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Phenformin enhances the therapeutic effect of selumetinib in 
KRAS-mutant non-small cell lung cancer irrespective of LKB1 
status

SUPPLEMENTARY MATERIALS

Supplementary Figure 1: Supplemental Figure 1: Concomitant LKB1 mutation correlates with selumetinib resistance 
in NSCLC cell lines harboring RAS/RAF mutations. Except three cell lines (Calu-1, H358 and H1299) with controversial reported 
sensitivity to selumetinib, all other cell lines listed in Table 1 are included here for statistical analysis. (A) when using IC50 > 1 uM to 
define resistance to selumetinib, cell lines with concomitant LKB1 mutation (excluding silent mutation) have significantly higher chance of 
resistance (Fisher's exact test: p = 0.0138, two-tailed). (B) A direct comparison of IC50 between LKB1 wild type (including silent mutation) 
and mutant NSCLC cell lines. Whenever possible, for each cell line, the median value of reported IC50 was used for the Mann-Whitney 
nonparametric test. For cell lines only having a range of value, such as > x or < y uM, then x or y value was used for estimation (p = 0.01, 
two-tailed). (C and D) Growth inhibition assay of isogenic H460 and H157 cells. The isogenic cells with or without wild type LKB1 were 
incubated with different concentrations of selumetinib for 72 hrs. With the re-expression of LKB1, cells were more sensitive to selumetinib 
with lower IC50.



Supplementary Figure 2: LKB1 inactivation dictates enhanced sensitivity to the metabolic drug phenformin, which 
enhances the activity of selumetinib in KRAS-mutant NSCLC cell lines. (A) When the dual mTORC1 and mTORC2 
inhibitor AZD8055 was used, no significant difference was observed between the A549pBabe and A549LKB1 cells. (B) In GEM model-
derived cell lines, LKB1 null cells (t2: krasG12D/wt/p53-/-/lkb1-/-) were more sensitive to phenformin than those with wild type LKB1  
(634: krasG12D/wt/p53-/-/lkb1wt/wt). (C) Phenformin also enhanced selumetinib activity in A549LKB1 cells. Shown here is cell proliferation 
assay using different concentration and ratio of selumetinib and phenformin in combination. The experiment ended at ~ 40 hrs after 
incubation. Cells were prepared in triplicate. (D) An illustration showing A549pBabe cells treated for 40hrs with either selumetinib at 2.5 μM, 
or phenformin 80 μM, or their combination. Similar results were observed in A549LKB1 cells (not shown). (E) CalcuSyn was used to 
calculate the combination index. Phenformin could also synergize selumetinib in A549LKB1 cells, although the optimal ratio was different 
from that in A549pBabe cells.   



Supplementary Figure 3: Combination treatment with selumetinib and phenformin in vivo did not result in 
significant side effects. (A) A comparison of body weight among different groups. There was no significant weight difference observed.  
(B) Microscopic view of the major organs from those treated with combination therapy. Shown here are representative sections stained with 
H&E from different groups. No obvious toxicity was observed. (C) Comparison of matched tumors in the control group. Tumors derived 
from A549LKB1 cells had stronger TUNEL signal, confirming the tumor suppressing function of LKB1. (D) Comparison of matched tumors 
in the “selumetinib only” group. Tumors derived from A549pbabe cells had much weaker TUNEL signal, consistent with the observation that 
loss of LKB1 confers resistance to selumetinib.



Supplementary Figure 4: A schematic illustration of current project. (A) Simplified downstream signaling of KRAS activation. 
Only BRAF->MEK->ERK and PI3K->AKT->mTOR are shown here. ERK has been reported to induce inhibitory phosphorylation of 
LKB1[26, 27]. However, it is still not clear whether there is a feed-forward loop from LKB1 to ERK, although others [28] and we 
did observe LKB1 inactivation results in attenuated p-ERK (Figure 1). This attenuated p-ERK is suggestive of reduced dependency on 
MEK->ERK signaling pathway, and we speculated it might be the reason of resistance to MEK inhibitor selumetinib in KRAS mutant 
NSCLC cells harboring LKB1 mutation. Due to escape mechanism, MEK inhibition will normally activate mTOR signaling, warranting 
co-inhibition of mTOR to achieve maximal inhibitory effect. (B) This shows the function of phenformin under alternative LKB1 status. 
Phenformin targets mitochondria complex 1 and induces ATP depletion. When there is intact LKB1, a metabolic regulation through AMPK 
activation will ensue – this normally downregulates mTOR signaling and induces growth suppression, hence there is value to combine with 
MEK inhibition. In contrast, when LKB1 is mutated or inactivated, cells go directly to apoptosis due to the lack of functional metabolic 
regulation. In fact, others [11] and we have shown LKB1 inactivation dictates the sensitivity to phenformin in NSCLC cells (Figure 2). 
Based on these rationales, we proposed the combination of selumetinib and phenformin, and have demonstrated their potential synergy that 
is irrespective of LKB1 status.



Supplementary Figure 5: Studies using H460 isogenic cells. (A) Colony assay of H460 isogenic cells. Although the concentration 
of selumetinib, as well as the combination ratio of selumetinib and phenformin can be further optimized, it clearly demonstrated that, 
regardless of LKB1 status, phenformin enhances the therapeutic effect of selumetinib. (B) A representative blot to check p-ERK level 
in H460 isogenic cells. Similar to Figure 1f, the isogenic cells expressing wild type LKB1 exhibit strongest p-ERK level. (C) A direct 
comparison using A549 and H460 isogenic cells. The experimental conditions are identical. Again, in both H460pBabe and H460LKB1 cells, the 
combination of selumetinib and phenformin significantly inhibited the levels of phosphorylated ERK and S6. However, only in H460LKB1 

cells, such inhibition from combination treatment is parallel to the activation of AMPK.



Supplementary Figure 6: Individual growth curves of tumors derived from A549pBabe and A549LKB1 cells. Same color 
scheme is used as in Figure 4b. Black: ctrl; green: phenformin (P) only; blue: selumetinib (S) only; red: P+S. The numbers represent each 
individual mouse, same as shown in Figure 4c. (A) growth curves of tumors derived from A549pBabe cells; (B) growth curves of tumors 
derived from A549LKB1 cells. Please notice that the Y-axis scale is different. In addition, mice #112, 150 and 111 were not included in b due 
to no identifiable tumors.



Supplemental Table 1: Characterization of the 29 NSCLC cell lines with RAS/RAF mutations that 
were used in the systematic review

Cell line RAS/RAF status LKB1 status Selumetinib IC50 (μM)
Considered as sensitive to selumetinib (IC50 < = 1 μM)

H441 KRAS G12V WT[1] < 0.30[2]

Calu-6 KRAS Q61K WT[3] 0.32[4], 0.33[2], 1.0[5] 
SK-LU-1 KRAS G12D WT[3] 0.5[5]

H2009 KRAS G12A WT[6, 7] 0.99[4] 

H727 KRAS G12V WT[1] 0.01[8]

SW900 KRAS G12V WT[9] 0.28[8]

H1944 KRAS G13D K62N, K78N < 0.30[2]

A427 KRAS G12D Null[10, 11] 0.55[2]

H2122 KRAS G12C P281fs*6, deletion[10, 12] < 0.1[5], 1.0[13] 

H2347 NRAS Q61R WT[10] 0.31[4], 0.5[14], < 1[15]

H2087 NRAS Q61K; 
BRAF L597V

WT[6, 16] < 0.1[14]

H1666 BRAF G466V V236fs*30 0.36[8]

Considered as resistant to selumetinib (IC50 > 1 μM)
A549 KRAS G12S Q37* 0.8[2], > 1[17], 5[18], ~5[15], 6.3[8], ~10[5], >10[19]

H23 KRAS G12C W332* 1.5[2], >10[19]

H460 KRAS G12S Q37* 1.7[2], 9.6[8], > 10[18], > 10[5] 
H2030 KRAS G12C E317*, E357K, M392I 2.2[2]

H2122 KRAS G12C P281fs*6 ~3[15]

H1734 KRAS G13C M51fs*14 4.2[2]

H157 KRAS G12R Null[10, 11] 9.3[8], > 10[19]

HCC44 KRAS G12C M51I, 52 → 162 stop[10] ~10[15]

H1355 KRAS G13C R49L[6, 20] ~100[15]

H647 KRAS G13D Null[21] > 5.0[2], > 10[5]

H2887 KRAS G12V [6, 22, 23] WT[6] 38[15]

H1155 KRAS Q61H WT (silent: I46I, P281P) > 5.0[2]

H1395 BRAF G469A E57fs*7 > 140[15]

H1755 BRAF G469A P281fs*6 8.1[8]

Controversial results in literature
Calu-1 KRAS G12C WT[12] < 0.2[2], > 1[17], ~130[15]

H358 KRAS G12C WT[12] 0.2[19], 0.5[2], 1.0[17], ~10[15], > 10[8]

H1299 NRAS Q61K WT[24, 25] < 0.01[18], ~0.3[2], < 0.5[14], > 10[5], > 10[8], > 120[15]

They all have mutations of either the RAS or RAF genes, and were tested with selumetinib. Unless specifically noted, all 
mutation profiles were confirmed in COSMIC database. Since COSMIC database does not report wild type (WT) genes, the 
wild type LKB1 status was confirmed through literature search. Numbers in parentheses correspond to the cited study.
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