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a b s t r a c t

Liver cancer is the second leading cause of death worldwide. As such, establishing animal models of the
disease is important for both basic and translational studies that move toward developing new therapies.
Gankyrin is a critical oncoprotein in the genetic control of liver pathology. In order to evaluate the
oncogenic role of gankyrin without cancer cell inoculation and drug treatment, we overexpressed
gankyrin under the control of the fabp10a promoter. A Tet-Off system was used to drive expression in
hepatocytes. At seven to twelve months of age, gankyrin transgenic fish spontaneously incurred
persistent hepatocyte damage, steatosis, cholestasis, cholangitis, fibrosis and hepatic tumors. The tumors
were both hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC). ICC is the second
most frequent primary liver cancer in human patients and the first to develop in this tumor model. We
further investigated the role of complement C3, a central molecule of the complement system, and found
the expression levels of both in mRNA and protein are decreased during tumorigenesis. Together, these
findings suggest that gankyrin can promote malignant transformation of liver cells in the context of
persistent liver injury. This transformation may be related to compensatory proliferation and the in-
flammatory microenvironment. The observed decrease in complement C3 may allow transforming cells
to escape coordinated induction of the immune response. Herein, we demonstrate an excellent zebrafish
model for liver cancers that will be useful for studying the molecular mechanisms of tumorgenesis.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Hepatocellular carcinoma (HCC) is the most frequent primary
liver cancer and second leading cause of death from cancer in the
world [1]. To date, the specific mediators that are responsible for
malignant transformation in the chronically injured liver are still
largely unknown. One such mediator has been identified as the
protein, Gankyrin, which is a regulatory subunit of the 26S
rganismic Biology, Academia

.

proteasome complex [2] that can interact with other proteins
through seven ankyrin repeats [3e5]. Gankyrinwas identified as an
oncoprotein that is commonly overexpressed in a variety of human
cancers, including many stages of liver cancers [6e10]. Previous
cancer cell inoculation and drug treatment studies have identified
several important tumor suppressor proteins, such as p53, Rb,
HNF4a and C/EBPa that can be eliminated by gankyrin [11].
Althoughmany important carcinogenesis related gene products are
known to be involved in gankyrin-mediated tumorigenesis, the
mechanism underlying this transformation process is still elusive.

In a previous report, transgenic gankyrin mice did not exhibit
any significant difference from controls in tumor formation after a
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single diethylnitrosamine (DEN) treatment, but did show increased
tumorigenesis when DEN was combined with carbon tetrachloride
(CCl4) treatment [8]. A recent study revealed that gankyrin over-
expression in transgenic zebrafish can induce liver steatosis, along
with related gene and microRNA expression [12]. Unfortunately, in
that study, the lifespan of transgenic fish was not long enough to
survey liver cancer occurrence. Therefore, we developed transgenic
zebrafish using that fabp10a promoter, a strong hepatocyte specific
promoter, to express gankyrin under control of the Tet-Off system
[13]. These transgenic zebrafish spontaneously developed several
liver diseases, including steatosis, cholestasis, hyperplasia/hyper-
proliferation, HCC and ICC.

After observing the development of these diseases, expression
of complement C3 during tumorigenesis was considered. Many
studies had suggested that the complement system regulates the
pathogenesis of a variety of liver diseases, ranging from acute liver
injury, fibrosis, liver regeneration to alcoholic liver disease [14].
Complement signaling is essential for the immune system to detect
and destroy abnormal cells, and may directly prevent the devel-
opment of many cancers.We found that complement C3 expression
was decreased at both mRNA and protein levels. Together, these
findings suggest that our Gankyrin-overexpressing zebrafish can
mimic the pathological progression of human liver disease and
cancers with regard to persistent liver damage, cholestasis and
decreased C3 activity.

2. Materials and methods

2.1. Zebrafish husbandry and transgenic zebrafish

The transparent mutant zebrafish line on an AB background,
with ednrb1ab140 and mitfab692 mutations were obtained from the
Taiwan Zebrafish Core Facility at Academia Sinica. AB-line zebrafish
weremaintained on a 14:10 h light-dark cycle in circulatedwater at
28.5 �C. Embryos were generated by natural spawning. All pro-
cedureswere performed in accordancewith the principles stated in
the Guide for the Care and Use of Laboratory Animals, National
Research Council, 1996. Furthermore, all animal experiments were
approved by the Academia Sinica Institutional Animal Care and
Utilization Committee (AS IACUC).

2.2. Western blots and antibodies

Western-blot analysis was performed using a previously
described method [15] with a polyclonal anti-gankyrin antibody
(ab21807, Abcam) that was diluted 1:400 in a 0.3% solution of BSA
in PBST. An anti-GAPDH antibody (Sigma-Aldrich) was diluted
1:5000 in PBST to probe the loading control. The anti-active cas-
pase-3 (C8487, dilution 1:500, Sigma) antibody was used to
examine apoptotic cell death.

2.3. Morphogenesis assay of emaciation and liver morphology

Phenotypes seen in Gan-Tet-Off fish include emaciation, rela-
tively pale body color and abnormal swimming after 7 months.
Liver morphogenesis was observed in fish after stripping off the
skin under deep anesthesia with 0.05% 2-phenoxyethanol (Sigma-
Aldrich). HcRed fluorescence in liver was monitored by microscopy
(Fig. S2C). Livers from control fish and Gan-Tet-Off fish at time
points between 2 months and 1 year of age were used for histo-
logical analysis. Paraffin blocks were prepared and tissue samples
were sectioned at 5 mm using a rotary microtome and stained with
Hematoxylin and Eosin (H&E) [16] to evaluate morphological
structures.
2.4. Analysis of cell death

For detection of apoptotic cells, a TUNEL assay kit (In Situ Cell
Death Detection Kit, POD, Roche, Switzerland) were used as
described previously [15].

2.5. Zebrafish RNA extraction and quantitative RT-PCR

Liver tissues were homogenized in 1 ml Trizol (Invitrogen) with
a MagNA Lyser (Roche) at 6000 rpm for 20 s, and total RNA was
isolated according to the manufacturer's instructions. For RT-PCR,
1.6 mg of total RNA was reverse-transcribed with a High-Capacity
cDNA Reverse Transcription Kit (4368814, Thermo Fisher Scienti-
fic). The cDNAwas diluted 1:50 prior to qPCR. The relative levels of
gankyrin, C3a, and C3c mRNAs were determined by RT-qPCR, using
elongation factor 1 a (EF-1a) for normalization. Primer sequences
were as follows: gankyrin (F-CCGAAGGAAACACACCACTT and R-
CATGCTCCACCAGGAGTTTT), c3a (F-GTGGGCGATGAAAGTCTGA and
R-CTTCCACCTGCTTTCCAAAC), c3c (F-CAGCAAACCAAAGAACAACG
and R-TTTCCATCCATCTTCTTTCCA). qPCR was performed using a
Roche LC 480 instrument according to the parameters for Universal
Probe Library assays. The experiments were performed in duplicate
for at least three samples.

2.6. Statistical analysis

All data are presented as mean ± standard deviation (SD). For
statistical analysis, one-way analysis of variance (ANOVA)was used,
followed use the Dunnett's multiple comparison test. Differences
were considered statistically significant when P � 0.05.

3. Results

3.1. Generation of gankyrin overexpressing zebrafish

Zebrafish gankyrin has similar gene architecture and shares
conserved functions with its mammalian counterparts. In order to
study the oncogenic role of gankyrin protein without cancer cell
inoculation and drug treatment, a transparent transgenic zebrafish
was developed to express gankyrin under the control of fabp10a, a
strong hepatocyte specific promoter, subject to a Tet-Off genetic
control system. We used a co-injection strategy to deliver two
constructs, Tol2-based Tg (fabp10a: tTA) and Tol2-bidirection-Tg
(pT2-gankyrin-HcRed) constructs into single-cell zebrafish embryos
(Fig. 1A) [17]. The constructs were similar to what we used previ-
ously to generate other transgenic lines [18]. The resulting trans-
genic line, Tg (�2.8fabp10: tTA; Pt2-gankyrin- HcRed), referred to as
Gan-Tet-Off, showed both gankyrin and Hcred expression in liver
hepatocytes (Fig. 1B). After establishing the F1 generation, we
inbred Gan-Tet-Off transgenic zebrafish to obtain homozygous
transgenic zebrafish in the F2 generation. The data reported here
are derived from the F4, F5 and F6 generations. Gankyrin expres-
sion was measured in transgenic lines with RT-PCR (Fig. 1C),
western blot (Fig. 1D) and immunohistochemistry (Fig. 1E) at 2
months of age. The expression of gankyrin was increased at both
gene expression and protein levels. According to survival curves,
transgenic fish exhibited an increased mortality rate beginning at
210 days of age (Fig. 1G). Most of the adult fish with liver disease
exhibited emaciation and faded coloration in the facial region.

3.2. Gankyrin accelerates liver steatosis, cholangitis, fibrosis, and
hepatocarcinogenesis with persistent damage and proliferation in
hepatocytes

Liver pathology was analyzed in transgenic gankyrin fish



Fig. 1. Generation of gankyrin overexpressing zebrafish.
(A) Diagram of the pT2-fabp10a-tTA and pT2-TRE-gankyrin-HcRed constructs that contain Tol2 sequences used to generate transgenic zebrafish. (B) Gankyrin and HcRed expression
faithfully recapitulates the endogenous fabp10 expression pattern in hepatocytes. (C) Expression of gankyrin in the liver of 2 and 3 month old fish was measured by RT-qPCR. (D)
Gankyrin overexpression was measured in liver by western blotting and (E) immunohistochemistry with the gankyrin antibody. L: liver, I: intestine (F) HCC tumor phenotype in 7
month old transgenic fish and ICC tumor in 12 month old fish is shown. The arrow indicates the ICC tumor. Magnification for all close up images is 400�. (G) Survival rate of wild
type control zebrafish, transgenic Gan-Tet-Off zebrafish and Gan-Tet-Off zebrafish treated with doxycycline. Fish that overexpressed gankyrin showed much lower survival rate
compared with control and the doxycycline treated control fish. ***P < 0.001 for the Log-rank (Mantel-Cox) test.
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between 1.5 and 12months of age. Morphological analysis revealed
that the earliest sign of liver phenotype was macrovesicular stea-
tosis at 1.5e2 months (Fig. S1). Cholestasis, cholangitis and
lymphocyte infiltration were observed at 3e4 months old (Fig. S1).
At 7 months of age, histological analysis revealed approximately
63% (n ¼ 40) occurrence of HCC in transgenic fish (Fig. 1F). We also
observed cholangitis in 7 month old ill transgenic fish. Primary
sclerosing cholangitis is a major risk factor for the development of
lethal ICC in patients, with cancer deaths reported be as high as 44%
in patients with this condition [19]. Although the development of
ICC seems to be independent of the duration of bile duct inflam-
mation and obliterative fibrosis [20], this model provides a unique
opportunity to study how cholangitis affects ICC development. At
nearly 1 year of age, tumors that were similar to ICC developed in
36% (n ¼ 30) of surviving fish (Fig. 1F). In order to quantify the
morphological features of HCC, nuclear-cytoplasmic ratio and nu-
clear density of livers were analyzed in addition to trabecular
thickness. Transgenic fish livers displayed higher nuclear-
cytoplasmic ratios and nuclear density (Fig. 2D and E), while he-
patocyte trabeculae were thicker and sometimes multilayered.
Further, a reticulin stain highlighted the loss of reticulin in the
transgenic fish (Fig. 3F). These three features were pronounced in
transgenic fish and are primary criteria for diagnosis of HCC.
3.3. Gankyrin increases hepatocyte proliferation and apoptosis

Before cancer development, fish livers displayed increased cell
proliferation and apoptosis. Upon liver damage, high capacity he-
patocyte regenerative responses are immediately initiated. Thus,
despite extensive hepatocyte cell death, the surviving parts of the
liver may undergo a compensatory proliferative response. Trans-
genic fish exhibited widespread hepatocyte apoptosis relative to
controls, as measured by TUNEL assays (Fig. 3AeC). The increased
apoptosis levels were confirmed by immunoblotting for activated
caspase-3 in whole tissue (Fig. 4E). Furthermore, immunohisto-
chemistry for proliferating cell nuclear antigen (PCNA) revealed
higher numbers of proliferating cells in transgenic fish compared to
controls (Fig. 3EeG).

3.4. Gankyrin decreases complement C3 expression level during
tumorgenesis

The complement system plays an important role in liver path-
ogenesis. Therefore, we measured the expression of C3a and C3c
genes. We found reductions in the levels of both complement C3a
and C3c gene products during gankyrin-mediated hepatocytic
malignant transformation. Results show the mRNA levels of C3a
and C3b were consistently decreased in transgenic fish liver at 2, 3,
4 and 6months (Fig. 4D), and the protein expressionwas decreased
when measured by either Western blot or immunohistochemistry
(Fig. 4AeC and E.). Thus, our results suggest that persistent C3 in-
hibition may contributes to gankyrin-induced liver injury and
tumorigenesis.

4. Discussion

Liver tumorigenesis is a complex process typically involving
chronic liver injury, dysregulation of multiple signaling pathways,
inflammation, fibrosis and ultimately malignant transformation
and cancer progression [21,22]. In this study, we have established a
novel zebrafish model to induce spontaneous HCC and ICC by liver-
specific gankyrin overexpression. The Gan-Tet-Off zebrafish
developed sequential injury, steatosis, cholangitis, cholestasis,
fibrosis, and liver cancers. In previous studies, authors reported
HCC tumor formation in transgenic mice treated with a combina-
tion of DEN and CCl4 [8,23]. The HCC formation was similar to our
model. Furthermore, the severe injury and apoptosis displayed in
our model is consistent with a human study, which reported that



Fig. 2. Histological analysis and quantification of the nuclear-cytoplasmic ratio and nuclear density in livers from Gan-Tet-Off and control zebrafish.
Paraffin-embedded H&E-stained liver sections from (A) wild type control zebrafish, (B) Gan-Tet-Off zebrafish and (C) Gan-Tet-Off zebrafish treated with doxycycline. HCC pro-
gression correlates with significant nuclear remodeling. Images are shown at 400� magnification. (D) Quantification of the mean nuclear-cytoplasmic ratio and (E) mean number of
nuclei per 10,000 mm2. The change in ratio corresponded to increased nuclear area and a reduction in cytoplasm area (n ¼ 20 measurements/group for 7 month old fish). **p < 0.01,
****p < 0.0001 (F) Reticulin staining shows multiple plates of hepatocytes in a 7 month old transgenic fish.
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gankyrin may have a role in the pathophysiology of fulminant he-
patic failure [24]. In addition to cell death, increased proliferation of
hepatocytes in Gan-Tet-Off fish supported the idea that gankyrin
may induce compensatory proliferation of hepatocytes. Liver has an
essential capacity to respond to injury by repairing tissue.
Concomitant fibrosis and wound healing is integrated with the
innate immune response to resolve injury, and in these pre-
malignant conditions deregulation of apoptosis may increase cell
proliferation and promote malignant transformation [25]. In the
current study, we show that gankyrin overexpression leads to
deregulated apoptosis and coincident cancer development, sug-
gesting that gankyrin may somehow facilitate the acquisition of
mutations in cells. Our zebrafish model provides an appropriate
platform to study this question and others related to the complex
multistep process of hepatocarcinogenesis.

There have been several reports of genetically engineered
zebrafish models for liver cancer, but most of the models develop
HCC and not ICC [18,26e28]. Although the zebrafish models of liver
cancer lack universality, each model presents with different etiol-
ogy and target genes to provide valuable and predictive research
tools. A major strength of our model is that we observe sponta-
neous formation of ICC, allowing us to study this devastating dis-
ease. Determining the cell origin of ICC is considered to be an
important question for ICC. In ourmodel, we found dysregulation of
apoptosis alongside cholangitis and cholestasis in 6e12 month old
fish (Fig. S2). Since intrahepatic cholestasis and biliary cancer are
highly associated [29], this set of observations may provide clues to
the mechanistic connections. We also frequently found steatosis-
related lipid droplets around hepatocytes, but not in the areas of
intrahepatic bile duct proliferation (Fig. S3). Additionally, there
were many mast cells present in inflamed regions and proliferating
intrahepatic bile ducts. In a previous study, the density of mast cells
was increased in cancerous lesions and it was concluded that this
increase may contribute to fibrosis or tumor immunology during
HCC and ICC carcinogenesis [30]. Therefore, mast cells also have
high potential to play an important role as part of the tumor



Fig. 3. Gankyrin overexpression stimulates hepatocyte apoptosis and proliferation.
Apoptosis in liver tissue from 6 month old (A) wild type control, (B) Gan-Tet-Off and (C) Gan-Tet-Off zebrafish treated with doxycycline control. (D) Quantification of hepatocyte
apoptosis rate as measured by TUNEL positive brown staining per 10,000 mm2 (D). IHC staining of the PCNA cell proliferation marker in liver sections prepared from 6 month old (E)
wild type control, (F) Gan-Tet-Off and (G) Gan-Tet-Off zebrafish treated with doxycycline control. (H) Quantification of hepatocyte proliferation as monitored by PCNA positive
staining per 10,000 mm2. Original magnification, 400�. **p < 0.01, ****p < 0.0001.

Fig. 4. Gankyrin overexpression decreases complement C3 expression during tumorigenesis.
Immunohistochemical staining of complement C3 in liver sections prepared from 6 month old (A) wild type (B) Gan-Tet-Off and (C) Gan-Tet-Off zebrafish treated with doxycycline.
(D) RT-qPCR for relative quantification of C3a and C3c gene expression in liver from 2, 3, 4 and 6 month old fish. Graphs showmean ± SD. (E) Protein levels of Gankyrin, complement
C3, activated Caspase-3, PCNA and GAPDH control.

S.-J. Huang et al. / Biochemical and Biophysical Research Communications 490 (2017) 1052e10581056
microenvironment of ICC in our model.
Our results also suggest a role for complement C3 decrease

during tumor development. Complement C3 is one of the major
mediators of complement signaling in liver injury [31]. This factor
has been implicated in regulating cellular stress response,
apoptosis and nonalcoholic steatohepatitis [32,33]. For many years,
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complement components were thought to directly target tumor
cells, but more recent studies showmultifunctional properties with
opposing effects in cancer [34e37]. Mice deficient in C3 showed
severely disrupted liver regeneration after a partial hepatectomy
[38], and C3 levels were significantly lower in HBV patients with
acute-on-chronic liver failure between who died compared to pa-
tients who survived [39]. We found that mortality was similarly
increased after 7 months old in Gan-Tet-Off fish. In hepatitis C
infection, the innate immune is weakened by attenuation of the
complement system through inhibition of C3 convertase activity
[40]. The observed complement C3 decrease in our transgenic fish
may help transforming cells to escape coordinated monitoring by
the immune system via C3. Transformed cancer cells seem to be
able to benefit from balancing complement activation and inhibi-
tion such that they retain positive and avoid deleterious effects
[34,41,42]. Together, our findings suggest that gankyrin can pro-
mote disorder in the liver, leading to hepatocyte hyperplasia and
death, steatosis, cholestasis, cholangitis, fibrosis and spontaneous
development of HCC and ICC. Herein, we provide a model to study
potential molecular mechanisms in liver injury and carcinogenesis.
Our use of transparent zebrafish allows cells to be easily visualized
in vivowith fluorescent proteins with temporal and spatial context.
Therefore, this model is an ideal animal model to study the key
biological behaviors of liver cancer, and mimic the human tumor
microenvironment.
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