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Suppression of hepatocellular carcinoma growth in mice
via leptin, is associated with inhibition of tumor cell growth
and natural Kkiller cell activation
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Background/Aims: Leptin exerts potent immune modulatory properties. The aim of this study was to determine
leptin’s anti-tumor effect in a murine model of hepatocellular carcinoma (HCC).

Methods: In vivo, athymic nude mice were transplanted with Hep3B cells, followed by daily leptin administration for
6 weeks.

Results: Leptin administration induced a significant reduction in tumor size, improved survival rate, and was
associated with a significant increase in peripheral natural killer (NK) cell number. Splenocytes from leptin-treated
mice featured decreased expression of CIS mRNA. SCID mice featured a similar leptin-associated tumor suppression.
In contrast, NK-deficient SCID-beige mice developed larger tumors which were unresponsive to leptin. NK cells
incubated in vitro with increasing doses of leptin demonstrated increased cytotoxicity and proliferation. Incubation of
leptin with hepatoma cells induced a dose-dependent reduction in proliferation, suggesting a direct anti-tumor effect.
Leptin induced increased mRNA expression of STAT2 and SOCS1 on HCC cell lines.

Conclusions: Leptin administration induces a significant suppression of human HCC. This effect is mediated by
induction of natural killer cell proliferation and activation, along with direct inhibition of tumor growth. Decreased NK
expression of inhibitory CIS and over-expression of the antiproliferative STAT2 and SOCS1 proteins in HCC lines may

underline the anti-cancerous effects of leptin.
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1. Introduction

Leptin, thel6 kDa product of the ob gene [1] is secreted
almost exclusively by adipose cells, and acts centrally at the
hypothalamic region in regulation of energy expenditure
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and appetite [2]. Leptin has been extensively studied as a
regulator of energy expenditure and appetite [2]. It has also
been suggested, to have potent immunomodulatory proper-
ties [3]. Structurally, leptin is similar to IL2, IL6, and IL15,
making it a member of the helical cytokine superfamily [4].
Leptin receptors are structurally similar to hematopoietic
cytokine receptors [5]. These receptors are found on CD4
and CD8 lymphocytes, monocytes [6], natural-killer
lymphocytes [7,8], and hepatic stellate cells [9]. Leptin
was shown to enhance T cell proliferation and pro-
inflammatory cytokine secretion [10-12] by activation of
the JAK/STAT signal transduction pathway [13]. Leptin-
deficient ob/ob mice are resistant to Th1l mediated-immune
disorders [14—17] but are vulnerable to LPS-induced hepatic
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damage [18]. Data on the possible leptin-induced effect on
tumor development and growth is based on a small number
of in vitro studies. Aberrant leptin receptors have been
found on numerous cancer cells lines [19-22]. Leptin was
shown to enhance proliferation of breast [23] and prostate
[24] cancer cell lines by direct activation of the JAK/STAT
pathway. In contrast, leptin was shown to inhibit prolifer-
ation of pancreatic [26], colon [25], and hepatocellular
carcinoma cells [26,27]. While leptin levels are low in
patients with gastrointestinal [28,29] and pancreatic
malignancies [30], they were normal in patients with breast
cancer [31], high in patients with colorectal cancer [32], and
variable in patients receiving chemotherapy for hemato-
logical malignancy [33].

Data regarding leptin’s effect on hepatocellular carci-
noma cells has been sparse and contradictory, with leptin
found to be inhibitory to HCC growth in one in vitro study
[26], and with no antiproliferative effect in another [34]. In a
recent study, involving a small group of cirrhotic male
patients, leptin levels were in correlation with body weight,
but not with HCC development [35]. In the present study,
we demonstrated that leptin exerts a significant anti-tumor
activity in human hepatocellular carcinoma, via both direct
tumor cell inhibition and NK cell activation.

2. Materials and methods

2.1. Chemicals

Highly purified human and mouse leptin were obtained from R&D Co.
(USA). Anti-CD45 and anti-Pan-NK antibodies were obtained from
eBioscience Co. (USA).

2.2. Animals

Eight-week old male nude mice, SCID mice, and SCID-beige mice
were purchased from Jackson laboratories (Bar Harbor, ME). Animals were
housed in laminar flow hoods in sterilized cages, and kept on regular 12 h
light-dark cycles. All animal experiments were carried out in accordance
with the guidelines of the Hebrew University-Hadassah Institutional
Committee for care and use of laboratory animals.

2.3. Cell cultures

The human Hepa 3B HCC cell line was obtained from American type
culture collection (ATCC), VA. Cells were grown as monolayers in cultures
containing supplemented DMEM medium.

2.3.1. In vivo studies
All experiments were repeated twice.

2.4. Experimental groups

Athymic nude mice were divided into four groups (Table 1): Groups
A and C mice were subcutaneously implanted with 10X 10° Hepa-3B
human HCC cells; Groups B and D were subcutaneously administered
100 pl saline solution. Following tumor implantation, groups A and B
mice were administered two daily intraperitoneal doses of 0.5 mcg/g

Table 1

Experimental and control groups (n=10)

Group Mouse strain Hepa 3B tumor Leptin
A Nude mice + +

B Nude mice - +

C Nude mice + —

D Nude mice - —

highly purified mouse leptin for a period of 6 weeks, while groups C
and D were administered two daily intraperitoneal doses of 0.5 mg/g
saline. An identical experimental protocol was employed using SCID
mice and SCID-beige mice. Mice were followed at 2-weekly intervals
for 6 weeks for body weight and tumor volume using calipers. Tumor
growth was monitored using caliper measurement of tumor length (L)
and width (W), and the equation V=LW*2.

2.5. Splenic and hepatic natural killer cell isolation

Splenocytes were isolated and red blood cells removed as previously
described [36]. Livers were placed in a 10-ml dish in cold sterile PBS.
Livers and spleens were crushed through a stainless mesh (size 60).
Cells were washed twice in 45 ml PBS (1250 rpm at room temperature).
For liver and spleen lymphocyte isolation, 20 ml of histopague 1077
(Sigma Diagnostics, St Louis, MO) was slowly placed underneath the
cells suspended in 7 ml of PBS, in a 50-ml tube. Cells at the interface
were collected, diluted in a 50-ml tube, and washed twice with ice-cold
PBS (1250 rpm for 10 min).

2.6. Flow cytometry analysis for determination of NK cell
population

Following NK cell isolation, triplicates of 2-5X 10% cells/500 ul PBS
were put into Falcon 2052 tubes incubated with 4 ml of 1% BSA for 10 min,
and centrifuged at 1400 rpm for 5 min. Cells were resuspended in 10 pl
FCS with 1:20 CY5-conjugated CD45 antibody and PE-conjugated anti-
pan NK antibody (eBioscience, USA), and mixed every 10 min for 30 min.
Cells were washed twice in 1% BSA, and kept at 4 °C until reading. For the
control group, only 5 pl of 1% BSA was added. Analytical cell sorting was
performed on 1X 10* cells from each group with a fluorescence-activated
cell sorter (FACSTAR plus, Becton Dickinson). Data was analyzed with
Consort 30 two-color contour plot program (Becton Dickinson, Oxnard,
CA), using the CELLQuest program.

2.7. Lymphocyte RNA isolation and semi-quantitative
RtPCR

Total RNA from 10X 10° splenocytes of each mouse experimental
group was isolated and transcribed into complementary DNA using
Promega Reverse Transcriptase Kit (USA). PCR products were obtained
after 35 cycles of amplification with an annealing temperature of
56-62 °C, and visualized by ethidium bromide staining after agarose
electrophoresis. RtPCR products were semiquantified by visual analysis
after normalization against the actin internal control. Primer sequences
used for mouse target gene detection are depicted in Table 2.

2.8. Cytokine measurement

Serum cytokine levels, including leptin, IL10, IL12, IL4, TNF-a, and
TGF-B were measured in all mice by a ‘sandwich’ ELISA method, using
Genzyme Diagnostic kits (Genzyme Diagnostics, MA, USA) in accordance
with the manufacturer’s instructions.

2.8.1. In vitro studies
All experiments were repeated twice in quadruplets.
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Table 2
Mouse RtPCR primers

Table 3
Human RtPCR primers

Mouse STAT 1 Sense: GCTGGAGGTGTCTCATGTGTT

Anti sense: GCACAACGGAGCAGGATGT
Sense: GCATAACTTGCGAAAATTCAGCC
Anti sense: TCAGAATCCTTTGCTCTTCCAGA
Sense: CGATGCCCTTCACCAGATG

Anti sense: TGCTGCTTGGTGTATGGCTCTAC
Sense: GTGGAACACAAAGTGTCTGCC

Anti sense: GCATTTCTTGCAGCGTCAAAA
Sense: CGCCAGATGCAAGTGTTGTAT

Anti sense: TCCTGGGGATTATCCAAGT-
CAAT

Sense: CTCTGTGGGGCCTAATTTCCA

Anti sense: CATCTGAACCGACCAGGAACT
Sense: CTGCGGCTTCTATTGGGGAC

Anti sense: AAAAGGCAGTCGAAGGTCTCG
Sense: AAGACGTCAGCTGGACCGAC

Anti sense: TCTTGTTGGTAAAGGCAGTCCC
Sense: ACCAGCGCCACTTCTTCACG

Anti sense: GTGGAGCATCATACTGATCC
Sense: CTGGAGCTGCCCGGGCCAGCC

Anti sense: CAAGGCTGACCACATCTGGG

Mouse STAT 2

Mouse STAT 3

Mouse STAT 4

Mouse STAT 5

Mouse STAT 6

Mouse SOCS 1

Mouse SOCS 2

Mouse SOCS 3

Mouse CIS1

2.9. Natural killer cell cytotoxicity determination

NK cells were incubated for 4 h with several concentrations of target
YAC cells (NK:YAC ratio of 1:5-1:0.04) in the presence of 0, 0.01, 0.1,
1 mcg/ml mouse leptin. Cytotoxicity was determined by measuring lactate
dehydrogenase (LDH) activity released in the media following 4 h of
incubation, using the CytoTox96 non-radioactive assay (Promega) and
quantitated by measuring wavelength absorbance at 490 nm. Data were
normalized to a maximal release of LDH upon lysis of YAC cells (100%),
and were corrected for spontaneous baseline LDH release from YAC cells,
NK cells and the buffer.

2.10. Proliferation assays

Splenocytes were collected and prepared as described above. NK cells
were isolated from splenocytes using double passage through magnetic
beads conjugated to monoclonal hamster anti-mouse pan-NK antibody
(Miltenyi Biotec, Bergisch Gladbach, Germany). Hepa 3B cells and NK
cells were seeded in RPMI medium in quadruplicates. Each quadruplicate
was added with 0, 0.01, 0.1, or 1 mcg/ml mouse highly purified leptin. After
5 days of incubation, methyl-H>*thymidine was added to all wells (1 pCi/ml,
Amersham Pharmacia Biotech, Little Chalfont, UK). Cell cultures were
harvested following 16 h.

2.11. HCC Hepatoma cell mRNA determination

HEPA 3B cells were cultured in quadruplicates for 1, 2, and 6 h in RPMI
medium containing 10% fetal calf serum, at a density of 1 10° cells/16-mm
well of a 24-well plate, in the presence of 0.5, 5, 50 mcg/ml human purified
leptin. Total RNA was isolated and transcribed into complementary DNA,
using Promega Reverse Transcriptase Kit (USA). PCR products were
obtained after 35 cycles of amplification with an annealing temperature of
56-62 °C and visualized by ethidium bromide staining after agarose
electrophoresis. RtPCR products were semiquantified by visual analysis
after normalization against the actin internal control. Primer sequences used
for mouse target gene detection are depicted in Table 3.

2.12. Statistical analysis

Data are expressed as means =SEM of at least six mice. Statistical
analysis was performed using student r-test and 2-way Anova, where
appropriate.

Sense: ATCAAGCATACAGCATCAGTGAC
Anti sense: CCTCATAGGTTACCTCAGTACCC
Sense: TGTCTCAGTGGTACGAACTTCA

Anti Sense: TGTGCCAGGTACTGTCTGATT

Human leptin
receptor
Human STAT 1

Human STAT 2 Sense: CACCAGCTTTACTCGCACAG

Anti sense: TGGAAGAATAGCATGGTAGCCT
Human STAT 3 Sense: TATGCGGCCAGCAAAGAATCA

Anti sense: CGGGCAATCTCCATTGGCT
Human STAT 4 Sense: GTGGAACACAAAGTGTCTGCC

Anti sense: GCATTTCTTGCAGCGTCAAAA
Human STAT 5 Sense: TTCTTGTTGCGCTTTAGTGACT

Anti sense: TGGTGAATGGTTTCAGGTTCC
Human STAT 6 Sense: GCCAAAGCCCTAGTGCTGAA

Anti sense: GACGAGGGTTCTCAGGACTTC
Sense: GCTTTTTCGCCCTTAGCGTG
Anti sense: GAGGCAGTCGAAGCTCTCG

Human SOCS 1

Human SOCS 2 Sense: TTAAAAGAGGCACCAGAAGGAAC

Anti sense: GATCAGATGAACCACACTGTCAA
Human SOCS 3 Sense: TGCGCCTCAAGACCTTCAG

Anti sense: GAGCTGTCGCGGATCAGAAA
Human SOCS 4 Sense: CGGGTCACGATGATGTCCC

Anti sense: CAGCGCATACTTTCAGCCAC
HUMAN CIS1 Sense: CTGGAGCTGCCCGGGCCAGCC

Anti sense: CAAGGCTGACCACATCTGGG
3. Results

3.1. In vivo effect of leptin administration on hepatocellular
carcinoma in athymic mice

Leptin administration resulted in significant inhibition of
HCC growth and improved survival rate in athymic mice.
Differences in tumor size between leptin-administered and
saline-administered mice were noted within 2 weeks of
tumor implantation. Following 6 weeks, mean tumor
volume in leptin-administered mice (1.04+0.12 cm’® ) was
significantly lower than in saline-administered mice (1.9 =
0.9 cm®, P<0.001, Fig. 1(A)). Mean tumor weight was
lower (0.3140.05 vs. 0.63+0.37 g, P=0.002). Mortality
was significantly lower (0 vs. 20%, P <0.001). Macro-
scopically, leptin-administered mice featured a small mass
and a large necrotic center, whereas saline-administered
mice were manifested by a larger solid mass and a smaller
area of necrosis (Fig. 2). Microscopically, leptin-adminis-
tered mice featured a dense inflammatory infiltrate in the
interphase area, composed of a mixture of lymphocytes and
neutrophils (Fig. 3), that was not notable in saline-
administered mice. Mice in control groups B and D did
not feature tumor growth or mortality.

3.2. In vivo effect of leptin administration on NK subsets:

Peripheral NK cell population was expanded in leptin-
administered, HCC-implanted mice (6.16+2.19%) in
comparison with saline-administered mice (3.25£0.67%,
P=0.03). A similar increase in NK cell population was
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Fig. 1. (A) Leptin-administered athymic mice developed tumors (top
row) that were significantly smaller in volume and weight than tumors
from saline-administered mice (bottom row). (B) Natural killer cell-
deficient SCID-beige mice developed tumors that were significantly
larger than those of nude mice. Leptin-administered mice developed
tumors (top row) that were not different in size from tumors in saline-
administered mice (bottom row).

noted in leptin-administered control group B, as compared
with saline-administered group D (1.274+2.73 vs. 0.58 +
0.37%, in groups B and D, respectively, P=0.007,
Fig. 4). No significant difference in the hepatic/splenic
NK cell ratio was noted between the groups (1.02+1.41,
0.454+0.64, 1.05+1.05, 0.25+0.24, for groups A-D,
respectively, P=NS).

3.3. Invivo effect of leptin administration on NK cell mnRNA
expression:

Semiquantitative RtPCR analysis of peripheral lympho-
cyte mRNA expression revealed significantly decreased
expression of CIS protein in leptin-administered, as
compared with saline administered mice (Fig. 5). Lympho-
cyte mRNA expression of STAT1-6 and SOCS1-3 did not
differ between groups.

A B

Fig. 2. A demonstrative photo of a nude mouse from leptin-
administered group A featuring a small tumor and a large central
area of necrosis, as compared to a nude mouse from saline-
administered group B, featuring a much larger tumor mass.

Fig. 3. In nude mice, leptin administration was associated with the
development of a dense mixed lymphocytic and neutrophilic infiltrate
around and within tumors (A), as compared to no infiltrate in tumors of
saline-administered mice (B).

3.4. In vivo effect of leptin administration on cytokine
profile:

Serum leptin levels were significantly higher in the
leptin-treated groups A and B mice (7.05 and 6.29 ng/ml,
respectively) than the saline-treated groups C and D mice
(3.24 and 1.57 ng/ml, respectively, P <0.01 between leptin
and saline-treated groups). No significant difference
between groups was noted in any of the other serum
cytokine levels (P=NS).

3.5. In vivo effect of leptin administration on HCC in SCID
and in SCID-beige mice

In vivo experiments were repeated using T and B cell
deficient SCID mice and T, B and NK deficient SCID-beige
mice. The administration of leptin to SCID mice resulted in
tumor inhibition (tumor volume and weight of 2.4 +0.8 cm’
and 0.72 g in leptin-administered mice, vs. 1.2+0.6 cm® and
0.48 g in saline-administered mice, respectively, P <0.01).
Microscopic evaluation of tumors in leptin-administered
SCID mice revealed an intense lymphocytic inflammatory
reaction in interphase areas and within the tumors and large
necrotic areas.
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Fig. 4. In HCC harboring mice, leptin administration was associated
with a significant natural Killer cell expansion. Even in the two control
groups, leptin administration resulted in relative expansion of natural
killer population.
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Fig. 5. Splenic lymphocytes demonstrated decreased lymphocyte CIS1
mRNA expression in both groups of leptin-treated mice. [This figure
appears in colour on the web.]

In NK cell-deficient SCID beige mice, tumor volume and
weight was significantly greater (5.0542.65cm’ and
2.73%1.61 g in SCID-beige saline-administered mice vs.
1.940.9 cm?® and 0.63 +0.37 g in saline-administered nude
mice, P<<0.001 for both). Leptin and saline-administered
SCID beige mice suffered from 30 to 40% mortality rate,
respectively. In contrast to nude and SCID mice, leptin-
administration to SCID-beige mice resulted in no tumor
inhibitory effect (mean tumor volume of 4.62+42.29 cm?
and weight of 2.12+0.8 g in leptin-administered mice, P=
NS for both parameters, Fig. 1(B)). Tumors in SCID beige
mice, and leptin and saline-administered mice featured no
areas of necrosis, and no lymphocytic inflammatory reaction
was noted in SCID-beige mice.

3.6. In vitro effect of leptin administration on NK
cytotoxicity:

Leptin manifested a dose-dependent increase in NK
cytotoxicity in vitro (Fig. 6). A 4 h incubation of mouse-
derived NK cells with YAC cells, in the presence of
increasing doses of mouse leptin (0.01-1 mcg/ml) resulted
in a significantly increased NK-mediated lysis of YAC cells
(manifested as increased LDH release). The dose-response
enhancement in cytotoxicity was notable in each of the
tested NK-YAC ratios (5:1-0.04:1 NK-YAC ratios).
Cytotoxicity was amplified with increasing doses of leptin.
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Fig. 6. A 4-h non-radioactive cytotoxicity assay demonstrating that in
all natural Kkiller-YAC cell ratios, leptin induced a dose-dependent
increase in NK cytotoxicity.

Administration of 1 mcg/ml leptin suing NK-YAC ratio of
5:1, resulted in a 100% 4-h cytotoxicity.

3.7. In vitro effect of leptin administration on NK cell
proliferation:

High dose leptin (1 mcg/ml) but not lower doses (0.1 and
0.01 mecg/ml) induced in vitro proliferation of NK cells.
Incubation of 1X10* NK with 0, 0.01, and 0.1 mcg/ml
mouse leptin resulted in thymidine uptake of 1361 £ 143,
13024173, and 13594229 CPM, respectively, P=NS.
Incubation with 1 mcg/ml leptin, resulted in a significantly
elevated thymidine uptake of 2733 +£52 CPM, P <0.05.

3.8. In vitro effect of leptin administration on HCC
proliferation:

In vitro administration of leptin to HEPA 3B
hepatocellular carcinoma cell culture resulted in a dose-
dependent inhibition of tumor cell growth (Fig. 7). A
5-day incubation of 10> HCC cells in the presence of
increasing leptin doses resulted in a significant reduction in
thymidine incorporation, from 7678 +2603 CPM in the
absence of leptin, to 3371 1178 CPM in the presence of
0.1 mcg/ml leptin, and 8321289 CPM in the presence of
1 mcg/ml leptin, P<0.001. Maximal inhibition was noted
at 0.1 mcg/ml, with no added inhibition noted with the
addition of 1 mcg/ml leptin (1287 £412) as compared with
0.1 mcg/ml leptin (P=NS).

3.9. In vitro effect of leptin administration on HCC
proliferation in the presence of NK cells:

The NK cell-mediated effect of leptin on HCC cell
proliferation was assessed by incubation of 10* HCC cells
for 5 days in the presence of 10* irradiated NK cells in the
presence of increasing leptin doses. Incubation of HCC cells
in the presence of NK cells resulted in further inhibition of
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Fig. 7. Five day incubation of HCC cells with increasing doses of leptin
produced a dose-dependent inhibition of HCC proliferation (radio-
active thymidine incorporation assay).
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Fig. 8. In vitro, HCC cells expressed leptin receptor mRNA, and
demonstrated increased expression of STAT2 and SOCS1 2 h following
leptin administration. HEPA 3B cells expressed leptin receptor mRNA.
Hep3B cells were incubated in the presence of increasing leptin doses
(0.5, 5, 50 mcg/ml) for 45 min, 2 and 6 h. Semiquantitative RtPCR
demonstrated that leptin administration, even at the lowest doses,
resulted in increased mRNA expression of STAT2 and SOCS1 in HCC
cells. Increased mRNA expression was notable after 2 h for STAT2 and
SOCSI1. No effect of leptin administration on mRNA expression was
noted for STAT 1 and 3-6, SOCS 24, and CIS. [This figure appears in
colour on the web.]

tumor cell growth, from 885+ 152 CPM without leptin, to
815+117 CPM, 724+44, and 613+95 CPM in the
presence of 0.01, 0.1, and 1 mcg/ml leptin, respectively,
(P<0.05 for 0.1 and 0.01 mcg/ml leptin).

3.10. In vitro effect of leptin administration on HCC cell
mRNA expression:

HEPA 3B cells expressed leptin receptor mRNA. Hep3B
cells were incubated in the presence of increasing leptin
doses (0.5, 5, 50 mcg/ml) for 45 min, 2 and 6h.
Semiquantitative RtPCR demonstrated that leptin adminis-
tration, even at the lowest doses, resulted in increased
mRNA expression of STAT2 and SOCS1 in HCC cells
(Fig. 8). Increased mRNA expression was notable after 2 h
for STAT2 and SOCS1. No effect of leptin administration
on mRNA expression was noted for STAT 1 and 3-6, SOCS
24, and CIS.

4. Discussion

Leptin administration to HCC-harboring athymic nude
mice resulted in significant inhibition of tumor growth and
improved survival rates. This effect was mediated via
activation of NK cells and direct inhibition of tumor cell
growth. The anti-tumor affect was associated with develop-
ment of a mixed peri-tumor lymphocytic and neutrophilic
infiltration, increase in peripheral NK population, and
reduced lymphocyte CIS mRNA expression. This effect
was eliminated in NK cell-deficient mice. In vitro, leptin
was demonstrated to induce dose-related enhancement of
NK cell cytotoxicity, in addition to a dose-related direct
inhibition of HCC tumor growth.

NK cells were demonstrated to play a role in control of
tumor growth and metastasis, via release of cytokines and
chemokines. In addition, they play a role in the modulation
of dendritic cells, and granulocyte growth and

differentiation [37]. Activation of NK cells has been
demonstrated to successfully suppress HCC growth, while
suppression of NK cells contributes to HCC dissemination
[38]. The profound antitumor effect of leptin in a murine
HCC model was associated with NK cell activation. In vivo,
T, B and NK cell-deficient SCID beige mice, but not T and
B cell-deficient SCID mice, featured increased tumor size
and abolished the effect of leptin administration. In vitro,
leptin administration resulted in a dose-response increase in
NK cell cytotoxicity. Furthermore, the addition of NK cells
to HCC cell culture resulted in augmented leptin-mediated
inhibition of tumor growth.

Leptin induced a dose-response inhibition of HCC cell
growth in vitro, but was not associated with an anti-tumor
effect in NK cell-deficient SCID-beige mice. As the in vivo
mice experiments were conducted using highly purified
mouse leptin which features an 85% homology to human
leptin, leptin in these experiments may have had a more
prominent effect on mouse NK cells than on the human-
derived Hep3B cells. Human leptin was used to assess
leptin’s direct effect on HCC cell line, while mouse leptin was
used to assess mouse NK proliferation and cytotoxicity.
Administration of mouse leptin resulted in augmented tumor
cell inhibition as compared to leptin’s effect on cultured HCC
cells. These results suggest that both direct and immune-
mediated effects of leptin play a role in tumor suppression.

Leptin exposure resulted in decreased expression of
cytokine inducible SH2-containing protein 1 (CIS1) mRNA
in lymphocytes. This protein has been demonstrated to be a
potent T cell and NK cell regulator [39]. In CIS transgenic
mice, high levels of CIS expression were correlated with
potent inhibition of T cell and NK cell-mediated pro-
inflammatory response, with a reduction noted in NK cell
population [40]. Leptin-induced inhibition of CIS
expression may have contributed to NK expansion and
enhanced the pro-inflammatory effect. The antitumor effect
of leptin was associated with an increased mRNA
expression of STAT2, which plays a role in IFNa-induced
STATI1 activation. STAT2 phosphorylation by JAK
following IFNa binding to its receptor enables STATI1
phosphorylation and subsequent formation of STAT1/
STAT? heterodimer. This heterodimer, binds with the p48
nuclear factor to form the IFN-stimulated gene factor that
activates target genes through recognition of IFN-stimulated
response elements [41]. STATI is a potent tumor
suppressor, via activation of apoptosis by induction of
caspase and p2l/wafl expression [42] and reduction of
c-myc gene expression in response to IFN-ostimulation
[43]. Leptin-induced STAT2 overexpression in HCC cells
may enable STATI to exert its anti-tumor, pro-apoptotic
effect. In addition, overexpression of HCC cell suppressor
of cytokine signaling 1 (SOCS1) mRNA was noted. SOCS1,
an inhibitor of STAT activation by binding of JAK kinases,
has been demonstrated to be muted by hypermethylation in
several tumor models, including hepatocellular carcinoma
[44], multiple myeloma [45], and leukemia [46]. Leptin-
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induced over-activation of SOCS1 in HCC cells may result
in inhibition of STAT pathways, leading to suppression of
HCC growth.

The use of the athymic mouse model used in the present
study does not rule out additional leptin-mediated effects on
regulatory T cell populations, or possible leptin-associated
effect on effector cells. This model does not enable
immediate quantification of leptin’s direct and indirect,
immune-mediated effect on tumor growth.

In summary, leptin has a profound antitumor effect in a
murine HCC model that was associated with activation of
NK lymphocytes and a direct antitumor effect. NK cell
activation and HCC cell inhibition were associated with
STAT-related pathways. Leptin may have both an immune
modulatory effect and a direct anti-proliferative effect.

Acknowledgements

This work was supported in part by the following grants:
The Hebrew University-Hadassah Research Fund (to E.E.);
The Roaman-Epstein Liver Research Foundation; Research
Grant from ENZO Biochem (to Y.L).

References

[1] Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM.
Positional cloning of the mouse obese gene and its human homologue.
Nature 1994;372:425-432.

[2] Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D,
Boone T, et al. Effects of the obese gene product on body weight
regulation in ob/ob mice. Science 1995;269:540-543.

[3] Loffreda S, Yang SQ, Lin HZ, Karp CL, Brengman ML, Wang DJ,
et al. Leptin regulates proinflammatory immune responses. Fed Am
Soc Exp Biol J 1998;12:57-65.

[4] Madej T, Boguski MS, Bryant SH. Threading analysis suggests that
the obese gene product may be a helical cytokine. Fed Eur Biochem
Soc Lett 1995;373:13-18.

[5] Gimble JM, Robinson CE, Wu X, Kelly KA. The function of

adipocytes in the bone marrow stroma: an update. Bone 1996;19:

421-428.

Sanchez-Margalet V, Martin-Romero C, Gonzalez-Yanes C,

Goberna R, Rodriguez-Bano J, Muniain MA. Leptin receptor (Ob-

R) expression is induced in peripheral blood mononuclear cells by

in vitro activation and in vivo in HIV-infected patients. Clin Exp

Immunol 2002;129:119-124.

[7]1 Zhao Y, Sun R, You L, Gao C, Tian Z. Expression of leptin receptors
and response to leptin stimulation of human natural killer cell lines.
Biochem Biophys Res Commun 2003;300:247-252.

[8] Motivala SJ, Dang J, Obradovic T, Meadows GG, Butch AW,

Irwin MR. Leptin and cellular and innate immunity in abstinent

alcoholics and controls. Alcohol Clin Exp Res 2003;27:1819-1824.

Saxena NK, Ikeda K, Rockey DC, Friedman SL, Anania FA. Leptin in

hepatic fibrosis: evidence for increased collagen production in stellate

cells and lean littermates of ob/ob mice. Hepatology 2002;35:

762-771.

[10] Lord GM, Matarese G, Howard JK, Baker RJ, Bloom SR, Lechler RI.

Leptin modulates the T-cell immune response and reverses starvation-
induced immunosuppression. Nature 1998;394:897-901.

[6

—

[9

—

[11] Lord GM, Matarese G, Howard JK, Bloom SR, Lechler RI. Leptin
inhibits the anti-CD3-driven proliferation of peripheral blood T cells
but enhances the production of proinflammatory cytokines. J Leukoc
Biol 2002;72:330-338.

[12] Martin-Romero C, Santos-Alvarez J, Goberna R, Sanchez-
Margalet V. Human leptin enhances activation and proliferation of
human circulating T lymphocytes. Cell Immunol 2000;199:15-24.

[13] Cao Q, Mak KM, Ren C, Lieber CS. Leptin stimulates tissue inhibitor
of metalloproteinase-1 in human hepatic stellate cells: respective roles
of the JAK/STAT and JAK-mediated H202-dependant MAPK
pathways. J Biol Chem 2004;279:4292-4304.

[14] Matarese G, Di Giacomo A, Sanna V, Lord GM, Howard JK, Di
Tuoro A, et al. Requirement for leptin in the induction and progression
of autoimmune encephalomyelitis. J Immunol 2001;166:5909-5916.

[15] Siegmund B, Lear-Kaul KC, Faggioni R, Fantuzzi G. Leptin
deficiency, not obesity, protects mice from con A-induced hepatitis.
Eur J Immunol 2002;32:552-560.

[16] Busso N, So A, Chobaz-Peclat V, Morard C, Martinez-Soria E,
Talabot-Ayer D, et al. Leptin signaling deficiency impairs humoral
and cellular immune responses and attenuates experimental arthritis.
J Immunol 2002;168:875-882.

[17] Tarzi RM, Cook HT, Jackson I, Pusey CD, Lord GM. Leptin-deficient
mice are protected from accelerated nephrotoxic nephritis. Am
J Pathol 2004;164:385-390.

[18] Yang S, Lin H, Diehl AM. Fatty liver vulnerability to endotoxin-
induced damage despite NF-kappaB induction and inhibited caspase 3
activation. Am J Physiol Gastrointest Liver Physiol 2001;281:
G382-G392.

[19] Hu X, Juneja SC, Maihle NJ, Cleary MP. Leptin-a growth factor in
normal and malignant breast cells and for normal mammary gland
development. J Natl Cancer Inst 2002;94:1704-1711.

[20] Yuan SS, Tsai KB, Chung YF, Chan TF, Yeh YT, Tsai LY, et al.
Aberrant expression and possible involvement of the leptin receptor in
endometrial cancer. Gynecol Oncol 2004;92:769-775.

[21] Yuan SS, Chung YF, Chen HW, Tsai KB, Chang HL, Huang CH,
et al. Aberrant expression and possible involvement of the leptin
receptor in bladder cancer. Urology 2004;63:408—413.

[22] Somasundar P, Riggs D, Jackson B, Vona-Davis L, McFadden DW.
Leptin stimulates esophageal adenocarcinoma growth by nonapopto-
tic mechanisms. Am J Surg 2003;186:575-578.

[23] Catalano S, Mauro L, Marsico S, Giordano C, Rizza P, Rago V, et al.
Leptin induces, via ERKI/ERK2 signal, functional activation of
estrogen receptor alpha (ERa) in MCF-7 cells. J Biol Chem 2004;279:
19908-19915.

[24] Onuma M, Bub JD, Rummel TL, Iwamoto Y. Prostate cancer cell-
adipocyte interaction: leptin mediates androgen-independent prostate
cancer cell proliferation through c-Jun NH2-terminal kinase. J Biol
Chem 2003;278:42660-42667.

[25] Aparicio T, Guilmeau S, Goiot H, Tsocas A, Laigneau JP, Bado A,
et al. Leptin reduces the development of the initial precancerous
lesions induced by azoxymethane in the rat colonic mucosa.
Gastroenterology 2004;126:499-510.

[26] Somasundar P, McFadden DW, Hileman SM, Vona-Davis L. Leptin is
a growth factor in cancer. J Surg Res 2004;116:337-349.

[27] Somasundar P, Yu AK, Vona-Davis L, McFadden DW. Differential
effects of leptin on cancer in vitro. J Surg Res 2003;113:50-55.

[28] Dulger H, Alici S, Sekeroglu MR, Erkog R, Ozbek H, Noyan T, et al.

Serum levels of leptin and proinflammatory cytokines in patients with

gastrointestinal cancer. Int J Clin Pract 2004;58:545-549.

Bolukbas FF, Kilic H, Bolukbas C, Gumus M, Horoz M, Turhal NS,

et al. Serum leptin concentration and advanced gastrointestinal

cancers: a case controlled study. BMC Cancer 2004;4:29.

[30] Barber MD, McMillan DC, Wallace AM, Ross JA, Preston T,
Fearon KC. The response of leptin, interleukin-6 and fat oxidation to
feeding in weight-losing patients with pancreatic cancer. Br J Cancer
2004;90:1129-1132.

[29



536

[31]

[32]

[33]

[34]

[35]

[36]

(371

(38]

[39]

E. Elinav et al. / Journal of Hepatology 44 (2006) 529-536

Stattin P, Soderberg S, Biessy C, Lenner P, Hallmans G, Kaaks R,
et al. Plasma leptin and breast cancer risk: a prospective study in
northern Sweden. Breast Cancer Res Treat 2004;86:191-196.

Stattin P, Palmqvist R, Soderberg S, Biessy C, Ardnor B, Hallmans G,
et al. Plasma leptin and colorectal cancer risk: a prospective study in
northern Sweden. Oncol Rep 2003;10:2015-2021.

Minami R, Muta K, Ilseung C, Matsushima T, Abe Y, Nishimura J,
et al. Plasma leptin levels vary with the periods during chemotherapy.
Am J Hematol 2003;74:145.

Wang XJ, Yuan SL, Lu Q, Lu YR, Zhang J, Liu Y, et al. Potential
involvement of leptin in carcinogenesis of hepatocellular carcinoma.
World J Gastroenterol 2004;10:2478-2481.

Wang YY, Lin SY. Leptin in relation to hepatocellular carcinoma in
patients with liver cirrhosis. Horm Res 2003;60:185-190.

Trop S, Samsonov D, Gotsman I, Alper R, Diment J, Ilan Y. Liver-
associated lymphocytes expressing NKI1.1 are essential for oral
tolerance induction in a murine model. Hepatology 1999;29:746-755.
Krug A, French AR, Barchet W, Fischer JA, Dzionek A, Pingel JT,
et al. TLR9-dependent recognition of MCMV by IPC and DC
generates coordinated cytokine responses that activate antiviral NK
cell function. Immunity 2004;21:107-119.

Norris S, Doherty DG, Curry M, McEntee G, Traynor O, Hegarty JE,
et al. Selective reduction of natural killer cells and T cells expressing
inhibitory receptors for MHC class I in the livers of patients with
hepatic malignancy. Cancer Immunol Immunother 2003;52:53-58.
Li Suling, Chen Shangwu, Xu Xiufeng, Sundstedt Anette,
Paulsson Kajsa M, Anderson Per, et al. Cytokine-induced Src

[40]

[41]

(42]

[43]

[44]

[45]

[46]

homology 2 protein (CIS) promotes T cell receptor-mediated
proliferation and prolongs survival of activated T cells. J Exp Med
2000;191:985-994.

Matsumoto A, Seki Y, Kubo M, Ohtsuka S, Suzuki A, Hayashi I, et al.
Suppression of STATS functions in liver, mammary glands, and T
cells in cytokine-inducible SH2-containing protein 1 transgenic mice.
Mol Cell Biol 1999;19:6396-6407.

Bluyssen AR, Durbin JE, Levy DE. ISGF3 gamma p48, a specificity
switch for interferon activated transcription factors. Cytokine Growth
Factor Rev 1996;7:11-17.

Chin YE, Kitagawa M, Su WC, You ZH, Iwamoto Y, Fu XY. Cell
growth arrest and induction of cyclin-dependent kinase inhibitor p21
WAF1/CIP1 mediated by STAT1. Science 1996;272:719-722.
Ramana CV, Grammatikakis N, Chernov M, Nguyen H, Goh KC,
Williams BR, et al. Regulation of c-myc expression by IFN-gamma
through statl-dependent and -independent pathways. Eur Mol Biol
Org J 2000;19:263-272.

Yoshikawa H, Matsubara K, Qian GS, Jackson P, Groopman JD,
Manning JE, et al. SOCS-1, a negative regulator of the JAK/STAT
pathway, is silenced by methylation in human hepatocellular
carcinoma and shows growth-suppression activity. Nat Genet 2001;
28:29-35.

Galm O, Yoshikawa H, Esteller M, Osieka R, Herman JG. SOCS-
1, a negative regulator of cytokine signaling, is frequently silenced
by methylation in multiple myeloma. Blood 2003;101:2784-2788.
Chen CY, Tsay W, Tang JL, Shen HL, Lin SW, Huang SY, et al.
SOCS1 methylation in patients with newly diagnosed acute myeloid
leukemia. Genes Chromosomes Cancer 2003;37:300-305.



	Suppression of hepatocellular carcinoma growth in mice via leptin, is associated with inhibition of tumor cell growth and natural killer cell activation
	Introduction
	Materials and methods
	Chemicals
	Animals
	Cell cultures
	Experimental groups
	Splenic and hepatic natural killer cell isolation
	Flow cytometry analysis for determination of NK cell population
	Lymphocyte RNA isolation and semi-quantitative RtPCR
	Cytokine measurement
	Natural killer cell cytotoxicity determination
	Proliferation assays
	HCC Hepatoma cell mRNA determination
	Statistical analysis

	Results
	In vivo effect of leptin administration on hepatocellular carcinoma in athymic mice
	In vivo effect of leptin administration on NK subsets:
	In vivo effect of leptin administration on NK cell mRNA expression:
	In vivo effect of leptin administration on cytokine profile:
	In vivo effect of leptin administration on HCC in SCID and in SCID-beige mice
	In vitro effect of leptin administration on NK cytotoxicity:
	In vitro effect of leptin administration on NK cell proliferation:
	In vitro effect of leptin administration on HCC proliferation:
	In vitro effect of leptin administration on HCC proliferation in the presence of NK cells:
	In vitro effect of leptin administration on HCC cell mRNA expression:

	Discussion
	Acknowledgements
	References


