammalian
Rab proteins define vesicle and organelle identity by re-
cruiting various binding proteins to the membrane. The Rab
protein acts upstream of SNARE-mediated fusion to the tar-
get membrane (Barr, 2013).

Rab8 is a highly conserved small GTPase in eukaryotic
cells and regulates exocytic transport to a polarized plasma
membrane (Perdnen, 2011). The mammalian genome encodes
two Rab8 isoforms: Rab8a and Rab8b. Small intestine cells
in both Rab8a knockout (KO) and Rab8a/8b double-knockout
(DKO) mice show accumulated apical cargo proteins in lyso-
somes, which suggests that Rab8 is involved in apical transport
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(Sato et al., 2007, 2014). Previous studies provide insight into
the molecular mechanisms related to Rab8. In Saccharomyces
cerevisiae, the Rab8 homolog Sec4 plays a role in exocytic vesi-
cle motility with Myo2, an actin-based motor protein, and medi-
ates vesicle docking to a polarized plasma membrane by binding
to a tethering complex, the exocyst (Guo et al., 1999; He and
Guo, 2009; Jin et al., 2011). Importantly, small intestines from
microvillus inclusion disease patients with a gene mutation for
Myo5B, a mammalian homolog of yeast Myo2, exhibit short
microvilli and microvillus inclusion bodies, which are also ob-
served in Rab8 KO mouse intestine cells (Sato et al., 2007; Rue-
mmele et al., 2010). Despite its role in exocytic vesicle motility
and tethering, Rab8 is mainly localized to the ERC in mammals
and Caenorhabditis elegans, indicating unknown functions of
Rab8 at the ERC (Hattula et al., 2006; Sharma et al., 2009; Shi
etal.,2010). Emerging evidence suggests that Rab proteins may
coordinate with Bin/Amphiphysin/Rvs (BAR) domain proteins,
which are membrane curvature sensing/generating proteins on
the ERC (Pant et al., 2009; Giridharan et al., 2013).

In this study, we identified a novel Rab8-binding pro-
tein complex, EHBP1L1-Binl-dynamin, and demonstrated its
role in apical transport. Our results suggest that this complex
localizes to the ERC and functions in the generation of vesi-
cles/tubules containing apical cargo proteins. In small intestine
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organoids, such as in small intestines from Rab8a/b KO mice,
depletion of EHBPIL1 and Binl or inhibition of dynamin
GTPase activity caused missorting of the apical proteins.

Results and discussion

Identification of EHBP1L1 as a novel Rab8-
binding protein

To identify novel proteins that bind Rab8 and that function pre-
dominantly in epithelial cells, we used yeast two-hybrid screen-
ing with a Rab8 GTP-restricted form against a mouse small
intestine cDNA library. We obtained several positive clones
from this screening. Most were previously reported, such as
microtubule-associated monooxygenase, calponin, and LIM
domain—containing 1 (MICAL 1), MICAL-like 1, MICAL-L2,
and optineurin (Sahlender et al., 2005; Rahajeng et al., 2010).
Seven clones represented the same uncharacterized gene that
encoded the full-length EHBPILI isoform 3 (Fig. 1 A). Three
EHBPILI isoforms were highly expressed in the lung and
small intestine among several tissues (Fig. 1 B).

EHBPILI includes three conserved domains: the C2 do-
main, the calponin homology (CH) domain, and the coiled-coil
(CC) domain (Fig. 1 A). Previous studies show that the C2 do-
main binds phosphatidylserine and phosphatidylethanolamine
(Lemmon, 2008). The CH domain has been observed in sev-
eral F-actin—binding proteins (Sjoblom et al., 2008). The CC
domain is conserved among many Rab-binding proteins, such
as MICAL-1, MICAL-L1, MICAL-L2, and EHBP1 (Yama-
mura et al., 2008; Sharma et al., 2009; Giridharan et al., 2013).
EHBPI1 and EHBPIL1 in particular exhibit a similar domain
composition and aa sequence identity (65% in C2, 75% in CH,
and 71% in the CC domain). EHBPI1L1 features a unique re-
gion between the CH and CC domains. The region includes
a proline-rich (PR) sequence with seven PXXP motifs, which
has been predicted to bind to SH3 domain—containing proteins
(Fig. 1 A; Lee et al., 2002). EHBP1L1 bound a GTP-restricted
form of Rab8a, Rab8b, Rab10, and Rab13 among 35 Rab pro-
teins in a yeast two-hybrid assay. All of the bound Rab proteins
are members of the Sec4/Rab8 subfamily (Fig. 1 C; Perei-
ra-Leal and Seabra, 2001). The EHBP1L1 binding was specific
for the GTP form but not for the GDP form (Fig. 1 D). These
results suggest that EHBP1L1 specifically binds members of
the Sec4/Rab8 subfamily.

We further confirmed the binding specificity using an in
vitro pull-down assay between several GTP-loaded Rab pro-
teins and a GST-fused CC domain of EHBP1L1 and EHBPI1,
as well as coimmunoprecipitation in HEK293 cells (Fig. 1, E
and F). In the in vitro pull-down assay, EHBP1L1 specifically
bound Rab8a and weakly bound Rab13. In contrast, EHBP1
bound Rab8a and Rab10 and faintly bound Rab13, but it did not
bind Rabla or Rabl1a (Fig. 1 E). To examine in vivo binding,
HEK293 cell lysates coexpressing FLAG-tagged EHBPIL1
and EGFP-tagged Rab proteins were immunoprecipitated using
a FLAG antibody. Rab8a was most strongly coprecipitated
among the Sec4/Rab8 subfamily (Fig. 1 F). Collectively, we
conclude that EHBP1L1 is a specific binding protein for Rab8.

The EHBP1L1 PR domain binds Bin1

We took a biochemical approach to search for EHBPILI-
interacting proteins to gain further insight into EHBPILI.
Although EHBPILI1 is highly expressed in lung and small
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Figure 1. EHBPILI is a novel Rab8-interacting protein. (A) Schematic rep-
resentation of EHBP1L1. CH, calponin homology domain; CC, coiled-coil
domain. Seven PXXP motifs are indicated by triangles. (B) Lysates from
different mouse tissues were immunoblotted using an EHBPTL1 antibody.
EHBPIL1 splicing isoforms based on the GenBank database are indi-
cated by arrows. (C) A yeast two-hybrid assay between EHBP1L1 and
the GTP-restricted forms of Rab proteins. The cells were grown on SC-IW
plates, and five independent colonies were restreaked on QDO plates.
(D) Yeast two-hybrid assay using EHBP1L1 and the GTP or GDP forms of
Rab-8a, 8b, 10, and 13. (E) In vitro pull-down assay using recombinant
GSTEHBP1L1-CC (top) or GST-EHBP1-CC (bottom) and the lysate from
HEK293 cells expressing the FLAG-tagged GTP-form of Rab, as indicated.
The transferred protein was stained with Ponceau S (PS) to detect GST-
fusion proteins. The bound Rab proteins were detected by immunoblotting
using a FLAG antibody. (F) HEK293 cell lysates coexpressing FLAG-tagged
EHBPIL1 and EGFPtagged Rab, or EGFP proteins were immunoprecipi-
tated using a FLAG antibody.

intestine (Fig. 1 B), these lysates were unsuitable for this ap-
proach because of low protein yields and high protease activity.
Therefore, we used mouse brain or human Caco-2 cell lysates
for a pull-down screen with GST-fusion proteins of the C2 do-
main and PR domain of EHBPILI (Fig. 2, A and C). From the
brain lysate, mass spectrometry identified several proteins that
were pulled down with the PR domain, including amphiphysinl
(Amphl), Binl (also termed as amphiphysin II), and dynaminl
(Fig. 2 D). Similarly, we also obtained Binl from Caco-2 ly-
sate (Fig. 2 C). We confirmed an interaction between the PR
domain and Binl through immunoblotting (Fig. 2, B and C).
We demonstrated a direct interaction between the EHBP1L1
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EHBP1L1 proline-rich domain binds Bin1. (A) GST
pull-down assay using mouse brain lysate and the GST-C2
domain or PR domain of EHBP1L1. The protein gel was vi-
sualized through silver staining. The bands with arrows
or asterisks were digested and analyzed by mass spec-
trometry. The asterisks indicate - and B-tubulin. (B) Pulled-
down proteins were immunoblotted using a Bin1 antibody.
Coomassie brilliant blue-stained gel shows the GST fusion
protein input. (C) GST pulldown assay using Caco-2 lysate
and a GST or GSTEHBP1L1 PR domain. Top, silver-stained
gel; bottom, immunoblotting image using a Bin1 antibody;

%'-! *, o- and p-tubulin. (D) List of proteins detected by mass spec-

trometry from the brain lysate. (E) Schematic representations
showing amphiphysin1, Bin1, Bin1-SH3, and Bin1-ASH3. (F
and G) In vitro pulldown assay using purified recombinant

Accession  Description mW [Da] Peptides protein, Amph1, Bin1, and Bin1-ASH3 (F) or Bin1-SH3 (G)
IPI00400180.1 Amph Amphiphysin 74967 15 and either immobilized GST or the GST+tagged PR domain.
IPI00114352.1 Bin1 Isoform 1 of Myc box dependent interacting protein 1 64430 6 Coomassie brilliant blue stain. We loaded 1 pg Amphl,
1P100282748.4 Bin1 Isoform 2 of Myc box dependent interacting protein 1 47983 7 Bin1, Bin1-ASH3, and Bin1-SH3 as input.
IP100458777.2 Bin1 myc box dependent interacting protein 1 isoform 2 52731 9
1P100272878.6 Dnm1 Isoform 1 of Dynamin 1 97802 1
E Amph1 BAR SH3
Bin1 BAR SH3
Bin1-ASH3 BAR
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PR domain and full-length Amphl and Binl using purified
proteins (Fig. 2 F). Next, we examined the series of truncated
Binl constructs shown in Fig. 2 E. Binl harboring an SH3 do-
main interacted with EHBP1L1, whereas the protein lacking
the SH3 domain did not (Figs. 2, F and G). These data indi-
cate that EHBPILI1 binds directly to Binl via its C-terminal
SH3-containing region. Amphl and Binl sense and generate
membrane curvature via a BAR domain and couple the mem-
brane scission (Meinecke et al., 2013; Daumke et al., 2014).
Hereafter, we focused on Binl, which is expressed ubiqui-
tously, rather than Amphl, expressed specifically in the brain
(De Camilli et al., 1993; Butler et al., 1997).

Rab8, EHBP1L1, and Bin‘1 stabilize each
other’s localization to the ERC

We then assessed the subcellular localization of Rabs,
EHBPIL1, and Binl in HeLa cells (Fig. 3) and the mouse mam-
mary epithelial cell line EpH4 (Figs. 4 and S2). In HeLa cells,
Rab8 localizes to the prominent tubular structures that are re-
ferred to as the ERC (Maxfield and McGraw, 2004; Hattula et
al., 2006). Although HeLa is a nonpolarized cell line, we took
advantage of these structures to test the dependence of each pro-
tein there (Figs. 3 and S1). Binl and EHBP1LI1 or Binl and

Rab8a colocalized to the ERC. We also observed heterogeneous
distribution between these proteins to some parts of the ERC
(Fig. 3, A and B). Rab8a and Binl also colocalized with exog-
enously expressed FLAG-tagged EHBPIL1 in HeLa cells. In
these cells, Rab8a and Binl exhibited strong recruitment to the
ERC (Fig. S1 A). Next, each protein was depleted to examine
the effect on the localization of the remaining proteins to tubu-
lar structures. Rab8a/8b, EHBP1L1, and Binl siRNA efficiently
depleted the expression of each protein (Fig. 3 C). The immu-
nofluorescence data showed that the loss of one protein altered
the localization of the other proteins (Fig. 3, D and E). We also
confirmed that the tubular ERC marked by CD147 was not al-
tered in shape in these cells (Fig. S1 B). This result suggests that
the three proteins stabilize each other’s localization.

The apical cargo protein is transported
through the ERC in polarized epithelial cells
Unlike in HeLa cells, EHBP1L1 localized to punctate structures
throughout the cytoplasm in confluent monolayers of EpH4
cells (Fig. S2, A and B). EHBPIL1 overlapped with Binl and
Rab8a on these structures (Fig. 4, A and B).

To define the EHBP1L1-positive punctate structures, the
cells were costained for endosomal and lysosomal proteins.

EHBP1L1 regulates apical transport * Nakajo et al.
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Figure 3. Rab8, EHBPIL1, and Binl stabi-
lize each other on the tubules. (A) Immunoflu-
orescence for EHBPIL1, Binl, and Rab8a in
Hela cells. The enlarged views at the bottom
show the overlap of the proteins on the tubular
structures. Areas a and b are representative
regions of the ERC depicting uniform inten-
sity and heterogeneous infensity between the
two proteins, respectively. Bars: (magnified
views) 1 pm; (other views) 10 pm. (B) Cor-
relation analysis comparing the distribution of
EHBP1L1/Bin1 and Rab8/Bin1 in the whole
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EHBPILI1 colocalized with the ERC, labeled with internal-
ized transferrin, and partially overlapped with the sorting/early
endosomal protein sorting nexinl (SNX1) and the late endo-
somal/lysosomal protein Lamp2 (Figs. 4 B and S2 B). These
data indicate that EHBP1L1 localizes to the ERC in epithelial
cells as well as HeLa cells.

Next, we investigated whether the EHBPI1L1-positive
ERC in epithelial cells is a route for apical and basolateral
cargo proteins, as previous studies suggested that the ERC is
a sorting center for apical and basolateral destinations (Ang et
al., 2004; Thuenauer et al., 2014). EpH4 cells expressing the
apical model cargo protein VSV*-FLAG-mCherry-GPI were
cultured at 40°C and incubated at 32°C to release the protein
from the ER. After a 90-min chase, the protein was localized
to punctate structures and colocalized with EHBPIL1 (Fig. 4,
C and D). VSVG**-GFP, a model cargo protein for the ba-
solateral pathway, also colocalized with EHBP1L1-positive
endosomes (Figs. 4 D and S2 C). These data suggest that the
apical and basolateral cargo proteins traffic through the ERC in
polarized epithelial cells.

As previously reported, Rab8 deficiency induces the mislocal-
ization of apical plasma membrane proteins to lysosomes in
small intestine cells (Sato et al., 2014). We sought to determine

cell (whole), the region positive for the two
proteins (a), and the region positive for either
protein (b). Data are mean = SEM from at least
10 cells. ***, P < 0.001 relative to control;
Student's t test. (C) KD efficiency of Rab8,
Bin1, and EHBP1L1 in Hela cells. Lysates were
analyzed by immunoblotting. Lamin B was
used as a loading control. (D and E) Hela cells
transfected with siRNA for Rab8a and Rab8b,
EHBP1LT, or Binl were stained with Rab8,
Bin1, or EHBPIL1 antibody (green). Nuclei
were indicated using DAPI (blue). Bar, 20 pm.
(E) Quantification of the percentage of cells
with tubular structures. Data are mean + SEM
from at least three independent experiments.
*, P<0.05 ** P<0.01; *** P <0.001
relative to control; Student’s t test.
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whether EHBP1L1 and Binl also aid in transporting api-
cal proteins in small intestine epithelial cells. EHBP1L1 and
Binl were successfully depleted by lentivirus-based shRNA in
mouse small intestine organoids (Sato et al., 2009). The deple-
tion efficiency was determined using semiquantitative RT-PCR
(Fig. 5 A). Localization of dipeptidyl peptidase 4 (DPP4) and
Na*/K* ATPase was demonstrated using immunofluorescence
(Fig. 5 B). In the control organoids, DPP4 and Na*/K*+ ATPase
localized to the apical membrane and basolateral membrane,
respectively, confirming successful epithelial polarization in
this culture system. On the other hand, EHBP1L1-depleted or-
ganoids showed subapical punctate cytoplasmic localization of
DPP4 in addition to apical plasma membrane localization. This
cytoplasmic accumulation of DPP4 colocalized with Lamp2
(Fig. 5 C, EHBP1L1 KD). Similarly altered DPP4 localization
was observed in the Binl knockdown (KD) organoids (Fig. 5,
B and C, Binl KD) as well as in the organoids from the Rab8a
KO and Rab8a/8b DKO mice (Fig. 5 C). In contrast, Na*/K*
ATPase localization remained intact in the Binl-KD, EHB-
P1L1-KD, and Rab8a-KO organoids (Fig. 5 C). In the Rab8a/8b
DKO organoids, Na*/K* ATPase accumulated in the lysosome/
late endosomes (Fig. 5 C, Rab8a/8b DKO, arrow). These data
indicate that Rab8, EHBPILI, and Binl play a role in apical
protein transport and that Rab8 may play an additional role in
basolateral transport in small intestine polarized epithelial cells.

The evidence that Binl senses membrane curvature
and generates tubular structures raised an additional question
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Figure 4. Apical cargo protein is fransported
through the ERC. (A) Subcellular localization of
Rab8, EHBP1L1, FLAG+agged EHBP1L1, and
Bin1 in EpH4 cells was examined using immu-
nofluorescence microscopy. (B) Colocalization
was analyzed between EHBP1L1 and Rab8aq,
Bin1 (A), Lamp2, sorting nexin 1 (SNX1), and
internalized transferrin (Tf; Fig. S2 B). (C)
EpH4 cells expressing VSVe~FLAG-mCherry-
GPI were cultured at 40°C and incubated for
60, 90, and 120 min at 32°C. The cells were
fixed at each time point and stained using an
EHBP1L1 antibody and Alexa Fluor 633 phal-
loidin. The insets show enlarged views. The ar-
rowheads in the insets denote colocalization.
Bars: (magnified views) 2 pm; (other views) 10
pm. (D) Colocalization was analyzed between
EHBPIL1 and both VSVeFLAG-mCherry-GPI
(apical cargo) and VSVGH045-GFP (basolateral
cargo; Fig. $2 C) after 90-min chase. Data are
mean = SEM from 10 cells; P < 0.01.

colocalization with EHBP1L1
(correlation coefficient)

90 min

120 min.

regarding the mechanism of membrane scission machinery
working with Rab8—EHBPIL1-Binl. One candidate pro-
tein is dynamin, which excises the membrane in a GTPase-
dependent manner (Takei et al., 1995). Our pull-down exper-
iment using the EHBP1L1-PR domain revealed an associa-
tion with Amphl, Binl, and dynaminl (Fig. 2 A). However,
the Binl SH3 domain directly bound the EHBPIL1-PR do-
main (Fig. 2 F), and the binding between EHBPILI1-PR
domain and dynaminl appeared indirect, most likely via the
Amphl or Binl dimer (Owen et al., 1998; Meinecke et al.,
2013; Neumann and Schmid, 2013). A recent study showed
that inhibiting dynamin activity by either dominant-negative
dynamin or the dynamin inhibitor dynasore in MDCK cells
yielded the accumulation of an apical protein in a recycling
endosome (Thuenauer et al., 2014). Therefore, we treated
the small intestine organoids with dynasore. Recently, Park
et al. (2013) reported that dynasore also inhibits fluid-phase
endocytosis and membrane ruffling in addition to dynamin-
dependent endocytosis, suggesting off-target effects. Thus, it
is necessary to be careful in the interpretation of the data with
dynasore. To diminish the off-target effect, we used 40 uM
dynasore, half the concentration used by Park et al. This con-
centration is sufficient to inhibit the dynamin GTPase (Macia
et al., 2006). After 4-d incubation with dynasore, DPP4 accu-
mulated in lysosomes, but Na*/K+ ATPase did not (Fig. 5 D).
Although we are not able to entirely exclude the possibility
of off-target effects of dynasore, this result suggests that dy-
namin is likely to be involved in apical transport with the
Rab8-EHBPI1L1-Binl complex.

VSVEX-FLAG-
mCherry-GPI GFP
(apical cargo) (basolateral cargo)

VSVG(SOAS_

Small intestine in EHBP 1L 1-deficient mice
exhibits truncated and sparse microvilli

We created EHBP1LI KO mice using the CRISPR/Cas9 system
(Fig. 5, E and F; Cong et al., 2013). The mice died within a day
after birth. At that time, apical cargo proteins do not yet accu-
mulate in lysosomes, even in Rab8a/8bh DKO mice, which also
exhibit defects in apical transport (Sato et al., 2014). Therefore,
we could not detect accumulated apical cargo proteins in lyso-
somes from EHBPILI KO mice as in EHBP1L1-KD organoids
(Fig. 5 C). Instead, the microvilli length (wild-type [WT]: mean
+ SD 1.16 + 0.11 um measured on 42 cells; KO: 0.93 + 0.11
um [n = 23]; P < 0.0001; Student’s ¢ test) and density (WT:
7.26 = 0.35 um~! [n = 24]; KO: 6.15 + 0.31 pm~! [n = 38];
P < 0.0001) in the small intestines from EHBPILI KO mice
were reduced (Fig. 5 E), as seen in Rab8a KO and Rab8a/8b
DKO mice. These data indicate that EHBP1L1 maintains apical
plasma membrane integrity by regulating apical transport.

In summary, our data indicate that the Rab§—EHBP1L.1-Bin1
complex senses and generates membrane tubules to transport protein
cargos to the apical plasma membrane, which is coupled with mem-
brane scission by dynamin (Fig. 5 G). In polarized epithelial cells
deficient in Rab8, EHBP1L1, Binl, or dynamin, the cargo proteins
eventually accumulated in lysosomes (Fig. 5, B-D). The proteins
may have accumulated because the ERC contained unsorted apical
proteins that directly fuse with lysosomes or change to lysosomes by
maturation. In fact, a certain population of ERC proteins, including
EHBPIL, also partially localize to late endosome/lysosomes (Fig.
S2; Yoshimura et al., 2010; Kanerva et al., 2013), which indicates
spatial and functional relationships between the ERC and lysosomes.
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Figure 5. EHBPIL1 and Binl depletion in-
duces the accumulation of apical but not ba-
solateral membrane proteins in lysosomes.
(A) EHBP1L1 and Bin1 mRNA levels in mouse
small intestine organoids were analyzed using
semiquantitative RT-PCR. The level of GAPDH
mRNA was used for standardization. (B) Im-
munostaining for Na*/K+ ATPase (green) and
DPP4 (red) in the mouse small intestine organ-
oids. The nuclei were counterstained with DAPI
(blue). The arrows indicate cytoplasmic DPP4
accumulation. Bar, 50 pm. (C) Magnified
images of immunostaining for DPP4, Lamp2,
and Na+*/K* ATPase in the small intestine Bin1
or EHBP1LT KD organoids or organoids ob-
tained from Rab8a or Rab8a/8b DKO mice.
Arrowheads, DPP4 accumulation in lyso-
somes; arrow, Na*/K* ATPase accumulation
in lysosomes. Bar, 10 pm. (D) Immunostaining
for DPP4 (red), Lamp2 (green), and Na*/K*
ATPase (white) in mouse small intestine organ-
oids treated with DMSO (control) or 40 pM
dynasore for 4 d. Bar, 10 pm. (E) Electron mi-

crographs of epithelial cells in small intestines
from EHBP1LT KO mice and wildtype mice.

E F EHBP1L1 lamin B Bars: (top) 1 pm; (boﬂom) 10 pm. (F) Immu-
kDI “wr ko KO noblot for intestine lysate from a WT or an

158— kD] EHBP1L1 KO mouse using an EHBPILT anti-

116— 66.4— S——— body. (G) Working model for Rab8, EHBP1L1,

G Y- Bin1, and dynamin at the ERC. Bin1 is repre-

EHBP1LA1

Materials and methods

Plasmid construction

The mouse EHBPIL1 isoform C (PDB accession number
NP_001108067.1), EHBP1, AMPHI, and BIN1 were amplified using
PCR and KOD-Plus polymerase (Toyobo) with the Mouse 17-d Em-
bryo Marathon-Ready cDNA library (Clontech). The cloned cDNA
was subcloned into the mammalian expression plasmid pcDNAS/FRT/
TO FLAG A or the yeast two-hybrid plasmids pACT?2 or pFBT9.

The mammalian expression and yeast two-hybrid plasmids en-
coding the GTP-form and GDP-form Rab cDNAs were generated as
previously described (Haas et al., 2005; Fuchs et al., 2007). The full-
length AMPHI1, BIN1, BINI1-ASH3 (1-448), BIN1-SH3 (391-521),
EHBPIL1-C2 (1-185), and EHBPIL1-PR domain (442-595) were
subcloned into the pQE32-TEV or pFAT2 vector for protein expres-
sion in Escherichia coli.

Protein production and purification from E. coli

Rosetta 2(DE3) pLysS cells (Novagen) expressing EHBP1L1-C2
or the EHBPI1L1-PR domain in pFAT2 and the full-length AMPHI,
BINI1, BIN1-ASH3, and BIN1-SH3 in pQE32-TEV were cultured in
21 LB medium at 18°C for 16 h with 0.25 mM IPTG. The bacterial
pellet was recovered by centrifugation, resuspended with IMAC20
(20 mM Tris-HCI, pH 8.0, 300 mM NacCl, and 20 mM imidazole), and
sonicated. The lysate was centrifuged. The supernatant was mixed
with 500 pl Ni-NTA Agarose (Qiagen). After incubating for 2 h at
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4°C, the beads were washed three times in IMAC20, and the bound
protein was eluted with IMAC200 (20 mM Tris-HCI, pH 8.0, 300 mM
NaCl, and 200 mM imidazole). The eluted protein (5 ml) was dia-
lyzed in PBS, and the aliquots were snap-frozen in liquid nitrogen and
stored at —80°C until use.

Antibodies

A rabbit polyclonal anti-EHBPILI antibody was raised against a
HisX6-GST-fused EHBPIL1-PR domain protein produced as de-
scribed. The antiserum was affinity purified. Rabbit polyclonal an-
ti-Rab8a antibody was prepared as described previously (Sato et al.,
2007). The mouse monoclonal anti-BIN1 (clone 99D), mouse mono-
clonal anti-FLAG M2, rabbit monoclonal anti-DYKDDDDK, goat
polyclonal DPP4, mouse monoclonal Na*/K* ATPase, mouse mono-
clonal CD147 antibodies, and E-cadherin antibodies were purchased
from Millipore, Sigma-Aldrich, Cell Signaling Technologies, R&D
Systems, Upstate Biotechnology, eBioscience, and BD, respectively.
Goat polyclonal anti-Lamin B (C-20) and goat polyclonal anti-SNX1
antibodies (T-19) were purchased from Santa Cruz Biotechnology. Rat
monoclonal Lamp2 was obtained from the Developmental Studies
Hybridoma Bank. Secondary antibodies Alexa Fluor 488 goat anti—
rabbit IgG, donkey anti-rat IgG, Alexa Fluor 568 donkey anti—goat
IgG, and Alexa Fluor 594 goat anti-mouse IgG were purchased from
Life Technologies. Cyanine 5—conjugated donkey anti-rabbit antibody
and horseradish peroxidase—conjugated antibodies for mouse, rabbit,
and goat were purchased from Jackson ImmunoResearch Laboratories.
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Yeast two-hybrid assay

The mouse small intestine library was generated using the Make Your
Own “Mate & Plate” Library System (Clontech). In brief, 8-d-old mice
were starved for 16 h and dissected to isolate the small intestines. We
washed 2 cm of the small intestine in PBS and then quickly froze the sam-
ple in liquid nitrogen. The frozen intestine was minced, and total RNA
was isolated using a NucleoSpin RNAII kit (Macherey-Nagel) in accor-
dance with the manufacturer’s instructions. We applied 2 ug total RNA
for reverse transcription using oligo-dT primer. The product was then
amplified by PCR using Advantage 2 Polymerase Mix (Clontech). The
cDNA was subjected to CHROMA SPIN+TE-400 Columns (Clontech)
to exclude >200 bp DNA. We used 3 pg of purified cDNA and 0.5 pg
pGADT?7-Rec to transform a Y 187 yeast strain, which was cultured in an
SD/-Leu medium. The Y187 strain aliquots harboring the small intestine
cDNA library were stored by freezing the medium at —80°C until use.

Yeast two-hybrid screening was performed essentially as de-
scribed in the Matchmaker Gold Yeast Two-Hybrid System User Man-
ual (Clontech). In brief, pFBT9 encoding GTP-restricted Rab8Q67L
mutants were transformed into Y2HGold yeast, which were then mated
with the Y187 yeast strain harboring a cDNA library in accordance
with the Clontech manual and were grown on an SC-LW plate (SD/-
Leu/-Trp) medium plate to calculate the number of screened colonies.
The mated yeast strain was also grown on plates containing QDO
(SD/-Ade/-His/-Leu/-Trp) medium and incubated for 10 d at 30°C. We
collected 200 colonies from the QDO plate. The plasmids were then
obtained from each colony through yeast DNA preparation and subse-
quently rescued through transforming the E. coli strain XL-1 Blue. The
individual rescued plasmids and pGADT7 were retransformed into the
PJ69-4A yeast strain and plated on SC-LW plates. The strain was then
restreaked on QDO plates to verify self-activation. We collected 196
positive clones, and the sequences were analyzed.

Direct interaction was examined as described previously (Haas
et al., 2005). In brief, the PJ69-4A strain was cotransformed with the
AD plasmid (pACT2-EHBP1L1) and BD plasmid (pFBT9-Rabs). The
transformed cells were grown on an SC-LW plate for 3 d at 30°C. Five
independent colonies were restreaked on an SC-LW plate and QDO
followed by incubation for 3 d at 30°C (Haas et al., 2005).

GST pull-down assay and mass spectrometry

We immobilized 500 pg of GST-fused EHBP1L1-C2-PR domain or
GST protein expressed in E. coli on glutathione Sepharose 4B (GE
Healthcare) and incubated them for 1 h at 4°C with 40 mg mouse
brain lysate or human intestine cancer cell line Caco-2 lysate prepared
using lysis buffer (20 mM Hepes-NaOH, pH 7.5, 100 mM NaCl, 5 mM
MgCl,, and 0.1% Triton X-100) containing a 0.1% protease inhibitor
mixture (Wako). The beads were washed three times in lysis buffer and
once in buffer containing 20 mM Hepes-NaOH, pH 7.5, 200 mM NaCl,
20 mM EDTA, and 0.1% Triton X-100. The protein was eluted with
500 ul elution buffer (20 mM Hepes-NaOH, pH 7.5, 500 mM NacCl,
20 mM EDTA, and 0.1% Triton X-100). The eluted protein was pre-
cipitated using 5 ul of 1% (wt/vol) deoxycholic acid and 72 pl TCA for
30 min on ice and washed twice in ice-cold acetone. The precipitated
protein was dissolved using 40 pl SDS-PAGE sample buffer.

For the mass spectrometric analyses, the proteins were sepa-
rated using a NuPAGE Novex Bis-Tris Gel (Life Technologies) and
silver-stained using the Silver Stain kit (Wako) as described in the man-
ufacturer’s instructions. The specific bands were excised from the gel,
treated with trypsin, and analyzed using a SYNAPT G2 mass spectrom-
eter (Waters Corp.) at Osaka University Center for Medical Research
and Education. Database searching was performed using ProteinLynx
Global Server software, version 2.4 (Waters Corp.), and an Interna-
tional Protein Index (mouse, 3.77) database.

For the direct interaction between the bacterially expressed
EHBPIL1 and full-length Binl or Amphl, Binl1-ASH3, or Binl-SH3,
we used 10 pg of proteins in an in vitro GST pull-down assay with 5 pg
GST-EHBPIL1-PR domain as described. The protein was separated by
SDS-PAGE and detected using Coomassie brilliant blue.

For the interaction between the CC domain of EHBP1L1 or EHBP1
and the Rab proteins, 5 pg of GST-fused EHBP1L1-CC or EHBP1-CC
was used for 750 pg of lysate containing 5 uM Mg-GTP from HEK293
cells expressing the FLAG-tagged GTP form of Rabla, 8a, 10, 11a, and
13. The protein was separated using SDS-PAGE, stained with Ponceau
S, and analyzed by immunoblotting using a mouse anti-FLAG antibody.

Immunoprecipitation

HEK?293 cells were cotransfected with 0.5 pg pcDNAS/FRT/TO FLAG
A encoding EHBP1LI isoform C and 0.5 pg of pEGFP-C2-encoding
GTP-restricted Rab8a, 10, or 13. After 24 h of incubation, the cells were
lysed in 1 ml NL100 buffer. The lysates were then preabsorbed with 30 ul
of control agarose resin (Pierce) for 30 min at 4°C. The lysates were
further incubated with FLAG-M2 agarose (Sigma-Aldrich) for 2 h. The
beads were washed three times with 1 ml NL-100 buffer, and the proteins
were eluted by 200 pug/ml FLAG peptide. The samples were analyzed by
immunoblotting using an anti-FLAG antibody or GFP antibody.

Transfection and immunofluorescence in Hela cells

HeLa cells were grown in high-glucose DMEM with L-glutamine,
phenol red, and sodium pyruvate (Wako). The cells were transfected
using a TransIT-LT1 Transfection Reagent (Mirus Bio) in accordance
with the manufacturer’s instructions. Experiments were performed
24 h after transfection.

siRNA oligos for human EHBPILI (siRNA ID: SASI_
Hs02_00320623) and Binl (siRNA ID: SASI_Hs01_00052359;
Sigma-Aldrich) and Rab8a and Rab8b siRNA (5102662254 and
S102662261; Qiagen) were transfected using Lipofectamine RNAi-
MAX Transfection Reagent (Life Technologies) as described in
the manufacturer’s manual. The experiments were performed
72 h after transfection.

The EHBPILI, Binl, and Rab8a/b RNAi depletion efficien-
cies were validated through immunoblotting. Lamin B was also de-
tected as a loading control.

For immunofluorescence, the cells on coverslips were fixed with
3% (wt/vol) paratormaldehyde in PBS, permeabilized with 0.2% (wt/vol)
saponin in PBS, and incubated with primary antibodies for 1 h at RT. The
cells were washed in PBS three times and incubated with the appropriate
Alexa Fluor—conjugated secondary antibodies and DAPI for 1 h. The
coverslips were mounted with Dako Fluorescence Mounting Medium.

All images were acquired using a FV1000D confocal microscope
(Olympus) with UPLSAPO 100XO object glass (NA 1.40) or UPL
SAPO 40x object glass (NA 0.95; Olympus) and FluoView software
(Olympus). The percentage of cells with tubular structures was mea-
sured. A cell with no tubules was counted as negative, and a cell con-
taining any tubules was considered positive. For each coverslip, at least
300 cells were counted. The results represent at least three independent
experiments. Statistical analyses were performed using R software and
ggplot2 (Wickham, 2009; R Core Team, 2015). The colocalizations be-
tween Binl, EHBP1L1, and Rab8a were analyzed with Fiji software.

Transfection, infection, immunofluorescence, and transferrin uptake
assay in EpH4 cells

Mouse mammary epithelial cells were maintained in high-glucose
DMEM with L-glutamine, phenol red, and sodium pyruvate. The cells
were transfected with FLAG-tagged EHBP1L1 using Lipofectamine
2000 (Life Technologies) into 50% confluent cells on coverslips. The
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cells were then incubated for 3 d at 37°C. For the apical cargo trans-
port assay, VSVe*-FLAG-mCherry-GPI (Maeda et al., 2008; Atik et al.,
2014) was transfected into the cells as described, and the cells were
incubated for 3 d at 40°C to allow the cells to accumulate VSVex-
mCherry-GPI in the endoplasmic reticulum. The cells were subse-
quently incubated at 32°C and fixed after each time point, as indicated
in Fig. 4 B. The cells were immunostained with the appropriate anti-
bodies and Alexa Fluor 633 phalloidin. The infection of an adenovi-
rus encoding VSVG**-GFP was performed as previously described
(Atik et al., 2014). The cells were incubated and fixed after each time
point as in the apical transport assay. For transferrin uptake, the exper-
iments were performed essentially as previously described (Zacchi et
al., 1998). In brief, the cells were grown on Transwell filters (Corning)
and preincubated with DMEM without FCS for 12 h. Next, the cells
were incubated with DMEM without FCS containing 50 pg/ml Alexa
Fluor 594—conjugated transferrin (Life Technologies) in DMEM and
were incubated for 20 min. The cells were fixed and costained with an
anti-EHBP1L1 antibody and DAPI.

The colocalization between FLAG-tagged EHBP1L1 and Rab8a
and EHBPILI and Binl, sorting nexinl, internalized transferrin, and
Lamp2 were analyzed with Fiji software.

Small intestine organoids culture
Mouse small intestine organoid cultures were performed as previously
described (Sato et al., 2009). In brief, the isolated crypts were derived
from 2-wk-old C57BL/6J, Rab8a KO (Sato et al., 2007), or Rab8a/8b
DKO mice (Sato et al., 2014) and mixed with 20 ul Matrigel (BD). The
mixtures were then spotted in a single well of a 48-well plastic dish.
The crypts were cultured in advanced DMEM/F12 (Life Technologies)
containing penicillin/streptomycin (Wako), N2 supplement (Life Tech-
nologies), B27 supplement (Life Technologies), 2.5 mM N-acetylcys-
teine (Sigma-Aldrich), 100 ng/ml Noggin (Peprotech), 50 ng/ml EGF
(Life Technologies), and 10% R-spondin conditioned medium (Kim et
al., 2005) for 10-14 d until villi differentiation. The organoids were
then used for the experiment.

For lentivirus production and organoid infection, lentivi-
rus encoding EHBPILI and Binl shRNA were produced using a
pLKO.1 plasmid (Addgene #10879) as described in the manual.
The following oligos were designed for pLKO.I: 5'-CCGGGCAA
CACCTTCACAGTCAATTCTCGAGAATTGACTGTGAAGGTG
TTGCTTTTTG-3' (Binl-shRNA-F), 5'-AATTCAAAAAGCAACACC
TTCACAGTCAATTCTCGAGAATTGACTGTGAAGGTGTTGC-3’
(Binl-shRNA-R), 5'-CCGGCATTGAAGAGTGGCAGAAATTCTC
GAGAATTTCTGCCACTCTTCAATGTTTTTG-3’ (EHBPILI1-
shRNA-F) and 5'-AATTCAAAAACATTGAAGAGTGGCAGAA
ATTCTCGAGAATTTCTGCCACTCTTCAATG-3’ (EHBPI1L1-
shRNA-R). The HEK293T cells were transfected with pLKO.1 plas-
mids encoding the shRNA, psPAX2 (12260; Addgene), and pMD2.G
(12259; Addgene). The media containing virus were harvested for 2
d. The virus was concentrated as follows. A 20-ml volume of collected
media was mixed with 6.7 ml of 4x PEG solution (32% PEG 6000,
0.4 M NaCl, and 40 mM Hepes-NaOH, pH 7.4) and incubated for 12 h
at 4°C. The mixture was centrifuged at 1,500 g for 30 min. The pel-
let was resuspended with 250 ul of medium supplemented with 40%
Whnt3a conditioned medium, 10 mM nicotinamide, 10 uM Y27632, and
8 pg/ml polybrene (Sigma-Aldrich). The trypsinized organoids from
five wells were infected with the concentrated virus and selected by 2
pg/ml puromycin as previously described (Koo et al., 2012). For im-
munofluorescence, the organoids were mixed with 10 ul Matrigel and
spotted on a coverslip, placed in a 48-well plate, and further cultured
for 1-4 d. The organoids were fixed with ice-cold methanol for 30 min
and washed three times in PBS. The organoids were incubated with 5%
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normal donkey serum for 30 min and immunostained with anti-Lamp2,
DPP4, and Na*/K* ATPase antibodies. In certain instances, DAPI was
also used to stain the nuclei. The organoids were mounted and observed
using a confocal microscope.

Semiquantitative RT-PCR

Total RNA was isolated from 20-30 cultured organoids in a single
well of a 48-well plastic dish using NucleoSpin RNA XS (Macherey-
Nagel). The reverse transcription product was obtained using Prime-
Script Reverse transcription (Takara) as described in the manufacturer’s
manual. EHBP1L1, Binl, and GAPDH were amplified by PCR using
the following primers: Mus musculus EHBP1L1, 5-GTGTGCGC
AGAGCTGCAAGCCCTG-3" and 5'-CAGGGTACAGCGTTCCCG
CCTGCT-3"; M. musculus Binl, 5'-AGCTCTCTTCCGGCTGTG
GTGGTG-3" and 5'-CTGCACCCGCTCTGTAAAATTCTC-3’; and
M. musculus GAPDH, 5-ATGACATCAAGAAGGTGGTG-3" and
5'-TGTCATACCAGGAAATGAGC-3". The PCR products were sub-
jected to an agarose gel, and the intensity of each band was quantified.

Generation of EHBP1L1 KO mice using the CRISPR/Cas9 system
Screening of the optimal small guide RNA (sgRNA) was performed
in accordance with Mashiko et al. (2013). In brief, five sgRNA candi-
date sequences that targeted the first coding exon were selected using
CRISPRdirect software (Naito et al., 2015), subcloned into pX330
(42230; Addgene), and cotransfected with pCAG-EGxxFP (Mashiko
et al., 2013) into HEK293T cells. We used the sgRNA sequence (5'-
CCCGCTTGCCAACCCGCTGC-3") that yielded the highest GFP
signal under the fluorescent microscope. In vitro transcribed 80-ng/
ul NLS-Cas9 mRNA and 50-ng/ul Ehbplll sgRNA in 10 mM Tris-
HCl and 0.1 mM EDTA were injected into fertilized eggs as previously
described (Yoshimi et al., 2014). EHBP1L1 mutations were verified
by DNA sequencing, and the protein was analyzed by immunoblotting
using an anti-EHBP1L1 antibody.

Analyses of EHBP1L1 KO mice

The KO mice were born alive but died within 1 d after birth. Their
bodies and organs showed no overt abnormalities except severe ane-
mia based on a histological examination after hematoxylin and eosin
staining. For morphological analyses, the intestines were collected
from unfixed PO pups or PO pups fixed by transcardial perfusion with
3% paraformaldehyde in 0.1 M of phosphate buffer, pH 7.4. Certain
samples were further fixed in 2.5% glutaraldehyde and 2% paraformal-
dehyde in 0.1 M of phosphate buffer for electron microscopy.

Online supplemental material

Fig. S1 confirmed the enhanced recruitment of Rab8a and Binl to the
ERC tubules under EHBP1L1-overexpression condition. The figure
also shows that ERC tubules were intact in Rab8a/b, EHBPI1LI, or
Binl-depleted cells. Fig. S2 shows the subcellular localization of
EHBPIL1 in polarized EpH4 cells. Online supplemental material is
available at http://www.jcb.org/cgi/content/full/jcb.201508086/DC1.
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