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Hepatocellular carcinoma (HCC) shows clear sex disparity with men being more prone to developing HCC and
having higher mortality than women. Previous studies have indicated that sex hormones play important roles in
HCC initiation and development, but the effects of sex hormones on HCC in clinical trials remain inconsistent.
Using zebrafish liver tumor model co-induced by oncogenes Myc and xmrk, we observed similar sex disparity
between male and female zebrafish in liver tumor progression and regression; i.e. male Myc/xmrk transgenic
zebrafish developed HCC significantly faster and regressed HCC significantly slower than female Myc/xmrk
transgenic zebrtafish. To investigate the effects of sex hormones on liver tumor progression and regression, Myc/
xmrk fish were treated with either androgen or estrogen, we observed that androgen promoted HCC progression
and retarded HCC regression in females, while estrogen attenuated HCC progression and accelerated HCC re-
gression in males. Furthermore, androgen promoted cell proliferation while estrogen inhibited it. Overall, the
present study suggested that sex hormones affected liver tumor progression and regression in the Myc/xmrk

transgenic zebrafish.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most severe cancer
types worldwide, ranking the fifth highest occurrence of cancer and
being the second most common cause of death from cancer (Augustine
and Fong, 2014). HCC shows apparent sex disparity in both incidence
and mortality and is 2-3 times higher in men than in women
(Ladenheim et al., 2016). This sex disparity of HCC may be associated
with several factors such as alcohol abuse, virus infection and hepatic
toxicants (El-Serag and Rudolph, 2007). Previous studies also suggest
that sex hormones may contribute to the sex disparity of HCC.

It has been reported that androgens are positively related to the
increased incidence of liver neoplasm. Male rodents have spontaneous
occurrence of hepatic tumors and have increased incidence of liver
tumor after exposure to androgens (Agnew and Gardner, 1952).
Moreover, castration or anti-androgen treatment protects male rodents
from liver tumor development (Toh, 1981; Vesselinovitch et al., 1980;
Vesselinovitch and Mihailovich, 1967). In contrast, castrated female
rodents receiving testosterone have an increased susceptibility to liver
tumorigenesis; this susceptibility is easily reverted by the use of anti-
androgenic drugs (Matsuura et al., 1994). Subsequent studies have re-
vealed that male rodents are more susceptible to hepatocarcinogenesis
not only by chemical induction, but also by chronic viral infection
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(Firminger and Reuber, 1961; Kemp et al., 1989); e.g., male transgenic
mice expressing HBx or HCV core protein have HCC more frequently
than female transgenic mice (Kim et al., 1991; Moriya et al., 1998).
Results from in vitro studies are consistent with these findings: the
growth and proliferation of normal or hepatic tumor cell lines are en-
hanced by testosterone and dihydrotestosterone (Ma et al., 2014).
Moreover, clinical practice also suggests that the application of an-
drogens is associated with an increased risk of developing liver neo-
plasm including HCC (Gupta et al., 2016; Sinclair et al., 2015). For
example, in human patients with Fanconi’s anemia and aplastic anemia,
the substitute androgen intakes increased the risk of developing liver
neoplasm such as adenoma and HCC (Velazquez and Alter, 2004;
Westaby et al., 1983).

Apart from androgens, estrogens also play a role in hepatocarcino-
genesis. Estrogens are associated with the regulation of hepatocyte
proliferation. After partial hepatectomy in rats and humans, estrogen
levels are increased and the testosterone level reduced, leading to a
feminization of the hepatic environment (Mao et al., 2013). In early
studies, estrogens have been shown to induce hepatocarcinogenesis in
hamster and mice (Yager and Yager, 1980). In human, the chronic use
of estrogens is associated with increased risk of developing liver neo-
plasms such as benign nodular hyperplasia and hepatic adenoma (Baum
et al., 1973), suggesting that estrogens function as a tumor promoter in
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Fig. 1. HCC progression in female and male Myc/
xmrk zebrafish during 5-week induction. (A)
Diagram of experimental design and schedules of
sample collection for the long-term tumor induc-
tion. (B and C) Gross observations (top) and liver
histology (bottom) of female (B) and male (C) Myc/

0 mpf 4 mpf 1 wpi 2 wpi 3 wpI 4 wpl 5 wpl xmrk and wildtype siblings at different time points

(0 Wpl) of Dox treatment. Livers in the gross observation

pictures are outlined and the diagnosis of liver

B phenotype is described in the text. Some of the
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plate; arrowheads, prominent nuclei; red arrows,
mitotic cells (MT); yellow arrows, multiple nucleoli
(MN). Examples of MT and MN are shown in two
insets respectively. Scale bars, 5mm in the upper
row and 50um in the lower row. (D and E)
Quantitative summary of liver histology of female
(D) and male (E) Myc/xmrk zebrafish at different
time points of Dox treatment. Sample sizes (n) are
indicated. (F) Kaplan-Meier survival curve of fe-
male and male Myc/xmrk zebrafish. (G and H)
Quantification of 2-D liver size of female (G) and
male (H) Myc/xmrk zebrafish during tumor pro-
gression. WT, wildtype; X+M+, Myc/xmrk; wpi,
week post induction. *p < 0.05.
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HCC. However, estrogen has also been found to suppress HCC though
the anti-inflammation effect of estrogen (Shi et al., 2014). Since hepa-
toma has been considered as an inflammation-related cancer caused by
chronic hepatitis (Lu et al., 2015), the role of estrogen in HCC changed
from a risk factor to a suppressor of HCC. It has been shown that 17§-
estradiol (E2) administration significantly diminished the inflammation
and injury associated with a chemical carcinogen, diethylnitrosamine
(Naugler et al., 2007). Among chronic inflammation-induced HCC, in-
terleukin-6 (IL-6) is a key component (Johnson et al., 2012). It has been
reported that IL-6 expression is associated with poor prognosis in HCC,
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and estrogen is shown to affect the IL-6 production significantly (He
et al., 2013). Production of IL-6 also contributes to the gender disparity
of HCC because IL-6 ablation protects male mice from HCC and es-
trogen inhibits IL-6 production (Lee et al., 2016). These studies all in-
dicate that estrogen has an inhibitory effect on HCC.

Although sex hormones have been shown to be related to HCC,
clinical trials of hormone replacement treatment on HCC patients re-
ceived controversial results. An anti-estrogen drug tamoxifen was in-
dicated as a possible therapeutic approach with a significant effect in
HCC patients (Simonetti et al., 1997), but two major randomised phase
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Fig. 2. Cell proliferation of Myc/xmrk zebrafish during 5 weeks of HCC progression. (A) PCNA staining in female and male Myc/xmrk zebrafish and wildtype siblings
at different time points. Scale bars, 50 pm. (B) Quantitative summary of proliferating cell percentages in liver areas in female and male wildtype and Myc/xmrk
zebrafish at different time points. Sample sizes (n) are indicated. Wt, wildtype; X+M+, Myc/xmrk; wpi, week post induction. *p < 0.05, **p < 0.01,

***p < 0.001, NS: not significant.

III clinical trials of tamoxifen showed no evidence of a survival benefit
in HCC patients (Barbare et al., 2005; Perrone et al., 2002). Cypro-
terone acetate, an anti-androgen, was also found to suppress HCC
growth in male nude mice (Nagasue et al., 1996), but a single phase II
trial of cyproterone acetate in patients with unresectable HCC showed
no significant effect on survival (Kanda and Yokosuka, 2015). One ex-
planation of these controversial results may be that in the randomised
trials of sex hormones, patients were not separated in genders, as sug-
gested by a previous study that tamoxifen may have strong effects on
female, but not male, HCC patients (Ma et al., 2016).

In our laboratory, we are interested in using zebrafish to model
human HCC and have previously demonstrated that HCC developed in
the zebrafish highly resembles human HCC both histologically and
transcriptomically (Lam et al., 2006; Zheng et al., 2014). In recent
years, we have established several inducible HCC models using zebra-
fish by transgenic expression of selected oncogenes, including onco-
genic kras (Chew et al., 2014; Nguyen et al., 2012), xmrk (Li et al.,
2012), Myc (Li et al., 2013; Sun et al., 2015) and tgflb (Yan et al.,
2017b). HCC can be induced rapidly with essentially 100% penetrance
by activation of an oncogene through a chemical inducer in these
transgenic zebrafish; after removal of the chemical inducer, well
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developed HCC could regress rapidly due to suppression of the onco-
gene expression (Li et al., 2017; Li et al., 2012; Li et al., 2014; Nguyen
et al., 2012; Sun et al., 2015). With these features, these zebrafish HCC
models provide an excellent tool to investigate HCC progression and
regression by manipulating the chemical inducer.

Recently, we have also observed an obvious sex disparity of HCC in
kras transgenic zebrafish models, i.e. with the same duration of che-
mical induction, male transgenic zebrafish developed HCC significantly
faster and more severely than females (Li et al., 2017; Yan et al., 2017a;
Yang et al., 2017a; Yang et al., 2017b). We also found that sex hor-
mones may contribute to the sex disparity of kras-induced HCC in
transgenic zebrafish (Li et al., 2017), but the detailed effects of sex
hormones during the course of HCC progression remain unelucidated.
In particular, the effects of sex hormones on HCC regression upon
suppression of transgenic oncogene expression are unknown. In the
present study, we generated Myc/xmrk double oncogene transgenic
zebrafish, which display more severe HCC phenotype than either single
transgenic zebrafish (Li et al., 2015). We then investigated the effects of
sex hormones on both HCC progression and regression. We found that
male Myc/xmrk fish develop HCC much faster than female Myc/xmrk
fish, but both sexes developed to similar high grade HCC by five weeks



H. Li, et al.

A

+Dox

M+X+_Female

M+X+_Male

Female

D

Male

I Hyperplasia W HCA Wl HCC W9 Hyperplasia W HCC
*kx
NS

NS
Kkk
100

80

60

40

% of histology
% of histology

20

Fig. 3. Sex hormone treatments on female and male Myc/xmrk zebrafish during
HCC progression. Dox and sex hormones were introduced simultaneously for
one week. (A and B) Gross observations (top) and liver histology (bottom) of
female (A) and male (B) Myc/xmrk and wildtype siblings after sex hormone
treatment during HCC progression. Representative gross observations and his-
tology pictures of female (A) and male (B) Myc/xmrk fish after treatment with
Dox, Dox and E2, and Dox and KT11 are shown. Livers in the gross observation
pictures are outlined. Scale bars, 5 mm in the upper row and 50 um in the lower
row. Red arrowheads point representative mitotic cells and black arrowheads
point apoptotic cells. (C and D) Quantitative summary of histology in the fe-
male (C) and male (D) Myc/xmrk zebrafish in different treatment groups.
Sample sizes (n) are indicated. X+M+, Myc/xmrk zebrafish. ****p < 0.0001;
NS: not significant.

of oncogene induction. Interestingly, HCC induced by the double on-
cogenes could also be regressed after suppression of the expression of
these oncogenes. Male hormone KT11 (11-ketotestosterone) had a
general stimulating effect on HCC progress and delayed HCC regression
in female Myc/xmrk fish while female hormone E2 could retard HCC
progression and accelerate HCC regression in male Myc/xmrk fish,
suggesting that sex hormones play important roles in HCC progression
and regression, contributing toward the sex disparity.
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2. Materials and methods
2.1. Zebrafish maintenance and chemical treatments

All experiments on zebrafish were carried out in accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and the protocol was ap-
proved by the Institutional Animal Care and Use Committee (IACUC) of
the National University of Singapore (Protocol Number: 096/12). Myc/
xmrk transgenic zebrafish were generated by crossing Myc transgenic
zebrafish Tg(fabp10:TA; TRE:Myc; krt4:GFP) (Li et al., 2013) with xmrk
transgenic zebrafish Tg(fabp10:TA; TRE:xmrk; krt4:GFP) (Li et al,
2012). For induction of transgenic oncogene expression, chemical
treatments of adult fish (4 months postfertilization, mpf) were con-
ducted in 6-liter tanks and water was changed every other day from 4
mpf for 5weeks. For sex hormone treatments, 5ug/ml 17p-estradiol
(E2) (Sigma) or 11-ketotestosterone (KT11) (Steraloids) was used for 4
mpf adult zebrafish. During Dox induction, E2 or KT11 was used to
treat male and female zebrafish for 1 week. After removal of Dox, E2
was used to treat male zebrafish and KT11 was used to treat female
zebrafish for 1 week.

2.2. Paraffin sectioning and histological analysis

Fish abdominal regions were dissected and fixed in formalin solu-
tion (Sigma-Aldrich), dehydrated and embedded into paraffin. Sections
at 5-um thickness were processed using a microtome. These sections
were deparaffinised, rehydrated and stained with Mayer’s hematoxylin
(Vector Laboratories) and eosin (Sigma-Aldrich). The stained slides
were mounted in Micromount (Leica) and imaged using a light micro-
scope (Zeiss, Axiovert 200 M). Hepatocellular neoplasms grown in
zebrafish show similar histology to those of humans. Therefore we used
the same criteria for classifying rodent hepatocellular neoplasms to
classify liver neoplasms developed in zebrafish. Classification of tumor
types were based on established criteria as previously reported (Ishak
et al., 2001; Schlageter et al., 2014; Spitsbergen et al., 2000a, b).
Normal livers in zebrafish showed typical 2-cell hepatic plate structure,
uniformed cell shape and size, and distinct cell boundary. Hyperplasia
maintains hepatic plate arrangement but shows increased prominent
nuclei. Hepatocellular adenoma (HCA) shows unclear hepatic plates but
still have clear cell boundary and relatively uniformed cell shape. Grade
I HCC phenotype, characterized by the loss of cell boundaries and he-
patic plate structure, and increase of mitotic cells and appearance of
multiple nucleoli. Grade II HCC has similar features as Grade I HCC but
with more mitotic cells and multiple nucleoli.

2.3. Immunohistochemistry staining

Paraffin sections were deparaffinised and rehydrated. Antigen re-
trieval was performed using sodium citrate buffer by heating in a
boiling water bath for 20 min. Sections were then treated with 3% H,0,
for 10 min to inactivate the endogenous peroxidase and blocked with
5% BSA (Sigma) in 1 x PBS (vivantis) for 2 h. After blocking, primary
antibody (rabbit anti-PCNA, Santa Cruz) were diluted at 1:500 and
incubated at 4°C overnight. Sections were incubated with HRP
(horseradish peroxidase)-conjugated secondary antibodies at room
temperature for one hour, followed by color development using the
DAKO Real Envision Detection System (Agilent, Singapore).

2.4. Statistical analyses

Statistical significance between two groups was evaluated by two-
tailed unpaired Student t test (GraphPad). Statistical data were pre-
sented as mean value *+ standard error of mean (SEM). P < 0.05 was
chosen to be statistically significant.
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Fig. 4. Cell proliferation altered by sex hormone
treatments during HCC progression. (A and B)
PCNA staining of liver sections of female (A) and

K] male (B) Myc/xmrk zebrafish in different treatment
g groups. Scale bars, 50 pm. (C and D) Quantification
I.‘ll.’ of cell proliferation in female (C) and male (D)
+| Myc/xmrk zebrafish in different treatment groups.
> Sample sizes (n) are indicated. X+M+ _Female,
é female Myc/xmrk zebrafish; X+M+ _Male, male
Myc/xmrk zebrafish; + Dox, treated with Dox only;
B +Dox+E2, treated with Dox and E2; +Dox
o +KT11, treated with Dox and KT11. *p < 0.05;
g NS: not significant.
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3. Results mortality than female Myc/xmrk zebrafish (Fig. 1F). In both female and

3.1. Sex disparity in HCC progression in Myc/xmrk transgenic zebrafish

To compare HCC development in the two sexes, male and female
Myc/xmrk zebrafish (4 mpf) were exposed to Dox for five weeks, and
samples were collected weekly for histological examination (Fig. 1A).
Normal livers in zebrafish showed typical 2-cell hepatic plate structure,
uniformed cell shape and size, and distinct cell boundary. After 1-week
of Dox induction, the majority of the female Myc/xmrk zebrafish
showed hyperplasia in liver (Fig. 1B), with normal cell plate arrange-
ment but increased cell numbers. In comparison, majority of the male
Myc/xmrk zebrafish already showed Grade I HCC phenotype, char-
acterized by the loss of cell boundaries and hepatic plate structure, and
a few abnormal mitotic cells (Fig. 1C). After 2-week induction, about
half of the female Myc/xmrk fish remained liver hyperplasia and the
other half showed unclear hepatic plates but still uniformed cell shapes,
indicating HCA (Fig. 1A). At the same treatment stage, male Myc/xmrk
fish showed mostly Grade II HCC, which was featured with a large
population of abnormal mitotic cells and multiple nucleoli (Fig. 1B and
C). From 3-week to 5-week induction, the severity of HCC was in-
creased in both sexes. By the end of 4-week induction, in both female
and male Myc/xmrk fish, the majority of them had Grade II HCC with
unclear cell boundaries and prominent nucleoli (Fig. 1B-E). Thus, HCC
developed significantly faster in male than female Myc/xmrk zebrafish
(Fig. 1D and E). It appears that there was a drop of Grade II HCC in
female Myc/xmrk fish at 5 wpi in this experiment, but the difference
between 4 wpi and 5 wpi was not statistically significant (p = 0.444 by
two-tailed unpaired Student t test). Kaplan-Meier survival curve of fe-
male and male Myc/xmrk zebrafish also showed that during the 5-week
induction, the male Myc/xmrk zebrafish had significantly higher
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male Myc/xmrk zebrafish, the liver size was apparently increased
during the 5 weeks of tumor progression (Fig. 1G and H).

To further compare the severity of HCC between female and male
Myc/xmrk fish, cell proliferation in the livers was examined by PCNA
staining. As shown in Fig. 2, after induction of transgenic oncogene
expression, liver cell proliferation was dramatically increased in both
female and male Myc/xmrk zebrafish (Fig. 2). Consistent with the his-
tological observations, the numbers of proliferating cells were increased
more rapidly in male Myc/xmrk fish than the female Myc/xmrk fish
from 1-week to 4-week induction (Fig. 2); however, after 5-week in-
duction, the numbers of liver proliferating cells were similar between
female and male Myc/xmrk zebrafish (Fig. 2). These observations sug-
gested that cell proliferation was also a basis for the sex disparity during
HCC progression in Myc/xmrk zebrafish.

3.2. Effects of sex hormone on HCC progression in Myc/xmrk transgenic
zebrafish

To investigate the effects of sex hormones on adult Myc/xmrk zeb-
rafish during HCC progression, the female and male Myc/xmrk zebra-
fish were treated with KT11 or E2 during HCC progression. After one
week treatment with KT11 in female Myc/xmrk zebrafish, the histology
of liver showed increased HCA and HCC compared with the control
female Myc/xmrk zebrafish treated with only Dox (Fig. 3A and C), but
E2 treatment in female Myc/xmrk zebrafish showed no significant al-
ternation on liver histology (Fig. 3A and C). In male Myc/xmrk zebra-
fish, one week of E2 treatment decreased the incidence of HCC while
KT11 treatment in male Myc/xmrk zebrafish had slight or no significant
deterioration of the liver histology (Fig. 3B and D). For female and male
wildtype siblings, neither Dox treatment nor Dox and sex hormone
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Fig. 5. Sex disparity of the regression of HCC in
Myc/xmrk zebrafish. (A) Diagram of experimental
design and schedules of sample collection for tumor
regression. (B and C) gross observation (top) and

i liver histology (bottom) of female (B) and male (C)
Myc/xmrk zebrafish during liver tumor progression.
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treatments had oncogenic effects based on gross observations and his-
tology (Fig. S1), indicating that sex hormone treatments for one week
did not alter the normal liver histology. Thus, it appears that E2 could
attenuate HCC progression in male Myc/xmrk zebrafish while KT11
could accelerate this process in female Myc/xmrk zebrafish.

Grade Il HCC HCA Hyperplasia

ole o

indicated. (F and G) Quantification of 2-D liver size
of female (F) and male (G) Myc/xmrk zebrafish
during liver tumor regression. Wpi, week post in-
duction; wpr, week post regression.
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To further study the effects of sex hormones on HCC progression,
cell proliferation was examined via PCNA staining. KT11 treatment in
female Myc/xmrk zebrafish significantly increased the cell proliferation
rate in the liver (Fig. 4A and C), but in male Myc/xmrk zebrafish, KT11
treatment showed no significant effect on cell proliferation (Fig. 4B and
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Fig. 6. Cell proliferations in female and male Myc/xmrk zebrafish during 5-week tumor regression. (A) PCNA staining of liver sections of female (top) and male
(bottom) Myc/xmrk zebrafish during 5 weeks of HCC regression. Scale bars, 50 pm. (B) Quantification of cell proliferation in female and male Myc/xmrk zebrafish
during 5weeks of HCC regression. Sample sizes (n) are indicated. Wpi, week post induction; wpr, week post regression. **p < 0.01, ***p < 0.001, NS: not

significant.

D). E2 treatment in male Myc/xmrk zebrafish decreased liver cell pro-
liferation significantly (Fig. 4B and D); however, E2 treatment had no
effect on liver cell proliferation in female Myc/xmrk zebrafish (Fig. 4A
and C). In comparison, neither KT11 nor E2 had significant effect on
liver cell proliferation in both male and female wild type zebrafish (data
not shown). These observations showed that sex hormones significantly
affected cell proliferation during HCC progression in Myc/xmrk zebra-
fish with E2 inhibiting liver cell proliferation in males and KT11 pro-
moting liver cell proliferation in females. These trends are consistent
with the histological examination of sex hormone treated Myc/xmrk
zebrafish. The effects of sex hormones on cell proliferation are also
consistent with previous studies on cell lines and other liver tumor
models (Chang-Lee et al., 2017; Li et al., 2017).

3.3. HCC regression in Myc/xmrk HCC transgenic zebrafish

In our inducible transgenic expression models, liver tumors induced
from Myc and xmrk single transgenic zebrafish can be regressed upon
removal of the chemical inducer (Li et al., 2012; Sun et al., 2015). To
examine whether liver tumors from Myc/xmrk double transgenic zeb-
rafish could be similarly regressed, Dox was removed after 5-week in-
duction when both male and female Myc/xmrk fish developed advanced
HCC (Fig. 5A). The liver samples were collected at 1-week post
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regression (wpr), 2 wpr, 3 wpr and 5 wpr (Fig. 5A). After removal of
Dox, the gross observations of the male and female Myc/xmrk zebrafish
showed a rapid shrinking of the abdomen sizes (Fig. 5B and C). Later,
pathological examination confirmed the reduction of the liver size in
both female and male Myc/xmrk zebrafish (Fig. 5B and C) and their
histology was reverted to the normal liver phenotype by 5 wpr. How-
ever, the speed of HCC regression showed significant differences be-
tween female and male Myc/xmrk zebrafish. Before tumor regression,
both male and female Myc/xmrk zebrafish showed overwhelmingly
Grade II HCC (Fig. 5B-E). After 1 week of tumor regression, male Myc/
xmrk fish remained mostly Grade II HCC features while in female Myc/
xmrk zebrafish the livers were mainly HCA (Fig. 5B-E). At 2 wpr, the
male Myc/xmrk fish were reverted to Grade I HCC and HCA while the
female Myc/xmrk fish showed hyperplasia and normal livers (Fig. 5B-
E). At 3 wpr, most of male Myc/xmrk zebrafish turned into hyperplasia
while most female Myc/xmrk fish showed normal liver histology. By 5
wpr, all female and most male Myc/xmrk fish completely recovered
(Fig. 5C and E). In both female and male Myc/xmrk zebrafish, the liver
size was apparently decreased during the 5 weeks of tumor regression
(Fig. 5F and G). Thus, double Myc/xmrk oncogene-induced HCC can
also be regressed upon suppression of oncogene expression and the
regression of liver cancer in female Myc/xmrk zebrafish is faster than in
male Myc/xmrk zebrafish.
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Fig.7. Sex hormone treatments on female and male
Myc/xmrk zebrafish during HCC regression. Sex
hormones were introduced for one week following
Dox withdrawal after five weeks of liver tumor in-
duction as indicated in Fig. 5A. (A and B) Gross
observation (top) and liver histology (bottom) of
female (A) and male (B) Myc/xmrk zebrafish after
sex hormone treatment during HCC regression. Li-
vers in the gross observation pictures are outlined.
Scale bars, 5mm for the upper row and 50 ym for
the lower row. (C and D) Quantitation of histolo-
gical features of female (C) and male (D) Myc/xmrk
zebrafish in different treatment groups. Sample
sizes (n) are indicated. +DMSO, control Myc/xmrk
zebrafish with DMSO vehicle; +KT11, Myc/xmrk
zebrafish with KT11 treatment; +E2, Myc/xmrk
zebrafish with E2 treatment. ****p < 0.0001.
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To further characterize HCC regression in female and male Myc/
xmrk zebrafish, cell proliferation was examined at different time points.
During HCC regression, the proliferating cell number decreased in both
female and male Myc/xmrk zebrafish liver (Fig. 6A). At 1 wpr, the
number of proliferating cells in the livers in male Myc/xmrk fish was
significantly higher than that in female Myc/xmrk fish. At 2 wpr, cell
proliferation in male Myc/xmrk zebrafish was still higher than that in
female Myc/xmrk fish, but in the following two time points, 3 and 5
wpr, proliferation of liver cells was low and there was no significant
difference between male and female Myc/xmrk fish (Fig. 6B). Thus,
during HCC regression, male Myc/xmrk zebrafish had a significantly
higher cell proliferation level than female Myc/xmrk zebrafish in the
first two weeks of HCC regression.

3.4. Effects of sex hormones on HCC regression in Myc/xmrk transgenic
zebrafish

To investigate the effects of sex hormones on regression of Myc/
xmrk-driven HCC, sex hormone treatments were performed during re-
gression of the Myc/xmrk-driven HCC. During tumor regression, the
male Myc/xmrk zebrafish were exposed to E2 while the female Myc/
xmrk fish were exposed to KT11 for one week. E2 treatment in female
Myc/xmrk zebrafish and KT11 treatment in male Myc/xmrk zebrafish
were not performed during HCC regression because these treatments
showed no significant effect on HCC progression in female and male
Myc/xmrk zebrafish.

In female Myc/xmrk zebrafish, the histology of liver showed in-
creased HCA and decreased normal liver histology in the KT11 treat-
ment group compared with the DMSO vehicle control group after one
week of tumor regression (Fig. 7A and C). In male Myc/xmrk zebrafish,
at the end of one week tumor regression, the fish with E2 treatment
showed faster recovery with no HCC histology and low ratio of HCA
histology, while the histology in the fish in DMSO treatment group still
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showed Grade II HCC (Fig. 7B and D). Meanwhile, in wildtype siblings
of Myc/xmrk zebrafish, either vehicle (DMSO) treatment or sex hor-
mone treatment did not affect normal liver histology (Fig. S2). These
observations suggested that sex hormones affected HCC regression in
both female and male Myc/xmrk zebrafish. E2 helped HCC regression
while KT11 retarded this process.

To further investigate the effects of the sex hormone treatments on
this process, cell proliferation assay was performed for different groups.
After E2 treatment, cell proliferation of the livers in male Myc/xmrk fish
decreased greatly compared with the livers of male Myc/xmrk fish
without E2 treatment (Fig. 8B and D), while KT11 treatment in female
Myc/xmrk fish showed the opposite effect, i.e. a higher proliferation
rate in the KT11 treatment group than that in the control group (Fig. 8A
and C). These results indicated that the cell proliferation could be al-
tered by sex hormone treatments during HCC regression, which is
consistent with the histological examinations. Both histological and cell
proliferation data suggested the sex hormones might affect the sex
disparity of HCC regression through regulation of cell proliferation.

4. Discussion

In this study, we confirmed the sex diversity of HCC developed from
a double oncogene transgenic zebrafish model by co-inducing Myc and
xmrk oncogenes in the liver. MYC is one of the best known oncogenes
involving in almost all types of human cancers (Kuzyk and Mai, 2014)
while xmrk is a fish oncogene isolated from Xiphophorus (platyfish and
swordtails) and it codes for a hyperactive form of EGFR (Gomez et al.,
2001), another well characterized oncoprotein in human (Arteaga,
2001). Another important finding of this study is the demonstration of
the feasibility of regression of HCC induced by two collaborating on-
cogenes, suggesting a strong and robust effect of oncogene addition for
HCC despite a synergistic effect of the two oncogenes, Myc and xmrk, to
cause a more severe HCC phenotype than a single oncogene alone (Li
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Fig. 8. Cell proliferation altered by sex hormone treatments during HCC re-
gression. The cell proliferation in Myc/xmrk zebrafish with vehicle (DMSO) and
sex hormone treatment during HCC regression. (A) PCNA staining of liver
sections of female Myc/xmrk zebrafish after vehicle (DMSO) and KT11 treat-
ment during HCC regression. (B) PCNA staining of liver sections of male Myc/
xmrk zebrafish after vehicle (DMSO) and E2 treatment during HCC regression.
Scale bars, 50 pum. (C) Quantification of cell proliferation in female Myc/xmrk
zebrafish after KT11 treatment during HCC regression. (D) Quantification of
cell proliferation in male Myc/xmrk zebrafish after E2 treatment during HCC
regression. Sample sizes (n) are indicated. +DMSO, Myc/xmrk zebrafish with
DMSO treatment; +KT11, Myc/xmrk zebrafish with KT11 treatment; +E2:
Myc/xmrk zebrafish with E2 treatment. *p < 0.05, **p < 0.01.

et al., 2015).

In the present study, we also demonstrated that sex hormones play
significant roles in both HCC progression and regression. Specifically,
KT11 could stimulate HCC progression particularly in female Myc/xmrk
transgenic zebrafish while E2 could retard HCC progression particularly
in male Myc/xmrk transgenic zebrafish. During HCC regression, KT11
could delay the process in female Myc/xmrk transgenic fish while E2
could accelerate the process in male Myc/xmrk transgenic fish. Thus,
sex hormones apparently contribute to the sex disparity of liver tumors
in zebrafish.

In all liver tumor progression and regression experiments, we also
examined cell proliferation and found that the numbers of proliferating
cells are generally correspondent to the severity and sex disparity of
liver tumors. Interestingly, cell proliferation in female Myc/xmrk fish
was lower than that of male counterpart, explaining the more rapid
progression of liver tumors in males (Fig. 2B). By the end of 5 weeks of
oncogene induction, the proliferation rates between the two sexes were
indistinguishable, corresponding similar severity of liver tumors de-
veloped in the two sex at this stage; thus, cell proliferation provides an
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important basis in liver tumor progression. Similarly, during liver
tumor regression, decrease of cell proliferation in male Myc/xmrk fish
was slower than female counterparts. For example, in female Myc/xmrk
zebrafish, cell proliferation decreased to a low basal level only within
one week of regression; however, in male Myc/xmrk zebrafish, cell
proliferation was as high as that before tumor regression (5-week tumor
induction) and the drop of cell proliferation to the basal level only by
the end of the second week of tumor regression (Fig. 6B).

Moreover, the differential effects of the two sex hormones are also
consistent with levels of cell proliferation in the liver. In general, E2
decreases the number of proliferating cells while KT11 increases the
number of proliferating cells, consistent with their inhibitory and pro-
moting effects in liver tumor progression. Our observations are con-
sistent with previous in vitro studies on HCC cell lines in which cell
proliferation could be promoted by androgen and inhibited by estrogen
(Ma et al., 2008; Xu et al., 2012). However, the hormonal effects appear
to be also sex dependent, i.e. E2 usually has stronger effects in males
while KT11 had more obvious effects in females. This phenomenon
might be partially explained by a previous transcriptomic study as that
E2 treatment changed transcriptome of adult male zebrafish liver more
compared with adult female zebrafish liver; however, in adult female
zebrafish liver, transcriptome showed resistant to either KT11 or E2
treatment (Zheng et al., 2013).

Sex hormones have long been implicated in the sex disparity in
human HCC and it has been suggested that androgen has a stimulatory
role while estrogen has a protective role in HCC (Yeh and Chen, 2010).
Consistent with this, indeed there are correlations of high levels of
androgen and low level of estrogen in HCC patients, which are also
consistent with many animal experimental data (Kalra et al., 2008; Yeh
and Chen, 2010). Our current data from the zebrafish study are con-
sistent with these observations. Several sex hormone based clinical
trials (e.g. by using the estrogen receptor modulator tamoxifen, syn-
thetic progestin [megestrol] and androgen antagonist flutamide) have
been conducted for HCC patients in the past two decades (Chow et al.,
2011; Chow et al., 2002; Yeh et al., 2013), but the results are generally
disappointing because of subtle and no benefit from these randomized
controlled trials. This fact points potentially additional factors involved
in the sex disparity of human HCC. Indeed, we recently also found at
least two non-sex hormones, cortisol, a glucocorticoid hormone, and
serotonin, a neurotransmitter, also play important roles in the sex dis-
parity of HCC in the zebrafish model (Yan et al., 2017a; Yang et al.,
2017b). The relevance of these non-sex hormone factors have also been
validated from human liver disease samples (Yan et al., 2017a; Yang
et al., 2017b). Thus, the zebrafish model is emerging as a powerful
animal model to help understanding molecular mechanisms of HCC and
diseases in general in human.
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