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Abstract 24 

Metformin treatment is associated with a decreased risk and better prognosis of 25 

pancreatic cancer (PC) in patients with type 2 diabetes, but the mechanism of 26 

metformin’s PC growth inhibition in the context of a prediabetic state is unknown.  We 27 

used a Panc02 pancreatic tumor cell transplant model in diet-induced obese (DIO) 28 

C57BL/6 mice to compare the effects of metformin and the direct mTOR inhibitor 29 

rapamycin on PC growth, , glucose regulation, mTOR pathway signaling, and candidate 30 

microRNA (miR) expression. In DIO/prediabetic mice, metformin and rapamycin 31 

significantly reduced pancreatic tumor growth and mTOR-related signaling. The 32 

rapamycin effects centered on decreased mTOR-regulated growth and survival signaling, 33 

including increased expression of let-7b and cell cycle-regulating miRs. Metformin (but 34 

not rapamycin) reduced glucose and insulin levels, expression of miR-34a and its direct 35 

targets Notch, Slug, and Snail. Metformin also reduced the number and size of Panc02 36 

tumor spheres in vitro and inhibited the expression of Notch in spheroids. Our results 37 

suggest that metformin and rapamycin can both inhibit pancreatic tumor growth in obese, 38 

prediabetic mice through shared and distinct mechanisms. Metformin and direct mTOR 39 

inhibitors, alone or possibly in combination, represent promising intervention strategies 40 

for breaking the diabetes-pancreatic cancer link.  41 

 42 

Introduction 43 
 44 

Type 2 diabetes (T2D) is a progressive metabolic disorder affecting nearly 30 45 

million Americans (~9.3% of the population) and associated with obesity and increased 46 

risk of developing and dying from cancer (1). More specifically, the risk of developing 47 

pancreatic cancer (PC) is twice that of the non-diabetic population (2; 3). Prediabetes, 48 
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defined as having elevated fasting glucose and impaired glucose tolerance, is rising in 49 

prevalence even faster than T2D, with nearly 90 million prediabetic Americans 50 

(including 51% of Americans over 65 years of age) (1).  This is of particular concern 51 

regarding PC since >80% of PC cases develop after age 60 (2). Putative mechanistic 52 

explanations for the link between prediabetes, T2D and pancreatic cancer include chronic 53 

hyperinsulinemia, oxidative stress, and inflammation (4).  54 

Epidemiologic studies suggest that metformin, a widely used drug for the 55 

treatment of T2D (5), is associated with reduced risk among diabetics of being either 56 

diagnosed with, or dying from, PC (6-8). However, whether these associations reflect a 57 

genuine protective action of metformin, as compared to other anti-diabetic drugs, or 58 

whether they are the result of confounding (since T2D patients prescribed metformin may 59 

have very different clinical characteristics than T2D patients taking sulfonylurea or other 60 

glucose lowering medications), remains unclear (9; 10).  Moreover, the potential PC 61 

chemoprotective effects of metformin are not well understood  62 

Metformin can diminish hepatic glucose output, resulting in improved insulin 63 

sensitivity; it can also exert direct effects on tumor cell signaling (11; 12). Direct cellular 64 

effects of metformin involve inhibition of ATP production, increased AMP kinase 65 

(AMPK) activity (13), and inhibition of the mammalian target of rapamycin (mTOR), a 66 

complex that couples protein synthesis to external growth factors and intracellular energy 67 

stores (14). Recent evidence indicates that this affect on mTOR is accomplished through 68 

transcription factor, Sp1-mediated downregulation of IGF-1 signaling (12). Inhibition of 69 

mTOR decreases cell proliferation in several cancer cell lines, including pancreatic 70 

cancer cells (12; 15). 71 
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 Rapamycin, a specific mTOR inhibitor, inhibits several processes involved in 72 

tumor cell proliferation and survival (16; 17). Despite their shared mTOR inhibitory 73 

effects, rapamycin and metformin differentially influence other targets, including several 74 

microRNAs (miRs), noncoding RNA molecules that post-transcriptionally regulate gene 75 

expression (18). MiRs regulate cellular processes involved in cancer initiation, 76 

recurrence, and metastasis (19).  77 

To our knowledge, a direct comparison between the effects of metformin and 78 

rapamycin on PC outcomes in the context of diet-induced obesity (DIO) and prediabetes 79 

has not yet been reported. We chose to use a model of prediabetes characterized by 80 

hyperglycemia and insulin resistance since prediabetes is an established risk factor for PC 81 

(1), and prediabetics are becoming more prevalent in the US and represent an important 82 

population for cancer prevention and treatment. The aim of this study was to compare 83 

metformin and rapamycin with respect to PC growth, systemic glucose metabolism, 84 

mTOR pathway signaling, candidate miR expression, and CSC and EMT characteristics 85 

using a syngeneic murine pancreatic cancer transplant model in DIO/prediabetic mice.  86 

 87 

Materials and Methods 88 

Mice, diet, and experimental design 89 

Mice were singly housed in a semibarrier facility in the Animal Resource Center 90 

at the University of Texas; the Institutional Animal Care and Use Committee approved 91 

all experimentation.  92 

Seventy-five male 6-week old C57BL/6 mice (Jackson Laboratories, Bar Harbor, 93 

ME) were administered a DIO diet (Research Diets; #D12492) throughout the study. 94 
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After 15 weeks of DIO, mice were randomized (25/group) to receive either a) metformin 95 

(250 mg/kg continuously in drinking water), b) rapamycin (2.5 mg/kg, administered i.p. 96 

every other day; LC Laboratories, Woburn, MA), or c) vehicle control (0.1% DMSO, in 97 

0.9% saline, i.p. every other day) for 5 weeks. The metformin group received vehicle 98 

injections every other day, while the rapamycin and vehicle control groups were provided 99 

ad libitum access to drinking water without metformin. The rapamycin dose of 2.5 mg/kg 100 

was chosen to achieve inhibition of phosphorylation of mTOR based on our previous 101 

studies (20). At week 19 on study (4 weeks of drug treatment), 10 mice/group underwent 102 

GTT and ITT (as previously described (20; 21)) and then were killed and their tissues 103 

collected and stored. At 20 weeks on study, the remaining mice (n=15/group) were 104 

injected (s.c.) in the right flank with 5X10
5
 Panc02 murine pancreatic cancer cells 105 

(maintained in McCoy’s media as previously described (22)), and continued on their diet 106 

regimen for 4 additional weeks while tumor growth was monitored. Food intake and body 107 

weights were recorded weekly. At study termination (week 24), all mice were fasted for 6 108 

hours, anesthetized by CO2 inhalation and then blood was collected via cardiac puncture. 109 

Blood samples were centrifuged at 9,300×g for 5 minutes and serum collected and stored 110 

at −80°C. Pancreatic tumors were either snap-frozen in liquid nitrogen and stored at 111 

−80°C, or fixed with 10% neutral-buffered formalin overnight, paraffin embedded, and 112 

used for histologic and immunohistochemical analyses as described below. 113 

 114 

Serum hormones and adipokines 115 

Serum insulin, IGF-1, resistin, and adiponectin concentrations were measured in 116 

mice (vehicle n=11; metformin n=14; rapamycin n=14) using a LINCOplex bead-based 117 
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array assay (Millipore Corporation, Billerica, MA) on a BioRad BioPlex multianalyte 118 

detection system (BioRad, Inc., Hercules, CA) according to manufacturer’s directions.   119 

 120 

Histopathology and Immunohistochemistry 121 

Formalin-fixed pancreatic tumors were embedded in paraffin, cut into 4-µm sections, 122 

and processed for either hematoxylin and eosin (H&E) or immunhistochemical staining 123 

at the Histology Core Laboratory at The University of Texas M.D. Anderson Cancer 124 

Center (Smithville, TX). Antibodies used for immunohistochemical analyses were 125 

optimized using both positive and negative controls. Slides were deparaffinized and 126 

sequentially hydrated in ethanol and water. Antigen retrieval was achieved by 127 

microwaving slides for 10 min in 10mM citrate buffer. Endogenous peroxidase was 128 

quenched with 3% hydrogen peroxide for 10 min. Nonspecific binding was inhibited with 129 

Biocare blocking reagent (Biocare Medical, Concord, CA) for 30 min at RT followed by 130 

incubation with primary antibodies (previously described (20)) diluted in blocking buffer. 131 

Slides were washed five times with PBS and developed with diaminobenzidine followed 132 

by hematoxylin counterstain. 133 

For each IHC marker, randomly selected slides (8 mice/group) were digitized using 134 

the Aperio Scanscope System (Scanscope XT; Aperio Technologies, Vista, CA). 135 

Analysis of immunohistochemically-stained tumor sections was performed on 4 136 

fields/slide using the standard ImageScope membrane/cytoplasmic-specific algorithms to 137 

quantify the percentage of cells stained positive for pAkt, pmTOR, pACC, cyclin D1, and 138 

cdk4 (cdk4, control and metformin groups had n=7).  139 

 140 
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Gene expression analysis 141 

RNA was extracted from untreated and treated pancreatic tumor spheres 142 

(n=3/group) and tumor tissue (n=6/group) using TRI Reagent® (Sigma-Aldrich, St. 143 

Louis, MO) according to manufacturer’s instructions. Complimentary DNA was 144 

synthesized from extracted RNA using the high capacity cDNA reverse transcription kit 145 

(Applied Biosystems, Foster City, CA) according to manufacturer’s directions. For miR 146 

analysis, cDNA was synthesized using TaqMan® MicroRNA Reverse Transcription Kit 147 

(Applied Biosystems). Gene expression for EMT and miRs were measured by 148 

quantitative real-time polymerase chain reaction (qRT-PCR) using Taqman® gene 149 

expression assays with TaqMan® Universal PCR Master Mix (Applied Biosystems) on 150 

an Applied Biosystems ViiA 7™ Real-Time PCR System. Expression data for mRNA 151 

were normalized to the housekeeping gene, β-actin, whereas miR expression levels were 152 

normalized to miR-16 expression. Relative quantitation (RQ) was calculated using the 153 

∆∆Ct method. 154 

 155 

Notch1 Luciferase assay 156 

 Luciferase assays were performed to assess whether miR-34a targets the Notch 157 

3’UTR in Panc02 cells using LightSwitch 3’UTR Reporter GoClones, LightSwitch 158 

microRNA mimics, LightSwitch Assay regents, and associated protocols (SwitchGear 159 

Genomics, Menlo Park, CA). The experiment was repeated three independent times and 160 

data are presented as mean ± SEM. The mutant Notch1 3’UTR vector was generated 161 

from LightSwitch Notch1 3’UTR GoClone vector DNA (SwitchGear Genomics) using 162 

the QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies, 163 
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Santa Clara, CA) following manufacturer’s instructions. Briefly, QuikChange reagents, 164 

Notch1 vector (100ng), and mutagenic primers (Notch 201, 380ng; Notch 930, 200ng) 165 

were combined and cycled through the thermal cycling program indicated in the 166 

manufacturer’s protocol. Mutagenic primers were designed to alter the sequence of the 167 

Notch1 3’UTR at the two sites complimentary to the miR-34a seed sequence (target sites) 168 

as specified by miRDB, TargetScan, and PicTar. Mutant Notch1 3’UTR GoClone vector 169 

was amplified and selected per manufacturer’s instructions. Plasmids were sequenced at 170 

the University of Texas at Austin DNA Core Facility using the following primers: 171 

Forward- GGGAAGTACATCAAGAGCTTCGT, Reverse- 172 

CCCCCTGAACCTGAAACATAAA. 173 

 174 

Tumor sphere assay 175 

Panc02 cells were seeded in 96-well low-adherence plates (Corning Incorporated, 176 

Corning, NY) in a serial dilution (from 2000 to 0 cells/well; 6 replicates per dilution), as 177 

previously described (23). Cells were cultured under serum-free conditions using 178 

McCoy’s media supplemented with insulin, B27, N2, EGF and FGF (all from BD 179 

Biosciences, San Jose, CA) with/without metformin (0.5 mM) or rapamycin (0.1 mM). 180 

Cell media was changed weekly and tumor spheres were quantified after 14 days. 181 

Pancreatic tumor spheres (only those with >5 cells/sphere) were quantified by visual 182 

counting at 20X magnification. The diameter of each tumor sphere was measured using 183 

Spot software (Diagnostic Instruments, Sterling Heights, MI). Three independent 184 

experiments were performed. 185 

 186 
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Identification of the CD24
+
CD44

+ 
population in Panc02 Cells 187 

Panc02 cells (~50,000 cells/well) were seeded into 6-well plates (Corning 188 

Incorporated) and left overnight in a 37°C incubator at 5% CO2. The following day, cells 189 

were washed with PBS and then treated with fresh complete McCoy’s media in presence 190 

or absence of 0.5 mM metformin. After 24-72 hours of treatment, cells were washed with 191 

PBS, harvested and stained with anti-mouse antibodies against phycoerythrin (PE)-CD24, 192 

and allophycocyanin-(APC)-CD44 (BD Pharmigen) as previously described (23). Each 193 

antibody was used at saturating concentrations optimized by initial titrations for flow 194 

cytometry staining. The negative control panels were mixtures of isotype controls (E-195 

Bioscience) diluted to an identical immunoglobulin concentration. Cells were analyzed 196 

using Guava Flow Cytometry (Guava Technologies,Hayward, CA) and at least 15,000 197 

events were collected for each sample. 198 

 199 

Cell cycle analysis 200 

Panc02 cells were treated with complete McCoy’s media in presence or absence 201 

of either metformin (0.5mM) or rapamycin (0.1mM). Panc02 cells were stained with 202 

propidium iodide (PI) following the manufacturer’s instruction (Guava


 Cell Cycle 203 

Reagent, Millipore). Cells serum starved for 24 hours were used as a control for G0/G1 204 

phase (quiescent phase). After a 30-minute incubation with PI, cells were analyzed using 205 

Guava EasyCyte Flow Cytometry. Histograms exhibiting G0/G1, S and G2/M phases 206 

were generated using Modefit LT Software (Verity Software House, Topsham, ME). A 207 

minimum of three independent experiments was run in which each condition was tested 208 

in six replicates. 209 
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 210 

Statistical analysis 211 

All statistics were performed using GraphPad Prism 4 (GraphPad Software, San 212 

Diego, CA, USA). One-way ANOVA was used to assess differences between vehicle and 213 

treatment groups. Two-tailed Student’s t-test was used to assess differences between 214 

vehicle control and an individual treatment group. Values of P < 0.05 were considered 215 

statistically significant.  216 

 217 

 218 

Results  219 

Body weight, caloric intake, glucose tolerance and serum factors 220 

An obese phenotype was attained in all mice prior to drug treatment initiation (15 221 

weeks) as indicated by the increased mean body weight (40.8 ± 4.7 g) relative to the 222 

mean baseline measurement (20.3 ± 29.0 g, p=0.0005; Fig. 1a). After just four weeks of 223 

treatment, metformin significantly reduced mean body weight relative to vehicle group 224 

(41.1 ± 2.7 g vs. 44.8 ± 3.2 g, respectively; p=0.0062), whereas rapamycin treatment did 225 

not (46.2 ± 3.5 g; Fig. 1a). Despite these varying effects on body weight, the treatments 226 

had no effect on caloric intake (Figure S1). As expected, the metformin group exhibited 227 

improved glucose clearance (p=0.027) as well as enhanced insulin sensitivity (p=0.038) 228 

relative to vehicle (Fig. 1b-c). The rapamycin group displayed worsened glucose 229 

sensitivity (p=0.023), but it did not affect insulin sensitivity relative to the vehicle group 230 

(p=0.71; Fig. 1b-c). Fasting levels of circulating insulin was reduced in response to 231 

metformin treatment (1.9 ± 0.8 ng/mL vs. 2.7 ± 0.6 ng/mL, p=0.03; Fig. 1d). Mean 232 
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circulating levels of the mitogen IGF-1 were non-significantly reduced by metformin 233 

treatment relative to vehicle (400 ± 35 ng/mL vs. 420 ± 38 ng/mL; p=0.08; Fig. 1e). No 234 

statistical differences were detected between the rapamycin group and the vehicle group 235 

regarding insulin (2.6 ± 1.1 ng/mL) or IGF-1 (367 ± 50 ng/mL) levels. Resistin was 236 

decreased in the metformin group (2.8 ± 0.4 ng/mL vs. 3.8 ± 1.5 ng/mL; p=0.02) as well 237 

as in the rapamycin group (2.05 ± 0.4 ng/mL) relative to vehicle (p<0.001; Fig. 1f). 238 

Serum adiponectin, relative to control, was significantly increased in the metformin 239 

group (13.2 ± 1.6 µg/mL vs. 10.5 ± 2.3 µg/mL; p=0.05), and decreased in the rapamycin 240 

group (6.6 ± 0.7 µg/mL; p<0.001; Fig. 1g).  241 

Effect of metformin on tumor growth and intracellular signaling intermediates 242 

At 20 weeks on study, Panc02 cells were injected in the right flank of mice 243 

(n=15/group) that continued on their diet regimen for 4 additional weeks while tumor 244 

growth was monitored. At study termination, tumors were collected form mice. Five mice 245 

(control, n=4; metformin, n=1; rapamycin, n=1) were censored from the study due to 246 

injection errors. Both metformin (0.62 ± 0.27 g; p=0.04) and rapamycin (0.25 ± 0.33 g; 247 

p<0.01) significantly reduced tumor burden compared to vehicle (0.90 ± 0.22 g), 248 

although the effect of rapamycin was more dramatic (Fig. 2a). Metformin (10.6 ± 3.5%, 249 

p=0.006) and rapamycin (19.1 ± 5.7%, p=0.05) both significantly decreased tumoral 250 

mTOR activity, assessed by measuring phosphorylation of mTOR, relative to untreated 251 

tumors (43.7 ± 8.7%; Fig. 2b-c). Despite inhibitory effects on phosphorylation of mTOR, 252 

rapamycin treatment (86.3 ± 1.9%; p=0.024), but not metformin treatment (77.2 ± 3.3%), 253 

resulted in significantly increased pAKT (Fig. 2b-c). Metformin (53.7 ± 3.6%, p=0.04) 254 

and rapamycin (52.6 ± 3.2%, p=0.06) resulted in a mean increase in phosphorylation of 255 
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ACC, an inhibitory phosphorylation indicative of AMPK activity as compared to vehicle 256 

(37.9 ± 5.6%; Fig. 2b-c).  257 

 258 

Metformin increases expression of miR-34a 259 

 Since miRNAs are aberrantly expressed in many types of cancers, we screened 260 

the expression of miRNAs highly regulated in pancreatic cancer during obesity and 261 

diabetes (11) using q-RT-PCR (Supplementary Table 1). Validation analysis was 262 

performed for those miRNAs that had  p-values ≤ 0.15. Validation analysis showed that 263 

metformin significantly increased miR-34a expression (RQ = 2.15 ± 1.07 vs 1.07 ± 0.43, 264 

p=0.046; Fig. 3a) and downregulated Notch (RQ = 0.56 ± 0.42 vs 1.10 ± 0.49, p=0.041; 265 

Fig. 3b), an EMT-associated target of miR-34a (24-27), relative to untreated/vehicle 266 

controls in both tumors (RQ = 0.61 ± 0.07 vs 1.50 ± 0.15, p=0.041) and in vitro Panc02 267 

cells (RQ = 0.65 ± 0.20 vs. 1.13 ± 0.09 in untreated cells, p=0.034). When Panc02 cells 268 

were transfected with Notch reporter plasmid and a miR-34a mimic, luciferase signal was 269 

significantly decreased relative to control (p=0.007, Fig. 3c), confirming that Notch is 270 

regulated by miR34-a in Panc02 cells. Moreover, after mutating the two miR-34a target 271 

sites within the Notch 3' UTR in the reporter plasmid, no effect of miR-34a on luciferase 272 

signal was observed (Fig. 3d), indicating that the inhibition of luciferase activity seen in 273 

the Notch + miR-34a condition is due to direct binding of miR-34a to Notch in Panc02 274 

cells. 275 

 276 

Metformin decreases expression of Snail, Vimentin, and Slug in tumor samples 277 

Besides Notch, additional EMT markers were found regulated by metformin in 278 
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tumors. As shown in Figure 4, mRNA expression levels of Snail (p=0.049) and Vimentin 279 

(p=0.049) were significantly decreased in the metformin group relative to vehicle. 280 

Expression of Slug was also reduced in response to metformin; however, this finding 281 

only approached significance (p=0.059). 282 

 283 

Rapamycin increases expression of let-7b in tumors and inhibits cell cycle progression  284 

Let-7b expression in Panc02 tumors was significantly increased in the rapamycin 285 

group relative to vehicle controls (RQ= 1.49 ± 0.22 vs. 1.05 ± 0.37; p=0.044; Fig. 5a). 286 

Metformin had no effect on let-7b expression (0.99±0.05; p=0.88; Fig. 5a); however 287 

induction of let-7b expression by metformin has been reported in pancreatic cancer cells 288 

(28). Immunohistochemical staining of downstream cell cycle regulatory proteins 289 

corroborates this finding by demonstrating that rapamycin significantly reduced 290 

expression of cdk4 and cyclin D1 (28.2 ± 3.8%, p<0.001 and 32.0 ± 4.7%, respectively, 291 

p=0.008; Fig. 5b-c) relative to vehicle (43.5 ± 4.0% and 48.4 ± 3.6%, respectively). 292 

Metformin had no significant effect on cyclin D1 (39.4 ± 0.9%) relative to vehicle 293 

although it reduced cdk4 (30.8 ± 4.8%, p<0.001; Fig. 5b-c).   294 

Treating Panc02 cells with rapamycin (0.1mM) significantly increased the 295 

percentage of cells arrested in the G0/G1 phase of the cell cycle (50.7 ± 1.7% of positive 296 

cells) compared to untreated cells (36.4 ± 1.0%; p=0.011; Fig. 5d-e). Rapamycin also 297 

reduced the percentage of cells in S phase (10.5 ± 0.45%) compared to untreated cells 298 

(21.3 ± 1.4%; p=0.048; Fig. 5d-e). No major differences were observed in the G2/M 299 

phase between treatments. Metformin did not impact cell cycle kinetics relative to 300 

untreated cells. Serum starved Panc02 cells were used as a positive control, causing 70% 301 
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of total cells to arrest in G0/G1 phase. The decrease in cell cycle progression was not 302 

driven by increased apoptosis, since we did not observe any difference in the generation 303 

of DNA fragments in rapamycin-treated Panc02 cells, compared to untreated cells 304 

(Figure S2).  305 

 306 

Metformin reduced pancreatic tumor sphere formation  307 

Since metformin drastically inhibited pancreatic tumor growth in vivo, we 308 

investigated whether this effect was achieved by acting on CSCs, a population with 309 

enhanced proliferation and self-renewal properties and characterized by the expression of 310 

the cell surface markers CD24 and CD44 (29). We observed that the CD24
+
/CD44

+
 311 

population of Panc02 cells was significantly reduced by metformin compared to 312 

untreated controls (63.5 ± 8.5% vs. 76.7 ± 9.4%; p=0.024; Fig. 6a-b). Since tumor 313 

sphere-forming capacity has been used to define a more tumorigenic cell population (29), 314 

we grew Panc02 cells into tumor spheres in the presence or absence of metformin and 315 

assessed spheroid size and number. After 14 days, metformin (relative to untreated) 316 

significantly reduced mean size of Panc02 tumor spheres grown under non-adherent 317 

culture conditions by approximately 50% regardless of initial cell seeding number (from 318 

500-2000 cells; Fig. 6c-e). Metformin significantly decreased expression of Notch in 319 

tumor spheres (RQ= 0.23 ±0.006 vs 1.17 ±0.64; p =0.037) compared to untreated tumor 320 

spheres (Fig.6f). 321 

 322 

Discussion 323 

Our findings establish that both metformin and rapamycin inhibit pancreatic 324 
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tumor growth in a mouse model of DIO and prediabetes through common and divergent 325 

mechanisms. We found that both pharmacologic agents blunted the DIO-associated 326 

tumoral activation of mTOR, a crucial complex involved in the regulation of protein 327 

translation. Additional data, however, indicate several distinct systemic and intracellular 328 

effects of metformin relative to rapamycin, including effects on glucose clearance, 329 

circulating levels of energy balance-responsive hormones and growth factors, miR 330 

expression, cell cycle regulatory protein expression, and stem cell properties. These 331 

findings support epidemiologic data suggesting that metformin, but not other glucose-332 

lowering therapies, may decrease PC risk in the prediabetic and diabetic population as 333 

well as minimize PC-related death in diabetics (6-8). They also provide novel insights 334 

regarding the shared and distinct mechanisms associated with the anticancer effects of 335 

metformin versus the direct mTOR inhibitor, rapamycin. 336 

We have previously shown that rapamycin exerts significant tumor growth-337 

inhibitory effects in association with diminished mTOR signaling in normoweight mice 338 

injected with the same Panc02 tumors used in the present studies (20). In the current 339 

report, we show this growth-prohibitive effect of rapamycin in the context of obesity and 340 

insulin resistance. Additionally, these findings suggest that a potential mechanism for the 341 

inhibitory effects of rapamycin is the increase in let-7b, a miR involved in the regulation 342 

of cell proliferation and differentiation, at least in part through regulation of cell cycle-343 

regulatory proteins (30-32). In fact, rapamycin treatment resulted in reduced expression 344 

of cdk4 and cyclin D1. The composite effect of these outcomes in response to rapamycin 345 

treatment was cell cycle inhibition, as evidenced by an accumulation of cells in G0/G1, a 346 

finding corroborated by others (33; 34). 347 
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Specific mTOR inhibition with rapamycin resulted in tumor growth suppression 348 

but unfortunately, was also accompanied by decreased insulin responsiveness and 349 

hyperglycemia, consistent with previous reports (35). In contrast, metformin significantly 350 

blunted pancreatic tumor growth (albeit to a lesser extent than rapamycin) without 351 

apparent adverse metabolic effects, similar to previous observations (36). In our study, 352 

we found that metformin resulted in improved glucose and insulin metabolism and a 353 

serum profile (decreased IGF-1, insulin, resistin; increased adiponectin) associated with 354 

normalization of metabolic state and tumor growth inhibition in DIO mice (20; 37; 38). 355 

Similar to previous reports (39), we found that metformin induced tumoral expression of 356 

miR-34a, a miR typically lost during cancer progression, including pancreatic (24; 40) 357 

and has been shown to contribute to reduced survivability in those diagnosed with 358 

pancreatic cancer (41). MicroRNA-34a suppresses EMT by acting as a negative regulator 359 

of the signaling pathway activated by transforming growth factor- β  (TGF-β), a master 360 

regulator of EMT (42). Interestingly, metformin has been shown to inhibit TGF-β-361 

induced EMT in breast cancer cells, particularly stem cell-enriched populations, as well 362 

as alter expression of EMT mediators (43).  Expression of these mediators, such as Snail 363 

is intimately linked to TGF-β signaling and miR-34a expression. Specifically, as TGF-β 364 

increases, expression of miR-34a is diminished and Snail is enhanced (42), while re-365 

expression of miR-34a reduces expression of Snail and other EMT mediators such as 366 

Notch and Slug (44). Our in vitro results corroborated these findings by demonstrating 367 

that targeted binding of miR-34a regulated expression of Notch in Panc02 cells, further 368 

suggesting that metformin may modulate EMT-related targets, such as Notch, in a miR-369 

34a-dependent manner in Panc02 tumors. Panc02 tumor spheres also had reduced Notch 370 
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expression in response to metformin. Dysregulation of Notch signaling, a targeted 371 

perturbation in many cancer types (24; 45), has been shown to enhance hypoxia-induced 372 

tumor cell migration and invasion and influence expression of Snail and Slug (46; 47). 373 

Additionally, metformin reduced the CD24
+
/CD44

+
 cell population and decreased the 374 

tumor sphere-forming capacity of Panc02 cells, corroborating previous findings that 375 

metformin significantly reduced CSC enrichment in pancreatic tumors (28). The 376 

importance of this TGF-β/miR34a pathway cannot be understated in the context of 377 

Panc02 cells, which have a mutation in Smad4 (a downstream regulator of TGF-β 378 

signaling), a genetic anomaly that is found in approximately 55% of all pancreatic ductal 379 

adenocarcinomas and is predictive of poor prognosis (48). Loss of Smad functioning can 380 

alter miR expression profiles (49) but metformin, in our study, overcame the loss of miR-381 

34a. This suggests that metformin may be able to blunt the protumorigenic nature of 382 

genetic alterations such as Smad4 mutation, possibly in part through negatively 383 

regulating the EMT.  384 

 In summary, these preclinical findings suggest metformin and rapamycin can both 385 

inhibit diabetes-associated pancreatic tumor growth through common and distinct 386 

microRNA-mediated mechanisms. We conclude that metformin and direct mTOR 387 

inhibitors, alone or possibly in combination, represent promising interventions that 388 

should be tested in future translational studies evaluating new strategies for breaking the 389 

diabetes-pancreatic cancer link. 390 
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Figure Legends 571 

Figure 1. Effect of metformin versus rapamycin on body weight, insulin sensitivity 572 

and serum hormones in obese/prediabetic mice. Treatment conditions (n=15/group): 573 

vehicle (0.1% DMSO in saline); metformin (250 mg/kg); rapamycin (2.5 mg/kg). Due to 574 

Panc02 cells injection error, 5 mice were censored from the study (vehicle=11 mice; 575 

metformin=14 mice ; rapamycin=14 mice). (a) Mean body weight, recorded weekly until 576 

study termination (b) GTT and (c) ITT performed prior to Panc02 cell injection at week 577 

19 and 20, respectively (n=10/group). Fasting sera harvested at study termination were 578 

analyzed for levels of (d) insulin, (e) IGF-1, (f) resistin, and (g) adiponectin. The bar 579 

graph represents mean ± SD. *p<0.05 by two tailed Student t test. 580 

 581 

Figure 2. Metformin and rapamycin decreased tumor weights in obese prediabetic 582 

mice. (a) Scatter plot depicting tumor weights measured at study termination in mice 583 

receiving either metformin (250 mg/kg) (n=14), rapamycin (2.5 mg/kg) (n=14) or vehicle 584 

(0.1% DMSO in saline) (n=11). (b-c) Representative images of pancreatic tumors 585 

analyzed by immunohistochemical staining of pAkt, pmTOR, and pACC. (c) 586 

Quantification of pAkt, pmTOR and pACC positively-stained cells in tumor tissues. 587 

Images captured at 40X magnification. Scale bar represents 100nm. Data are expressed as 588 

mean ± SEM number of positive cells/field in tumors (n=8/group). *p<0.05 by one-way 589 

ANOVA. 590 

 591 

Figure 3. Metformin induced miR-34a expression in pancreatic tumors through 592 

direct binding to Notch. (a) Bar graph of miR-34a expression in pancreatic tumor 593 
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tissues (n=6/group). Data were normalized based on U6 expression. The bar graph 594 

represents mean ± SEM. *p<0.05 by two tailed Student t test. (b) Quantification of Notch 595 

mRNA expression, relative to β-actin, in tumor samples and Panc02 cells. The bar graph 596 

represents mean ± SD. *p<0.05 by two tailed Student t test. (c) Luciferase assay 597 

performed on Notch-transfected Pan02 cells in 3 independent experiments. (d) Luciferase 598 

assay performed on mutated Notch-transfected Pan02 cells in 3 independent experiments 599 

(mutations at two sites in Notch 3' UTR that are complimentary to the miR-34a seed 600 

sequence). The bar graph in c) and d) represents mean ± SEM. *p<0.05 by one-way 601 

ANOVA. 602 

 603 

Figure 4. Metformin decreased expression of EMT markers in pancreatic tumors 604 

from obese mice. mRNA expression of (a) Snail (p=0.049), (b) Vimentin (p=0.049), and 605 

(c) Slug (p=0.059) in metformin (250 mg/kg)- and vehicle (0.1% DMSO in saline)-606 

treated tumors (n=6/group). The bar graph represents mean ± SEM. *p<0.05 by Student t 607 

test. 608 

 609 

610 

611 

612 

613 

614 

615 
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Figure 5. Rapamycin increased let7b level in pancreatic tumors and inhibited cell 

cycle progression. (a) Bar graph representing mean let-7b mRNA expression in tumor 

tissues (n=3-6/group). The bar graph represents mean ± SEM. *p<0.05 by Student t test. 

(b) Representative images of tumors immunohistochemically stained for the cell cycle-

regulator proteins cdk4 and cyclin D1 and (c) respective quantification of positively-

stained cells (n=8/group). Scale bar represents 100nm. (d) Cell cycle analysis (propidium 

iodide staining) of Panc02 cells treated with metformin (0.5 mM) or rapamycin (0.1 mM) 
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617 

618 

619 

 620 

 621 

 622 

Figure 6. Metformin decreased tumor-sphere formation and EMT-associated genes 623 

expression in vitro. (a) Distribution and (b) quantification of the CD24
+
CD44

+
 624 

population in Panc02 cells treated with metformin (0.5 mM) for 24 hours (p=0.024). (c) 625 

Representative image of Panc02 cells treated with metformin (0.5 mM) for 14 days, (d) 626 

quantification of the mean diameter and (e) number of tumor spheres of Panc02 cells 627 

treated with metformin (0.5 mM) for 14 days, relative to untreated control cells. (f) Bar 628 

graph representing Notch mRNA expression in pancreatic tumor spheres treated with 629 

metformin (0.5mM) or control after 14 days of treatment (n=3/treatment in six 630 

replicates). The bar graph represents mean ± SD. *p<0.05 by Student t test. 631 

 632 

 633 

Supplemental Figure 1 (S1). Effect of metformin versus rapamycin on caloric intake 634 

in obese/diabetic mice. Caloric intake was measured throughout the study in C57BL/6 635 

male mice fed the DIO diet and treated with either metformin (250mg/kg), rapamycin 636 

(2.5 mg/kg) or vehicle (0.1% DMSO in saline). The bar graph represents mean ± SD. No 637 

differences were observed between vehicle and treatment conditions. 638 
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for 24 hours (n=3/treatment in six replicates). (e) Histogram representation of the cell 

cycle phase distribution. The bar graph represents mean ± SEM. *p<0.05 by one-way 

ANOVA.  The white sphere in Figure 5b (CND1 expression for the rapamycin-treated 

group) is the cellular outline of a large adipocyte, since histological processing with 

organic solvents extracts the lipid content of cells. 
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Supplementary Table 1. Screening of miRNAs expression in tumor samples treated 639 

with metformin or rapamycin in pre-diabetic obese mice. Expression profile of highly 640 

regulated miRNAs in pancreatic cancer during obesity and diabetes performed in 641 

pancreatic tumors (n=3/group) by q-RT-PCR. Statistical analysis was performed by two-642 

tailed Student t test. 643 

 644 

Supplemental Figure 2 (S2). Rapamycin treatment did not induce apoptosis in 645 

Panc02 cells. (a-b) Level of DNA fragmentation was measured in Panc02 cells exposed 646 

to rapamycin (0.1 mM) or regular growth media for 24 h using a Bromodeoxyuridine 647 

(BrdU) immunofluorescence staining kit. BrdU positive cells were detected by flow 648 

cytometry (n=3/treatment). The bar graph represents percentage ± SD. *p<0.05 by 649 

Student t test. 650 

 651 

 652 
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miR CONTROL RAPAMYCIN METFORMIN 

 Expression Expression p-value Expression p-value 
let-7b 1.01 ± 0.09 1.17 ± 0.03 0.15 0.99 ± 0.05 0.88 

miR-21 1.00 ± 0.03 1.1  ± 0.08  0.33 1.07 ± 0.03 0.22 
miR-26a 1.00 ± 0.07 1.06 ± 0.06 0.55 0.97 ± 0.02 0.65 
miR-34a 1.00 ± 0.05 0.91 ± 0.08 0.38 1.16 ± 0.04 0.08 
miR-100 1.00 ± 0.07 1.12 ± 0.07 0.32 1.02 ± 0.07 0.92 
miR-101 1.01 ± 0.08 0.81 ± 0.10 0.19 1.02 ± 0.09 0.9 

miR-146a 1.07 ± 0.07 1.25 ± 0.17 0.42  1.24 ± 0.02 0.09 
miR-200a 1.01 ± 0.04 0.84 ± 0.13 0.36 1.39 ± 0.78 0.65 
miR-200b 1.01 ± 0.08 0.75 ± 0.14 0.19 1.21 ± 0.65 0.77 
miR-200c 1.29 ± 0.66 1.03 ± 0.26 0.73 1.02 ± 0.56 0.78 
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