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ABSTRACT
The architecture of individual cells and cell collectives enables functional
specification, a prominent example being the formation of epithelial tubes
that transport fluid or gas in many organs. The intrahepatic bile ducts
(IHBDs) form a tubular network within the liver parenchyma that
transports bile to the intestine. Aberrant biliary ‘neoductulogenesis’ is
also a feature of several liver pathologies including tumorigenesis.
However, the mechanism of biliary tube morphogenesis in development
or disease is not known. Elimination of the neurofibromatosis type 2
protein (NF2; also known as merlin or neurofibromin 2) causes
hepatomegaly due to massive biliary neoductulogenesis in the mouse
liver. We show that this phenotype reflects unlimited biliary
morphogenesis rather than proliferative expansion. Our studies
suggest that NF2 normally limits biliary morphogenesis by
coordinating lumen expansion and cell architecture. This work
provides fundamental insight into how biliary fate and tubulogenesis
are coordinated during development and will guide analyses of
disease-associated and experimentally induced biliary pathologies.
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INTRODUCTION
The coordinated establishment of polarity and communication among
cells patterns epithelial tissues and can actively govern cell fate
(Bryant and Mostov, 2008; Stephenson et al., 2010; Korotkevich
et al., 2017). Precise and dynamic regulation of this coordination also
enables epithelial tissue homeostasis and repair (Ishibe and Cantley,
2008; Nelson, 2009; Ragkousi and Gibson, 2014). Disease
pathologies, including cancer, often reflect the unscheduled or
ectopic re-enactment of morphogenetic processes, necessitating a
deep understanding of their underlying cellular mechanisms
(Muthuswamy and Xue, 2012; Macara and McCaffrey, 2013).
The highly regenerative liver is composed largely of two intimately

related but architecturally distinct epithelial cell types: biliary
epithelial cells and hepatocytes (Raynaud et al., 2011; Zong and
Stanger, 2011; Kopp et al., 2016). Biliary epithelial cells organize
radially around a central apical lumen to form tubules that constitute

the intrahepatic bile ducts (IHBDs). This tubular network is
surrounded by hepatocytes that align in cords and establish apical
lumens as canalicular channels within their lateral cell-cell junctions;
these hepatic canaliculi align and drain into the IHBD tree. In the
developing embryo both cell types are derived from a common
precursor, the hepatoblast, and mounting evidence indicates that
plasticity between the two differentiated cell types occurs during
regenerative or disease-associated conditions in the adult liver (Kopp
et al., 2016). Importantly, a hallmark of biliary pathology associated
with chronic disease or tumorigenesis is the organization of aberrant
biliary cells into polarized structures that mimic features of normal
bile ducts (Desmet, 2011; Raynaud et al., 2011). Such
‘neoductulogenesis’ is likely to recapitulate aspects of IHBD
formation in the embryonic liver. However, it is not known how
the transition to a biliary fate is coordinated with the morphogenetic
changes required to form a system of biliary tubes, largely owing to a
lack of understanding of the earliest stages of this complex process.

Elimination of the neurofibromatosis type 2 protein (NF2; also
known asmerlin or neurofibromin 2) in the liver yields hepatomegaly
in adult mice that is caused by massive biliary neoductulogenesis
(Benhamouche et al., 2010; Zhang et al., 2010). NF2 is a classic
tumor suppressor, the loss of which is associated with multiple
human tumor types and has been linked to overproliferation caused
by a number of signaling pathways (Petrilli and Fernandez-Valle,
2016). However, NF2 is a unique type of tumor suppressor that
predominantly localizes to the plasma membrane-cytoskeleton
interface and shares a close evolutionary and functional relationship
with the membrane-cytoskeleton linking ERM (ezrin, radixin,
moesin) proteins (Fehon et al., 2010). Indeed, many studies suggest
that NF2, like the ERMs, has a fundamental role in organizing the
membrane-cytoskeleton interface; as such, loss of NF2 alters
fundamental properties of individual cells such as their polarity,
mitotic spindle-to-cortex attachment and cortical cytoskeleton
tension, as well as collective cellular behaviors including cell-cell
communication, migration and lumen formation (Lallemand et al.,
2003; Gladden et al., 2010; Hebert et al., 2012; Chiasson-MacKenzie
et al., 2015; Das et al., 2015; Inaba et al., 2017).

To understand the basis of the striking biliary expansion caused
by loss of NF2 in mice, we traced its origin. Our studies identify a
proliferation-independent requirement for NF2 in the earliest stages
of IHBD formation in the developing liver, and elucidate a novel
self-organizing model of IHBD formation that will provide a
valuable foundation for analyzing other developmental mutants and
for understanding and manipulating plasticity under conditions of
regeneration and disease in the adult liver.

RESULTS
Nf2 deletion yields biliary expansion without proliferation
Deletion of Nf2 in the developing mouse liver yields hepatomegaly
in adult mice, which is not due to the unscheduled proliferation ofReceived 6 December 2017; Accepted 3 April 2018
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hepatocytes but rather to the massive expansion of biliary-like cells
and neoductulogenesis surrounding the portal endothelial tree
throughout the liver (Benhamouche et al., 2010; Zhang et al., 2010).
This phenotype resembles the more limited ‘ductular reactions’ that
occur in the diseased human liver or in response to experimentally
induced injury in rodents (Preisegger et al., 1999; Akhurst et al.,
2001; Richardson et al., 2007; Bioulac-Sage and Balabaud, 2010).
Liver-specific conditional deletion of Nf2 in Alb-Cre;Nf2lox/lox

(Nf2cKO) mice begins as early as embryonic day (E) 9.5 and yields
excess biliary structures that are already apparent at birth, suggesting
that the phenotype initiates during development (Benhamouche et al.,
2010). IHBD formation in the embryonic liver is initiated at ∼E14.5-
E15.5 by periportal hepatoblasts, referred to as ductal plate cells, that
are induced to express the biliary marker Sox9 by neighboring portal
endothelial cells (Raynaud et al., 2011; Zong and Stanger, 2011). This
is followed by a poorly understood process of tubulogenesis that
creates a biliary tree that is congruent with that of the portal
endothelium (Antoniou et al., 2009; Zong et al., 2009; Carpentier et al.,
2011; Poncy et al., 2015). To determine whether biliary expansion in
the Nf2cKO liver initiates during IHBD morphogenesis, we monitored
the number and distribution of Sox9+ cells in developing Nf2cKO and
control (Nf2lox/lox) embryonic livers (Fig. 1A). As expected, periportal
Sox9+ ductal plate cells were present by E15.5 in control livers at the
onset of IHBD formation (Fig. 1A). Quantification of the number of
Sox9+ cells per portal circumference for all portals that were in cross-
section (see Materials and Methods) revealed that Nf2cKO and control
livers exhibited similar numbers and distribution of Sox9+ cells at
E15.5-E16.0 (Fig. 1A,B). However, beginning at E16.5, a progressive
and dramatic increase in periportal Sox9+ cells was evident in Nf2cKO

livers (Fig. 1A,B, Fig. S1A). In postnatalNf2cKO livers, supernumerary
Sox9+ cells formed still-expanding periportal nests of polarized lumen-
containing structures that resembled enlarged, misshapen IHBDs
(Fig. 1A).
We next asked whether proliferation contributes to the dramatic

expansion of Sox9+ cells in the developing Nf2cKO liver. The overall
size of embryonic control and Nf2cKO livers was similar (not shown)
and proliferating Sox9− cells were evident outside of the periportal
area in both control and Nf2cKO livers from E15.5 to postnatal day
(P) 2, but declined thereafter such that few dividing cells were
detectable in later postnatal or adult livers of either genotype
(Fig. 1C). Surprisingly, however, very few if any dividing Sox9+

biliary cells were present in control or Nf2cKO livers through P9
(Fig. 1C, Fig. S1B). Therefore, the substantial increase in Sox9+ cell
number that occurs in the absence of the NF2 tumor suppressor
reflects the unregulated induction of biliary morphogenesis without
cell division. Notably, in 6- to 8-week-old Nf2cKO livers, but not in
controls, dividing Sox9+ cells were readily detected within the
expanding neoductular lesions, suggesting a second stage of growth
(Benhamouche et al., 2010).

Increased recruitment of cells to immature biliary structures
in the absence of NF2
In the developing Nf2cKO liver, excess Sox9+ cells were restricted to
periportal areas and neither ectopic Sox9+ cells nor IHBDs were
found in the parenchyma (Fig. S1C). In addition, the density and
distribution of cells expressing HNF4α, a marker of developing
hepatocytes, which represent the vast majority of cells in the
embryonic and adult liver, was similar in Nf2cKO and control livers,
and excess Sox9+ cells in the Nf2cKO livers did not maintain HNF4α
expression (Fig. S1D,E). These data suggest that NF2 deficiency
triggers the over-recruitment of cells to a biliary fate due to a failure
to limit the normal process of IHBD formation.

The early stages of IHBD formation in the normal developing liver
are poorly understood. The induction of Sox9 expression by
periportal ductal plate cells is rapidly followed by the appearance
of clusters of Sox9+ cells that form polarized structures surrounding a
central lumen (Zong and Stanger, 2011). This process involves the
recruitment of Sox9− HNF4α+ cells from the surrounding
parenchyma to form asymmetric primitive ductular structures
(PDSs), which are converted into symmetric structures in which all
cells are Sox9+ HNF4α− (Antoniou et al., 2009; Zong et al., 2009).
Increased Sox9+ biliary cells in the developing Nf2cKO liver could
reflect an increase in the number of polarized Sox9+ structures and/or
in the number of Sox9+ cells recruited to each structure (Fig. 2A). We
found that ERM proteins, which are closely related to NF2, and their
binding partner Na+/H+ exchanger regulatory factor 1 (NHERF1; also
known as SLC9A3R1), strongly mark the apical surfaces of cells in
immature Sox9+ biliary structures as they are forming around each
portal vein, allowing us to distinguish between these possibilities
(Fig. 2B) (Fehon et al., 2010). We noted that in control livers the total
number of Sox9+ cells scales with portal circumference in addition to
embryonic stage, owing to an increase in the number of polarized
biliary structures per portal space and in the number of Sox9+ cells
associated with each structure, respectively; these relationships were
particularly evident at E18.5, when a variety of portal diameters and
IHBD stages coexist (Fig. 2C, Fig. S2A,B). Closer inspection of
control livers revealed that the number of Sox9+ immature biliary
structures per portal space declined after P2 until only one to two
mature bile ducts per portal space remained in the adult (Fig. 2D, Fig.
S2C). Consistent with other studies, we did not detect cell death
within the polarized structures (Carpentier et al., 2011); instead, many
seemed to ‘regress’, losing apicobasal polarity and converting to a
hepatocyte fate and architecture (Fig. S2D, Fig. S5C). Moreover, the
number of cells associated with each polarized structure plateaued
before birth, was independent of portal size and was the same as the
average number of cells surrounding mature bile ducts in the adult
liver (Fig. 2E). Therefore, the morphogenetic process that assembles
biliary structures de novo and without proliferation in the normal
developing liver includes a mechanism for ‘counting’ the optimal
number of cells that are assembled to form the tube circumference that
is maintained in the adult.

Nf2cKO livers initiated the same number of immature biliary
structures (Fig. 2D); however, the number of Sox9+ cells per
polarized structure accumulated significantly (Fig. 2E). Moreover,
the number of polarized structures did not decline in the Nf2cKO

liver, indicating a failure of these structures to ‘regress’ (Fig. 2D).
Thus, NF2 is required for the ‘counting’mechanism that determines
biliary tube circumference; enlargement of the biliary tube may, in
turn, impair the normal regression of polarized structures that instills
the final optimal architecture of the biliary tree.

De novo polarization and lumen formation initiate biliary
morphogenesis
We defined presumptive stages in the formation of polarized biliary
structures in control livers based on the number of Sox9+ cells in
each and their frequency with respect to embryonic age and
increasing portal size (Fig. 3). Antibodies that detect
phosphorylated, activated ERMs (pERM), NHERF1 and moesin/
radixin but not ezrin (see Materials and Methods) (Saotome et al.,
2004) similarly marked all stages (Fig. 3, Fig. S3A,B). This analysis
uncovered several novel aspects of the coordination of cell fate and
morphogenesis during this process.

First, IHBD formation is initiated by the de novo polarization of a
single cell. At the earliest stages, rather than a continuous ‘sleeve’ of
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Sox9+ cells surrounding the portal endothelium, individual Sox9+

cells were common and always associated with a strong, isolated
punctum of ERM/NHERF1 that localized specifically to a cell-cell
boundary distal to the endothelium (Fig. 3, stage 1; Fig. S3C).
Second, our analyses strongly suggest that the expansion of

Sox9+ cells within polarized structures occurs via an inductive
process that involves cell-cell communication and coordinated
lumen expansion. Individual polarized Sox9+ cells progress to
Sox9+ doublets, which are always associated with an ERM/
NHERF1+ punctum or, frequently, an expanded area of ERM/
NHERF1+ membrane (Fig. 3, stage 2). By E18.5, larger contiguous
clusters of Sox9+ cells are frequent and associated with expanded
ERM/NHERF1 surface (stage 3) that surrounds an increasingly

open luminal space (stage 4). As has been described, cells on the
parenchymal side of these PDSs are initially Sox9− (Antoniou et al.,
2009; Zong et al., 2009). The simplest model to explain the
conversion of PDSs to symmetric structures harboring an open
lumen encircled completely by Sox9+ cells (Fig. 3, stage 5) invokes
the sequential radial induction of Sox9 via cell-cell contact, since
Sox9+ cells always contact at least one other Sox9+ cell.
Importantly, at every stage, neighboring Sox9− ductal plate or
parenchymal cells (green striped cells in Fig. 3) that physically
contact these ERM/NHERF1/Sox9+ initiating cells are obligatory
participants in the process of de novo lumen formation and
expansion via the imposed conversion of their own cell contact into
luminal surface, and they are therefore polarized relative to it. Since

Fig. 1. Proliferation-independent expansion of biliary cells in the embryonic Nf2cKO liver. (A) Representative confocal images showing the number and
distribution of Sox9+ (green) cells in control and Nf2cKOmouse livers at E15.5, E16.5, E18.5, P2 and P9. Portal veins are marked by asterisks. (B) Quantitation of
the number of Sox9+ cells per portal circumference at the specified stages. n.s, not statistically significant; **P<0.01, ***P<0.001, ****P<0.0001 (Student’s
t-test). Each data point represents an individual portal space. Sample sizes [control (C),Nf2cKO (cKO) embryos]: E15.5-E16.0 (9, 10), E16.5 (12, 5), E18.5 (10, 5),
P2 (4, 3), P9 (4, 2). (C) Sections from P2 control and Nf2cKO livers stained for Sox9 and pH3 (top), along with a quantitation of proliferating (pH3+) Sox9+ and
Sox9− cells (bottom). Values are mean±s.e.m. Sample sizes (control, Nf2cKO embryos): E18.5 (3, 4), P2 (3, 3), P9 (2, 2). Scale bars: 20 µm.
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these cells are destined to express Sox9, these observations are
consistent with the idea that polarization and lumen formation
‘primes’ cells to adopt a biliary cell fate.
Third, the sequential expansion and then constriction of the apical

surface contributes to IHBD morphogenesis. The initial expansion
of ERM/NHERF1+ apical membrane along the jagged boundaries

between ductal plate cells and adjacent parenchymal hepatoblasts is
followed by a significant narrowing of the apical width of the cells,
which acquire the characteristic wedge shape of cells that are
organized radially around an open lumen in mature biliary structures
(Fig. 3, stage 5). Remarkably, the number of cells forming the
circumference of each biliary structure at this stage is similar (∼8-14

Fig. 2. Ectopic Sox9+ cells are recruited to each polarizing biliary structure in the absence of NF2. (A) Excess periportal Sox9+ cells in theNf2cKO liver could
reflect an increase in the number of polarized structures that are initiated (top) or an increase in the number of Sox9+ cells that are recruited to each structure
(bottom). Asterisk, portal vein. (B) Confocal images showing the localization of moesin (left) and NHERF1 (right) to the luminal surface of immature biliary
structures in control E18.5 livers, allowing the identification of individual polarized structures. Scale bars: 20 µm. (C) Quantitation of the number of periportal Sox9+

cells as a function of portal circumference in the E18.5 control liver. n=10 control embryos evaluated. (D) Comparison of the number of individual polarized
structures in the developing control (gray) andNf2cKO (red) liver normalized to portal diameter. Each data point represents an individual portal space. Sample size
(control,Nf2cKO embryos): E15.5 (5, 9), E16.5 (3, 4), E18.5 (4, 3), P2 (6, 4), P9 (4, 2). (E) Quantitation of the number of Sox9+ cells per polarized structure in control
(gray) and Nf2cKO (red) livers. Note that the number of Sox9+ cells per polarized structure in Nf2cKO is an underestimate because many are shared between two
polarized structures and were only counted once. Each data point represents one polarized structure. Sample size (control,Nf2cKO embryos): E18.5 (4, 3), P2 (6,
4), P9 (4, 2), 10 weeks (3). (D,E) n.s., not statistically significant; *P<0.05, **P<0.01 (Mann–Whitney test). Values are mean±s.e.m.
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cells) regardless of portal diameter, and matches that of IHBDs in
the adult liver (see Fig. 2E). This suggests that a mechanism that
limits lumen expansion in coordination with apical constriction
defines IHBD circumference. Together, these morphogenetic
studies suggest that IHBD formation and the acquisition of biliary
fate involves coordinated polarity induction, lumen expansion and
apical constriction.

Ultrastructural analysis of developing IHBDs
To gain more insight into the earliest stages of IHBD
morphogenesis, we examined portal spaces in E15.5-E16.5 livers
ultrastructurally. The fetal liver is a major site of hematopoiesis at
this stage (Mikkola and Orkin, 2006), and transmission electron
microscopy (TEM) revealed a complex relationship between ductal
plate cells and hematopoietic cells, which they often completely
envelop (Fig. 4A). The number of periportal hematopoietic cells
declines after E16.5, and it is not known whether they functionally
contribute to the onset of IHBD morphogenesis (Mikkola and
Orkin, 2006). TEM confirmed the existence of microlumens
(∼1 µm) between ductal plate cells that are filled with microvilli
and flanked by electron-dense junctions (Fig. 4B). Expanded
(∼6 µm) microvillus-filled lumens were often observed in tandem
along cell-cell boundaries and involved both ductal plate and
overlying parenchymal cells (Fig. 4C). Microlumens were often
adjacent to large cytoplasmic vesicles, suggesting an active process
of apical surface expansion (Fig. 4D). In fact, some cell-cell
boundaries harbored similar stretches of electron-dense junction
and adjacent vesicles without microlumens, which might reflect the
earliest step in the process, perhaps constituting the apical
membrane initiation site (AMIS) described in 3D in vitro cysts
(Fig. 4E) (Bryant et al., 2010). Finally, open lumens circumscribed
by multiple cells were readily identified (Fig. 4F). Notably,
microvilli were most dense in the smallest identifiable
microlumens, in small expanding lumens and in pockets or

crevasses at the edges of partially open multicellular lumens, but
were lost from the more mature expanded luminal surface (Fig. 4A-
D,F). This was mirrored by the enrichment of ERMs, which are
known to have crucial roles in the formation and function of
microvilli (Fig. S4A) (Fehon et al., 2010). At all stages, lumens
were demarcated by electron-dense junctions that had mixed
features of tight and adherens junctions, consistent with the
colocalization of ZO-1 (Tjp1) with E-cadherin at apical junctions
in early polarized structures (Fig. S4B). The apical polarity marker
Par3 (Pard3) and its regulator aPKC also localized along the
developing apical surface at all stages (Fig. S4C,D), consistent with
the de novo initiation and expansion of apical lumens during IHBD
formation.

Aberrantmorphogenesis of polarized biliary structures in the
developing Nf2cKO liver
Using our staging of normal biliary development as a guide, we
examined the mechanism by which polarized structures in Nf2cKO

livers acquire excess Sox9+ cells. Inspection of E15.5-E18.5 Nf2cKO

livers by confocal imaging and TEM revealed that microlumens
initiated with similar frequency, distribution and architecture as in
control (Fig. 5A,B, Fig. S5A,B). However, Nf2cKO livers exhibited
an acceleration of stage 4-5 structures in the mutant beginning at
E16.5 (Fig. 5B). We have shown previously that an important
function of NF2 is to limit cortical ERM activity, and that NF2
deficiency causes the formation of ectopic ERM-positive apical
lumens in 3D cyst cultures (Hebert et al., 2012; Chiasson-
MacKenzie et al., 2015). Indeed, we found that, beginning at
E16.5, polarized Sox9+ structures in Nf2cKO livers exhibited an
exaggerated expansion of ERM+ and NHERF1+ luminal membrane,
which was associated with the incorporation of excess Sox9− cells
into the polarized structure (Fig. 5C).

An additional consequence of increased cortical ERM activity in
cultured NF2-deficient monolayers is unregulated medioapical

Fig. 3. Stages of de novo biliary
morphogenesis. Interpretative diagram and
matched images showing five presumptive
stages of intrahepatic biliary duct formation in
the normal developing liver. (1) Single Sox9+

cells (green) with associated moesin/
NHERF1+ punctum (red) and neighboring,
obligately polarized future Sox9+ cells (green
striped). (2) Sox9+ doublet with moesin/
NHERF1+ apical surface in between. (3) Three
or more consecutive ductal plate cells
associated with moesin/NHERF1+ apical
surface, Sox9 expression and some apical
constriction. (4) Primitive ductal structure with
open lumen, asymmetric distribution of Sox9+

cells and more uniform apical constriction.
(5) Complete ductal structure with patent
lumen surrounded completely by wedge-
shaped Sox9+ cells. Asterisk, portal vein. H,
hematopoietic cell. Scale bars: 10 µm.
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tension, which is known to functionally regulate apical constriction
in vivo (Martin and Goldstein, 2014; Chiasson-MacKenzie et al.,
2015). Indeed, in contrast to the relatively homogeneous apical
width exhibited by wild-type cells in stage 4+ IHBDs, apical width
was highly variable in developing Nf2cKO IHBDs, with many cells
exhibiting a several-fold increase in apical-to-basal surface ratio
(Fig. 5D). This was accompanied by an increase in lumen opening
(Fig. 5E).
Together, these observations are consistent with the possibility that

the inappropriate coordination of lumen expansion and apical
constriction leads to the over-recruitment of cells to developing
IHBD structures. In addition, perhaps due to their enlargement,
polarized structures did not regress in theNf2cKO liver (see Fig. 2D), a
phenomenon evident at P2 when ‘dimmed’, regressing structures are
obvious in control but not Nf2cKO livers (Fig. S5C). Importantly,
unabated neoductulogenesis in the postnatal Nf2cKO liver was
associated with continuing lumen expansion and recruitment of
Sox9− cells, progressively limiting the number of normal hepatocytes
available to support liver function and a likely cause of the death of
many of these animals (Fig. 5F) (Benhamouche et al., 2010).

3D analysis of initiating lumens in embryonic wild-type and
Nf2cKO livers
3D analysis underscored the complexity of early IHBD luminal
architecture and provided further insight into how the lumen expands
in the normal and mutant liver (Fig. 6A, Fig. S6A, Movie 1).

Evaluation of the luminal surface demarcated by NHERF1 staining
revealed several key aspects of the shape of the expanding lumens at
E16.5 prior to substantial apical constriction. First, lumens in the
normal liver were nearly all prolate in shape, exhibiting little vertical
extension along the portal vein and a dominant axis most often
tangent to the portal circumference (Fig. 6B, Fig. S6B). By contrast, a
significant fraction of the mutant lumens exhibited an oblate shape,
despite having long axes of similar magnitudes to control, suggesting
that they are less restricted in their expansion (Fig. 6B, Fig. S6C).
Finally, as the lumens increased in size, the sphericity of the inner
luminal cavities, measured as NHERF1 void volumes, declined in the
control but not in the mutant, consistent with the increased lumen
opening that we measured in two dimensions (Fig. 6C, Fig. 5E). The
shape and limited vertical extension of the developing luminal
structures is consistent with the likelihood that polarized biliary
structures assemble de novo, and later expand and interconnect
vertically to form a continuous tubular tree rather than expanding
dendritically from existing biliary tree tips (Takashima et al., 2015).

DISCUSSION
Epithelial tubes are integral to the functional anatomy of many
organs and form via either invagination of an existing epithelial
monolayer into a tube that surrounds a central lumen or via the de
novo formation of lumens and coordinated rearrangement of
adjacent cells (Sigurbjörnsdóttir et al., 2014). One predominant
form of de novo lumen formation, known as cord hollowing,

Fig. 4. Ultrastructural analysis of de novo lumen formation during biliary morphogenesis in control livers. (A) Transmission electron micrograph of a
portal space in a control E15.5 liver pseudo-colored to show ductal plate cells (blue) that form microlumens flanked by electron-dense junctions (red box and
arrowhead) along shared boundaries with parenchymal hepatoblasts (also blue) in this plane of section.Other ductal plate cells that do not form de novo lumens in this
plane of section are shown in green; many envelop hematopoietic cells (gray surrounded by green). Portal vein is marked by an asterisk. (B-F) High-magnification
of examples of developing luminal structures generated by ductal plate cells in control E15.5-E16.5 livers. Boxed areas (B,C) are magnified beneath.
(B) Microlumen (∼1 µm) filled with microvilli and flanked by electron-dense cell junctions formed at the ab-endothelial boundary between two ductal plate cells.
(C) Tandem microlumens along boundaries between two ductal plate cells and one parenchymal hepatoblast (brackets). (D) Expanding lumen (2-6 µm)
filled with microvilli and flanked by electron-dense cell junctions and associated vesicular structures (arrowheads). (E) Elongated electron-dense cell junction
without microlumens but clearly associated with vesicular structures (arrowheads). (F) Open lumen with fewer microvilli surrounded by wedge-shaped cells
that are connected by electron-dense apical junctions. H, hematopoietic cell. Scale bars: 10 µm in A; 2 µm in B-D,F; 1 µm in E.
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involves the formation of luminal surface within regions of cell-cell
contact. Examples of this strategy include formation of the zebrafish
mechanosensory organ, mammalian blastocoel, salivary gland and
pancreatic ductular system (Kesavan et al., 2009; Villasenor et al.,
2010; Bedzhov and Zernicka-Goetz, 2014; Durdu et al., 2014;
Nedvetsky et al., 2014; Marty-Santos and Cleaver, 2016). In each of
these examples the formation of rosette structures, in which all cells
are polarized, is driven by apical constriction and precedes the
symmetric opening of a lumen at the center of the structure. Our

studies of developing biliary structures in the normal embryo
suggest a novel variation of this strategy wherein inductive
polarization and lumen expansion initiated by a single cell are
synchronized and occur prior to apical constriction (Fig. 7). This
more complex strategy requires spatiotemporal coordination of all
three activities and accommodates the radial asymmetry inherent to
the morphogenetic process.

Our data suggest a model wherein the dramatic amplification of
IHBD structures in Nf2cKO livers is initially driven by the

Fig. 5. Altered lumen expansion in theNf2cKO liver. (A) Representative confocal images of similarly sized NHERF1+ lumens in E16.0 control andNf2cKO livers.
(B) Frequency of each IHBD stage (from Fig. 3) in control and Nf2cKO livers of various ages. Sample size (control,Nf2cKO): E15.5 (5, 9), E16.5 (3, 4), E18.5 (4, 3),
P2 (6, 4). (C) Quantitation of NHERF1+ lumen surface in control and Nf2cKO livers at E15.5-E16.5. PS, portal space. n.s., not statistically significant; *P<0.05
(Student’s unpaired t-test). Each data point represents one lumen surface. Sample size (control, Nf2cKO): E15.5-E16.0 (4, 3), E16.5 (5, 3). (D) Variation of
apical width [ratio of apical (yellow dotted line in representative confocal images) to basal (blue dotted line) width] in control and Nf2cKO P2 livers. **P<0.01
(Mann–Whitney test). Each data point represents an individual cell. Sample size (control,Nf2cKO): P2 (4, 3). (E) Luminal opening in E16.5-E18.5 livers measured
as the maximal distance between the apical surface of the ductal plate cell and that of overlying parenchymal cells (lumen diameter, left) as shown (arrow) on
representative confocal images (right). *P<0.05 (Student’s unpaired t-test). Each data point represents an individual lumen. Sample size (control, Nf2cKO):
E16.5 (4, 3), E18.5 (5, 3). (F) Representative confocal images depicting the relationship between moesin+ lumen and Sox9+ cells in biliary structures from control
(top left) and Nf2cKO (top right and bottom) P9 livers. Arrowheads indicate moesin+ lumen extending into the parenchyma in Nf2cKO. Asterisks, portal vein. Values
shown are mean±s.e.m. Scale bars: 10 µm in D,E; 20 µm in A,F.
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hyperextension and opening of de novo lumens that progressively
recruit neighboring cells to adopt a biliary fate (Fig. 7). De novo
lumen formation and opening are thought to involve the spatially
controlled trafficking of apical material to, and junctional material
from, a point of contact between cells, followed by the electrostatic
(via the surface presentation of podocalyxin or other charged
proteins) (Strilic ́ et al., 2010), osmotic (via aquaporins or other
pumps) (Khan et al., 2013) and/or physical (via microvilli) repelling
of adjacent apical surfaces to drive lumen opening (Datta et al., 2011).
These are all established molecular functions of ERM proteins that
could be dysregulated in the absence of NF2 (McClatchey, 2014).
By contrast, the molecular mechanisms that control lumen

expansion are not understood. It has recently been shown that the
expansion of canalicular lumens within lateral hepatocyte junctions
is promoted by increased intercellular stress (Li et al., 2016). Our
work suggests that during IHBDmorphogenesis lumen expansion is
coordinated with apical constriction, a process driven by increased
contractility of the medioapical actomyosin cortex and pulling on
associated apical junctions (Martin and Goldstein, 2014). We
recently found that in the absence of NF2, ERM-driven apical
contractility exerts excessive tension on associated cell-cell
junctions in 2D cultures of cells derived from adult Nf2cKO

neoductular lesions (Chiasson-MacKenzie et al., 2015). Thus, a
simple model would be that excessive junctional tension,

exacerbated by ERM-driven lumen opening (Fig. 5E), exaggerates
IHBD lumen expansion in the absence of NF2. This would also be
consistent with the requirement for ERM activity in expanding
strikingly similar de novo lumens that drive the ‘unzipping’ of
individual villus structures in the developing gut (Saotome et al.,
2004). In the absence of ERM activity, villi fail to unzip completely
and the intestinal epithelium aberrantly adopts radially organized
rosette-like cystic structures, which could be considered to be the
opposite of the Nf2 mutant biliary phenotype described here. These
data support the notion that NF2 and the ERMs work together to
control the extent of lumen expansion.

IHBD amplification in the Nf2cKO liver is compounded by the
failure of many polarized structures to ‘regress’, a poorly understood
process by which excess structures are eliminated in the normal liver
(Zong et al., 2009). Regression does not seem to involve cell death
but rather the architectural and transcriptional conversion of cells to a
hepatocytic fate. Our study reveals that polarized biliary structures
initially form as isolated units and suggests that their subsequent
vertical expansion and anastomosis create the mature biliary tubular
network.We propose that the failure to anastomose normally triggers
regression of polarized biliary structures and the conversion of cells to
a hepatocytic fate; the enlargement of these structures in the Nf2cKO

liver may promote excess anastomosis and prevent regression. These
mechanisms effect significant IHBD amplification in the postnatal

Fig. 6. 3D aspects of developing IHBDs. (A) Representative rendering showing complex 3D architecture of developing control E16.5 livers (from Movie 1).
(B) Representative developing prolate (control) and oblate (Nf2cKO) lumens labeled with NHERF1 (green), along with their frequencies in E16.5 livers (bottom).
Fisher’s exact test was used to compare the ratios of prolate:non-prolate or oblate:non-oblate in control versus mutant. (C) Representative luminal cavities (voids,
red; top) and graph of sphericity as a function of void volume in control and Nf2cKO E16.5 livers (bottom). Linear regression reveals that sphericity declines as a
function of volume in control (*P<0.05) but not in Nf2cKO (n.s.). Each data point represents one luminal void volume. Sample size (control, Nf2cKO): E16.5 (4, 3).
Asterisks, portal vein. Values shown are mean±s.e.m. Scale bars: 20 µm in A; 10 µm in B,C.
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Nf2cKO liver without proliferation; in the adult Nf2cKO liver, cell
division further expands the mutant IHBDs and can be blocked by
EGFR inhibition (Benhamouche et al., 2010).
A more indirect role for NF2 loss in priming hepatoblasts/

hepatocytes to adopt a biliary fate and/or architecture remains
possible. These studies provide an important framework for
understanding how downstream events, such as those involving
EGFR, TGFβ, Notch and Hippo, all of which can be influenced by
NF2 and all of which have been shown to regulate biliary fate and
morphogenesis, contribute to the dramatic consequences of NF2
deficiency in the liver (Clotman et al., 2002; Hamaratoglu et al.,
2006; Curto et al., 2007; Wilkes et al., 2009; Raynaud et al., 2011;
Yimlamai et al., 2014; Pellat et al., 2017; Wu et al., 2017). Indeed,
increased ezrin-driven apical polarity in the absence of NF2 could
indirectly inactivate Hippo signaling and influence cell fate, as has
been proposed in the pre-implantation embryo (Cockburn et al.,
2013; Hirate et al., 2013); however, elimination of neither Mst
(Hippo) nor Lats (Warts) kinases in the liver phenocopies that of Nf2
deficiency.Mst1/2dKO embryos exhibit normal IHBDmorphogenesis
(Fig. S7) but develop hepatocellular carcinoma as adults, while
LatsdKO livers exhibit multilayered biliary structures with no increase
in Sox9 expression (Zhou et al., 2009; Lee et al., 2016). Our work sets
the stage for a much deeper evaluation of these signaling relationships
and will guide the analysis of other proteins that have been implicated
in IHBD morphogenesis with the ultimate goal of understanding the
fundamental relationship between cell fate and architecture.
The self-organizing nature of IHBD formation and frequent

regression of polarized immature IHBD structures underscore the
plasticity of architecture and fate exhibited by the two major cell
types in the liver. This is consistent with the long-held belief that
neoductular lesions are sites of plasticity in the liver (Carpentier
et al., 2011) and provides new insight into how that plasticity could
be harnessed for regeneration or may underlie disease pathology.
For example, strategies to initiate polarization by spatially providing
extracellular matrix (ECM) might promote biliary differentiation.
Alternatively, ectopic ECM, such as that deposited during fibrosis,
might provide an unwanted signal for biliary differentiation in the
diseased liver. Importantly, the inductive nature of biliary

morphogenesis suggests that one cell may drive the behavior of
others, which could contribute significantly to heterogeneity in
biliary tumorigenesis. Our data also suggest that luminal markers
such as ERM/NHERF1 might be important early biomarkers of
biliary pathology. Finally, defective biliary architecture could
spatially dysregulate growth factor signaling. For example,
proliferation that begins within neoductular lesions in adult
Nf2cKO livers might be prompted by changes in local growth
factor availability to which IHBDs are normally insensitive. With
this in mind, it is notable that the formation of de novo lumen
structures in the zebrafish lateral line primordium has been shown to
spatially restrict growth factor availability and signaling (Durdu
et al., 2014). Our studies of morphogenesis provide a platform for
understanding how the self-organizing properties of biliary
structures contribute to biliary regeneration and disease.

MATERIALS AND METHODS
Animals
Nf2lox/lox (FVB/N) mice were generously provided by Marco Giovannini
and transgenic Alb-Cre mice were obtained from Jackson Laboratories
(B6.Cg-Tg[Alb-cre]21Mgn/J, stock no 003574) and intercrossed
(Giovannini et al., 2000; Postic and Magnuson, 2000; Benhamouche
et al., 2010). Alb-Cre;Nf2lox/lox and Nf2lox/lox (control) livers were harvested
from embryos or pups of either sex.Mst1/2dKO (Alb-Cre;Mst1−/−;Mst2lox/lox)
and control (Mst1−/−;Mst2lox/lox) littermate embryos were harvested from
Alb-Cre;Mst1−/−;Mst2lox/lox (male)×Mst1−/−;Mst2lox/lox (female) intercrosses
(C57BL/6;129/sv) (Zhou et al., 2009). All animal procedures were performed
according to federal and institutional guidelines, and were approved by the
MGH Subcommittee on Research Animal Care.

Immunofluorescence
Freshly dissected tissues were fixed in 3.7% formaldehyde in PBS, processed,
paraffin embedded and sectioned to 5 µm thickness. Antigen retrieval was
performed by boiling in 10 mM citrate buffer (pH 6.0) for 20 min, followed
by blocking for 1 h in TBST (50 mM Tris pH 7.4, 300 mM NaCl, 0.05%
Tween 20), 1% BSA, 2.5% horse serum. Sections were then incubated
overnight at 4°C with the following antibodies: anti-Sox9 (1:100; Millipore
AB5535), anti-phospho-histone H3 (1:100; Cell Signaling Technology
9706), anti-Moesin (1:100; clone 38/87, Thermo Fisher MA5-14043; this

Fig. 7. A novel self-organizing model of IHBDmorphogenesis. In the normal embryo, inductive polarization and lumen expansion initiated by a single cell are
synchronized and occur prior to apical constriction. By contrast, over-recruitment of biliary cells to developing IHBD structures may occur as a result of failed
coordination between lumen expansion and apical constriction in the absence of NF2 (merlin). Red,moesin; green, Sox9; green striped, obligately polarized; blue,
nuclei; asterisk, portal vein.
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antibody recognizes moesin and radixin but not ezrin), anti-E-cadherin
(1:500; BD Biosciences 610182), anti-NHERF1 (1:500; Abcam ab3452),
anti-HNF4α (1:100; Santa Cruz sc-8987), anti-Par3 (1:100; Millipore 07-
330), anti-β-catenin (1:100; BD Biosciences 610154), anti-ZO-1 (1:100;
Thermo Fisher 61-7300), anti-aPKC (1:100; C-20, Santa Cruz sc-216), anti-
pERM (1:100; Cell Signaling Technology 3141), anti-cleaved caspase 3
(1:100; Cell Signaling 9661) and anti-Ki67 (1:200; BD Pharmingen 556003).
This was followed by incubation with Alexa Fluor 488- or 555-conjugated
secondary antibodies (1:200; Thermo Fisher) and mounting with Vectashield
(Vector Laboratories). Nuclei were stained with DAPI. Confocal images were
captured with an LSM 710 inverted laser-scanning confocal microscope (Carl
Zeiss) using 40× and 63× oil-immersion objectives.

Transmission electron microscopy
Tissues were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.2), rinsed and post-fixed in 1% osmium tetroxide in cacodylate
buffer. Small tissue pieces were embedded in 2% agarose for ease of
handling. Samples were dehydrated and embedded in Epon 812 resin. 1 μm
sections were prepared and examined to select representative areas for thin
sectioning. Sections were stained with uranyl acetate and lead citrate and
examined in a JEOL 1011 electron microscope. Images were captured using
an Advanced Microscopy Techniques imaging system.

Image analysis
Fiji software (version 2.0.0) was used for all image processing and analysis
(Schindelin et al., 2012). For calculating the number of Sox9+ cells as a
function of portal size, lines were drawn across both the long and short axes
(diameters) of the portal. All portals exhibiting a long:short axis ratio >1.7
were considered to be in poor cross-section and were excluded from the
analysis. The number of Sox9+ cells in the selected region was computed
using the analyze particles tool (size range 2 μm to infinity) after adjusting
the threshold to resolve individual nuclei. HNF4α+ nuclei and NHERF1+

luminal surface were computed similarly. Normalizations to portal
circumference or diameter were calculated after measuring each using the
line or freehand tool. Phospho-histone H3 (pH3)+ nuclei, number of
polarized structures, and number of cells per polarized structure were all
counted manually. The number of polarized structures around a portal was
normalized to the short portal axis. Apical and basal widths were measured
using the freehand line tool to compute the respective distances between E-
cadherin+ junctions. Luminal opening was calculated by drawing a straight
line across the longest distance between the NHERF1+ apical surface of the
ab-endothelial cell layer to the apical surface of the cell layer on the
parenchymal side.

Imaris (Bitplane) and Fiji were used for 3D analysis of luminal
architecture. NHERF1 images were inverted in Fiji to identify lumens in
proximity to NHERF1+ cells, and the resulting images with labeled lumens
were saved as a separate color channel and imported into Imaris along with
the corresponding NHERF1 and DAPI image stacks. The surface module of
Imaris was used to create 3D surface objects based on image intensity for
each channel. The sphericity of the resulting surfaces was computed using
the following relation:

C ¼ p

1

3ð6V Þ
2

3

A
;

where V is the volume of the object, and A is the surface area. 3D spheroids
were fitted to each surface to calculate the prolate and oblate shape index as
defined by the following relations:

eprolate ¼ 2a2

a2 þ b2
1� a2 þ b2

2c2

� �
;

eoblate ¼ 2b2

b2 þ c2
1� 2a2

b2 þ c2

� �
;

where a, b and c are the magnitudes of the principal axes of the spheroid in
order of descending value. Raw data from Imaris 3D rendering are provided
in Table S1.

Statistics
Data from all analyses were imported into Prism 6 software (GraphPad) for
statistical analysis and plotting of graphs. Results were expressed as mean±
s.e.m. Differences between groups were tested using unpaired Student’s
t-tests and Mann–Whitney tests, as indicated in the figure legends. For the
curve-fitting analysis in Fig. S2A, an extra sum of squares F-test was used to
establish whether a linear or second-order polynomial function is a better
model for the data.
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