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Figure S1, related to Figure 1. Characterization of LKB1 SUMOylation; SUMO modified 

proteins are degraded during stress; and energy stress increases SUMO1 modification of 

LKB1 but decreases LKB1 SUMO2/3 conjugation. 

 (A, B) SUMOylation of LKB1 via co-expression of (A) HA-SUMO2 or (B) HA-SUMO1 and 

LKB1 cDNA in HeLa cells (LKB1 null). (C) In vitro LKB1 SUMOylation assay. (D) HEK293 

cells were treated with vehicle (10 μg/mL STO609) or STO609 together with 5 mMphenformin 

for 6 hours. LKB1 was immunoprecipitated and its SUMO1 or SUMO2/3 conjugation levels 

were assessed. (E) HEK293 cells were treated with CAMKK inhibitor (10 μg/mL STO609) 

together with 5 Mm phenformin for the indicated periods of time. 

(F) HEK293 cells were treated with STO609 together with 5 mMphenformin, 10 µM MG132, 

and/or 100 µM chloroquine, as indicated, for 4 hours. Whole-cell lysates were subjected to 

western blot using the indicated antibodies. (G) C2C12 cells were treated with vehicle (10 

μg/mL STO609) or STO609 together with 5 mMphenformin for 6 hours. LKB1 was 

immunoprecipitated and its SUMO1 conjugation levels was assessed.   
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Figure S2, related to Figure 2. Levels of SUMO1 modification of LKB1 K178 increase upon 

induction of metabolic stress. 

(A) HeLa cells transiently expressing empty vector, wild-type LKB1, or LKB1 mutant K96R 

were treated with 2 mMphenformin and 10 μg/mL STO609 for 6 hours. LKB1 was 

immunoprecipitated and a western blot was conducted using the indicated antibodies. 

(B) HeLa cells transiently expressing empty vector, wild-type LKB1, or LKB1 mutant K178R 

were either subjected to energy stress or left untreated for 6 hours. LKB1 was 

immunoprecipitated and a western blot was conducted using the indicated antibodies. 

(C) HeLa cells transiently expressing empty vector (pcDNA3), wild-type LKB1, or LKB1 

mutant K178R were treated with 2 mMphenformin and 10 μg/mL STO609 for 8 or 12 hours. 

Cell lysates were subjected to western blot using the indicated antibodies. 

  



Figure S3: 

 

 

 

 

 

 

 

 

 

 

 

Figure S3, related to Figure 3. SUMOylation promotes LKB1-AMPK interaction 

(A) HEK293 cells were transiently transfected with either empty vector (pcDNA3) or FLAG 

SENP1 and then were treated for 20 hours with vehicle (CAMKK inhibitor) alone or with 5 

mMphenformin. LKB1 was immunoprecipitated from lysates and its interaction with AMPK was 

assessed. Cell lysates also were subjected to western blot using the indicated antibodies. (B) Co-

immunoprecipitation assay of endogenous AMPK and SUMO1 in HEK293 cells. (C) In vivo 

assay in AMPKα
-/- 

MEF cells of binding between wild-type AMPK or I94A AMPK SIM mutant 

and SUMO1. (D) AMPKα
-/- 

MEF cells were transfected with the indicated plasmids and 

subjected to treatment with 2 mMphenformin and 10 μg/mL STO609 for 6 hours. Cell lysates 

were subjected to western blot using the indicated antibodies. 
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Figure S4, related to Figure 4. LKB1 K178 SUMOylation is important in maintaining 

intracellular ATP levels during energy stress and regulating mitochondrial respiration. 

(A) A549 cells stably expressing empty vector (pBABE), wild-type LKB1, or LKB1 mutant 

(K178R) were treated with vehicle control (Dulbecco modified eagle medium [DMEM]) or with 

10 μg/mL of CAMKK inhibitor STO-609 alone or with 2 mMphenformin for 48 hours to induce 

metabolic stress. Intracellular ATP levels levels were evaluated in these cells.Data are presented 

as the mean ± S.D. (error bars).(B)Oxygen consumption rates (OCR) were measured in A549 

cells stably expressing empty vector (pBABE), wild-type LKB1 (WT), LKB1 mutant K178R 

(mutant), or LKB1 K78I (kinase-dead) following sequential treatment with oligomycin (1 µM), 

FCCP (1 µM), and phenformin (5 mM). Data are presented as the mean ± S.D. (error bars). 

 

 

 

  



Supplemental Experimental Procedures  

Viral infection 

For retroviral infection, Phoenix cells were transfected with the plasmids encoding pBabe empty 

vector, pBabe-FLAG-LKB1, pBabe-FLAG-LKB1 (K178R), or pBabe-FLAG-LKB1-KD. Forty-

eight hours after transfection, the viral supernatants were collected, spun for 10 minutes at 1500 

rpm, filtered, and infected into A549 cells in the presence of 4 μg/mL polybrene. After 48 hours, 

cells were selected for another 48 hours with puromycin (1.5 μg/mL). To induce metabolic 

stress, cells were treated with 2 mMphenformin and 10 μg/mL CAMKK inhibitor STO609 (both, 

Sigma-Aldrich) for 6 hours unless otherwise indicated. 

Immunoprecipitation and immunoblot analyses  

Cells were harvested and subjected to lysis in a buffer containing 20 mMTris–HCl at pH 7.5, 

0.5% NP-40, 150 mMNaCl, and protease inhibitors. The extracts were then incubated with the 

appropriate antibody overnight at 4°C and subsequently with the respective agarose beads for an 

additional 2 hours. After the beads were washed three times with lysis buffer, the 

immunoprecipitates were heated in 2Laemmli sample buffer, cooled, and subjected to sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins were 

analyzed by standard western blot.  

In vitro kinase assay 

Purified LKB1 (wild-type LKB1 or LKB1 SUMO mutant [K178R]) were suspended in 50 µL of 

1 Kinase Buffer (Cell Signaling Technology #9802) supplemented with 200 µM ATP (Cell 

Signaling Technology #9804) and incubated for 30 minutes at 30°C. The reaction was 

terminated with 50 µL 2 SDS sample buffer. The samples were heated in SDS–PAGE sample 



buffer for 5 minutes at 95°C. The samples were then loaded on an SDS-PAGE gel. A standard 

western blot was conducted and the membrane probed with the indicated antibodies.  

SIM competitive assay  

GST-AMPK (Abnova-H00005562-P01; 150 ng) and a SIM peptide were added sequentially to 

400 µL of lysis buffer. A sample without added peptide was included. SUMO-1 agarose beads 

(40 µL) were added to each tube. Samples were incubated and rotated at 4°C for 2 hours. After 

the beads were washed three times with lysis buffer, the immunoprecipitates were heated in 

SDS-PAGE sample buffer at 95°C for 5 minutes and subjected to standard western blot. 

Membranes were probed for SUMO1 and GST. 

Peptide pull-down assay 

HEK293 cells were harvested and lysed in a buffer containing 20 mMTris–HCl at pH 7.5, 0.5% 

NP-40, 150 mMNaCl and protease inhibitors. The biotinylated wild-type or mutant AMPK SIM 

peptides were conjugated to avidin bead to make a resin. 40ul of the peptide-bound resin were 

added to each tube. As a negative control, unconjugated avidin beads were used in the 

experiment. Samples were incubated and rotated at 4 °C for 2 hours. After washing three times 

with lysis buffer, the beads were heated in SDS–PAGE sample buffer at 95 °C for 5 minutes. A 

standard western blot was conducted afterwards and membranes were probed for LKB1 

Quantitative real-time polymerase chain reaction 

RNA was extracted from cells by using the RNeasy Mini Kit (Qiagen #74104) and reverse-

transcribed by using the iScript cDNA synthesis kit (Bio-Rad #170-8891). For SENP1 transcript 

change analysis, quantitative real-time polymerase chain reaction was conducted in triplicate by 

using TaqMan Gene Expression Master Mix (Invitrogen #4369016) and SENP1 TaqMan Gene 

Expression Assay (Invitrogen #Hs01060367_m1) per the manufacturer’s instructions.  



Intracellular ATP measurement 

Cells were harvested and washed twice with cold PBS. Their intracellular ATP levels were 

quantified using abcam’s ATP Assay Kit (Colorimetric/Fluorometric) (ab83355) per 

manufacturer’s instructions. 

XF bioenergetic assay 

Cellular oxygen consumption rates were obtained with a Seahorse XF24 extracellular flux 

analyzer (Seahorse Bioscience). Experiments were performed as previously described (Wu et al., 

2007).  The data were analyzed by using Graphpad Prism 6 (GraphPad Software) and are 

expressed as means and S.E.M. for at least three independent experiments. 

Flow cytometry  

To quantify mitochondrial content, cells were harvested and stained with MitoTracker Red 

CMXRos dye (Invitrogen V35116). To detect apoptosis in the treated cells, we used annexinV 

Alexa Fluor 488 (Invitrogen V35116) and 7-AAD (BD Pharmingen #559925), following the 

manufacturer’s instructions. Cells were analyzed on a FACSCalibur flow cytometer (BD 

Biosciences). The apoptosis and MitoTracker Red data were analyzed by FlowJo VX (FlowJo 

Software) and FCS Express 4 Flow software (DeNovo Software), respectively. 
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