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Hepatocytes differ from columnar epithelial cells by their
multipolar organization, which follows the initial formation of
central lumen-sharing clusters of polarized cells as observed
during liver development and regeneration. The molecular
mechanism for hepatocyte polarity establishment, however, has
been comparatively less studied than those for other epithelial
cell types. Here, we show that the tight junction protein Par3
organizes hepatocyte polarization via cooperating with the
small GTPase Cdc42 to target atypical protein kinase C (aPKC)
to a cortical site near the center of cell-cell contacts. In 3D
Matrigel culture of human hepatocytic HepG2 cells, which
mimics a process of liver development and regeneration,
depletion of Par3, Cdc42, or aPKC results in an impaired
establishment of apicobasolateral polarity and a loss of subse-
quent apical lumen formation. The aPKC activity is also
required for bile canalicular (apical) elongation in mouse pri-
mary hepatocytes. The lateral membrane-associated proteins
Lgll and Lgl2, major substrates of aPKC, seem to be dispens-
able for hepatocyte polarity establishment because Lgl-
depleted HepG2 cells are able to form a single apical lumen
in 3D culture. On the other hand, Lgl depletion leads to lateral
invasion of aPKC, and overexpression of Lgll or Lgl2 prevents
apical lumen formation, indicating that they maintain proper
lateral integrity. Thus, hepatocyte polarity establishment and
apical lumen formation are organized by Par3, Cdc42, and
aPKC; Par3 cooperates with Cdc42 to recruit aPKC, which
plays a crucial role in apical membrane development and
regulation of the lateral maintainer Lgl.

Hepatocytes, the specialized epithelial cells in the liver,
simultaneously uptake and release a variety of molecules, such
as glucose, proteins, and lipids to maintain appropriate blood
chemistry; they also synthesize and secret bile for food diges-
tion/absorption, cholesterol homeostasis, and toxin elimina-
tion (1). Like all epithelial cells, hepatocytes possess the apical
(canalicular) and basolateral (sinusoidal) domains of the
plasma membrane (PM) but are unique in that each hepato-
cyte is multipolarized with several apical domains in mature
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liver. The basolateral domain of a hepatocyte is shared with
neighboring cells or faces fenestrated blood vessels called the
sinusoids for substance exchange with blood, whereas the
apical domain forms a common canaliculus for bile secretion
(2). During fetal and neonatal liver development and in liver
regenerating processes, hepatocytes appear to polarize and
assemble as a single central lumen-containing cluster before
becoming multipolarized for formation of anastomosed bile
canaliculi (3-7).

In addition to the multipolarized phenotype, hepatocytes
have also evolved a special membrane trafficking system to
perform numerous vital functions (2, 8). In hepatocytes, but
not in other epithelial cells, apical single-pass transmembrane
proteins, such as dipeptidyl peptidase IV (DPP4), arrive from
transcytosis: newly synthesized proteins are first recruited
from the Golgi apparatus to the sinusoidal membrane before
being targeted to the canalicular membrane. On the other
hand, polytopic membrane proteins, including the ABC-
cassette transporters ABCB1 and multidrug resistance pro-
tein 2 (MRP2), are directly delivered to the apical membrane of
hepatocytes.

The border between the apical domain facing the lumen and
the basolateral domain connecting to adjoining cells and
extracellular matrix (ECM) is marked by the tight junction
(T7), which is linked to the machinery that regulates apicobasal
polarization (9). The establishment of apicobasal polarity in
epithelial cells requires signaling both from cadherin-mediated
cell—cell interaction and from the ECM-elicited integrin acti-
vation (10, 11). The process involves an evolutionarily
conserved network of polarity determinants, such as the
Crb—PatJ]-PALS1, Par3-Par6—aPKC, and Lgl-Dlg—Scribble
complexes (9, 12). The transmembrane protein Crb3, com-
plexed with the adaptor proteins Pat] and PALS1, probably
provides apical membrane identity. The components are also
linked to the Par complex, in which Par6 is tightly hetero-
dimerized with the protein kinase aPKC via their PB1 domains
(13); and the dimer directly binds to Par3, which contains
three PDZ domains for protein—protein interaction (14). The
Par3—Par6—aPKC complex and Cdc42 appear to promote TJ
establishment and apical surface formation (15, 16). On the
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Par3, Cdc42, aPKC, and Lgl in hepatocyte polarity

other hand, Lgl likely defines basolateral domain identity in
cooperation with Dlg and Scribble (17-20). Depletion of Par3,
Par6, or aPKC in renal Madin—Darby canine kidney (MDCK)
or intestinal Caco-2 epithelial cells leads to delayed TJ devel-
opment in 2D culture (21-24), whereas 3D culture of the
depleted cells results in formation of aberrant cysts with
multiple lumens, each surrounded by polarized cells, in
contrast to a solitary apical lumen as observed in undepleted
cells (25-28). Similar phenotypes in both 2D and 3D cultures
are observed in Cdc42-depleted MDCK cells (16). On the
other hand, no lumen is formed in Lgl-depleted MDCK cells in
3D culture (19).

In contrast to a vast store of knowledge on the polarization
of simple epithelial cells, it remains largely unknown how
hepatocytes are polarized, except for the role of the cAMP-
dependent pathway. Bile acid promotes hepatocyte polariza-
tion and bile canaliculus (BC) formation via elevation in an
intracellular concentration of cAMP and subsequent activation
of the protein kinases PKA and LKB1/Par4, the latter of which
phosphorylates AMPK and its related kinases such as Parlb
(29-32). Although it has been reported that Par3 is present
with ZO-1 at the outline of BC in rat liver tissue (33, 34) and
participates in BC formation in rat hepatic Can 10 cells (35),
the role of Par3 in hepatocyte polarity establishment has not
been fully understood. Similarly, the hepatic functions of aPKC
and Lgl have been hardly investigated. In addition, hepatocyte-
specific deletion of Cdc42 is known to delay liver regeneration
after partial hepatectomy in mice (36), but it has remained
unclear whether this GTPase directly participates in hepato-
cyte polarization.

The present careful analysis reveals that, in addition to TJ
enrichment of endogenous Par3, its binding protein aPKC
localizes to both T] and apical membrane in hepatocytes in
mouse liver tissue and polarized human hepatocytic HepG2
cells. Using a 3D culture system with ECM-rich Matrigel,
which enables HepG2 cells to efficiently polarize and form an
apical (canalicular) lumen at the stage of two or a few cells, we
show that Par3 plays a crucial role in hepatocyte polarity
establishment. Indeed Par3-depleted HepG2 cells fail to
initiate cell polarization and apical lumen formation, in
contrast to the aforementioned phenotype of Par3-silenced
MDCK cells, that is, multilumen cyst formation with cells,
each retaining apicobasal polarity. Par3 and Cdc42 appear to
recruit aPKC to the appropriate region of the PM for hepa-
tocyte polarity establishment. The aPKC activity contributes
not only to apical lumen formation but also to BC elongation
in primary hepatocytes. Furthermore, the basolateral proteins
Lgll and Lgl2 likely regulate lateral membrane integrity at least
partially via restricting the localization of aPKC in hepatocytes.

Results

Expression and localization of cell polarity proteins in
hepatocytes

To explore cell polarity proteins in hepatocytes, we first
performed immunoblot analysis using lysates from mouse
primary hepatocytes and human hepatocytic HepG2 cells
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(Fig. 1, A and B). The analysis revealed the expression of the
following proteins: the T] protein Par3, its interacting proteins
Par6 and aPKC, the lateral identity protein Lgl, the apical
membrane-integrated protein Crb3, and the small GTPase
Cdc42, all of which are known to participate in polarization of
nonhepatic epithelial cells at their respective regions (9, 37).
Alternative splicing of the Par3 mRNA is known to yield three
major proteins with a molecular mass of about 180, 150, and
100 kDa (38), and similar isoforms are expressed in the mouse
liver and human hepatic cell lines including HepG2 (35, 39,
40), which agrees with the present analysis (Fig. 1A). Mouse
Lgl2 (primary hepatocytes) migrated on SDS-PAGE a little
more slowly than human Lgl2 (HepG2 cells) (Fig. 1A4), as
observed in a previous study (41). For detection of Crb3, we
used a novel affinity-purified anti-Crb3 antibody (see
Experimental procedures section), the authenticity of which
was confirmed by a loss of the protein with a molecular mass
of about 30 kDa, which corresponds with that of Crb3, in
HepG2 cells transfected with Crb3-specific siRNAs (Fig. 1B).

We next investigated in vivo localization of the polarity
proteins by confocal microscopy. In mouse liver tissue, the
lateral domain of the PM of a hepatocyte is shared with
neighboring cells and the basal domain faces fenestrated blood
vessels called the sinusoids, whereas the apical domain exists at
around the center of the lateral domain and forms a common
BC. The canalicular or apical membrane domain in hepato-
cytes forms an about 2 pm band that encircles the cell surface
and whose parallel margins are demarcated by TJs. Indeed
Z0O-1, a well-known TJ protein in hepatocytes (42), was clearly
visualized as two parallel lines bordering the BC in the prox-
imity of the center of cell-cell contact regions of the p-cat-
enin-localized basolateral membrane (Fig. 1C). As shown in
Figure 1D, hepatocytes, the sole albumin-producing cells,
expressed the basolateral proteins E-cadherin and
Na*/K*-ATPase on the almost entire PM but with several
disconnected sites, which were occupied by the apical mem-
brane protein ABCBI1. Lgl was also present at the PM in a
manner mutually exclusive with that of ABCB1, indicative of
its basolateral localization in hepatocytes (Fig. 1D). The TJ
protein ZO-1 is known to localize on the border of bile
canaliculi in sections of mouse liver tissue (32, 34); similarly,
the bile canaliculi stained with ABCB1 were bordered by Par3
(Fig. 1D). As shown by 3D reconstruction (Fig. 1E), Par3
colocalized with ZO-1, indicating the accumulation of Par3 at
the TJ. The Par3-interacting protein aPKC was costained with
Z0O-1, as expected, but was also observed medial to the T7J, that
is, the apical membrane that faces the BCs (Fig. 1, C and E).
This finding is consistent with the colocalization of aPKC with
the apical protein ABCBI at least in part (Fig. 1D). Thus, aPKC
appears to be present at both T] and apical membrane in
hepatocytes in vivo.

Cell polarization and lumen formation in 3D-cultured HepG2
cells

Human HepG2 cells, established from a differentiated
hepatoma, provide a widely used model system for the study of
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Figure 1. Apicobasolateral polarity of hepatocytes in mouse liver tissue. A, proteins in lysates of mouse primary hepatocytes and HepG2 cells were
analyzed by immunoblot with the indicated antibodies in three independent experiments. B, expression of Crb3. Proteins in the lysates of mouse primary
hepatocytes and HepG2 cells transfected with control RNA or Crb3 siRNAs were analyzed by immunoblot with the anti-Crb3 antibody in three independent
experiments. Positions for marker proteins are indicated in kilodalton. C, a representative image of a hepatocyte in mouse liver tissue. Paraffin-embedded
sections of liver tissue isolated from 8-week-old male mice were stained with Hoechst and antibodies against aPKC, the basolateral protein B-catenin, and
the TJ marker ZO-1. Confocal images were stacked along the z-axis. Arrowheads indicate BC; asterisks denote neighboring sinusoids. D and E, confocal (D)
and 3D reconstruction (E) images of mouse liver tissue stained with the indicated antibodies and Hoechst. Stacked images along the z-axis (z-stacks) are also
shown on the right-most panels in D. The asterisk indicates the central vein of the hepatic lobule. Magnifications of areas marked by the dashed line in (E) are
presented in the respective right panels (zoom). The scale bars represent 10 um. BC, bile canaliculus; TJ, tight junction.
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cell polarization (2). To understand the mechanism for hepa-
tocyte polarity establishment, we used HepG2 cells in 3D
culture with ECM-rich Matrigel. For obtaining well-separated
HepG2 cells for the culture, cells prepared from 2D monolayer
culture were carefully passed through a 23-gauge needle (for
details, see Experimental procedures section). The separated
single cells in suspension appear to be unpolarized: Na*/K"-
ATPase and B-catenin localized to the entire PM, and Par3 and
aPKC distributed to the cytoplasm; and MRP2, a
multimembrane-spanning protein that localizes apically in
polarized HepG2 cells, was not detected (Fig. 2A).

In 3D Matrigel culture, HepG2 cells assembled to form
central lumen—containing clusters, each comprising two to
four cells, and MRP2 exclusively localized to the luminal
membrane, indicative of cell polarization (Fig. 2, B and C). At
the two-cell stage, lumen formation occurred in the center of
the lateral membrane (Fig. 2, B and C). The central lumen was
shared by multiple cells at later stages with three, four, and
more cells (Fig. 2, C and D), which resembles an acinar
structure observed during fetal and neonatal liver development
and in liver regenerating processes after hepatectomy (3-6).
Further analysis by 3D structured illumination microscopy
(3D-SIM), a super-resolution imaging technique, demon-
strated the abundance in MRP2-positive and well-developed
microvilli, indicating that the cells are fully polarized
(Fig. 2E). On the other hand, no lumen was observed between
a pair of yet-to-be polarized HepG2 cells, where MRP2 was
distributed as vesicles in the cytoplasm of both cells (Fig. 2E).

The ZO-1- or occludin-stained TJs were observed as a linear
or ring-like structure, depending on the confocal slice (Fig. 2, F
and G). A similar observation was made with Par3 staining,
and its colocalization with occludin confirmed Par3 as a TJ
protein in polarized HepG2 cells (Fig. 2F). aPKC and its tightly
associated partner Par6 were present not only at the apical
membrane but also at the TJ, as indicated by the ring-like
staining in addition to colocalization with the apical marker
MRP2 (Fig. 2F). The conclusion is supported by super-
resolution microscopic analysis demonstrating the colocaliza-
tion of aPKC with ZO-1 (Fig. 2H). The luminal (apical)
membrane was also rich in F-actin and its binding protein
ezrin (Fig. 2F). Crb3, an apical membrane protein that par-
ticipates in polarization of nonhepatic epithelial cells (37), was
also presented on the apical domain when expressed as a GFP-
fusion protein (Fig. 2F). On the other hand, Lgl localized to the
entire nonapical membrane, indicating its identity as a baso-
lateral protein (Fig. 2F). The polarity proteins thus localize to
their own distinct cortical domains in 3D-cultured HepG2
cells as do they in hepatocytes in vivo (Fig. 1, D and E).

Role of Par3 in hepatocyte polarization

Although it is known that Par3 facilitates apicobasal polar-
ization in kidney epithelial MDCK cells (25) and also partici-
pates in BC formation in rat hepatic Can 10 cells (35), further
studies are required to know the role of Par3 in hepatocyte
polarity establishment. For this purpose, we specifically
depleted Par3 in HepG2 cells by RNA interference (Fig. 3A).

4 Biol. Chem. (2021) 297(6) 101354

Par3 depletion severely impaired apical lumen formation, as
the signal for the apical membrane-integrated protein MRP2
was either almost lost or present at cytoplasmic vesicles but
not at the PM (Fig. 3, B and C). DPP4 is a single-spanning
membrane protein that is delivered initially to the lateral
domain and subsequently to the apical domain by transcytosis
in hepatocytes (8). Intriguingly, DPP4 localized exclusively to
the apical membrane in most of control lumen—forming
HepG2 cells (71%, n = 112) (Fig. 3D) but to the entire PM
or the cytoplasm in Par3-depleted cells in a lumen-less cluster
(81% or 19%, respectively, n = 116) (Fig. 3D). This is in contrast
to complete exclusion from the PM of the polytopic trans-
membrane protein MRP2 (Fig. 3B), which is directly targeted
to the apical domain in polarized hepatocytes (8). The
knockdown of Par3 also led to cytoplasmic distribution of
aPKC (100%, n = 115) and ezrin localization to the entire PM
(88%, n = 105) (Fig. 3D). These observations indicate that Par3
plays a crucial role in hepatocyte polarity establishment and
subsequent apical domain formation.

Furthermore, the lateral proteins Na*/K*-ATPase and Lgl
became distributed to the entire PM in Par3-depleted cells,
consistent with the absence of the apical domain (Fig. 3D). TJ
development was also prevented: the membrane-integrated TJ
component claudin was present throughout the entire PM.
Importantly, the peripheral membrane protein ZO-1, which is
normally targeted to the T] and essential for T] assembly (43),
becomes distributed to the entire PM and cytoplasm (Fig. 3D).
Although ZO-1 was concentrated at the TJ in 100% of lumen-
forming control cells (# = 109), this protein distributed to the
entire PM and cytoplasm in 83% of Par3-depleted cells that
were uninvolved in lumen formation (# = 100), and no ZO-1
signal was detected in the rest of the cells (17% of Par3-
depleted and lumen-uninvolved cells). Thus, Par3 depletion
in HepG2 cells led to a failure of apicobasolateral polarity
establishment. This phenotype is in sharp contrast to that of
Par3-depleted MDCK cells, which retain the ability to polarize
and thus form a cyst with multiple lumens, each surrounded
by TJ-developed polarized cells in 3D culture (25, 26).

Role of Cdc42 in hepatocyte polarization

Par3 interacts with Cdc42 via the Par6—aPKC dimer to
regulate T] development and subsequent formation of the
apical membrane in 2D-cultured epithelial cells (44). In 3D
culture of intestinal and renal epithelial cells, on the other
hand, depletion of Cdc42 does not prevent the establishment
of apicobasal polarity in individual cells but leads to multiple
lumen formation (16, 45), which is also induced by knockdown
of Par3, Par6, or aPKC (25, 27, 28).

In HepG2 cells specifically depleted of Cdc42 (Fig. 4A),
apical lumen formation was strongly impaired (Fig. 4, B and
C): the multispanning membrane protein MRP2 was lost from
the PM (Fig. 4B). In contrast, the bitopic transmembrane
protein DPP4 and the peripheral membrane protein ezrin were
distributed to the entire PM in 84% (n = 137) and 100% (n =
107) of Cdc42-depleted cells in a lumen-free cluster, respec-
tively (Fig. 4D). The depletion resulted in cytoplasmic
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Figure 2. Cell polarization and lumen formation in 3D-cultured HepG2 cells. A, representative confocal images of single HepG2 cells in suspension. Cells
were fixed and stained with the indicated antibodies and Hoechst. B, representative differential interference contrast (DIC) images (left) and quantification
of apical lumen formation (right) in 3D Matrigel culture of HepG2 cells. Cells were cultured for 24 h, followed by fixation and staining with the anti-MRP2
antibody and Hoechst. Cell clusters with a lumen were counted at the two-, three-, or four-cell stage (n = 100 for each stage) in three independent
experiments, and values are presented as the mean + SD. C and E-H, representative confocal (C, F, and G) and super-resolution (E and H) images of
3D-cultured HepG2 cells. Cells were cultured for 24 h and stained with the indicated antibodies and Hoechst. The stacked images (z-stacks) are also shown
on the right-most panels in C. The areas outlined with dashed lines in (G) and (H) are further magnified (zoom). D, HepG2 cells were cultured for 6 days and
stained as indicated. The stacked images (z-stacks) are also shown. The scale bars represent 10 um, unless otherwise indicated.
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10 pm.
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localization of aPKC (100%, n = 105) (Fig. 4D). On the other We further studied the role of Cdc42 by expressing various

hand, both the TJ proteins Par3 and ZO-1 remained accu-
mulated to cell-cell contact sites in 75% (n = 102) and 82%
(n = 100) of Cdc42-depleted cells that do not participate in
lumen formation, respectively (Fig. 4D). Cdc42 is thus crucial
for hepatocyte polarity establishment but not required for
recruitment of Par3 and ZO-1.

SASBMB

forms of Cdc42 as GFP-fused protein in HepG2 cells: wt, a
GDP-fixed inactive form (T17N), and an active form with a
facilitated GTP/GDP exchange rate (F28L) (46). Expression of
Cdc42 (T17N) attenuated apical lumen formation (Fig. 4E),
confirming the significance of the Cdc42 activity. Although
Cdc42 (wt) and Cdc42 (T17N) distributed to the entire PM as
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well as the cytoplasm, Cdc42 (F28L) localized to the PM with
accumulation at the apical domain (Fig. 4F), implying that
GTP-bound Cdc42 acts at the apical membrane. It is thus
likely that Cdc42 plays a crucial role in hepatocyte polarity
establishment and apical lumen formation; in contrast, this
GTPase is not involved in apicobasolateral polarization per se
in intestinal and renal epithelial cells (16, 45, 47).

Role of aPKC in hepatocyte polarization

Because Cdc42 functions in apical membrane formation via
its effector complex Par6—aPKC in kidney epithelial cells (44),
we next studied the role of aPKC in hepatocyte polarization.
Transfection of HepG2 cells with aPKCi-specific siRNAs led to
a complete loss of this aPKC as shown by immunoblot analysis
using its specific antibody (Fig. 5A4). These cells lost a large part
of aPKC detected by the pan-aPKC antibody that interacts
with the two members of the mammalian aPKC family (aPKCi
and aPKC{), indicating that HepG2 cells mainly express
aPKCi. Apical lumen formation was prevented by depletion of
aPKCu (Fig. 5, B and C) and by cell treatment with aPKC-PS, an
aPKC inhibitor (Fig. 5D). Thus, aPKC likely plays a crucial role
in hepatocyte polarity establishment. The apical protein ezrin
distributed to the entire PM in aPKCi-depleted HepG2 cells in
a lumen-less cluster (100%, # = 101). On the other hand, the TJ
proteins Par3 (89%, n = 100) and ZO-1 (82%, n = 101)
remained concentrated in the center of the lateral membrane
(Fig. 5E), suggesting that aPKC is not responsible for recruit-
ment of Par3.

It is known that cAMP facilitates BC elongation, suggesting
that cAMP is able to regulate hepatocyte polarization (48, 49).
Indeed treatment of HepG2 cells with the cell-permeable
analog dibutyryl-cAMP enhanced apical lumen formation
(Fig. 5F). The formation was impaired by aPKC depletion,
further supporting the importance of aPKC.

We also investigated the role of aPKC in primary hepato-
cytes. In collagen-sandwich culture of mouse primary hepa-
tocytes, short BCs lining TJs were observed at day 1 and
continued to lengthen up to day 7 (Fig. 5G). aPKC stained the
canalicular membrane, colocalizing with both ZO-1 and the
apical protein ABCB1 (Fig. 5H). Treatment with the aPKC
inhibitor aPKC-PS reduced the length of BC (Fig. 5I), indi-
cating the significance of aPKC in apical domain expansion in
primary hepatocytes.

Role of Lgl in hepatocyte polarization

To identify aPKC substrates involved in hepatocyte polari-
zation, we expressed the catalytically inactive aPKCi (K274E)
(50) in HepG2 cells and analyzed its coprecipitated proteins by
LC-MS/MS. The analysis demonstrated that Lgll and Lgl2
effectively bound to aPKCi (K274E) with their mass scores
largely exceeding those of other known partners such as Par6
and Par3, and thus they were expected to be major substrates
of aPKC in these cells (see Experimental procedures section).
It is well known that the Lgl proteins, adopting a double
B-propeller structure composed of 14 WD40 motifs (51), are
evolutionarily conserved substrates of aPKC; aPKC binds to a
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loop between the 10th and 11th WD40 blades in the second
propeller (Fig. 6A) and phosphorylates Ser655, Ser659, Ser663,
Ser670, and Ser673 in Lgll and their respective residues in
Lgl2 (17, 18, 52). The serine residues are present in a
conserved polybasic region (PBR) in the N-terminal region of
the loop, which recruits Lgl to the PM (53), whereas another
conserved segment in the loop, the C-terminal conserved re-
gion (CCR), lacks net charge (Fig. 6A).

Specific depletion of Lgll or Lgl2 in HepG2 cells (Fig. 6B)
did not affect apical localization of aPKC (Fig. 6C). Even in
doubly Lgl-depleted cells, Par3 remained correctly targeted to
the TJ, and apical lumen formation was marginally affected
(Fig. 6, D and E). The double knockdown did not restore cell
polarization impaired in Par3-or aPKCi-depleted cells (Fig. 6, F
and G). The findings indicate that Lgl is dispensable for he-
patocyte polarity establishment. In the absence of both Lgll
and Lgl2, the membrane-integrated protein MRP2 remained
strictly localized to the apical membrane, whereas the soluble
proteins aPKC and ezrin crossed over to the lateral domain
(Fig. 6D). The finding raises a possibility that Lgl participates
in hepatocyte polarization via preventing aberrant apical
protein localization to maintain lateral membrane integrity.

Mechanism for control of lateral domain integrity by Lgl

Consistent with the ability of Lgl to inhibit apical protein
invasion (Fig. 6D), overexpression of Lgll or Lgl2 impaired
apical lumen formation in HepG2 cells (Fig. 74). A mutant
Lgl1 lacking the loop region (Lgl1-Aloop), defective in binding
to aPKC (Fig. 7B), failed to prevent apical lumen formation
(Fig. 7A). Although Lgl1-APBR and Lgl1-ACCR retained the
ability to interact with aPKC (Fig. 7B), the apical lumen was
fully formed in HepG2 cells overexpressing either mutant
protein (Fig. 7A), indicating that both PBR and CCR in the
loop region are required for Lgl-mediated control of lateral
membrane integrity.

Prevention of aberrant apical protein localization by Lgl
likely requires its localization to the lateral domain of the PM.
It has been shown that, in nonhepatic cells, the PBR plays an
essential role in Lgl recruitment to the PM via electrostatic
binding to membrane phospholipids; the binding is abrogated
by aPKC-catalyzed serine phosphorylation, which neutralizes
the positive charges on the PBR to release Lgl from the PM
(53, 54). In HepG2 cells, GFP-Lgl1 (wt) localized to both PM
and cytoplasm, but truncation of the whole loop or the PBR
alone resulted in exclusion from the PM (Fig. 7C), confirming
the role of the PBR in hepatocytes. The phosphorylation-
mediated regulation also appears to occur in HepG2 cells
because GFP-Lgl1-5S5A, in which the five PKC-
phosphorylated serine residues (Ser655, Ser659, Ser663,
Ser670, and Ser673) were replaced with the non-
phosphorylatable residue alanine, was exclusively targeted to
the PM, whereas Lgl1-5SE, carrying substitution of the phos-
phomimic residue glutamate for the serine residues, was
observed in the cytoplasm (Fig. 7D). On the other hand, the
requirement of the CCR for Lgl function (Fig. 7A) has not been
thus far reported. In HepG2 cells, GFP-Lgl1-ACCR was
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enriched on the basolateral domain of the PM to an extent
higher than that of Lgll (wt) (Fig. 7C), implying that the CCR
attenuates the PBR-mediated association with the PM. Taken
together, both positive and negative regulations of Lgl mem-
brane recruitment by the PBR and CCR, respectively, are likely
involved in control of lateral domain integrity in hepatocytes.
Localization of Lgl is also thought to be regulated by the TJ
protein Par3 because Par3 is also a substrate of aPKC and thus
competitively inhibits Lgl phosphorylation (14). As described
in the present study, Lgll and Lgl2 but not Par3 are the major
aPKCi (K274E)-binding proteins in HepG2 cells. FLAG-aPKCi
(K274E) bound to Myc-Lgll to a much greater extent than
that of Myc—Par3 (Fig. 7E), which agrees with the recent
finding that aPKC phosphorylates Lgl more efficiently than
Par3 in vitro (55). Myc-Lgll interacted strongly with catalyt-
ically inactive aPKCi (K274E) but only marginally with aPKC
(wt) (Fig. 7E). As expected from the phosphorylation-induced
effective dissociation of Lgl, aPKC binding to non-
phosphorylatable Lgll (Lgl1-5SA) was stronger than that to
Lgll (wt) (Fig. 7F). In contrast, Par3 bound to aPKCi (K274E)
and to aPKCi (wt) to the same extent (Fig. 7E), indicating that
phosphorylated Par3 does not easily dissociate from aPKC,
probably because of its multiple interactions with the Par6—
aPKC complex (44, 55-57). In agreement with the stable as-
sociation with aPKC, Par3 efficiently released Lgll from aPKC
(Fig. 7G). These findings suggest that Par3 antagonizes the
action of Lgl at the TJ to regulate lateral domain integrity.

Discussion

The polarity protein Par3 is enriched at the TJ, and its
binding protein aPKC localizes to both T] and apical mem-
brane in hepatocytes in mouse liver tissue (Fig. 1) and polar-
ized human hepatocytic HepG2 cells (Fig. 2). Using HepG2
cells in 3D Matrigel culture, we show that Par3 plays a crucial
role in hepatocyte polarity establishment and subsequent
apical lumen formation in conjunction with Cdc42 and aPKC
(Figs. 3-5). Par3 cooperates with ZO-1, an essential
TJ-assembling protein (43), at a site for the apical lumen to be
formed even in Cdc42- or aPKC-depleted HepG2 cells,
whereas Par3 and Cdc4?2 are both required for PM localization
of aPKC, which is responsible for apical development. The
basolateral proteins Lgll and Lgl2 (Figs. 1 and 2), major aPKC
substrates in hepatocytes, are dispensable for apical lumen
formation but involved in maintenance of lateral domain
integrity (Figs. 6 and 7).

The study on the molecular mechanism for hepatocyte
polarization has been limited, compared with that for simple
epithelial cells such as renal MDCK and intestinal Caco-2 cells,
at least partly because of inefficient polarization of cultured
hepatic cells. Here, we use HepG2 cells as an excellent model
for the study of hepatocyte polarization (2): for microscopic
analysis at the two or a few cell stages, carefully prepared single
cells are used in 3D culture with Matrigel, which is known to
provide a most suitable ECM for hepatocyte polarization at the
single cell level (58) and in liver organoid formation (59). In
HepG2 cells that become polarized under the present condi-
tions (Fig. 2), all the marker proteins tested are correctly
localized to the same membrane domains as those in mouse
hepatocytes in liver tissue (Fig. 1). The central lumen with
well-developed microvilli is usually formed at the two-cell
stage, and subsequently shared by multiple polarized cells at
later stages (Fig. 2), which resembles an acinar structure
observed during fetal and neonatal liver development (3, 7)
and in liver regeneration (4—6). Polarized hepatocytes contain
the two distinct trafficking pathways for apical transmembrane
proteins: the multispanning membrane protein MRP2 is
directly targeted to the apical domain; and DPP4, a single-
spanning membrane protein, is delivered initially to the
lateral domain and subsequently transcytosed to the apical
domain (2, 8). The two pathways are likely maintained in the
present 3D-cultured HepG2 cells. MRP2 is not delivered to the
PM in Par3-depleted HepG2 cells, which lack the apical
membrane domain, the primary target site for MRP2; on the
other hand, DPP4 is distributed to the entire PM because it is
normally recruited to its primary target site, but not further
transported in the absence of the apical membrane domain, its
target site for transcytosis (Fig. 3). In MDCK cells, on the other
hand, ectopically expressed DPP4 is directly transported to the
apical domain but not by transcytosis (60, 61). The indirect
targeting of apical proteins such as DPP4 is thus considered to
be a hallmark of the hepatocytic polarity phenotype.

The present finding that depletion of Par3, Cdc42, or aPKC
results in a loss of cell polarity and subsequent apical lumen
formation in 3D-cultured HepG2 cells (Figs. 3—5) is apparently
different from that observed in 3D culture of renal MDCK or
intestinal Caco-2 cells. In these epithelial cells, knockdown of
either polarity protein results in formation of cysts with mul-
tiple lumens surrounded by polarized cells (16, 25, 27, 28, 45),
indicating that cell polarization per se is not disturbed. The
apparent difference is possibly because of the distinct unpo-
larized states at the one-cell stage. In a single unpolarized

mean = SD. ***p < 0.001 (Student'’s t test). F, quantification of apical lumen formation in 3D culture of HepG2 cells treated with dibutyryl-cAMP (dbcAMP).
aPKCi-depleted or control cells were cultured for 24 h in the presence or absence of 1 mM dbcAMP. Cell clusters (n > 100 for each condition) were scored for
lumen formation in three independent experiments, and values are presented as the mean + SD. **p < 0.01; ***p < 0.001; ns, (one-way ANOVA followed by
the Tukey-Kramer test). G, representative confocal images (left) and quantification of BC formation (right) in collagen sandwich culture of mouse primary
hepatocytes. Hepatocytes isolated from 8-week-old male mice were cultured in a collagen gel sandwich for the indicated days, followed by staining as
indicated. The total BC length in one image was divided by the total number of nuclei to calculate the mean BC length per nucleus (n = 100 for each culture
period). Values are mean + SD of three independent experiments. **p < 0.01; ***p < 0.001 (one-way ANOVA followed by the Tukey-Kramer test).
H, representative differential interference contrast (DIC) and confocal images of primary hepatocytes. Cells were fixed at day 3 in collagen sandwich culture
and stained as indicated. /, representative confocal images (left) and quantification of BC formation (right) in collagen sandwich culture of mouse primary
hepatocytes treated with aPKC-PS. Hepatocytes were cultured in a collagen gel sandwich for 3 days in the presence or absence of 30 uM aPKC-PS, followed
by fixation and staining as indicated. The total BC length in one image was divided by the total number of nuclei to calculate the mean BC length per
nucleus (n = 100 for each condition) in three independent experiments, and values are presented as the mean + SD. **p < 0.01 (Student’s t test). The scale
bars represent 10 um. BC, bile canaliculus; ns, not significant.
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Figure 6. Role for Lgl in regulation of lateral membrane integrity. A, domain organization of human Lgl1 and Lgl2 and sequence alignment of the PBR-
containing loop in Lgl proteins from various species. The amino acid sequences of the loop region between the 10th and 11th WD40 blades are aligned:
human, Homo sapiens; mouse, Mus musculus; chicken, Gallus gallus; frog, Xenopus tropicalis; Medaka fish Oryzias latipes; and fruit fly, Drosophila melanogaster.
The basic residues lysine and arginine are shown in magenta, and the aPKC-phosphorylated serine residues are shown in blue. Numbers indicate amino acid
positions in human Lgl1. B, depletion of Lgl1 and/or Lgl2 in HepG2 cells. Lysates of HepG2 cells transfected with the indicated siRNAs were analyzed by
immunoblot with the indicated antibodies in four independent experiments. Positions for marker proteins are indicated in kilodalton. C and D, repre-
sentative confocal images of Lgl-depleted HepG2 cells in 3D culture. Cells transfected with the indicated siRNAs were cultured for 24 h, followed by staining
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MDCK cell, the apical membrane-integrated protein gp135 as
well as the basolateral protein Pl-integrin is distributed all
over the PM (62), whereas the otherwise apically localized
protein MRP2 is absent from the PM in an unpolarized HepG2
cell (Fig. 2). Even at the two-cell stage, MRP2 distributes in the
cytoplasm in yet-to-be unpolarized HepG2 cells (Fig. 2); in
contrast, gpl35 is initially present at the ECM-contacting
surface in MDCK cells (47). It is thus tempting to postulate
that the PM of hepatocytes but not that of other epithelial cells
lacks the apical domain components as the default setting in
an unpolarized state, and thus the polarity proteins Par3,
Cdc42, and aPKC must exert their functions to a much greater
extent for cell polarization and apical membrane development
in hepatocytes. Basolateral membrane dominance in hepato-
cytes may be supported by the finding that depletion of the
lateral identity protein Lgl in 3D culture does not perturb
apical lumen formation in HepG2 cells (Fig. 7) but leads to
defective lumen formation in other epithelial cells (19, 63).
Consistent with this, Lgl overexpression in HepG2 cells, which
is expected to further facilitate laterality dominance, prevents
cell polarization and subsequent lumen formation (Fig. 7); on
the other hand, in MDCK cells, Lgl overexpression induces
multilumen cyst formation but does not affect apicobasal po-
larity of individual cells (25).

aPKC localizes to both T] and apical (canalicular) mem-
brane in polarized hepatocytes (Figs. 1 and 2). At the TJ, aPKC
forms a stable complex with Par3, a protein that is required for
aPKC localization (Fig. 3). On the apical membrane, instead,
aPKC probably associates with GTP-bound Cdc42 since aPKC
is excluded from the PM in Cdc42-depleted HepG2 cells
(Fig. 4). In renal epithelial MDCK cells, the Par6—aPKC dimer
localizes to the apical membrane via interaction with GTP-
bound active Cdc42, and the apical membrane protein Crb3
(16). Crb3 is also expressed in hepatocytes and HepG2 cells,
and GFP-Crb3 is efficiently targeted to the apical membrane
in HepG2 cells (Figs. 1 and 2), and an active form of Cdc42
(F28L) is enriched at the apical membrane in HepG2 cells
(Fig. 4). It seems thus possible that aPKC is recruited to the T]
via interacting with Par3 and to the apical membrane via
assembling with Cdc42 and Crb3 in hepatocytes. During po-
larization of HepG2 cells, Par3 recruits the Par6—-aPKC het-
erodimer to a site of the PM, which is then differentiated into
the apical domain (Figs. 3 and 5); in response to apical acti-
vation by Cdc42, aPKC may dissociate from Par3, which thus
demarcates the apical-lateral border, to drive differentiation
and expansion of the apical membrane, as considered for the
mechanism for polarization of simple epithelial cells (64).
Interestingly, in Caenorhabditis elegans zygotes with anterior—
posterior polarity, the localization of aPKC involves distinct
and specialized aPKC-containing assemblies: a PAR-3-
dependent assembly that responds to polarity cues and pro-
motes efficient segregation of aPKC toward the anterior; and a

CDC42-dependent assembly where aPKC is active but poorly
segregated (65).

Inhibition of the aPKC activity as well as depletion of this
enzyme impairs apical lumen formation in HepG2 cells
(Fig. 5). The kinase activity is also involved in BC elongation in
mouse primary hepatocytes (Fig. 5). The present analysis has
identified the lateral proteins Lgll and Lgl2 as major substrates
of aPKC in HepG2 cells (Fig. 7), and phosphorylation of Lgl
likely drives its dissociation from hepatocyte PM (Fig. 7). Lgl-
deficient MDCK cells in 3D culture fail to form an apical
lumen (19). By contrast, in hepatocytes, Lgll and Lgl2 are
dispensable for apical lumen formation (Fig. 6). Instead, the
Lgl proteins appear to maintain lateral membrane integrity. In
3D-cultured HepG2 cells, depleted of both Lgl proteins, a
considerable part of the soluble apical proteins aPKC and ezrin
cross over to the lateral domain (Fig. 7), which is similar to the
lateral invasion of the Par6—aPKC dimer observed in 2D cul-
ture of Lgl1/2-deficient colon epithelial cells (20). Consistent
with the ability of Lgl to inhibit the invasion of apical proteins,
overexpression of Lgll or Lgl2 prevents apical lumen forma-
tion in HepG2 cells (Fig. 7). Thus, Lgl likely functions via
excluding the apical organizer aPKC from the lateral mem-
brane in hepatocytes. Lateral integrity control in hepatocytes
requires PM recruitment of Lgl, which is attenuated by the
aPKC-catalyzed phosphorylation and is positively and nega-
tively regulated by the PBR and the CCR, respectively (Fig. 7).

Par3 is also a substrate of aPKC (66). Intriguingly, after
phosphorylation, Par3 remains associated with aPKC in
contrast to Lgl (Fig. 7). The stable association is probably
because of multiple interactions between Par3 and the Par6—
aPKC heterodimer: Par3 directly binds to Par6 via the first and
third PDZ domains (44, 55, 56) and to the aPKC C terminus
via the second PDZ domain (57); Par3 also interacts with the
aPKC catalytic domain via a C-terminal region to the third
PDZ domain, an interaction that is released after phosphory-
lation (66, 67). In this stable complex, Par3 may regulate the
aPKC activity by binding to the catalytic domain in competi-
tion with other substrates. This model explains well how aPKC
stably localizes with Par3 at the T] but displaces other sub-
strates such as Lgl from the TJ and apical membrane.

It remains presently unclear how Par3 is selectively
recruited and concentrated at an appropriate site of the PM to
initiate cell polarization in hepatocytes as well as simple
epithelial cells. Par3 recruitment can occur in a mitosis-
dependent and mitosis-independent manner. The midbody
formed during the first cell division appears to mark a site of
nascent apical formation and function as an apical polarity cue
in 3D-cultured MDCK cells (68); the apical membrane initia-
tion site forms a ring structure around the midbody to act as a
platform for delivery of apical proteins (69, 70). It has been
reported that Par3 as well as ZO-1 localizes to the midbody
just before abscission, the final stage of cell division, in rat

with the indicated antibodies and Hoechst. The scale bars represent 10 um. E-G, quantification of apical lumen formation in 3D culture of Lgl-depleted
HepG2 cells. After 3D cultured for 24 h, cell clusters (n = 100 for each condition) were scored for lumen formation in three independent experiments,
and values are presented as the mean + SD. *p < 0.05 (Student’s t test) (E); ***p < 0.001 (one-way ANOVA followed by the Tukey-Kramer test) (F and G).
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Figure 7. Mechanism whereby Lgl regulates hepatocyte polarization. A, apical lumen formation and protein expression level of 3D-cultured HepG2 cells
that overexpressed GFP-tagged Lgl proteins. Cells expressing the indicated Lgl protein were grown in 3D Matrigel culture for 24 h. Cell clusters (n > 100 for
each condition) were scored for lumen formation in three independent experiments, and values are presented as the mean = SD (upper panels).
***p < 0.001 (one-way ANOVA followed by the Tukey-Kramer test). Cell lysates were analyzed by immunoblot with the indicated antibodies in three
independent experiments (lower panels). B and E-G, interaction of Lgl with aPKC. Proteins in the lysate of human embryonic kidney 293T (HEK293T) cells
expressing the indicated proteins (lysate) were immunoprecipitated (IP) with the anti-FLAG M2 antibody or control IgG and then analyzed by immunoblot
with the indicated antibodies in four independent experiments. The numbers for HA-Par3 and FLAG-Lgl1 in (G) indicate the relative amount of the plasmid
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hepatic Can 10 cells (35) and human endometrial epithelial
cells (71). On the other hand, primary hepatocytes are capable
of developing cell polarity without cell division: de novo po-
larization at the single-cell level is initiated by mere contact
with both ECM and immobilized cadherin molecules defining
a polarizing axis; this is followed by the accumulation of a
dense actin cortex, Par3, and ZO-1 in the central region of the
contact (58). Further investigations are required to clarify the
molecular mechanism for membrane recruitment of Par3 for
cell polarity establishment.

Hepatocytes differ from other epithelial cells in that each
hepatocyte is multipolarized with several apical domains in
mature liver (2). During development and regeneration of the
liver, hepatocytes initially polarize and assemble as a single
central lumen-containing cluster and are subsequently orga-
nized to become multipolarized for formation of anastomosed
BC (3-7). Consistent with this, inhibition of aPKC results in
blockade of both initial apical formation and BC elongation
(Fig. 5). Depletion of Cdc42 also impairs hepatocyte polariza-
tion and apical lumen formation (Fig. 4), and Cdc42-deleted
mice liver displays a disorganized lobular structure with
dilated BCs in a regenerating process after hepatectomy (36).
The detailed molecular mechanism for hepatocyte multi-
polarization should be investigated in future studies.

Experimental procedures
Antibodies and reagents

Rabbit antisera for Par6f were raised against the C-terminal
19-amino acid peptide of human Par6p (16). A mouse
monoclonal antibody against ZO-1 (clone T8-754) was pre-
pared as previously described (67, 72). Rabbit anti-Crb3a sera
were raised against the C-terminal 20-amino acid peptide of
human Crb3a, and the monospecific anti-Crb3a antibody was
affinity purified using a HiTrap NHS-activated HP column (GE
Healthcare Biosciences) conjugated with the immunogen. An
anti-MRP2 mouse monoclonal antibody (clone M2 III-6;
ab3373), an anti-Na"/K*-ATPase al subunit rabbit mono-
clonal antibody (clone EP1845Y; ab76020), and an anti-Lgll
rabbit monoclonal antibody (clone EPR18899; ab183021),
which cross-reacts with Lgl2 (20), were purchased from
Abcam; anti-CD13 (clone 3D8; sc-13536), anti-MDR1/ABCB1
(clone D11; sc-55510), anti-Lgl2 (clone A-4; sc-376857), anti-
albumin (clone F-8; sc-374670) mouse monoclonal antibodies,
an anti-ZO-1 rat monoclonal antibody (clone R40.76; sc-
33725), anti-pan aPKC (anti-PKC{(; sc-216), and anti-p-cat-
enin (sc-7199) rabbit polyclonal antibodies from Santa Cruz
Biotechnology; anti-pB-catenin (clone 14; 610154), anti-ezrin
(clone 18; 610602), anti-Cdc42 (clone 44; 610929), and anti-
PKCu/\ (clone 41; 610207) mouse monoclonal antibodies from
BD Transduction Laboratory; anti-DPP4/CD26 (clone A6H;
SAB4200230), anti-pB-tubulin (clone TUB 2.1; T4026), and
anti-FLAG (clone M2; F1804) mouse monoclonal antibodies

and anti-FLAG rabbit polyclonal antibodies (F7425) from
Sigma—Aldrich; anti-ezrin (07-130) and anti-Par3 (07-330)
rabbit polyclonal antibodies from Millipore; anti-phospho-
ezrin (Thr567)/radixin (Thr564)/moesin (Thr558) (P-ERM)
(clone 48G2; 3726), anti-Lgll (clone D2B5A; 12159), and anti-
E-cadherin (clone 24E10; 3195) rabbit monoclonal antibodies
from Cell Signaling Technology; an anti-occludin (clone OC-
3F10; 33-1500) mouse monoclonal antibody, and anti-ZO-1
(61-7300) and anti-claudin-1 (51-9000) rabbit polyclonal
antibodies from Thermo Fisher Scientific; an anti-ABCB1/P-
glycoprotein mouse monoclonal antibody (clone C219;
ALX-801-002) from Enzo; an anti-HA mouse monoclonal
antibody (clone 16B12; MMS-101P) from Covance; an anti-
Myc mouse monoclonal antibody (clone 9E10) from Roche
Applied Science; and an anti-GFP mouse monoclonal antibody
(GF200; 04363-24) from Nacalai Tesque. Myristoylated PKC-
Zeta Pseudosubstrate (77749), an inhibitor for aPKC, was
obtained from Thermo Fisher Scientific.

Plasmids

The complementary DNA (cDNA) for human Par3 was
obtained by PCR using a human fetal brain ¢cDNA library
(Stratagene) (67). The ¢cDNAs for human aPKCi and Cdc42
were obtained by RT-PCR using RNAs prepared from SH-
SY5Y cells and the human leukemia K562 cells, respectively
(50, 73). The cDNAs encoding human Lgll and Lgl2 were
obtained by PCR using a human fetal brain ¢cDNA library
(Takara Bio, Inc) and an EST clone (cDNA clone MGC 75113
IMAGE: 5575350), respectively. Mutations leading to the
indicated amino acid substitutions or deletions were intro-
duced by PCR-mediated site-directed mutagenesis. The cDNA
encoding full-length human Crb3a (amino acid residues
1-120) was obtained by PCR using kidney ¢cDNAs (Human
Multiple Tissue cDNA Panel; Takara Bio, Inc) as previously
described (16). For expression of GFP-Crb3, the c¢DNA
encoding enhanced GFP was inserted between the cDNA
sequence for the signal peptide and that for the mature protein
of human Crb3a. The cDNAs were ligated to the following
expression vectors: pEF-BOS (74) or pcDNA3.1(+) (Thermo
Fisher Scientific) for expression in mammalian cells; and
pEGFP-CI1 (Takara Bio, Inc) for expression as an N-terminally
GFP-tagged protein in mammalian cells. All the constructs
were sequenced for confirmation of their identities.

Preparation of mouse liver tissue and primary hepatocytes

The present mouse studies were all conducted with the
approval of Kyushu University (identification code: A20-090-0)
and were performed in accordance with the guidelines of the
Committee of Ethics on Animal Experiments, Faculty of
Medical Sciences, Kyushu University. We obtained 8-week-old
male mice (JclICR) from CLEA Japan, Inc. Preparation of the
liver tissue and primary hepatocytes was performed according

DNA used for the transfection (0, 1, 3, or 10 times). Positions for marker proteins are indicated in kilodalton. C and D, representative confocal images of
HepG2 cells expressing the indicated Lgl1 protein. Cells were grown in 3D culture for 24 h, followed by staining with the indicated antibodies and Hoechst.

The scale bars represent 10 pm.
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to the method of Sekiya and Suzuki (75) with minor modifi-
cations. In brief, after anesthesia with sevoflurane inhalation
combined with an intraperitoneal injection of pentobarbital
(40 mg/kg), the liver was perfused through the portal vein first
with buffer A (137 mM NaCl, 5 mM KCIl, 0.5 mM NaH,PQO,,
0.8 mM Na,HPO,, 0.5 mM EGTA, 4 mM NaHCO3;, 5 mM
p-glucose, and 10 mM Hepes, pH 7.2), then treated with
0.5 mg/ml of collagenase type IV (Worthington) in Hank’s
solution (Nissui) supplemented with 4 mM CaCl,, 4 mM
NaHCOs3, and 10 mM Hepes, pH 7.5. The collagenase-treated
liver was resected, and cells were released by tearing the
Glisson’s capsule. After centrifugation three times for 1 min at
50g, cells were resuspended in hepatomedium, a 1:1 mixture of
Dulbecco’s modified Eagle’s medium and F-12 (Gibco), sup-
plemented with 10% fetal bovine serum (FBS), 1 pg/ml of in-
sulin (FUJIFILM Wako), 0.1 puM dexamethasone (Nacalai
Tesque), 10 mM nicotinamide (FUJIFILM Wako), 50 uM
B-mercaptoethanol (Nacalai Tesque), and penicillin/strepto-
mycin. Cells were stained with trypan blue to assess cell
viability and plated on the 14-mm diameter surface of a glass
bottom dish (No.1S; Matsunami Glass) coated with collagen I
(Nitta Gelatin) for experiments as indicated later. For tissue
immunohistochemistry experiments, after perfusion with
buffer A, the liver was fixed with a solution of 4% para-
formaldehyde, resected, and kept overnight in the fixing
solution.

Cell culture and transfection

Primary hepatocytes were plated on glass bottom dishes
coated with collagen I. After overnight incubation at 37 °C
under 5% CO,, hepatocytes were overlaid with collagen I and
further cultured in hepatomedium for the indicated days.
HepG2 cells (American Type Culture Collection) were
cultured in Eagle’s minimum essential medium (MEM)
(Nissui) supplemented with 10% FBS and 60 mg/l of kana-
mycin. Human embryonic kidney 293T (HEK293T) cells
(American Type Culture Collection) were cultured in Dul-
becco’s modified Eagle’s medium (Nissui) supplemented with
10% FBS and penicillin/streptomycin. Transfection of HepG2
or HEK293T cells with ¢DNAs was performed with
Lipofectamine3000 reagent (Thermo Fisher Scientific) or
X-tremeGENE HP transfection reagent (Roche), respectively.
The transfected cells were cultured for 48 h before use in
further analysis.

3D Matrigel culture of HepG2 cells

HepG2 cells were incubated in PBS (137 mM NaCl, 2.7 mM
KCl, 8.1 mM Na,HPO,, and 1.5 mM KH,PO,, pH 7.4) con-
taining 1 mM EDTA for 7 min at 37 °C, and then treated with
0.125% trypsin solution for 2 min. Cells were collected in
MEM medium and passed through a 23-gauge needle 15 times
to obtain single cells, after which cells were centrifuged,
resuspended in fresh medium, and counted. About 8-well
chambered cover glasses (Matsunami Glass or IWAKI) were
coated with 40 pl/well of cold 100% Matrigel (Corning), rich in
collagen IV and laminin, and allowed to gel for 5 to 10 min at
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37 °C, and 300 pl of the cell suspension was plated at a density
of 2.0 x 10* cells/well. Cells were cultured for 24 h, followed by
fixation. For dibutyryl-cAMP treatment, the plated cells were
cultured for 24 h in the presence of 1 mM N° ,2-O-dibutyr-
yladenosine 3',5'-cyclic monophosphate sodium salt (Tokyo
Kasei) in MEM with 1% FBS, before fixation.

Immunofluorescence microscopy

Cells cultured in Matrigel or a collagen sandwich were fixed
with 4% paraformaldehyde for 30 min at room temperature,
with 100% methanol for 10 min at -20 °C, or with 10% tri-
chloroacetic acid for 3 min at room temperature, depending
on the primary antibody used. Fixed cells were then treated
with a blocking solution containing 3% bovine serum albumin
(BSA) dissolved in PBS for 30 min. In the case of para-
formaldehyde fixation, cells were further permeabilized with a
solution containing 0.5% Triton X-100 and 3% BSA dissolved
in PBS. The samples were incubated with primary antibodies
for a period of 1 to 7 days, then washed, and incubated with the
following secondary antibodies: Alexa Fluor 488-labeled goat
anti-rabbit or anti-mouse IgG antibodies; Alexa Fluor 594-
labeled anti-rabbit or anti-mouse IgG antibodies; and Alexa
Fluor 633-labeled anti-mouse or anti-rat IgG antibodies
(Thermo Fisher Scientific). Actin filaments were stained with
Alexa Fluor 647 phalloidin (Thermo Fisher Scientific), and
nuclei were stained with Hoechst 33342 (Thermo Fisher Sci-
entific). For liver tissue immunohistochemistry, fixed liver
tissue blocks were embedded in paraffin, sectioned in 5 to
15 pum slices with a microtome, and mounted on slides.
Paraffin wax was removed with a series of xylene and ethanol,
and then antigen retrieval was performed by boiling the slides
in a buffer containing 50 mM Tris—HCl (pH 9.5). Samples
were blocked for 30 min with a solution containing 3% BSA
dissolved in PBS. After overnight incubation at 4 °C in a hu-
midified chamber with the corresponding primary antibodies,
samples were washed three times in PBS, then incubated with
secondary antibodies for 1 h at room temperature, and nuclei
were stained with Hoechst 33342 for 10 min. After washing
with PBS, samples were mounted with coverslips using Vec-
tashield HardSet Antifade mounting medium (Vector Labo-
ratories). Confocal images were captured at room temperature
with the confocal microscopes LSM700 (Carl Zeiss), LSM780
(Carl Zeiss), or A1IR HD25 (Nikon), followed by analysis with
ZEN (Carl Zeiss) or NIS elements (Nikon). The microscope
LSM700 was equipped with a Plan-Apochromat 20x/0.8 nu-
merical aperture (NA) dry objective lens and a Plan-
Apochromat 63x/1.4 NA oil-immersion objective lens. The
microscope LSM780 was equipped with a Plan-Apochromat
40x/1.3 NA oil-immersion and a C-Apochromat 63x/1.2 NA
water-immersion objective lens. The microscope A1IR HD25
was equipped with a Plan-Apochromat 40x/1.25 NA silicon-
immersion objective lens and a Plan Apochromat 60x/1.27
NA water-immersion objective lens. For preparation of figures,
images were edited with the GNU Image Manipulation Pro-
gram (GIMP 2.10.10; www.gimp.org) and Image] 1.52
(National Institutes of Health) software.
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Super-resolution SIM imaging and analysis

SIM images were taken with an N-SIM system (Nikon)
attached to a Ti2-E inverted microscope (Nikon) with a CMOS
camera (ORCA-Flash 4.0 V3; Hamamatsu Photonics) using a
Plan Apochromat 100x/1.35 NA silicon-immersion objective
lens at a step size of 0.12 um. The chromatic aberration of the
system was calibrated and corrected by 0.1 pm TetraSpeck
beads (T7279; Thermo Fisher Scientific) in the mounting
medium. Images were reconstructed and analyzed using NIS
elements AR (Nikon) according to the manufacturer’s
protocol.

Analysis of apical lumen formation in 3D culture of HepG2
cells

After HepG2 cells were cultured in 3D Matrigel culture, cell
clusters, each comprising two to four cells, were stained with
the anti-MRP2 antibody and Hoechst to define the apical
lumen and nuclei, respectively. HepG2 cell clusters were
scored for apical lumen formation (# > 100 for each condition)
in three independent experiments.

Measurement of BC length in primary hepatocytes

Confocal images of stained hepatocytes in the primary
culture were obtained with LSM780 (Carl Zeiss) as described
previously and stacked on the z-axis. Canalicular length was
measured using Image] 1.52 software, then summed, and
divided by the total number of nuclei to obtain the BC length
per nucleus. Counts were performed in triplicate for each
experimental condition.

Protein identification by LC-tandem MS (MS/MS) analysis

HepG2 cells were transfected with a plasmid vector
encoding FLAG-tagged aPKCi (K274E), a mutant lacking the
kinase activity, or with an empty FLAG vector and cultured for
48 h. Cells were lysed at 4 °C with a lysis buffer (150 mM NaCl,
5 mM EDTA, 1 mM DTT, 0.01% Triton X-100, 10% glycerol,
and 50 mM Tris—HCI, pH 7.5) containing Protease Inhibitor
Cocktail (Sigma—Aldrich). Proteins in the lysates were
precipitated with the anti-FLAG M2 antibody (M2)-conju-
gated magnetic beads (Sigma—Aldrich). After washing three
times with the lysis buffer, the proteins were subjected to SDS-
PAGE, followed by silver staining. Protein identification using
LC-MS/MS was performed at the Laboratory for Research
Support, Medical Institute of Bioregulation, Kyushu Univer-
sity, according to the protocol of Matsumoto et al. (76). Bands
separated by SDS-PAGE were excised from the gel, and the
proteins in the gel were digested with Trypsin gold Mass
Spectrometry grade (PROMEGA) dissolved in 25 mM
ammonium bicarbonate solution. The gel-extracted peptides
were subjected to nano-LC—-MS/MS analysis using an LTQ
Orbitrap Velos Pro mass spectrometer system (Thermo Fisher
Scientific) coupled with an Advance UHPLC system (Bruker)
and an HTC-PAL autosampler (CTC Analytics). MS/MS
spectra were obtained automatically in a data-dependent scan
mode and compared with those in the UniProtKB/SwissProt
human peptide database (UniProt Consortium) using the
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MASCOT search engine (Matrix Science). Assigned high-
scoring peptide sequences were manually confirmed by com-
parison with the corresponding spectra.

Knockdown with siRNA

Double-stranded siRNAs targeting human Crb3, Cdc42,
Par3, aPKCi, Lgl1, and LgI2 containing the following sequences
on the sense strand of 25-nucleotide modified synthetic RNAs
(Stealth RNAi; Thermo Fisher Scientific) were used: Crb3
siRNA-1, 5'-CCAUCACUGCUAUCAUCGUGGUCUU-3'
(sense) and 5-AAGACCACGAUGAUAGCAGUGAUGG-3'
(antisense); Crb3 siRNA-2, 5'-CAGGGAAGAAGGUACUUC
AAAGACU-3' (sense) and 5'-AGUCUUUGAAGUACCUUC
UUCCCUG-3' (antisense); Crb3 siRNA-3, 5-CAGUCAG
AUCCACCCAGUGCUUAAU-3 (sense) and 5'-AUUAAGCA
CUGGGUGGAUCUGACUG-3' (antisense); Par3 siRNA-1,
5'-CCAUGUGGUUCCUGCAGCAAAUAAA-3' (sense) and
5-UUUAUUUGCUGCAGGAACCACAUGG-3' (antisense);
Par3  siRNA-2, 5-GGCUUCGGGUGAAUGAUCAACU
GAU-3' (sense) and 5-AUCAGUUGAUCAUUCACCCGAA
GCC-3' (antisense); Cdc42 siRNA-1, 5'-CCUCUACUAUUGA
GAAACUUGCCAA-3 (sense) and 5'-UUGGCAAGUUUCUC
AAUAGUAGAGG-3' (antisense); Cdc42 siRNA-2, 5-UCC
UUUCUUGCUUGUUGGGACUCAA-3' (sense) and 5'-UUG
AGUCCCAACAAGCAAGAAAGGA-3' (antisense); aPKCi
siRNA-1, 5'-ACUUCCUGAAGAACAUGCCAGAUUU-3
(sense) and 5-AAAUCUGGCAUGUUCUUCAGGAAGU-3/
(antisense); aPKCi siRNA-2, 5'-GAAGAUUGAUCAGUCUG
AAUUUGAA-3' (sense) and 5-UUCAAAUUCAGACUGAUC
AAUCUUC-3' (antisense); Lgll siRNA-1, 5'-CAGCCACUGU
CACACAGAUGCACUU-3' (sense) and 5-AAGUGCAUCUG
UGUGACAGUGGCUG-3' (antisense); Lgll siRNA-2, 5'-CAA
GAUUCUGUGGCGGAACUGUGAA-3' (sense) and 5-UUC
ACAGUUCCGCCACAGAAUCUUG-3'  (antisense); Lgl2
siRNA-1, 5-UGGAUGACAACAGCCUGCACCUUUG-3'
(sense) and 5-CAAAGGUGCAGGCUGUUGUCAUCCA-3
(antisense); and Lgl2 siRNA-2, 5-GCGAUUACCAGAA
UCCUCUGGCUGA-3' (sense) and 5-UCAGCCAGAGGA
UUCUGGUAAUCGC-3' (antisense). Low GC Duplex of
Stealth RNAi Negative Control Duplexes #2 (Thermo Fisher
Scientific) was used as a negative control. HepG2 cells plated at
a density of 3.6 x 10%*/cm” were transfected with 20 nM siRNA
using Lipofectamine RNAi MAX (Thermo Fisher Scientific)
and cultured for 24 h before use in further analysis.

Immunoprecipitation assay

Transfected HEK293T cells were lysed at 4 °C with lysis
buffer 1 (150 mM NaCl, 5 mM EDTA, 1 mM DTT, 0.1%
Triton X-100, 10% glycerol, and 50 mM Tris—HCI, pH 7.5) or
lysis buffer 2 (150 mM NaCl, 5 mM EGTA, 2 mM MgCl,,
10 mM B-glycerophosphate, 5 mM NaF, 1 mM NaPPi, 1 mM
NazVOs, 1 mM DTT, 0.1% Triton X-100, 10% glycerol, and
50 mM Tris—HCl, pH 7.5) containing Protease Inhibitor
Cocktail. The lysates were mixed with the indicated antibodies
and precipitated with protein G-Sepharose (GE Healthcare).
The precipitants were analyzed by immunoblot with the
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indicated antibodies, and the blots were developed using
ImmunoStar Zeta or ImmunoStar LD (FUJIFILM Wako) for
visualization.

Statistical analysis

Statistical analyses were performed with R software, version
3.6.1 (The R Foundation) using the Student’s ¢ test or one-way
ANOVA followed by the Tukey—Kramer test.

Data availability

All the data are contained within the article.
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