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Abstract: Tumors require a vascular supply to grow and can achieve this via the expression of pro-angiogenic growth 
factors. Many potential oncogenic mutations have been identified in tumor angiogenesis. Somatic mutations in the 
small GTPase KRAS are the most common activating lesions found in human cancer, and are generally associated 
with poor response to standard therapies. Biguanides, such as the diabetes therapeutics metformin and phenfor-
min, have demonstrated anti-tumor activity both in vitro and in vivo. The extracellular regulated protein kinases 
(ERK) signaling is known to be a major cellular target of biguanides. Based on KRAS activates several down-stream 
effectors leading to the stimulation of the RAF/mitogen-activated protein kinase/extracellular signal-regulated ki-
nase (RAF/MEK/ERK) and phosphatidylinositol-3-kinase (PI3K) pathways, we investigated the anti-tumor effects 
of biguanides on the proliferation of KRAS-mutated tumor cells in vitro and on KRAS-driven tumor growth in vivo. 
In cancer cells harboring oncogenic KRAS, phenformin switches off the ERK pathway and inhibit the expression of 
pro-angiogenic molecules. In tumor xenografts harboring the KRAS mutation, phenformin extensively modifies the 
tumor growth causing abrogation of angiogenesis. These results strongly suggest that significant therapeutic advan-
tage may be achieved by phenformin anti-angiogenesis for the treatment of tumor.
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Introduction

Angiogenesis has been understood to be an 
important therapeutic target, and drugs target-
ing vascular endothelial growth factor (VEGF) 
such as a bevacizumab has been developed 
and approved for clinical use, however, few 
other angiogenic factors switch on during can-
cer progression [1, 2]. To date, many other 
potential “driver mutations” occurring in genes 
encoding cellular signaling proteins have also 
been identified in tumor angiogenesis and are 
causally associated with the neoplastic pro-
cess [3]. It has been suggested that alterations 
in oncogenes involved in the intracellular RAS 
signaling cascade play a central role in regulat-
ing tumor angiogenesis [4]. Nearly 30% of 
human cancers possess activating RAS muta-
tions, 85% of which are KRAS mutations [5]. 
KRAS is a membrane-bound GTPase that cycle 
between an active GTP-bound form and an 
inactive GDP-bound form due to the hydrolysis 

of the bound GTP. The most common KRAS 
mutation is a G12C, which results in constitu-
tive activation of the kinase activity [6]. Among 
numerous downstream effectors of KRAS, the 
best characterized include RAF and phos-
phoinositide-3 kinase (PI3K). The major axes of 
RAS signaling through the RAF/MEK/ERK and 
PI3K/AKT cascades ultimately control process-
es such as cell growth and survival [7]. This is 
accomplished in part by ERK-regulated activa-
tion of transcription factors that promote cell 
cycle progression, and by AKT-mediated inacti-
vation of pro-apoptotic proteins for apoptosis 
suppression. In addition, a number of alternate 
effectors of KRAS have been described in an 
extensive body of literature, which regulates 
processes such as cell migration, endocytosis, 
changes in cytoskeleton, and calcium signaling 
[8].

The role of KRAS oncogenes in promoting cel-
lular transformation is well established. In addi-
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tion, KRASG12C modulates tumor-stroma inter-
action and supports cancer invasiveness by 
influencing the expression of metalloproteinas-
es and cytokines that involved in angiogenesis 
[9]. KRAS mutations lead to constitutive activa-
tion of downstream pathways and the muta-
tions of KRAS is associated with tumor angio-
genesis, indicating that this mutation and 
pathologic mechanism may be a suitable targ- 
et for anticancer agents. Biguanides, such as 
metformin and phenformin, are common thera-
peutics for type 2 diabetics. Emerging evidence 
from retrospective population-based studies 
and preclinical studies using cultured cancer 
cells and mouse models have demonstrated 
that biguanides also possess antitumor activity 
[10]. The attenuation of ERK signaling is known 
to contribute to the anti-tumor effects of met-
formin. Furthermore, phenformin inhibited the 
growth of breast cancer cells by de-activating 
MAPK. KRAS regulates several pathways that 
synergistically induce cellular transformation, 
including the well-characterized ERK cascade 
[11]. With respect to these findings, we hypoth-
esized that treatment of KRAS-mutant lung 
cancer with biguanides could offer therapeutic 
advantages in cancer therapy. In this report, we 
show that phenformin results in anti-cancer 
efficacy in both in vitro and in vivo models of 
KRAS mutant tumors. We show that this effect 
is, in part, explained by the ability of phenfor-
min to suppress the growth of tumor cells and 
angiogenesis. The effected pathway and regu-
latory proteins were also identified.

Materials and methods

Cells and transfection

hTERT-HME1, H1792, H358, H1299, A549 and 
HUVEC were purchased from American Type 
Culture Collection, and were cultured in DMEM, 
1640 or M199 with 10% FBS, and 1% Penicilin/
Streptomycin mix and maintained at 37°C in a 
humidified atmosphere containing 5% CO2. The 
short small interfering RNA (siRNA) was con-
structed by Nanjing genscript biotechnology 
co., LTD with sequence specifically targeted to 
KRASG12C gene: (#1: 5’-GAAGUGCAUACACCGA- 
GAC-3’ or #2: 5’-GUGCAAUGAAGGGACCAGUA- 
3’). A constitutively active mutant KRAS (G12C) 
plasmid was a gift from Channing Der (Addgene 
plasmid #58901). Transient transfection was 
performed using the Lipofectamine RNAi MAX 
reagent (Invitrogen) and following the manufac-
turer’s instructions.

Chorioallantoic membrane (CAM) assay

Fertilized white leghorn chicken embryos were 
incubated for 3 days at 37°C and 70% humidi-
ty. A small hole was made over the air sac at the 
end of the egg, and a second hole was made 
directly over the embryonic CAM. After 10 d, 1 × 
106 hTERT-HME1 WT or KRASG12C knock-in cells 
were mixed with 50 μL of serum-free DMEM 
plus 50 μL of Matrigel and dropped onto the 
CAM to form a plug. After 48 h, CAMs were fixed 
with PBS solution/3.7% paraformaldehyde for 
10 min at room temperature, and images were 
taken with a Nikon digital color camera [12].

In vivo Matrigel plug assay

A Matrigel plug assay was performed in BALB/c 
mice, as described previously with some modi-
fications. Matrigel (500 µL) containing H1792 
or H358 cells was inoculated subcutaneously 
into the right flank of Balb/c mice. All treatment 
groups contained six mice. The mice were treat-
ed with phenformin or 30% PEG400/0.5% 
Tween80/5% propylene glycol (vehicle) daily by 
inject into Matrigel plugs. After 10 days, the 
Matrigel plugs were removed and hemoglobin 
content was determined according to Drabkin’s 
method [13].

Cell viability assay

Briefly, cells (3 × 104 cells per well) were seed-
ed in 96-well plates, and exposed to various 
concentrations of phenformin or metformin for 
24 hours. Cell viability was measured by 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) assay and three 
independent experiments with triplicate were 
carried out.

Wound healing assay

We examined the migration of human umbilical 
vein endothelial cells (HUVEC) using a wound-
healing assay. Briefly, cells were each grown on 
3.5-cm plates with M199. After the growing cell 
layers had reached confluence, we inflicted a 
uniform wound in each plate using a pipette tip, 
and washed the wounded layers with PBS to 
remove all cell debris. Then, cells were cultured 
with FBS or VEGFA in the presence of phenfor-
min. We evaluated the closure at 24 h using 
bright-field microscopy [14].
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Invasion assay

To determine the effect of KRASG12C on HUVEC 
invasion in vitro, we conducted cell assay by 
Matrigel-coated Boyden inserts (8 μm; BD 
Biosciences). Cells were then seeded on the 
upper chamber of Boyden and allowed to inva-
sive to the lower chamber with 500 μL superna-
tant from hTERT-HME1 WT, KRASG12C knock-in 
cells or cells treated by phenformin. After 7 
hours incubation, noninvasive cells were re- 
moved with cotton swabs, and invasive cells 
were fixed with cold 4% paraformaldehyde and 
stained with 1% crystal violet. Images were 
taken with an inverted microscope, and migrat-
ed cells in random 5 fields were quantified by 
manual counting [15]. Three independent ex- 
periments with triplicate were carried out.

ELISA

Cells (7 × 105) were plated in six-well dishes 
and treated for 24 h with phenformin, or vehi-
cle. Supernatants were collected and ELISA for 
VEGFA was performed with a Quantikine immu-
noassay kit (DVE00; R&D Systems) following 
the manufacturer’s instructions.

Real-time PCR

Total RNA was isolated using TRIzol according 
to the manufacturer’s instructions (Invitrogen, 
USA) and the concentration of total RNA was 
detected by spectrophotometry at OD260. 
Reverse transcription (RT) was carried out 
using superscript III reverse transcriptase (In- 
vitrogen, USA) as described in the manufactur-
er’s manual. The real-time PCR was performed 
on ABI Prism 7500 Sequence detection system 
(Applied Biosystems, CA) with the KAPA SYBR® 
qPCR Kit (KAPA Biosystems, USA) according to 
the manufacturer’s instructions. The primers 
used were as follow in Supplementary Table 1. 
The target mRNA level of control cells normal-
ized to the level of β-actin mRNA, was defined 
as 1. Results were obtained from three inde-
pendent experiments.

Western blot analysis

The whole-cell extracts were prepared by lysis 
buffer supplement with different kinds of pro-
tein inhibitors. Equal protein aliquot of each 
lysate was subjected to SDS-PAGE (8%), blott- 
ed onto polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad), probed with specific antibod-

ies and subsequently detected by chemilumi-
nescence. Protein concentration was deter- 
mined by Micro BCA Protein Assay Kit (Pierce 
Biotechnology).

Mouse xenografts

All animal procedures were approved by the 
ethical commission of the Shanxi Baoji People’s 
Hospital. H1792 (5 × 106 cells per mouse) or 
H358 (8 × 106 cells per mouse) were injected 
s.c. into the right posterior flanks of 7-wk-old 
immunodeficient NOD/SCID female mice (6 
mice per group). On the seventh day, mice with 
appropriate size (250 mm3) of tumors were 
divided randomly into six groups including vehi-
cle-treated group and phenformin dosage 
groups. The mice were treated with phenformin 
or 30% PEG400/0.5% Tween80/5% propylene 
glycol (vehicle) daily by intragastric administra-
tion. Tumor volume and mice body weight were 
measured every 3 days. Tumor volume was cal-
culated as mm3 = 0.5 × length (mm)3 width 
(mm)2. After sacrificing mice on day 25, depar-
affinized tumor sections were stained with spe-
cific antibodies including CD31 (Abbiotec) and 
Ki-67. Detection was done with avidin-biotin-
HRP complex (Thermo scientific) and diamino-
benzidine as chromogen [17]. Nuclei were 
counterstained with hematoxylin. All animal 
experiments were carried out in compliance 
with the Guidelines for the Capital University of 
Medical Sciences.

Statistical analysis

Numerical results were analyzed using inde-
pendent mean T-test and expressed in mean ± 
standard deviation (SD). Statistical analysis 
was performed using post hoc testing using 
Bonferroni’s method. Differences were consid-
ered statistically significant at P < 0.05.

Results

Phenformin inhibits KRAS mutated NSCLC cell 
lines growth

To examine the effects of metformin and phen-
formin on cell viability as single agents, we per-
formed MTT cell assays by using KRAS mutated 
NSCLC cell lines H1792 and H358. Metformin 
had limited effect on reducing cell viability in 
both two cell lines, when used at concentra-
tions of up to 5 mM (Figure 1A). In contrast, 
phenformin was much more potent, with an 
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Figure 1. Phenformin inhibits proliferation and turns off ERK signaling in tumor cells carrying KRASG12C. A. Prolifera-
tion of H1792 and H358 cells were assessed with metformin. Data are from three independent experiments and 
are mean ± SD. N = 3. B. H1792 and H358 cells were assessed with phenformin and the growth was assayed by 
MTT. Data are from three independent experiments and are mean ± SD. N = 3. C. The proliferation inhibitory effects 
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estimated IC50 in the range of 2.1 mM for 
H1792 cells and 2.4 mM for H358 (Figure 1B). 
Furthermore, the effect of phenformin depend-
ed, at least partially, on KRASG12C, because 
siRNA knockdown of KRASG12C in cells (Figure 

S1) attenuated the reduction in cell viability in 
response to phenformin (Figure 1C). As H1972 
and H358 cells harbor KRASG12C mutation, we 
tested whether the killing effects of phenformin 
is pendent on KRAS status. NSCLC cancer cells 

of phenformin on H1792 and H358 cells were abolished by KRASG12C siRNA. Data are from three independent exper-
iments and are mean ± SD. N = 3, **P < 0.01 versus control. D. Proliferation of H1299 and A549 cells were treated 
with indicated phenformin and was assessed by MTT. Data are from three independent experiments and are mean 
± SD. N = 3. E. Biochemical analysis of phospho-ERK and phospho-AKT (Ser473 and Thr308) in H1792 and H358. 
GAPDH was used as loading control. F. Co-immunoprecipitation (IP) of B-Raf and C-Raf with KRAS from KRASG12C 
cell lines after treatment with phenformin. Data were from three independent experiments. WCL, whole cell lysate.

Figure 2. Phenformin treatment inhibits growth in H1792 and H358 xenograft models. A. Tumor growth curve of 
H1792 and H358 xenografts. H1792 and H358 xenografts were treated with phenformin 50 mg/kg or vehicle for 
25 days after tumor volume reached an average of 200 to 300 mm3. Data are presented as means ± SD, n = 6, **P 
< 0.01 versus vehicle group. B. Body weight changes in phenformin and vehicle treated mice. Data are presented as 
means ± SD, n = 6. C. Representative images of Ki-67 staining in H1792 and H358 xenografts. Scale bar represents 
50 μm. Quantification of proliferating cells by Ki-67 staining in H1792 and H358 xenografts. Data are presented as 
means ± SD, n = 6, **P < 0.01 versus vehicle group. D. Biochemical analysis of ERK, AKT and Caspase 3 in protein 
extract of H1792 and H358 xenografts. Protein loading was normalized by GAPDH. Three independent samples 
were evaluated.
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carrying wild type (WT) KRAS A549 and H1299 
were used as control and proved insensitive to 
phenformin treatment (Figure 1D).

KRAS protein plays a central role in controlling 
the activity of several crucial downstream sig-
naling pathways such as Raf and AKT/ERK that 
regulate tumor cellular proliferation, differenti-
ation and survival. As expected, phenformin 
inactivated ERK and AKT phosphorylation in 
the cells harboring KRASG12C (Figure 1E). We 
then measured RAS-Raf association in two 
KRASG12C-mutant lung cancer cell lines treated 
by phenformin, using co-immunoprecipitation. 
As predicted, treatment with phenformin de- 

creased the association of B-Raf and C-Raf 
with KRAS (Figure 1F).

Phenformin treatment inhibits tumor growth 
and angiogenesis in xenograft mice

We next measured the effect of phenformin in 
vivo by growing H1972 and H358 subcutane-
ously in immunocompromised mice. Phenformin 
induced a prolonged cytostatic effect and 
shown evident shrinkage at the end of the 
experiments in both xenograft models (Figure 
2A). None of the treatment groups demonstrat-
ed a weight loss of more than 10%, indicating 
no significant signs of toxicity (Figure 2B). This 

Figure 3. Phenformin treatment inhibits angiogenesis in H1792 and H358 xenograft models. A. Tumor tissues were 
prepared for immunohistochemistry detection with antibody against CD31 (Scale bar represents 50 μm). Data are 
presented as means ± SD, n = 6, **P < 0.01 versus vehicle group. B. VEGFA and CD31 levels from tumor samples 
were analyzed through Western blot analysis. Lower CD31 and VEGFA levels were measured in the phenformin 
treatment group. C. Similarly, through Western blot, phenformin treatment had the most profound decrease in CRAF, 
BRAF and NRAS protein levels in tumor samples.
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was further supported by the analysis of prolif-
eration and apoptosis assessed through Ki-67 
staining (Figure 2C) and inactivation of cas-
pase-3 (Figure 2D), respectively. We found that 
phenformin markedly inhibited tumor cell prolif-
eration, whereas it was ineffective in inducing 
apoptosis (Figure 2D). Similar to what was 
observed in vitro, phenformin treatment of 
H1972 and H358 tumors decreased the phos-
phorylation of ERK and AKT (Figure 2D).

To further examine whether phenformin sup-
press angiogenesis, tumor tissues were stained 
with specific antibody against CD31. Cluster of 
differentiation (CD31) is a widely used endothe-
lial marker for quantifying angiogenesis by cal-

culating microvessel density (MVD). Tumor sec-
tions stained with anti-CD31 antibody revealed 
that phenformin inhibited MVD (Figure 3A). 
This supports that phenformin is not only effec-
tive in vitro but also acts as an effective anti-
cancer regimen in vivo as well. VEGF is one of 
the most potent proangiogenic peptides known, 
and modulation of this peptide will likely have 
significant consequence on angiogenesis. We- 
stern blot analysis further verified these find-
ings. The phenformin treatment group had the 
low levels of CD31 and VEGFA than control 
group (Figure 3B). We had shown that phenfor-
min was able to decrease the intreaction of 
B-Raf and C-Raf with KRAS by targeting the 
KRAS pathway in NSCLC cells. A similar trend 

Figure 4. Phenformin inhibits tumor angiogenesis dependent on KRASG12C. A. Western blot analysis to assay the 
KRASG12C in empty vector transfected cells and KRASG12C transfected cells. GAPDH was used as a loading control. B. 
Representative images of hTERT-HME1 cells plated on the CAM. Scale bar: 0.5 cm. Qualitative assessment of an-
giogenesis in the CAM assay. Data are from three independent experiments and are mean ± SD. N = 6, **P  <  0.01 
compared with wild type cells, ##P  <  0.01 compared with KRASG12C knock-in cells. C. KRASG12C up-regulates the ex-
pression of pro-angiogenic factors in KRASG12C knock-in hTERT-HME1 cells. Gene expression analysis was performed 
by real-time PCR comparing parental hTERT-HME1 with KRASG12C clone. Data are from three independent experi-
ments and are mean ± SD. N = 6, *P < 0.05, **P  <  0.01 compared with wild type cells and #P  <  0.05, ##P  <  0.01 
compared with KRASG12C knock-in cells. D. Quantification of secreted VEGFA in hTERT-HME1 cells by ELISA. Data 
are from three independent experiments and are mean ± SD. N = 3, **P < 0.01 compared with wild type cells, ##P  
<  0.01 compared with KRASG12C knock-in cells. E. Invasion of HUVECs was enhanced by the supernatant of hTERT-
HME1 KRASG12C knock-in cells compared with the wild type counterpart. Scale bar represents 50 μm. Data are from 
three independent experiments and are mean ± SD. N = 3, **P < 0.01 compared with supernatant from wild type 
cells, ##P  <  0.01 compared with supernatant from KRASG12C knock-in cells.
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was also seen in vivo. In vivo, there were signifi-
cantly lower levels of CR-af and BR-af in the 
phenformin group compared to control (Figure 
3C).

Confirming phenformin treatment inhibits 
tumor angiogenesis dependent on KRASG12C

To study the specific influence of phenformin on 
tumor angiogenesis depedent on KRASG12C, we 
used an isogenic model in which KRASG12C was 
knocked into the genome of the nontumorigen-
ic human mammary epithelial cell line (hTERT-
HME1) and the expression of KRASG12C was 
confirmed by western blot with anti-HA-tag anti-
body (Figure 4A). We used the chicken chorioal-
lantoic membrane (CAM) assay to assess wh- 

ether phenformin modulate angiogenesis de- 
pendent on KRASG12C (Figure 4B). We next com-
pared the transcriptional profile of genes 
involved in angiogenesis between KRASG12C 
knock-in hTERT-HME1 cell and phenformin 
treated cells. This assay revealed that oncogen-
ic KRASG12C enhanced the expression of several 
pro-angiogenic molecules, including VEGF-A 
and VEGF-C, PDGFA, and chemokines, such as 
CCL-2, IL6, and IL8, while phenformin decrease 
the expression of proangiogenic factors (Figure 
4C). Among the factors that were pinpointed by 
the transcriptional profile, we focused on 
VEGF-A because this molecule is angiogenic 
program. KRASG12C knock in cells released high-
er amounts of VEGF-A in the supernatant that 
enhanced HUVECs invasion compared with the 

Figure 5. Phenformin does not affect HUVECs proliferation and mobility. A~C. HUVECs were used to evaluate pro-
liferation, migration, and invasion. HUVECs were stimulated by FBS or 50 ng/mL VEGFA and were treated with 
phenformin or vehicle. Cells proliferation is shown as mean percentage of cells viability compared with serum-Free 
untreated samples (SF) ± SD in quadruplicate. HUVECs migration is represented as mean number of migrated cells 
± SD in triplicate. In both cases, representative results of three independent experiments are shown. D. Expression 
of proangiogenic factors was evaluated by real-time PCR. Cells carrying KRASG12C was treated for 24 h with phenfor-
min. Data are expressed as relative quantity (RQ) of phenformin compared with vehicle-treated samples. Bars show 
mean ± SD of triplicate measurements. E. Quantitative analysis of hemoglobin levels in Matrigels plugs. Data are 
from three independent experiments and are mean ± SD. N = 6, **P  <  0.01 compared with wild type cells. F. VEGFA 
and CD31 levels from plugs tissues were analyzed through Western blot analysis.
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WT counterpart. While, phenformin treatment 
significantly inhibited HUVECs invasion stimu-
lated by KRASG12C (Figure 4C).

Secretion of pro-angiogenic factors in  
KRASG12C mutant cancer cells

To further assess whether the anti-angiogenic 
effect of phenformin was direct (on the tumor 
vasculature) or indirect (via epithelial cells), we 
investigated if phenformin affected HUVECs in 
vitro. We found that proliferation and migration 
of HUVECs were unaffected by phenformin 
treatment (Figure 5A-C), thus ruling out a pos-
sible direct effect of phenformin inhibition on 
the endothelial compartment. We next consid-
ered if phenformin treatment was capable of 
modulating the production of angiogenic mole-
cules by cancer cells, which in turn might influ-
ence the tumor environment. To assess this, we 
analyzed the effect of phenformin on the 
expression of angiogenic factors in NSCLC cells 
carrying mutant KRAS. We found that, upon 
phenformin treatment, multiple mediators of 
angiogenesis (e.g., IL-6, IL-8 and VEGF-A) were 
down-regulated in H1792 and H358 cells 
(Figure 5D). On the contrary, the same genes 
were not modulated in the KRAS WT cancer 
cells (Figure S2). In vivo Matrigel plug angiogen-
esis assays were performed to test the effects 
of phenformin treatment on tumor angiogene-
sis. The hemoglobin contents in Matrigels con-
taining drug was significantly inhibited (Figure 
5E). Western blot analysis for CD31 and VEGFA 
levels further verified phenformin had inhibition 
potential to tumor angiogenesis (Figure 5F).

Discussion

Angiogenesis has been recognized as an impor-
tant event as it plays an essential role for tumor 
growth and survival. In fact, in NSCLC, there is 
a direct correlation between decreased surviv-
al with high levels of angiogenesis and con-
trolled by a variety of growth factors, and the 
most important proangiogenic peptide is VEGF 
[18]. For this reason, there continues to be 
active research and development of anti-angio-
genic agents such as VEGF receptor TKIs and a 
monoclonal antibody that targets VEGF. Un- 
fortunately, the clinical benefit conferred by 
these therapies is variable and other angiogen-
ic factors switch on during cancer progression, 
which facilitates tumor initiation and induce 
resistance to RTK inhibitors [19]. Among these, 

RAS family and related downstream pathways 
play a critical role in cancer development and 
over recent years has become a validated tar-
get in NSCLC. Activating KRAS mutations are 
present in more than 80% of all NSCLCs and 
most often are due to G12C point mutation 
[20]. This mutation lead to constant phosphory-
lation of the receptor and activation of down-
stream cascade pathways (such as the RAS, 
Phosphoinositide 3-kinase, and AKT signaling 
pathways) that are important in regulating cell 
proliferation and growth. It has been shown 
that activating mutations of KRAS or NRAS lead 
to a consecutive activation of the RAS-RAF 
pathway. Subtle changes in the molecular 
nature of KRAS oncogene activating mutations 
occurring in tumor cells have a major impact on 
the vascular strategy devised providing with 
new insights on the role of KRAS mutations on 
angiogenesis [21].

Phenformin, is widely used as a first-line thera-
py for type 2 diabetes. Recent epidemiological 
stidues have found that patients with type 2 
diabetes who were treated with phenformin 
had lower cancer risk and lower cancer-related 
mortality rates compared with patients treated 
with other therapeutic [22]. Moreover, phenfor-
min has antitumor activities in various xeno-
graft, carcinogen-induced, and genetically mo- 
dified mouse models, raising strong interest in 
repurposing these drugs for cancer therapy. 
Phenformin lowers elevated insulin levels asso-
ciated with type 2 diabetes by inhibiting hepatic 
gluconeogenesis via AMP-activated protein 
kinase (AMPK) activation. It increases insulin 
sensitivity and glucose utilization by skeletal 
muscle and adipose tissue resulting in reduced 
blood glucose and insulin levels [23]. Phen- 
formin can have a direct anti-tumoral effect, 
but also can act indirectly to improve insulin 
sensitivity, decrease hyperinsulinaemia and 
consequently decrease tumor proliferation. The 
decrease in insulin levels caused by phenfor-
min can reduce the activation of insulin path-
ways such as PI3K/Akt/mTOR and MEK/
ERK1/2 and lead to a decrease in tumor growth 
[24]. Therefore, in this study, we wanted to test 
whether we can augment phenformin treat-
ment to achieve even better outcomes in 
NSCLC harboring KRAS mutations.

In this study, we have demonstrated that the 
phenformin offers a therapeutic advantage 
against KRAS mutant NSCLC in both cell cul-
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ture and animal models. In vitro treatment with 
the phenformin resulted in cell growth inhibi-
tion and ERK, AKT inactivation in both H1792 
and H358 cell lines. As in vitro, phenformin 
treatment was also effective in vivo. Xenograft 
mice with implanted H1792 or H358 cells dem-
onstrated significantly greater inhibition of 
tumor growth and shrinkage when treated with 
phenformin. Other than causing cell death, 
there are likely additional mechanisms in which 
phenformin treatment is able to inhibit tumor 
growth; yet these mechanisms have to be eluci-
dated or reported. Intuitively, previous studies 
have shown that the treatment of an anticanc- 
er agent with an anti-angiogenesis potential 
results in enhanced inhibition of tumor growth. 
This is somewhat expected considering one of 
the drugs specifically targets angiogenesis. In 
this study, we show for the first time that low 
dose phenformin treatment is able to profound-
ly inhibit angiogenesis through down-regulation 
of VEGF in vitro and even more effectively in 
vivo. To explore the possibility that phenformin 
affects the angiogenic potential of cancer cells 
harboring mutational oncogene. As a model, we 
chose KRASG12C, one of the most aggressive 
oncogenes frequently detected in colorectal 
tumors and melanomas. We took advantage of 
a knock-in model, in which KRAS mutation has 
been introduced into the genome of non-trans-
formed epithelial cells, hence closely recapitu-
lating the situation observed in human neo-
plasms. We report that KRAS mutant cells 
display up-regulation of proangiogenic factors. 
In tumor cells, blockage of KRASG12C with phen-
formin not only exerted a cytostatic activity, but 
influenced the tumor vasculature. Notably, 
phenformin treatment did not affect ECs direct-
ly; rather, it down-regulated the expression of 
angiogenic factors in tumor cells.

In this regard, our work suggests that the phar-
macological inhibition of an oncogenic muta-
tion, which causally contributes to decrease 
pro-angiogenic mediators, may represent ano- 
ther valuable strategy to target tumor angio- 
genesis.
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Supplementary Table 1. Primers used for PCR and sequence analysis
VEGFA Forward: 5’-GCTCCTGGAAGCCATTGAGAA-3’

Reverse: 5’-GTCGATCATCTCCAAGTCCAC-3’
IL-6 Forward: 5’-GTGGCCAAGG ACGAGGTG-3’

Reverse: 5’-ACAGGTGGAAGAACAGCTCGC-3’
PDGFA Forward: 5’-GGCTCATGCCTTCGCCCCAG-3’

Reverse: 5’-ACTCCCCATCGGCGTTCCCA-3’
FGF1 Forward: 5’-TGACAGCGACAAGAAGTG-3’

Reverse: 5’-CAGTGAAGCGGTACATAGG-3’
CCL2 Forward:5’-TCAACTTCAAGCTCCTAA-3’

Reverse: 5’-CCACTCAGACTTTATTCAAA-3’
VEGFC Forward:5’-TCACAGGCTTCCATTGACCAG-3’

Reverse: 5’-CCGAGGCTTTTCTACCAGA-3’
IL-8 Forward: 5’-TGCTGGAGAACATTCTAGAGAAC-3’

Reverse: 5’-CACAGTCTCTGAAGGTGGTTT-3’
CXCL2 Forward: 5’-ACCATGCCGCCCTCCGGG-3’

Reverse: 5’-TCAGCTGCACTTGCAGGAGC-3’
β-actin Forward: 5’-GCTGCGTGTGGCCCCTGAG-3’

Reverse: 5’-ACGCAGGATGGCATGAGGGA-3’
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Figure S1. Tumor cells were transfected with KRASG12C siRNA (2 μg/well for 6 well 
culture plates). Western blot analysis to assay the KRASG12C in control cells, siCTL 
and siKRASG12C transfected cells. GAPDH was used as a loading control.

Figure S2. Phenformin treatment regulates the expression of pro-angiogenic fac-
tors in H1299 and A549 cells. Expression of proangiogenic factors was evaluated 
by real-time PCR. Cells carrying wild type KRAS was treated for 24 h with trametinib. 
Data are expressed as relative quantity (RQ) of trametinib compared with vehicle-
treated samples. Bars show mean ± SD of triplicate measurements.


