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Abstract

ANKSE6 is a ciliary protein that localizes to the proximal compartment of the primary cilium, where it regulates signaling.
Mutations in the ANKS6 gene cause multiorgan ciliopathies in humans, which include laterality defects of the visceral
organs, renal cysts as part of nephronophthisis and congenital hepatic fibrosis (CHF) in the liver. Although CHF together
with liver ductal plate malformations are common features of several human ciliopathy syndromes, including
nephronophthisis-related ciliopathies, the mechanism by which mutations in ciliary genes lead to bile duct developmental
abnormalities is not understood. Here, we generated a knockout mouse model of Anks6 and show that ANKS6 function is
required for bile duct morphogenesis and cholangiocyte differentiation. The loss of Anks6 causes ciliary abnormalities,
ductal plate remodeling defects and periportal fibrosis in the liver. Our expression studies and biochemical analyses show
that biliary abnormalities in Anks6-deficient livers result from the dysregulation of YAP transcriptional activity in the bile
duct-lining epithelial cells. Mechanistically, our studies suggest, that ANKS6 antagonizes Hippo signaling in the liver during
bile duct development by binding to Hippo pathway effector proteins YAP1, TAZ and TEAD4 and promoting their
transcriptional activity. Together, this study reveals a novel function for ANKS6 in regulating Hippo signaling during
organogenesis and provides mechanistic insights into the regulatory network controlling bile duct differentiation and
morphogenesis during liver development.
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Introduction

Congenital hepatic fibrosis (CHF) is a developmental disorder
of the liver that affects the portobiliary system and is associ-
ated with a spectrum of biliary abnormalities related to ductal
plate remodeling defects in affected humans (1). The majority
of CHF cases occur as part of various ciliopathy syndromes,
such as Meckel-Gruber syndrome (OMIM #249000), Joubert syn-
drome (OMIM #213300), Bardet-Biedl syndrome (OMIM #209900),
nephronophthisis (NPHP) (OMIM #256100) or oral-facial-digital
syndrome (OMIM #311200), suggesting that ciliary dysfunction
underpins the fibrogenic pathology and ductal plate remodel-
ing abnormalities of the portal tracts (2-7). These monogenetic
disorders have also commonly been referred to as hepatorenal
fibrocystic syndromes, on the basis of the observation that muta-
tions in the underlying ciliary genes cause fibrocystic changes
both in the kidney and liver in the affected individual (8-11).
In the liver, the disease is characterized by portal fibrosis in
association with biliary cysts and a variable degree of intrahep-
atic biliary tract dilatation (1). Although primary cilia decorate
virtually every cell in the human body, in the liver they are found
only on differentiated cholangiocytes that form the epithelial
lining of the intrahepatic bile ducts (IHBD) (12,13). The biliary pri-
mary cilia are solitary, microtubule-based, hair-like cell surface
organelles that are involved in extracellular signal transduction
including the mechanosensation of bile flow in the IHBD. These
functions are critical for normal bile duct development and
cholangiocyte differentiation, as well as for regulating cholan-
giocyte secretory and absorptive actions (3,12,14,15). Although
there is overwhelming evidence, that cilia play an important role
in IHBD development, the underlying mechanism(s) by which
mutations in ciliary genes lead to ductal plate malformation
(DPM) and congenital liver fibrosis is not understood.

IHBD assembly takes place in several distinct developmental
steps, starting with the commitment of bipotential hepatoblasts
to the biliary fate, followed by the formation of a single-layered
ductal plate, acquisition of a second ductal layer, bile duct lumen
formation and finally incorporation of the differentiated bile
ducts into portal mesenchyme (16). These processes are regu-
lated by the integrated actions of multiple signaling activities,
including the evolutionarily conserved Notch and Hippo signal-
ing pathways (17,18). In the developing IHBD, Notch signaling
is activated by its ligand JAGGED1 (JAG1) that is expressed in
the portal mesenchyme. This leads to the transactivation of
Notch target genes, including Jaggedl and Hesl in the ductal
plate (19,20). Loss-of-function studies using transgenic mouse
models revealed an essential function of Notch signaling in
all stages of IHBD development, including biliary fate commit-
ment, cholangiocyte differentiation and bile duct morphogen-
esis (21,22). Moreover, mutations in the Notch pathway genes
Jaggedl or Notch2 cause Alagille syndrome, a congenital disor-
der that is primarily characterized by a paucity of bile ducts
in affected individuals (23-26). Although our understanding of
the regulation of Notch signaling during IHBD development is
still incomplete, recent evidence suggests that Notch activity is
regulated in part by the Hippo signaling effector YAP1. The Hippo
pathway is a highly conserved kinase cascade that regulates
cell growth and cell fate determination (27). The activation of
Hippo signaling leads to inhibition of its downstream effectors
YAP1 and TAZ by promoting their phosphorylation and cytoplas-
mic sequestration (28). In contrast, when the Hippo pathway is
repressed, YAP1 and TAZ translocate to the nucleus, where they
bind to various DNA-binding proteins, such as TEAD-family pro-
teins, KLF4 or RBPJ transcription factors to activate gene expres-
sion (29-32). Liver-specific inactivation of YAP1 in mice has been
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demonstrated to cause postnatal cholestasis and progressive
portal bridging fibrosis due to impaired IHBD development (33).
Although mutations in ciliary genes do not completely recapit-
ulate the clinical phenotypes caused by deficiencies in Notch or
YAP1 signaling activity, several of the liver-specific developmen-
tal anomalies, including DPM, CHF and neonatal cholestasis are
shared by individuals with hepatorenal fibrocystic disease (34—
37). Accumulating evidence also suggests that ciliary proteins,
such as INVS/NPHP2, NPHP3, NPHP4 and NEK&/NPHP9 directly
interact with the Hippo pathway effectors YAP1 and TAZ (38-40).

We and others have recently reported mutations in the NPHP
gene ankyrin repeat and sterile alpha motif domain containing 6
(ANKSS) as causing pleiotropic congenital abnormalities, includ-
ing renal cysts, cardiovascular anomalies and laterality defects
in humans (37,41). One of the most frequently affected organs in
ANKS6-deficient patients besides the kidney and heart is liver,
which features congenital periportal liver fibrosis and neonatal
cholestasis (37). In ciliated cells, ANKS6 localizes to the inversin
compartment within the proximal portion of the primary cilium
that consists of INVS/NPHP2, NPHP3 and NEK8/NPHP9 proteins
(37). Using biochemical analysis, it has been previously demon-
strated that ANKS6 interacts with and regulates the NEK8 kinase
activity in the INVS-compartment (42), suggesting ANKS6 has
a regulatory role in ciliary signaling. However, not all ANKS6
pathogenic alleles regulate NEKS8 activity (42), suggesting that
ANKS6 may have additional previously unrecognized functions
in the cell.

To study the role of ANKS6 in murine liver development, we
generated an Anks6 transgenic mouse model. Here, we report
that abrogation of Anks6 in mice leads to phenotypic changes
that recapitulate the range of defects observed in ANKS6-
deficient humans including severe bile duct morphogenesis and
cholangiocyte differentiation defects, and fibrogenic processes
in the periportal mesenchyme in the liver. Our molecular
and biochemical analyses demonstrate that ANKS6 binds
to the transcriptional co-activator YAP1 and regulates its
transcriptional activity in the developing biliary tract. In the
absence of ANKS6, YAP1 transcriptional activity is reduced.

Results

Anks6 mutant mice display perinatal lethality
and laterality defects

Rodent models with missense mutations in the Anks6 gene have
been used to study the role of ANKS6 in organ development
and pathogenesis (42-45). Depending on the specific allele, these
mutations affect Anks6 expression levels and subcellular local-
ization (46), or interfere with its interaction with other proteins
(42,44). As a result, there is a considerable variability in the
reported organ involvement and phenotypic severity between
these different genetic models. Importantly, none of them fully
recapitulates the human ANKS6-deficiency phenotype that we
have reported on recently (37). In order to study the full spectrum
of ANKS6 function in development and pathogenesis, we gen-
erated an Anks6-deficient mouse line, using targeted Anks6™!4
embryonic stem cells from the European Conditional Mouse
Mutagenesis Program (47). Allele-specific primers were used
to genotype the mice (Supplementary Material, Fig. Slac-). To
ensure complete the inactivation of the Anks6 gene expression,
we crossed Anks6™1 mice first with the FLPo-deleter mice (48)
and the resulting Anks6™ offspring with the Ella-cre mice, thus
removing the entire targeting cassette and Anks6 exon2 from
the transgenic animals. The resulting Anks6™#™ld mice are
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referred to as Anks6~/~ or mutant mice, hereafter. The complete
the loss of ANKS6 expression from Anks6™4/mld mouse embry-
onic fibroblasts (MEFs) was confirmed by western blot analy-
sis (Supplementary Material, Fig. S1d). We confirmed by quan-
titative reverse transcription PCR (qRT-PCR) that Cre-mediated
recombination in the Anks6 locus did not inadvertently affect
the expression of its neighboring genes—Gabbr2 and Galnt12
(Supplementary Material, Fig. Sle and f).

To characterize the role of ANKS6 in embryonic development,
we collected littermate Anks6 mutant embryos at E (embryonic
day) 18.5 or P (postnatal day) 0 and examined them for gross
morphological and histological abnormalities (Fig. 1). None of
the mutant pups survived beyond PO, and careful examination of
the newborn mice showed that the mutants were either stillborn
or died within hours after birth. Genotypic analysis of prenatal
(E18.5), neonatal (PO) and postnatal (>P0) animals demonstrated
that Anks6 mutant mice were present at Mendelian ratios before
birth (n=153, Anks6~/~ n=34), at PO (n=30, Anks6~/~ n=6), but
none of the mutant mice survived beyond PO (n=72, Anks6~/~
n=0) (Fig. 1B).

To investigate the cause of Anks6~/~ lethality we performed
a necropsy on E18.5 embryos. In contrast to the normal situs
of wild-type mice (Fig. 1C and F), most of the Anks6~/~ litter-
mates (90%) displayed heterotaxia and situs inversus pheno-
types with the apex of the heart (Fig. 1D and E) and the stomach
(Fig. 1G) rotated to the right side of the body (Table 1). Previous
report analyzing the Anks657%*" mice had revealed a spectrum
of congenital cardiac abnormalities at birth, which underlay
the perinatal lethality in heterotaxic Anks6e mice (42). To
define the cause of perinatal lethality in Anks6~/~ mice, we ana-
lyzed the mutant heart morphology using high-throughput mag-
netic resonance imaging (MRI) and hematoxylin eosin staining.
Regardless of the situs phenotype, all Anks6~/~ mice displayed
a range of complex congenital heart defects, including atri-
oventricular septal defects, ventricular hypertrophy and over-
riding aorta (Supplementary Material, Fig. S2a,b and c), indicat-
ing that heart abnormalities are the primary cause of lethal-
ity in Anks6™/~ mice around birth. In the abdominal cavity,
the liver appeared reduced in size in E18.5 mutant embryos
(Fig. 1C, D and E), and necrotic areas were frequently observed
in the periphery (Fig. 1G). In addition, histological analysis of the
mutant PO pups revealed the formation of glomerular cysts in
the kidneys (Fig. 1H and I).

Taken together, our morphological and histological analysis
of the mutant embryos revealed a broad range of morphogenetic
abnormalities in the visceral organs in mutant embryos, which
recapitulate the spectrum of human ANKS6-deficiency pheno-
types (41,42,49). MRI analysis of the mutant mice revealed com-
plex congenital heart defects in all Anks6~/~ mice regardless of
the situs, explaining the perinatal lethality in these mice.

Loss of Anks6 causes liver developmental
abnormalities

Congenital periportal liver fibrosis and cholestasis have been
reported in individuals with ANKS6 mutations (37), but the role
of ANKS6 in murine liver development has not been studied.
To address this question, we analyzed the histology of mutant
livers from E15.5, E18.5 and PO animals by hematoxylin and eosin
staining. We did not observe gross histological abnormalities
in E15.5 mutant livers, a timepoint when mouse biliary
development is initiated (Supplementary Material, Fig. S3). At
E18.5 and at birth, the portal tracts in the central and peripheral
regions of wild-type livers appeared well-differentiated—the

—29)

Table 1. Summary of situs phenotypes in ANKS6 mutant embryos (n

Abdominal situs

Lung situs?®

Heart situs

Body situs

SI

Normal

Right isomersim Left isomersim

SI

SI SA Left Right Normal

SS

19 (66%)

10 (34%)

3 (10%)

11 (38%) 15 (52%) 4 (14%) 25 (86%) 2 (7%) 15 (52%) 8 (28%)

3 (10%)

SS, situs solitus; SI, situs inversus; SA, situs am biguus or heterotaxia

2one case of polycystic lung.
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Figure 1. Anks6 mutant mice exhibit perinatal lethality and situs defects. (A) Lateral view of neonatal PO littermates. Anks6 mutant newborns died shortly after birth.
Note the absence of a stomach on the left side of the body in mutant pups, indicating a defect in visceral organ arrangement. White arrow indicates a stomach in
wild-type and heterozygous newborn pups. (B) Distribution of mouse genotypes from Anks6 heterozygous crosses at prenatal, PO and postnatal stages. Blue, red and
green designate Anks6 wild type, Anks6 heterozygous and Anks6 mutant embryos, respectively (E18.5 n=153, Anks6 mutant n=34; PO n=30, Anks6 mutant n=6; P21
n=72, Anksé mutant n=0). x2 test was used to test whether the distribution of genotypes at E18.5 and PO corresponds to expected Mendelian ratio. (C, D and E) Frontal
views of wild type (C) and mutant (D and E) E18.5 embryos. In wild-type embryos, the apex of the heart is pointing to the left (C). Anks6 mutant embryos develop either
heterotaxia (D), or situs inversus with a rotation of the heart to the right (E). Note the reduced size of the liver in mutant animals (D and E). Black arrow points toward
the apex of the left ventricle. Li, liver. Scale bar, 4.5 mm. (F and G) Lateral views of a wild type (F) and Anks6 mutant (G) E18.5 embryos illustrate the abdominal situs
defect in mutant embryos. In contrast to wild-type embryos, stomach and spleen are positioned on the right body side in the mutants. Notice the necrotic white areas
on the mutant liver (asterisk), indicating a lack of proper vascularization in the underling parenchymal tissue. St, stomach; Spl, spleen. Scale bar, 1.5 mm. (H and I
Comparison of kidney sagittal sections from wild type (J) and mutant (K) newborn mice reveals the formation of corticomedullary glomerular cysts (asterisk) in the
mutant kidneys. Scale bar, 100 pm.
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bile ducts were lined by a characteristic columnar epithe-
lium and enveloped in periportal mesenchyme (Fig. 2A and B
and Supplementary Material, Fig. S4a). The biliary epithe-
lium stained positive for Dolichos biflorus agglutinin lectin
(DBA), a marker of differentiated cholangiocytes (Fig. 2C). In
contrast, the biliary epithelium appeared low cuboidal and
flattened in the mutant livers in the central and peripheral
regions (Fig. 2D and E) and showed scattered DBA labeling
(Fig. 2F), suggesting a defect in cholangiocyte differentiation.
In addition, the peribiliary mesenchyme was absent and
portal mesenchyme reduced in mutant livers (Fig.2D and E
and Supplementary Material, Fig. S4a). At birth (P0), the wild-
type bile ducts were mostly embedded in the periportal
mesenchyme both in the hilar (Fig. 2G) and peripheral (Fig. 2H)
portal areas and showed strong staining for DBA (Fig. 2I),
whereas the portal tracts in the mutant livers remained
undifferentiated and incompletely remodeled—consisting
of multiple undifferentiated and atrophic bile ducts per
portal vein (Fig. 2J-L). The portal areas in the mutant livers
displayed a spectrum of degenerative phenotypes, including
collapsed bile ducts, surrounding an obliterated portal vein
(Supplementary Material, Fig. S4b—e), or enlarged heavily fibrotic
portal areas (Supplementary Material, Fig. S4e) that were not
observed in wild-type livers. Together, our data demonstrate
that the loss of Anks6 causes ductal plate remodeling defects in
the liver characterized by bile duct morphogenesis defects and
maintenance of multiple undifferentiated bile ducts per portal
vein in mutant animals.

Loss of Anks6 causes periportal fibrosis

To investigate whether Anks6 mutant livers develop peripor-
tal fibrosis, we stained E15.5 and E18.5 livers with antibodies
against alpha smooth muscle actin («-SMA), a marker of acti-
vated myofibroblasts. No significant changes in «-SMA expres-
sion were observed in E15.5 Anks6~/~ livers compared with
wild-type controls (Supplementary Material, Fig. S5a and b). At
E18.5 «-SMA expression was restricted to the pericyte cell layer
underneath the portal endothelium in wild-type livers (Fig. 3A).
In contrast, E18.5 mutant livers expressed «-SMA throughout
the portal region and «-SMA+ myofibroblasts extended into
the liver parenchyma between albumin-positive hepatocytes,
indicating a widespread fibrogenic process (Fig. 3B). Co-staining
of the livers with a bile duct marker pan-CK further revealed
that in contrast to the situation in wild type (Fig. 3C), myofi-
broblasts surrounded the developing bile ducts in Anks6 mutant
livers (Fig. 3D). Taken together, our data demonstrate that Anks6
mutant mice develop congenital periportal liver fibrosis, repli-
cating the human ANKS6-deficient liver phenotype.

Anksé6 is expressed in the developing liver and mature
bile duct epithelium

To trace the primary site of ANKS6 function in the liver,
we examined the spatial distribution of Anks6 expression in
embryonic (E15.5, E18.5) and postnatal (PO, P21, P50) livers
by RNA in situ hybridization analysis. In E15.5 livers Anks6
expression was found uniformly throughout the liver (Fig. 4A),
which around birth became restricted to the biliary epithelium,
periportal mesenchyme and hepatocytes (Fig.4B and C). In
fully developed liver, at postnatal days P21 and P50, Anks6
expression was maintained only in the portal region—in the
biliary epithelium and surrounding mesenchyme and was
absent from the hepatocytes (Fig. 4D-F). To validate the in situ

hybridization data in the postnatal liver, we isolated hepatocyte
and biliary fractions from adult livers using Percoll gradient
centrifugation and fluorescence activated cell sorting (FACS) for
EpCAM+ cells (Fig. 4G) (50). Using a gRT-PCR analysis against
hepatocyte-specific genes (albumin, Fabp2) or cholangiocyte-
specific genes (Sox9, Ck19), we found Anks6 expressed in
the EpCAM+ cholangiocytes, but not in hepatocytes in the
adult liver (Fig.4H-L). Together, our data demonstrate that
Anks6 expression in the liver is developmentally regulated,; its
embryonic liver-wide expression becomes gradually restricted
to the biliary cholangiocytes and peribiliary mesenchyme cells
as the liver matures.

Bile duct morphogenesis is defective in Anks6
mutant livers

To characterize bile duct differentiation and morphogenesis
defects in Anks6 mutant livers in greater detail, we examined
the expression of known regulators and markers of biliary
development. One of the earliest definitive cholangiocyte dif-
ferentiation markers is the transcription factor Sry-box 9 (SOX9).
SOX9 expression in the liver is initially activated around E15.5
in the single-layered ductal plate that surrounds the portal vein
(51). Subsequently, a second layer of SOX9-negative hepatoblasts
condenses on top of the first ductal layer, resulting in a two-
layered organization. Following remodeling, this intermediate
ductal structure gives rise to bile ducts, whose entire luminal
epithelium will acquire SOX9 expression as the duct lining
epithelium undergoes differentiation to cholangiocytes (51). As
expected, E15.5 wild-type livers contained well-organized Sox9*
ductal plate structures in the hilar portal areas representing
various developmental stages of bile duct (stained with anti-
pan-cytokeratin (panCK) antibody) morphogenesis, including
single-layered ductal plate and double-layered epithelial
formations (Fig. 5A). Occasionally, bile duct lumen formation
was observed, with SOX97 cells surrounding the nascent tubule
(Fig. 5B). In Anks6 mutant livers, the SOX9" cells surrounding
the portal vein appeared more scattered and discontinuous, and
gave rise to tubule-like aggregates that were less organized at
this stage (Fig. 5C and D). By E18.5, the bile duct morphogenesis
was completed in the hilar region of wild-type livers—the
biliary epithelium had a uniform SOX9 expression, and a
distinct apico-basal polarity, defined by the expression of the
basolateral marker g-catenin (Fig. 5E) and the apical marker
osteopontin (Fig. SH). In contrast, the mutant bile ducts appeared
dilated and were lined by a poorly differentiated epithelium—
SOX9" cholangiocytes were present on the portal but not on
the parenchymal side of the ducts (Fig. 5F and G). Defective
cholangiocyte differentiation was accompanied by aberrant duct
morphogenesis (Fig. 5F and G), and the lack of establishment of
apical polarity in the parenchymal side of the biliary epithelium
(Fig. 5I) in the mutant livers, whereas the localization of the
basolateral polarity marker, g-catenin did not seem to be
affected in mutant bile ducts at E18.5 (Fig. 5F and G). HNF1
Homeobox B (HNF1p) is a key regulator of IHBD morphogenesis
that controls cholangiocyte differentiation from hepatoblast
precursor cells (52). The inactivation of HNF18 causes a failure
in bile duct organogenesis (52). Since HNF18 expression is not
regulated by SOX9 and HNF18 is thought to control a different
transcriptional circuitry than SOX9 during bile duct development
(51), we examined weather the loss of Anks6 affects also HNF18
expression in the developing bile ducts. Immunohistochemical
staining of E18.5 livers showed a uniform HNF1B expression
in wild-type bile ducts (Fig. 5]). In contrast, HNF18 expression
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Figure 2. Anksé6 deficiency causes bile duct abnormalities. (A, B, D and E) Hematoxylin and eosin-stained liver sections of E18.5 wild type (A and B) and Anks6 mutant
(D and E) embryos. In wild-type liver, bile ducts are lined by cuboidal epithelium and surrounded by portal mesenchyme in the hilar region (A). Less differentiated bile
ducts are observed in the peripheral area (B). In the Anks6~/~ liver, note the presence of multiple, low-cuboidal bile ducts in the hilar (D), as well as in the peripheral (E)
area, indicative of a failure in ductal plate remodeling. Green arrows indicate bile ducts; pv, portal vein. Scale bar, 50 pm. (G, H, ] and K) Hematoxylin and eosin-stained
liver sections of neonatal wild type (G and H) and mutant (J and K) mice. Both hilar and peripheral bile ducts are embedded in the periportal mesenchyme in wild-type
liver at this stage (G and H). In contrast, the bile ducts remain in a ductal plate conformation in the mutant livers (] and K). Green arrows indicate bile ducts. Scale bar,
50 pm. (C, F, I and L) DBA expression in E18.5 (C and F) and neonatal (I and L) liver. DBA is expressed in the entire biliary epithelium in wild-type livers at E18.5 (C) and
PO (I). In the mutant liver, DBA expression is limited to the portal side of the bile duct at E18.5 (F) and has scattered biliary expression at PO (L), indicative of a failure in

biliary epithelium differentiation in the mutant liver. Scale bar, 50 pm.

was detected only in the cells lining the portal side of the
Anks6 mutant bile ducts and was absent from the parenchymal
side (Fig. 5K), reminiscent of SOX9 expression, indicating that
the loss of Anks6 affects both SOX9 and HNF1B8 controlled
cholangiocyte differentiation programs. Although molecular
expression studies have not been performed on ANKS6 patient
liver biopsies, it was recently demonstrated that canonical Wnt
signaling is aberrantly activated in ANKS6 patient kidneys (49).
To examine whether Wnt signaling is also dysregulated in the
Anks6~/~ liver, we studied the expression of canonical (Axin2,
cMyc and Ccnd1) and non-canonical (Wnt5a, Dkk1) Wnt signaling
targets in E18.5 mutant livers using gRT-PCR. In contrast to the
situation in human kidneys, none of the Wnt signaling target
genes were significantly altered in the mutant livers at E18.5
(Supplementary Material, Fig. S6a and b), suggesting that neither
canonical nor non-canonical Wnt signaling plays an essential
role in the pathogenesis of Anks6~/~ livers.

Together, these data demonstrate that ANKS6 function is
essential at several stages of bile duct development, includ-
ing the formation of the ductal plates, differentiation of
hepatoblasts to biliary epithelial cells and tubulogenesis of the
bile duct, but does not involve Wnt signaling pathway.

Loss of ANKS6 causes ciliary defects

ANKS6’s known function in the cell is related to the primary
cilium where it localizes to the inversin compartment (IC)
and interacts with other nephronophthisis proteins—NPHP3,
INVS/NPHP2, NEK8/NPHP9 and ANKS3 (37,42,53,54). In the liver,
the main cell type to grow a primary cilium is the cholangiocyte
(55). To characterize primary cilia in Anks6 mutant bile ducts,
we stained E18.5 livers with antibodies against acetylated a-
tubulin which labels the ciliary axoneme. As expected, primary
cilia decorated the apical surface of every biliary epithelial cell
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albumin C

Figure 3. Loss of Anks6 causes portal fibrosis. (A-D) Immunofluorescent analysis
of «SMA expression in E18.5 wild type (A and C) and Anks6 mutant (B and
D) livers. «SMA is expressed in a layer of perivascular cells underneath the
portal endothelium in wild-type livers (A and C). In Anks6 mutant livers, «SMA
expression extends throughout the periportal mesenchyme and «SMA-positive
cells can be seen in the albumin-positive (green) liver parenchyma (B), and they
envelope the pan-cytokeratin-positive bile ducts (panCK, green) (D), indicating a
conversion of the periportal mesenchyme to myofibroblasts. Scale bar, 75 pm.

in a wild-type liver (Fig. 6A). In contrast, only cells lining the
portal side of the bile duct expressed cilia in Anks6 mutant
livers (Fig. 6B), corroborating our finding that cholangiocyte
differentiation is impaired in the mutant mice, as cholangiocyte
differentiation precedes their ciliogenesis (3). Using antibodies
against ANKS6, we found that ANKS6, indeed, localizes to the
cholangiocyte cilia in wild-type liver (Fig. 6¢c,c’ and c”), but is
absent from the mutant cilia (Fig. 6D, D’ and d”). Since ANKS6
is a component of the IC within the primary cilium, we next
asked whether its loss affects cholangiocyte cilia ultrastructure
in the mutant liver. Using a scanning electron microscopy (SEM),
we observed fewer ciliated cholangiocytes in the mutant biliary
epithelium compared with wild-type bile ducts, confirming the
light microscopy findings. In addition, SEM revealed a variety
of structural abnormalities in the mutant cilia. In contrast to
wild-type cilia that were solitary and long (Fig. 6E), the mutant
cilia appeared shorter (Fig. 6F), displayed bulbous formations
(Fig. 6G), or appeared duplicated and had abnormal kinks
(Fig. 6H) at the proximal portion of the cilium. Intriguingly, the
distortions in cilia morphology seemed to localize to the first
third of the cilium, a region where IC is located. These findings
suggest that the loss of ANKS6 disrupts the IC composition,
which in turn affects the ciliary architecture. To assess if this
is the case, we stained wild type and Anks6 mutant ciliated
MEFs with antibodies against acetylated «-tubulin and ANKS6
(Fig. 7A and B). After demonstrating the absence of ANKS6
expression in mutant cilia, we stained the ciliated MEFs with
antibodies against acetylated «-tubulin (axonemal marker) or
y-tubulin (basal body marker) and INVS/NPHP2, which revealed
a significantly reduced NPHP2 expression domain proximal to
the basal body in the mutant cilia compared with wild-type cilia
(Fig. 7C-G), confirming, that ANKS6 is critical for the formation
or stability of the IC. On the basis of our data that Anks6 is

expressed in the hepatoblasts at E15.5 (Fig. 3), we next asked
whether hepatoblasts are ciliated, and if so, whether ANKS6
localizes to the hepatoblast cilia. To address this question, we
knocked down Anks6 using shRNA in the hepatoblast-like BMEL
(bipotential mouse embryonic liver) cells (Fig. 7H and I), which
have been widely used to model hepatoblast differentiation in
vitro (56). Both control (shNS) and Anks6 knockdown (shAnkse6)
BMEL cells formed a cilium after serum starvation, which stained
positive for ANKS6 in shNS cells (Fig. 7H) but not in shAnks6
cells (Fig. 71), demonstrating that hepatoblasts are ciliated and
express ANKS6.

Together, our data demonstrate that ANKS6 localizes to the
cholangiocyte cilia in vivo, is required for proper cilia architecture
and for the structural maintenance of the INVS compartment
within the primary cilium. Nevertheless, the downstream effect
of ANKS6’s absence from the cilium, as it relates to ANKS6’s role
in biliary differentiation and morphogenesis remained uncov-
ered.

ANKS6 binds to YAP1 and regulates its expression
in the biliary epithelium

Hippo signaling pathway through its transcriptional effectors
YAP1 and TAZ has recently emerged as a critical regulator
of liver development and bile duct morphogenesis (33,57).
Furthermore, it has been demonstrated that Hippo pathway
components interact with ciliopathy proteins, providing an
explanation for the phenotypic overlap of kidney and liver
abnormalities between Hippo pathway deficient and ciliopathy
disease models (38-40). We thus hypothesized that Anks6~/~
liver phenotype may be caused by a dysregulation in YAP1
expression or activity in the mutant bile duct. To address this
possibility, we first examined the expression of YAP1 in E18.5
mutant livers by immunofluorescence staining. We observed
that YAP1 is expressed strongly in the nuclei of the wild-type
bile duct epithelium marked by panCK staining (Fig. 8A and @),
whereas its expression was absent or very low in the mutant
panCK+ biliary cells (Fig. 8B and B’), suggesting that ANKS6
regulates YAP1 expression in the developing biliary epithelium
during cholangiocyte differentiation. Quantification of YAP1
immunofluorescent staining signal intensities confirmed a
reduction in its expression levels in the Anks6~/~ bile duct nuclei
(Fig. 8C). To investigate the functional effect of reduced YAP1
expression in the mutant biliary epithelium, we stained livers
with antibodies against the YAP1 transcriptional target CYR61
and quantified the signal intensities. Indeed, CYR61 expression
levels were significantly reduced in the mutant bile duct cells
compared with control livers (Fig. 8D-F), demonstrating that the
loss of Anks6 leads to reduced YAP1 transcriptional activity in
the biliary epithelial cells. To further address the relationship
between ANKS6 and YAP1 in cholangiocyte differentiation, we
knocked down Anks6 in BMEL and small mouse cholangiocyte
cells (Smcc), which were originally isolated from the small bile
ducts of BALB/c mice (58), using shRNA (BMEL) or CRISPR/Cas9
(Smcc) technology. Both methods effectively reduced the expres-
sion of Anks6 by 80% (shAnks6 BMEL) (Fig. 8G) or 100% (Smcc
clones A6 1-18 and A6 2-15) (Fig. 8I) at mRNA level; Anks6 protein
was undetectable by western blot analysis in both cases, whereas
the control cells (BMEL, shNS or parental Smcc) demonstrated
normal Anks6 expression levels (Fig. 8H and J). The inactivation
of Anks6 significantly reduced the total YAP1 protein levels in
BMEL (Fig. 8K) and Smcc cell lines (Fig. 8L and M), supporting
our in vivo findings that ANKS6 regulates YAP1 expression in
cholangiocytes during bile duct development. Densitometric
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Figure 4. Anksé6 is expressed in the biliary epithelium and portal mesenchyme. (A-E) Anks6 expression analysis using in situ hybridization in the liver at E15.5 (A), E18.5
(B), PO (C), P21 (D), and P50 (E). Representative images of Anks6 staining reveal its expression in the hepatoblast progenitor cells at E15.5 (A), portal mesenchyme, bile duct
epithelium and hepatocytes around birth (B and C), and in the biliary epithelium and surrounding mesenchyme at adult stage (D and E). Red dashed line surrounds bile
ducts. pv, portal vein. Scale bar, 22.5 pm. (F) Anks6 expression scoring in wild-type liver during development and postnatal stages (0-4 arbitrary units). See representative
images in (A). B, biliary cells; H, hepatocytes; M, portal mesenchyme. (G) Gating strategy for isolation of EpCAM+ biliary cells from the livers of 6-week old wild-type
mice. Total single-cell suspensions of hepatocyte-depleted biliary and non-parenchymal cell fraction were sorted from the P6 population of EpCAM-stained samples.
(H-L) Anks6 is expressed in biliary cells of adult liver. Hepatocytes (Hep) and biliary cells (c) were isolated and relative mRNA expression of noted genes was quantitated
via qRT-PCR. Hepatocytes are normalized to one and Bc expression is quantitated as a ratio to its expression. Data represent the average of 3 biological samples + s.e.m.
Two-tailed unpaired t-test was used for statistical analysis, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. Anks6 is required for bile duct morphogenesis and cholangiocyte differentiation. (A-D) Immunofluorescent analysis of developing bile ducts in wild type
(A and B), and mutant (C and D), livers with antibodies against panCK and Sox9 at E15.5. Scale bar, (A and C) 25 um; (B and D) 7.5 um. (E-G) Immunofluorescent analysis
of E18.5 bile ducts with antibodies against g-catenin and Sox9. Sox9 is expressed in the entire epithelium of differentiated bile ducts in wild-type livers (E). Only the
portal side of the ducts (first ductal layer) is positive for Sox9 in mutant livers (F and G), indicating that cholangiocyte differentiation is impaired in Anks6 mutant livers.
In addition to biliary differentiation defects the mutant bile ducts demonstrate abnormal lumen formation (G). pv, portal vein, white asterisk indicates bile duct lumen.
Scale bar, (E) 7.5 pm; (F and G) 10 pm. (H and I) Antibody staining against the apical marker osteopontin, demonstrates normal apical polarization of E18.5 wild-type
biliary epithelial cells (H). In mutant bile ducts, osteopontin is present in the portal side, but missing from the parenchymal side of the ducts (I). pv, portal vein, white
asterisk indicates bile duct lumen. Scale bar, (H) 7.5 pm; (I) 10 pm. (J and K) Immunohistochemistry against the cholangiocyte differentiation marker Hnf1g. Hnf1g is
present in both layers of the bile duct in wild-type livers (J), but restricted to the portal layer in mutant livers (K). pv, portal vein, black asterisk indicates bile duct lumen.

Scale bar, 30 pm.

analysis of YAP1 and serine-127 phosphorylated YAP1 western
blot band intensities of the parental and Anks6 CRISPR knockout
clones demonstrated that the loss of Anks6 causes increased
YAP1 phosphorylation (Fig. 8N). Since YAP1 serine-127 phos-
phorylation leads to YAP1 nuclear exclusion and degradation
via ubiquitination pathway, we expected to observe reduced
expression of YAP1 target genes in Anks6 knockout cells. Indeed,
the mRNA levels of two cholangiocyte-specific YAP1 targets, Ctgf
and Cyr61, were significantly reduced in Anks6 knockdown cells
(Fig. 80 and P).

To measure YAP1 activity in Anks6 knockout cells, we
transfected the cells with a TEAD-responsive element luciferase
reporter (8xGTIIC-luc). In agreement with our western blot and
gRT-PCR studies, we observed a significant downregulation
of the reporter activity in Anks6 knockout clones compared
with the parental cell line (Fig. 9A). It has been shown that
two NPHP-proteins which interact with ANKS6—NPHP3 and
NEK&/NPHP9, bind to the YAP1 paralogue—TAZ and modulate
its transcriptional activity in a cell culture model (38). On
the basis of these data, we wondered whether ANKS6 might
regulate YAP1 stability or transcriptional activity through
binding to YAP1 or the other Hippo effectors—TAZ and TEAD4.
Indeed, we found that all three proteins co-immunoprecipitate
with ANKS6 when overexpressed in HEK293 cells (Fig. 9B-D).
Furthermore, the immunoprecipitation of endogenous ANKS6
from BMEL cell lysates co-precipitated endogenous YAP1
(Fig. 9E), demonstrating that ANKS6 and YAP1 proteins bind to
each other under physiological conditions. In contrast, normal
IgG failed to immunoprecipitate YAP1 (Fig. 9E), validating the
specificity of ANKS6 and YAP1 interaction. Since TEAD4 is a

nuclear protein, we next asked if ANKS6 localizes to the nucleus
by performing a subcellular fractionation in BMEL cells. Indeed,
we found that a fraction of ANKS6 protein localized to the
nucleus (Fig. 9F), suggesting that ANKS6 may regulate YAP1/TAZ
transcriptional activity by interacting with the YAP1/TAZ/TEAD
transcriptional complex in the nucleus.

Together, our in vivo and in vitro data reveal that Anks6 is
required for YAP1 transcriptional activity in the biliary epithe-
lium and hepatoblast precursor cells, probably by increasing
YAP1 protein stability. We further demonstrate that ANKS6 pro-
motes the expression of YAP1 target genes through its asso-
ciation with YAP1 and TEAD, thus providing a mechanism of
pathogenicity for the loss of ANKS6 in the liver.

Discussion

Anks6 deficiency was first shown to lead to hepato-renal tubular
pathology when a missense mutation in the conserved ANKS6
sterile alpha domain was identified as causing renal cyst forma-
tion and infrequent hepatic abnormalities in aged (21 months)
Han:SPRD (cy/+) rat model of polycystic kidney disease (44,59).
Since then, two other mouse models generated by using ENU
mutagenesis have been described, one harboring 1747N muta-
tion in the Anksé6 sterile alpha domain (43) and the other M187K
mutation in an ANK-domain of the Anks65 " mouse (42). The
analysis of the pathogenicity of these alleles has underscored
the critical requirement of ANKS6 in the kidney, which is invari-
ably affected in all Anks6-murine models (42-44) and humans
(37,41,49). Less was known about the role of ANKS6 in other
organs that are affected in patients with ANKS6-mutations (37).
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ANKS6 D’

Figure 6. Loss of Anks6 causes structural abnormalities in bile duct cilia. (A and B) Immunofluorescent staining of wild type (A) and Anks6 mutant (B) bile ducts
with acetylated «-tubulin (red, cilia) and g-catenin (green, bile ducts) demonstrates the lack of cilia from the parenchymal side of the bile duct in the mutant liver
at E18.5. Scale bar, 25 pm. (C-D”) Anks6 localizes to cholangiocyte cilia in E18.5 livers. Antibody staining against Anks6 (green) and acetylated «-tubulin (red, cilia)
shows Anksé6 ciliary localization in wild-type cholangiocyte cilia (C, C’ and C”), and its absence from the mutant cilia (D, D’ and D”). Scale bar, 10 pm. (E-H) Scanning
electron microscopy images reveal ciliary abnormalities in Anks6 mutant livers. Wild-type cilia are long and solitary (E), whereas mutant cilia are short (F), with bulbous
structures (green arrowhead) (G), or are duplicated at the basal body (red arrowhead), and appear kinked (green arrowhead) (H). Scale bar, (e, F and G) 1 pm, (h) 100 nm.

Here we showed that Anks6 mutant mice closely recapitulate
the spectrum of phenotypes observed in ANKS6-deficient indi-
viduals, including congenital liver abnormalities that have not
been examined in other Anks6-mouse models, thus providing
us new insights into the molecular pathways in which ANKS6
functions during development. In addition, our analysis revealed
that whole body deletion of Anks6 in a mouse causes a wide
spectrum of severe congenital heart deficiencies (CHD), which
together led to perinatal lethality regardless of the body situs.
This agrees well with and extends the findings of Czarnecki
et al. (42), who diagnosed a spectrum of complex CHD in het-
erotaxic Anks65"®r mice, who succumbed to perinatal lethality;
whereas mice with situs solitus or situs inversus displayed normal
cardiovascular anatomy, and survived postnatally (42). Moreover,
the comparison of the phenotypic severity between different
Anks6 mouse models (42,43) and ANKS6-patients with different
mutations (37,41,49) suggests a genotype-phenotype correlation,
in which the presence of 2 loss-of-function alleles lead to a wider
spectrum of organ involvement with more severe phenotypes
than 2 hypomorphic alleles with missense mutations.

Our observations in Anks6 mutant mice and in cell culture
studies demonstrate that ANKS6 is a critical regulator of
cholangiocyte differentiation and bile duct morphogenesis
in the liver. Our data support earlier reports that ANKS6
localizes to the IC in the cilium (37,60) and further reveal
that ANKS6 is essential for the integrity of the IC signaling
module. Its absence abolishes Inversin localization to this
subciliary structure and causes ultrastructural deformities in the
ciliary axoneme. Although, not essential for cilia growth, ANKS6
appears to regulate cilia formation, since its absence leads to
shorter or duplex cilia in cholangiocytes. The mechanisms of
these abnormalities were not studied in this manuscript. ANKS6

expression and primary cilium coincide in postnatal liver in the
biliary epithelium, demonstrating that ANKS6 cellular function
is relevant for the morphogenesis of this tissue. Consistent with
this idea, the primary abnormalities in the mutant mice were
confined to the portal region, i.e. failure to induce cholangiocyte
differentiation and defective remodeling of the ductal plates
into functional bile ducts. In addition, our histologic analysis
revealed a dramatic reduction in the thickness of the periportal
mesenchyme, and lack of peribiliary fibroblasts around the bile
ducts in Anks6 mutant livers, suggesting that impaired cross
talk between the portal mesenchyme and biliary epithelium
may underlie the portal morphogenesis defects, as observed in
mouse models deficient in Notch signaling (61-63).
Cholangiocyte lineage marker analysis in Anks6 mutant livers
suggests that although ANKS6 function is not essential for the
induction of cholangiocyte-fate in nascent hepatoblasts, it is
critical for maintaining the activities of the signaling pathways
that regulate hepatoblast differentiation into cholangiocytes.
In the absence of Anks6 expression, hepatoblasts do activate
SOX9- and HNF1b-controlled transcriptional pathways but fail
to maintain YAP1 transcriptional activity, resulting in global
ductal plate abnormalities and failure to acquire definitive
epithelial characteristics, including the establishment of apical
polarity and formation of primary cilia in the cells lining the
bile duct. Importantly, the liver developmental defects observed
in Anks6 mutant livers are similar to the defects described in
Yapl mutant livers including bile duct differentiation defects
(33) and progressive liver fibrosis (33). ANKS6 role in positively
modulating YAP1 transcriptional activity was also demonstrated
by functional assays and gene expression studies in BMEL and
Smecc cells, in which Anks6 knockout invariably led to reduced
YAP1 protein levels and target gene expression. Moreover, our
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Figure 7. Anks6 localizes to the primary cilium and is required for the formation inversin compartment. (A and B) Anks6 mutant MEFs lack Anks6 ciliary expression.
Immunofluorescent staining of wild type (A) and mutant (B) serum starved MEFs with acetylated «-tubulin (green, cilia) and Anks6 (red) shows complete absence

of Anks6 protein from the mutant cilia. Scale bar, 5 mm. (C and D) IC is reduced in mutant cilia. Immunofluorescent staining of wild type (C) and mutant (C) MEFs
with acetylated a-tubulin (red, cilia) and INVS (green) shows that mutant cilia have dramatically reduced INVS expression in the cilium. Scale bar, S mm. (E and F)
IC localizes proximal to basal body. Immunofluorescent staining of wild type (E) and mutant (F) MEFs with INVS (red) and y-tubulin (green, basal body) shows INVS
localization next to basal body in the cilium. Scale bar, 5 mm. (G) Quantification of the INVS expression domain or IC in MEF cilia. A ratio of the IC length to ciliary
length was measured on the basis of INVS immunostaining in MEFs (C and D). Differences in the IC length between wild type (n=32) and mutant (n=25) cilia were
highly significant (0.65+0.03 mm vs. 0.27 £0.02 mm, ****P < 0.0001). Two-tailed unpaired t-test was used for statistical analysis. Data are mean and SEM. (H and I)
Serum starvation induces ciliation in BMEL cells. Antibody staining against acetylated a-tubulin and Anks6 demonstrates that BMEL cells grow a cilium (H), and Anks6
knockdown with shRNA effectively abolishes Anks6 expression from BMEL cilia (I). Scale bar, 5 mm.

biochemical studies demonstrated that ANKS6 binds to the
Hippo downstream effectors YAP1, TAZ and TEAD4 in an over-
expression system and to YAP1 under physiological conditions,
providing a mechanism by which ANKS6 modulates YAP1
activity in the hepatoblasts during ductal plate formation and
later in biliary morphogenesis and cholangiocyte differentiation.

It has been reported that the expression of g-catenin, a tran-
scriptional effector of canonical Wnt signaling, was upregulated
in the tubules of ANKS6-deficient kidneys, suggesting a patho-
logical role for Wnt signaling in ANKS6-patients (49). However,
our analyses of the expression levels of canonical (Axin2, c-Myc
and Ccnd1), and non-canonical (Wnt5a, Dkk1) Wnt signaling tar-
gets (64) did not reveal significant changes in Anks6~/~ livers at
E18.5, a timepoint when morphological and molecular changes
were discernible. This suggests that Wnt signaling does not play
an important role in the pathogenesis of Anks6-deficient liv-
ers. Moreover, the biliary abnormalities caused by dysregulated
canonical (8-catenin inactivation or overexpression) (65), or non-
canonical Wnt signaling (Wnt5a inactivation) (66) are dissimilar
from the DPMs observed in Anks6~/~ livers.

Overall, our work demonstrates that the loss of Anksé6
causes CHF with associated DPM via dysregulation of the
Hippo signaling in the portal tract. Our findings provide further

mechanistic understandings to the regulation of normal bile
duct development and reveal a novel role for the ciliary protein
Anks6 in integrating Hippo signaling in this process.

Materials and Methods
Mouse breeding and maintenance

Targeted Anks6 embryonic stem cell clone EPD0109_5_E04 was
obtained from the Knockout Mouse Project Repository. Chimeric
mice were prepared by blastocyst microinjection and bred with
C57BL/6] mice to obtain germline transmission. Genotyping
primers are shown on Supplementary Material, Figure S1. Anks6
wild-type littermates were used as controls for mutant mice. For
timed mating, noon on the day a plug was found was designated
as EO0.5. The person who genotyped the embryos or new-born
animals was not involved in collecting the material. FLPo-
deleter mouse strain (B6.Cg-Tg(Pgk1-flpo)10Sykr/], Stock #011065)
and Ella-cre mouse strain (B6.FVB-Tg(Ella-cre)C5379Lmgd/J, Stock
#003724) were obtained from the Jackson Laboratory. The
experimental protocol was reviewed and approved by the
Animal Care Committees of Boston Children’s Hospital and the
University of Pittsburgh.


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa197#supplementary-data
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Figure 8. YAP1 expression is defective in ANKS6-deficient biliary epithelium. (A-B’) YAP1 expression is present in almost every cell in the wild-type bile duct lining
epithelium (A and A’), whereas ANKS6 mutant bile ducts are mostly deficient in YAP1 expression (A and B’). panCK is used to mark the bile duct epithelium. Scale bar,
10 pm. (C) Quantification of YAP1 expression intensity in panCK-positive cells from wild type (n=73 nuclei) and ANKS6 mutant (n =60 nuclei) livers, as shown in (A)
and (B). Data are median with 95% CI; mean of wild type—8&3.13 vs. mean of mutant—69.67, *P <0.05. (D-E’) CYR61 expression is present in almost every cell in the
wild-type bile duct lining epithelium (D and D’), whereas ANKS6 mutant bile ducts are mostly deficient in YAP1 expression (E and E’). panCK is used to mark the bile
duct epithelium. Scale bar, 10 pm. (F) Quantification of CYR61 expression intensity in panCK-positive cells from wild type (n =103 nuclei) and ANKS6 mutant (n =102
nuclei) livers, as shown in (D) and (E). Data are median with 95% CI; mean of wild type—23.64 vs. mean of mutant—15.38, ****P < 0.0001. (G) gqRT-PCR analysis of ANKS6
expression in shNS (control) and shANKS6 (ANKS6 knockdown) BMEL cells. ANKS6 expression is reduced by ~83% in shANKS6 BMEL cells. All experiments are n=3.
Two-tailed unpaired t-test was used for statistical analysis. Data are mean and SEM. ***P <0.001. Mean of shNS—0.98 vs. mean of shANKS6-0.17. (H) Western blot
analysis of ANKS6 protein levels in BMEL, shNS (control) and shANKS6 (ANKS6 knockdown) BMEL cells. ANKS6 protein levels are virtually undetectable in shAnks6 BMEL
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Immunohistochemistry and antibodies

E10.5 embryos were fixed in 4% (w/v) paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) at 4°C. Embryos
were then immersed in 15% and 30% sucrose and embedded
in Tissue Freezing Medium (Triangle Biomedical Sciences,
Inc.). Sections were taken at 8 pm. For immunostaining
sections were blocked in 10% donkey serum/1% BSA and
permeabilized in 0.1% Tween-20. Primary antibodies are listed
in Supplementary Material, Table S1. Secondary antibodies were
donkey anti-mouse Alexa Fluor 488, donkey anti-mouse Alexa
Fluor 594, donkey anti-rabbit Alexa Fluor 488, donkey anti-
rabbit Alexa Fluor 594 (Molecular Probes), and goat anti-chicken
Alexa Fluor 488 (Molecular Probes). Samples were mounted in
ProlongGold (molecular probes) and images captured on a Leica
TSC 5SP X confocal microscope (Leica Microsystems).

Cell culture and transfections

HEK293 (ATC; CRL-1573) cells were cultured in DMEM (Gibco,
Thermo Fisher Scientific) supplemented with 10% FBS, L-
glutamine (Gibco, Thermo Fisher Scientific) and 100 U/ml
penicillin-streptomycin  (Gibco, Thermo Fisher Scientific).
Plasmid transfections were done using Lipofectamine 3000
(Life Technologies, Thermo Fisher Scientific) according to
the manufacturers’ instructions or with PEI (HEK293 cells).
BMEL cells (56) were cultured on collagen I (Fischer) coated
dishes using RPMI 1640 (invitrogen) supplemented with 10%
fetal bovine serum (Atlas Biologicals), 50 ng/ml Epidermal
Growth Factor (PeproTech), 30 ng/ml Insulin-like Growth
Factor II (PeproTech), 10 pg/ml human insulin (Sigma-Aldrich)
and 100 U/ml penicillin-streptomycin (Gibco, Thermo Fisher
Scientific). BMEL cells were passaged every 3—4 days and never
let sit at confluence. MEF were established from wild-type and
Anks6~/~ E13.5 embryos and cultured in DMEM with 10% FBS
L-glutamine (Gibco, Thermo Fisher Scientific), and 100 U/ml
penicillin-streptomycin (Gibco, Thermo Fisher Scientific). Cell
lines were tested for mycoplasma contamination on a quarterly
basis.

shRNA and CRISPR/Cas9-driven genome editing

Anks6 mRNA level was stably knocked down in BMEL cells using
a pLKO (MISSION® shRNA) lentivirus (Cat. # TRCN0000267514,
Sigma-Aldrich). MISSION® pLKO.1-puro (SHCO016-1EA, Sigma)
was used as a non-targeting shRNA control plasmid. BMELs were
transduced with shRNA-expressing lentiviruses and selected for
1 wk with 2 pg/ml puromycin. sgRNAs targeting mouse Anks6
were designed using the CRISPRtool (http://crispr.mit.edu). The
annealed oligos of sgRNA guide sequence were cloned into the
plasmid pSpCas9(BB)-2A-GFP (px458), a gift from Dr Feng Zhang
(Addgene plasmid #48138) (67). The sequence of the constructs
was verified by Sanger sequencing. CRISPR single cell clones
were obtained by transient transfection using Lipofectamine

3000 (Thermo Fisher Scientific). Transfected single cells, positive
for green fluorescent protein, were sorted 48 h after transfection
using a FACS ARIA II cell sorter (BD Biosciences). Isolated clones
were screened for CRISPR-mediated genome editing at the
target region by sequencing of genomic DNA. The loss of the
corresponding mRNA transcripts or protein level was used to
validate knockout. Sequences of shRNAs and sgRNAs are listed
in Supplementary Material, Table S2.

Histological analyses

Tissues were fixed in 4% (w/v) PFA in PBS at 4°C. All tissues
were then dehydrated through a methanol series and embedded
in paraffin. Sections were taken at 5 pm. Hematoxylin and
eosin staining followed standard protocols. Phenotyping
in mouse embryos was performed blinded. More than 5
regions were selected at random and analyzed using Adobe
Photoshop.

Scanning electron microscopy

For SEM, livers were perfused with a mixture of 4% PFA and
2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for
5-10 min, cut into small pieces (2-4 mm3), and then immersed in
2% phosphate-buffered glutaraldehyde for overnight. Then, liver
was rinsed with phosphate buffer three times, and postfixed in
1% osmium tetroxide for 1 h on ice. After fixation, the samples
were rinsed in distilled water, dehydrated in serial ethanol, dried
in a critical point dryer, sputter coated with gold—palladium and
examined using a Hitachi 4700 SEM.

High-throughput MRI

E18.5 fixed embryos were soaked in 0.5% gadolinium (Multi-
hance, gadobenate dimeglumine injection solution, 529 mg/ml,
Bracco Diagnostics, Inc. Monroe Twp, NJ) in PBS at 4C° for
2 days before MRI. Multiple embryos were secured on a
wooden popsicle stick with Webglue Surgical Adhesive (n-
butyl cyanoacrylate, Patterson Veterinary, Devens, MA), then
were immersed in Fomblin-Y perfluoropolyether oil (Aldrich) to
reduce susceptibility artifact at the air-tissue interface. High-
resolution MRI was performed on a Bruker BioSpec 70/30 USR
spectrometer (Bruker BioSpin MRI, Billerica, MA, USA) operating
at 7-Tesla field strength, equipped with an actively shielded
gradient system and a quadrature radio-frequency volume
coil with an inner-diameter of 35 mm. 3D high-resolution
MRI was acquired with Rapid Imaging with Refocused Echoes
(RARE) pulse sequence with the following parameters: field of
view=4.2 cm x 2.39 cm x 1.19 cm, matrix=1024 x 500 x 256,
voxel size=41 uym x 46 pm x 46 pm, RARE factor=38, echo
time (TE) =12.35 msec, effective TE =24.69 msec, repetition time
(TR) =900 msec, flip angle (FA) =180°.

cells. (I) qQRT-PCR analysis of ANKS6 expression in Smcc control (parental) and two different ANKS6 CRISPR knockout clones (A6 1-18 and A6 2-15). ANKS6 expression
is completely absent in ANKS6 knockout cells. All experiments are n=3. Two-tailed unpaired t-test was used for statistical analysis. Data are mean and SEM. ***
P <0.001. Mean of parental—1.00 vs. mean of A6 1-18—0.00 and mean of A6 2-15—0.00. (J) Western blot analysis of ANKS6 protein levels in Smcc (parental), ANKS6
knockout clone 1-18 and 2-15 cells. ANKS6 protein levels are undetectable in ANKS6 knockout cells. (k) YAP1 protein levels are reduced in shAnks6 BMEL cells
compared with shNS control cells. GAPDH is a loading control. (L) YAP1 protein levels are reduced in 2 different Anks6 knockout clones 1-18 and 2-15 compared with
parental Smcc cells. GAPDH is a loading control. (m) Densitometry of the data in (H). Intensity of YAP1 was normalized to GAPDH (n = 3). Error bars represent SEM. (N)
Densitometry of the data in (H). Intensity of S127P-YAP1 was normalized to YAP1 (n=3). Error bars represent SEM. (O) qRT-PCR analysis of Ctgf expression in parental
Smcc and ANKS6 knockout clones 1-18 and 2-15. Ctgf expression is reduced in ANKS6-deficient cells. All experiments are n=3. Two-tailed unpaired t-test was used
for statistical analysis. Data are mean and SEM. **P < 0.01. (P) gRT-PCR analysis of Cyr61 expression in parental Smcc and ANKS6 knockout clones 1-18 and 2-15. Cyr61
expression is reduced in ANKS6-deficient cells. All experiments are n = 3. Two-tailed unpaired t-test was used for statistical analysis. Data are mean and SEM. **P < 0.01.
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Figure 9. ANKS6 binds to YAP and TAZ in vitro. (A) ANKS6 promotes YAP1 transcriptional activity. Control and ANKS6-deficient Smcc clones 1-18, and 2-15 were
cotransfected with 8xGTIIC-Luc reporter and Renilla luciferase control plasmid for luciferase activity. Reporter luciferase activity was normalized to Renilla luciferase
activity. (B) ANKS6 binds to YAP1. V5-ANKS6 and Flag-YAP1 were overexpressed in HEK293 cells, and V5-ANKS6 was co-immunoprecipitated using Flag-beads. IP,
antibody used for immunoprecipitation; WCL, whole cell lysate. (C) ANKS6 binds to TAZ. Flag-ANKS6 and HA-TAZ were overexpressed in HEK293 cells, and HA-TAZ
was co-immunoprecipitated using Flag-beads. IP, antibody used for immunoprecipitation; WCL, whole cell lysate. (D) ANKS6 binds to TEAD4. Flag-ANKS6 and myc-
TEAD4 were overexpressed in HEK293 cells, and myc-TEAD4 was co-immunoprecipitated using Flag-beads. IP, antibody used for immunoprecipitation; WCL, whole
cell lysate. (E) Coimmunoprecipitation of endogenous ANKS6 and YAP1. Proteins were extracted from cultured bipotential cells (BMEL) and immunoprecipitated (IP)
with anti-ANKS6 or IgG control antibodies, and analyzed by western blot with mouse anti-YAP or rabbit anti-ANKS6 antibodies. (F) ANKS6 localizes to the nucleus. Cell
fractionation analysis of shNS and shANKS6 BMEL cells demonstrates that ANKS6 protein localizes to the nucleus. GAPDH is expressed in the cytoplasmic fraction.

Cyto, cytoplasmic fraction; nucl, nuclear fraction.

In situ hybridization

ISH for Anks6 transcripts was performed on formalin-fixed liver
using RNAscope (ACDBio, Hayward, CA) according to the man-
ufacturer’s instructions and developed with the Diaminobenzi-
dine substrate. After development, slides were counterstained
with hematoxylin. Scoring was performed using the following
criteria at x40 magnification: 0, no staining, or <1 dot/10 cells; 1,
1-3 dots/cell; 2, 4-10 dots/cell, no or very few dot clusters; 3, > 10
dots/cell, <10% positive cells have dot clusters; 4, > 10 dots/cell,
>10% positive cells have dot clusters.

Liver cell isolation and FACS

Liver cell isolation was performed via collagenase perfusion
as previously described (50). Briefly, the livers of terminally
anesthetized mice given ketamine/xylazine were perfused
with Hepatocyte Perfusion Buffer followed by 0.5 mg/ml
collagenase (Sigma-Aldrich) in Hepatocyte Digestion Buffer.
To maximally liberate biliary cells and other non-parenchymal
cells, collagenase-digested livers were subsequently subjected
to serial digestions with Accutase (EMD Millipore, Billerica, MA)
and Trypsin/0.1% EDTA for 20 min and 10 min, respectively.
Cells were collected at each step. Cells were filtered through
a 40 mm sieve, washed and stored in PBS with 2% FCS
and penicillin/streptomycin before sorting. Biliary cells were
enriched by staining and sorting for EpCAM (CD326, Cat#118205,
1:100. BioLegend) for 30 min at 4°C.

Luciferase assay

To measure the activity of YAP1 signaling, cells were seeded
in 12-well plates. YAP1-luciferase reporter activity was mea-
sured from cells co-transfected with the following plasmids,
pGL3b.8XGTIIC-Luc (Addgene plasmid #34615 (68)) and pTK-
Renilla (Promega). Luciferase activity was measured with a
dual-luciferase reporter assay kit (Promega) according to
the manufacturer’s instructions. Renilla activity was used to
normalize luciferase reporter activity.

RNA extraction and gqRT-PCR

RNA was isolated from BMEL and Smcc cells using Quick-RNA
Miniprep Plus (Zymo Research). Reverse transcription was per-
formed using iScript cDNA Synthesis Kit (Bio-Rad). Quantita-
tive real-time PCR was carried out using iTaq Universal SYBR
Green Supermix (Bio-Rad) and run on a CFX96 Touch™ Real-
Time PCR Detection System (Bio-Rad). Data were normalized to
Gapdh or 18S as indicated. Real-time PCR primers are listed in
Supplementary Material, Table SS2.

Co-immunoprecipitation Assay

A total of 36 h after transfection, HEK293 or BMEL cells were
washed in ice-cold PBS and lysed in the IP Lysis Buffer (25 mM
Tris-HCl, 400 mM NacCl, 1% NP-40). Cleared cell lysates were
produced by centrifugation of the resulting samples at 16 000 x g
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for 30 min at 4°C and subjected to immunoprecipitation using
anti-Flag M2 beads (Sigma) or GFP-nAb Magnetic beads (Allele
Biotechnology). Typically, 1 mg of protein sample was incubated
with 20 pl bed volume of anti-FLAG M2 or GFP-nAb Magnetic
beads in a volume of 1 ml for 16 h at 4°C. Gel electrophoresis of
immunoprecipitation eluents was performed using the NuPAGE
system (invitrogen). Samples were resolved on 4-12% Bis-Tris
gels in MOPS buffer, transferred to a nitrocellulose membrane
which was then probed for the protein of interest using anti-
bodies diluted in TBS containing 5% milk and 0.1% Tween-20
(Sigma).

Statistics

x? test was used to test whether the distribution of mouse
genotypes corresponds to Mendelian ratio. t-test was used to
compare data between two groups. Significance was determined
at P<0.05 and represented by * to denote P <0.05, **P <0.01,
**P <0.001, ***P <0.0001. All experiments were carried out
three times or more (n> 3). Data were analyzed using Prism 6
software (GraphPad Software, San Diego, CA) and are given as
the mean + SEM.

Study approval

The procedures for all animal experiments were reviewed and
approved by the IACUC of the University of Pittsburgh.

Supplementary Material

Supplementary Material is available at HMG online.
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Information files, or from the corresponding author on request.
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