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ABSTRACT
◥

Loss-of-function somatic mutations of STK11, a tumor suppres-
sor gene encoding LKB1 that contributes to the altered metabolic
phenotype of cancer cells, is the secondmost common event in lung
adenocarcinomas and often co-occurs with activating KRASmuta-
tions. Tumor cells lacking LKB1 display an aggressive phenotype,
with uncontrolled cell growth and higher energetic and redox stress
due to its failure to balance ATP and NADPH levels in response to
cellular stimulus. The identification of effective therapeutic regi-
mens for patients with LKB1-deficient non–small cell lung cancer
(NSCLC) remains amajor clinical need. Here, we report that LKB1-
deficient NSCLC tumor cells displayed reduced basal levels of ATP
and to a lesser extent other nucleotides, and markedly enhanced
sensitivity to 8-Cl-adenosine (8-Cl-Ado), an energy-depleting

nucleoside analog. Treatment with 8-Cl-Ado depleted intracellular
ATP levels, raised redox stress, and induced cell death leading to a
compensatory suppression of mTOR signaling in LKB1-intact, but
not LKB1-deficient, cells. Proteomic analysis revealed that the
MAPK/MEK/ERK and PI3K/AKT pathways were activated in
response to 8-Cl-Ado treatment and targeting these pathways
enhanced the antitumor efficacy of 8-Cl-Ado.

Implications: Together, our findings demonstrate that LKB1-
deficient tumor cells are selectively sensitive to 8-Cl-Ado and
suggest that therapeutic approaches targeting vulnerable energy
stores combined with signaling pathway inhibitors merit further
investigation for this patient population.

Introduction
Non–small lung cancer (NSCLC) is the leading cause of cancer-

related mortality worldwide (1). Despite advances in targeted therapy,
patients with NSCLC have a 5-year survival rate of less than 20% (2).

After TP53, STK11, which encodes serine/threonine kinase 11/liver
kinase B1 (LKB1), is the most commonly mutated gene in NSCLC.
STK11/LKB1 mutations occur in approximately 17% of lung adeno-
carcinomas (3) and poorly differentiated tumors have a higher fre-
quency of LKB1 deficiency (4). In patients with stage III or IVNSCLC,
LKB1 deficiency is associated with shorter cause-specific survival (5).
STK11/LKB1 mutations or genomic loss frequently co-occur with
KRAS alterations (6), resulting in a highly aggressive phenotype and
reduced survival rates in both preclinical models (7) and patients with
NSCLC (6). In fact, many clinical laboratory improvement amend-
ments–based analyses ofNSCLC tumor specimens, besides document-
ing KRAS alterations, also report back on tumors with and without
STK11/LKB1 genetic abnormalities setting the stage of “precision
medicine” selection of patients for STK11/LKB1 targeted therapy.
Unfortunately, while numerous studies have focused on identifying
vulnerabilities unique to LKB1-deficient tumors (8–11), to date there
are no effective therapeutic regimens specific for this subset of patients.
The urgency to discovery such regimens is additionally highlighted by
the resistance of nearly all STK11/LKB1 altered NSCLC to immune
checkpoint blockade (12). Thus, a crucial need for beneficial clinical
translation is to identify a small molecule or targeted therapy that takes
advantage of a NSCLC acquired “vulnerability” generated by STK11/
LKB1 abnormalities.

LKB1, a master kinase that initiates the activation of numerous
other kinases, plays a major role in the modulation of cell metabolism,
polarity, differentiation, and proliferation (13). The effects of LKB1 are
largely mediated through its phosphorylation and activation of the
energy sensor AMP-activated protein kinase (AMPK; ref. 14). Under
low cellular energy levels, AMPK restores intracellular homeostasis by
balancing ATP and NADPH concentrations (15). Moreover, AMPK
activation results in the inhibition of mTOR signaling, which is a key
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protein in controlling cellular growth and proliferation (16). Likewise,
AMPK activation has been shown to attenuate KRAS-mediated tumor
cell proliferation (17). Therefore, LKB1-deficient tumors are unable to
modulate cell growth and proliferation to maintain cellular ATP
homeostasis in response to high-energy stress. Consequently,
LKB1-deficient tumors have an aberrant response to energy reduc-
tion (8, 18) and a heightened sensitivity to energy-depleting
agents (10, 11, 19), a vulnerability that can be exploited clinically.

8-chloro-adenosine (8-Cl-Ado), a nucleoside analogue that induces
depletion of the endogenous ATP pool (20–24), has completed a phase
I clinical trial in patients with chronic lymphocytic leukemia (CLL;
NCT00714103; ref. 25) and is currently in a phase I/II clinical trial
in patients with acute myeloid leukemia (NCT02509546). This
analog is rapidly metabolized to 8-Cl-ATP through the adenylate
pathway. 8-Cl-ATP metabolite, 8-Cl-ADP, acts as a substrate for
ATP synthase for conversion to 8-Cl-ATP, thereby blocking ATP
synthase activity and preventing the catalysis of its natural substrate
ADP to synthesize ATP (26). In addition to depleting ATP pools,
8-Cl-ATP incorporates into mRNA and prematurely terminates
transcription (24), leading to a decline in transcription rates (20, 22,
23). This results in a loss of expression of genes with short lived
transcripts which is detrimental for tumor cells which are depen-
dent on these genes (27).

In the current study, we performed an unbiased drug screen on a
panel of NSCLC cell lines and identified 8-Cl-Ado as being highly
effective in LKB1-deficient NSCLC cells, particularly in cell lines
bearing KRAS co-mutations. Moreover, the heightened sensitivity of
LKB1-deficient cells to 8-Cl-Ado was associated with an attenuated
signaling response to ATP depletion due to inactivation of AMPK/
mTOR signaling, which also lead to increased reactive oxygen species
(ROS) production. Proteomic analyses revealed that MAPK/MEK/
ERK and PI3K/AKT/mTOR pathways are upregulated as a compen-
satory mechanism in response to 8-Cl-Ado treatment. Hence, 8-Cl-
Ado combinations with AMPK, MEK, or PI3K inhibitors resulted in a
synergistic antitumor effects in LKB1-deficient tumor cells. Collec-
tively, our data indicate that LKB1-deficient tumors are highly sen-
sitive to ATP depletion, suggesting that treatment with 8-Cl-Ado,
alone or in combination with AMPK, MEK, or PI3K inhibitors, is a
promising treatment strategy for patients with NSCLC harboring this
specific genetic background.

Materials and Methods
Drugs

8-Cl-Ado was obtained from V. Rao (Drug Development Branch,
NCI, Bethesda, MD). Metformin and 2-deoxyglucose (2-DG) were
obtained from Sigma-Aldrich. Trametinib, A66, PI-103 were pur-
chased from Selleck Chemical.

Cell culture, transfection, and transduction
NSCLC cell lines were established by J.D. Minna and A. Gazdar at

The University of Texas Southwestern Medical Center, Dallas, TX, and
the NCI or obtained from the ATCC and maintained in RPMI1640
media (Sigma or Mediatech) supplemented with 10% FBS and 1%
penicillin-streptomycin (Life Technologies) in the presence of 5% CO2

at 37�C. Cells were routinely tested for Mycoplasma infection and
authenticated by short tandem repeat analysis by MD Anderson’s
Characterized Cell Line Core Facility. LKB1 proficiency status was based
on LKB1 genetic status, RNA, and protein levels (Supplementary
Table S1). LKB1 protein deficiency was assigned on the basis of LKB1
levels in cell lineswith known STK11mutations (Supplementary Fig. S1).

LKB1 isogenic A549, H460, H2030, and H23 cell lines (all NSCLC
lines who developed in patients by virtue of endogenous STK11/LKB1
abnormalities) were generated with a pLenti-GIII-CMV-GFP-2A-Puro
vector with or without a wild-type LKB1–encoding sequence (Applied
Biological Materials, Inc.). LKB1-knockdown Calu6 cell line (initially
STK11/LKB1 wild type) were generated with a scramble control vector
or two independent short hairpin RNAs (shRNA; V3LHS_348649 and
V3LHS_639000, GE Healthcare Dharmacon, Inc).

Cell viability assay and IC50 estimation
An optimized number of viable cells for each cell line were seeded in

96-well plates (3,000 cells per well) and allowed to attach overnight.
Cells were treated with the indicated doses (serial 3-fold dilutions) of
8-Cl-Ado for 72 hours. CellTiter-Glo (Promega) was added to each
well as per the manufacturer’s protocol, and contents were briefly
mixed and incubated for 15 minutes to determine cell viability.
Bioluminescence was measured using a FLUOstar OPTIMA Multi-
mode Microplate Reader (BMG Labtech). Average readings from
triplicate wells were then expressed as a percentage of average biolu-
minescence measured from control DMSO wells treated with vehicle
(DMSO), representing the highest DMSO concentration in drug-
treated cells. A dose–response model was used to estimate IC50 values
from cell viability data.Multiplemodels from theDoseFinding and drc
packages were fitted and the best model was selected on the basis of
residual SE using the R software.

For combination studies, LKB1-deficient A549, EKVX, H1355,
H1944, H2030, H2126, H460, H1573, H1993, H2122, and HCC15
cell lines, and LKB1-proficient Calu1, H1155, H1299, H1819, H1838,
H2052, H508, H661, HCC4011, Hop62, Hop92, DFCI032, H2228 cell
lines were treated with seven different concentrations (serial 3-fold
dilutions) for the following agents either individually or in combina-
tion with 8-Cl-Ado for 96 hours. 8-Cl-Ado was combined at indicated
fixed ratio with the following drugs: compound C at 100:30 ratio, PI-
103 at 100:3 ratio, trametinib at 100:1 ratio, or A66 at 1:1 ratio. The
concentration range for each drug was determined on the basis of
specific IC50 set as median dose. CalcuSyn software program (Biosoft)
was used to calculate combination indexes (Is) to assess the efficacy of
drug combinations.

Cell proliferation assay
For cell counting proliferation assay, 1 � 105 cells were seeded in

6-well plates. Twenty-four hours later, 8-Cl-Ado orDMSOwere added
at the indicated concentrations. After 72 hours of incubation, cells were
harvested and stainedwithTrypanBlue 0.4% and counted usingCount
II Automatic Cell Counter (Invitrogen).

Clonogenic assay
A total of 400 cells were plated in triplicate into 24-well plates

containing 0.5 mL of medium. Cells were incubated for 24 hours in a
humidified CO2 incubator at 37�C, and subsequently the medium was
then replaced with medium containing indicated drug concentrations,
allowing cells to continuously grow for colony formation for 10 to
14 days. To assess clonogenic survival, we stained cells with 1% crystal
violet, wash with distillated water and dry out. Quantification of cell
density was calculated by covered area using Image J software.

Intracellular NTPs and macromolecule synthesis quantification
Perchloric acid was used to extract nucleosides and nucleotides

from LKB1 isogenic A549 and H460 cell lines treated with or without
8-Cl-Ado, and the neutralized extracts were analyzed by high-pressure
liquid chromatography (HPLC) using a Waters 600E System
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Controller (Waters Corp.) as described previously (21). Three inde-
pendent experiments were performed for each dose assessed.

Macromolecule synthesis was measured by the addition of either
1 mCi/ml [3H]-thymidine, [3H]-uridine, or [3H]-leucine during the
final 30 minutes of a drug treatment as described previously (22).
Radioactivity incorporation into macromolecules was assessed in
acid insoluble cellular materials retained on multiscreen-GV filters
(Millipore Corp.).

Apoptosis assays
Weassessed the viability of cells treated for 4 days with the indicated

doses of 8-Cl-Ado. Cells were stained with Annexin V-Cy5 (BD
Biosciences) and propidium iodide (PI) according to the manufac-
turer’s instructions and analyzed with a FACSCalibur flow cytometer
(BD Biosciences) using CellQuest software (BD Biosciences). Cells
staining positive for eitherAnnexinVor PIwere considered nonviable.
A minimum of three independent experiments were performed for
each dose assessed.

ROS level quantification
A549, H460, H2030, H23, and Calu-6 LKB1 isogenic pairs were

treated for 72 hours with 5 mmol/L of 8-Cl-Ado. After treatment, cells
were incubated with CellRox DeepRed (Life Technologies) at a final
concentration of 5 mmol/L for 30 minutes at 37�C. After incubation,
cells were trypsinized, washed, and resuspended in FACS buffer for
fluorescence emission quantification. ROS levels were assessed by
flow cytometry using FACSCanto and FACSDiva software (BD
Biosciences).

Reverse-phase protein array analysis
Reverse-phase protein array (RPPA) analysis was performed and

analyzed as described previously (28). Protein lysates were prepared
from untreated and treated cells at the indicated times, and serial
dilutions of the lysates were printed on nitrocellulose-coated glass
FAST Slides (Schleicher & Schuell BioScience, Inc.). Each array was
incubated with primary antibodies (Supplementary Table S2) exten-
sively validated by immunoblot analysis.

Immunoblot analysis
Protein lysates were collected using RIPA lysis buffer (1% Triton X-

100, 50 mmol/L HEPES, 150 mmol/L NaCl, 1.5 mmol/L MgCl2,
1 mmol/L EGTA, 100 mmol/L NaF, 10 mmol/L Na pyrophosphate,
1 mmol/L Na3VO4, 10% glycerol) or 1� Cell Signaling Lysis Buffer
with 1 mmol/L PMSF, supplemented with protease (mini-Complete)
and phosphatase (phosStop) inhibitors (Roche Diagnostics Corpora-
tion). Primary antibodies were rabbit polyclonal antibodies against
phospho-p70S6K (Thr389), LKB1 clone 27D10, phospho-ACC Ser79
clone D7D11, phospho-AMPKa (Thr172) clone D79.5E, phospho-
ribS6 clone D57.2.2E, p70 S6 clone 49D7, phospho-Erk1/2 clone
197G2, Erk1/2 #9102, Akt #9272, phosphor-Akt (Ser473), phos-
phor-GSK-3a/b (Ser21/9) #9331 (Cell Signaling Technology); and
mouse mAbs against, GSK-3a/b (Santa Cruz Biotechnology, Inc.),
GAPDH clone 6C6 (Novus Biologicals, Inc.), vinculin clone H-10
(Santa Cruz Biotechnology, Inc.), and ribS6 clone 54D2 (Cell Signaling
Technology).

Statistical analysis
All graphing, statistical, and regression analyses were performed

using either Prism software (GraphPad Software) or the R system for
statistical computing. The paired t test, non-parametric Mann–
Whitney t test, and Holm-Sidak unpaired t test were used as indicated.

Box-and-whisker plots indicate medians with interquartile ranges.
Synergy was assessed using CompuSyn software.

Results
LKB1-deficient NSCLC cells are associated with sensitivity to
8-Cl-Ado

To identify therapeutic agents with activity against LKB1-deficient
NSCLC, we screened 27 commonly used chemotherapeutic agents
against a panel of 57 NSCLC cell lines. LKB1 status was defined on the
basis of STK11 genetic status, STK11mRNA, and LKB1 protein levels
(Supplementary Table S1), and deficiency was assigned on the basis of
LKB1 levels in cell lines with known STK11mutations (Supplementary
Fig. S1). NSCLC cell lines harboring STK11/LKB1 mutations were
significantly more sensitive to 8-amino-adenosine (8-NH2-Ado) and
8-Cl-adenosine (8-Cl-Ado), two 8-substituted-adenosine analogues,
when compared with STK11/LKB1 wild type (wt) NSCLC cell lines.
Likewise, 8-Cl-Ado IC50 values were significantly lower for STK11/
LKB1-mutant cells than STK11 wt NSCLC cells (P ¼ 0.003; Fig. 1A).
On the basis of these initial findings, we next expanded our drug screen
to a panel of 104 NSCLC cell lines for sensitivity to 8-Cl-Ado.
Consistent with our initial observations, LKB1-deficient cells were
significantly more sensitive to 8-Cl-Ado than LKB1-proficient cells
(P ¼ 0.0080; Fig. 1B). Because STK11/LKB1 is frequently co-mutated
with KRAS, we also assessed sensitivity to 8-Cl-Ado in regard toKRAS
and STK11/LKB1 mutation status. There was not a significant differ-
ence in 8-Cl-Ado IC50 values (Fig. 1C) between KRAS wt and mutant
cells. Overall, these results identify STK11/LKB1 alterations as a
potential molecular subgroup with enhanced 8-Cl-Ado sensitivity.

We next performed an extensive protein expression analysis to
validate the correlation of LKB1 protein expression and sensitivity to
8-Cl-Ado. Sixty-six LKB1-proficient and LKB1-deficient NSCLC cell
lines were proteomic profiled by RPPA and correlations between IC50

and levels of protein expression was assessed. Consistently, LKB1 and
p-AMPK protein levels strongly correlated with the IC50 values for
8-Cl-Ado (Fig. 1D–F). A similar correlation was observed for
p-AMPKT172 and AMPKa levels when only LKB1-deficient cell lines
were analyzed (Supplementary Fig. S2A and S2B), suggesting
that inactivation of AMPK axis may play a role in the sensitivity to
8-Cl-Ado. Likewise, 8-Cl-Ado IC50 values negatively correlated
with levels of proteins that are downregulated by the LKB1/AMPK
signaling pathway, such as MYC, S6, FOXO3, and CD98 (Fig. 1G–J;
refs. 13, 29–32).

We next sought to determine whether LKB1 expression has a causal
role in mediating sensitivity to 8-Cl-Ado. We generated human
NSCLC LKB1 isogenic pairs using A549, H460 (LKB1-deficient), and
Calu-6 (LKB1-proficient) cell lines (Fig. 2A). Consistent with our
previous finding, reexpression of LKB1 significantly reduced sensitiv-
ity to 8-Cl-Ado inA549 andH460 LKB1-deficient cell lines assessed by
IC50 estimation (Fig. 2B). Similar data were obtained using two
additional LKB1-deficient cell lines, H23 and H2030 (Supplementary
Fig. S3A and S3B). Likewise, cell proliferation assessed by clonogenic
and cell counting assays revealed a significantly reduced sensitivity to
8-Cl-Ado in A549, H460 and H2030 LKB1-proficient compared with
LKB1-deficient cells (Supplementary Fig. S3C and S3D). These meth-
ods displayed differences for a more limited range of concentrations
when compared with cell viability by Cell-Titer Glo, which may be
due to differences in technical precision as well as end time points
and experimental design used for each method. Conversely, shRNA-
mediated knockdown of LKB1 in Calu-6 cells demonstrated a
trend toward increased sensitivity (Fig. 2B). To determine whether
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Figure 1.

LKB1-deficient NSCLC cells display increased sensitivity to 8-Cl-Ado. A, Comparison of 8-Cl-Ado growth/survival inhibitory IC50 values of individual NSCLC cell lines
grouped by STK11mutation status as indicated for 57 cell lines panel. Comparison of the growth/survival inhibitory IC50 values of 8-Cl-Ado from a panel of 104NSCLC
cell lines screen delineated by LKB1 deficiency (B) or LKB1 deficiency (C) and/or KRAS mutation status. Statistical analysis was performed using a two-tailed non-
parametric Mann–Whitney t test.D–J, Scatter plots showing the correlation between 8-Cl-Ado sensitivity and basal expression levels for indicated proteins for LKB1-
deficient and proficient NSCLC cell lines tested. P values were calculated by Spearman correlation.
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8-Cl-Ado treatment causes cytostatic or cytotoxic effects, we assessed
the apoptotic rate based on annexin-V/PI staining in A549, H460, and
Calu-6 isogenic pairs treated with 0, 2, and 20 mmol/L of 8-Cl-Ado for
4 days (Fig. 2C–F). The fraction of late apoptotic (Annexin V/PI
positive) and necrotic (PI positive) cells was significantly higher in
A549 LKB1-deficient cells following treatment with 8-Cl-Ado. The
early apoptotic population (Annexin V positive) was also significantly
increased in LKB1-deficient cells compared with LKB1-proficient cells
when treated with 20 mmol/L of 8-Cl-Ado (Fig. 2C). Likewise, we
quantified the percentage of Annexin V/PI positive cells after treating
A549, H460, and Calu-6 LKB1 isogenic pairs with 2–50 mmol/L 8-Cl-
Ado. Although the dose needed to induce substantial levels of cell
death exceed IC50, the fraction of apoptotic cells was significantly
increased after 8-Cl-Ado treatment in LKB1-deficient cells (Fig. 2D–
F). These data suggest that the greater sensitivity in LKB1-deficient
cells to lower doses may be associated with induction of cytostatic
rather than cytotoxic effects. Taken together, these results indicate that
LKB1 loss is associated with increased sensitivity to 8-Cl-Ado.

Impaired DNA, RNA, or protein synthesis does not mediate the
selective vulnerability of LKB1-deficient cells to 8-Cl-Ado

We previously demonstrated that 8-Cl-Ado inhibits RNA and
DNA synthesis in hematologic malignancies which at least in
part mediate its antitumor activity (33). To evaluate whether
the differential sensitivity of LKB1-deficient and LKB1-proficient

cell lines is associated with decreased DNA, RNA, or protein
synthesis impairment, we quantified incorporation of 3[H] thymi-
dine, 3[H] uridine and 3[H] leucine respectively after treatments
with 0–20 mmol/L of 8-Cl-Ado (Fig. 3). Consistent with the earlier
finding in other tumor types, 8-Cl-Ado treatments resulted in an
overall reduction of RNA and proteins synthesis in both LKB1-
deficient and LKB1-proficient cell lines. These effects, however,
were overall not greater in LKB1-deficient as compared with LKB1-
intact cells. We observed a modest but significant difference in
the effects of 8-Cl-Ado on RNA synthesis in H460-deficient
compared with proficient cells after treatment with 2 and
20 mmol/L of 8-Cl-Ado, similar differences were not observed in
the A549 model. Likewise, there was no significant difference in the
impact of 8-Cl-Ado on proteins synthesis between LKB1-proficent
and LKB1-deficient models (Fig. 3). It is interesting to note that the
8-Cl-Ado–induced inhibition of DNA synthesis was greater in
LKB1-proficient A549 cells at 2 and 20 mmol/L than in LKB1-
deficient cells. Although we did not specifically address this issue
experimentally, this phenomenon may be due, at least in part, to
the lack of mTOR pathway suppression observed under conditions
of ATP depletion in LKB1-deficient cells, discussed in more detail
below. These results indicate that while 8-Cl-Ado significantly
reduced DNA, RNA, or protein synthesis, this reduction is
not the primary mechanism of the selective vulnerability of
LKB1-deficient cells to 8-Cl-Ado.

Figure 2.

LKB1 expression status determines
8-Cl-Ado–mediated cytotoxicity. A,
Immunoblot analysis for LKB1 protein
expression in A549, H460, and Calu-6
isogenic pairs. B, IC50 values of 8-Cl-
Ado for H460, A549 and Calu-6 iso-
genic pairs determined by Cell Titer
Glo assay after 72 hours of treatment.
Statistical analysis performed using a
two-tailed unpaired t test. C, Flow
cytometry analysis of Annexin V/PI
staining in LKB1 isogenic A549 cells
treated with 8-Cl-Ado for 4 days at
indicated doses. D–F, Quantitation of
percentage of late apoptotic popula-
tion represented by Annexin V and PI
positive cells for triplicate experiments
performed in A549 (D), H460 (E), and
Calu-6 LKB1 (F) isogenic pairs. Statis-
tical analysis performed using an
ANOVA Sidak multiple comparisons
test. Bars represent the Mean � SEM.
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Cytotoxic effects of 8-Cl-Ado in LKB1-deficient NSCLC cells are
mediated by cellular energetic stress

To further investigate potential mechanisms underlying the
enhanced sensitivity of LKB1-deficient cells to 8-Cl-Ado, we
assessed the effect of 8-Cl-Ado on ribonucleoside triphosphates
(ATP, GTP, CTP, and UTP) levels. Baseline ATP levels were
increased by 20% when LKB1 was expressed in H460 and A549
cells (Fig. 4A). 8-Cl-Ado treatments reduced ATP levels to a
greater extent in LKB1-deficient cells than in LKB1-proficient
cells, showing an ATP depletion of 60% in H460-deficient cells
and only 25% in LKB1-proficient cells compared with control
LKB1-deficient nontreated cells (Fig. 4B). This greater ATP deple-
tion found in LKB1-deficient cells was not due to a greater
accumulation of the drug, because accumulation of active triphos-
phate form of 8-Cl-Ado (8-Cl-ATP) was comparable or lower in
LKB1-deficient cells compared with their LKB1-proficient control
(Fig. 4C). Evaluation of all four ribonucleoside triphosphates
revealed a significant depletion of purine ribonucleotides, with
similar levels of ATP and GTP depletion. In contrast, the effects
of 8-Cl-Ado on pyrimidine ribonucleoside triphosphates (CTP and
UTP) levels did not show an overall significant reduction either in
LKB1-deficient or in LKB1-proficient cells (Fig. 4D; Supplemen-
tary Fig. S4). For comparison, H460 and A549 LKB1-proficient and
LKB1-deficient isogenic pairs were next treated with two other
ATP-depleting agents which have undergone clinical testing, met-
formin and 2-DG, at concentrations comparable with or greater
than those typically achieved in the clinic (10, 11, 19). Consistent

with the earlier findings, we observed that LKB1-deficient cells
were more sensitive to ATP depletion than LKB1-proficient
cells for all three drugs (Fig. 4E). The levels of ATP depletion by
8-Cl-Ado were comparable with, or greater than, those of met-
formin and 2-DG.

Cytotoxic effects of 8-Cl-Ado in LKB1-deficient NSCLC cells are
mediated by increased ROS stress

LKB1 loss affects not only ATP levels, but also redox homeo-
stasis (8). Therefore, we next investigated whether the cytotoxic
effect of 8-Cl-Ado in LKB1-deficient cells is mediated by an increase
in intracellular ROS. We measured intracellular ROS levels in A549,
H460, H23, H2030, and Calu-6 LKB1 isogenic pairs with and
without 5 mmol/L of 8-Cl-Ado treatment for 72 hours. As expected,
basal ROS levels were significantly higher in LKB1-deficient than
LKB1-proficient cells (Supplementary Fig. S5A). Furthermore, in
LKB1-deficient cells 8-Cl-Ado significantly increased ROS levels,
which is indicative of higher redox stress (Fig. 4F; Supplementary
Fig. S5B). In contrast, 8-Cl-Ado did not significantly increase
ROS levels in the LKB1-proficient cells. Thus, ROS levels were
significantly lower in 8-Cl-Ado–treated LKB1-proficient cells when
compared with 8-Cl-Ado–treated LKB1-deficient cells, suggesting
that LKB1 plays an important role in protecting cells from 8-Cl-Ado–
mediated ROS accumulation.

Altogether, these data suggest that 8-Cl-Ado cytotoxicity in LKB1-
defient tumor cells may be mediated by ATP depletions as well as an
accumulation of intracellular ROS.

Figure 3.

8-Cl-Ado–mediatedDNA, RNAandprotein synthesis impairment does not determine LKB1-dependent 8-Cl-Ado sensitivity.Macromolecules synthesis inNSCLCcells
asmeasured by [3H]-thymidine, [3H]-uridine and [3H]-leucine incorporation after 72 hours of 8-Cl-Ado treatment at indicated concentration in H460andA549 LKB1
isogenic pairs. Statistical analysis was performed using a two-tailed paired t test. Data are presented as mean � SEM. Bars represent the mean � SEM.
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Figure 4.

LKB1 expression status attenuates 8-Cl-Ado–mediated depletion of ATP and induction of ROS production.A, Relative ATP levels in H460 and A549 LKB1-proficient
versus LKB1-deficient A549 and H460 cell lines by HPLC analysis. B, Relative ATP levels in LKB1 isogenic H460 and A549 LKB1 isogenic pairs treated with increasing
concentrations of 8-Cl-Ado assessed by HPLC analysis. Values are percent of the average nucleotide levels compared with H460 or A549 control LKB1-proficient
0 hours untreated cells. C, Intracellular quantification of 8-Cl-Ado’s cytotoxic metabolite, 8-Cl-ATP, in LKB1 isogenic H460 and A549 cells treated with increasing
concentrations of 8-Cl-Ado. D, Relative NTPs levels in H460 and A549 LKB1 isogenic pairs treated with 2 mmol/L 8-Cl-Ado for 6 hours assessed by HPLC analysis.
Values are percent of the average nucleotide levels comparedwith 0 hours untreated cells. E,HPLCATP analysis in LKB1 isogenic H460 andA549 cells treatedwith 2
mmol/L 8-Cl-Ado, 10 mmol/L metformin (Metf) or 20mmol/L 2-DG. F, Flow cytometry analysis of cellular ROS levels in LKB1 isogenic A549, H23, H2030, H460, and
Calu6 cells after treatment with 5 mmol/L 8-Cl-Ado for 72 hours. ROS levels are graphed as fold change to average of all LKB1-deficient untreated cells. Statistical
analysis was performed using a two-tailed paired t test. Data are presented as mean � SEM. Bars represent the mean � SEM.
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AMPK/mTOR axis deregulation enhances sensitivity to 8-Cl-
Ado in LKB1-deficient NSCLC

Alterations in ATP or ROS levels can lead to activation of the
cellular energy sensor AMPK through both LKB1-dependent and
-independent mechanisms (14, 34). Previously, we showed that
8-Cl-Ado induces AMPK activation in breast cancer and CLL
cells (25, 35). Therefore, we next evaluated the effects of 8-Cl-Ado
on AMPK activation in LKB1-deficient NSCLC cells. H460, A549, and
Calu-6 isogenic pairswere treatedwith 5 or 10mmol/L of 8-Cl-Ado and
p-AMPK T172 levels were analyzed by Western blotting. 8-Cl-Ado
increased p-AMPKT172 in LKB1-proficient but not LKB1-deficient
cells (Fig. 5A). Likewise, 8-Cl-Ado increased the phosphorylation of
the AMPK downstream target protein acetyl CoA carboxylase (ACC)
in LKB1-proficient but not LKB1-deficient cells, demonstrating that
activation of AMPK after 8-Cl-Ado treatment is LKB1 dependent
(Fig. 5B and C).

AMPK regulates cellular energy in part by inhibiting the mTOR
pathway to restore energy balance through the reduction of cell
proliferation and therefore ATP-consuming processes. 8-Cl-Ado has
been shown to inhibit mTOR signaling in breast cancer cells (35). In
LKB1-proficient cells, but not LKB1-deficient cells, 8-Cl-Ado treat-
ment resulted in inhibition of mTOR activity, as evidenced by the
phosphorylation of its downstream targets p70S6K and S6 (Fig. 5B
and C). Consistent with these findings, 8-Cl-Ado suppressed DNA

synthesis to a greater extent in LKB1-proficient compared with LKB1-
deficient cells (Fig. 3). These data suggest that LKB1 loss impairs the
ability of the cell to suppress DNA synthesis through mTOR signaling
under conditions of ATP depletion induced by 8-Cl-Ado, which may
lead to an inability to maintain ATP and redox homeostasis, and
contribute to the enhanced sensitivity to 8-Cl-Ado in LKB1-deficient
tumor cells.

To determine the role of AMPK in 8-Cl-Ado sensitivity, we then
evaluated the synergistic effects of compound C, an AMPK
inhibitor (36–38) with 8-Cl-Ado in a panel of 14 LKB1-proficient
and 10 LKB1-deficient NSCLC cell lines (Fig. 5D and E). IC50

values of compound C were significantly reduced in LKB1-deficient
and proficient cells when combined with 8-Cl-Ado (Fig. 5D). To
further determine synergistic effect between these two drugs, we
calculated the CI for each cell line at 25%, 50%, and 75% the
effective dose (ED25, ED50, and ED75, respectively); CIs <1.0 were
considered to indicate synergy (39). CI values indicated synergistic
effects of compound C when combined with 8-Cl-Ado in both,
LKB1-proficient and LKB1-deficient cells (Fig. 5E), although the
synergistic effect was more pronounced in LKB1-deficient cell lines.
These results indicate that LKB1-deficient cells are more sensitive to
energy-depleting agents and that dysregulation of AMPK/mTOR
axis may be partially responsible of the higher sensitivity associated
with LKB1 loss.

Figure 5.

8-Cl-Ado–mediated AMPK activation is
LKB1-dependent. Immunoblot analysis
of phospho-AMPK and LKB1 in indicat-
ed LKB1 isogenic pairs (A); phospho-
ACC, LKB1 and phospho-p70S6K for
H460 and A549 LKB1 isogenic pairs
(B); and phospho-ACC, LKB1, phos-
pho-ACC, phospho-p70S6K and phos-
pho- and total-S6 ribosomal protein
levels in Calu-6 cells (C). Cells were
treated with the indicated concentra-
tions of 8-Cl-Ado for 24 hours. Data
shown in B and C for A549 and Calu-
6pairs, respectively,weregeneratedby
reprobing blots used in A. For presen-
tation purpose, loading controls fromA
have been repurposed in B and C for
A549 and Calu-6 pairs, respectively.
IC50 values (D) and CIs (E) for 8-Cl-
Ado and the AMPK inhibitor compound
C (CmpC) at ED25, ED50, and ED75.
Statistical analysiswasperformedusing
an ANOVA Sidak multiple comparisons
test. Bars represent the median with
interquartile range.
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8-Cl-Ado treatment activates MEK/ERK and PI3K/AKT
pathways

We next sought to identify other proteins or signaling pathways
associated with sensitivity to energy depletion. Proteomic profiling
revealed that basal levels of ERK1/2 and MEK1/2 proteins correlated
with 8-Cl-Ado sensitivity (Fig. 6A–E). Among LKB1-deficient cell
lines, ERK2 as well as MEK levels, were specifically associated with
8-Cl-Ado sensitivity (Supplementary Fig. S6A and S6B). Likewise,
AKT significantly correlated with 8-Cl-Ado sensitivity (Fig. 6F) and
we observed same trend in LKB1-deficient cells analysis (Supplemen-
tary Fig. S6C). These data suggest that the MEK/ERK and PI3K/AKT
pathways may play a role in the response to 8-Cl-Ado.

To further investigate the role of MEK/ERK and PI3K/AKT path-
ways on 8-Cl-Ado sensitivity, we assessed 8-Cl-Ado–mediated
changes in the proteome of LKB1-deficient A549, H1355, H1944,
H2030, and H2126 cell lines and LKB1-proficient H1155, HOP-62,
H1299, H1819, H1838, HCC15, and H2052 cell lines. Cells were
treated with 10 mmol/L 8-Cl-Ado for 16, 24, or 48 hours and then
evaluated by RPPA. p-ERK1/2T202Y204 (p-MAPKT202Y204), p-AKTS473,
and the AKT target p-GSK3bS21/9 showed the greatest significant
increase after 8-Cl-Ado treatment in LKB1-deficient and LKB1-pro-
ficient cells (Fig. 7A; Supplementary Fig. S7A and S7B). Furthermore,
8-Cl-Ado treatment resulted in activation of these signaling molecules
regardless of the LKB1 status (Supplementary Fig. S7C and S7D). To
confirm whether 8-Cl-Ado induces phosphorylation of these proteins
and evaluate the impact of LKB1 expression on this modulation, we
then analyzed total and phosphorylated levels of ERK 1/2, AKT and
GSK3b by Western blotting in three LKB1 isogenic pairs after treat-
ment with 10 mmol/L 8-Cl-Ado for 24 hours (Fig. 7B). 8-Cl-Ado
induced ERK1/2(T202/204), AKTS473, and GSK3bS9 phosphorylation in
both LKB1-deficient and LKB1-proficient cells.

Altogether, these finding suggest that the MAPK/ERK and PI3K/
AKT pathways play a compensatory role in response to the energetic

stress induced by 8-Cl-Ado. Therefore, higher expression of these
proteins following 8-Cl-Ado treatment as seen in LKB1-proficient cells
may mediate reduced sensitivity to 8-Cl-Ado.

MEK inhibition synergizes with 8-Cl-Ado in LKB1-deficient cells
Because cells with higher levels of ERK1/2 and MEK1/2 were less

sensitive to 8-Cl-Ado, we sought to determine the efficacy of combined
MEK inhibitor and 8-Cl-Ado treatment.We treated 10 LKB1-deficient
and 14 LKB1-proficient cell lines with 8-Cl-Ado and the MEK
inhibitor trametinib, alone or in combination. In LKB1-deficient cells,
the IC50 values for 8-Cl-Ado in combination with trametinib were
significantly lower than those for 8-Cl-Ado or trametinib alone,
suggesting that the cells had enhanced sensitivity to 8-Cl-Ado when
MEK was inhibited (Fig. 7C). Similarly, in LKB1-proficient cells, the
IC50 values for 8-Cl-Ado in combination with trametinib were sig-
nificantly lower than single-agent treatments IC50, although to a lesser
extent compared with LKB1-deficient cells (Fig. 7C). To discern
whether 8-Cl-Ado synergizes with trametinib, we calculated the CI
value for each cell line. Strong synergy was noted in the LKB1-deficient
cell lines, where all but one cell line had a CI ≤0.5. Moreover, CI values
of most LKB1-proficient cell lines indicated synergistic effects; how-
ever, two cell lines indicated additive effects at ED75 and three cell lines
even displayed antagonistic effects (Fig. 7D). These results indicate
that inhibition of the MEK pathway could synergize with 8-Cl-Ado in
LKB1-deficient and some LKB1-proficient cells.

PI3K inhibition synergizes with 8-Cl-Ado in LKB1-deficient cells
Because we found that 8-Cl-Ado also mediated induction of PI3K/

AKT signaling, we next tested the effect of 8-Cl-Ado in combination
with two PI3K inhibitors, PI-103 and A66, in the same set of cell lines.
Combination of 8-Cl-Ado with the PI3K inhibitor A66 significantly
reduced IC50 in LKB1-deficient and LKB1-proficient cell lines,
although increment in sensitivity was more pronounced in LKB1-

Figure 6.

Basal protein expression patterns correlated with 8-Cl-Ado sensitivity. Protein markers as assessed by RPPA that significantly correlate with 8-Cl-Ado sensitivity/
resistant in all NSCLC cell lines tested. Scatter plots showing the correlation between 8-Cl-Ado sensitivity and basal expression levels of (A–F) indicated proteins for
LKB1-proficient and deficient NSCLC cell lines tested. P values were calculated by Spearman correlation.
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Figure 7.

8-Cl-Ado treatment induces ERK1/2 and AKT activity and synergizes with MEK and PI3K inhibitors. A, Heatmap showing 8-Cl-Ado–mediated fold changes in the
levels of proteins and phosphoproteins which showed significant differences at 24 hours of 8-Cl-Ado treatment measured by RPPA analysis only for LKB1-deficient
cell lines assessed. B, Immunoblot analysis of phospho-ERK1/2, total ERK1/2, phospho-AKT(S473), total AKT, phospho-GSK3b(S9), and total-GSK3b protein levels in
LKB1 isogenic H460, A549, and Calu-6 cells treated with 8-Cl-Ado for 24 hours. IC50 values (C) and CI values (D) for 8-Cl-Ado and MEK inhibitor (trametinib). IC50

values (E) andCI values (F) for 8-Cl-Ado andPI3K inhibitor (A66) at ED25, ED50, and ED75 in the cell lines assessed. Statistical analysiswas performedusing anANOVA
Sidak multiple comparisons test. Bars represent the median with interquartile range.
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deficient compared with LKB1-proficient cell lines (Fig. 7E). Strong
synergy was found in all cell lines regardless LKB1 expression. CI
values for these combinations yielded synergistic effect in a portion
of cell lines and additive effects in others, including in LKB1-
deficient cell lines (Fig. 7F). Similarly, the addition of PI3K inhib-
itor, PI-103, significantly enhanced sensitivity to 8-Cl-Ado in all cell
lines (Supplementary Fig. S8A), although synergy appeared more
robust with the A66 compound. These findings provide evidence
that inhibition of the PI3K pathway may enhance the cytotoxic
effects and may compensate for ATP-depletion induced by 8-Cl-Ado
in LKB1-deficient and, to a lesser extent, in LKB1-intact cells.

Discussion
STK11 (LKB1) is the second most altered tumor suppressor gene in

NSCLC, and loss of LKB1 expression leads an aggressive tumor
phenotype with worse prognosis and reduced responsiveness to
PD1/PD-L1 inhibitors (6, 12, 40). There are currently no approved
treatment strategies for this subset of patients. Here, we identified 8-Cl-
Ado, an adenosine analog which induces an imbalance in intracellular
ATP/AMP levels, as active agent for LKB1-deficient NSCLC cells. In
addition, we show that 8-Cl-Ado treatment results in the activation of
theMAPK/MEK/ERK and PI3K/AKT/mTOR pathways and targeting
of these pathways synergistically enhances the antitumor activity of
8-Cl-Ado in LKB1-deficient tumor cells, identifying these regimens as
a potential therapeutic strategy for patients with NSCLC harboring
LKB1-deficient tumors.

LKB1 is a master regulator of cellular growth and metabolism.
Under cellular stress condition, LKB1/AMPK axis senses low levels
of ATP and NADPH to restore intracellular energy homeosta-
sis (15, 41) at least in part by modulating cell proliferation through
activation of the mTOR pathway (16). LKB1-deficient tumors
display a disrupted balance between energy consumption and
production, bypassing normal growth inhibitory signals, resulting
in unrestricted cell growth which reduces cellular ATP levels,
therefore increasing energetic and oxidative stress (8, 42). Thus,
LKB1-deficient tumors display increased vulnerability to energetic
stress induced by ATP depletion.

The C8-modified adenosine analogues 8-Cl-Ado and 8-NH2-
Ado are cytotoxic to a number of liquid and solid tumor cells (43, 44)
and currently, 8-Cl-Ado is under a phase I/II clinical trial for
hematologic malignancies (NCT02509546; ref. 21). Compared with
nucleoside analogues established for cancer therapeutics, these
analogs are unique as they possess a ribose sugar. We previously
identified that 8-Cl-Ado is metabolized to 8-Cl-AMP, 8-Cl-ADP,
and 8-Cl-ATP (21). 8-Cl-ADP and 8-Cl-ATP act as mimetics to
disrupt the metabolism of the endogenous adenylate pools (26),
which results in diminished cellular ATP levels (20, 22, 45).
Increased 8-Cl-ATP also inhibits mRNA transcript synthesis by
incorporating into the RNA as a chain terminator or by inhibiting
polyadenylation (24). Previous studies have shown that 8-Cl-Ado
and 8-Cl-cAMP, a prodrug form of the analog, inhibit the growth
and/or survival of murine and human lung cancer cells. Although
these studies did not assess the context in which LKB1 affects
sensitivity and energy depletion, they did show that the mechanism
of action of 8-Cl-Ado in NSCLC cells was associated with G2–M
arrest and mitotic catastrophe (43, 44). In agreement with these
previous findings, our data indicate that basal ATP depletion in
LKB1-deficient tumor cells selectively increases vulnerability to
8-Cl-Ado. Treatment with this compound significantly impairs cell
proliferation by reducing intracellular ATP levels to greater extent

in LKB1-deficient tumor cells. While other ATP-depleting agents
(metformin and 2-DG) also show preferential ATP depletion in
LKB1-deficient cells, the concentrations of these agents needed to
achieve similar levels of ATP depletion have not been shown to be
clinically achievable (10, 11, 19). Moreover, our data showed that
8-Cl-Ado activates AMPK signaling in a LKB1-dependent manner,
indicating that LKB1-AMPK axis activation may play a key role in
compensating for the ATP reduction induced by 8-Cl-Ado in
LKB1-proficient tumors.

ROS are a by-product of mitochondrial respiration. Low to mod-
erate ROS levels stimulate cell proliferation and differentiation (46), by
contrast excess ROS levels cause oxidative stress and subsequent cell
death by damaging cellular components, such as DNA, proteins, and
lipids (47). As a consequence of increased energetic and metabolic
stress, LKB1-deficient cells generate elevated levels of ROS (8, 42), and
the induction of ROS production has also been shown to promote
AMPK phosphorylation and activation but may occur in an LKB1-
independent manner (34). Glutamine-derived glutamate is the main
precursor of glutathione (GSH), the major cellular antioxidant for
redox homeostasis. We recently reported that LKB1 alterations drive
metabolic adaptations resulting in a glutamine “addiction” which
leads to reduced intracellular GSH stores and, consequently vulner-
ability to oxidative stress (8). Indeed, LKB1-deficient tumor cells used
in the current work showed increased level of intracellular ROS.
Furthermore, 8-Cl-Ado treatment raised ROS levels primarily in
LKB1-deficient cells, but not in LKB1-proficient cells, suggesting that
induction of cell death after 8-Cl-Ado treatment may be also driven by
higher ROS stress.

Response to energy depletion involves shifting of cellular metab-
olism to restore the energy balance by stimulating catabolism and
inhibiting ATP-consuming processes. Several pathways are involved
in regulating cell proliferation andmetabolism to guarantee the correct
maintenance of cellular homeostasis. MAPK and PI3K modulate
extracellular signals to control cell growth, differentiation, and migra-
tion (48, 49). Consequently, combination of mTOR and PIK3 inhi-
bitors has shown therapeutic effects in LKB1-deficient NSCLC (50).
Our proteomic analysis revealed differential baseline levels of MAPK
and PI3K pathway signaling molecules associated with response to
8-Cl-Ado.Consequently, 8-Cl-Ado treatment activated these signaling
in sensitive and resistant cell lines, and suggested that targeting these
pathways may potentiate the effects of 8-Cl-Ado. In agreement with
this, the combination of 8-Cl-Ado with the MEK inhibitor trametinib,
displayed a strong synergistic effect particularly in LKB1-deficient cell
lines. Phosphorylation of AKTS473 and its target, GSK3S21/9 was also
induced by 8-Cl-Ado, and basal AKT levels correlated with 8-Cl-Ado
sensitivity. Moreover, two different PI3K inhibitors (PI-103 and A66)
showed increased effects when combined with 8-Cl-Ado in most
NSCLC cell lines. These results demonstrate that combinations of
8-Cl-Adowith eitherMEK inhibitors or PI3K inhibitorsmerits further
investigation as a potential therapeutic regimen for patients harboring
LKB1-deficient tumors.

Taken together, our findings indicate that LKB1-deficient NSCLC
cells are selectively vulnerable to energy depletion. Treatment with
8-Cl-Ado demonstrated specific antitumor activity, depleted ATP
levels and raised redox stress in LKB1-deficient cells. Dysregulation
of AMPK/mTOR axis associated with LKB1 loss may be responsible
for greater sensitivity to 8-Cl-Ado by reducing ability to compensate
energy and redox imbalance induced by this compound. Data pro-
vided herein support the future clinical testing of energy-depleting
agents such as 8-Cl-Ado combined with signaling pathway inhibitors
in patients with LKB1-deficient NSCLC and other tumor types.

Galan-Cobo et al.

Mol Cancer Res; 20(2) February 2022 MOLECULAR CANCER RESEARCH290

D
ow

nloaded from
 http://aacrjournals.org/m

cr/article-pdf/20/2/280/3191218/280.pdf by guest on 23 M
ay 2023



Authors’ Disclosures
A. Galan-Cobo reports grants from NIH/SPORE P50CA07907, NIH/R01

CA205150, CPRIT CP160652, and other support from The Lung Cancer Moon Shot
during the conduct of the study. M.L. Ayres reports grants from NIH/NCI
P30CA016672 during the conduct of the study. M. Nilsson reports personal fees from
Spectrum Pharmaceuticals outside the submitted work. W.G. Wierda reports other
support from GSK/Novartis, Abbvie, Genentech, Pharmacyclics LLC, AstraZeneca/
Acerta Pharma Inc., Gilead Sciences, Juno Therapeutics, KITE Pharma, Sunesis,
Miragen, Oncternal Therapeutics, Inc., Cyclacel, Loxo Oncology, Inc., Janssen, and
Xencor outside the submitted work. F. Skoulidis reports personal fees from Amgen,
Bristol-Myers Squibb, RV Mais Promocao Eventos LTDS, Intellisphere LLC, Navire
Pharma, and Beigene; grants from Amgen, Mirati Therapeutics, Boehringer Ingelheim,
Merck and Co, Novartis, and Pfizer; other support from BioNTech SE, Moderna Inc,
Tango Therapeutics, AstraZeneca Pharmaceuticals, and Amgen outside the submitted
work. J.D.Minna reports grants fromNIHduring the conduct of the study; personal fees
fromNIH and University of Texas SouthwesternMedical Center outside the submitted
work. V. Gandhi reports grants fromNIH/NCI P30CA016672 and other support from
Helen H. Laughery during the conduct of the study; grants from Abbvie, Acerta,
ClearCreek Bio, Gilead, LOXO, Pharmacyclics, and Sunesis; personal fees from Astra-
Zeneca and Dava Oncology outside the submitted work. J.V. Heymach reports grants
from Lung SPORE, NIH/NCI, CPRIT, and MD Anderson Lung Cancer Moon Shot;
other support from AstraZeneca, Boehringer-Ingelheim, Catalyst, Genentech, Glax-
oSmithKline, Guardant Health, Foundation Medicine, Hengrui Therapeutics, Eli Lilly,
Novartis, Spectrum, Sanofi, Takeda Pharmaceuticals, Mirati Therapeutics, Bristol-
Myers Squibb, BrightPath Biotherapeutics, Janssen Global Services, Nexus Health
Systems,EMDSerono, PneumaRespiratory,KairosVenture Investments, LeadsBiolabs,
and RefleXion during the conduct of the study. No disclosures were reported by the
other authors.

Authors’ Contributions
A. Galan-Cobo: Formal analysis, supervision, investigation, writing–original

draft, writing–review and editing. C.M. Stellrecht: Formal analysis, supervision,
validation, investigation, writing–original draft, writing–review and editing.
E. Yilmaz: Formal analysis, investigation. C. Yang: Formal analysis, investigation.

Y. Qian: Data curation. X. Qu: Investigation. I. Akhter: Investigation. M.L. Ayres:
Data curation, investigation. Y. Fan:Data curation. P. Tong:Data curation. L. Diao:
Software, formal analysis. J. Ding:Data curation.U.Giri:Data curation. J. Gudikote:
Data curation. M. Nilsson: Writing–review and editing. W.G. Wierda: Formal
analysis, writing–review and editing. J. Wang: Software, formal analysis.
F. Skoulidis: Investigation. J.D. Minna: Resources, funding acquisition, writing–
review and editing. V. Gandhi: Conceptualization, resources, supervision, funding
acquisition, project administration, writing–review and editing. J.V. Heymach:
Conceptualization, resources, supervision, funding acquisition, project administra-
tion, writing–review and editing.

Acknowledgments
Thisworkwas supported byTheUniversity of Texas SouthwesternMedical Center

and The University of Texas MD Anderson Cancer Center Lung UT; Lung SPORE
P50CA07907; The LKB1 R01 CA205150; CPRIT CP160652; The Lung Cancer Moon
Shot, including donations from; Kyte Family, Jeff Hepper, and Normal Godinho;
Rexanna’s Foundation for Fighting Lung Cancer; Weaver Foundation; CCSG
CA016672; a Stand Up To Cancer-American Cancer Society Lung Cancer Dream
Team Translational Research Grant (grant number: SU2C-AACR-DT17-15), a Jane
Ford Petrin donation, and Helen H. Laughery donation (V. Gandhi). The indicated
Stand Up To Cancer grant is administered by the American Association for Cancer
Research, the scientific partner of SU2C.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

Note
Supplementary data for this article are available atMolecular Cancer ResearchOnline
(http://mcr.aacrjournals.org/).

Received June 17, 2021; revised July 30, 2021; accepted October 12, 2021;
published first October 15, 2021.

References
1. Torre LA, Siegel RL, Jemal A. Lung cancer statistics. In: Ahmad A, Gadgeel S,

editors. Lung cancer and personalized medicine: current knowledge and ther-
apies. Cham: Springer International Publishing; 2016. p.1–19.

2. Ettinger DS, Wood DE, Aisner DL, Akerley W, Bauman J, Chirieac LR,
et al. Non-small cell lung cancer, version 5.2017, NCCN Clinical
Practice Guidelines in Oncology. J Natl Compr Canc Netw 2017;15:
504–35.

3. Collisson EA, Campbell JD, Brooks AN, Berger AH, Lee W, Chmielecki J, et al.
Comprehensive molecular profiling of lung adenocarcinoma. Nature 2014;511:
543–50.

4. Matsumoto S, Iwakawa R, Takahashi K, Kohno T, Nakanishi Y,Matsuno Y, et al.
Prevalence and specificity of LKB1 genetic alterations in lung cancers. Oncogene
2007;26:5911–8.

5. NanjundanM, Byers LA,CareyMS, SiwakDR, RasoMG,Diao L, et al. Proteomic
profiling identifies pathways dysregulated in non-small cell lung cancer and an
inverse association of AMPK and adhesion pathways with recurrence. J Thorac
Oncol 2010;5:1894–904.

6. Skoulidis F, Byers LA, Diao L, Papadimitrakopoulou VA, Tong P, Izzo J, et al.
Co-occurring genomic alterations define major subsets of KRAS-mutant lung
adenocarcinoma with distinct biology, immune profiles, and therapeutic vul-
nerabilities. Cancer Discov 2015;5:860–77.

7. Ji H, Houghton AM, Mariani TJ, Perera S, Kim CB, Padera R, et al. K-ras
activation generates an inflammatory response in lung tumors. Oncogene 2005;
25:2105–12.

8. Galan-Cobo A, Sitthideatphaiboon P, Qu X, Poteete A, Pisegna MA, Tong P,
et al. LKB1 and KEAP1/NRF2 pathways cooperatively promote metabolic
reprogramming with enhanced glutamine dependence in KRAS-mutant lung
adenocarcinoma. Cancer Res 2019;79:3251–67.

9. Kim J, Hu Z, Cai L, Li K, Choi E, Faubert B, et al. Author Correction: CPS1
maintains pyrimidine pools and DNA synthesis in KRAS/LKB1-mutant lung
cancer cells. Nature 2019;569:E4.

10. Parker SJ, SvenssonRU,Divakaruni AS, LefebvreAE,MurphyAN, ShawRJ, et al.
LKB1 promotes metabolic flexibility in response to energy stress. Metab Eng
2017;43:208–17.

11. ShackelfordDavid B, Abt E,Gerken L, VasquezDebbie S, SekiA, LeblancM, et al.
LKB1 inactivation dictates therapeutic response of non-small cell lung cancer to
the metabolism drug phenformin. Cancer Cell 2013;23:143–58.

12. Skoulidis F, Goldberg ME, Greenawalt DM, Hellmann MD, Awad MM,
Gainor JF, et al. STK11/LKB1 mutations and PD-1 inhibitor resistance in
KRAS-mutant lung adenocarcinoma. Cancer Discov 2018;8:822–35.

13. Shorning BY, Clarke AR. Energy sensing and cancer: LKB1 function and lessons
learnt from Peutz-Jeghers syndrome. Semin Cell Dev Biol 2016;52:21–9.

14. Hardie DG. AMP-activated protein kinase: maintaining energy homeostasis at
the cellular and whole-body levels. Annu Rev Nutr 2014;34:31–55.

15. Jeon SM, ChandelNS,HayN.AMPK regulates NADPHhomeostasis to promote
tumour cell survival during energy stress. Nature 2012;485:661–5.

16. Lamming Dudley W, Sabatini David M. A central role for mTOR in lipid
homeostasis. Cell Metab 2013;18:465–9.

17. ChoKJ, Casteel DE, Prakash P, Tan L, van der Hoeven D, Salim AA, et al. AMPK
and endothelial nitric oxide synthase signaling regulates K-Ras plasma mem-
brane interactions via cyclic GMP-dependent protein kinase 2. Mol Cell Biol
2016;36:3086–99.

18. Carretero J, Medina PP, Blanco R, Smit L, Tang M, Roncador G, et al.
Dysfunctional AMPK activity, signalling through mTOR and survival in
response to energetic stress in LKB1-deficient lung cancer. Oncogene 2007;
26:1616–25.

19. Inge LJ, Friel JM, Richer AL, Fowler AJ, Whitsett T, Smith MA, et al. LKB1
inactivation sensitizes non-small cell lung cancer to pharmacological aggrava-
tion of ER stress. Cancer Lett 2014;352:187–95.

20. Dennison JB, Balakrishnan K, Gandhi V. Preclinical activity of 8-chloroadeno-
sine withmantle cell lymphoma: roles of energy depletion and inhibition ofDNA
and RNA synthesis. Br J Haematol 2009;147:297–307.

Vulnerabilities in Energy-Depleted LKB1-Deficient NSCLC

AACRJournals.org Mol Cancer Res; 20(2) February 2022 291

D
ow

nloaded from
 http://aacrjournals.org/m

cr/article-pdf/20/2/280/3191218/280.pdf by guest on 23 M
ay 2023



21. Gandhi V, Ayres M, Halgren RG, Krett NL, Newman RA, Rosen ST. 8-Chloro-
cAMP and 8-chloro-adenosine act by the samemechanism inmultiple myeloma
cells. Cancer Res 2001;61:5474–9.

22. Stellrecht CM, Ayres M, Arya R, Gandhi V. A unique RNA-directed nucleoside
analog is cytotoxic to breast cancer cells and depletes cyclin E levels.
Breast Cancer Res Treat 2010;121:355–64.

23. Stellrecht CM, Phillip CJ, Cervantes-Gomez F, Gandhi V. Multiple myeloma cell
killing by depletion of the MET receptor tyrosine kinase. Cancer Res 2007;67:
9913–20.

24. Stellrecht CM, Rodriguez CO, Ayres M, Gandhi V. RNA-Directed actions of
8-chloro-adenosine in multiple myeloma cells. Cancer Res 2003;63:7968–74.

25. Stellrecht CM, Chen LS, Ayres ML, Dennison JB, Shentu S, Chen Y, et al.
Chlorinated adenosine analogue induces AMPK and autophagy in chronic
lymphocytic leukaemia cells during therapy. Br J Haematol 2017;179:266–71.

26. ChenLS,NowakBJ,AyresML,KrettNL,Rosen ST, Zhang S, et al. Inhibition ofATP
synthase by chlorinated adenosine analogue. Biochem Pharmacol 2009;78:583–91.

27. Stellrecht CM, Chen LS. Transcription inhibition as a therapeutic target for
cancer. Cancers 2011;3:4170–90.

28. Byers LA,Wang J, NilssonMB, Fujimoto J, Saintigny P, Yordy J, et al. Proteomic
profiling identifies dysregulated pathways in small cell lung cancer and novel
therapeutic targets including PARP1. Cancer Discov 2012;2:798–811.

29. Tsai LH, Wu JY, Cheng YW, Chen CY, Sheu GT, Wu TC, et al. The MZF1/c-
MYC axis mediates lung adenocarcinoma progression caused by wild-type lkb1
loss. Oncogene 2015;34:1641–9.

30. Xu D, Hemler ME. Metabolic activation-related CD147-CD98 complex.
Mol Cell Proteomics 2005;4:1061–71.

31. Greer EL, Oskoui PR, BankoMR,Maniar JM,GygiMP,Gygi SP, et al. The energy
sensor AMP-activated protein kinase directly regulates the mammalian FOXO3
transcription factor. J Biol Chem 2007;282:30107–19.

32. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeo-
stasis. Nat Rev Mol Cell Biol 2018;19:121–35.

33. Dennison JB, Ayres ML, Kaluarachchi K, Plunkett W, Gandhi V. Intracellular
succinylation of 8-chloroadenosine and its effect on fumarate levels. J Biol Chem
2010;285:8022–30.

34. Mungai PT,Waypa GB, JairamanA, PrakriyaM,Dokic D, BallMK, et al. Hypoxia
triggers AMPK activation through reactive oxygen species-mediated activation of
calcium release-activated calcium channels. Mol Cell Biol 2011;31:3531–45.

35. Stellrecht CM, Vangapandu HV, Le XF, Mao W, Shentu S. ATP directed agent,
8-chloro-adenosine, induces AMP activated protein kinase activity, leading to
autophagic cell death in breast cancer cells. J Hematol Oncol 2014;7:23.

36. Dasgupta B, Seibel W. Compound C/Dorsomorphin: its use and misuse as an
AMPK inhibitor. In: Neumann D, Viollet B, editors. AMPK: methods and
protocols. New York, NY: Springer New York; 2018. p. 195–202.

37. Ríos M, Foretz M, Viollet B, Prieto A, Fraga M, Costoya JA, et al. AMPK
activation by oncogenesis is required to maintain cancer cell proliferation in
astrocytic tumors. Cancer Res 2013;73:2628–38.

38. Vucicevic L, Misirkic M, Kristina J, Vilimanovich U, Sudar E, Isenovic E, et al.
Compound C induces protective autophagy in cancer cells through AMPK
inhibition-independent blockade of Akt/mTOR pathway. Autophagy 2011;7:
40–50.

39. Chou TC. Theoretical basis, experimental design, and computerized simulation
of synergism and antagonism in drug combination studies. Pharmacol Rev 2006;
58:621–81.

40. Arbour KC, Jordan E, KimHR, Dienstag J, Yu HA, Sanchez-Vega F, et al. Effects
of co-occurring genomic alterations on outcomes in patients with KRAS-mutant
non–small cell lung cancer. Clin Cancer Res 2018;24:334–40.

41. Shaw RJ, Kosmatka M, Bardeesy N, Hurley RL, Witters LA, DePinho RA, et al.
The tumor suppressor LKB1 kinase directly activates AMP-activated kinase and
regulates apoptosis in response to energy stress. Proc Natl Acad Sci U S A 2004;
101:3329–35.

42. Li F, Han X, Li F,Wang R,WangH, Gao Y, et al. LKB1 inactivation elicits a redox
imbalance to modulate non-small cell lung cancer plasticity and therapeutic
response. Cancer Cell 2015;27:698–711.

43. Han YY, Zhou Z, Cao JX, Jin YQ, Li SY, Ni JH, et al. E2F1-mediated DNA
damage is implicated in 8-Cl-adenosine-induced chromosome missegrega-
tion and apoptosis in human lung cancer H1299 cells. Mol Cell Biochem
2013;384:187–96.

44. Zhang HY, Gu YY, Li ZG, Jia YH, Yuan L, Li SY, et al. Exposure of human lung
cancer cells to 8-chloro-adenosine induces G2/M arrest andmitotic catastrophe.
Neoplasia 2004;6:802–12.

45. Balakrishnan K, Stellrecht CM, Genini D, Ayres M, Wierda WG,
Keating MJ, et al. Cell death of bioenergetically compromised and
transcriptionally challenged CLL lymphocytes by chlorinated ATP. Blood
2005;105:4455–62.

46. GeismannC, Arlt A, Sebens S, SchaferH. Cytoprotection “gone astray”: Nrf2 and
its role in cancer. Onco Targets Ther 2014;7:1497–518.

47. Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev
Cancer 2011;11:85–95.

48. Janku F, Yap TA, Meric-Bernstam F. Targeting the PI3K pathway in cancer: are
we making headway? Nat Rev Clin Oncol 2018;15:273–91.

49. Sun Y, Liu WZ, Liu T, Feng X, Yang N, Zhou HF. Signaling pathway of MAPK/
ERK in cell proliferation, differentiation, migration, senescence and apoptosis.
J Recept Signal Transduct Res 2015;35:600–4.

50. Shukuya T, Yamada T, KoenigMJ, Xu J, Okimoto T, Li F, et al. The effect of LKB1
activity on the sensitivity to PI3K/mTOR inhibition in non–small cell lung
cancer. J Thorac Oncol 2019;14:1061–76.

Mol Cancer Res; 20(2) February 2022 MOLECULAR CANCER RESEARCH292

Galan-Cobo et al.

D
ow

nloaded from
 http://aacrjournals.org/m

cr/article-pdf/20/2/280/3191218/280.pdf by guest on 23 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


