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Abstract

Type 2 Diabetes (T2D) is associated with increased cancer risk and cancer-related mortality. Data 

herein show that we generated an immunodeficient hyperinsulinemic mouse by crossing the 

Rag1−/− mice, which have no mature B or T lymphocytes, with the MKR mouse model of T2D to 

generate the Rag1−/− (Rag/WT) and Rag1−/−/MKR+/+ (Rag/MKR) mice. The female Rag/MKR 

mice are insulin resistant and have significantly higher non-fasting plasma insulin levels compared 

to the Rag/WT controls. Therefore, we used these Rag/MKR mice to investigate the role of 

endogenous hyperinsulinemia on human cancer progression. In this study we show that 

hyperinsulinemia in the Rag/MKR mice increases the expression of mesenchymal transcription 

factors, TWIST1 and ZEB1, and increases the expression of the angiogenesis marker, vascular 

endothelial growth factor A (VEGFA). We also show that silencing the insulin receptor (IR) in the 

human LCC6 cancer cells leads to decreased tumor growth and metastases, suppression of 

mesenchymal markers Vimentin, SLUG, TWIST1, and ZEB1, suppression of angiogenesis 

markers, VEGFA and VEGFD, and re-expression of the epithelial marker, E-cadherin. The data in 

this paper demonstrate that IR knockdown in primary tumors partially reverses the growth 

promoting effects of hyperinsulinemia as well as highlighting the importance of the insulin 

receptor signaling pathway in cancer progression, and more specifically in epithelial-mesenchymal 

transition.
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Introduction

Both obesity and Type 2 diabetes (T2D) are associated with increased cancer risk and 

cancer-related mortality (Haslam and James 2005; Onitilo, et al. 2012; Zhang, et al. 2012). 

Obesity and T2D may contribute to cancer development and progression through several 

potential mechanisms. Both metabolic disorders are associated with systemic insulin 

resistance, hyperinsulinemia and increased growth factors, such as insulin-like growth factor 

1 (IGF1), and altered adipokines, including adiponectin and leptin, that are reported to 

promote tumor growth and progression (Hursting, et al. 2012). Furthermore, systemic and 

local adipose tissue inflammation with macrophage inflammation is prevalent in obesity and 

has been shown to contribute to tumor progression (Howe, et al. 2013; Morris, et al. 2013). 

Dyslipidemia is also a clinical characteristic of obesity and T2D and has been shown to 

contribute to breast cancer progression in mouse models (Alikhani, et al. 2013).

Of all the possible factors involved in cancer progression and mortality, hyperinsulinemia is 

apparently the most egregious. A strong association between circulating insulin and lower 

progression-free survival has been shown in multiple studies (Eliassen, et al. 2007; 

Goodwin, et al. 2002).

To study whether endogenous hyperinsulinemia promotes the growth and progression of 

human metastatic cancer, we generated an immune deficient MKR mouse by crossing the 

Recombination Activating Gene 1 deleted (Rag1−/−) mouse with the hyperinsulinemic MKR 

mouse. The Rag1−/− has been characterized as B and T cell deficient whereas innate 

immunity is still functional (Mombaerts, et al. 1992). The lack of B and T cell allowed us to 

introduce human cancer cells to test the effect of hyperinsulinemia on tumor growth and 

metastases. In this study we characterized the novel Rag1−/−/MKR+/+ (Rag/MKR) mice, an 

immunodeficient T2D mouse model. We induced human metastatic cancer cells (LCC6, a 

metastatic variant of the MDA-MB-435 cells) in the Rag/MKR and Rag/WT control mice. 

The origin of the MDA-MB-435 cells is controversial and it has been noted that the MDA-

MB-435 cells display characteristics of both breast cancer and melanoma (Chambers 2009). 

Although the origin is controversial, we used the variant of the MDA-MB-435 cells because 

they are an established metastatic human cancer cell line, with expression of both epithelial 

and melanocyte markers (Chambers 2009). Our results determined that endogenous 

hyperinsulinemia profoundly increased the growth of human LCC6 cancers and that insulin 

receptor knockdown led to significantly decreased tumor growth in control and 

hyperinsulinemic mice. Furthermore, the knockdown of the insulin receptor led to changes 

in tumor signaling and uncovered the down-regulation of mesenchymal markers and re-

expression of epithelial marker, E-cadherin. To our knowledge this is the first study to show 

that hyperinsulinemia promotes the increase in epithelial-mesenchymal transition (EMT) 

gene expression in human tumor xenografts. Moreover, this is the first study to show that 

insulin receptor knockdown leads to a reversal of the epithelial-mesenchymal phenotype in 

any human tumor xenografts.
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Methods

Animal models

The hyperinsulinemic female MKR mouse has been well characterized and described in 

previous publications (Ferguson, et al. 2012; Fernandez, et al. 2001; Novosyadlyy, et al. 

2010). Briefly the male mouse develops T2D with insulin resistance, hyperinsulinemia, 

hyperglycemia and hyperlipidemia between 7–8 weeks of postnatal life, and is non-obese 

since the model was developed by genetically engineering severe muscle insulin resistance. 

The female mouse, on the other hand, is insulin resistant and hyperinsulinemic, but has 

normal blood glucose and lipid levels, and thus is a model of endogenous hyperinsulinemia 

in the absence of obesity and overt diabetes.

The Rag1−/− mice on a Friend Virus B (FVB) background, a kind gift of Dr. Lisa Coussens 

(Oregon Health and Science University, Portland Oregon), were crossed with the MKR+/+ 

mouse to generate homozygous Rag1−/−/MKR+/+ (Rag/MKR) mice. All mice used in these 

studies were backcrossed to an FVB/National Institutes of Health (FVB/n) background. 

Tumor studies were commenced in female mice between 8 and 10 weeks of age.

Animal Studies

All mouse procedures were in compliance with the current standards specified in the Guide 

of the Care and Use of Laboratory Animals provided by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) and approved by Mount Sinai 

Institutional Animal Care and Use Committee. The mice were housed 4–5 per cage, kept on 

a 12-hour light/dark cycle and fed a regular chow diet (PicoLab 5053, Brentwood, MO, 

USA). At 8 weeks of age, 5×106 LCC6 control or LCC6 insulin receptor knockdown cells, 

resuspended in 100ul of DMEM were injected into the 4th mammary fat pad of Rag/WT and 

Rag/MKR mice, 8–10 mice per group. For all studies, body weight was monitored weekly, 

and tumor size was measured twice weekly with calipers. The formula used for the 

calculating tumor volume was: Volume = 4/3 × pi × (length/2 × width/2 × depth/2). In order 

to analyze the pulmonary metastasis, post mortem lungs were inflated with 10% formalin, 

paraffin embedded, sectioned and hematoxylin and eosin stained. Micro-metastasis were 

examined under the microscope by a pathologist (Dr. A. Nayak).

Real Time qPCR

RNA was extracted from cells using the RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) 

according to the manufacturer's instructions. One ug of RNA was reverse-transcribed to 

cDNA using oligo (dT) primers with a RT-PCR kit according to the manufacturer's 

instructions (Invitrogen, Carlsbad, CA). Following reverse transcription, cDNA was 

subjected to real time-PCR using the QuantiTect SYBR green PCR kit (QIAGEN, Valencia, 

CA) in ABI PRISM 7900HT sequence detection systems (Applied Biosystems, Foster City, 

CA). Insulin Receptor Primers: 5’TACCCCGGAGAGGTGTGTC; 

3’CCCGGAAGAGCAGCAAGTAA. ZEB1 primers: 5’CAGAGGATGACCTGCCAACA; 

3’GCCCTTCCTTTCCTGTGTCAT. SLUG primers: 5’TTTCTGGGCTGGCCAAACAT; 

3’TTCTCCCCCGTGTGAGTTCTA. TWIST1 primers: 

5’GCCGGAGACCTAGATGTCATT; 3’CCCACGCCCTGTTTCTTTGA. VEGFA primers: 
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5’AGGCCAGCACATAGGAGAGA; 3’TTTCTTGCGCTTTCGTTTTT. VEGFD primers: 

5’CCATCCAGATCCCTGAAGAA; 3’TTCCAGCAAGTGGATTTTCC. Ribosomal protein 

L19 (RPL19) housekeeping gene primers: 5’AGCTCTTTCCTTTCGCTGCT; 

3’GATCTGCTGACGGGAGTTGG.

Cell Culture

The LCC6 parental, LCC6 control (Ctrl) and LCC6 insulin receptor knockdown (IRKD) 

clone IR6 cells are previously described (Zhang, et al. 2010). Cells were grown in 

Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% Fetal Bovine 

Serum (FBS) (Invitrogen Life Technologies, Grand Island, NY), 100U/ml penicillin and 

100ug/ml streptomycin (Mediatech, Manassas, VA). Cells transfected with shRNA were 

maintained in medium supplemented with 1.5ug/ml puromycin. All cells were grown at 37C 

in 5% CO2 atmosphere.

Western Blotting

LCC6 Ctrl and LCC6 IRKD cells and tumor tissue were lysed in ice-cold lysis buffer 

containing 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1.25% CHAPS, 1 mM sodium 

orthovanadate, 10 mM sodium pyrophosphate, 8 mM B-glycerophosphate and Complete 

Protease Inhibitor Cocktail tablet (Roche, Indianapolis, IN). The protein concentration of the 

cells and tumors was measured using the BCA protein assay kit (Thermo Scientific, 

Rockford, IL). 25ug of protein sample was resuspended in 3× loading buffer supplemented 

with DTT (Cell Signaling Technologies, Danvers, MA). The samples were denatured at 

96°C for 5min. The prepared samples were run on SDS-PAGE 8–16% Tris-glycine gel 

(Invitrogen Life Technologies, Grand Island, NY) and transferred to nitrocellulose 

membrane. After overnight incubation at 4°C with primary antibodies, the membranes were 

incubated with secondary antibodies (Li-Cor Biosciences, Lincoln, NE) and scanned using 

the Li-Cor infrared imaging system. The western bands were quantified using open source 

Image J software (National Institutes of Health, Bethesda, MD).

Antibodies

The Western Blot nitrocellulose membranes were probed with the following primary 

antibodies: anti-phospho–IGF1 Receptor B(Tyr1150/1151)/-phospho IR B(Tyr1135/1136), anti-c-

MYC, anti-ZEB1, anti-SLUG, anti-Vimentin, anti-phospho AKT(Ser473), anti-total AKT, 

anti-phospho p44/42 mitogen-activated protein kinase (ERK1/2) (Thr202/Tyr204), anti-total 

p44/42 mitogen-activated protein kinase (ERK1/2), anti-phospho S6 Ribosomal 

Protein(Ser235/236), anti-total S6 Ribosomal Protein, (Cell Signaling Technology, Danvers, 

MA), anti-IR, anti-IGF1R, anti-TWIST1 (Santa Cruz Biotechnology, Dallas, TX), and B-

actin (Sigma-Aldrich, St. Louis, MO).

Metabolic Studies

Body weight was measured once a week from 3-weeks to 10-weeks of age. Plasma in non-

fasting state was collected in heparinized capillary tubes for insulin quantification. Plasma 

insulin levels were measured by using the Ultra Sensitive Mouse Insulin ELISA kit 

according to manufacturer’s instructions (Crystal Chem, Downers Grove, IL). Serum 
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adiponectin and serum leptin levels were measured by using the Ultra Sensitive Mouse 

Adiponectin and Ultra Sensitive Leptin ELISA kits respectively according to manufacturer’s 

instructions (Crystal Chem, Downers Grove, IL). Body composition was determined in non-

anesthetized mice using the EchoMRI 3-in-1 NMR system (Echo Medical Systems, 

Houston, TX). Insulin tolerance test was performed on 8-week old mice fasted for 2 hours. 

Insulin (0.75 units/kg) was injected intraperitoneally. Blood glucose levels were measured 

immediately before injection at time 0 and at 15, 30, and 60 minutes after insulin injection 

using Bayer Contour Next Glucometer (Bayer HealthCare, Mishawaka, IN). Weekly blood 

glucose measurements on non-fasted animals were taken using Bayer Contour Next 

Glucometer (Bayer HealthCare, Mishawaka, IN). Glucose tolerance test was performed on 

8-week old mice fasted for 8 hours. Glucose (2g/kg) was injected intraperitoneally. Blood 

glucose levels were measured immediately before glucose injection at time 0 and at 15, 30, 

60 and 120 minutes using Bayer Contour Next Glucometer. Serum triglyceride and serum 

cholesterol levels were performed using the Pointe Scientific Liquid Triglyceride and Liquid 

Cholesterol kits respectively per the manufacturer’s instructions (Pointe Scientific, Canton, 

MI).

Statistical analysis

All data are expressed as mean ± SEM. Student’s t-test and, where appropriate, two-way 

ANOVA followed by Tukey HSD post-hoc test, was used with P value ≤ 0.05 considered 

statistically significant using GraphPad Prism Software (La Jolla, CA).

Results

Metabolic Phenotype of the Rag/MKR mice

As the immune system may play a role in the development of insulin resistance (DeFuria, et 

al. 2013), we characterized the metabolic phenotype of the Rag1−/−/MKR+/+ (Rag/MKR) 

mice and Rag1−/− (Rag/WT) controls, in both male and female mice. Body weights were 

measured weekly. Male and female Rag/MKR mice demonstrated lower body weight, of 

approximately 3–4g, compared to age and gender matched Rag/WT control mice throughout 

the from 3–10 weeks of age (Figure 1A). In addition, they showed less whole body fat 

compared to Rag/WT controls at 9-weeks of age (Figure 1B). Insulin tolerance tests were 

performed in all four groups and Rag/MKR male and female mice demonstrated severe 

insulin resistance, with no glucose reduction in response to the 0.75Units/kg insulin 

injection over 60 minutes, while in Rag/WT control mice blood glucose levels rapidly fell 

greater to less than 50% of baseline, 60 minutes after the insulin injection (Figure 1C). The 

presence of endogenous hyperinsulinemia was confirmed by the measurement of non-fasting 

plasma insulin levels: 5.34ng/ml ± 0.45 in 9-week old female Rag/MKR mice compared 

with 1.01ng/ml ± 0.08 in Rag/WT female mice (p<0.01) and 11.7ng/ml ± 3.55 in 9 week old 

Rag/MKR males compared to 1.69ng/ml ± 0.31 in Rag/WT male mice (Figure 1D). Male 

Rag/MKR mice presented with endogenous hyperglycemia, assessed by the measurement of 

non-fasting blood glucose levels (Supplemental Figure 1A). Rag/MKR females present no 

signs of hyperglycemia, with non-fasting blood glucose levels comparable to Rag/WT male 

and female mice (Supplemental Figure 1A). Furthermore, a glucose tolerance test was 

performed on 8-week old mice after an 8 hour fast (Supplemental Figure 1B). The 
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Rag/MKR males were hyperglycemic, while the Rag/MKR females demonstrated mild 

glucose intolerance compared to Rag/WT females, consistent with them having insulin 

resistance (Supplemental Figure 1B). There was no difference in serum triglyceride or serum 

cholesterol levels between the Rag/WT and Rag/MKR mice (Supplemental Figure 1C and 

1D). There was no significant difference in serum adiponectin or serum leptin levels in the 

Rag/WT and the Rag/MKR mice (Supplemental Figure 2A and 2B).

These results demonstrate that female MKR mice crossed with Rag1−/− mice are not obese, 

not hyperglycemic, nor dyslipidemic, but have insulin resistance with endogenous 

hyperinsulinemia and insulin levels that are approximately 5 times the control mice.

The role of the insulin receptor in the effect of hyperinsulinemia on human cancer 
progression

To examine the role of the insulin receptor (IR) in mediating the effect of the endogenous 

hyperinsulinemia on cancer progression, we studied the LCC6 IR6 clone cell line in which 

expression of the IR was markedly reduced by short hairpin RNA (Zhang et al. 2010) 

(Supplemental Figure 3). Tumors derived from LCC6 Ctrl cells grew more rapidly in 

Rag/MKR mice compared to Rag/WT LCC6 Ctrl cells, measuring 447.3 mm3 ± 45.0 and 

256.8 mm3 ± 19.2, respectively, p<0.05 (Figure 2A). Tumors derived from the LCC6 IRKD 

cells were significantly smaller than their control cell counterparts (Figure 2A). Tumor 

weights were significantly greater in the Rag/MKR mice with Ctrl cells compared to 

Rag/WT mice with Ctrl cells 24 days after injection, weighing 0.31g ± 0.03 and 0.16g 

± 0.01 respectively, p<0.05 (Figure 2B). The tumors from the LCC6 IRKD cells in the 

Rag/MKR and Rag/WT mice weighed 0.15g ± 0.02 and 0.07g ± 0.01 respectively, p<0.05 

(Figure 2B). The reduction in tumor volume was seen both in Rag/WT and Rag/MKR mice. 

In both the Rag/WT mice and the Rag/MKR mice, the LCC6 IRKD tumor volume was 

decreased by half compared to respective Rag/WT and Rag/MKR with LCC6 Ctrl tumor 

volume.

Examining the IR Signaling Pathway

Sustained knockdown of the IR mRNA expression in the tumor xenografts was validated by 

qRT-PCR at the end of the study and an 83% reduction in IR expression was confirmed 

(Figure 3A). The IGF1R gene expression was decreased in the Rag/WT IRKD tumors, but 

there was no change in the IGF1R gene expression in the Rag/MKR Ctrl compared to the 

Rag/MKR IRKD tumors (Figure 3B). These results confirm successful knockdown of the 

insulin receptor in the cells and in the tumors generated in the Rag/WT and Rag/MKR mice.

Examining the insulin receptor signaling pathway, a significant decrease of phospho-

AKT(Ser473) was observed in the IRKD tumors from both the Rag/WT and Rag/MKR mice 

(Figure 4A). Furthermore, an increase of phospho-AKT signaling was observed in the LCC6 

Ctrl tumors from the Rag/MKR mice compared to the LCC6 Ctrl tumors from the Rag/WT 

mice (Figure 4A). There was a decrease in the phospho-S6 Ribosomal Protein (S6RP) in the 

IRKD tumors from both the Rag/WT and Rag/MKR mice (Figure 4B). Several studies have 

noted that insulin may have an effect on c-MYC expression (Ferguson et al. 2012; Mawson, 

et al. 2005) and that the phosphatidylinositol 3-kinse (PI3K) and mammalian target of 
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rapamycin (mTOR) signaling pathways may cooperate in regulating c-MYC expression 

(Sharma, et al. 2015). Analyzing the proteins from the primary tumors, we found that the 

LCC6 IRKD tumors had decreased c-MYC protein levels compared to LCC6 Ctrl tumors 

(Figure 4C). These results demonstrate that knockdown of the IR successfully decreases 

PI3K/AKT/mTOR signaling pathway, downstream targets of IR signaling. Furthermore, the 

data shows that reduction of IR signaling leads to a decrease of c-MYC protein levels.

Reversal of EMT in IRKD tumors

LCC6 Ctrl tumors in Rag/MKR mice had increased gene expression of TWIST1 and ZEB1 
compared to Rag/WT Ctrl tumors (Figure 5A, B). The increased SLUG (SNAIL family 

transcription factor) gene expression in the LCC6 Ctrl tumors in the Rag/MKR mice 

compared to Rag/WT Ctrl tumors did not reach statistical significance (Figure 5C). The 

primary tumors from the Rag/MKR LCC6 Ctrl mice also had significantly higher levels of 

VEGFA compared to the primary tumors from the Rag/WT LCC6 Ctrl mice (Figure 5D). 

These results provide evidence that hyperinsulinemia promotes EMT and an increase in 

VEGFA, which may contribute to increased tumor growth and invasion in the Rag/MKR 

Ctrl tumors compared to the Rag/WT Ctrl tumors. Analyzing the LCC6 IRKD tumors, we 

found that gene expression of the mesenchymal transcription factors TWIST1, ZEB1 and 

SLUG was reduced in the LCC6 IRKD tumors in both the Rag/WT and Rag/MKR mice 

(Figure 5A, B, C). The LCC6 IRKD tumors also had decreased levels of angiogenesis 

markers VEGFA (Figure 5D) and VEGFD (Supplemental Figure 4). The primary tumors 

from both the Rag/WT and Rag/MKR LCC6 IRKD cells had decreased protein levels of 

mesenchymal markers Vimentin, TWIST1 and SLUG compared to their LCC6 Ctrl tumors 

counterparts in the Rag/WT and Rag/MKR mice (Figure 6A, B, C). Furthermore, the LCC6 

IRKD primary tumors re-expressed E-cadherin, a classic epithelial marker (Figure 6D). The 

knockdown of the IR promoted a reversal of the epithelial-mesenchymal transition by 

repressing mesenchymal markers and re-expressing epithelial markers in the LCC6 IRKD 

tumors.

IRKD clone had decreased number of lung metastases in hyperinsulinemic mice

The LCC6 orthotopically injected cells have been shown to metastasize to the lungs. The 

lungs harvested 28 days post cancer cell inoculation were sectioned and examined for 

micrometastasis. In the Rag/WT mice, neither the mice with the LCC6 Ctrl tumors (0/5) nor 

the mice with the LCC6 IRKD tumors (0/5) had any pulmonary micrometastases. In the 

lungs from the hyperinsulinemic Rag/MKR group, 2/5 (40%) of the mice with LCC6 Ctrl 

tumors had numerous lung micrometastases (Figure 7), while 0/5 (0%) lungs from the 

Rag/MKR mice with LCC6 IRKD tumors had micrometastasis. The data suggest that 

silencing the insulin receptor diminished cancer cell metastasis to the lung of the 

hyperinsulinemic mice, likely through the down-regulation of mesenchymal proteins.

Discussion

Epidemiological studies have demonstrated the association between obesity and Type 2 

diabetes and an increased cancer risk and mortality of both epithelial such as colon, breast, 

endometrial cancers and non-solid tumors, such as lymphomas (Haslam and James 2005; 
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Onitilo et al. 2012). Of the numerous potential factors that could explain this association, 

endogenous hyperinsulinemia has been identified as an important factor inversely correlating 

with survival in women with breast cancer (Eliassen et al. 2007; Goodwin et al. 2002). To 

determine whether endogenous hyperinsulinemia is a direct causal factor in promoting 

progression of human tumors, by acting on the tumor cell IR, we have generated a novel 

immunodeficient mouse model of endogenous hyperinsulinemia, the female Rag/MKR 

mouse that (unlike the male mouse that shows the full phenotype of Type 2 diabetes) 

exhibits severe insulin resistance and hyperinsulinemia, without hyperglycemia. This mouse 

thus represents the equivalent of the insulin resistance and endogenous hyperinsulinemia 

seen in obesity and pre-diabetes without the other confounding variables, such as 

dyslipidemia or the need for a high fat diet. In fact, the Rag/MKR mice have lower body 

weight, lower fat mass, normal triglyceride, normal cholesterol and normal adiponectin 

levels compared to Rag/WT control mice. It would be expected that a decrease in fat mass 

would also show a decrease in leptin levels. In a previously published study from our group, 

we found that in MKR females there were lower leptin levels (Fierz, et al. 2010a), while in 

MKR males there was no significant difference compared with control mice (Toyoshima, et 

al. 2005). In the current study, the Rag/MKR female mice had no significant difference in 

leptin levels compared with control mice, which may be due to the large error bars in the 

Rag/WT female group. The work in this paper demonstrated that we successfully generated 

an immunodeficient mouse model of both Type 2 diabetes (male mice) and pre-diabetes 

(female mice). The difference between the degree of severity of diabetes between the male 

and female mice, is likely attributed to estrogen in the female mice. In immunocompetent 

hyperinsulinemic MKR mice, ovariectomy led to the female MKR mice to develop 

additional symptoms of Type 2 diabetes (hypercholesterolemia and hyperglycemia) (Ben-

Shmuel, et al. 2015). In other animal models, estrogen has been shown to reverse the adverse 

metabolic effects of ovariectomy (Zhu, et al. 2013).

Similar to our previous studies, using mouse mammary tumors (Ferguson et al. 2012; 

Fernandez et al. 2001; Novosyadlyy et al. 2010), we have found that the Rag/MKR mice 

develop larger primary tumors with more numerous pulmonary metastasis when injected 

with human metastatic LCC6 cells (a variant of MDA-MB-435) that are highly malignant 

and metastasize (Holliday and Speirs 2011; Price 1996). In our previous studies on murine 

cancers, we found that increased tumor promotion was reversed when the IR/IGF1Rs were 

blocked using a tyrosine kinase inhibitor or the hyperinsulinemia was pharmacologically 

reduced, thereby suggesting a role for insulin and the IR/IGF1R in tumor progression 

(Ferguson et al. 2012; Fierz et al. 2010a; Fierz, et al. 2010b; Gallagher, et al. 2012; 

Novosyadlyy et al. 2010). However, in these studies we could not examine the effects of 

hyperinsulinemia on human cancers.

It has previously been shown that constitutive activation of the IGF1R in non-transformed 

human mammary epithelial cells promoted increased proliferation, loss of contact inhibition, 

anchorage-independent growth, invasion and tumorigenesis (Kim, et al. 2007). The 

MCF10A cells up-regulated SNAIL mRNA levels (a mesenchymal transcription factor) and 

down-regulated E-Cadherin mRNA levels in response to IGF1R over-expression (Kim et al. 

2007). Using a small molecule inhibitor of IGF1R/IR reversed the EMT changes caused by 

the IGF1R overexpression in the MCF10A cells; an increase in E-cadherin mRNA levels 
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was observed, as well as a decrease in the mesenchymal marker vimentin (Kim et al. 2007). 

The study by Kim et al did not examine the expression of the IR in the setting of IGF1R 

over-expression. Our current study demonstrates that the female Rag/MKR mouse has more 

aggressive tumor growth compared to the Rag/WT mice. The data indicates that the IR 

expression on the tumor cells is important for tumor growth. However, in the Rag/MKR 

mice with the IRKD tumors, there was still an increase in tumor growth compared to the 

Rag/WT IRKD tumors. This may indicate that tumor growth may be mediated by the 

hyperinsulinemia in the Rag/MKR mice acting directly or indirectly, potentially by 

regulating IGFBP expression and local bioavailable IGF1 levels. The EMT changes seen in 

the Rag/MKR mice appear to be mediated directly by the effects of insulin on the insulin 

receptor. We have previously shown that in the MKR hyperinsulinemic mice there is an up-

regulation of both the IR and IGF1R expression in the tumors compared to the tumors from 

control mice (Ferguson et al. 2012). The LCC6 IR knockdown tumors in the Rag/MKR mice 

have higher level of IGF1R than the LCC6 IR knockdown tumors from the Rag/WT mice. 

This could partially compensate for the IR knockdown in the Rag/MKR mice. Therefore, in 

the absence of the IR, hyperinsulinemia may promote tumor growth by acting directly or 

indirectly through the IGF1R.

The Rag/MKR LCC6 Ctrl primary tumors show elevated AKT/mTOR signaling, increased 

EMT gene expression of TWIST1 and ZEB1, and increased gene expression of VEGFA 
compared to the Rag/WT LCC6 Ctrl tumors. All of these factors may contribute to the 

increased tumor growth in the Rag/MKR mice. We have previously found an increase in 

phospho-AKT signaling in the primary tumors from MKR mice compared to controls and 

that inhibiting PI3K/AKT signaling reduces murine tumor growth (Gallagher et al. 2012; 

Novosyadlyy et al. 2010). Using the LCC6 IRKD cells we demonstrated that the IRKD 

significantly reverses the effect of the hyperinsulinemia and that the tumors from the IRKD 

cells are significantly smaller in both the Rag/WT and Rag/MKR mice compared to the 

LCC6 Ctrl counterparts, and have less metastatic lesions. Moreover, we show that the 

Rag/MKR LCC6 Ctrl primary tumors have increased expression of VEGFA and VEGFD. 
VEGFA and VEGFD are known mediator of angiogenesis that has been linked to tumor 

growth (Calvo, et al. 2008; Zhang, et al. 2007). In previously published work from the lab, 

we found that there were increased levels of VEGF and in tumors from the MKR mice 

(Ferguson et al. 2012). The increased expression of VEGF may indicate increased 

angiogenesis, an important process in tumor growth and metastasis (Calvo et al. 2008; 

Zhang et al. 2007). The increased gene expression of VEGFA and VEGFD may contribute 

to the increased tumor size and numerous metastases in the hyperinsulinemic LCC6 Ctrl 

mice.

We show that IRKD leads to significant decreases in phospho-AKT, phospho-S6RP and in 

the expression of the cancer growth enhancing protein c-MYC. c-MYC is a transcription 

factor that is known to control cell cycle progression and differentiation (Xu, et al. 2010). 

Approximately 50% of breast cancers are due to an oncogenic transformation, which leads 

to an overexpression of c-MYC either through gene amplification, chromosomal 

transformation or protein overexpression events (Chrzan, et al. 2001; Xu et al. 2010). It has 

been shown that using the dual PI3K/mTOR inhibitor NVP-BEZ235 inhibits the expression 

of c-MYC in pancreatic cancer cells (Sharma et al. 2015). Moreover, c-MYC has also been 
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linked to promoting EMT induction in endometrial cancer cells (Liu, et al. 2015). Therefore, 

the decrease in c-MYC protein expression in the IRKD tumors in both the Rag/WT and 

Rag/MKR mice may contribute to the significantly decreased tumor sizes and reversal of 

EMT in the tumors of those mice. Furthermore, the down-regulation of the IR in the LCC6 

cells significantly affected the formation of colonies in soft agar (Zhang et al. 2010). These 

results highlight the importance of the insulin receptor in proliferation and the reversal of 

EMT may explain their inability to overcome anoikis.

The parent of the LCC6 cells, the MDA-MB-435 cell line, is highly metastatic and expresses 

many of the classic EMT markers such as low levels of E-cadherin and high levels of 

Vimentin, N-cadherin, and alpha smooth muscle actin (Li, et al. 2014; Manni, et al. 2002). 

In the current study, we show down-regulated expression of mesenchymal markers including 

Vimentin, TWIST1, SLUG (SNAIL family transcription factor) and ZEB1 at RNA and 

protein levels in the tumors with IR knockdown. While we saw an increase in TWIST1 and 
SLUG gene expression in the Rag/MKR Ctrl tumors compared to the Rag/WT Ctrl tumors, 

we did not see a significant difference in the protein levels of these genes between the 

Rag/MKR Ctrl and Rag/WT Ctrl tumors. This may be in part due to the short half-life of the 

TWIST and SNAIL transcription factor family proteins that are rapidly polyubiquitinated 

and degraded by the proteasome in cells (Diaz, et al. 2014). These mesenchymal factors are 

essential markers of EMT, a biological process in which polarized-epithelial cells undergo 

various changes to take on a mesenchymal phenotype. This phenotype includes increased 

migratory capacity, invasiveness, resistance to apoptosis, and elevated production of 

extracellular matrix (ECM) components (Kalluri and Weinberg 2009; Thiery 2002). In many 

carcinomas, growth factors such as transforming growth factor-beta (TGFB) and epidermal 

growth factor (EGF), can lead to the induction of EMT signals by increasing the gene 

expression of various EMT-inducing transcription factors; most commonly SNAIL, SLUG, 

zinc finger E-box binding homeobox 1 (ZEB1), and TWIST1 (Al Moustafa, et al. 2012; 

Kim, et al. 2002; Niessen, et al. 2008; Pan, et al. 2012; Shi and Massague 2003; Spaderna, et 

al. 2008). The data presented in this study is the first to our knowledge to show that 

hyperinsulinemia increases the expression of several EMT genes in vivo. ZEB1 has been 

shown to induce EMT and down-regulate E-cadherin in epithelial cells (Singh, et al. 2008). 

Moreover, ZEB1 knockdown in non-small cell lung cancer cell lines suppressed the growth 

and colony formation of the cells (Takeyama, et al. 2010). In the same study, they noted that 

ZEB1 knockdown induced E-cadherin mRNA expression in some of the non-small cell lung 

cancer cell lines (Takeyama et al. 2010). It has been shown that re-expression of E-cadherin 

can partially revert mesenchymal breast cancer cells toward an epithelial phenotype, as well 

as suppress migration and invasion of the cells (Chao, et al. 2010).

In previously published data, it has been shown that the parent LCC6 cells readily 

metastasize in athymic mice (Zhang et al. 2010). In our current study we show that the 

LCC6 Ctrl cells did not metastasize in the Rag/WT mice, but did metastasize in the 

Rag/MKR mice. The discrepancy between the previous published data and the lack of 

metastases in the Rag/WT mice in the current study may relate to either differences in the 

mouse strains or the time to assess the number of pulmonary metastases. However, it is 

important to note that the LCC6 Ctrl primary tumors of the Rag/MKR mice showed 

increased levels of phospho-AKT and higher gene expression of TWIST1, ZEB1 and 
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VEGFA compared to the LCC6 Ctrl tumors of Rag/WT mice, which can contribute to the 

increased tumor growth and metastases seen in the Rag/MKR LCC6 Ctrl tumors. The data 

presented in this study also show that insulin receptor knockdown leads to a decrease in 

ZEB1 transcriptional activity, which promotes the re-expression of E-cadherin, which was 

not previously showed by Zhang et al. This may lead to decreased colony formation and 

decreased number of pulmonary metastasis formation.

In summary, we demonstrate that the female Rag/MKR mouse model is a novel 

immunodeficient model for pre-diabetes. This mouse model can be used to study many other 

human tumor types where hyperinsulinemia may play a role. The current study showed that 

silencing the insulin receptor in the LCC6 tumor cells decreased the tumor growth in both 

the Rag/WT and Rag/MKR mice. We show for the first time that hyperinsulinemic mice 

have increased EMT gene expression, increased VEGFA expression, and have more 

pulmonary metastases. We also show for the first time that silencing the insulin receptor 

leads to a reversal of the EMT phenotype where these tumors were able to re-express E-

cadherin and down-regulate Vimentin, TWIST1, SLUG, and ZEB1 expression. Furthermore, 

the tumors from the insulin receptor knockdown cells had significantly decreased phospho-

AKT and c-MYC expression, even in the setting of hyperinsulinemia. This suggests that 

reducing insulin receptor signaling or expression specifically in the tumors may lead to 

reduced number of pulmonary metastases.
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Figure 1. 
Characterization of an immunodeficient hyperinsulinemic mouse model. (A) Body weights 

of male and female mice from Rag/WT and Rag/MKR mice, measured weekly from 3 

weeks of age to 10 weeks of age. * p<0.05 between Rag/WT male and Rag/MKR male 

mice. # p<0.05 between Rag/WT female and Rag/MKR female mice. N=5 mice per group, 

error bars represent SEM. (B) MRI results showing whole body fat in Rag/WT and 

Rag/MKR mice. N=5 mice per group, error bars represent SEM. (C) Insulin Tolerance Test 

(ITT) performed on fasted 8 week male and female Rag/WT and Rag/MKR mice. Blood 

glucose levels were measured at time 0 and 15, 30, and 60 minutes post insulin injection. 

Mice were injected with 0.75U/kg insulin. * p<0.05 between Rag/WT male and Rag/MKR 

male mice. # p<0.05 between Rag/WT female and Rag/MKR female mice. N=5 mice per 

group, error bars represent SEM. (D) Plasma insulin levels of non-fasted male and female 

Rag/WT and Rag/MKR mice. * p<0.05 between groups as indicated. Graphs represent the 

mean of each group (n=5 mice per group), error bars are SEM.
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Figure 2. 
Silencing the insulin receptor leads to decreased tumor growth. 8–10 week old Rag/WT 

control and Rag/MKR hyperinsulinemic mice were injected with either 5×106 LCC6 control 

(Ctrl) or 5×106 LCC6 insulin receptor knockdown (IRKD) cells, into the 4th mammary fat 

pad (n=8–10 mice per group). (A) Mammary tumor volume was calculated from tumor 

measurements taken twice weekly with calipers. * p<0.05 between Rag/MKR Ctrl and 

Rag/WT Ctrl tumors. ** p<0.05 between Rag/MKR Ctrl and Rag/MKR IRKD. # p<0.05 

between Rag/WT Ctrl and Rag/WT IRKD tumors. N=8–10 mice per group, error bars 

represent SEM. (B) Tumor weight at the end of the study. (* p<0.05 between groups as 

indicated). N=8–10 mice per group, error bars represent SEM.
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Figure 3. 
Expression of IR and IGF1R in LCC6 Tumors. (A) Primary tumors from Rag/WT and 

Rag/MKR mice were assessed for the gene expression of the insulin receptor, demonstrating 

an 83% reduction of IR in the tumors from the LCC6 IRKD cells. (* p<0.05, n=8–10 mice 

per group, error bars represent SEM.). (B) Primary tumors from Rag/WT and Rag/MKR 

mice were assessed for the gene expression of the insulin like growth factor-1 receptor 

IGF1R (* p<0.05 n=8–10 mice per group, error bars are SEM.)
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Figure 4. 
Reduction of insulin signaling pathway in LCC6 IRKD tumors. (A) Representative blots 

showing protein extracted from tumor tissue and analyzed by Western blot for phospho-Akt 

(pAKT) and total AKT expression. B-Actin antibody used as loading control. Densitometry 

of Western blot (* p<0.05, graphs represent mean per group (n=8–10 mice per group) and 

error bars represent SEM). (B) Representative blots showing protein extracted from tumor 

tissue and analyzed by Western blot for phospho-S6 ribosomal protein (pS6RP) and total 

S6RP expression. B-Actin antibody used as loading control. Densitometry of Western blot (* 

p<0.05, graphs represent mean per group (n=8–10 mice per group) and error bars represent 

SEM). (C) Representative blots showing protein extracted from tumor tissue and analyzed 

by Western blot for c-MYC expression. B-Actin antibody was used as the loading control. 

Densitometry of Western blot of c-MYC/B-Actin (* p<0.05, graphs represent mean per 

group (n=8–10 mice per group) and error bars are SEM).
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Figure 5. 
EMT and angiogenesis in Ctrl and IRKD tumors. RNA extracted from tumor tissue was 

analyzed for (A) TWIST1, (B) ZEB1, (C) SLUG, and (D) Vascular endothelial growth factor 

A (VEGFA) gene expression by qRT-PCR. Calculations were made using ribosomal protein 

L19 (RPL19) as housekeeping gene. Graphs represent mean per group (n=5 per group) and 

error bars are SEM. (* p<0.05).
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Figure 6. 
Tumors from LCC6 IRKD cells have reversal of Epithelial-Mesenchymal Transition 

phenotype. (A) Representative blots showing protein extracted from tumor tissue and 

analyzed by Western blot for Vimentin expression. B-Actin antibody was used as the loading 

control. Densitometry of western blot of Vimentin/B-Actin. (B) Representative blots 

showing protein extracted from tumor tissue and analyzed by Western blot for TWIST1 

expression. B-Actin antibody was used as the loading control. Densitometry of western blot 

TWIST1/B-Actin. (C) Representative blots showing protein extracted from tumor tissue and 

analyzed by Western blot for SLUG expression. B-Actin antibody used as loading control. 

Densitometry of western blot of SLUG/B-Actin. (D) Representative blots showing protein 

extracted from tumor tissue and analyzed by Western blot for E-cadherin expression. B-

Actin antibody used as loading control. Densitometry of western blot of E-cadherin/B-Actin. 

Graphs represent mean per group (n=8–10 mice) and error bars are SEM. * p<0.05 between 

groups as indicated.
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Figure 7. 
Insulin Receptor Knockdown inhibited pulmonary metastases in hyperinsulinemic mice. 

Lungs were fixed, paraffin embedded and sectioned. Representative images of H&E stained 

lung sections from Rag/WT and Rag/MKR mice injected with LCC6 Ctrl and LCC6 IRKD 

cells. (A, B) 0/5 (0%) of Rag/WT injected with LCC6 Ctrl or LCC6 IRKD cells had 

pulmonary metastasis. (C) Representative pulmonary micrometastases seen in 2/5 (40%) 

Rag/MKR injected with LCC6 control cells. (D) 0/5 (0%) of Rag/MKR mice injected with 

LCC6 IRKD cells had pulmonary metastases. 10× magnification with scale bar of 100um in 

length.
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