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ABSTRACT
◥

The role and significance of liver-derived cytokines in cancer-
associated cachexia syndrome remain elusive. Here we report that
combinatorial counterbalances of the leptin and Igf1 signaling
pathways in hepatocellular carcinoma (HCC) models significantly
relieves cachexia. Double transgenic zebrafish models of HCC that
stably displayed focal lesions, anorexia, and wasting of adipose and
muscle tissues were first generated. Knockout of lepr or mc4r from
these zebrafish partially restored appetite and exerted moderate or
no effect on tissue wasting. However, genetic replenishment of Igf1
in a lepr-mutant background effectively relieved the cachexia-like
phenotype without affecting tumor growth. Similarly, administra-

tion of napabucasin, a Stat3/Socs3 inhibitor, on the zebrafish HCC
model, mammalian cell lines with exogenous IGF1, and two mouse
xenograft models restored insulin sensitivity and rescued the wast-
ing of nontumor tissues. Together, these results describe the syn-
ergistic impact of leptin and Igf1 normalization in treating certain
HCC-associated cachexia as a practical strategy.

Significance: Disruption of leptin signaling with normalized
Igf1 expression significantly rescues anorexia, muscle wasting,
and adipose wasting in Ras- and Myc-driven zebrafish models of
HCC.

Introduction
Cancer anorexia-cachexia syndrome (CACS) is a multifactorial

tumor concomitant syndrome that is denoted by weight loss, lack of
appetite, and systemic wasting of muscle and/or fat mass, greatly
impairing the therapeutic effect and quality of life (1, 2). CACS occurs
in up to 80%of patients with advanced cancer and is responsible for the
demise of around one-third of patients (3). Like others, the develop-
ment of hepatocellular carcinoma (HCC) is usually accompanied by a
rapid onset of severe CACS (4, 5). Although significant advancements
have beenmade to treatHCC, the treatments forCACS caused byHCC
remain challenging, and there are no standard curative guidelines on
the medical attendance for CACS (6).

Several tumor-derived cytokines are reported to be responsible for
CACS symptoms, including TNFa, IL1/6/10, and IFNg (2). Besides,
impaired anabolic pathways like the IGF1 signaling pathway also cause
degradation of muscle and adipose tissues (1, 2, 7). Recently, we
reported that tumor-derived leptin may promote the catabolism of
skeletal muscle in a zebrafish kras-driven HCC model (5). However,
the rescue effects via both genetic and pharmacologic interventions of
the leptin pathway alone are far from satisfying, suggesting that
additional rectifications of other targets are required to achieve a
better effect (5). Liver is the principal source of many other circulating
cytokines, including IGF1 (8). IGF1 signaling regulates an anabolic
pathway that suppresses muscle atrophy, and promotes adipogenesis
in adipose tissues (9, 10). Besides, IGF1 is generally downregulated in
HCC, while IGF2 expression is variable at different stages (11).
Interestingly, given the significant roles of IGF signaling in cancer
cachexia, supplementation of IGF1 alone is insufficient to consistently
rescue wasting phenotypes (12). It remains unclear whether combi-
natorial manipulation of the leptin pathway and the IGF1 pathway
together will bring practical benefits to HCC-relevant CACS.

We used zebrafish as tools for studying hepatic tumorigenesis,
due to their unique advantages, such as small size and optical
transparency (13–20). Here we generated double transgenic zebra-
fish models of HCC that stably display mosaic cancerous lesions,
early-onset anorexia, and wasting of normal tissues. Excessive
production of leptin and impaired IGF1 expression in the cancerous
liver were observed in this novel transgenic zebrafish HCC model as
well as in human HCC samples. Genetic replenishment of Igf1 at
lepr mutation background significantly relieved the normal tissue
wasting without affecting the tumorigenesis. Administration of the
Socs3/Stat3 inhibitor at normalized Igf1 levels also reversed the
wasting phenotypes in zebrafish models, mammalian cells, and two
xenograft mouse models carrying leptin-expressing tumor. Togeth-
er, our studies describe that combinatorial manipulation of leptin
and IGF1 signaling exerts practical effects on alleviating the HCC-
associated cachexia syndrome.
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Materials and Methods
Zebrafish strains, mice strain, and experimentation

Animal studies were approved by the Fudan University Animal
Care and Use Committee and followed the NIH guidelines. Zebrafish
were raised under standard laboratory conditions at 28.5�C. The
following zebrafish lines have been described previously: AB strain,
Tg(fabp10a:TetOn; tre:eGFP-krasv12), Tg(fabp10a:TetOn; tre:Myc),
Tg(fabp10a:TetOn; tre:Gal4), Tg(UAS:Kaede), Tg(tre:mKate2), and
Tg(fabp10a:eGFP) (15, 16, 21), Tg(Myc&Ras) were obtained by out-
crossing Tg(fabp10a:TetOn; tre:eGFP-krasv12) with Tg(fabp10a:TetOn;
tre:Myc), Tg(Myc&Ras Mosaic), and Tg(ef1a:TetOn; tre:igf1) were
generated via tol2-mediated transgenesis. leprD2/D2, mc4rþ11/þ11, and
igf1D19/D19 mutants were generated via CRISPR-Cas9 technique. PTU
(1-phenyl-2-thiourea) was administered to improve the transparency,
and the E3 media were replaced every day. BALB/c (nu/nu) mice were
obtained from Department of Laboratory Animal Science of Fudan
University (Shanghai, China). The additional information was
described in Supplementary Materials.

Cell lines and experimentation
HepG2 (Scsp-510), MHCC-97H (Scsp-528), Li-7 (TCHu183), HEK

293T (GNHu43), and C2C12 (GNM26) cells were obtained from the
Cell Bank of Type Culture Collection of Chinese Academy of Sciences
(Beijing, China) between 2015 and 2019. 3T3-L1 preadipocytes were
obtained from the establisher, Qiqun Tang (22). All the commercial
cell lines were reauthenticated by short tandem repeat profiling, every
6 months in our laboratory.Mycoplasma testing was conducted using
Sigma MP0035 kit. The cells revived from frozen stocks were used
within 10–20 passages or for no longer than 2 months.

Human tissue microarray
The commercial human liver carcinoma and normal tissue micro-

arrays were purchased from Biomax (BC03119b). IHC on tissue
microarray was described in Supplementary Materials.

Quantification and statistical analysis
Size and area measurements, statistical calculations, and graphs

were generated with Image J, Microsoft Excel, and GraphPad Prism.
Data are expressed as the mean� SD from at least three samples, with
statistical differences being determined by one-wayANOVA,x2 test or
Student t test.

Results
Characterization of the anorexia/cachexia-like phenotypes in a
double transgenic zebrafish models of HCC

Recently, we described that a single oncogene (Ras)-driven zebrafish
HCC model fabp10a:TetOn; tre:eGFP-krasv12 [Tg(Ras)] displayed a
muscle-wasting phenotype (5). However, development of wasting
phenotype in this model is mild and time consuming. To obtain a
fast-developing zebrafish model of HCC-CACS, we crossed Tg(Ras)
with fabp10a:TetOn; tre:Myc [Tg(Myc); ref. 21], to produce double
transgenic zebrafish Tg(Myc&Ras) (Fig. 1A). Because cachexia is
accompanied by decreased food intake, we first investigated whether
this model developed anorexia-like phenotype. In 15 dpf (days post-
fertilization) juveniles, doxycycline was administered to activate the
expression of the oncogene(s) in hepatocytes, and the feeding amount
was assessed by counting the consumption of artemia per fish per day
with unlimited food supply. Both the Tg(Ras) and Tg(Myc&Ras)
zebrafish began to display a continually decreased appetite at approx-

imately 4 days post-oncogene induction (dpoi), while Tg(Myc) and
wildtype control juveniles demonstrated a gradually increased food
intake (Fig. 1B).

In addition to anorexia, the Tg(Myc&Ras) gradually developed
several typical cachexia-like phenotypes at approximately 21 dpf
(6 dpoi), including the muscle wasting that was much more severe
than previously observed in Tg(Ras). The length of the body and the
size of the trunk musculature above the caudal edge of the tail fin were
both significantly reduced inTg(Myc&Ras) comparedwith those in the
wildtype controls at overfeeding and pair-feeding circumstances
(Fig. 1C; Supplementary Fig. S1A). The size of the visceral white
adipose tissue around the mesentery, which is the major adipose tissue
in zebrafish (23), was also significantly reduced in overfeeding and
pair-feeding studies, and was completely gone at no-feeding circum-
stance, while the liver size was enlarged in the scraggy Tg(Myc&Ras)
at all circumstances (Fig. 1C; Supplementary S1A). Haematoxylin
and eosin staining and IHC staining of the sagittal paraffin sections
and bromodeoxyuridine (BrdU) staining of the frozen sections
further revealed that the Tg(Myc&Ras) liver displayed an increased
nucleoplasmic ratio, p-Erk1/2 staining, and BrdU labeling, as well as a
decreased E-cadherin staining at pair-feeding circumstance (Fig. 1D
and E; Supplementary S1B and S1C). In comparison, the skeletal
muscle fibers in Tg(Myc&Ras) trunk were loosely organized and
significantly thinner with fewer BrdU labeling, and the size of the
individual adipocytes was also significantly reduced in Tg(Myc&Ras)
at pair-feeding circumstance (Fig. 1D and E). The similar phenotypes
were observed in an overfeeding study (Supplementary Fig. S1B
and S1C).

All induced Tg(Myc&Ras) juveniles displayed anorexia/cachexia-
like phenotypes at the same pace, and they barely survived at 2 weeks
after doxycycline induction (Supplementary Fig. S1D). In the skeletal
muscle, the expression of Fbxo32 (atrogin1), a catabolismmarker, was
significantly upregulated, and the expression of myosin was signifi-
cantly reduced inTg(Myc&Ras) juveniles at pair-feeding circumstance
(Fig. 1F). A 2-week induction procedure was performed in the adult
Tg(Myc&Ras) and their wildtype sibling controls at 4.5 mpf (months
post-fertilization). The fish version of body mass index (BMI) was
calculated, and the results suggest that adult Tg(Myc&Ras) zebrafish
had a significantly lower BMI value than did control zebrafish at pair-
feeding circumstance (Supplementary Fig. S1E). In the plasma of
Tg(Myc&Ras) adults, the Tnfa levels were significantly raised, indi-
cating the existence of inflammation (Supplementary Fig. S1E).

Generation of a chimeric double transgenic zebrafish model of
HCC-CACS

The entire liver in the doxycycline-induced Tg(Myc&Ras) is trans-
formed at the same time and there is no normal liver tissue, which
poorly mimics the patients with real HCCwith focal lesions. Tomimic
the heterogeneity of a real cancerous liver, we took advantage of a
phenomenon that the random silencing of the UAS promoter
in stabilized transgenic zebrafish can produce mosaic/chimeric
expression pattern (Fig. 2A; refs. 16, 17), and generated a novel
transgenic model that displayed chimeric/mosaic expression of onco-
genes: Tg(fabp10a:TetOn; tre:Gal4-VP16; UAS:Myc-P2A-eGFP-krasv12)
[Tg(Myc&RasMosaic)] (Fig. 2A). The newmodel developed a partially
cancerous liver composed of both cancerous and normal hepatic tissues
(Fig. 2A). Similar to Tg(Myc&Ras), Tg(Myc&Ras Mosaic) stably devel-
opedmuscle and adipose wasting at pair-feeding circumstance, featured
by shorter body length, shorter muscle width, shorter fiber width, fewer
muscle proliferation, smaller adipose tissue, and smaller adipocyte size
(Fig. 2B and C).
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Figure 1.

Characterization of the anorexia/cachexia-like phenotypes in the double transgenic zebrafish model of HCC Tg(Myc&Ras) at pair-feeding conditions. A, Schematic
diagram of the double transgenic zebrafish. The liver-specific expression of Myc and krasv12 is induced upon activation of the TetOn system via doxycycline (Dox)
administration. B, Average daily food intake zebrafish possessing unlimited access to food from 15 to 24 dpf (N ¼ 10 per group). C, Representative images of the
wholemount lateral views of 21 dpf zebrafish at pair-feeding circumstance in brightfield (left), Nile red staining (middle), and green fluorescent channel (right). Scale
bar, 1 mm. D, Representative images of hematoxylin and eosin (H&E) staining on paraffin sections of liver, skeletal muscle, and visceral adipose tissue; BrdU labeling
on optical sections of liver and skeletal muscle. Scale bar, 40 mm. E, Statistics of body length, muscle width, adipose tissue size, liver size, hepatic cell proliferation,
fiber width, muscle cell proliferation, and adipocyte size measurements (N ¼ 15 per group). F, Western blot analyses of the expression of Fbxo32 (atrogin1) and
myosin (heavy chain) in zebrafish muscle lysates. Representative images (top) and the quantitation (bottom; N¼ 3 per assay). Data are represented as mean� SD.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Expressions of leptin and Igf1 are oppositely deregulated in
Tg(Myc&Ras Mosaic) and human HCC samples

The transcript analyses on 21 dpf whole fish lysates at pair-feeding
circumstance showed that the expression of igf1, adipose tissue-
enriched genes (cd36) and muscle-specific genes (myod1 and myog)
in Tg(Myc&Ras Mosaic) was significantly downregulated, with the
exception of leptin (lepa/b) (Fig. 2D). Both of the leptin paralogue
genes (lepa and lepb) were significantly overexpressed at the whole-
body level (Fig. 2D). Further transcript analyses revealed that the
expression of lepa/b and igf1 in the Tg(Myc&Ras Mosaic) liver was
extensively higher and lower than that in the wildtype liver, respec-
tively, while the expression of lepa/b and igf1 in nonliver peripheral

tissues (muscle and adipose) was reduced (Fig. 2D), indicating that the
cancerous liver instead of the adipose tissuewas themajor source of the
ectopic leptin in Tg(Myc&Ras Mosaic) zebrafish. Both the liver and
nonliver tissues were responsible for the decreased igf1 expression in
the whole body. The plasma leptin level in adult Tg(Myc&Ras Mosaic)
was also increased up to four times higher than that in control, and the
plasma Igf1 in Tg(Myc&Ras Mosaic) was reduced to a quarter of the
normal level (Fig. 2E). Besides, the Tnfa level in the plasma of
Tg(Myc&Ras Mosaic) were increased (Supplementary Fig. S2A).

The decreased Igf1 expression in HCC tissues may be attributed
to the absence of growth hormone receptor (ghr; ref. 24), as the reduced
ghrb expression inTg(Myc&RasMosaic) liver (Supplementary Fig. S2B).

Figure 2.

Oppositely deregulated leptin and
Igf1 expression in the chimeric trans-
genic zebrafish model of HCC-CACS
Tg(Myc&Ras Mosaic) and human HCC
samples. A, Schematic diagram of the
doxycycline-inducible TetOn system
with separate liver-driver and fluores-
cence-effector cassettes (above) and
the transgenic cassettes for inducible
mosaic cancerization in hepatic cells
(bottom). Scale bar, 60 mm). B, Repre-
sentative images of the lateral views of
24 dpf zebrafish (scale bar, 1 mm) and
high magnification images of the liver
and adipose tissue, hematoxylin and
eosin (H&E) staining on paraffin sec-
tions, and BrdU labeling on optical sec-
tions. Scale bar, 200 mm. C, Statistics of
body length, muscle width, liver size,
fiber width, muscle proliferation, adi-
pose tissue size, and adipocyte size
measurements in zebrafish (N ¼ 15 per
groups). D,mRNA expression of leptin,
igf1, adipose- and muscle-related
genes in the whole body (N ¼ 5 per
sample; N ¼ 3 per assay) and in the
dissected tissues (N ¼ 10 per sample;
N ¼ 3 per assay). E, Plasma leptin and
Igf1 level of adult zebrafish (N ¼ 3 per
sample; N ¼ 3 or 5 per assay). F, Rep-
resentative images of hematoxylin and
eosin staining, LEPTIN immunostain-
ing, and IGF1 immunostaining on nor-
mal human liver and HCC samples
(scale bar, 15 mm) and statistics. Data
are represented as mean � SD. � , P <
0.05; �� , P < 0.01; ��� , P < 0.001.
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Meanwhile, the expression of four transcriptional factors (srebp1, pparg,
cebpa, and sp1) were all significantly upregulated and responsible for the
abnormal leptin expression in Tg(Myc&Ras Mosaic) (Supplementary
Fig. S2B; ref. 25). Besides, Tg(Myc&Ras Mosaic) did not develop ascitic
fluid and fulminant liver failure, and the gene expressions of several
hepatic metabolism enzymes (got2, cat, and sod2) were preserved at
normal levels in the partially cancerous liver at pair-feeding circum-
stance within our experiment period (Supplementary Fig. S2B).

Next, we investigated the expression of LEP and IGF1 protein on a
commercial tissue microarray (Fig. 2F; Supplementary Table S1). As
expected, the average expression level of LEPTIN in HCC tissues at all
four stages was significantly higher than that in normal liver tissues,
and the average expression of IGF1 in HCC tissues was significantly
lower (Fig. 2F). Afterward, we investigated the mRNA expression of
LEP and IGF1 in The Cancer Genome Atlas (TCGA) database. The
statistics retrieved via Fire Browse showed that the fold change of LEP
and IGF1 expression was 1.3 and 0.23 in the HCC samples (Supple-
mentary Fig. S2C). However, the expression level of LEP in the
individual HCC samples varied and could reach very high level
(Supplementary Fig. S2C).

Supplementation of leptin at igf1-mutant background induces
wasting-like phenotypes in zebrafish

To test the pro-cachexia roles of ectopic leptin and absence of Igf1,
we generated igf1-mutant zebrafish, and performed fugu Leptin
injection experiments to mimic the cytokine conditions in Tg
(Myc&Ras Mosaic) (Fig. 3A and B). Homozygous knockout of igf1
showed no significant morphologic defect or cachexia phenotype in
zebrafish (Supplementary Fig. S3A and B).Meanwhile, cavity injection
of fugu Leptin in adult zebrafish induced immediate decrease of food
intake in a Mc4r-dependent manner (Supplementary Fig. S3C). Long-
term (10 days) administration of leptin significantly reduced the BMI,
and increased the plasma Tnfa level at pair-feeding circumstance
(Fig. 3B). Administration of leptin at igf1D19/D19 background caused
much severe cachexia-relevant phenotypes (Fig. 3B). Besides, admin-
istration of fugu Leptin inhibited the Akt phosphorylation and expres-
sion of a glucose transporter Slc2a4 in the skeletal muscle, but have no
effect on the cancerous hepatic tissues (Supplementary Fig. S3D).

Adult lepr- and mc4r-mutant zebrafish display increased food
intake and hypertrophy

We previously generated several lepr and its putative downstream
effector mc4r-mutant zebrafish (5, 26). Here, the lepr mutation
(leprD2/D2) represented the disruption of the leptin pathway of the
entire organism, and the mc4r-mutant (mc4rþ11/þ11) was employed
to mimic the central nervous system (CNS)-specific disruption of
the leptin pathway (Fig. 3A; Supplementary Fig. S3C). Both lepr and
mc4r homozygous mutants maintained a relatively normal mor-
phology at the embryonic and juvenile stages (26). We then
integrated leprD2/D2 with mc4rþ11/þ11 to obtain the double homo-
zygous mutants leprD2/D2/mc4rþ11/þ11, which did not show obvious
abnormalities in morphology and appetite at the juvenile stages
either (Supplementary Fig. S3E and S3F). At adult stages, the micro-
CT scanning showed that 4.5 mpf leprD2/D2, mc4rþ11/þ11, and leprD2/D2/
mc4rþ11/þ11 male zebrafish harboured significantly more adipose
tissue than their sibling controls, and the double mutants did not
display more severe synergistic effects (Fig. 3C). The analyses on
adults also revealed that the leprD2/D2, mc4rþ11/þ11 and double
homozygous mutants ate more and displayed increased body
length, BMI, and fat/bone ratio compared with their wildtype
siblings when exposed to unlimited food (Fig. 3C).

The glucose homeostasis was also investigated in the 4.5 mpf
leprD2/D2, mc4rþ11/þ11, and leprD2/D2/mc4rþ11/þ11 zebrafish by mea-
suring the fasting and postprandial blood samples. We first mea-
sured the blood glucose concentration from the fasted zebrafish, and
then performed a standard glucose tolerance test, revealing that the
glucose concentration decreased to the half maximal concentration
at 3 hours post-glucose challenge (hpc; Supplementary Fig. S4A).
We observed a significantly increased fasting glucose level in leprD2/D2

and leprD2/D2/mc4rþ11/þ11 zebrafish, but not in mc4rþ11/þ11 zebrafish,
suggesting the existence of a peripheral function of remodeling glucose
metabolism of leptin independent of the CNS (Supplementary
Fig. S4B). However, the postprandial glucose levels, represented by
the measurement at 3 hpc, were significantly increased in all mutants
(Supplementary Fig. S4B).

Disruption of the leptin pathway components (lepr and mc4r)
improves the appetite of Tg(Myc&Ras Mosaic)

Tg(Myc&RasMosaic)was then crossedwith leprD2/D2 andmc4rþ11/þ11

twice to obtain the homozygous mutation background. Because there
was no difference in food intake among wildtype controls, leprD2/D2

and mc4rþ11/þ11 juveniles, we counted the consumption of artemia in
Tg(Myc&Ras Mosaic), Tg(Myc&Ras Mosaic)/leprD2/D2, Tg(Myc&Ras
Mosaic)/mc4rþ11/þ11, and wildtype siblings of Tg(Myc&Ras Mosaic)
from 15 to 24 dpf. We observed that mutations in both lepr and mc4r
partially restored the reduced food intake of Tg(Myc&Ras Mosaic)
(Fig. 3D).

Subsequently, we performed transcript analyses on feeding-relevant
genes in the whole-brain lysates of four groups at pair-feeding cir-
cumstance. The genes involved in the orexigenic circuit, including
asip2b (agrp), npy, oxt, and prl, were significantly downregulated in
Tg(Myc&Ras Mosaic) and were partially restored in the leprD2/D2 and
mc4rþ11/þ11 background (Fig. 3E; Supplementary Table S2). In addi-
tion, the expression level of the anorexigenic gene pomcawas increased
in Tg(Myc&Ras Mosaic) and was significantly restored in both the
leprD2/D2 andmc4rþ11/þ11 background (Fig. 3E). Besides, we also found
both the fasting and postprandial blood glucose concentrations in
4.5 mpf Tg(Myc&Ras Mosaic) were intensively reduced, while the
leprD2/D2 but not the mc4rþ11/þ11 partially restored the blood glucose
level (Fig. 3F).

However, although the abdominal cavity injection of a Mc4r
antagonist SHU9119 significantly improved the appetites in
Tg(Myc&Ras Mosaic), long-term blockage of Mc4r did not exert
obvious effects on the BMI at either pair-feeding or overfeeding
circumstances, indicating the wasting phenotypes are not merely
caused by starvation (Supplementary Fig. S4C).

Genetic replenishment of Igf1 at lepr mutation background
rescues the wasting of muscle and adipose tissues in
Tg(Myc&Ras Mosaic)

To normalize the expression of Igf1 in Tg(Myc&Ras Mosaic)
juveniles, a transgenic line Tg(ef1a:tetOn; tre:igf1) that produces extra
Igf1 upon doxycycline administration was generated, and the con-
centrations of doxycycline that can roughly restore the normal
Igf1 expression level were determined as 10 mg/mL for juveniles and
40 mg/mL for adults (Fig. 4A). Previous studies indicated a confusing
role for leptin and IGF1 in hepatic tumorigenesis and relevant
prognosis at different contexts (27, 28); here, the combination of
leprD2/D2 mutation background and transgenic igf1 expression signif-
icantly improves the survival rate of Tg(Myc&Ras Mosaic) at pair-
feeding circumstance (Fig. 4B). Surprisingly, we did not observe any
differences in the size, morphology, p-Erk1/2, and E-cadherin staining
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patterns of the cancerous livers after integrating leprmutation and/or
transgenic igf1 expression background (Fig. 4C–E; Supplementary
Fig. S4D). Meanwhile, the sizes of the trunk musculature and visceral
adipose tissue inTg(Myc&RasMosaic)were significantly restored with
the double genetic manipulations (lepr mutation and transgenic igf1

expression backgrounds in combination), compared with those with a
single genetic background or none (Fig. 4C and D). Detailed analyses
revealed that the width and the skeletal muscle fibers, and the area of
adipocytes were also increased in Tg(Myc&Ras Mosaic/ef1a:tetOn;
tre:igf1)/leprD2/D2 zebrafish (Fig. 4C and D). In contrast, the leprD2/D2

Figure 3.

Ectopic leptin at igf1mutation background induces cachexia-like phenotypes and disruption of lepr ormc4r partially restores the anorexia of Tg(Myc&Ras Mosaic).
A, CRISPR/Cas9 target sites and the sequenced genome alterations in igf1D19/D19 and leprD2/D2 mutants. B, Statistics of BMI values (N ¼ 8 per group) and ELISA
analyses of plasma TNFa levels (N ¼ 5 per group) in zebrafish injected with PBS and fugu leptin. C, Representative images of three-dimensional reconstruction,
computed coronal sections, and pseudocolors of micro-CT scans. Light gray channel, bone; green channel, adipose tissue (scale bar, 2 mm); the dark gray and blue
channel mark the adipose tissue in coronal section (left). Statistics of body length (N ¼ 20 per group), BMI (N ¼ 20 per group), fat/bone volume ratio (N ¼ 6 per
group), and food intake (N¼ 6 per group; right).D, Food intake of zebrafish (N¼ 10 per group) from 15 to 24 dpf. E,Whole-brainmRNA expression of orexigenic and
anorexigenic genes in zebrafish (N ¼ 10 per sample; N ¼ 3 per assay). F, Statistics of fasting blood glucose level and postprandial blood glucose level (N ¼ 10 per
group). Data are represented as mean � SD. � , P < 0.05; ��, P < 0.01; ���, P < 0.001; NS, not significant.
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Figure 4.

Genetic supplementation of igf1 at lepr mutation background improves the survival of Tg(Myc&Ras Mosaic) and reverses the wasting of the skeletal muscle and
adipose tissues.A, Schematic diagram of the transgenic zebrafish Tg(ef1a:tetOn; tre:igf1) (top) and statistics of the expression of igf1mRNA and plasma Igf1 levels in
zebrafish (N¼ 3 per assay; bottom). B, Survival curves of pair-fed control, Tg(Myc&Ras), Tg(Myc&Ras Mosaic), Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1), Tg(Myc&Ras
Mosaic)/leprD2/D2, and Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1)/leprD2/D2 zebrafish from 15 to 42 dpf under doxycycline induction (N ¼ 40 per group).
C, Representative images of the whole mount lateral views of zebrafish at pair-feeding circumstance in brightfield (scale bar, 1 mm), and high magnification
images of the liver and visceral adipose tissue, Hematoxylin and eosin (H&E) staining on paraffin sections (scale bar, 200 mm), and three-dimensional reconstruction
of micro-CT scans (scale bar, 2 mm). Light gray channel, bone; green channel, adipose tissue in the micro-CT images. D, Statistics of body length, muscle width,
liver size, fiber width, adipose tissue size, and adipocyte size measurements (N ¼ 15 per groups). E, Statistics of the E-cadherin and p-Erk1/2 staining (N ¼ 6 per
group). F, Statistics of the Fat/Bone volume ratio (N ¼ 6 per group). All column data are represented as mean � SD. � , P < 0.05; �� , P < 0.01; ���P < 0.001; NS, not
significant.
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mutation alone displayed only marginal effects on the Tg(Myc&Ras
Mosaic) and did not improve the survival rate or rescue the wasting
symptom to a level equal to that with the combinatorial manipulations
(Fig. 4B–D). Similar results were also observed in adult zebrafish at
4.5 mpf.Micro-CT scanning revealed that the combined leprmutation
and transgenic igf1 expression backgrounds significantly restored the
reduced fat/bone ratios (Fig. 4C and F).

Genetic replenishment of Igf1 at lepr mutation background
rebalances the glucose intake of peripheral tissues and relieves
the insulin resistance in Tg(Myc&Ras Mosaic)

To investigate the mechanism of the combinatorial genetic manip-
ulations on reversing wasting phenotypes, we assessed the glucose
intake of the skeletal muscle and liver tissues of Tg(Myc&Ras Mosaic),
Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1), Tg(Myc&Ras Mosaic)/
leprD2/D2, Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1)/leprD2/D2, and
wildtype siblings at pair-feeding circumstance. The fluorescent deox-
yglucose analog 2-NBDG or 800CW-2DG was injected into the
abdominal cavity, and the images of tissues were taken to evaluate
the intensity of the fluorescence (Supplementary Fig. S4D; Fig. 5A).
Because adipose tissue has a strong autofluorescence, we focused on
the skeletal muscle and cancerous liver tissues. The results showed that
the muscle 2-NBDG signals were much weaker in Tg(Myc&Ras
Mosaic) than in wildtype controls, and Tg(Myc&Ras Mosaic)/leprD2/D2

and Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1)/leprD2/D2 absorbed signif-
icantly more 2-NBDG in the muscle than did Tg(Myc&Ras Mosaic) and
Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1) (Supplementary Fig. S4D; Fig.
5A). In contrast, the hepatic 800CW-2DG signals were positively cor-
related withGFP signals, which represented the expression of oncogenes,
and the average intensity of the 800CW-2DG signals in cancerous liver
was not significantly affected by either lepr mutation or igf1 transgenic
background (Supplementary Fig. S4D; Fig. 5A). Besides, normalization of
Igf1 expression in our experiments did not cause significant effects on
the fasting and postprandial blood glucose concentrations of adult
Tg(Myc&Ras Mosaic) (Supplementary Fig. S4E).

Transcript analyses of the dissected skeletal muscle and white fat
tissue demonstrated that several genes, relevant to the insulin pathway
(socs3a, irs2a, gck, slc2a1a, and rps6kb1b), lipid anabolism (acaca,
pparg, and cd36), and muscle catabolism (trim63a), were significantly
deregulated in Tg(Myc&Ras Mosaic) compared with those in wildtype
controls, while the lepr mutation background and/or normalized
igf1 expression counteracted those alterations (Fig. 5B). RT-PCR
analyses of the liver samples indicated that the insulin sensitivity
in the cancerous hepatocytes was not affected in the lepr mutation
backgrounds, because socs3a, slc2a1a, slc2a2, and cd36 retained
similar transcriptional levels in the livers of Tg(Myc&Ras Mosaic),
Tg(Myc&Ras Mosaic)/leprD2/D2, Tg(Myc&Ras Mosaic/ef1a:tetOn;
tre:igf1), and Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1)/leprD2/D2

(Fig. 5B; SupplemenatryTable S2). In particular, the expression of
socs3a, which is an insulin resistance marker, and a Leptin/Stat3
pathway target, was extensively upregulated in muscle and fat tissues
of Tg(Myc&Ras Mosaic), and was also restored at lepr mutation
background upon genetic supplementation of igf1 (Fig. 5B).

Western blots of the muscle and fat tissues showed that the
phosphorylation of Akt and Mapk/Erk1/2 and expression of myosin
were significantly inhibited; the phosphorylation of Stat3, expression
of Fbxo32 and Hsl was increased in Tg(Myc&Ras Mosaic) (Fig. 5C
and D). As expected, the introduction of the leprD2/D2 mutation and
transgenic igf1 expression backgrounds significantly restored the
decreased phosphorylated Akt, phosphorylated Mapk/Erk1/2 levels,
and myosin expression, while normalizing the amount of phosphor-

ylated Stat3 and Fbxo32 expression in the skeletal muscle tissues, and
expression of Hsl in adipose tissues (Fig. 5C andD). Interestingly, the
western blots of the liver suggested that phosphorylated Akt, phos-
phorylated Mapk/Erk1/2, and phosphorylated Stat3 were all signifi-
cantly upregulated in the cancerous liver of Tg(Myc&Ras Mosaic),
suggesting that the cancerous hepatic cells were somehow prohibited
from insulin resistance, probably because the expression of the onco-
genes (Myc and krasv12) constantly activating the insulin pathway in
the liver (Fig. 5C and D).

Napabucasin and Igf1 supplementation antagonizes the
cachexia phenotypes in Tg(Myc&Ras Mosaic) and restores the
impaired glucose intake in mammalian cells upon high-dosage
leptin insult

To investigate the application of the small-molecule Stat3/Socs3
inhibitor in protecting the wasting of noncancerous tissues, we
preselected five small-molecule Stat3/Socs3 inhibitor (napabucasin,
BP-1-102, SH-4-54, scutellarin, and S31-201) and determined their
maximal tolerance doses in zebrafish juveniles at 15–29 dpf (Supple-
mentary Fig. S5A). Next, Tg(Myc&Ras Mosaic) juveniles were
grouped, induced, and bathed in the five compounds at half of their
maximal tolerance dosages constantly for 9–18 days followed by a
quick morphologic observation. The results indicate that the treatment
with napabucasin did not significantly affect the size of the cancerous
liver and appetite (Supplementary Fig. S5B), and performed best among
the five candidates in rescuing the wasting phenotypes and improving
survival of Tg(Myc&Ras Mosaic) (Supplementary Fig. S5B–S5E).

The effects of napabucasin were further evaluated by the size of the
livers, visceral adipose tissues, and trunk musculature in Tg(Myc&Ras
Mosaic/ef1a:tetOn; tre:igf1) with normalized igf1 expression. The
napabucasin treatment at three different dosages did not affect the
liver size at pair-feeding circumstance (Supplementary Fig. S6A).
However, both the adipose tissue size and muscle size were partially
alleviated by napabucasin treatment in a dose-dependent manner at
the circumstance of igf1 supplementation (Fig. 6A). Notably, the
combination of napabucasin treatment and igf1 supplementation
resulted in a much better survival rate, and more than 75% of the
juveniles bearing combined manipulations were alive at the time that
untreated groups are all dead (Fig. 6A).

We investigated the expression of LEPR in seven mammalian cell
lines and selected four lines for conservation investigations: myotu-
bules differentiated from C2C12 myoblast cell line differentiated into
myotubules (referred as C2C12), adipocytes derived from the 3T3-L1
cell line (referred as 3T3-L1), and two HCC cell lines including Li-7,
and MHCC-97H cells (Supplementary Fig. S6B). A total of 150 mg/L
rhLEPTIN were used to treat all four cell lines with or without
1 mmol/L napabucasin, followed by 2-NBDG absorption assays. A
parallel comparison among C2C12, 3T3-L1, MHCC-97H, and Li-7
showed that the fluorescent signals in untreated adipocytes and
HCC cells were significantly stronger than those in the C2C12-
differentiated myotubules (Fig. 6B). Pretreatment of 150 mg/L
rhLEPTIN significantly reduced the 2-NBDG absorption in
3T3-L1 and C2C12 cells, and did not affect MHCC-97H and Li-7
cells (Fig. 6B). Coincubations with napabucasin significantly res-
cued the 2-NBDG absorption of the adipocytes and muscle cells
pretreated with high dosage of leptin, and coincubations with
napabucasin and 150 mg/L rhIGF1 together further promoted the
2-NBDG absorption to the levels of untreated groups (Fig. 6B).

The expression of SOCS3, a marker for insulin and leptin resis-
tances, was significantly upregulated in themuscle cells and adipocytes
by high-dosage leptin treatment but was moderately affected in the
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Figure 5.

Supplementation of igf1 at leprmutation alleviates the insulin resistance of the wastedmuscle and adipose tissues without affecting the cancerous liver. A, Statistics
of 2-NBDGabsorption in skeletalmuscle (left) and 800CW-2DGabsorption in the liver (right) of 24dpf pair-fed zebrafish (N¼ 10 per group).B,Skeletalmuscle,white
fat tissue, and liver-specific mRNA expression of the insulin pathway components, muscle catabolism genes, and lipid metabolism genes in 4.5 mpf pair-fed control,
Tg(Myc&Ras Mosaic), Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1), Tg(Myc&Ras Mosaic)/leprD2/D2, and Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1)/leprD2/D2 zebrafish (N¼
5per sample,N¼ 3per assay).C,Representative images ofWesternblot analyses of the expressionof Fbxo32,myosin, Hsl, andphosphorylationofAkt, Erk, andStat3
in zebrafish muscle/fat/liver lysates. D,Quantitation ofWestern blot analyses of the expression of Fbxo32, myosin, Hsl, and phosphorylation of Akt, Erk, and Stat3 in
zebrafish muscle/fat/liver lysates. (N ¼ 3 per assay). Data are represented as mean � SD. � , P < 0.05; ��, P < 0.01; ���, P < 0.001; NS, not significant.
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Figure 6.

Napabucasin administration at normal Igf1 level relieves thewasting phenotypes and insulin resistance of nontumor tissues/cells in zebrafish,mammalian cells, and a
xenograftmousemodel.A, Statistics of the adipose tissue size and themusclewidth of Tg(Myc&RasMosaic/ef1a:tetOn; tre:igf1) treatedwith napabucasin (N¼ 10 per
group). Survival rate of Tg(Myc&Ras Mosaic/ef1a:tetOn; tre:igf1) treated with napabucasin (N¼ 15 per group). B, Representative images of 2-NBDG absorption and
Nile red staining on C2C12, 3T3-L1, Li-7, and MHCC-97H cells treated with rhLEPTIN, napabucasin, and hrIGF1 in bright field, green fluorescence channel, pseudocolor
and red fluorescence channel. Scale bar, 20 mm. Statistics of 2-NBDG absorptions in cells (N¼ 3 per assay).C, Schematic diagramof generation of the tumor-bearing
mice with orthotopic xenograft of MHCC-97H cells expressing mouse LEPTIN via lentivirus carrying EFS:eGFP-2A-mLEP. D, Representative images of the dissected
tumors, adipose tissues, and gastrocnemius in control and tumor-bearing mice. E, Statistics of the tumor weight, white adipose tissue weight, and gastrocnemius
weight (N¼ 5 per group). F,Representative images and statistics ofWestern blot analyses of the expression SOCS3 inmice gastrocnemius, white adipose tissue, and
tumor lysates. Data are represented as mean � SD. � , P < 0.05; ��, P < 0.01; ���, P < 0.001; NS, not significant.
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HCC cells, which may be responsible for the weaker negative feedback
response in the Leptin/Stat3/Socs3 loop in HCC cell lines compared
with nontumor cell lines (Supplementary Fig. S6C and S6D). The
Western blot analyses indicated that the p-AKT/AKT ratio was
partially increased, and the SOCS3 expression was significantly
reduced in the high-dosage leptin-insulted C2C12 and 3T3-L1 cells
coincubated in napabucasin compared with that in the cells bathed in
leptin alone (Supplementary Fig. S6C).

Napabucasin alleviates the white adipose wasting and skeletal
muscle catabolism in two xenograft mouse models at pair-
feeding circumstance

To confirm the results in the transformed nontumor cell cultures,
we performed in vivo experiments on the subcutaneous and orthotopic
xenograft mouse models. MHCC-97H displayed the highest LEPTIN
expression level among HCC cell lines (Supplementary Fig. S6E).
However, to better mimic the tumor-derived leptin-induced CACS
condition, we transfected the MHCC-97H cells with a lentivirus
produced from pCDH(EFS:eGFP-2A-mLep) before performing sub-
cutaneous injection and orthotopic implantation on BALB/c (nu/nu)
mice (Fig. 6C). Napabucasin (2.4 mg/kg/2 days) was introduced since
the orthotopic xenograft, and themice were then raised at pair-feeding
circumstance and sacrificed at day 42 (Fig. 6C). ELISA assays showed
that the plasma mLEPTIN levels in mice bearing tumor around 1 cm3

were significantly higher than those in the mice without tumor
(Supplementary Fig. S6F); Human LEPTIN from MHCC-97H xeno-
graft was also detected at 0.2–0.3 ng/mL in the plasma (Supplementary
Fig. S6F). ELISA assays showed that the plasma mIGF1 levels in mice
bearing tumor were only marginally lower than those in the mice
without tumor, and therefore, we did not supplement extra IGF1
together with napabucasin treatment (Supplementary Fig. S6F).
Besides, plasma IL6 was not significantly affected by orthotopic
xenograft and napabucasin treatment (Supplementary Fig. S6G).

We dissected and weighed the tumor and three types of fat pads
(inguinal white fat tissue, iWAT; abdominal white fat tissue, aWAT;
interscapular brown fat tissue, BAT), and the gastrocnemius muscles
(Fig. 6D). Statistics showed that the weights of WAT and gastrocne-
mius were significantly lower in tumor-bearing mice compared with
the controls, and the administration of napabucasin significantly
improved the weights of WAT and muscle of tumor-bearing mice
(Fig. 6D andE). Interestingly, theweights of xenograft tumor andBAT
were not significantly different between the tumor-bearing mice with
and without napabucasin treatment (Fig. 6D and E; Supplementary
Fig. S6F).We also performed the analyses on a subcutaneous xenograft
mouse model, and observed the similar results (Supplementary
Fig. S7A–S7C). Next, we investigated the SOCS3 expression,
p-AKT/pan-AKT ratio, muscle wasting–relevant markers (FBXO32
and myosin) in gastrocnemius, WAT, and tumor tissues of the
orthotopic and/or subcutaneous xenograft models. Consistent with
our zebrafish data, both the gastrocnemius muscles and white adipose
tissues showed the tendency of increased insulin resistance and/or
wasting in the tumor-bearing mice, which were partially reversed by
napabucasin treatment, while the tumor tissues were not affected
(Fig. 6F; Supplementary S7D and S7E).

Together, our studies suggest that ectopic leptin affects the
central feeding circuits via mc4r in the zebrafish models of hepatic
tumorigenesis. Ectopic leptin and impaired Igf1 directly harm the
insulin sensitivity and glucose intake in normal muscle and white
adipose tissues, but not in the cancerous liver. Disruption of the
Leptin/Stat3/Socs3 pathway combined with normalized Igf1 expres-
sion significantly relieves the cachexia-like phenotypes, and may

serve as a promising intervening strategy for treating HCC-relevant
CACS.

Discussion
“Two sides of one coin”: deregulation of the Leptin-a-MSH axis
may result in either obesity or cachexia

The rodent mutants of Lepr and Mc4r are regarded as the most
prevalent animal models of obesity, while obesity and cachexia are
phenotypically “two sides of one coin.” Disruption of the leptin
pathway usually results in hyperphagia and gain of weight, which
seems to be a beneficial compensation for CACS. Unlike the Leprdb/db

mice that display a significantly increased body mass and hypergly-
caemia at early stages (around P42; ref. 29). The zebrafish data from
our group and others indicate that the effects of lepr andmc4rmutation
to induce obesity in zebrafish are relatively late onset (in adults;
refs. 13, 14, 26). However, the Leptin-a-melanocyte-stimulating
hormone (MSH) axis seemed to be switched onprematurely in juvenile
Tg(Myc&Ras Mosaic) zebrafish due to the intensive flux of ectopic
leptin derived from hepatic tumor tissues.

Three types of tools were used in zebrafish to decipher the leptin
pathway. The lepr and mc4rmutants were generated via the CRISPR/
Cas9 technique (26). Because lepr is reported to be broadly expressed in
the whole organism, including skeletal muscle and adipose tissues, the
lepr mutation disrupts the leptin pathway in both the CNS (hypo-
thalamus) and peripheral tissues (30). In zebrafish, mc4r is mainly
expressed in the brain regions, and themc4rmutation is an idealmimic
of a CNS-specific disruption of the leptin pathway (13). The Stat3
inhibitor napabucasin has a polar surface area of 64 Å2, which is ideal
for absorption in the digestive tract, but not for crossing the blood–
brain barrier; and therefore, napabucasin is regarded as a reagent that
mainly disrupts the leptin pathway in the peripheral tissues. lepr
mutation or napabucasin relieved the insulin resistance by down-
regulating Socs3 expression, and provided the context for Igf1 to
further improve the nutrition status of the wasted tissues.

Precise normalization of multiple liver-derived cytokine
signaling for treating anorexia/cachexia in patients with cancer

Hyperleptinemia was reported to be a risk factor and a serum
phenotype in the human patients with HCC or chronic hepatic
diseases (31, 32), and a recent study reported that the elevated leptin
levels contribute to insulin resistance in patients with chronic hepatic
diseases, like in our zebrafish models (33). However, the correlation
between the raised leptin and the individual patient’s condition (e.g.,
body weight) was unexplored. Besides, it is noticeable that not all the
cancerous livers can play a role as the major source of serum leptin in
patients. TCGA expression data also indicated that only a proportion
of HCC samples displayed ultrahigh-level LEPTIN expression (circled
in red in Supplementary Fig. S2C), and perhaps only those “high
LEPTIN” patients would benefit from the anti-Leptin intervention.

Igf1 is an intrinsic anabolic cytokine, and the inducible Igf1
transgene in zebrafish system was carefully adjusted to the normal
physiologic level, to benefit nontumor tissues without significantly
affecting tumorigenesis. Whether a patient would benefit from IGF1
normalization also depends on the contexts. If the signaling down-
stream of IGF1 in tumor is already overactivated through certain
oncogenic drivers (e.g., Myc and Ras), exogenous IGF1 may not exert
an additional effect on the tumor growth, and IGF1 normalization
would be safe for treating cachexia, as demonstrated in the zebrafish
models. However, the supplementation of IGF1 would be risky if the
tumor cells are highly sensitive to IGF1 dosages. Therefore, the
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dependence of tumor growth on IGF1 needs to be assessed before
restoring IGF1 level for the treatment of cachexia.

To conclude, here we proposed that combinatorial normalization of
two liver-derived cytokines, leptin and Igf1, comprehensively rescued a
series of CACS-like phenotypes, including the muscle wasting, adipose
wasting, and anorexia. It is predicted that counterbalances of additional
or optimized hepatic cytokine signaling will further improve the ther-
apeutic effect against HCC-CACS. The exact therapeutic regiment for
each patient should be highly personalized based on high-throughput
analyses of hepatic cytokinomics as a practice of precision medicine.
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