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Dynamin-2 (Dyn2) is implicated in endocytosis of receptor tyrosine kinases, which contribute to hepatic
stellate cell (HSC) activation and liver fibrosis. A point mutation converting lysine 44 of Dyn2 to alanine
(Dyn2K44A) disrupts its GTPase activity. We hypothesized that Dyn2K44A expression in HSCs would
decrease HSC activation and fibrogenesis in vivo by disrupting receptor tyrosine kinase endocytosis and
signaling. Dyn2k44A™"" mice were crossed with Collageni-Cre (Col1%®) mice to generate offspring with
HSC selective expression of Dyn2K44A (Col1“®/Dyn2K44A™1). Contrary to our hypothesis, Col1“%/
Dyn2K44A7 mice showed increased hepatic fibrosis in response to liver injury. To elucidate mecha-
nisms, we conducted in vitro experiments with HSCs infected with adenoviral vectors encoding LacZ,
Dyn2K44A, or Dyn2WT. HSC-expressing Dyn2K44A displayed increased mRNA and protein levels of
sphingosine kinase-1 (SK1), an enzyme previously implicated in the pathogenesis of fibrosis. To study
the functional effects of Dyn2K44A requlation of SK1, we examined effects of AKT signaling and
migration in HSCs. Dyn2K44A promoted both AKT phosphorylation and HSC migration in an SK1-
dependent manner. Genetic disruption of Dyn2 GTPase activity selectively in HSC enhances fibro-
genesis, driven at least in part through up-regulation of the SK1 pathway and cell migration in HSCs.
(Am J Pathol 2017, 187: 134—145; http://dx.doi.org/10.1016/j.ajpath.2016.09.001)

Liver fibrosis results from chronic damage to the liver in
conjunction with the accumulation of extracellular matrix
proteins." A dominant mechanism of fibrogenesis is the
activation of hepatic stellate cells (HSCs), which differen-
tiate into a myofibroblastic phenotype.'”  Active
myofibroblast-like cells are characterized by increased
migration, a-smooth muscle actin (¢-SMA) expression, and
robust collagen production. Despite the importance of
HSC activation in fibrogenesis, there are no current thera-
pies to effectively treat liver fibrosis. Further study is
required to deepen our understanding of fibrogenesis
mechanisms to successfully treat hepatic fibrosis.”
Dynamins are highly conserved large GTPases involved
in a wide range of cellular functions. Their most recognized

function is in endocytosis, mediating the GTPase-dependent
fission of vesicles generated from the plasma membrane by
clathrin-dependent and clathrin-independent mechanisms.”
The dynamin family is composed of three members:
dynamin-1, dynamin-2 (Dyn2), and dynamin-3. Dyn2 is
ubiquitously expressed and regulates both receptor-
mediated endocytosis and vesicle transport between endo-
membrane system compartments.” © A point mutation
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HSC Dynamin and Fibrogenesis

converting lysine 44 of Dyn2 to alanine (Dyn2K44A) dis-
rupts GTPase activity and is commonly used to experi-
mentally probe dynamin endocytic functions.'” Prior
studies have indicated that loss of Dyn2 impairs integrin
internalization in endothelial cells, increasing cell surface
levels of integrins, which led to impaired angiogenesis.”*
Other work also showed that endothelial cell (EC)—
specific overexpression of Dyn2K44A impaired angiogen-
esis in vivo through disrupting receptor tyrosine kinase
(RTK) function."”'” RTKs play an important role in
regulating HSC function and liver fibrosis; however, direct
evidence that Dyn2 regulates HSC function and liver
fibrosis in vivo is lacking.l‘3 ‘' Baged on these results, we
hypothesized that disruption of Dyn2 function in HSCs
through expression of Dyn2K44A might also disrupt tyro-
sine kinase—dependent HSC activation and fibrogenesis
in vivo.

In the present study, we sought to identify the effect of
Dyn2K44A on liver fibrosis and the intrinsic mechanisms
that regulate this effect. We established and used transgenic
mice selectively overexpressing the dominant negative
Dyn2K44A in HSCs by crossing Dyn2K44A™" with
collagen 1-Cre (Coll C""). These mice were used to examine
the in vivo role of Dyn2 GTPase function in fibrogenesis.
Contrary to our hypothesis, Coll“"*/Dyn2K44A™" mice
displayed exacerbated fibrosis in both bile duct ligation
(BDL) and carbon tetrachloride models. These observations
led us to investigate how Dyn2 inhibition exacerbates
fibrogenesis. HSCs were engineered to overexpress
Dyn2K44A using an adenoviral system. HSCs expressing
Dyn2K44A displayed increased mRNA and protein levels
of sphingosine kinase-1 (SK1), an enzyme previously
implicated in the pathogenesis of fibrosis in part through
effects on HSC migration.'” Dyn2K44A increased AKT
phosphorylation in HSCs in an SKI-dependent manner.
Conditioned media from Dyn2K44A-infected cells induced
HSC migration in an SK1- and AKT-dependent manner. In
total, these studies uncover a new role for Dyn2K44A in
fibrogenesis and elucidate mechanisms of Dyn2K44A in the
enhanced activation of HSCs.

Materials and Methods
Generation of Col1“®/DynkK44A™" Mice

Dyn2K44A™" mice were generated and genotyped, as pre-
viously described,'* and were crossed with Coll1<"* mice*'”
to generate offspring with HSC-selective expression of
DynK44A (Coll€"/Dyn2K44A™"). All of the offspring
were screened and genotyped by PCR for the presence of
Col1°™ and Dyn2K44A™". Because Dyn2K44A is a domi-
nant negative mutant, single or double copy of ColI™ and
Dyn2K44A™" is sufficient for Dyn2K44A overexpression in
HSCs. HSC isolation was performed to confirm the over-

expression of Dyn2K44A in HSCs. The Mayo Clinic

The American Journal of Pathology m ajp.amjpathol.org

(Rochester, MN) Institutional Animal Care and Use Com-
mittee approved all animal studies.

Liver Cell Isolation

HSC Isolation and Culture

HSCs were isolated from Coll Cre/Dyn2K44AfVﬂ mice and
littermate controls, as described previously.® ® Briefly, after
in situ perfusion of the liver with pronase (Roche, Indian-
apolis, IN), followed by collagenase (Roche), dispersed cell
suspensions were layered on a discontinuous density
gradient of 15.6% Accudenz (Accurate Chemical and Sci-
entific, Westbury, NY). The resulting upper layer consisted
of >95% stellate cells. The cell viability was verified by
phase-contrast microscopy as well as the ability to exclude
propidium iodide. The viability of all cell cultures used for
the study was >95%.

Hepatocyte Isolation

Hepatocytes were isolated from Coll<"*/Dyn2K44A™" mice
and littermate controls, as described previously.'"'” Briefly, a
two-step collagenase perfusion technique was performed.
After in situ perfusion of the liver with a calcium-free medium,
followed by collagenase (Roche), dispersed cell suspensions
were purified by Percoll solution (Sigma, St. Louis, MO). The
hepatocytes were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and 1% penicillin/
streptomycin (Gibco, Waltham, MA).>*'°

EC Isolation

ECs were isolated from Coll“"*/Dyn2K44A™" mice and
littermate controls, as described previously.'” Briefly, liver
tissue was perfused, harvested, dissected, minced, and
digested in a collagenase buffer. The tissue was then incu-
bated with immunomagnetic Dynabeads (Dynal, Waltham,
MA) coated with rat anti-mouse CD146 (BD Biosciences,
Franklin Lakes, NJ), an endothelial marker, for 1 hour at
room temperature. Cells were separated with a magnet and
plated on collagen I—coated dishes. Viability was >90% by
trypan blue staining, and purity was >95% by staining for
CD31. Cells were grown in EC growth medium containing
5% fetal bovine serum, 2% EC growth supplement, and 1%
penicillin/streptomycin (ScienCell, San Diego, CA) and
maintained in standard tissue culture conditions (37°C, 5%
CO, incubator).

Viral Transfection of Cells

Cell lines were used for in vitro viral transfection. LX-2
(immortalized human HSC) cells and immortalized liver
sinusoidal ECs were grown in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and 1% peni-
cillin/streptomycin (Gibco).'® Liver hepatocellular carci-
noma cells (HepG2) were routinely maintained in
Dulbecco’s modified Eagle’s medium, supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin.
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Adenoviral vectors were generated through the Iowa Vector
Core and encoded Dyn2 K44A or LacZ control and
Dyn2WT. Cells were incubated for 12 hours with 0.1%
albumin/phosphate-buffered saline with 50 multiplicity of
infection of adenoviruses, which achieved transduction ef-
ficiency approximating 90% with minimal toxicity. All cell
lines were maintained in standard tissue culture conditions
(37°C, 5% CO, incubator).

Biotinylation Assay for Plasma Membrane Receptor
Level

Biotin-based assays were performed as described previ-
ously.'” HSCs were starved overnight. Subsequently, the
cells were placed on ice and washed once with cold Dul-
becco’s phosphate-buffered saline. Cell surface proteins
were labeled with 1 mg/mL of EZ-link cleavable sulfo-
NHS-SS-biotin (21331; Thermo Scientific, Waltham, MA)
in Dulbecco’s phosphate-buffered saline (14040; Invitrogen,
Waltham, MA) for 15 minutes at 4°C. Cells were lysed by
scraping in radioimmunoprecipitation assay lysis buffer
with protease inhibitor cocktails (Roche) and incubation at
4°C for 20 minutes. Cell extracts were cleared by centrifu-
gation (15,000 x g, 10 minutes, 4°C). Cell lysates were
subjected to protein G sepharose beads (17-0618-01; GE
Health Care, Fairfield, CT) pull down, followed by Western
blot (WB) for transferrin receptor (TfR). Integrated densities
of the protein bands were quantified by Image] version
1.51f (NIH, Bethesda, MD).

Induction of Liver Fibrosis in Vivo

Two models of cirrthosis were used: BDL and chronic
administration of carbon tetrachloride. BDL or a sham
operation was performed, as previously described, to induce
fibrosis.*'”"'* For chronic carbon tetrachloride administra-
tion, mice were subjected to CCl, (1 pL/g) or olive oil in-
jection i.p. twice a week for 6 weeks, as described
previously.'? At the time of sacrifice, whole livers and blood
were collected for analysis from Coll “"/Dyn2K44A™" mice
and littermate controls. All surgeries were performed using
appropriate anesthesia, analgesia, and antibiotics.

Serum Analysis

Whole blood was isolated from all mice, kept at room
temperature for 2 hours, and then centrifuged at 4000 x g
for 8 minutes to collect serum. Serum was then analyzed as
previously described (North Carolina Animal Lab Test
Center, Chapel Hill, NC)."?

Sirius Red Staining

Livers samples were fixed in 10% phosphate-buffered
formalin and embedded in paraffin. Sections (5 pm thick)
were stained with picrosirius red (Sigma) and counterstained
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with fast green (Sigma). The proportion of tissue stained
with picrosirius red content was quantified with Image].

Immunofluorescence

a@-SMA and fibronectin (FN) immunofluorescence staining
were performed using frozen sections. Embedded liver
blocks were divided into sections (5 um thick) and fixed in
ice-cold acetone or methanol for 10 minutes. Samples were
blocked with 10% goat serum in phosphate-buffered saline
for 1 hour and then blocked with mouse IgG (MKB-2213)
for 1 hour. Samples were incubated with mouse a-SMA
(Sigma A5228, 1:1000) or mouse anti-FN (BD Biosciences
610077, 1:500) overnight at 4°C, followed by incubation for
1 hour with Alexa Fluor 488—conjugated goat anti-mouse
(1:250) secondary antibody. The slides were then counter-
stained with TOTO3, and confocal microscopy was per-
formed by LSM 5 Pascal (Zeiss, Oberkochen, Germany), in
which appropriate laser and filter combinations were
selected according to excitation and emission spectrum
features of the Alexa fluorochromes. Fluorescence was
quantitated in randomly chosen sections and quantified by
ImageJ (x10 magnification; 10 fields each from each
sample).

Real-Time PCR

An RNeasy kit (Qiagen, Hilden, Germany) was used to
extract total RNA from cells and mouse tissue, according to
the manufacturer’s instructions. mRNA (10 pg) was used
for cDNA synthesis with dNTP and oligo primer using
SuperScript III (Invitrogen) first-strand synthesis system for
real-time PCR, per the manufacturer’s protocol. Real-time
PCR was performed with the same amount of cDNA in a
total reaction using IQ SYBR Green Mix (Biorad, Hercules,
CA) and the 7500 Real-Time PCR system (Applied Bio-
systems), according to the manufacturer’s instructions.

Table 1  Primer Sequences

Primer Sequence Species

GAPDH F: 5'-CCAGGGCTGCTTTTAACTCT-3’ Human
R: 5'-GGACTCCACGACGTACTCA-3’

o-SMA F: 5'-GGAGATCACGGCCCTAGCAC-3’ Human
R: 5'-AGGCCCGGCTTCATCGTAT-3’

Fibronectin  F: 5'-GATAAATCAACAGTGGGAGC-3’ Human
R: 5'-CCCAGATCATGGAGTCTTTA-3’

ColI F: 5'-TGTGAGGCCACGCATGAG-3’ Human
R: 5'-CAGATCACGTCATCGCACAA-3’

B-actin F: 5'-AGAGGGAAATCGTGCGTGAC-3’ Mouse
R: 5'-CAATAGTGATGACCTGGCCGT-3’

o-SMA F: 5'-AAACAGGAATACGACGAAG-3’ Mouse
R: 5'-CAGGAATGATTTGGAAAGGA-3’

Fibronectin  F: 5'-GTGGCTGCCTTCAACTTCTC-3’ Mouse
R: 5'-GTGGGTTGCAAACCTTCAAT-3’

Col, collagen; F, forward; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; R, reverse; a-SMA, a-smooth muscle actin.

ajp.amjpathol.org m The American Journal of Pathology
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Figure 1  Characterization of Col1®/Dyn2k44A"" mice. A: mRNA from isolated HSCs from Col1“®/Dyn2k44AV mice and littermate controls was subjected
to real-time PCR for Dyn2 quantification. B: Primary HSC lysates were isolated and subjected to Western blot (WB). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as a loading control. The higher band represented endogenous Dyn2, and the lower band represented the overexpression of rat Dyn2 construct.
C—F: mRNA and protein from isolated endothelial cells (ECs) and hepatocytes (Hep) from Col1®/Dyn2k44AY mice and littermate controls were subjected to
real-time PCR and WB for Dyn2 quantification (no significant change between groups). G: HSCs were infected by LacZ, Dyn2K44A, and Dyn2WT adenovirus.
Infected HSCs were subjected to biotinylation assay to examine transferrin receptor (TfR) expression on the HSC surface, followed by streptavidin pull down
and WB analysis for TfR. Whole cell lysate served as a loading control. n = 3 (A); n = 4 (Cand E); n = 5 (G). *P < 0.05. WT, wild-type.

Amplification of glyceraldehyde-3-phosphate dehydroge-
nase and B-actin was performed in the same reaction for
respective samples as internal control. Each experiment was
performed in triplicate. Primer sequences are listed in
Table 1.

Western Blot

Cells or liver tissue was lysed and prepared for WB analysis,
as previously described.'” Immunoblot was performed ac-
cording to the protocol recommended for individual anti-
bodies, Dyn2 (gift from Dr. Mark A. McNiven, Ph.D.,
Rochester, MN), a-SMA (A5228; Sigma), FN (SC9068;
Santa Cruz, Santa Cruz, CA), Col I (1310-01; South-
ernBiotech, Birmingham, AL), glyceraldehyde-3-phosphate
dehydrogenase (Am4300; Ambion, Waltham, MA), pAKT
(9271; Cell Signal, Danvers, MA), and tAKT (9272S; Cell
Signal). Immunoreactive bands were visualized using
horseradish peroxidase—conjugated secondary antibody and
the enhanced chemiluminescent system (Santa Cruz
Biotechnology, Inc.). All experiments were done in tripli-
cate, and quantitation was done by densitometry using
Imagel.

The American Journal of Pathology m ajp.amjpathol.org

Hydroxyproline Assay

Hydroxyproline content in whole liver specimens was
measured colorimetrically, as described.'”'® Animal liver
samples were weighted and then acid hydrolyzed.
Hydroxyproline concentration was determined from
hydroxyproline (Sigma) standard curve and expressed as pug
hydroxyproline/mg liver tissue.

Transwell Migration Assay

Conditioned media from LacZ, Dyn2K44A, or Dyn2WT
transfected HSCs were used to assess HSC migration
measured by transwell assay.'” Briefly, 8-um-pore
polycarbonate filters (3422; Costar, Boston, MA) were
coated with 1% (w/v) collagen (Sigma-Aldrich, St.
Louis, MO). Cells (1 x 10* cells in 100 pL per well)
were suspended in serum-free Dulbecco’s modified Ea-
gle’s medium. Conditioned media or indicated compound
was added to the lower chamber. After incubation at
37°C for 12 hours, migrated cells were stained by crystal
violet. The number of cells that migrated to the bottom
side of the chamber was determined by counting
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Figure 2

Col17¢/Dyn2K44AY" mice show enhanced liver fibrosis in response to bile duct ligation (BDL)—induced injury. Dyn2K44A" and Col1¢%/

Dyn2K44A"" mice were subjected to BDL or sham operation, and livers were harvested after 3 weeks. A: Liver samples were subjected to hydroxyproline assay
to examine collagen content. B: Whole liver samples were subject to real-time PCR for a-smooth muscle actin («-SMA) quantification. C: Liver samples from
sham and BDL Dyn2K44A™" and Col1/Dyn2Kk44A" " mice were subjected to Western blot to analyze o-SMA and collagen I expression. D: Levels of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) were measured by serum biochemical analysis in all four groups mice. n = 6 (A—D). *P < 0.05.

CCl,, carbon tetrachloride.

the number of cells per field by light microscopy
(x 10 magnification).

Transcriptional Reporter Assays

The human SK/ gene was amplified and transferred into
the pGL3 basic vector, as described before.”’ HSCs
(1 x 10% were transfected using Effectene transfection
reagent (Qiagen) with 400 ng of reporter plasmid of the
human SKI gene or a control plasmid, along with a
simultaneous infection of adenovirus for LacZ. Cells
transfected with a renilla construct served as a positive
control. After 48 hours of transfection and infection, cells
were collected, and then relative luciferase units (RLUs)
were measured using the luciferase assay system (Promega,
Madison, WI) and a Turner 20/20 luminometer (Promega).
Each experiment was performed in triplicate at a minimum.
Renilla readings were measured and used for normalization
in all experiments.
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Results

Characterization of HSC-Selective Expression of
Dyn2K44A in Col19¢/Dyn2k44A" " Mice

To test our hypothesis that Dyn2K44A served as a modi-
fier of the HSC response during chronic liver injury, we
generated a transgenic mouse containing a floxed stop
codon that preceded a Dyn2 gene containing a point mu-
tation at DynK44A.'"" These mice were crossed with a
mouse line in which Cre expression is driven by the
Coll.”" Because Coll is selectively expressed in HSCs
within the liver, offspring overexpress Dyn2K44A selec-
tively in HSCs. To confirm the overexpression of
Dyn2K44A, HSCs were isolated and analyzed. Real-time
PCR showed that the Dyn2 mRNA levels in HSCs from
Col1“"*/Dyn2K44A™" mice were 15 times higher than
those of littermate controls (Figure 1A). WB confirmed
that HSCs from Coll"/Dyn2K44A™" mice expressed

ajp.amjpathol.org m The American Journal of Pathology
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Dyn2K44A, as evidenced by greater Dyn2 antibody
immunoreactivity compared to littermate controls
(Figure 1B). We confirmed the specificity of Dyn2K44A
expression in HSCs by isolating primary hepatocytes or
ECs from mice and analyzing Dyn2 expression using real-
time PCR and WB (Figure 1, C—F). The endocytic
pathway involves internalization of both clathrin- and
caveolin-coated vesicles, both of which are mediated by
Dyn2 GTPase activity.'” We therefore perturbed Dyn2
function and assessed whether receptor endocytosis was
affected. HSCs were infected with the Dyn2K44A
adenovirus or adenovirus encoding LacZ or Dyn2WT as
controls. TfR was used as a prototypical receptor that
undergoes Dyn2-dependent endocytosis, and surface levels
were analyzed by biotin labeling assay.”” Dyn2K44A cells

The American Journal of Pathology m ajp.amjpathol.org

displayed increased TfR on the cell surface, with no
change in TfR expression in the total cell lysate
(Figure 1G). These data provide evidence that Dyn2K44A
was inhibiting canonical dynamin functions in HSCs.
These data validated that Coll“"*/Dyn2K44A™" mice pro-
vided an appropriate model to explore Dyn2K44A function
selectively in HSCs.

BDL- or Carbon Tetrachloride—Induced Liver Injury
Leads to Enhanced Fibrosis in Col1¢®/Dyn2K44A™""
Mice

Col1"/Dyn2K44A™" mice and littermate controls were
subjected to two different models of liver injury. First, BDL
or sham surgeries were performed in Coll <"/Dyn2K44A™"
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*P < 0.05. CCl,, carbon tetrachloride.

mice or littermate controls. A hydroxyproline assay showed
more liver collagen after BDL in Coll"/Dyn2K44A™"
compared to controls (Figure 2A). To further determine the
effect of Dyn2K44A on liver fibrosis, mRNA from whole
livers of these animals was isolated to evaluate the hepatic
fibrotic marker a.-SMA. Expression of a-SMA was higher in
Col1“"*/Dyn2K44A4™" mice after BDL compared to litter-
mate controls (Figure 2B). To further characterize our
Dyn2K44A model, we used WB to determine the protein
level of a-SMA and Coll. Coll and a-SMA both increased
significantly more after BDL in Coll“"*/Dyn2K44A™"
compared to control (Figure 2C). Significantly higher levels
of alanine aminotransferase and aspartate aminotransferase
were also observed in Coll"*/Dyn2K44A™" mice after BDL
compared with littermate controls (Figure 2D). Tissue sec-
tions were used to examine the histopathological charac-
terization between groups by hematoxylin and eosin, Sirius
Red, and immunofluorescence staining for a-SMA and FN
(Figure 3A). Sirius Red staining revealed significantly
higher collagen deposition after BDL in Coll“"/Dyn2-
K44A4™" mice compared with littermate control mice
(Figure 3B). Immunofluorescence of o-SMA and FN
showed similar, statistically significant, increases in Coll-
¢ /Dyn2K44A™" mice compared to controls (Figure 3,
C and D). These in vivo data suggested that, in contrast to
our original hypothesis, Dyn2K44A expression in HSCs led
to more severe fibrogenesis in response to liver injury.
Next, we confirmed our findings using a second fibrosis
model, carbon tetrachloride. Similar to that observed after
BDL, hydroxyproline assay showed that livers from carbon
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tetrachloride—treated Coll“"*/Dyn2K44A™" mice contained
more collagen than controls (Figure 4A). a-SMA mRNA
levels were also significantly higher in carbon tetra-
chloride—treated Coll“"*/Dyn2K44A™" mice compared to
littermate controls (Figure 4B). Coll and a-SMA protein
levels were also higher in Coll“"*/Dyn2K44A™" mice
compared with littermate controls receiving carbon tetra-
chloride (Figure 4C). The histopathological characteriza-
tion is shown by representative images in Figure 5A.
Fibrosis was reviewed and scored via hematoxylin and
eosin and Sirius Red staining by a blinded pathologist
(T.M.), which indicated more fibrosis in carbon tetra-
chloride—treated Coll"*/Dyn2K44A™" mice (Figure 5B).
Collagen deposition was significantly higher in carbon
tetrachloride—treated Coll “"*/Dyn2K44A™" mice compared
with carbon tetrachloride—treated littermate control mice,
as examined by Sirius Red staining (Figure 5C). In addi-
tion, o-SMA and FN immunofluorescence staining
(Figure 5, D and E) showed significant increases in
Dyn2K44A mice compared to controls. Together, both
carbon tetrachloride and BDL models revealed that
Dyn2K44A expression in HSCs led to more severe fibro-
genesis in response to liver injury.

Disruption of Dyn2 Activity Enhances HSC SK1
Expression

Our finding that Dyn2K44A expression in HSCs sensitized
mice to fibrogenesis suggested that Dyn2 inhibition pro-
moted HSC activation. Previous studies from our laboratory
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indicated a role for sphingosine-1-phosphate (S1P)/SK1 in
HSC activation and liver fibrosis in vivo.'"” This work
demonstrated that liver fibrosis was attenuated by the
sphingosine-1-phosphate receptor (S1PR)2 antagonist,
further implicating a key role for SIP/SK1 in liver fibrosis,
which was also required for HSC activation.'” Our current
work shows SK1 mRNA levels were up-regulated in BDL
and carbon tetrachloride models and significantly increased
in Coll“"*/Dyn2K44A™" compared to littermate controls
(Figure 6, A and B). We next explored the relationship
between Dyn2K44A and HSC activation in vitro using an
adenoviral overexpression system. Dyn2 mRNA was up-
regulated similarly in Dyn2K44A cells or Dyn2WT cells
(Figure 6C). However, SK1 mRNA and protein levels were
markedly increased in Dyn2K44A, but not in LacZ or
Dyn2WT (Figure 6, D and E). We also analyzed a-SMA,
FN, and Coll mRNA levels by real-time PCR, but observed
no significant change in these HSC activation markers with
Dyn2K44A overexpression (Supplemental Figure S1). We
tested the effect of Dyn2K44A on SK1 in two other liver
cell types, endothelial cells and hepatocytes; however, the

The American Journal of Pathology m ajp.amjpathol.org

ccl,

Figure 5  Col1°/Dyn2K44A"" mice show enhanced
liver fibrosis in response to CCl,-induced liver injury.
Mice were subjected to CCl, or olive oil for 6 weeks.
Hematoxylin and eosin (H&E) staining and Sirius Red
staining were performed from paraffin liver sections.
A: Immunofluorescence was performed on frozen liver
sections using antibodies against a-smooth muscle actin
(a-SMA; green) and fibronectin (FN; green). Represen-
tative images are shown. B: Fibrosis level was read and
scored via H&E and Sirius Red staining single blinded by
a pathologist (T.M.). C—E: Collagen deposition, a-SMA,
and FN immunofluorescence were quantified using
Imaged, as detailed in Materials and Methods. n = 8
(B—E). *P < 0.05. Scale bars = 50 pm. CCl,, carbon
tetrachloride.
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SK1 mRNA up-regulation in liver sinusoidal ECs or
HepG2 was not notable (Figure 6, F and G). Thus, we
show that increased SK1 by Dyn2K44A overexpression is
a positive feedback loop selectively in HSCs, compared to
other liver cell types. Furthermore, a complementary
approach to the Dyn2K44A dominant negative construct,
we knocked down Dyn2 using a siRNA and again found
that SK1 mRNA was up-regulated (Figure 6, H and I).
To examine whether SK1 up-regulation in Dyn2K44A
HSCs was regulated at the transcriptional level, we
performed luciferase-based reporter assays in HSCs. A
construct containing a 1980-bp fragment amplified from
the 5-flanking region of SKI gene was transfected into
LacZ, Dyn2K44A, and Dyn2WT cotransfected HSCs. We
observed that the promoter activity of the SK1 construct
was threefold higher in Dyn2K44A than LacZ or WT
(Figure 6J). These data indicated that disruption of Dyn2
activity increases SK1 expression by enhancing its
transcription. Thus, these data supported a model in
which Dyn2K44A increases HSC activation through up-
regulation of SKI.
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Figure 6  Dyn2K44A up-regulates sphingosine kinase-1 (SK1) expression in HSCs. A and B: Bile duct ligation (BDL) or CCl, model liver samples were subject
to real-time PCR to examine SK1 mRNA levels. C: HSCs were infected with LacZ, Dyn2K44A, and Dyn2WT. The infection efficiency was tested using real-time PCR
(no significant difference was observed between Dyn2K44A and Dyn2WT). D: mRNA from LacZ, Dyn2K44A, and Dyn2WT HSCs were subjected to real-time PCR for
SK1 quantification. E: Lysates from LacZ, Dyn2K44A, and Dyn2WT HSCs were subjected to Western blot for SK1. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) serves as a loading control, and Dyn2 was a marker of infection efficiency. F and G: Liver sinusoidal ECs (TSECs) and HepG2 cells were infected with
LacZ, Dyn2K44A, or Dyn2WT and then subjected to real-time PCR for SK1 (TSEC, significant change between groups; HepG2, no significant change between
groups). H: HSCs were transfected with siCTRL or siDyn2. Transfection efficiency was tested by real-time PCR. I: siCTRL and siDyn HSCs were subjected to real-
time PCR for SK1. J: HSCs were transfected with 400 ng of a SK1 construct and 100 ng of renilla, and infected with LacZ, Dyn2K44A, or Dyn2WT to examine the
role of Dyn2 in SK1 transcriptional activation. The relative luciferase values were normalized to the renilla reading. n = 6 (A and B, BDL); n = 8 (A and B,
carbon tetrachloride); n = 12 (Cand D); n = 3 (E, H, and I); n = 4 (F and G). *P < 0.05. CCl,, carbon tetrachloride; siCTRL, CTRL siRNA; siDyn2, Dyn2 siRNA.

SK1 Up-Regulation Enhances AKT Signaling and
Migration of HSCs

We next sought to determine whether Dyn2K44A-induced
up-regulation of SK1 leads to HSC migration because HSC
migration is important for fibrogenesis.”” We have previously
shown that SK1 mediates HSC activation through up-
regulation of AKT signaling and induction of HSC migra-
tion.”* Indeed, pAKT was up-regulated in Dyn2K44A HSCs
compared to Dyn2WT (Figure 7A). To provide further evi-
dence that SK1 was the primary mediator of Dyn2K44A-
induced AKT signaling in HSCs, we incubated Dyn2K44A,
Dyn2WT, or LacZ infected HSCs with the SK1 inhibitor
dimethylsphingosine, or the SI1P antagonist, FTY720.
Dimethylsphingosine and FTY720 both blocked AKT
phosphorylation in Dyn2K44A HSCs (Figure 7B). These data
provide evidence that Dyn2K44A induction of SK1 increases
AKT signaling in HSCs.

We next sought to test whether conditioned media from
Dyn2K44A cells can induce HSC migration. Transwell
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assays were performed in the presence of conditioned media
derived from LacZ, Dyn2K44A, or Dyn2WT infected
HSCs. Dyn2K44A HSC-derived conditioned media
increased HSC migration 3.2-fold compared to conditioned
media from LacZ or Dyn2WT HSC (Figure 7C). Inhibition
of the SKI1/S1P axis with the pharmacological inhibitors
FTY720, dimethylsphingosine, or AKTviii significantly
attenuated the Dyn2K44A conditioned media—induced
HSC migration. These data indicate that disruption of Dyn2
in HSCs increases SK1 and S1P generation, which then
contribute to HSC migration and fibrogenesis.

Discussion

Although the pathogenesis of liver fibrosis is not fully defined,
the activation of HSCs is recognized as a sentinel step in its
progress.””*® In the current study, we investigate the effect of
Dyn2 disruption on liver fibrosis by using a transgenic mouse
model. This study contains the following novel findings:
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Figure 7  Dyn2K44A-induced sphingosine kinase-1 (SK1) up-regulation enhances AKT signaling and
migration of HSCs. A: LacZ, Dyn2K44A, and Dyn2WT HSCs were subjected to Western blot (WB) for pAKT
and tAKT. Dyn2 was used as a positive control for viral infection and overexpression levels. B: LacZ,
Dyn2K44A, and Dyn2WT HSCs were treated with dimethyl sulfoxide (DMSO) as a control, or one of two
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subjected to WB for pAKT, tAKT, and glyceraldehyde-3-phosphate dehydrogenase as a loading control.
Quantification was shown on the right. C: The effect of the conditioned media from LacZ, Dyn2K44A, or
Dyn2WT HSCs on HSC migration was studied using transwell assay. The conditioned media or basal
media were incubated with HSCs for 24 hours. To inhibit SK1/S1P axis or AKT, pharmacological in-
hibitor, DMS (10 nmol/L) and FTY720 (10 nmol/L), and AKT inhibitor viii (25 nmol/L) were added to
the conditioned media before incubation with HSC and migration measurements. Quantification of data
in terms of number of cell per field was shown. n = 4 (A—C). *P < 0.05. AKT, protein kinase B (PKB);
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i) disruption of Dyn2 in HSCs promotes fibrogenesis in vivo;
ii) Dyn2K44A or siDyn2 in HSCs increases SK1 expression;
and iii) Dyn2K44A HSCs increasing AKT signaling and
migration is SKI1 dependent. Given existing information
implicating SK1 in liver fibrosis, we anticipate that this
mechanism may contribute to HSC activation and fibro-
genesis in response to disruption of Dyn2 function.

Dyn2 is a critical component of the endocytic machinery,
known to regulate endocytosis of RTKs.'*?” We observed
blocked TfR endocytosis in Dyn2K44A HSCs, confirming
the loss of Dyn2 function in our system through the
Dyn2K44A mutation. However, little is known about the
relationship between Dyn2, endocytosis, and liver fibrosis.
Prior studies using a mouse line that conferred Dyn2K44A
expression selectively in endothelial cells impaired angio-
genesis in vivo by disrupting RTK endocytosis and
signaling.'’ Because RTKs play an important role in liver
fibrosis and HSC activation, we originally hypothesized that
expression of Dyn2K44A in HSCs would impair fibro-
genesis by decreasing HSC activation. To test our hypoth-
esis, we crossed transgenic Dyn2K44A™" mice with Col1¢"™
mice to generate mice with Dyn2K44A expressing in HSCs,
selectively. Unexpectedly, in vivo data showed that
expression of Dyn2K44A in HSCs did not ameliorate liver
fibrogenesis, but instead, increased fibrosis.

We therefore explored the possible mechanisms medi-
ating this effect. Dyn2 has varied functions in different cell
types. Gong et al”’ reported that inhibition of Dyn2 in he-
patocellular carcinoma cells increased cell migration, colony
formation, and invasion. In their study, Dyn2 knockdown
reduced epidermal growth factor receptor internalization,
which led to the activation of downstream Ras/extracellular
signal—regulated kinase 1/2 signaling. Lee et al*® reported
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DMS, dimethylsphingosine; FTY, FTY720; WT, wild-type.

that depletion of Dyn2 in cultured ECs impaired vascular
endothelial growth factor receptor endocytosis and
enhanced vascular endothelial growth factor signaling, as
well as impaired integrin internalization. In HSCs,
Dyn2K44A is reported to induce accumulation of RTKs on
HSC surface, and enhanced RTK induced signaling; how-
ever, additional studies show that Dyn2K44A over-
expression in HSCs blocks collagen internalization and
matrix metalloproteinase production.”” In the present study
in HSCs, the Dyn2K44A mechanism of action appeared
through transcriptional regulation rather than through
membrane receptor trafficking, as discussed below.

We observed transcriptional activation of SKI1 by
Dyn2K44A. This transcriptional mechanism of effect of
Dyn2 is supported by previous publications.’’*" A recent
study showed that Dyn2 can transcriptionally regulate p53
and hypoxia-inducible factors.”’*" Because the Dyn2 pro-
tein structure does not contain an obvious nucleus location
sequence,”” the transcriptional effects of Dyn2 are likely to
be indirect. For example, in a recent article, disruption of
Dyn2 increased activator protein-1, a transcription factor
that is also implicated in SK1 transcription.””** We found
selective up-regulation of SK1 in HSCs that overexpress
DynK44A, but not in hepatocytes or ECs. As we and others
have shown induction of SKI1 expression during HSC
activation, we postulate that Dyn2K44 A-mediated increases
in SK1 serve as a positive feedback loop that is not present
in other liver cell types. Further studies will be necessary to
fully elucidate how Dyn2K44A regulates SK1 transcription
in HSCs.

Based on our previous studies, SIP is an important phos-
pholipid that regulates HSC migration, proliferation, angio-
genesis, and differentiation.'” S1P is generated by SKI or
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SK2, which phosphorylate sphingosine to S1P. Previously, we
showed that SK1 was up-regulated in carbon tetrachloride—
and BDL-induced liver fibrosis, and exosomal SK1 was
required for HSC migration, indicative of HSC activation."”
S1P is a profibrogenic factor in the liver via its interaction
with S1PR,, which was demonstrated in S1PR,-deficient
animals.”> Bone marrow—derived immune cells were also
involved in the progression of liver fibrosis by secreting S1P to
activate HSC via S1PR5.”® Both animal models and human
tissue showed up-regulation of SKI1/SIP during liver
fibrosis.”’** Dyn2K44A induced SK 1 up-regulation in HSCs,
which contributes to the activation of HSCs, may provide a
mechanism for our observations in vivo. Last, we showed that
Dyn2K44A HSCs up-regulate AKT phosphorylation and in-
crease HSC migration. Indeed, we were able to confirm this
model because pharmacological inhibition of the SK1/S1P
axis abolished AKT phosphorylation in Dyn2K44A cells, and
conditioned media from these cells were unable to induce HSC
migration. In summary, Dyn2K44A expression in HSCs
up-regulates SK1 transcription and S1P generation and
thereby contributes to HSC activation and liver fibrogenesis.
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