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ABSTRACT

The intrahepatic biliary network is a highly branched three-
dimensional network lined by biliary epithelial cells, but how its
branching patterns are precisely established is not clear. We
designed a new computer-based algorithm that quantitatively
computes the structural differences of the three-dimensional
networks. Utilizing the algorithm, we showed that inhibition of
Cyclin-dependent kinase 5 (Cdk5) led to reduced branching in the
intrahepatic biliary network in zebrafish. Further, we identified a
previously unappreciated downstream kinase cascade regulated by
Cdk5. Pharmacological manipulations of this downstream kinase
cascade produced a crowded branching defect in the intrahepatic
biliary network and influenced actin dynamics in biliary epithelial cells.
We generated larvae carrying a mutation in cdk5 regulatory subunit
1a (cdkbria), an essential activator of Cdk5. cdk5r1a mutant larvae
show similar branching defects as those observed in Cdk5 inhibitor-
treated larvae. A small-molecule compound that interferes with the
downstream kinase cascade rescued the mutant phenotype. These
results provide new insights into branching morphogenesis of the
intrahepatic biliary network.

KEY WORDS: Biliary atresia, Intrahepatic biliary network, Actin
dynamics, Biliary epithelial cells, Cdk5r1a

INTRODUCTION

The biliary system is responsible for transporting bile from the liver
to the digestive tract. The intrahepatic biliary network, the biliary
system within the liver, is a highly branched three-dimensional (3D)
network that is pervasive throughout the liver. Biliary epithelial
cells (also called cholangiocytes) are the innermost epithelial cells
forming the conduit of this 3D network. Various means to visualize
the 3D structure of the biliary network have been developed
(Kaneko et al., 2015; Sparks et al., 2010). However, there is as yet
no method to quantify differences in 3D branching patterns of the
entire network, and this has presented a significant barrier to our
understanding of the formation of the intrahepatic biliary network
and the pathogenesis of liver diseases.
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Cyclin-dependent kinase 5 (Cdk9) is a ubiquitously expressed
serine-threonine kinase that is known to regulate a variety of
biological processes, including cell migration, maturation, cell-cell
connection and cytoskeletal organization in the nervous system
(Dhavan and Tsai, 2001; Gilmore et al., 1998; Lagace et al., 2008;
Ohshima et al., 1996). Unlike other members of the cyclin-
dependent kinase family, CdkS5 is activated by the non-cyclin co-
factor CdkS5 regulatory subunit 1 (Cdk5rl; also known as p35)
(Chae et al.,, 1997) and is not involved in cell cycle regulation
(Dhavan and Tsai, 2001; Lalioti et al., 2010). While Cdk5 has been
intensively studied in the context of neural development, several
studies have begun to hint at an important role outside the nervous
system (Dhavan and Tsai, 2001; Na et al., 2015; Wei et al., 2005).
However, the function of CdkS5 in liver development, particularly in
biliary network development, has not been studied and there is no
evidence yet linking Cdk5 to the pathology of biliary atresia.

Cdk5 is known to phosphorylate many substrate proteins,
including those regulating cytoskeletal organization (Grant et al.,
2001), such as p21-activated kinase 1 (Pak1) (Nikolic et al., 1998;
Kichina et al., 2010). Direct substrates of Pakl that regulate
cytoskeletal organization include the LIM kinases (LimKs)
(Edwards et al., 1999). LimKs, in turn, regulate Cofilin activity
by phosphorylation of serine 3 (Arber et al., 1998). Cofilin proteins
are actin-depolymerizing factors and important regulators of actin
dynamics (Bamburg, 1999). To our knowledge, there is no study
showing that Cdk5 can regulate the Pakl-LimK-Cofilin kinase
cascade in vivo. Indeed, the roles of the Cdk5-mediated kinase
cascade during biliary network formation have not been
investigated.

Zebrafish has emerged as an excellent model to study human liver
diseases (Goessling and Sadler, 2015). In zebrafish, the intrahepatic
biliary network starts developing at 2 days post fertilization (dpf),
before the biliary system starts to function at 5 dpf (Lorent et al.,
2010; Sakaguchi et al., 2008). In mammals, the apical membranes
of two adjacent hepatocytes generate the bile canaliculus, which
secretes bile into the intrahepatic biliary network; however, in
zebrafish the bile canaliculi are unicellular structures and tubular
invaginations of the hepatocyte apical membranes (Lorent et al.,
2004; Sakaguchi et al., 2008). In zebrafish, the intrahepatic biliary
network is formed by small-diameter ductular biliary epithelial
cells, which might be analogous to small-diameter ductular biliary
epithelial cells in the mammalian liver lobule that transport bile
from the canalicular network to the intralobular bile ducts in the
portral tract (Kaneko et al., 2015). Indeed, there is remarkable
conservation of both genes and gene function across vertebrate
biliary system development, and thus many candidate genes
responsible for biliary system abnormalities in humans can be
screened efficiently and rapidly in the zebrafish model (Cui et al.,
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2011; Delous et al., 2012; Hand et al., 2009; Lorent et al., 2015,
2010, 2004; Matthews et al., 2011, 2005; Sakaguchi et al., 2008;
Schaub et al., 2012). The zebrafish transgenic line Tg(Tp1-MmHbb:
EGFP)*"!?  which is generated by conjugating tandem RBPJ«
response element repeats with enhanced green fluorescent protein
(EGFP), expresses EGFP specifically in the intrahepatic biliary
network in the zebrafish liver (Lorent et al., 2010; Parsons et al.,
2009). This transgenic line allowed us to visualize the entire
intrahepatic biliary network in zebrafish larvae, greatly facilitating
investigation of the development of the biliary system. Live imaging
and other data from Lorent et al. (2010) with this transgenic line
have clearly showed plasticity of intercellular connections in the
developing biliary network. However, the study of the intrahepatic
biliary network has been greatly inhibited by the lack of quantitative
methods to measure the differences in aberrant branching patterns.

In this study, we developed a computational algorithm to quantify
the differences in the branching patterns of the 3D network with a
high degree of consistency and accuracy. Utilizing the algorithm, we
identified a Cdk5-mediated kinase cascade that regulates branching
and cellular actin organization of the intrahepatic biliary network.
Finally, we provide genetic evidence that the kinase cascade
functions in vivo to regulate proper branching of the intrahepatic
biliary network.

RESULTS

Establishing a computational algorithm to quantify

structural differences in 3D branching patterns

The intrahepatic biliary network is responsible for transporting bile
from hepatocytes to the extrahepatic bile duct. This network
possesses a highly branched and open-ended tree-like structure,
which drains bile to a single exit that is connected to the extrahepatic
duct. Subtle differences in the 3D branching of the intrahepatic
biliary network can influence the function of the organ. In zebrafish,
the Notch activity reporter line Tg(Tp1-MmHbb:EGFP)*"!# (Lorent
et al., 2010; Parsons et al., 2009) enabled us to visualize the entire
intrahepatic biliary network (Fig. 1A,B). However, we lacked a
method to consistently quantify differences in the branching
patterns of 3D networks. To address this, we developed a
computational algorithm capable of quantifying differences in
network structures with a high degree of consistency and accuracy.
The input data that we used for the computational algorithm were z-
stack confocal scans of Tg(Tpl-MmHbb:EGFP)*"!# expression in
the entire liver (Fig. 1A). Since Tg(Tpl-MmHbb:EGFP)*"!? is also
expressed in tissues other than the liver, we digitally cropped the
image such that only EGFP expression from the intrahepatic biliary
network remained for analysis (Fig. 1B). Next, we adopted the
previously published fully parallel 3D thinning algorithm (Ma and
Sonka, 1996; Wang and Basu, 2007). This algorithm creates a
compact representation of the intrahepatic biliary network marked by
Tg(Tpl-MmHbb:EGFP)*"!? expression, which we refer to as the
‘skeleton’. This algorithm repeatedly eliminates excess signals from
EGFP-positive voxels in 3D space without changing the pattern of
connectivity until the network is represented by continuous single
voxels (Fig. 1C). Following this thinning process, Djikstra’s shortest
path algorithm (Cormen et al., 2009) was employed to thin any
existing crowded regions, which generated a final unit-width
skeleton (Fig. 1D). By combining these algorithms, the EGFP
signals (Fig. 1B) are converted to skeletal representations of the
network (Fig. 1E-G). As a result, the complex 3D network is
represented by combinations of four basic segments: end point,
node, node-node connection, and node-end point connection
(Fig. 1E,F). To verify that our algorithm was working in the

2596

expected manner, we merged the original Tg(Tpl-MmHbb:
EGFP)*"# expression data with the data that generated the
skeleton of the network (Fig. 1H), and found that the two data sets
completely overlapped. This suggests that the branching pattern
analyses based on our algorithm are precise.

Algorithm-based analyses of intrahepatic biliary network
formation in wild-type larvae

We first applied the skeletal analysis algorithm to quantify changes
in the branching patterns of the intrahepatic biliary network at
different time points during development in wild-type larvae
(Fig. 11-L, Table 1), analyzing Tg(Tpl-MmHbb:EGFP)*"#
expression in the liver at 3, 4, 5 and 6 dpf. We measured biliary
epithelial cell numbers by counting DAPI-stained nuclei of 7g(7pI-
MmHbb:-EGFP)*"*_expressing cells in the liver. Each parameter
showed statistically significant differences between stages (Table 1),
suggesting that this method could sensitively quantify differences in
the branching patterns at these stages. We found that both liver size
and total length of the intrahepatic biliary network increase linearly
as larvae develop (Fig. 1M,0). Consistent with a previous study
(Lorent et al., 2010), the number of Tg(TpI-MmHbb:EGFP)“"!4.
positive cells in the liver increased rapidly between 3 and 4 dpf, but
then increased more slowly after 4 dpf (Fig. IN). These results
suggest that biliary epithelial cells proliferate before 4 dpf, and
thereafter undergo remodeling to elongate. Consistent with this
idea, we observed that before 4 dpf the nuclei of biliary epithelial
cells cluster within the intrahepatic biliary network, but that these
nuclei segregate by 5 dpf (Fig. S1), and the mean projection length
of the intrahepatic biliary network per cell drastically increases
between 4 and 5 dpf (Fig. 1P), suggesting that remodeling is taking
place at this stage. Although both total network length and network
length per cell increase, the average node-node connection length
remains relatively constant from 3 to 6 dpf (Fig. 1Q), suggesting that
new branches are always being generated during the elongation of
the projections and connections. Overall, our algorithm-based
method allowed us to measure the structural properties of the
intrahepatic biliary network with a previously unachieved level of
precision.

Cdk5 regulates intrahepatic biliary network formation

To investigate the molecular mechanisms underlying the formation
of'the intrahepatic biliary network, we used a small-molecule library
to identify inhibitors affecting intrahepatic biliary network
formation. We treated Tg(Tpl-MmHbb:EGFP*“"*/Tg(fabpl0:
RFP-CAAX)"* larvae with small-molecule compounds from 3 to
5dpf and screened for those that significantly changed the
branching pattern of the intrahepatic biliary network without
affecting overall larval morphology, liver size or biliary epithelial
cell numbers. We hypothesized that, with these screening criteria,
we might be able to identify a new signaling pathway that
specifically interfered with branching and remodeling processes
without influencing cell differentiation. The only compound that
produced a phenotype with these criteria was olomoucine (Sigma)
(Wei et al., 2005). Compared with DMSO-treated controls, when Tg
(Tpl-MmHbb:EGFP)*™'# larvae were treated with 10 uM
olomoucine from 3 to 5 dpf, they showed significantly altered
branching patterns of the intrahepatic biliary network at 5 dpf
(Fig. 2A,B) without obvious morphological changes to their
physical appearance (Fig. S2). Further characterization of
olomoucine-treated larvae with the skeletal analysis algorithm
revealed that neither liver volume nor the number of biliary
epithelial cells was significantly changed at 5 dpf (Fig. 2C,D), but
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Fig. 1. Skeletal analysis algorithm to quantify 3D branching patterns. (A) Projected confocal image of a Tg(Tp1-MmHbb:EGFP)“""# zebrafish liver
visualized for EGFP and phalloidin expression at 4 dpf. (B) Segregated EGFP expression in the intrahepatic biliary network. (C) The thinning algorithm eliminates
excess voxels from the surrounding 26 neighboring voxels until the network is presented by continuous single voxels. (D) The uncrowding algorithm
eliminates congested areas, which are created by the thinning algorithm. (E) Graphical presentation of data generated from the skeletal analysis algorithm,
which is the combination of the thinning and uncrowding algorithms. (F) Schematic representation of the skeletal analysis data. The complex 3D network is
represented by a combination of four segments: end points, nodes, node-node connections, and node-end point connections. Each segment is given a unique
identifier, and their location, length, shape, thickness and connectivity are defined. (G) Skeletal representation of the intrahepatic biliary network at 4 dpf generated
by the skeletal analysis algorithm. (H) Merge of images in B and G. The original EGFP expression image and final skeletal representation match perfectly.
(I-L) The skeletal analysis algorithm-based quantification of the developing intrahepatic biliary network. The skeletal representations of the intrahepatic biliary
network were computed based on Tg(Tp7-MmHbb:EGFP)“""4 expression in the wild-type liver at the indicated time points. (M) Average liver size (volume) of
wild-type larvae. (N) Average number of Tg(Tp1-MmHbb:EGFP)“™"%-positive biliary epithelial cells in the liver. (O) The total length of the intrahepatic biliary
network marked by Tg(Tp1-MmHbb:EGFP)“""# expression in the liver. (P) The total length of the intrahepatic biliary network divided by the number of biliary
epithelial cells, indicating the mean projection length of the network per cell. (Q) Average length of connections in the liver. Error bars are s.d. *P<0.05, **P<0.01,
***P<0.001; n.s., not significant.

that the mean total network length per cell was significantly reduced  role of CdkS in the development of the intrahepatic biliary network.
(Fig. 2E). The average number of connections per cell was also  These data suggest that, upon Cdk5 inhibition, biliary epithelial
reduced (Fig. 2F), and the ratio of unconnected to connected cells can properly differentiate and extend projections but that
branches increased in olomoucine-treated larvae (Fig. 2G). these projections cannot sufficiently elongate or form new
Olomoucine is a specific inhibitor of CdkS, suggesting a novel connections.
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Table 1. Structural parameters of the intrahepatic biliary network in
wild-type larvae

3 dpf 4 dpf 5 dpf 6 dpf

Parameter (80 hpf) (104 hpf) (128 hpf) (152 hpf)

Network length 1.6+0.4 4.2+0.7 6.8+1.2 11.9+0.7
(mm)

Average network 4.7+0.2 4.24+0.4 3.90+0.2 3.40+0.1
thickness (um)

Total number of 64118 125165 253+54 460+129
nodes

Three branch nodes 46115 96+54 192+47 337198

Four branch nodes 1115 21+9 46+12 86+21

Five or more branch 713 814 1615 37116
nodes

Number of 78125 150478 31879 595+171
connections

Number of 61+11 111156 197443 371+£100
unconnected
branches

Mean connection 11.9+0.6 13.310.6 13.11£0.8 11.4+0.7
length (um)

Mean unconnected 10.1£1.7 10.5+0.8 11.2+0.9 9.9+1.2
branch length
(um)

Biliary epithelial cell 11514 182+15 194+13 214+11
number

Liver analysis algorithm-based measurements of the intrahepatic biliary
network in wild-type larvae at the indicated time points. Meanzts.d. n=5 for all
stages.

To examine the functionality of the biliary system in olomoucine-
treated larvae we used the PED6 fluorescence assay (Farber et al.,
2001), in which fluorescent metabolites generated in the intestine
are transported through the biliary system to the gallbladder. In
wild-type larvae treated with 10 uM olomoucine from 3 to 5 dpf, an
average 18.5+2.2% (£s.d.; »=81 from three independent
experiments) of larvae lacked PEDG6 fluorescence in the
gallbladder at 5 dpf (Fig. S2). By contrast, in DMSO-treated
control larvae, there were no larvae that completely lacked PED6
fluorescence in the gallbladder at 5 dpf (=159 from three
independent experiments; Fig. S2). These data suggest that
inhibiting CdkS5 impaired the functionality of the biliary system.

Since reduced PED6 fluorescence in the gallbladder of
olomoucine-treated larvae could be due to hepatic canalicular
defects, we examined canaliculi with the Abcbll antibody
(Sakaguchi et al., 2008). Canaliculi did not appear to be
influenced in olomoucine-treated larvae (Fig. 2H,I). Neither the
average length of canaliculi (Fig. 2J) nor the frequency of
canalicular connections to the intrahepatic biliary network
(Fig. 2K) was changed in olomoucine-treated larvae, suggesting
that reduced PED6 fluorescence in olomoucine-treated larvae is not
due to defects in canaliculi. Consistently, in olomoucine-treated
larvae we did not observe any changes in the expression of another
biliary system marker, Cytokeratin (Ks18.4) (Fig. S3, Table S1)
(Lorent et al., 2004; Matthews et al., 2005). These data suggest that
olomoucine treatment influenced the intrahepatic biliary network
without impacting the differentiation of biliary epithelial cells or the
formation of canaliculi.

Cdk5 suppresses Pak1 activation in biliary epithelial cells

In order to understand the mechanisms by which Cdk5 regulates
intrahepatic biliary network formation, we investigated downstream
effectors regulated by CdkS5 in biliary epithelial cells. We tested
small-molecule inhibitors against several known CdkS5 targets, and
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Fig. 2. Cdk5 regulates intrahepatic biliary network formation.

(A,B) Skeletal representation of the intrahepatic biliary network in Tg(Tp1-
MmHbb:EGFP) "4 |arvae treated from 3 to 5 dpf with DMSO (A) or the Cdk5
inhibitor olomoucine (B) computed based on Tg(Tp1-MmHbb:EGFP) "4
expression at 5 dpf. Boxed regions in A and B are magnified in A’ and B'.
Nodes, end points, connected (node-node) and unconnected (node-end point)
branches are colored as in Fig. 1F. (C-G) Measurements of intrahepatic biliary
network structures by the skeletal analysis algorithm of the DMSO-treated and
olomoucine-treated Tg(Tp1-MmHbb:EGFP)“™"4|arvae at 5 dpf. (C) Mean liver
volume at 5 dpf. Liver volume was not affected by olomoucine treatment.

(D) Average number of Tg(Tp1-MmHbb:EGFP)“™"4-positive biliary epithelial
cells in the liver at 5 dpf. (E) Mean total projection length of the intrahepatic
biliary network normalized to biliary epithelial cell number. (F) Number of
connected branches normalized to biliary epithelial cell number. (G) Ratio of
connected to unconnected branches. n=5 for all measurements. (H,I)
Projected images of confocal z-stacks of the liver in DMSO-treated (H) or
olomoucine-treated (l) larvae visualized for the bile canaliculus marker Abcb11
(red) and Tg(Tp1-MmHbb:EGFP)“"4 (green) expression at 5 dpf. (J) Average
length of canaliculus measured based on Abcb11 expression. In total, 135
canaliculi were analyzed. (K) The number of canaliculi connected per 40 pm of
the Tg(Tp1-MmHbb:EGFP)“""“-expressing intrahepatic biliary network (n=10
for each condition). Error bars are s.d. *P<0.05, **P<0.01; n.s., not significant.

observed that Pakl inhibitor treatment of wild-type larvae
influenced the branching pattern of the intrahepatic biliary
network. Pakl is a direct target of Cdk5 and is known to regulate
cytoskeletal dynamics (Nikolic et al., 1998). Based on this
preliminary observation, we hypothesized that Pakl might act
downstream of Cdk5 to regulate intrahepatic biliary system
formation. Cdk5 phosphorylates Pakl on threonine 212 (T212)
(Rashid et al., 2001), which inhibits Pakl kinase activity. Pakl
activity can be measured by monitoring the activity-associated
phosphorylation on threonine 423 (T423) (Zenke et al., 1999).
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Fig. 3. Cdk5 regulates Pak1 activity in biliary epithelial cells. (A) Pak1
phosphorylation (T423) levels in control DMSO-treated and olomoucine-
treated wild-type Tg(Tp71-MmHbb:EGFP)“""4 larvae were analyzed by
western blotting at 5 dpf. Phospho-Pak1 was increased in olomoucine-treated
larvae, whereas total Pak1 protein levels remained constant. Tubulin served as
a loading control. These experiments were repeated three times with similar
results. (B,C) Projected images of 4 um-thick confocal z-stacks of the liver in
DMSO-treated (B) or olomoucine-treated (C) larvae visualized for phospho-
Pak1 (T423) (red). Biliary epithelial cells are outlined. (B’,C’) Phospho-Pak1
visualization merged with Tg(Tp1-MmHbb:EGFP)“™"4 expression (green),
DAPI staining (white) and F-actin (phalloidin, blue). Pak1 is predominantly
activated in Tg(Tp1-MmHbb:EGFP)“""4-positive biliary epithelial cells in the
liver of olomoucine-treated larvae.

Consistent with CdkS5 function in the nervous system, we found that
inhibiting Cdk5 activated Pakl in olomoucine-treated larvae at
5 dpf (Fig. 3A). In the DMSO-treated control liver, the baseline
level of phospho-Pakl (T423) exists predominantly in 7g(Tpl-
MmHbb:EGFP)*"!%_expressing cells (Fig. 3B), suggesting that
Pakl is predominantly activated in biliary epithelial cells. In
olomoucine-treated larvae, phospho-Pakl (T423) levels increased
predominantly in Tg(Tpl-MmHbb:EGFP)*"!*_expressing cells
within the liver (Fig. 3C). These data suggest that suppressing
CdkS5 function increases Pak1 activity primarily in biliary epithelial
cells, which in turn suppresses branching morphogenesis.
Consistent with this idea, treatment with 1 uM Pak1 inhibitor
IPA-3 (Sigma) (Deacon et al., 2008) from 3-5 dpf generated an

intrahepatic biliary network phenotype opposite to that observed in
olomoucine-treated larvae; the density of the network appeared to
be greater than that of DMSO-treated wild-type control larvae
(Fig. 4A-C) without any observable change in larval physical
appearance (Fig. S2C).

In order to quantify the density of the network, we calculated how
many voxels existed within a sphere of 20 um radius drawn on each
segment (Fig. 4A’-C’). Both the percentage of higher density (>350
au) segments and the average segment density showed opposite
trends in olomoucine-treated versus IPA-3-treated larvae at 5 dpf,
i.e. both decreased in olomoucine-treated larvae and increased in
IPA-3-treated larvae (Fig. 4F,G). It should be noted that in both
olomoucine-treated and IPA-3-treated larvae, it appeared that the
density of the intrahepatic biliary network was influenced uniformly
throughout the entire network without any obvious regional
differences within the liver (Fig. 4A’-C’), suggesting that
suppressing Cdk5 or Pakl influenced the intrahepatic biliary
network without regional preference. These data together suggest
that Pak1 activity in biliary epithelial cells is regulated by Cdk5 and
is negatively correlated with the frequency of branch formation in
the liver.

The Cdk5-Pak1-LimK-Cofilin kinase cascade regulates
intrahepatic biliary network formation

We next investigated how the Cdk5-Pak1 kinase cascade regulates
branching morphogenesis of the intrahepatic biliary network. In the
nervous system, Pak1 is known to phosphorylate LimKs to regulate
their activities (Edwards et al., 1999; Ray et al., 2014). LimKs, in
turn, phosphorylate and thereby suppress the activity of Cofilin
(Mokalled et al., 2010). We hypothesized that the Cdk5-Pakl-
LimK-Cofilin kinase cascade might play a role in intrahepatic
biliary network branching morphogenesis. We found that
suppressing LimKs by treatment with 10 uM LimK inhibitor
(LimKi; Millipore) (Ross-Macdonald et al., 2008) from 3-5 dpf
generated a crowded intrahepatic biliary network phenotype similar
to that observed in Pakl inhibitor-treated larvae (Fig. 4D,F-I),
without influencing larval physical appearance (Fig. S2). This
supports the idea that the Pak1-LimK kinase cascade found in the
nervous system is conserved in biliary epithelial cells. Consistently,
suppressing Cofilin by treatment with 0.6 uM Cofilin inhibitor
cucurbitacin E (Sigma) (Nakashima et al., 2010) from 3-5 dpf
generated an intrahepatic biliary network phenotype similar to that
observed in olomoucine-treated larvae (Fig. 4E-I). In IPA-3-treated
and LimKi-treated larvae, the number of biliary epithelial cells was
slightly increased (Fig. 41). The number of biliary epithelial cells
positive for mitosis-associated phospho-Histone H3 (Hans and
Dimitrov, 2001) was increased in LimKi-treated larvae (Fig. S4),
suggesting that suppressing LimK activity slightly increased biliary
epithelial cell proliferation. Altogether, these data suggest that Cdk5
regulates branching morphogenesis of the intrahepatic biliary
network through the Pak1-LimK-Cofilin kinase cascade.

The Cdk5-Pak1-LimK kinase cascade regulates Cofilin
phosphorylation to regulate actin dynamics in biliary
epithelial cells

Based on these data, we hypothesize that CdkS5 inhibition increases
Cofilin phosphorylation on serine 3 (S3) through the Pak1-LimK
pathway, thereby suppressing the function of Cofilin. We examined
the phosphorylation state of Cofilin S3 in larvae treated with
olomoucine, IPA-3 or LimKi by western blotting (Fig. 5A), and
found that Cofilin S3 phosphorylation was increased in olomoucine-
treated and decreased in IPA-3-treated and LimKi-treated larvae at
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Fig. 4. The Cdk5-Pak1-LimK-Cofilin kinase cascade regulates biliary system formation. (A-E) Skeletal representations of the intrahepatic biliary network in
5 dpf wild-type Tg(Tp1-MmHbb:EGFP)“""# |arvae treated from 3 to 5 dpf with DMSO (A), olomoucine (B), IPA-3 (C), LimKi (D) or cucurbitacin E (E).

(A’-E’) Density heat maps of the skeletal representations, in which segments with higher density [>350 arbitrary units (au)] and lower density (<350 au) are
colored red and blue, respectively. (F-I) Measurements of intrahepatic biliary network structures by the skeletal analysis algorithm of larvae treated as in A-E.
(F) Percentage of segments showing high density (>350 au), which was calculated by the density analysis algorithm, as quantified from the density heat maps
shown in A’-E’. (G) Mean segment density calculated by the density analysis algorithm. (H) Number of connected branches per biliary epithelial cell in the liver at
5 dpf. (I) Mean biliary epithelial cell number per liver. Error bars are s.d. n=5 for each treatment. *P<0.05, **P<0.01; n.s., not significant.

5 dpf. These data suggest that CdkS5 activity is positively correlated
with Cofilin activity.

Since Cofilin is an actin-severing factor that influences actin
assembly and dynamics (Bravo-Cordero et al., 2013), we
hypothesized that Cdk5 might regulate actin dynamics in biliary
epithelial cells through the kinase cascade. To test this, we
visualized the actin network in biliary epithelial cells in the liver
by analyzing high-resolution confocal z-series scans in order to
identify colocalization of signals between Tg(Tpl-MmHbbD:
EGFP)*"!* and fluorescent phalloidin, a probe for filamentous
actin (F-actin) (Fig. 5B-F). This visualization allowed us to
observe the actin network in biliary epithelial cells with
subcellular resolution in whole-mounted larvae. We found that in
olomoucine-treated and cucurbitacin E-treated larvae, actin
organization appeared to be consolidated as tubular structures
within biliary epithelial cells (Fig. 5B,C), whereas in DMSO-treated
control larvae the actin appeared to be localized relatively uniformly
within the cell (Fig. 5D). In IPA-3-treated and LimKi-treated larvae,
actin organization within biliary epithelial cells appeared spiky and
filamentous (Fig. 5E.F). These data suggest that the Cdk5-Pakl-
LimK-Cofilin kinase cascade regulates actin dynamics within
biliary epithelial cells.

In order to assess whether modulated actin organization
influences the polarization of biliary epithelial cells, we examined
localization of the apical membrane marker aPKC (Sakaguchi et al.,
2008) in olomoucine-treated and LimKi-treated larvae (Fig. 5G-I).
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We found no differences in aPKC localization within biliary
epithelial cells, suggesting that, although it modulates actin
dynamics, the Cdk5-Pak1-LimK-Cofilin kinase cascade does not
influence the apicobasal polarization of biliary epithelial cells.

The intrahepatic biliary network phenotype of cdk5r1a
knockout larvae can be rescued by manipulating

the kinase cascade

In order to understand the upstream regulation of Cdk5 in biliary
epithelial cells as well as to confirm that the kinase cascade we
have identified utilizing small-molecule inhibitors actually
functions in vivo, we generated cdk5rla knockout zebrafish. We
utilized Goldy TALENS targeting the first exon of the cdkSria
gene. We then established the /ri58 allele, in which 11 bp are
deleted from the cdkSria gene, introducing a premature stop
codon (Fig. 6A). cdk5r1a">% mutant larvae occasionally develop
small cardiac edema (Fig. S5) but otherwise their physical
appearance remained normal at 5 dpf. However, Tg(Tpl-
MmHbb:EGFP)*"!? expression in the liver of cdk5rla""® larvae
indicated that the intrahepatic biliary network appears to be less
branched at 5 dpf (Fig. 6B,C), and further investigation based on
the skeletal analysis algorithm confirmed that their mean segment
density and number of connections are decreased compared with
wild-type siblings (Fig. 6H,I). Furthermore, in cdk5r1a""% larvae,
actin organization in biliary epithelial cells is consolidated, as seen
in larvae treated with CdkS5 or Cofilin inhibitors (compare Fig. 6F
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with Fig. 5B,F). These data suggest that CdkSrla functions in We hypothesized that if CdkSrla is regulating intrahepatic biliary
biliary epithelial cells to regulate Cdk5 activity, which in turn network formation through the Cdk5-Pakl-LimK-Cofilin kinase
influences branching morphogenesis of the intrahepatic biliary cascade, then we could rescue its phenotype by manipulating the

network. kinase cascade. Since the suppression of Cdk5
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Fig. 5. The Cdk5-mediated kinase cascade regulates F-actin cytoskeletal
organization. (A) Cofilin phosphorylation levels at serine 3 (S3) in wild-type
larvae treated with DMSO, olomoucine, IPA-3 or LimKi and analyzed by
western blotting. Olomoucine treatment increased Cofilin S3 phosphorylation,
thus inhibiting its activity. IPA-3 and LimKi treatment suppressed Cofilin S3
phosphorylation, activating its activity. Total Cofilin protein levels remained
constant. Tubulin blotting provided a loading control. These experiments were
repeated three times with similar results. (B-F) Projected colocalization signal
images computed based on Tg(Tp1-MmHbb:EGFP)“""# expression and
phalloidin to visualize the actin network in biliary epithelial cells at 5 dpf in
larvae treated as indicated. Compared with the control, F-actin appeared to be
localized around the lumen in olomoucine-treated and cucurbitacin E-treated
larvae, whereas it showed spiky and filamentous organization in IPA-3-treated
and LimKi-treated larvae. Boxed regions in B-F are magnified in B'-F’.

(G-1) Projected images of 15 pm-thick confocal z-stacks of the liver in larvae
treated as indicated and visualized for apical membrane marker aPKC (red)
expression at 5 dpf. (G’-I') aPKC expression merged with Tg(Tp71-MmHbb:
EGFP)“m4 (green) expression. At 5 dpf, aPKC showed restricted expression
in bile canaliculi (asterisks), which are the apical membranes of hepatocytes,
and in the apical membranes of biliary epithelial cells (arrows) in control larvae.
This expression was unchanged by olomoucine or LimKi treatment. These
data suggest that Cdk5 or LimK inhibitors do not influence the apicobasal
polarization of biliary epithelial cells.

hyperactivation of Pakl and LimKs in biliary epithelial cells
(Fig. 3), we reasoned that suppressing LimK activity should rescue
the intrahepatic biliary network phenotype in cdk5rl1a™>% larvae.
We treated cdk5r1a"™® larvae with 10 uM LimKi from 3 to 5 dpf
and found that they had an intrahepatic biliary network similar to
that of wild-type control larvae (Fig. 6D). We confirmed that both
the mean segment density and number of connections per cell were
recovered to wild-type levels in LimKi-treated cdk5r1a""% larvae at
5 dpf (Fig. 6H,I). These data suggest that inhibiting LimK activity
rescues the intrahepatic biliary network phenotype of cdk5rla""®
mutant larvae. We also observed that LimKi-treated cdk5ria%
larvae showed an actin organization phenotype similar to that of
control larvae (Fig. 6G). Finally, to examine the functionality of the
biliary system in cdk5r1a*% 1arvae, we used the PED6 fluorescence
assay. In cdk5rla"™® larvae at 5 dpf, an average 32+2.8% (n=74
from three experiments) of larvae lacked PED6 fluorescence in the
gallbladder (Fig. 6J, Fig. S2). However, in LimKi-treated
cdk5r1a"™% larvae, the number showing no PED6 fluorescence in
the gallbladder was greatly decreased (average 3.5+2.1%; n=80
from three experiments; P<0.01; Fig. 6J, Fig. S2). These data
suggest that inhibiting LimK can rescue the functionality of the
biliary system in cdk5r1a""® mutant larvae, further supporting the
hypothesis that the Cdk5-Pakl-LimK-Cofilin kinase cascade
functions in vivo to regulate actin organization and branching
patterns of biliary epithelial cells.

DISCUSSION
In this study, we developed a new quantitative tool to assess
complex biliary network branching and connectivity. We utilized
an innovative approach to establish computer-based structural
analysis to quantify 3D branching differences with previously
unachieved precision. By combining pharmacological and genetic
manipulations with imaging technologies and image analysis
algorithms, we have been able to quantify and analyze a variety
of differences in 3D branching patterns that would be difficult to
precisely measure by a less integrative and innovative approach.
For instance, we identified that olomoucine-treated larvae show
reduced density in the intrahepatic biliary network, whereas liver
size and biliary epithelial cell number remain constant in these
larvae. Therefore, without using this algorithm, it would be
challenging to analyze or quantify branching phenotypes of
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olomoucine-treated larvae, especially with conventional 2D
sections of the liver. These facts further emphasize the importance
of quantifying differences in 3D branching patterns. The limitation
of this method is that rare Tg(Tpl-MmHbb:EGFP)“"!¥-negative
terminal cells will be excluded from this computational assay. The
Anxa4 antibody (mAb 2F11) recognizes most of the biliary
epithelial cells (Sakaguchi et al., 2008; Zhang et al., 2014), and
this algorithm can also analyze the Anxa4 expression pattern (Fig.
S6). It would also be possible to apply this algorithm, with minor
modifications, to analyze branching patterns of other highly
branched networks, such as vascular networks in other organs or
organisms.

The Cdk5-Pak1-LimK-Cofilin kinase cascade regulates
branching morphogenesis of the intrahepatic biliary network
In this study, we identified that the Cdk5-Pak1-LimK-Cofilin kinase
cascade regulates branching morphogenesis of the intrahepatic
biliary network (Fig. 6K). Previously in zebrafish, Pak1 was shown
to be required for proper neural crest migration and cardiac outflow
tract formation (Kelly et al., 2014). Consistent with this report, we
found that IPA-3 treatment of wild-type embryos from 6 to 48 hours
post fertilization (hpf) induced morphological and cardiac
phenotypes (Fig. S2G), but treatment with IPA-3 from 3 to 5 dpf,
as used in this study, did not affect blood circulation (Fig. S2C),
suggesting that IPA-3 is inhibiting the function of Pak1 properly and
that, after 3 dpf, Pakl is not required for cardiac outflow tract
formation but rather for proper intrahepatic biliary network
formation.

Consistent with the fact that Cofilin is an actin-severing protein,
we showed that manipulating the Cdk5-Pak1-LimK-Cofilin kinase
cascade significantly impacted actin organization in biliary
epithelial cells (Fig. 5B-F). We propose that this kinase cascade
influences branching morphogenesis by regulating actin
cytoskeletal dynamics in biliary epithelial cells. Suppressing
CdkS5 function did not affect the number of biliary epithelial cells
(Fig. 2D), indicating that biliary epithelial cell proliferation is not
responsible for the difference in the intrahepatic biliary network;
instead, Cdk5 suppression might reduce the availability of actin
monomers required for elongating cellular projections of biliary
epithelial cells to form new connections. Conversely, suppressing
LimK functions might mobilize actin monomers to facilitate cellular
elongation and the formation of new connections. Although
suppressing LimK activity slightly increased biliary cell numbers
by enhancing cell proliferation (Fig. 41, Fig. S4), the number of
connections per cell was still higher in LimKi-treated larvae,
suggesting that biliary epithelial cells form more connections to
increase the density of the network. This study does not address the
role of the Cdk5-mediated kinase pathway in filopodia projection of
biliary epithelial cells, and it would be interesting to investigate
further the links between the Cdk5-mediated kinase cascade and
previously observed filopodia projection patterns (Lorent et al.,
2010) and planar cell polarity (Cui et al., 2011) in biliary epithelial
cells. Since Cofilin is also known to regulate Myosin II binding to
actin (Wiggan et al., 2012) and endocytosis (Okreglak and Drubin,
2007), we cannot rule out the possibility that Cofilin influences
branching morphogenesis of the intrahepatic biliary network
through a mechanism unrelated to actin dynamics.

The fact that we were able to rescue the biliary network
phenotypes of cdk5r1a™® larvae by treatment with LimKi to wild-
type levels suggests that the kinase cascade that we have identified is
a linear pathway responsible for most of the biliary phenotypes in
these mutant larvae. Although CdkS5 is known to have many target
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Fig. 6. cdk5r1a ( p35) mutant larvae show
intrahepatic biliary network defects, which are
rescued by LimKi treatment. (A) The TALEN-based
cdkbria knockout strategy. Sequence-specific
TALENSs were designed against the first exon of the
cdkbr1a gene, which includes the entire ORF. We
established the /ri58 allele in which 11 bp were
deleted from the cdkbr1a gene, truncating the
Cdk5r1a protein at the fourteenth amino acid.

(B-D) Skeletal representations of the intrahepatic
biliary network in DMSO-treated wild-type (B) and in
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mutant larvae computed based on Tg(Tp71-MmHbb:
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substrates (Dhavan and Tsai, 2001), these results suggest that the
Pak1-LimK-Cofilin kinase cascade is the major CdkS5 target in the
biliary epithelial cells of larval zebrafish.

The pathogenesis of biliary atresia and roles of the
Cdk5-mediated kinase cascade

Biliary atresia is a progressive obliterative disease in the biliary
system that occurs exclusively in the embryonic and neonatal period
(Mack and Sokol, 2005; Perlmutter and Shepherd, 2002; Sokol
et al.,, 2003). Biliary atresia is not generally thought of as an
inherited disease, although there are some lines of evidence to
support the hypothesis that genetic factors contribute to disease
susceptibility (Garcia-Barcel6 et al., 2010; Tang et al., 2016; Tsai
et al., 2014). Our study has indicated that inhibiting the CdkS5-
mediated pathway can generate phenotypes similar to those seen in
biliary atresia patients. Although there is no direct evidence to
indicate that the CdkS5-mediated pathway is involved in the
pathogenesis of biliary atresia, there is a clinical report of

impaired biliary system formation in a Williams syndrome patient
(O’Reilly et al., 2006), in which the copy number of multiple genes,
including LIMK1, is changed, suggesting that the kinase cascade
pathway identified in the zebrafish model might also be functioning
in humans. We found that treatment with LimKi can ameliorate
the biliary network paucity phenotype as well as restore liver
functionality in cdk5rla™® mutant larvae, suggesting that this
small-molecule inhibitor might be useful to ameliorate liver
functionality in cholangiopathy patients. It would be intriguing to
test further the beneficial effects of LimKi on other zebrafish, as
well as mammalian, biliary atresia models.

MATERIALS AND METHODS

Zebrafish husbandry and transgenic lines

Zebrafish (Danio rerio) larvae were obtained from crosses of the wild-type
AB/TL strain or heterozygous mutant fish as previously described (Schaub
et al.,, 2012). The following transgenic and mutant lines were used: 7g
(fabp10:RFP-CAAX)", Tg(Tp1-MmHbb:EGFP)*"* and cdk5ria""®. We
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followed the protocol approved by the Cleveland Clinic’s Institutional
Animal Care and Use Committee.

Computational skeletal analyses with z-series confocal images
Confocal z-series data of Tg(Tpl-MmHbb:EGFP)*"'# and Tg(fabpl0:RFP-
CAAX)"? expression were obtained using a Leica SP5 confocal microscope.
We used Imaris 8.2 software (Bitplane) to digitally crop the image such that
only EGFP expression from the intrahepatic biliary network remained for
further analysis. Liver volume was calculated based on 7g(fabpl0:RFP-
CAAX)"? expression utilizing the Imaris software. A custom-developed
software written in MatLab 2011b (MathWorks) and packaged as Liver
Analysis Program 5.3 was used for all computational skeletal analyses. A
description of the software design is provided in the supplementary Materials
and Methods. Liver Analysis Program 5.3 software is available upon request.
For all confocal images analyzed by Liver Analysis Program 5.3, we have
confirmed the proper skeletal conversion by overlaying the original confocal
image with the converted skeletal image as shown in Fig. 1H. This overlay
confirmation is a critical step in using the software properly.

Pharmacological screening

One or two Tg(Tpl-MmHbb:EGFP)*"!?, Tg(fabpl0:RFP-CAAX)"? larvae
were transferred per well of a 96-well plate. Small-molecule compounds from
the Screen-Well kinase inhibitor (Enzo Life Sciences) and the LOPAC®1280
(Sigma) libraries were added at final concentration 12.5 uM to the 96-well
plates at 3 dpf. At 5 dpf, we screened for compounds that did not change the
overt physical appearance of larvae or the liver size as marked by Tg(fabp10:
RFP-CAAX)"?? expression but influenced the intrahepatic biliary network
branching pattern as marked by Tg(Tpl-MmHbb-EGFP)*"'# We screened
1359 compounds. We then verified three compounds with at least five larvae
and the only compound that was confirmed to change the branching pattern of
the intrahepatic biliary network without changing biliary epithelial cell
number in the liver, liver size nor overt physical appearance was olomoucine.
We quantified the phenotype using the skeletal analysis algorithm.

Pharmacological treatments

The following treatments were used: olomoucine (Sigma, O0886; 10 uM),
IPA-3 (Sigma, 12285; 1 uM), LIM kinase inhibitor (Millipore, 435930;
10 uM) and cucurbitacin E (Sigma, SML0577; 0.6 uM). All pharmacological
treatments were administered from 80 to 128 hpf in 1% (v/v) dimethyl
sulfoxide (DMSO).

Western blotting and immunohistochemistry

Western blotting and immunohistochemistry were performed as previously
described (Lorent et al., 2004; Nussbaum et al., 2013) using the antibodies
listed in Table S1.

Goldy TALEN constructions and genotyping of cdk5r1a'>8

Goldy TALEN targeting the cdk5rla gene was designed and constructed as
previously published (Bedell et al., 2012). The cdk5ria recognition
sequences are: left TALEN, 5'-TGTACTCTCAGTCTCC-3’; right TALE-
N, 5'-TCATCAAACAGGCCTGC-3'. The following primers were used for
genotyping the /ri58 allele: forward, 5'-GATTTCGTATCAAAAGACCC-
TGTA-3'; reverse, 5'-GCCCGAGAGATTGGCACAAGACTGAG-3'. The
Iri58 mutation eliminated the Stul site from the PCR product amplified by
these primers.

Statistics
All statistical tests were performed by unpaired, two-tailed #-test using Prism
6 for Mac OS X.
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Supplemental figure 1. Biliary epithelial cell remodeling during intrahepatic biliary
network formation in zebrafish. (A-D) Projected confocal image of a Tg(Tp1-
MmHbb:EGFP)“"" liver visualized for GFP (green) and DAPI (pseudo-color blue) at 3 (A), 4
(B), 5 (C)and 6 (D) dpf. GFP marks the intrahepatic biliary network. Biliary epithelial cells
form clusters (white arrowheads) within the intrahepatic biliary network in wild-type larvae at
3 and 4 dpf. However, these cells separate after 5 dpf. (E) The percentage of biliary

epithelial cells that are not clustered with other biliary epithelial cells.
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Supplemental figure 2. Larval physical appearance and PED-6 expression in small
molecule inhibitor treated larvae. (A-E) Bright field images of control DMSO- (A),
olomoucine- (B), IPA-3- (C), LimKi- (D) and cucurbitacin E- (E) treated larvae at 5 dpf. All
small molecule inhibitors were treated from 3 to 5 dpf. Lateral views, anterior to the left.
These small molecule inhibitors did not induce significant change in larval physical
appearance at the concentrations used. Note that none of IPA3-treated larvae (C) showed
blood circulation defects (n>50). (F-G) The same concentration of IPA-3 (1uM) treatment
from 5 to 48 hours induced a phenotype that is indistinguishable from that of Pak1
moprholino injected embryos (Kelly et al., 2014). As seen in Pak1 morpholino injected
embryos, these IPA-3-treated embryos did not have blood circulation (n = 9 out of 11).

These data suggest that IPA-3 is inhibiting Pak1 function, and Pak1 is dispensable from

C
o
)

©

£
fe
L
£

o)

|4

©
i)

C

(0]

£
Q

Q

Q

S
wn

L]
FE)

[

()

£

Q
o

(]

>

()
o



Development 144: doi:10.1242/dev.147397: Supplementary inforn

proper cardiac morphogenesis after 3 pdf. (H-J) Fluorescent images of DMSO- and
olomoucine-treated wild-type larvae soaked in PED6. PEDG is processed by phospholipase
and fluorescence was detected in the intestine in all treated larvae. However, in some
olomoucine-treated larvae, PEDG6 fluorescence in the gallbladder became weaker (1) or
absent (J), compared to strong fluorescence (H) in wild-type larvae. White arrows point to the
gallbladder. (K) Percentage of larvae showing high, low and no PEDG6 fluorescence in the
gallbladder of DMSO-, olomoucine-, IPA-3-, LimKi- and cucurbitacin E- treated wild-type

larvae at 5 dpf.
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Control Cdk5 inhibitor

DMSO, 3-5 dpf Olomoucine, 3-5 dpf

A

Cytokeratin (Ks18.4)

Supplemental figure 3. Cytokeratin staining with DMSO- and olomoucine-treated
larvae. (A-B) Projected images of 5 um-thick confocal z-stacks of the liver in DMSO- (A)
and olomoucine-treated (B) larvae visualized for Cytokeratin expression at 5 dpf.
Cytokeratin is dominantly localized in the intrahepatic biliary network. There was no

observable difference in Cytokeratin expression in olomoucine-treated larvae.
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Supplemental figure 4. Cell proliferation measurement in olomoucine- and LIM kinase
inhibitor- treated larvae. (A-C) Z-plane confocal images of the liver at 5dpf of DMSO- (A),
olomoucine- (B) and LimKi-treated (C) larvae visualized for phospho-Histone H3 (pseudo-
colored red) expression. White dotted lines outline the liver. Phospho-Histone H3
expression was merged with Tg(Tp1-MmHbb:EGFP)"™"* (Green) and Tg(fabp10:mRFP)"?
(pseudo-colored blue) expression and shown separately in A’-C’. Arrowheads point to

Phospho-Histone H3 expression in Tg(fabp10:mRFP)”"2

positive hepatocytes. Arrow points
to Phospho-Histone H3 expression in Tg(Tp1-Mmeb:EGFP)“m14 positive biliary epithelial
cells. In the LimKi-treated liver, the number of Phospho-Histone H3 and Tg(Tp1-
MmHbb:EGFP)“"" double positive cells (average 3.75 cells per liver, n=4, SD =0.9, p<0.05)
increased compared to that of the DMSO-treated liver (average 1.3 cells per liver, n = 4, SD
= 1.3), while in the olomoucine-treated liver, the number of double positive cells (average 1.0
cells per liver, n =5, SD = 0.7) did not change. These data suggest that Tg(Tp1-

Mmeb:EGFP)”””“ positive biliary epithelial cells appeared to proliferate more in LimKi-

treated larvae.
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Supplemental figure 5. Larval physical appearance of cdk5r1a
C) Bright field images of DMSO-treated wild-type (A) and DMSO- (B) or LimKi-treated (C)
cdk5r1a"™® mutant larvae at 5 dpf. (D-F) Fluorescent image of DMSO-treated wild-type (D)
and DMSO- (E) or LimKi-treated (F) cdk5r1a"™® mutant Tg(Tp1-MmHbb:EGFP)“™"* |arvae at

5 dpf.
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WT, 4 dpf (104 hpf)

Confocal image || Skeletal representation

Anxa4 (mAb 2F11)

Supplemental figure 6. The skeletal analysis worked with the anti-Anxa4 (mAb 2F11)
staining data. (A) Projected confocal image of the wild-type liver visualized for Anxa4
expression by mAb 2F11 staining at 104 hpf. (B) Skeletal representations of the intrahepatic
biliary network computed based on Anxa4 expression in (A). The liver analysis program
developed in this study can analyze the anti-Anxa4 staining data. Ventral views, anterior to

the top.
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Supplementary Materials and Methods

Design of the Liver Analysis Program 5.3

A custom-developed software written in MatLab 2011b (MathWorks) and packaged as Liver
Analysis Program 5.3 was used for all computational skeletal analyses. In the Liver Analysis
Program 5.3, in order to segment the GFP positive cells in the cropped region of the confocal
z-series, a 3D volume of the biliary network was reconstructed and subsequently fed into a
custom-developed connectivity analysis algorithm. The volume was first median filtered to
smooth the boundaries of the biliary volume, and then interpolated to an isotropic grid such
that the resulting voxel resolution matched the highest resolution available in the confocal
stack. A parallel thinning algorithm was then applied to iteratively reduce the GFP-positive
voxels in the three-dimensional biliary volume until a contiguous unit-width, medial axis
“skeleton” was generated. Adapted from an existing algorithm (Wang & Basu, 2007), 62
templates were applied in parallel (multi-threading across multiple processors) to “delete”
voxels that matched a given template’s 26- or 124-neighbor configuration. Following this
thinning process, Djikstra’s shortest path algorithm was employed to thin any existing
“crowded” regions to generate a final unit-width skeleton. Using similar voxel connectivity
criteria, nodes (skeletal points with more than two voxels within its 26-neighbors), endpoints
(skeletal points with only one voxel within its 26-neighbors), node-node skeletal segments,
and node-endpoint skeletal segments were delineated. Each segment and node was given a
unique identifier to enable visualization and path/distance tracking (“walk” from any segment
or node to another segment or node) within the 3D network. Lastly, a Euclidean distance
map was created using the original biliary volume and “multiplied” by the skeletal network to
enable thickness characterization of any component within the network. We will make the

Liver Analysis Program 5.3 software available upon request.
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Supplementary Table 1

Western blotting and immunohistochemistry

Antibodies

Primary Antibody | Concentration | Assay Company

Anti-Pak1 1:1000 WB Abcam, Cambridge, MA, Cat.
ab138710

anti-phospho-Pak1/2/3 1:1000 WB Sigma, St. Louis, MO, Cat.
P7746

anti-phospho-Pak1/2/3 1:200 IHC Sigma, St. Louis, MO, Cat.
P7746

anti-CLF1 1:1000 WB Lifespan Biosciences, Seattle,
WA, Cat. 358939

anti-phospho-Cofilin 1 1:1000 wB Santa Cruz Biotechnology,

(hSer3) Dallas, TX, Cat. sc-12912-R
C6

anti-ABCB11 rabbit 1:200 IHC Kamiya biomedical, Tukwila,

polyclonal antibody WA, Cat. MC-333

anti-PKC (C-20) rabbit 1:200 IHC Santa Cruz Biotechnology,

IgG Cat. SC-216

anti-Phospho-Histone 1:200 IHC Cell Signaling Technology,

H3 Danvers, MA, Cat. 9701

anti-Cytokeratin 18 (Ks 1:50 IHC ProSci, Poway, CA, Cat. 49-

18.4) monoclonal 082

antibody

anti-Anxa4 (2F11) 1:200 IHC Abcam, Cat. Ab71286

monoclonal antibody

anti-Beta-tubulin 1:5000 WB Abcam, Cat. 6046

The following reagents were used for fluorescent staining: DAPI 1:200 (Sigma, Cat. D9542;
5ug/mL) and Alexa Fluor 647 Phalloidin 1:10 (Invitrogen, Waltham, MA, Cat. A22287).
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