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Abstract In 2009, malignant melanoma was responsible

for approximately 9,000 deaths in the US. These deaths are

often associated with aggressive metastasis to secondary

sites such as the lungs. Epidemiological and animal studies

suggest that obesity is a risk factor for melanoma. Others

have shown that B16BL6 melanoma cells metastasize more

aggressively in obese ob/ob than in lean mice. However,

the mechanism by which obesity promotes B16BL6 mel-

anoma metastasis in ob/ob mice has not been identified. In

the present study, we used serum obtained from control and

ob/ob leptin-deficient obese mice to determine if obese

serum increases the aggressive phenotype of melanoma

cells. Results showed that ob/ob serum has higher levels of

resistin, insulin, tPAI1, IL-6, TNF-a, and MCP-1 compared

to control serum. We showed that ob/ob serum increases

the invasive ability of B16BL6 melanomas. To further

determine the mechanism by which ob/ob serum increases

the invasive ability of melanomas, we determined the

effect of ob/ob and control serum on genes associated with

the epithelial-to-mesenchymal transition (EMT). Cancer

cells with a mesenchymal phenotype have a higher meta-

static ability. Snai1 and Twist are genes that are strongly

associated with EMT and metastasis of melanomas. Our

results showed that ob/ob serum increases the expression of

Snai1 and Twist. Moreover, ob/ob serum increased matrix

metalloproteast 9 (MMP9) activity and decreased the

expression of E-cadherin and the metastasis suppressor

gene Kiss1. In summary, results suggest that obesity may

increase the metastatic ability of melanoma by promoting a

mesenchymal cell phenotype.
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Introduction

Malignant melanoma is a type of skin cancer arising from

melanocytes; it represents 4% of all skin cancers, however,

it accounts for 75% of skin cancer-related deaths according

to the American Cancer Society [1]. Similarly, in 2009,

about 121,840 new cases of melanoma were reported, and

approximately 9,000 people died from this disease in the

United States [1]. Currently, treatments available for met-

astatic melanoma are very inefficient and almost nonexis-

tent. Metastatic melanoma is one of the most deadly and

evasive types of cancer. In fact, melanoma patients with

metastatic melanoma typically survive for only about

6–9 months after diagnosis [2]. Therefore, there is a need

to understand the mechanism by which melanomas

metastasize.

Epidemiological and animal studies suggest that obesity

is a risk factor for melanoma [3–5]. Studies by Dennis et al.

showed that obesity increases the risk of developing
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subcutaneous melanoma [3]. Moreover, Samanic et al.

showed that obesity increases the risk of developing

malignant melanoma [4]. In animal studies, Mori et al.

demonstrated that obesity promotes pulmonary metastasis

of B16BL6 melanoma in obese ob/ob mice [5]. However,

the mechanism by which obesity promotes melanoma

metastasis is not thoroughly known.

Obesity may increase the metastatic ability of melanoma

by promoting a mesenchymal cell phenotype. Studies show

that cancer cells with a mesenchymal phenotype have a

higher ability to metastasize [6]. The transcription factors

Snai1 and Twist are genes that promote the epithelial-

to-mesenchymal transition (EMT) [7, 8]. Moreover, Snai1

and Twist have been shown to increase the ability of cancer

cells to migrate, invade and metastasize [9]. Furthermore,

overexpression of Snai1 and Twist increases cell motility

and leads to a significant loss of cell-to-cell adhesion [10].

The mesenchymal phenotype is also associated with higher

expression of matrix metalloproteases (MMPs) such as

matrix metalloproteast 9 (MMP9) [11]. MMPs play a key

role in the metastatic cascade, because they allow cancer

cells to degrade the extracellular matrix (ECM), and thus,

allow the cancer cells to invade the basement membrane

from where cancer cells can eventually metastasize to

secondary sites [12].

Alternatively, obesity may promote melanoma metas-

tasis by not only promoting a mesenchymal phenotype but

also by simultaneously leading to a decrease in the

expression of genes known to inhibit metastasis. Metastasis

suppressor genes encode proteins that have the ability to

hinder the establishment of metastases [13]. Metastasis

suppressor genes, such as Kiss1, have the ability to inhibit

the metastatic ability of melanomas [14]. Thus, it is fea-

sible that obesity increases the metastatic ability of mela-

nomas by increasing the expression of pro-metastatic genes

such as Snai1 and Twist and also by decreasing the

expression of genes that inhibit melanoma metastasis, such

as Kiss1.

In the current study, we determined the effects of control

and obese serum on the invasiveness of B16BL6 melanoma

cells. Results show that ob/ob serum increased the ability

of B16BL6 melanoma cells to invade. The higher inva-

sive ability of melanoma was associated with increased

expression of Snai1, Twist, and MMP9. Furthermore,

ob/ob serum increased the expression of Snai1 in the

nucleus and down-regulated E-cadherin expression at the

cell membrane of B16BL6 cells. Ob/ob serum also

increased MMP9 activity. Additionally, ob/ob serum

decreased the expression of the metastasis suppressor gene

Kiss1. Overall, our studies suggest that obesity may

increase the aggressiveness of melanomas by promoting a

mesenchymal cell phenotype and by down-regulating the

expression of the metastasis suppressor gene Kiss1.

Methods and procedures

Cancer cells and cell culture reagents

The highly metastatic B16BL6 melanoma cells were kindly

provided by Dr. Isiah J. Fidler, University of Texas at MD

Anderson, Houston TX. The non-metastatic B16F1 mela-

noma cells were purchased from American Type Culture

Collection (ATCC, Chicago, IL). They were maintained in

Dulbecco’s modified minimum essential medium (Invitro-

gen, Carlsbad, CA), pH 7.4, containing 10% heat-inactivated

fetal bovine serum (Invitrogen) and 1% antibiotic–antimy-

cotic solution (CellGro, Manassas, VA). The cells were

grown at 37�C in a humidified atmosphere of 5% CO2. For

cell culture studies, B16BL6 cells were treated with either

5% ob/ob mice serum or 5% ob/? heterozygous control mice

serum. Serums from mice for each group (control or ob/ob)

were pooled together after the serum analysis was completed.

Obese ob/ob mice

All animal procedures and methods employed in our studies

were approved by the Animal Care and Use Committee at

the University of Texas at Austin. Pathogen free male ob/ob

and ob/? heterozygous control C57BL/6J mice were pur-

chased from The Jackson Laboratory (JAX, Bar Harbor,

Maine) at 6–8 weeks old. They were housed according to

NIH guidelines (National Research Council, 1996). They

were singly housed and maintained on water and a chow

diet (Research Diets, New Brunswick, NJ) for 15 weeks

(n = 12). We measured body weight, food consumption,

and liquid consumption on a weekly basis. After 15 weeks

on the diet, mice were euthanized using CO2 and blood was

drawn by cardiac puncture before cervical dislocation was

performed on each mice. The blood was allowed to coag-

ulate at room temperature for 30 min. Serum was collected

and frozen in liquid nitrogen. Liver and visceral adipose

tissues were similarly collected and flashfrozen in liquid

nitrogen for RNA analysis at the time of killing. Both tissue

and serum were stored at -80�C until analyzed.

Body composition analyses in mice

Body composition was determined in non-anesthetized

mice using an EchoMRI composition analyzer system

(Echo Medical Systems, Houston, TX) as instructed by the

manufacturer. Percent body fat was determined at

10 weeks into the study (n = 12).

Blood glucose levels

To determine if ob/ob mice were hyperglycemic compared

to control mice, we measured blood glucose levels after
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fasting. At the 8th week of the study, mice were fasted for

7 h and their blood glucose levels were determined using a

glucometer elite (Bayer, Elkhart, IN) (n = 12).

Glucose tolerance test (GTT)

To determine the effect of obesity on glucose clearance, we

performed the GTT assay. Briefly, mice were fasted for

14 h and then injected with 20% glucose in PBS intra-

peritoneally. Then, a razor blade was used to make a small

cut at the tail vein of each mouse and glucose was mea-

sured in the blood using a glucometer elite (Bayer, Elkhart,

IN) at 0, 15, 30, 60, and 120 min post-injection. GTT was

examined at the 9th week of the study (n = 12).

Insulin tolerance test (ITT)

The ITT assay tests how efficiently endogenous glucose is

cleared from the blood as a response to insulin adminis-

tration. ITT was performed after mice were fasted for 7 h.

They were then given an intraperitoneal injection of

0.75 U kg-1 insulin in PBS (Insulin: Sigma Aldrich, St.

Louis, MO). A razor blade was used to make a small cut at

the tail vein of each mouse, and blood glucose was mea-

sured using a glucometer elite (Bayer, Elkhart, IN) at 0, 15,

30, 60, and 120 min post-injection. Area under the curve

(AUC) was calculated to determine insulin sensitivity. ITT

were examined at the 8th week of the study (n = 12).

Serum analysis

To determine obesity’s effect on systemic factors in the

blood, we measured leptin, insulin, interleukin 6 (IL-6),

Tumor necrosis factor-alpha (TNF-a), resistin, tissue

plasminogen activator inhibitor-1 (tPAI-1), and monocyte

chemotactic protein-1 (MCP-1) in the serum of each mouse

at week 10 of the study. We measured these factors with

the Millipore’s multiplex MAP mouse serum adipokine

panel kit (Millipore, Billerica, MA) as instructed by the

manufacturer (n = 12).

Invasion assay

We used the Boyden chamber assay to determine the

effects of obese mice sera on the ability of B16BL6 mel-

anoma cells to invade [15]. Briefly, the top chamber

membrane was coated with a 1:10 dilution of BD Matri-

gel
TM

(BD Biosciences, Becton Drive Franklin Lakes, NJ),

then, 5 9 104 B16BL6 melanoma cells were placed in the

top chamber in serum-free DMEM with 0.1% bovine

serum albumin (BSA). The lower chamber was filled with

DMEM containing 5% ob/ob serum or 5% control serum.

Cells were allowed to migrate from the top side towards the

bottom side of each camber for 28 h. After 28 h, cells that

remained on the top side were removed using a Q-tip. Cells

that invaded to the bottom side were fixed and stained

using Siemens Diff-Quick stain set (Siemens, Malvern,

PA). Stained cells were visualized and quantified by

microscopy. To determine the average number of cells that

migrated for each well, we counted three random fields in

each well at 2009. Each treatment had three wells per

experiment, with each experiment being independently

performed three times (n = 3).

Wounding assay

The wounding assay was used to determine the effects of

high and low glucose on the ability of B16BL6 melanoma

cells to migrate. This was done to determine if glucose

levels can affect the ability of these cells to migrate. Ob/ob

mice are hyperglycemic, and thus, it is possible that the

high glucose levels found in ob/ob mice may affect the

aggressiveness of melanoma cells to metastasize [16]. In

the wounding assay, cells are plated to 100% confluency

and a scratch is drawn in the middle of the plate. The

decrease in gap distance is measured over time and quan-

tified; the larger the gap distance that remains, the less the

cells have migrated. Briefly, B16BL6 cells were grown on

a 24-well plate until they were confluent. Then, cells were

grown in FBS-free DMEM overnight. The next day, wells

were washed twice with PBS and a scratch was drawn on

each well using a p200 pipette tip. After two more washes

with PBS to get rid of cell debris, the following cell culture

media was added: 1,000 mg/l glucose DMEM (low glu-

cose) or 4,500 mg/l glucose DMEM (high glucose). Both

media was supplemented with 5% FBS. Each well was

photographed at the time of treatment (0 h) and after 9 h of

incubation (9 h) at 409. The difference in gap distance was

measured (9 h time point–0 h time point) to quantify cell

motility. The wounding assay was done in the absence of

mitomycin C; however, the assay was terminated after 9 h,

which is less time than the 16–18 h needed for B16BL6

cells to double [17]. Thus, cell migration is most likely not

due to changes in cell proliferation. Each experiment was

repeated three times with each group having three wells per

experiment (n = 3).

Quantitative real time PCR (qRT-PCR)

Total RNA was collected from three replicate of cells that

were serum starved overnight and then treated with 5% ob/ob

serum, 5% control serum, or other obesity factors for 24 h or

as indicated. The RNA was extracted using an RNeasy mini

kit according to the manufacturer’s instructions (Qiagen).

Using 1 lg of RNA for each sample, reverse transcription

was performed with the high capacity cDNA reverse
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transcription kit (Applied Biosystems). Primers for 18S,

IL-6, TNF-a, Snai1, Twist, MMP9, and Kiss1 were pur-

chased from Integrated DNA Technologies (IDT, Coralville,

IA) and were as follows: 18S F: GCATGGCCGTTCTTAGT

TGGTGGA, B: TCTCGGGTGGCTGAACG-CCA; IL-6 F:

GCTGGTGACAACCACGGCCT, B: AGCCTCCGACTT

GTGAAGTGGT; TNF-a F: CTCTTCAAGGGACAAGG

CTG, B: CGGACTCCGCAAAGTCTAAG; Snai1 F: CACC

TCCAGA-CCCACTCAGAT, B: CCTGAGTGGGGTGG

GAGCTTCC; Twist F: CCACGCTGCCCTCGGA-CAA

G, B: CCAGGCCCCCTCCATCCTCC; MMP9 F: GCCCA

CCGTCCTTTCTTGTTGGA, B: GGGAGAGGTGGTTT

AGCCGGTG; Kiss1 F: GCAAGCCTGGGTCTGCAGGG,

B: CGACTGC-GGGAGGCACACAG.

Quantitative RT-PCR was performed with a SYBR

GreenER qPCR kit (Invitrogen) in a Mastercycler ep

realplex real-time PCR thermocycler (Eppendorf North

America, Hauppauge, NY). The relative expression levels

of target genes were normalized to the housekeeping 18S

rRNA. Amplification specificity was confirmed by melting

curve analysis. Each gene was measured in quadruplicate

and the average DCt was taken from the three replicate

wells before fold change was calculated using the DDCt

method. At least three independent sets of samples were

performed for each gene (n = 3).

Immunofluorescence Microscopy

To determine protein localization of Snai1 and E-cadherin,

immunoflurescence microscopy was used. Wax pencils

were used to mark a closed circle on microscope cover-

slips. B16BL6 cells were plated into the circles and

allowed to attach for 24 h before being FBS-starved

overnight. They were subsequently treated with 5% ob/ob

serum or 5% control serum for 24 h. Cells were washed

twice with PBS and fixed in 4% formalin/PBS for 10 min.

Then, cells were subsequently washed twice with PBS

before being stored in PBS at 4�C overnight. The next day,

cells were permeabilized with 0.1% Triton-9100/PBS and

neutralized with 100 lM glycine/PBS, before being treated

with antibodies against Snai1 or E-cadherin (Cell Signal-

ing, Danvars, MA and Santa Cruz Biotechnology Inc.,

Santa Cruz, CA) and appropriate fluorescently-conjugated

secondary antibodies (Cell Signaling and Abcam, Cam-

brigde, UK) as recommended by the manufacturer. After

three washes with 0.2% Tween20 in PBS, cells were

counterstained with two drops of DAPI/antifade (Milli-

pore) according to the manufacturer’s instructions for

detection of cellular nuclei. After 15 min of incubation,

coverslips were placed onto microscope slides and sealed

with nail polish, and images were taken with the Zeiss

Axiovert 200 M fluorescent microscope at UT Austin’s

ICMB Core Facility. Images of control and experimental

cells were acquired under identical exposure conditions for

comparative analysis (n = 3).

Western blot analysis

To determine the total protein expression of E-cadherin in

B16BL6 cells in response to DMEM, control serum or

ob/ob serum treatments, western blot analysis was carried

out on whole cell lysates. For this purpose, B16BL6 cells

were grown to about 70% confluency in 10 cm3 plates.

Cells were rinsed with PBS and then FBS-starved over-

night. Then, cells were treated with control DMEM, 5%

control serum, or 5% ob/ob serum in DMEM for 24 h.

After the various treatments, cells were rinsed twice with

PBS, trypsinized, and centrifuged at 10,000 rpm for 5 min

at 4�C. The supernatant was discarded, and the pellets were

stored in -80�C overnight. The next day, cells were

washed twice with PBS before being lysed in 300 ll RIPA

buffer (Thermo Scientific, Waltham, MA) supplemented

with a protease inhibitor cocktail (Roche, South San

Francisco, CA). After 45 min incubation on ice, cells were

centrifuged at 10,000 rpm for 10 min at 4�C. The super-

natant was collected and protein concentration was mea-

sured using the Bradford assay. 50 lg of protein was

loaded and run on an SDS–PAGE gel at 100–150 V for

1 h. The gel was subsequently transferred to a PVDF

membrane, blocked in 5% milk, washed numerous times in

TBST, and probed for E-cadherin (Santa Cruz Biotech-

nology Inc.) and b-actin (Cell Signaling) and appropriate

HRP-conjugated secondary antibodies (Santa Cruz Bio-

technology Inc.) before incubation with ECL and film

exposure.

Zymogen gel assay

To determine MMP9 activity of B16BL6 cells after dif-

ferent treatments, we performed the zymogen gel assay.

Briefly, B16BL6 cells were treated with 5% ob/ob serum or

5% control serum for 24 h. 1.5 mL of this media was

subsequently collected and concentrated using a centrifugal

protein concentrator (Millipore). 20 ll of protein concen-

trate was mixed with a 29 zymogen loading dye to a final

volume of 40 ll. This sample was loaded onto a zymogen

gel (Bio-Rad Laboratories, Hercules, CA) to determine

MMP9 activity as described previously [18]. Three sepa-

rate assays were performed (n = 3).

Statistical analysis

All experiments were analyzed for significance using the

independent Student’s t-test in SPSS (PAWS version 18).

P-values B0.05 were considered significant, and all data is

represented as the mean ± SEM.
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Results

Ob/ob mice

Others have shown that ob/ob mice are hyperglycemic and

insulin resistant [19, 20]. We verified these previous find-

ings. Final body weights for control mice was 33.73 g

while ob/ob mice had a final body weight of 56.65 g

(P \ 0.05). Results showed that ob/ob mice had signifi-

cantly higher body fat levels than control mice (Fig. 1a).

We also showed that ob/ob mice are hyperglycemic and

hyperinsulinemic compared to control mice (Figs. 1b, 2a).

Our results similarly showed that ob/ob mice were insulin

resistant as determine by the GTT and ITT assay (Fig. 1c,

d). The GTT assay measures how quickly injected glucose

is cleared from the blood. The ITT assay tests how quickly

endogenous glucose is cleared from the blood in response

to insulin administration. Results showed that ob/ob mice

cleared blood glucose at a significant lower rate than

control mice, thus, suggesting that they are indeed insulin

resistant (P \ 0.05).

Adipokine and pro-inflammatory factors in ob/ob mice

As expected, systemic levels of leptin in ob/ob were

undetectable (Fig. 2a). However, other adipokines such as

resistin and tPAI-1 were significantly higher in ob/ob mice

(Fig. 2a). In agreement with previous reports, we show that

ob/ob mice have higher levels of pro-inflammatory factors;

systemic MCP-1, IL-6, and TNF-a were significantly

higher in ob/ob mice (Fig. 2b, c). Additionally, IL-6, and

TNF-a were elevated in the adipose tissue of ob/ob mice,

however, only TNFa was elevated in the livers of these

mice (Fig. 2d).

Ob/ob serum increased the invasiveness of B16BL6

melanoma

To determine if the factors that increased the metastatic

phenotype of B16BL6 melanoma cells in ob/ob mice were

found in the blood, we determined the ability of serum

from ob/ob and control mice to affect the invasive ability

of melanoma cells in cell culture conditions. For this pur-

pose, we tested the effect of ob/ob serum on the ability of

B16BL6 cells to invade through a Matrigel-coated chamber

compared to control serum treatment. Results showed that

B16BL6 cells exposed to ob/ob serum were more invasive

than B16BL6 cells exposed to control serum (Fig. 3a).

High glucose increased B16BL6 melanoma cell

migratory ability

Evidence suggests that high systemic glucose levels can

increased the risk of cancers [16, 21]. Thus, it is possible that

high levels of glucose in ob/ob mice can affect the metastatic

ability of melanoma cells. Using the wounding assay in cell

culture conditions, we determined the effects of a high glu-

cose media on the ability of B16BL6 cells to migrate com-

pared to low glucose media. Results showed that high

glucose levels increased the ability of B16BL6 cells to

migrate compared to low glucose (Fig. 3b). Thus, it is pos-

sible that once the melanoma cells reach the blood, the high

Fig. 1 Ob/ob mice. Mice were

given water and food ad lib for

15 weeks. a Ob/ob mice had

higher percent body fat and

b higher fasting glucose levels

in their blood than control mice.

Mice were insulin resistant as

observed by the c GTT and

d ITT assays results

(mean ± SEM, n = 12 mice/

group, *P \ 0.05)
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levels of growth factors (e.g., insulin), pro-inflammatory

factors (e.g., IL-6) in conjunction with high glucose levels

promotes the metastatic ability of melanoma cells.

Ob/ob serum increases the expression of Snai1, Twist,

and MMP9

To better understand the mechanism by which ob/ob serum

affects the invasive phenotype of melanomas, we

determined the effect of ob/ob serum on the expression of

genes associated with the EMT. The mesenchymal phe-

notype in cancer cells is associated with an strong ability of

cancer cells to invade and metastasize [6]. The gene

expression of both Snai1 and Twist transcription factors

has been established to be strongly associated with the

mesenchymal phenotype of cancers such as melanomas

[22, 23]. To determine if the metastatic ability of B16BL6

melanoma cells were associated with the expression levels

Fig. 2 Systemic factors in ob/ob mice. Mice were given water and

food ad lib for 15 weeks. At week 10, serum was collected and

analyzed for circulating factors. Ob/ob mice had a undetectable

leptin, higher levels of insulin, tPAI-1, resistin, b monocyte chemo-

attractant protein-1 (MCP-1), c IL-6, and TNF-a compared to control

mice (mean ± SEM, n = 12 mice/group, *P \ 0.05). At the end of

the study, adipose tissue and liver were collected and analyzed using

qRT-PCR for inflammatory factors. d Ob/ob mice had higher levels of

IL-6 and TNF-a in adipose tissue. Ob/ob mice had higher levels of

TNF-a in the liver; however, IL-6 levels in the liver were similar to

those of control mice (mean ± SEM, n = 3 mice/group, *P \ 0.05)

Fig. 3 Ob/ob serum increases B16BL6 cell invasion and high

glucose increases cell migration. B16BL6 cells were exposed to 5%

ob/ob serum or 5% control serum for the invasion assay. a The images

shown are pictures of cells that invaded during the 24 h period.

Number of B16BL6 cells that invaded in the ob/ob and the control

serum over the 24 h period. Next, B16BL6 cells were treated with

DMEM media containing either high (4,500 mg/l) or low (1,000 mg/l)

glucose, and cell motility was determined using the wounding assay after

9 h. High glucose exposure increased the ability of B16BL6 cells to

migrate. b Representative pictures of cell motility and quantification of

the assay results (mean ± SEM, n = 3 separate experiments with three

replicate for each condition, *P\0.05)
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of Snai1 and Twist, we measured their levels in highly

metastatic B16BL6 and non-metastatic B16F1 melanoma

cells. Our results showed that Snai1 and Twist are up-

regulated while E-cadherin is down-regulated in highly

metastatic B16BL6 cells compared to non-metastatic

B16F1 melanoma cells (Fig. 4a). To determine if the

expression of Snai1 is modulatable by the presence and

absence of serum, we exposed the highly metastatic

B16BL6 to either no serum or 10% fetal bovine serum for

24 h. Results showed that Snai1 expression was increased

in B16BL6 cells treated with 10% FBS compared to FBS-

starved cells (Fig. 4b). Thus, these results showed that

expression of Snai1 can be modulated by different serum.

Next, we exposed the highly metastatic B16BL6 mela-

noma to ob/ob serum to determine if obese sera would

increase the expression of Snai1 and Twist. Results showed

that the ob/ob obese serum significantly increased the

expression of both Snai1 and Twist (Fig. 4c). Through

immunofluorescence microscopy, we also determined that

ob/ob serum increased Snai1 expression in the nucleus of

B16BL6 cells and correspondingly decreased E-cadherin

expression at the cell membrane compared to control serum

(Fig. 4d). We confirmed a decrease in total E-cadherin

protein expression in B16BL6 cells after ob/ob serum

treatment (Fig. 4e). Thus, we showed that ob/ob serum

increases Snai1 expression and decreases the expression of

E-cadherin, which are hallmarks of EMT [8].

In some cells, the MMP9 expression is regulated by

Snai1 [24]. MMP9 allows cancer cells to invade sur-

rounding tissue by degrading the ECM [25]. Since, ob/ob

serum increased the ability of melanomas to invade and

also upregulated the expression of Snai1, we expected the

obese serum to increase the expression of MMP9. Indeed,

results showed that ob/ob serum increased the expression

of MMP9 in B16BL6 cells (Fig. 4c). Furthermore, ob/ob

serum modestly increased the amount of active MMP9

compared to control serum (Fig. 4f).

Effects of ob/ob serum on Kiss1 expression

Alternatively, obesity may increase the ability of mela-

noma cells to metastasize by promoting a mesenchymal

phenotype and also by decreasing the expression of genes

known to inhibit metastasis. Metastasis suppressors genes

can slow down or prevent metastasis [14]. Kiss1 is a

metastasis suppressor known to inhibit melanoma metas-

tasis [26]. Our results showed that ob/ob serum decreased

the expression of Kiss1 in B16BL6 cells (Fig. 4c).

Fig. 4 B16BL6 gene expression and MMP9 activity. B16F1 or

B16BL6 cells were treated with DMEM, 10% FBS, 5% ob/ob serum

or 5% control serum for 24 h as indicated and analyzed by qRT-PCR

or immunofluorescence microscopy. a Metastatic B16BL6 cells have

higher Snai1 and Twist mRNA levels than non-metastatic B16F1

cells. Conversely, B16BL6 cells express less E-cadherin than B16F1

cells. b B16BL6 cells treated with 10% FBS express higher Snai1

mRNA levels than FBS-starved cells. c Ob/ob serum increased Snai1,

Twist, and MMP9 mRNA levels. Conversely, ob/ob serum decreased

the expression of the metastasis suppressor Kiss1 (mean ± SEM,

n = 4 separate experiments with three replicates for each condition,

* is P \ 0.05). d Nuclear expression of Snai1 and localization of

E-cadherin in B16BL6 cells. White arrow indicates cell–cell junction

(n = 3). e Total E-cadherin expression in B16BL6 cells. f Active

MMP9 in B16BL6 cells (n = 3)
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Effects of insulin, resistin, and TNF-a on Snai1, Kiss1,

and MMP9 expression

To determine which obesity-related factors found in the

serum of ob/ob mice affected the expression of Snai1,

KiSS1, and MMP9; we treated B16BL6 melanoma cells

with purified insulin, resistin, and TNF-a to measure the

expression levels of these genes. We showed that resistin

treatment increased Snai1 and MMP9 expression, though

not significant, while it decreased Kiss1 levels significantly

(Fig. 5a). Kiss1 was decreased by insulin treatment while

MMP9 was up-regulated (Fig. 5b). Lastly, we showed that

Kiss1 expression decreased in a time-dependent manner

after TNF-a treatment (Fig. 5c). Thus, these obesity-related

factors may additively contribute to the modulation of the

aggressiveness of B16BL6 melanoma and the EMT

phenotype.

Discussion

Consistent with previous reports, we show that leptin-

deficient ob/ob mice exhibit numerous obesity-related

symptoms such as excess body weight, excess body fat,

insulin resistance, hyperinsulinemia, and chronic inflam-

mation [19]. Moreover, ob/ob mice had a local (e.g. adi-

pose and liver tissue) and systemic inflammatory

environment as reflected by high levels of IL-6, TNF-a,

resistin, tPAI-1, and MCP-1 in the serum compared to

control mice. We also showed that ob/ob mice have higher

glucose levels than control mice, and that higher glucose

levels increased the ability of melanomas to migrate in cell

culture conditions. Hence, the higher levels of glucose in

ob/ob mice may not only meet the higher nutritional

requirements of melanoma cells, but also increase their

ability to migrate and invade to secondary sites. Thus, the

pro-cancerous environment found in the blood of ob/ob

mice may allow melanoma cells to enhance their survival

and to establish metastases in secondary tissue. This was

clearly demonstrated by Mori et al. who showed that

B16BL6 melanoma cells established much more numerous

and grossly larger metastases in the lungs of obese ob/ob

mice than in control mice [5].

Altogether, the serum of obese ob/ob mice may increase

the metastatic phenotype of melanoma. The invasive abil-

ity of a cancer cell is an important functional phenotype

necessary for successful metastasis [27]. Supporting Mori

el al.’s results, we showed that ob/ob serum increased the

invasive ability of B16BL6 melanoma cells compared to

control serum. To understand the molecular mechanisms

by which ob/ob serum increased cell invasion, we deter-

mined its effect on the expression of genes linked to cell

invasion and metastasis. In fact, we showed that ob/ob

serum increased the expression of Snai1 and Twist, genes

that are associated with the mesenchymal phenotype [28].

We focused our attention on these transcription factors

because they have been shown to modulate EMT and the

aggressive phenotype of melanoma cells [29, 30]. Mela-

noma cells with an epithelial phenotype are less aggressive

than those with a mesenchymal phenotype [31]. Cancer

Fig. 5 Effects of obesity factors on Snai1, Kiss1, and MMP9

expression. B16BL6 cells were treated with resistin (100 ng/mL),

insulin (1 and 6 ng/mL) and TNF-a (1 ng/mL) for 24 h unless

indicated otherwise, to determine the expression of Snai1, Kiss1, and

MMP9 through qRT-PCR. a Effects of resistin on Snai1, MMP9 and

Kiss1 mRNA expression. b Effects of insulin on Snai1, MMP9 and

Kiss1 mRNA expression. c Effects of TNF-a on Kiss1 mRNA

expression (mean ± SEM, n = 3 separate experiments with three

replicate for each condition, *P \ 0.05)
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cells that transition towards a mesenchymal phenotype

often lose the expression of cell adhesion proteins that keep

the cells anchored together and prevent them from breaking

away from the primary tumor [32]. In some cancers,

the transcription factors Snai1 and Twist decreases

the expression of E-cadherin, which is a protein found in

the cell membrane that plays a key role in cell adhesion: it

allows cells within tissues to adhere to each other [33, 34].

Our results showed that treatment of melanoma cells with

ob/ob serum increased nuclear localization of Snai1 and

decreased the amount of E-cadherin at the cell membrane.

Factors found in the serum of ob/ob mice such as IL-6

and TNF-a have been shown to increase the expression of

Snai1 [35, 36]. Thus, it is feasible that the pro-inflammatory

environment found in ob/ob mice promotes a mesenchymal

phenotype by increasing the expression of Snai1 and Twist

to affect the metastatic ability of B16BL6. Indeed, we

showed that resistin and insulin also affected the expression

of Snai1 and MMP9. Others have shown that overexpres-

sion of Snai1 and Twist can increase both the mesenchymal

phenotype and the metastatic ability of melanoma cells

[10, 22, 29]. Moreover, Snai1 also increases the expression

of MMP9, a protein that can degrade ECM proteins; the

degradation of the ECM proteins may allow cancer cells to

escape into the blood or invade secondary tissues in order

to establish metastases [12, 24]. In our studies, we showed

that ob/ob serum increased the expression of MMP9 and its

activity in B16BL6 melanoma cells, which may explain

why B16BL6 melanoma cells have a higher invasive ability

in the presence of ob/ob serum.

Besides affecting genes associated with EMT, obese

serum may also increase the metastatic phenotype of

melanoma cells by decreasing the expression of genes

known to inhibit metastasis. Metastasis suppressors are

genes that have been identified to stop or slow down

metastasis [37]. In our study, we measured the expression

levels of Kiss1, which was originally discovered for its

ability to suppress the metastatic ability of two human

melanoma cell lines [38]. Studies suggest that one anti-

metastatic function of Kiss1 may be to decrease the

expression of MMPs, such as MMP9 [25, 12]. Interest-

ingly, others show that Kiss1 is also down-regulated in

cancer cells that acquire a mesenchymal phenotype [22].

We found that treatment of B16BL6 melanoma cells with

ob/ob serum decreased the expression of Kiss1. Further-

more, we show that both resistin and insulin decreased

Kiss1 expression and increased MMP9 expression in

B16BL6 melanoma. Similarly, TNF-a treatment decreased

Kiss1 expression in a time-dependent manner. Thus, sys-

temic obesity-related factors collectively may modulate

EMT and the aggressive phenotype of melanoma cells. In

summary, as Fig. 6 depicts, our results suggest that sys-

temic factors found in the blood of ob/ob mice may

contribute towards increasing the aggressiveness of mela-

noma cells to metastasize by promoting a mesenchymal

phenotype and by decreasing the expression of the metas-

tasis suppressor gene Kiss1.
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