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Abstract

LKB1 is a commonly mutated tumor suppressor in non-small cell lung cancer (NSCLC) that
exerts complex effects on signal transduction and transcriptional regulation. To better understand
the downstream impact of loss of functional LKB1, we developed a transcriptional fingerprint
assay representing this phenotype. This assay was predictive of LKB1 functional loss in cell lines
and clinical specimens, even those without detected sequence alterations in the gene. In silico
screening of drug sensitivity data identified putative LKB1-selective drug candidates, revealing
novel associations not apparent from analysis of LKB1 mutations alone. Among the candidates,
MEK inhibitors showed robust association with signature expression in both training and testing
datasets independent of RAS/RAF mutations. This susceptibility phenotype is directly altered by
RNA interference-mediated LKB1 knockdown or by LKB1 re-expression into mutant cell lines
and is readily observed in vivo using a xenograft model. MEK sensitivity is dependent on LKB1-
induced changes in AKT and FOXQ3 activation, consistent with genomic and proteomic analyses
of LKB1-deficient lung adenocarcinomas. Our findings implicate the MEK pathway as a potential
therapeutic target for LKB1-deficient cancers and define a practical NanoString biomarker to
identify functional LKB1 loss.
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Introduction:

Understanding molecular pathways responsible for key phenotypes such as tumor
proliferation has allowed the development of targeted therapeutic strategies effective in the
treatment of defined subsets of cancers. However, the development of therapies that target
mutated tumor suppressors represent challenges, since these mutations lead to loss of
function that cannot be easily directly targeted. Elucidating the consequences of tumor
suppressor loss on signaling pathway activation or consistent changes in other tumor
phenotypes such as immune evasion may inform the design of therapeutic strategies to target
tumors with these alterations.

LKBL1 is a serine-threonine kinase tumor suppressor that is among the most commonly
mutated genes in non-small cell lung cancer (NSCLC), with loss occurring in approximately
30-35% of lung adenocarcinomas (1,2). It exhibits diverse regulatory roles, including
control of energy homeostasis, metabolism, proliferation, the mTOR pathway (3-7), and
maintenance of cellular polarity (4). LKB1 influences these phenotypes via phosphorylation
of downstream effector kinases in the family of adenosine monophosphate activated protein
kinase (AMPK). Given the complexity of LKB1-associated phenotypes, many approaches
have been used to define pathway dependencies that may be exploited in treating these
tumors. Molecular characterizations of human tumors, coupled with statistical approaches
have identified dysregulated pathways and phenotypes (2,8-11). Genetically engineered
mouse models link LKB1 loss to changes in gene and protein expression (1,12) and drug
sensitivity (13,14). In vitro models allow study of cell lines in their basal state or after
experimental manipulation of LKBL1 or other factors (7,10,14-19). These approaches have
identified additional strategies that may be useful for targeting LKB1 loss, including
induction of metabolic stress, e.g. by phenformin, and inhibition of HSP90 stress response
pathway (7,10,14,19).

We have recently analyzed integrated molecular data from the Cancer Genome Atlas
(TCGA) and other sources to identify characteristic phenotypes associated with LKB1 loss
in human lung adenocarcinomas (2). Other studies have taken similar approaches (9-11) and
together our results demonstrate that LKB1 loss is associated with characteristic changes in
gene and protein expression that reflect consistent alterations in intracellular signaling
pathways. A transcriptional phenotype associated with LKB1 loss was used to derive a
robust 16-gene signature of LKB1 loss that is highly predictive of LKB1 loss in validation
sets, correctly identifying 97% of LKB1 mutations in the TCGA cohort. Moreover,
expression of this signature identifies a subset of tumors that are wild-type by gene
sequencing but demonstrate functional LKB1 loss comparable to the known mutant tumors.

Despite the wealth of knowledge derived from analysis of sophisticated molecular data, it is
not straightforward to predict from such analyses resulting pathway dependences and
clinical susceptibility to treatment. Therefore, in the current work we utilize studies of drug
sensitivity data — the Cancer Cell Line Encyclopedia (CCLE) (15), Genomics of Drug
Sensitivity in Cancer (GDSC) (16,17) and Cancer Therapeutics Resource Portal (CTRP)
(18) — to empirically identify drug classes that may be effective in treating tumors with
LKBL1 loss. We then employ a panel of isogenic cell line derivatives in which experimental
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control of LKB1 activity allows us to study the direct effects of the tumor suppressor on
drug sensitivity and pathway activity.

Methods and Materials:

Analysis of molecular data

Gene expression data from Affymetrix U133A microarrays was obtained for a total of 1231
cell lines characterized by the CCLE (15) and the Catalog of Somatic Mutations in Cancer
(COSMIC) (20). The 16 genes corresponding to the LKB1-loss signature were used to
calculate LKB1 loss score for each cell line, as described previously (2). For cell lines
included in both CCLE and Sanger datasets, average of the two scores was used for
subsequent analysis (Supplementary Table 1). LKB1, HRAS, NRAS, KRAS, and BRAF
mutation status of cell lines were taken from characterization reported in CCLE (15), GDSC
(16,17), and COSMIC (20) databases, and additional literature sources for LKB1
(Supplementary Tables 2,3). A cell line was considered to have LKB1-loss if reported as
such in any study.

Statistical analysis

In vitro drug sensitivity data were obtained from the CCLE (15), GDSC (16,17) and CTRP
(18). General linear models were used to determine association between drug sensitivity and
LKB1-loss score for each of these datasets (Supplementary Tables 4.1-4.3). For analyses
using binary classification, an LKB1-score cutoff of >0.2 was used to define positive
signature expression, as described previously (2). Multivariate linear regression included
LKBL1 classifier score, HRAS, NRAS, KRAS, and BRAF mutations and MEK sensitivity.
Statistical analysis was performed using the R statistical software package.

RNAseq of resected tumors

Sequencing followed standard protocol on RNA from frozen specimens of 48 lung
adenocarcinomas resected at Vanderbilt University Medical Center. Denaturation of mRNA,
elution, priming, and fragmentation followed TruSeq RNA Prep protocol. Double strand
cDNA libraries were generated using 17ul fragmentation product input into first and second
strand synthesis. After PolyA selection, samples were run using HiSeq PE 100 to generate
30 million pair end reads on an Illumina HiSeq 2500 instrument (Illumina, San Diego,
California). Quality control followed recommendations in (21). Raw data and alignment QC
utilized QC3 (22). Expression analysis employed MultiRankSeq (23). Raw data were
aligned using TopHat 2 (24) against human HG19 reference genome. Gene expression was
normalized to fragments per kilobase of of transcript per million reads (FPKM) by Cufflinks
(25). Fifteen genes of the sixteen genes were used to calculate LKB1 loss signature
(MUCS5AC not reported) as previously described (2). Four missense mutations in LKB1
were detected by RNAseq analysis. Mutations and RNAseq gene expression data for the
LKB1 signature genes are given in Supplementary Table 5.1. Tumor samples were collected
with informed consent in accord with Institutional Review Board protocol (National Clinical
Trial ID: ; Secondary Protocol No: VICCTHO0136).
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NanoString nCounter assay

RNA expression of relevant genes was measured with nanoString nCounter system
(nanoString Technologies, Seattle, WA). For each sample, 200 nanograms of total RNA was
hybridized to a custom probeset according to the manufacturer’s instructions. Two sets of
probes were generated, comprising genes in the LKB-loss signature, genes down-regulated
in LKB1-deficient lung adenocarcinomas and housekeeping genes. The second set contained
additional housekeeping genes and additional genes not directly used in this study. Raw
count data were normalized by: (1) Background correction (2) positive control correction
and (3) housekeeping gene correction. Genes were log2 transformed and the ‘nanoString’
signature score was generated by taking the average expression of the LKB1-loss signature
genes and subtracting the average expression of the under-expressed genes. Complete probe
lists and expression data are provided in Supplementary Tables 5.2-5.4.

Cell culture and gene transduction

HCC15, H2122, HCC515, H1395, H2126, H1355, H23, H157, H1993, H1435, HCC193,
H520, HCC78, H292, HCC2935, Calu-1, H1299, H2085, Calu-3, and Calu-6 cell lines were
generously shared by John Minna and Luc Girard (University of Texas, Southwestern).
Ab549, H460, and H522 were purchased from ATCC (Rockville, MD). Cell lines were
authenticated by DNA fingerprinting and tested for mycoplasma. Cells were cultured in
RPMI1640 containing 5% FBS, without antibiotics. Empty pBABE viral plasmids, pBABE-
LKB1 and pBABE-LKB1-K78I were obtained from Addgene and viruses generated
according to standard protocol. After viral transduction, cells were selected under puromycin
lug/ml for one to two weeks before performing subsequent experiments.

Proliferation and drug sensitivity assays

In vitro proliferation assays were performed in 96-well plates after seeding 1000 cells in
each well. Trametinib, MK2206, paclitaxel, temsirolimus, dasatinib and BEZ-235
(Chemitek, Indianapolis, IN) were added after 24 hours. Quantitation of cell growth used
Alamar Blue (Invitrogen) colorimetric assay.

Immunoblots

Cell lysates were harvested using RIPA lysis buffer containing phosphatase and protease
inhibitors. Lysates were homogenized and run on pre-cast SDS-PAGE gels (BioRad).
Nuclear and cytoplasmic extracts were prepared using NE-PER Nuclear and Cytoplasmic
Extraction Reagents from Pierce. pAKT(S473), pAMPK(T172), pFOX03 (T32), pERK1/2
(T202/Y204), ERK, FOXO03, LKB1, Cleaved PARP, and AKT, HDAC2, and GAPDH
antibodies were obtained from Cell Signaling Technology.

RNA interference (RNAI) transfection

RNAI constructs LKB1 (s13579, s13580), FOXO3a (s5260) Silencer® Select small
interfering RNA (siRNAs) and Stealth RNAI Negative Control Low GC Duplex no. 3
purchased from Invitrogen, (Carlsbad, CA, USA). Cells were reverse transfected using
siRNA (250 pmol) or scramble RNA using Lipofectamine RNAIMAX (5 pl) with
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manufacturer’s instructions (Invitrogen). 24 hours after transfection cells were seeded onto
96 well plates for drug sensitivity assay or grown for harvesting protein lysates.

Lentivirus and infections

Short hairpin RNA (shRNA) experiments used MISSION pLKO.1 constructs (Sigma-
Aldrich, St. Louis, MO) specific for LKB1 (clone NM_000455.x-548s1c1,
NM_000455.x-1351s1cl), or scrambled control (SHC002). Polybrene was used for virus
transduction into 1 x 10° Calu-1 cells, which were subsequently selected using puromycin
(Sigma- Aldrich, St. Louis, MO) for one to two weeks.

Xenograft experiments

Results:

Suspensions of Calu-1/control and Calu-1/LKB1 shRNA (5x108 cells) were injected into the
flanks of 5-week-old female non-obese diabetic severe combined immunodeficient (NOD-
SCID) mice (the Jackson laboratories, Bar Harbor, ME). When tumor volumes reached 50 to
100 mm3, the mice were randomized to receive daily trametinib, 1 mg/kg, or saline
injections. Tumor volume was calculated as 1/2 x length (mm) x width (mm)2. Tumor size
and mouse body weight were measured twice per week. Mice were sacrificed on day 30 of
treatment. The protocol was approved by Institutional Animal Care and Use Committee at
The Ohio State University, Ohio (approval no. 2014A00000116), and carried out in
accordance with institutional recommendations.

LKB1 loss is associated with a similar transcriptional phenotype across diverse tumor

types.

The transcriptional signature of LKB1 loss was derived and validated using resected human
lung adenocarcinomas and NSCLC cell lines (2), but transcriptional effects of LKB1 loss
have not been studied in other tumor types. Through previously published sequencing
studies we have identified 81 cell lines that have both LKB1 loss and gene expression data to
allow calculation of functional LKB1-loss signature. All cell lines, mutation phenotypes, and
LKB1-loss scores are listed in Supplementary Tables 1-3. As previously demonstrated,
LKB1 mutant NSCLC cell lines express higher functional loss scores compared to wild-type
lines (P = 3.7E-14; Student’s T-test; Fig. LA). Moreover, here we show that LKB1 mutant
non-NSCLC cell lines across diverse histological types also exhibit increased signature
expression compared to wild-type counterparts (P= 1.0E-16; Student’s T-test; Fig. 1B).
Using the discriminatory score cutoff of 0.2 reported in our previous analysis, 73% of non-
NSCLC LKB1-deficient cell lines were classified as LKB1 loss, compared to 19% of wild-
type lines (P=9.0E-13 by Fisher’s exact test). Among NSCLC cell lines 92% of mutant
lines are correctly classified as LKB1 loss, compared to 19% of wild-type lines (P =2.0E-15
by Fisher’s exact test). The coherence of expression of these genes is higher in NSCLC than
among other cell lines, suggesting that some downstream consequences of LKB1 loss may
be influenced by additional factors across the histologically diverse set (Supplementary Fig.
1). Nevertheless, the strong statistical significance demonstrates commonalities in the effects
of LKB1 loss on gene expression across multiple tumor types.
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Transcriptional phenotype allows determination of LKB1-loss in clinical specimens and

cell lines.

The LKB1-loss transcriptional signature may be a useful adjunct to the detection of somatic
mutations, as other mechanisms of tumor suppressor loss account for approximately half of
the cases of LKBL1 loss (2). We developed an assay to quantify this validated signature using
a commercial platform (NanoString, Seattle WA) to measure the expression of the 16 genes
comprising the signature as well as housekeeping ‘control’ genes. This was applied to a
cohort of 24 resected lung adenocarcinomas that was further characterized by RNAseq gene
expression analysis. The LKB1-loss score calculated based on RNAseq expression
correlated well with that obtained from the NanoString assay (Fig. 1C; R squared = 0.70, P
= 3.3E-07 by linear regression). Similarly, across a 23 cell line panel, the NanoString LKB1
signature score correlated highly with that calculated from previously published microarray
datasets (Fig. 1D; R-squared = 0.83, A= 2.1E-10 by linear regression).

Discovery analysis identifies MEK inhibition as a drug candidate for LKB1-deficient

tumors.

The transcriptional state represented by this signature may reflect differences in signaling
pathway activity. Thus, we tested whether expression was associated with susceptibility to
targeted pathway inhibitors using data from three large systematic analyses of drug
sensitivity phenotypes (15-18). The GDSC comprises response data on 253 inhibitors tested
over 987 cell lines (16,17). The CTRP tests 481 inhibitors over 682 cell lines (18). The
CCLE tests 24 cell lines over 504 cell lines (15). Using linear models we calculated
association between reported 1C50 values and LKB1 loss signature across each of these
studies (Fig. 2A—C; Supplementary Table 4). A total of 1062 cell lines with both drug
sensitivity and gene expression data were used in our analysis (Fig. 2D). Inhibitors of the
MEK pathway showed the strongest association to the LKBL1 signature in each of the three
studies. Every MEK inhibitor tested was significantly associated. The CCLE data included
maximum inhibition phenotypes, which was also strongly associated with LKB1 signature
expression (Fig. 2E). The top ten associations showing increased sensitivity among cell lines
expressing the LKB1-loss signature are highlighted (Table 1). Because MEK inhibitors are
being actively investigated in clinical trials and showed consistently strong association
across independent studies and multiple compounds, we selected this target for further study.

MEK sensitivity associated with LKB1 loss signature is independent of mutations in the
RAS/RAF pathway.

To account for potential confounding variables, we next studied MEK sensitivity IC50 data
from each study cohort using a general linear model with the LKB1-loss signature and
mutations in KRAS, NRAS, HRAS, and BRAF. The association between trametinib IC50
concentration and the LKB1-loss signature was independent of these mutations in the GDSC
study, and the effect size similar to that seen for mutations in the RAS/RAF pathway (Fig.
2F; P=1E-9). Similar independence was seen for selumetinib in the CCLE and for
PD-318088 in CTRP (data not shown). The association between selumetinib sensitivity and
LKB1-loss expression is significant among KRAS mutant, BRAF mutant and RAS/RAF
wild-type cell lines (Supplemental Fig. 2A-C). LKB1 mutant cell lines with signature
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expression greater than classifier cutoff score of 0.2 were significantly more sensitive to
selumetinib (Supplemental Fig. 2D).

NSCLC cell lines with LKB1 loss are more sensitive to MEK inhibition and display
attenuated AKT/FOXOS3 activation.

We measured in vitro trametinib sensitivity and AKT/FOXQ3 protein expression across
twenty-three NSCLC cell lines, including 12 LKB1 mutants. LKB1-deficient cell lines were
significantly more sensitive to trametinib (Fig. 3A; P = 0.003 by Student’s T-test). LKB1
deficient lines expressed decreased phosphorylated FOXO3 and a trend toward decreased
phosphorylated AKT (Fig. 3B; P = 0.027 for pFOXO03, P = 0.083 for pAKT, Wilcoxon rank
sum test of densitometric measurements). Trametinib sensitivity was associated with
RAS/RAF mutations (P = 0.00097; Student’s t-test), and pFOXO3 (P = 0.014; linear
regression), with a non-significant trend observed for pAKT (P = 0.08; linear regression).
Furthermore, the LKB1 loss signature was significantly associated with trametinib
sensitivity among RAS/RAF wild-type cell lines (P = 0.014; linear regression; Fig. 3C).
These results support the findings from the discovery analysis that LKBL1 loss is associated
with trametinib sensitivity independent of previously identified drivers of susceptibility.

LKB1 induces resistance to MEK inhibition in LKB1 mutant cell lines.

To test direct effects of LKB1 on MEK sensitivity we stably expressed wild-type LKB1 in
mutant cell lines. Seven LKB1 mutant cell lines — A549, HCC15, H157, H1355, H2122,
H1993, and H23 — were stably selected for expression of wild-type LKB1, kinase deficient
K781 mutant LKB1, or empty vector using pBABE retrovirus and puromycin selection.
Growth assays in the presence of trametinib (100nM) demonstrated LKB1-mediated
resistance in six of the seven cell lines tested (Fig. 4A). A549 and H2122 were similarly
tested with temsirolimus, BEZ-235, MK2206, dasatinib, and paclitaxel, which showed no
resistance (Supplementary Fig. 3).

LKBL1 also affected the expression of MEK resistance pathways. Wild-type LKB1 induced
pAKT in six of the seven cell lines, and increase in pFOXO3 in five of seven (Fig. 4B). No
change in AKT/FOXQ3 phosphorylation was seen in H23, which also had no change in
MEK sensitivity. Nuclear cytoplasmic fractionation of A549 and H2122 lysates
demonstrated FOXO3 cellular localization. Phosphorylated FOXO3 was detected only in the
cytoplasm, as expected. LKB1 resulted in reduction in nuclear FOXO3 consistent with
phosphorylation-dependent shift in localization (Fig. 4C).

Cleaved PARP and phosphorylated ERK were measured from cell lysates from A549,
HCC15, and H2122 after 48 hours of trametinib treatment (Fig. 4D). Cleaved PARP was
reduced in both the HCC15 and H2122 cell lines, though not in A549. Reduction in
phosphorylated ERK was similar to controls. The effects of restoring LKB1 on gene
expression signature were studied in A549, HCC15, and H2122 using the NanoString assay,
demonstrating significant reduction in the expression of this signature in each cell line (Fig.
4E, 4F, and 4G).
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Loss of LKB1 induces MEK sensitivity in wild-type cell lines through alterations in FOXO3

signaling.

RNA interference was used to inhibit LKB1 expression in wild-type cell lines. HCC2935,
HCC78, Calu-1, H522, and H292 were transfected with siRNA targeting LKB1 or control
constructs (Fig. 5A). Resulting cells were then treated with trametinib (100nM) for 48 hours.
In each of the five cell lines tested, trametinib sensitivity was induced by LKB1-knockdown
relative to controls (Fig. 5B).

The effects of LKB1 loss on AKT and FOXO3 activation were tested in H522 and Calu-1
cells. Cells were treated with siRNA as above and protein lysates harvested after treatment
with trametinib or vehicle for 48 hours. Both control and LKB1 knockdown cell lines
showed no ERK phosphorylation after trametinib. However, trametinib induced AKT and
FOXO3 phosphorylation in control cells that was reduced or absent in the LKB1 knockdown
cells (Fig. 5C). Fractionation of nuclear and cytoplasmic components showed decreased
phosphorylation to be associated with increased FOXO3 nuclear localization (Fig. 5D).

This experiment was then performed in cells treated with FOXO3 targeting siRNA or
control. In both Calu-1 and H522, sensitivity to trametinib induced by LKB1 knockdown
was reversed in the double FOXO3/LKB1 knockdowns, consistent with a direct mechanistic
role for this pro-apoptotic transcription factor (Fig. 5E and 5F).

Loss of LKB1 confers sensitivity to single agent MEK inhibition in vivo.

Calu-1 was used to generate derivative lines with stable shRNA-mediated knockdown of
LKBL1 or non-targeted control. Knockdown of LKB1 induced MEK sensitivity
(Supplementary Fig. 4). These derivatives were injected subcutaneously to form orthotopic
xenografts in the flanks of female NOD-SCID mice. When tumor volumes reached 50 to
100 mm?3 mice were treated with trametinib or saline control. With saline treatment, Calu-1
control and shLKB1 tumors grew at comparable rates. However, trametinib significantly
inhibited the growth of shLKB1 xenografts (Fig. 6A and 6B; P = 3.7e-6; Student’s t-test),
while there was no significant effect on growth of shRNA control xenografts.

Mice were sacrificed after 30 days of treatment and protein lysates were harvested from
resulting tumors. LKB1, ERK, phosphorylated ERK, AKT, phosphorylated AKT, FOXO3,
and phosphorylated FOXO3 were measured by western blot (Fig. 6C). Trametinib induced
equivalent attenuation of phosphorylated ERK in LKB1 knockdown and control tumors.
Phosphorylated AKT showed no difference in LKB1 knockdown cells. However,
phosphorylation of FOXO3 was reduced in both untreated and treated cells that lacked
LKB1, consistent with our /n vitro results.

Discussion:

Identifying therapeutic strategies for subsets of tumors with tumor suppressor loss is a
challenging yet pressing need in clinical oncology. This is especially true for LKB1, where
loss is seen in approximately 30% of lung adenocarcinomas, which are almost exclusively
EGFR wild-type (2) and have been shown to exhibit low expression of immunomodulatory
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targets such as PDL-1 and PDL-2 (9,10). Our results join previous studies that work to
define the therapeutic vulnerabilities of LKB1 deficient and other genetic subsets of tumors.

Here we use a novel approach that takes advantage of the consistent effect of LKB1 loss on
transcriptional phenotype to identify robust and reproducible associations with candidate
drugs not apparent through analysis of LKB1 mutations alone. Prior to this work the only
report of association between LKB1-loss and MEK sensitivity was based on a very small
observational study of ten cell lines (26). The drug sensitivity studies from which we
perform our analyses reported a modest association between LKB1 mutations and MEK
inhibition, that fell below the level of significance after correcting for multiple hypothesis
testing. The difference in results could be due in part to incomplete characterization of
LKB1 mutations and other mechanisms of LKBL1 loss. It may also relate to phenotypic
information captured by the gene signature. Although the functional state that drives
signature expression has not been defined, it may denote differences in relative LKB1-
AMPK pathway activation, with variation seen across LKB1 mutant and wild-type groups
that is regulated by multiple pathways. Alternatively, the signature may be directly related to
MEK responsiveness. Lending support to this notion, LKB1 mutant cell lines with low
signature expression are significantly less sensitive to selumetinib. Given the complexity of
the issue, additional work is required to fully address these questions.

The association between our gene signature and LKB1 loss is clearly established in NSCLC,
where our previous validation demonstrates that this signature is expressed by 97% of
LKB1-mutant lung adenocarcinomas in the TCGA cohort, and identifies many additional
LKBL1 deficient tumors that are not LKB1 mutated by sequencing. LKBL1 is a large gene
with difficult-to-sequence regions, and many commercial sequencing platforms do not have
complete coding exon coverage; furthermore, intragenic deletions, non-exonic mutations or
other regulatory mechanisms can cause LKB1 functional loss. Our signature is a direct
assessment of functional loss. We describe an assay to measure these genes using the
commercially available NanoString platform to allow us to study variability of this signature
in response to drug or genetic perturbations. This assay works on small FFPE samples and
thus would be readily applied to clinical samples. A similar NanoString based assay has
been recently applied to detection of LKB1 loss in lung cancer specimens and improves
detection compared to sequencing efforts alone (27). Ultimately we expect that an approach
that combines mutational sequencing with signature analysis will facilitate a better
understanding of LKB1 biology, yield improved classification of the LKB1-loss phenotype
in patient specimens, and will be useful in performing and interpreting clinical trials of
candidate treatments for tumors with LKB1 loss.

As noted above, the statistical association observed between the LKB1-loss sighature and
MEK sensitivity is open to multiple interpretations. Thus, we tested the hypothesis that
LKBL1 loss directly affects MEK sensitivity using an isogenic cell line derivative system, and
show consistent effects across many cell lines and in an /n vivo xenograft model. Such
systems have been used in multiple previous studies to explore the effects of LKB1 on drug
sensitivity (3,6,7,10,14). Genetically engineered murine models represent an alternative
system to test LKB1-associated effects and show the opposite effect with regard to MEK
sensitivity, with LKB1/KRAS mutated tumors exhibiting less response to trametinib in
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comparison to p53/KRAS tumors (13). This difference could be related to the observation
that gene expression patterns from murine models do not exhibit the characteristic features
observed in human tumors, suggesting underlying differences in signaling and
transcriptional programs (2,10). In contrast, LKB1-deficient cell lines exhibit gene
expression patterns similar to resected human tumors, and experimental manipulation of
LKBL1 results in alteration of these expression patterns (2). It will be difficult to determine
which model system better reflects patient phenotypes without objective clinical data.

Mechanistically, we link LKB1-deficient MEK sensitivity to decreased AKT activity and
increased FOXO3 activation, an association we have described in resected LKB1-deficient
lung adenocarcinomas (2). These proteins regulate apoptosis and MEK sensitivity (28,29).
However, the mechanism by which LKB1 influences this signaling is less clear. It is possible
that mTOR activation resulting from LKB1 loss could result in feedback inhibition of
PI3K/AKT signaling (30), similar to effects in tumors with TSC2 loss (31,32). LKB1
interacts with AKT (33), and can facilitate AKT activation and enhance its anti-apoptotic
effects (33, 34). LKB1 and AMPK also exhibit cross talk directly with RAS/RAF/MEK
signaling pathways (35,36), in which MEK phosphorylates LKB1 leading to LKB1 and
AMPK attenuation, whereas AMPK activation potentiates RAS/RAF/MEK signaling (37).
Thus, in LKB1 wild-type cells, metformin and MEK inhibition demonstrate synergistic anti-
cancer effects (37). These various pathways exhibit complex feedback and autoregulation,
and further studies of these signaling networks will inform understanding of drug sensitivity
phenotypes and improve treatment, e.g. through the rational design of combinatorial
approaches to overcome resistance mechanisms.

Our study furthers such translational aims, specifically highlighting the importance of LKB1
loss as a novel determinant of MEK sensitivity. MEK inhibitors have shown efficacy in the
treatment of BRAF mutant melanoma (38) and promising results have been presented in
NSCLC (39), including a phase I clinical trial in KRAS mutant advanced stage NSCLC
(40). Unfortunately, tumor biopsy samples from these trials are extremely limited or do not
exist. Thus, analysis of LKBL1 loss and the expression of the associated gene signature in
prospective clinical trials of MEK inhibition is warranted to conclude whether these
phenotypes predict patient outcome and could therefore be used to guide treatment
decisions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1l. LKB1losssignatureisexpressed by LKB1 mutant cell linesof NSCLC and other

histologic subtypes

A, LKB1-loss signature scores among LKB1 mutant and LKB1 wild-type NSCLC cell lines.
B, LKB1-loss signature scores among LKB1 mutant and LKB1 wild-type hon-NSCLC cell
lines. Box plots represent 25, 50t and 75t percentiles. P-values from Student’s T-test. C,
Comparison of NanoString LKB1 loss score with score derived from RNA sequencing
expression data for 24 resected lung adenocarcinomas. LKB1 mutant tumors are shown as
indicated. P-value from linear regression. D, Comparison of NanoString LKBZ1-loss score
with score derived from publicly available microarray data for the 23 cell lines depicted in
panel. P-value from linear regression.
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Figure 2. Drug sensitivity associations with LK B1-loss signature
A, “Volcano plot’ displaying association between LKB1-loss signature and 254

pharmacologic inhibitors from the GDSC study. B, Associations between LKB1-loss
signature and 481 inhibitors in the CTRP study. C, Associations between LKB1-loss
signature and 24 inhibitors in the CCLE study. For A-C, horizontal axis shows effect size,
denoted as fold change in 1C50 concentration associated with 1.0 increase in signature
expression; vertical axis shows P-values from linear regression. Horizontal dashed lines
show cutoff for 10% false discovery rate. D, Number of cell lines from each study that had
expression data and were used for our analyses, and overlap between studies. E, Maximum
inhibitory effect of selumetinib is shown for cell lines with high expression of the LKB1
classifier (score >0.2) compared to those with low expression in the CCLE dataset. D,
Multivariate linear regression coefficients associated with mutations in RAS/RAF family
members or the LKBL1 signature are shown for trametinib. Values correspond to differences
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in trametinib 1C50 (log2) in the GDSC study. Bars indicate standard error of regression
estimates.
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Figure3. LKB1lossin NSCLC isassociated with trametinib sensitivity and decreased AKT/
FOXO3 phosphorylation

A, Alamar Blue colorometric assay was measured after 72 hours of treatment and trametinib
(100nM) treated cells reported relative to vehicle treated control for 23 NSCLC cell lines.
Error bars represent standard deviation of three measurements. Mutations status of LKB1,
p53, HRAS, NRAS, KRAS, and BRAF are shown. P-value from student’s T-test. B, Results
from western blots with the noted antibodies are shown for respective cell lines. C, Cell
viability after treatment with trametinib 100nM, relative to vehicle treated control after 72
hours, plotted against NanoString LKB1-loss score among RAS/RAF wild-type NSCLC cell
lines. P-value from linear regression.
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A?Alarr?ar Blue colorometric assay was measured for indicated cell lines after 72 hours of
treatment with 200nM trametinib. Mean values are shown relative to vehicle treated cells;
error bars represent standard deviation. P-values from Student’s t-test. B, Immunoblots
shown for indicated antibodies and cell lines, stably transfected with wild-type LKB1 or
either vector or LKB1 K78l control. C, Nuclear and cytoplasmic fractions were purified
from derivatives of A549 and H2122 cell lines using NE-PER, and immunoblots performed
using the indicated antibodies. GAPDH and HDAC?2 were used as cytoplasmic and nuclear
markers. D, Immunoblots from HCC15, H2122, and A549 stably transduced with the
indicated constructs are shown after inhibition with trametinib for 48 hours at the indicated
concentrations. E-G, Fold reduction after expression of wild-type LKBL1 relative to vector
control, for fifteen target genes of LKB1-loss signature, assessed by NanoString assay for
Ab49, HCC15, and H2122. Average (log2 transformed) reduction in LKB1-loss expression
is shown across the genes shown. P-value from paired Student’s t-test comparing gene
expression in vector vs wild-type LKB1 cells across the 15 genes.
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Figure 5. LKB1 knockdown induces MEK sensitivity mediated by FOXO3 activation
A, LKB1 wild-type cell lines, HCC2935, HCC78, Calu-1, H522, and H292 were transfected

with control siRNA (siNC) or two siRNA constructs targeting LKB1. Lysates from parental
cells and each of the three siRNA transfections were collected 48 hours after transfection,
and immunoblots performed with the indicated antibodies. B, Alamar Blue colormetric
assay was measured after 48 hours of treatment with trametinib at indicated concentrations
and shown relative to vehicle treated parental cell lines for the same cell line derivatives.
Error bars represent standard deviation. P-values from Student’s t-test. C, H522 or Calu-1
cell lines were transfected with LKB1 targeted siRNA or control. Western blots are shown
for indicated antibodies after treatment with trametinib at indicated concentrations for 48
hours. D, Nuclear and cytoplasmic fractions were purified from siRNA derivatives of Calu-1
and H522 cell lines using NE-PER, and immunoblots were performed on resulting lysates
using the indicated antibodies. GAPDH and HDAC?2 were used as cytoplasmic and nuclear
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markers. E, H522 or Calu-1 cell lines were transfected as indicated with control siRNA or
SiRNA targeting LKB1 or FOXO3a. Cell lysates were subjected to western blot with the
indicated antibodies. F, Alamar Blue colormetric assay was measured for indicated cell lines
after 48 hours of treatment with trametinib at indicated concentrations. Mean values relative
to vehicle treated parental cell lines are depicted; error bars represent standard deviation. P-
value from Student’s t-test comparing trametinib treated LKB1 knockdown cells to
trametinib treated parental, siNC, siFOXO3, or combined siFOXO3/siLKBL1 cells, as
indicated.
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Figure 6. LKB1 knockdown confers sensitivity to trametinib in vivo
A, The flank of each mouse was subcutaneously injected with 5x106 Calu-1 cells stably

expressing LKB1 targeting sShRNA or control sShRNA. Mice were treated with

intraperitoneal injections of trametinib at dose of 1 mg/kg or equal volume of normal saline.
Tumor volumes were assessed twice a week by caliper and are reported as mean volumes for
eight mice per group; error bars represent standard deviation of measurements. B, Volumes
after thirty days of treatment are indicated for individual tumors, relative to volume on day
one. Mean and standard deviation are indicated. P-values from Student’s t-test. C, Mice were
sacrificed thirty days after start of treatment. Protein lysates were harvested from two tumors
representing each group, as indicated, and western blots performed using indicated
antibodies.
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Inhibitorswith increased sensitivity associated with LK B1-loss signature.
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Results for top 10 compounds exhibiting increased sensitivity associated with signature expression in the

GDSC and CTRP datasets. Effect size represents fold change in IC50 concentration associated with 1.0
increase in signature expression; P-values from linear regression.

Inhibitor (CTRP) Reported target Effect size P-value
PD318088 MEK -1.15 5.79E-08
selumetinib MEK -1.15 2.24E-07
austocystin D -1.22 1.30E-05
trametinib MEK -1.86 3.01E-05
MI-2 MEN1 -0.44 0.00042
VAF-347 AHR -0.34 0.003
erlotinib EGFR -0.45 0.0044
GW-405833 CNR2 -0.19 0.005
GDC-0879 BRAF -0.38 0.005
fluorouracil TYMS -0.34 0.006
Inhibitor (GDSC) Reported target Effect size P-value
Trametinib MEK -1.65 2.67E-15
17-AAG HSP90 -1.18 5.98E-14
PD-0325901 MEK -1.12 9.61E-13
RDEA119 MEK -1.09 8.98E-12
CI-1040 MEK -0.53 4.71E-05
BMS-754807 IGF1IR -0.5 0.00062
ITRAIL TR10A/B -0.38 0.0010
FH535 unknown -0.28 0.0068
0SI1-906 IGF1IR -0.32 0.011
Afatinib EGFR -0.34 0.011
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