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ABSTRACT
LKB1-signaling has prominent roles in cancer development and metastasis.
This report evaluates LKB1-signaling pathway gene expression associations with
patient survival in overall breast cancer, specific subtypes, as well as pre- and postchemotherapy. Subtypes analyzed were based on intrinsic molecular subtyping and
traditional biomarker classifications. Intrinsic molecular subtypes included were
Luminal-A, Luminal-B, HER2-enriched, and Basal-like. The biomarker subtypes assessed
were Estrogen-Receptor Positive (ER+) and Negative (ER-), Wild-Type TP53 (WT-TP53)
& Mutant-TP53, and Triple-Negative Breast Cancer (TNBC). Additionally, comparisons
were made between these subtypes and breast cancer overall, and analyses between
LKB1 signaling to patient survival before and after chemotherapy were made. We used
the Kaplan-Meier Online Tool (KM Plotter) to correlate the relationship between mRNA
expression of known LKB1 scaffolding proteins (CAB39 and LYK5), and downstream
signaling targets (AMPK, MARK1, MARK2, MARK3, MARK4, NUAK1, NUAK2, PAK1, SIK1,
SIK2, BRSK1, BRSK2, SNRK, and QSK), and patient survival across each subtype and
treatment group. Our findings provide evidence that LKB1-signaling is associated with
improved survival in overall breast cancer. Stratification into breast cancer subtypes
show a more complicated relationship; NUAK2, for example, is correlated with improved
survival in ER- but is worse in ER+ breast cancer. In evaluating the association of LKB1signaling pathway expression with relapse free survival of varying breast cancer tumors
exposed to chemotherapy or treatment-naive tumors, our data provides baseline
knowledge for understanding the pathway dynamics that affect survival and therefore
are linked to pathology. This establishes a foundation for studying LKB1 targets with
the goal of identifying druggable targets.

INTRODUCTION

proliferation, differentiation, and metabolism [1, 2]. The
role of LKB1 as a tumor suppressor was first recognized
in Peutz-Jeghers syndrome patients where loss of function
is correlated with an increased risk for developing
cancers such as breast cancer [2–4]. While LKB1 is
widely accepted as a tumor suppressor, some studies have
demonstrated an oncogenic sequelae of LKB1 expression

Liver kinase B1 (LKB1), also known as STK11, is
a ubiquitously expressed master serine/threonine kinase
that has been demonstrated to have tumor suppressing
activity. It plays integral roles in many cancer processes
with functionally broad roles in controlling cell polarity,
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Primer design

in specific cancer subsets [1]. Additionally, LKB1
mutations are commonly found in lung, cervical, hepatic,
and other carcinomas. LKB1 is known to scaffold with 2
proteins (LYK5 and CAB39) to regulate 14 downstream
kinases (AMPK, MARK1, MARK2, MARK3, MARK4,
NUAK1, NUAK2, PAK1, SIK1, SIK2, BRSK1, BRSK2,
SNRK, and QSK) [5]. Despite the current literature on
LKB1 signaling in different diseases, its role in breast
cancer remains understudied. This report seeks to fill that
gap by identifying correlations between members of LKB1
signaling with patient outcomes in different breast cancer
subtypes pre- and post-chemotherapy. Disease subtypes
are grouped using intrinsic molecular subtypes (Luminal
A, Luminal B, HER2-enriched, and Basal-like) as well
as traditional biomarker-based classifications (ER+, ER-,
Wild Type TP53, Mutant TP53, and TNBC). The ultimate
goal of this report is to establish a baseline for clinical
applications of targeted therapy, with results from intrinsic
subtyping, while also establishing a foundation for basic
science pursuits with results from biomarker-based
grouping.

Forward Oligo sequence (5′ to 3′)

Reverse Oligo sequence (5′ to 3′)

SIK1

CTCCGGGTGGGTTTTTACGAC

CTGCGTTTTGGTGACTCGATG

MARK1

GAGCGGGACACGGAAAATCAT

TGCTACTCGACTTGGTAGGCT

NUAK2

CGCCCAAGCCCCTAATGAAG

TCCCTCCGTATGTGCATCAGA

SIK2

AGACCACCCTCACATAATCAAAC

ATTTTCGCCTGGCTTCAGACT

SNRK

ATGGCAGGATTTAAGCGAGGG

GTTTAACCACGGCAAAATGGC

MARK3

ATTGCCAACGGTGAATGAACG

GCTGGTACGAGAGGTAACTTCTT

NAUK1

AAGGCACCTACGGCAAAGTC

GTCTGATGTGAACCATGTCTTGT

LKB1

TCCTTGTTTGCTACAGTTTCCTG

TCTGGCAGTATTGGGCATTTG

BRSK1

GAGGCCCGAAAGTTCTTCCG

CTCTGGACACGCATAATGGGG

MARK2

CACATTGGAAACTACCGGCTC

GGAGGAGTTCAGTTGAGTCTTGT

MARK4

AGGTTGCCATCAAGATTATCGAC

GATGCGGACTTCTCGGAACAG

BRSK2

AAAGCTGCACGACGTTTATGA

TGCGATGCGGATGTTGTTCT

Immunoblot and antibodies
Total protein was extracted from tumors using
M-PER reagent from ThermoScientific (78505). Lysates
were separated by gel electrophoresis on polyacrylamide
gels, transferred to nitrocellulose membranes and detected
by immunoblotting using an enhanced chemiluminescence
system. The antibodies were obtained as follows: LKB1
(LKB1 (3047S), phospho-LKB1 (3482S), MARK3
(9311s), MARK4 (4834S), MARK2 (9118S), BRSK2
(5460S), ARK5/NUAK1 (4458S) from Cell Signaling
and SIK1 (NBP1-82417), SIK2 (NB100-56458SS),
SIK3 (NBP1-69207), AMPKα1 (NBP2-22127SS) from
NOVUS, and SNRK (AB96762) from ABCAM, AMPK
alpha2 (MAB2850) from R&D and Phospho-AMPKα 1,2
(44-1150G) from Invitrogen.

MATERIALS AND METHODS
The KM plotter online tool [6] was used to
investigate the relationship between
A. mRNA expression of LKB1 signaling targets
and patient survival across breast cancer subtypes Triple
Negative Breast Cancer (TNBC), Estrogen Negative
Receptor (ER-), Estrogen Positive Receptor (ER+), Wild
Type P53 (WTP53), Mutant P53, Luminal A, Luminal B,
HER2-enriched, and Basal-like (Supplementary Table 1).
B. Survival outcomes as a function of mRNA
expression of LKB1 signaling pre- and post-systemic
chemotherapy treatment in the previously mentioned
breast cancer subtypes (Supplementary Table 2).
Parameters for cutoffs were p < 0.05 and Hazard
Ratios that do not include 1.
Probe sets were selected based on the JetSet status,
a scoring method for selecting the optimal probe [7]. For
PAK1, analysis was performed using 2 probe sets (202161
and 226507) because both were tied in score in terms of
primer specificity.

RESULTS
Association of LKB1 downstream kinase mRNA
expression and patient survival in breast cancer
subtypes using the Kaplan-Meier estimator
All breast cancer
Genes associated with increased survival were
LKB1, AMPK, LYK5, MARK1, MARK2, NUAK2, PAK1
(both probe sets), SIK1, SIK2, BRSK1, BRSK2, SNRK,
and QSK. The remaining genes did not make the statistical
cutoff (Supplementary Table 1).

Quantitative real time PCR to check LKB1
downstream baseline gene expression

Luminal A
Genes associated with increased survival were
LKB1, AMPK, LYK5, MARK1, MARK2, NUAK2,
PAK1 (both probe sets), SIK1, SIK2, BRSK1, BRSK2,
SNRK, and QSK. MARK4 was negatively associated with
survival. The remaining genes did not make the statistical
cutoff (Supplementary Table 1).

Total RNA was isolated using the Quick-RNA
Miniprep TM kit (Zymo Research, ZRC205705) according
to manufacture protocol and the RNA was quantified and
confirmed for quality using the Nanodrop spectrophotometer
(ND-1000). cDNA synthesis was calculated and normalized
based on a 1000 ng concentration and using the iScript
cDNA synthesis kit (Bio-Rad 1708890) and amplified using
the GeneAmp PCR system 9700.
www.oncotarget.com
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Luminal B
Genes associated with increased survival were
LKB1, AMPK, LYK5, NUAK2, PAK1 (probe set 226507
1111

Oncotarget

Association of LKB1 downstream kinase mRNA
expression and patient survival in breast cancer
subtypes pre- and post-systemic chemotherapy
treatment using the Kaplan-Meier plotter
database

but not 202161), SIK1, SIK2, BRSK1, SNRK, and QSK.
Negatively associated survival genes were MARK3 and
NUAK1. The remaining genes did not make the statistical
cutoff (Supplementary Table 1).
HER2-enriched
Genes associated with increased survival were
LYK5, MARK1, MARK4, NUAK2, PAK1 (both probe
sets), BRSK1, BRSK2, and QSK. NUAK1 was negatively
associated with survival. The remaining genes did not
make the statistical cutoff (Supplementary Table 1).

In all breast cancer combined, high mRNA
expression of SIK2 pre-chemotherapy correlated with
reduced mortality. After chemotherapy, SIK2 expression
was no longer significantly associated with patient
survival. Survival did not differ significantly between high
and low mRNA expression groups of AMPK, SNRK2,
QSK pre- and post- chemo treatment (Table 1).

Basal-like
Genes associated with increased survival were
LYK5, MARK1, MARK2, NUAK2, PAK1 (both probe
sets), SIK1, SIK2, BRSK1, BRSK2, and QSK. NUAK1
was negatively associated with survival. The remaining
genes did not make the statistical cutoff (Supplementary
Table 1).

Luminal A
In Luminal A breast cancer, higher expression
of MARK2, NUAK2, and PAK1 was significantly
associated with improved survival in both pre- and postchemotherapy groups. In the pre-chemotherapy group,
increased NUAK1 expression was negatively associated
with survival (Table 1).

ER Genes associated with increased survival were
NUAK2, PAK1 (both probe sets), and BRSK1. Negatively
associated survival genes are LKB1, CAB39, MARK1,
MARK3, and NUAK1. The remaining genes did not make
the statistical cutoff (Supplementary Table 2).

Luminal B
In Luminal B breast cancer, AMPK expression
was positively associated with survival in both preand post-chemotherapy groups, while MARK2 was
negatively associated with survival in both groups. SIK1
expression was positively associated with survival prechemotherapy, but negatively associated with survival
post-chemotherapy. Insufficient data was available in
assessing LKB1 expression survival associations prechemotherapy, however higher expression of LKB1 was
significantly predictive of improved survival in the postchemotherapy group. CAB39, by contrast, was predictive
of worse survival post-chemotherapy (Table 1).

ER+
Genes associated with increased survival were
MARK2, PAK1 (probe set 226507 but not 202161),
SIK1, SNRK, and QSK. Negatively associated
survival genes are MARK1, NUAK1, and NUAK2.
The remaining genes did not make the statistical cutoff
(Supplementary Table 2).
WT TP53
Genes associated with increased survival were
AMPK, MARK3, and QSK. Negatively associated
survival genes are LYK5, MARK2, MARK4, NUAK2,
and PAK1 (probe set 202161 but not 226507). The
remaining genes did not make the statistical cutoff
(Supplementary Table 2).

HER2-enriched
In HER2-enriched breast cancer, higher NUAK1
expression was associated with worse patient survival
in both pre- and post-chemotherapy groups. In the postchemotherapy group, MARK1, MARK2, SNRK, and
QSK expression was significantly associated with lower
survival (Table 1).

Mutant TP53
Genes associated with increased survival were
LKB1, MARK4, PAK1 (probe set 226507 but not
202161), SIK1, BRSK1, and QSK. Negatively associated
survival genes were SIK2 and SNRK. The remaining
genes did not make the statistical cutoff (Supplementary
Table 2).

Basal-like
In Basal-like breast cancer, both MARK1 and
MARK3 were positively associated with patient survival
in the pre-chemotherapy group but negatively associated
with survival post-chemotherapy. In this subtype, high
LKB1 and NUAK1 expression was predictive of lower
survival outcomes in the post-chemotherapy group, with
no significant difference in the pre-chemotherapy group
(Table 1).

TNBC
Genes associated with increased survival were
NUAK2, PAK1 (both probe sets), SIK2, and QSK.
Negatively associated survival genes were MARK3,
NUAK1, and SIK1. The remaining genes did not make
the statistical cutoff (Supplementary Table 2).
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Table 1: Hazard ratios (HR) and associated confidence intervals (CI) comparing survival with and
without systemic chemotherapy as a function of mRNA gene expression of select LKB1 downstream
kinases in all breast cancer and intrinsic subtypes using the Kaplan–Meier estimator
P Value

HR (CI)
Gene

No Treatment

Systemic Treatment

No Treatment

AMPK

1.01 (0.82–1.25)

1.07 (0.9–1.28)

0.0044

Systemic Treatment
0.046

NUAK1

1.23 (0.99–1.52)

1.29 (1.08–1.54)

0.061

0.0041

All

SIK2

0.32 (0.1–1.01)

1.21 (0.78–1.87)

0.04

0.4

Breast Cancer

BRSK2

0.81 (0.66–1.01)

0.78 (0.65–0.92)

0.058

0.0044

SNRK2

1.37 (1.11–1.69)

1.29 (1.08–1.53)

0.0038

0.0046

QSK

0.67 (0.54–0.83)

0.7 (0.59–0.84)

0.0002

0.000067

Luminal A

Luminal B

HER2-enriched

Basal-like

LKB1

0 (0−Inf)

4.10E+09 (0−Inf)

0.089

0.015

AMPK

0.62 (0.44–0.87)

2.12 (0.88–5.11)

0.0054

0.087

LYK5

1.24 (0.89–1.73)

2.84 (1.17–6.87)

0.2

0.016

MARK2

0.54 (0.39–0.75)

0.4 (0.17–0.97)

0.00018

0.037

MARK3

0.68 (0.47–0.98)

1.79 (0.76–4.21)

0.04

0.18

NUAK1

1.71 (1.14–2.55)

1.57 (0.65–3.81)

0.0083

0.31

NUAK2

0.51 (0.34–0.75)

0.37 (0.16–0.9)

0.00056

0.022

PAK1 (202161)

0.67 (0.47–0.94)

0.57 (0.24–1.38)

0.018

0.21

PAK1 (226507)

0 (0−Inf)

0 (0−Inf)

0.0047

0.001

BRSK1

0 (0−Inf)

1.03E+09 (0−Inf)

0.027

0.2

SNRK

0.46 (0.31–0.68)

0.51 (0.17–1.53)

0.00008

0.22

QSK

0.5 (0.36–0.69)

0.67 (0.27–1.65)

0.000019

0.38

LKB1

-

0.24 (0.05–1.09)

-

0.045
0.028

AMPK

0.5 (0.33–0.75)

0.55 (0.32–0.95)

0.00077

CAB39

1.56 (0.97–2.5)

1.94 (1.14–3.32)

0.065

0.013

MARK2

1.49 (1.03–2.15)

2.43 (1.4–4.2)

0.034

0.0011

MARK4

0.62 (0.41–0.93)

0.66 (0.38–1.16)

0.02

0.14

NUAK1

1.83 (1.26–2.65)

1.54 (0.9–2.63)

0.0012

0.11

NUAK2

1.41 (0.95–2.1)

0.46 (0.25–0.84)

0.086

0.0098

SIK1

0.6 (0.41–0.88)

2.44 (1.23–4.84)

0.0089

0.0087

SIK2

-

4.92 (0.88–27.51)

-

0.046

SNRK

0.55 (0.37–0.81)

0.75 (0.44–1.29)

0.0024

0.3

QSK

0.5 (0.33–0.77)

1.38 (0.75–2.54)

0.0013

0.3

AMPK

3.06 (1.07–8.75)

1.97 (0.75–5.15)

0.028

0.16

LYK5

3.90E+08 (0−Inf)

1.94 (0.94–4)

0.0041

0.068

MARK1

-

2.96 (1.04–8.4)

-

0.033

MARK2

1.99 (0.7–5.67)

2.22 (1.05–4.67)

0.19

0.032

NUAK1

6.07 (1.69–21.84)

3.44 (1.31–8.99)

0.0017

0.0074
0.093

NUAK2

0.35 (0.12–1.02)

0.47 (0.19–1.16)

0.044

PAK1 (202161)

0.27 (0.09–0.78)

0.52 (0.21–1.28)

0.0093

0.15

SNRK

1.84 (0.58–5.86)

2.39 (1.03–5.58)

0.3

0.037

QSK

2.27 (0.8–6.5)

2.17 (1.06–4.45)

0.11

0.03

LKB1

2.22 (0.68–7.31)

2.54 (1.3–4.97)

0.18

0.0048

LYK5

0.61 (0.37–0.99)

1.56 (0.85–2.88)

0.044

0.15

MARK1

0.21 (0.05–0.99)

1.88 (0.96–3.68)

0.029

0.062

MARK2

0.61 (0.37–0.99)

1.6 (0.98–2.64)

0.045

0.06

MARK3

0.46 (0.25–0.83)

2.32 (1.41–3.82)

0.0082

0.00064

NUAK1

1.37 (0.83–2.27)

2.72 (1.5–4.93)

0.22

0.00058

SIK1

0.67 (0.41–1.1)

0.46 (0.24–0.89)

0.11

0.018

BRSK1

1.55 (0.47–5.09)

0.45 (0.23–0.89)

0.46

0.018

QSK

0.57 (0.35–0.92)

1.19 (0.72–1.97)

0.021

0.5

HR and associated CI colored in Italic indicate indicate positive survival effect, while those Bold indicates negative survival effect with statistical significance of p < 0.05; those Bold italic indicate statistical
significance but a small sample size. Some genes are not shown either due to insufficient or non-significant data for both treatment conditions. (–) indicates insufficient data.
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Table 2: Hazard ratios (HR) and associated confidence intervals (CI) comparing survival with and
without systemic chemotherapy as a function of mRNA gene expression of select LKB1 downstream
kinases in IHC-based breast cancer subtypes using the Kaplan–Meier estimator

TNBC
ER +
Mutant TP53

Genes
PAK1 (226507)
SIK2
QSK
BRSK2
BRSK1

HR (CI)
No Treatment
Systemic Treatment
0.26 (0.07–.097)
0.18 (0.04–0.8)
0.55 (0.41–0.74)
-

0.51 (0.25–1.05)
0.54 (0.27–1.11)
0.64 (0.49–0.84)
0.76 (0.58–0.99)
0.23 -(.06–0.82)

P Value
No Treatment Systemic Treatment
0.032
0.011
0.000069
-

0.063
0.0903
0.0011
0.041
0.013

HR and associated CI in Italic indicate indicate positive survival effect with statistical significance of p < 0.05. Some genes
are not shown either due to insufficient or non-significant data for both treatment conditions.
treated and untreated cohorts. Although we were unable to
obtain data for BRSK2 survival pre- chemotherapy, higher
BRSK2 expression was correlated to improved survival
rates post treatment (Table 2).

In groups stratified to include chemotherapy treated
and untreated breast cancer cases, TNBC patients with
high expressions of PAK1 (226507) and SIK2, ER+
patients with high expression of QSK and BRSK2, and
mutant TP53 patients with high BRSK1 expression all
had an improved survival correlation post chemotherapy.
However, there was insufficient data available to compare
BRSK2 in ER+ and BRSK1 in mutant TP53 to untreated
groups, warranting further investigation in order to
properly correlate expression levels and chemotherapy.
There are also notable deviations from gene-specific
survival associations in each intrinsic molecular subtype
once treatment status is considered. In Luminal A breast
cancers, the positive survival effects of AMPK, MARK3,
PAK1, BRSK1, SNRK, and QSK are maintained in the prechemotherapy but not in the post-chemotherapy cohorts.
Notably, LYK5 expression is negatively associated with
survival in the post-chemotherapy setting, whereas it had
a positive survival association in overall Luminal A. In
the Luminal B subtype, high MARK2 expression was
noted to be negatively associated with survival in preand post-chemotherapy groups. Conversely, MARK2 had
no significant effect on survival in the overall Luminal
B subtype, and a significantly positive effect in the ER+
subtype, a subtype which overlaps clinicopathologically
with Luminal B [8]. This provides a basis for using ER
expression as a biomarker for studying MARK2 activity
in a basic science setting.
Several genes exhibited a shift from a positive effect
of expression on survival pre-chemotherapy to a negative
association with survival post-chemotherapy. These
include SIK1 in Luminal B and MARK1 and MARK3 in
the Basal-like subtype. Similarly, in overall breast cancers
exposed to systemic chemotherapy we found that high
expression of AMPK, SIK2, and QSK led to increases in
hazard ratios compared to untreated. These trends suggest
that chemotherapy may select for highly aggressive forms
of disease where the protective effects of these particular
genes are diminished.
In addition to the KMPlot results presented thus
far, we have generated baseline LKB1 signaling data

Mutant TP53
In mutant TP53 breast cancer, pre- chemotherapy
data for BRSK1 did not exist. However, patient
survivability was favorable post treatment with increased
BRSK1 mRNA expression (Table 2).
TNBC
In TNBC, increased expression of PAK1 and SIK2
showed better survivability in pre-chemotherapy groups.
There was no statistical significance post-treatment
(Table 2).

DISCUSSION
Based on our data analysis, LKB1 signaling as
measured by levels of mRNA expression of immediate
downstream targets had variable outcomes on patient
survival depending on the breast cancer subtype. In
all breast cancer combined, high expression of LKB1,
AMPK, LYK5, MARK1, MARK2, NUAK2, PAK1
(both probe sets), SIK1, SIK2, BRSK1, BRSK2, SNRK,
and QSK was positively correlated with improved
survival compared to low expression of these genes.
The remaining genes, CAB39, MARK3, MARK4, and
NUAK1 had an insignificant statistical correlation.
Additional breast cancer subtype analyses revealed
discrepancies when individual LKB1 downstream targets
and LKB1 alone were examined. For instance, NUAK2
expression was positively correlated with survival
in overall, TNBC, ER-, and all intrinsic molecular
subtypes, but negatively associated with survival in
ER+ and WTp53, and had no correlation in mutant p53
breast cancer. Interestingly, PAK1 expression and QSK
expression are consistently associated with positive
survival outcomes in all subtypes with the exceptions of
WT P53 and ER- subtypes.
www.oncotarget.com
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