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LKB1 inactivation occurs in a subset of esophageal
adenocarcinomas and is sufficient to drive tumor
cell proliferation
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ABSTRACT

Methods: Chromosomal deletion and expression of LKB1 in EAC were investigated using publicly available genomic data. Protein expression was assessed
by immunohistochemistry (IHC) analysis for LKB1 in a tissue microarray
(TMA) containing esophageal tumor specimens, including EAC. LKB1 was suppressed in EAC cells to determine the effects on cell growth in vitro.
Results: Analysis of EAC data in The Cancer Genome Atlas dataset revealed significant deletion of chromosome 19p13.3, containing the LKB1 gene locus. Single
copy loss (shallow deletion) of LKB1 was present in 58% of EAC samples.
Expression of LKB1 was significantly lower in EAC tumors compared with
normal esophagus. IHC analysis showed reduced LKB1 protein expression in
EAC. Suppression of LKB1 was sufficient to enhance EAC cell growth in vitro.
Conclusions: Our data suggest that inactivation of LKB1 frequently occurs in
EAC. Based on the reported oncogenic effects of LKB1 inactivation, our data
indicate that LKB1 loss may play a significant role in EAC tumorigenesis, and
point to the need for future studies. (J Thorac Cardiovasc Surg 2018;155:1891-9)

The tumor suppressor LKB1 is lost in a subset of EAC
compared with intestinal metaplasia.
Central Message
Loss of liver kinase B1 (LKB1) is a common
molecular event in esophageal adenocarcinoma
(EAC). Because the inactivation of LKB1 is
associated with poor prognosis, the role of
LKB1 in EAC should be explored in this
disease.
Perspective
The prevalence of esophageal adenocarcinoma
(EAC) has increased over the past several decades. The molecular events that drive EAC
progression are poorly understood. Our data
suggest that LKB1 is lost in a subset of EAC tumors and is associated with earlier disease
onset. Because loss of LKB1 is associated
with tumor progression and poor prognosis,
this tumor suppressor represents a potential
driver of EAC.

See Editorial Commentary page 1900.

From the aNorton Thoracic Institute, and bDepartment of Pathology, Barrow Neurological Institute, St Joseph’s Hospital and Medical Center, Phoenix, Ariz.
Funded by Norton Thoracic Institute Mission Support Funds (to TGW and LJI).
Read at the 43rd Annual Meeting of the Western Thoracic Surgical Association,
Colorado Springs, Colorado, June 21-24, 2017.
Received for publication June 21, 2017; revisions received Nov 8, 2017; accepted for
publication Nov 16, 2017; available ahead of print Jan 19, 2018.
Address for reprints: Landon J. Inge, PhD or Timothy G. Whitsett, PhD, Norton
Thoracic Institute, St Joseph’s Hospital and Medical Center, 124 W Thomas Rd,
Suite 105, Phoenix, AZ 85013 (E-mail: Timothy.Whitsett@DignityHealth.org or
Landon.Inge@DignityHealth.org).
0022-5223/$36.00
Copyright Ó 2017 by The American Association for Thoracic Surgery
https://doi.org/10.1016/j.jtcvs.2017.11.067

The incidence and mortality of esophageal cancer has seen a
significant rise over the last few decades, with a concomitant shift in the predominant histological subtype in the
United States from esophageal squamous cell carcinomas
Scanning this QR code will take
you to a supplemental video for
the article.
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Background: The incidence of esophageal adenocarcinoma (EAC) has increased
over the last several decades. Apart from mutations in TP53 gene, there are little
data on genetic drivers of EAC. Liver kinase B1 (LKB1) has emerged as a multifunctional tumor suppressor regulating cell growth, differentiation, and metabolism. Somatic inactivation of LKB1 has been described in several tumor
types; however, whether LKB1 inactivation has a role in EAC is unknown.
Here we analyzed patient tumors to assess the prevalence of LKB1 loss in EAC.
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Abbreviations and Acronyms
BE
¼ Barrett’s esophagus
EAC
¼ esophageal adenocarcinoma
FFPE
¼ formalin-fixed, paraffin-embedded
LKB1 ¼ liver kinase B1
p-AMPK ¼ phosphorylated-protein kinase AMPactivated catalytic subunit alpha 1
PJS
¼ Peutz–Jeghers syndrome
RPPA
¼ reverse-phase protein assay
STK11 ¼ serine/threonine kinase 11
TMA
¼ tissue microarray
TCGA ¼ The Cancer Genome Atlas
TP53
¼ tumor protein 53
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(ESCCs) to esophageal adenocarcinomas (EACs).1 Esophageal cancer was expected to affect 17,000 people in
2017 and has a dismal 5-year survival rate of only 18%.2
Current standard of care therapies for advanced EACs
rely on chemotherapy and radiation, and are plagued by
resistance and toxicity.3 This rise in incidence and the
poor prognosis call for an investigation of the molecular
events responsible for carcinogenesis and tumor progression, especially those that can dictate rational therapeutic
strategies.
In 2013, Dulak and colleagues4 used exome sequencing
to determine recurrent, molecular events in EAC. While
validating the high prevalence of TP53 and CDKN2A tumor
suppressor alterations, and demonstrating mutations in
ELMO1 and DOCK2, their work did not identify many
recurrent alterations in therapeutically targetable genes.
Oncogenic amplifications were observed in receptor tyrosine kinases (RTKs), such as epidermal growth factor receptor (EGFR), Erb-B2 RTK 2 (ERBB2/HER2), or MET protooncogene RTK (MET), with actionable therapeutics occurring at later stages and following genome doubling events.5
Secrier and colleagues6 recently demonstrated amplification of multiple RTKs in single lesions, making targeted
therapy more challenging. These complex, heterogeneous,
and historically difficult-to-target molecular events (ie,
loss of TP53 or CDKN2A) have hampered the introduction
of novel therapeutic strategies against EACs. Thus, a deeper
understanding of the molecular events that drive EAC is
needed to provide guidance for therapeutic avenues.
Liver kinase B1 (LKB1), also known as serine/threonine
kinase 11 (STK11), was discovered as a causal, genomic
alteration in the hereditary cancer disorder known as
Peutz–Jeghers syndrome (PJS).7 LKB1 has been further
identified as a tumor-suppressor gene across a number of tumor types, with the highest prevalence of genomic alterations occurring in lung adenocarcinomas,8 affecting cell
growth, invasion/metastasis, cellular metabolism/energetics, and immune infiltration.9 LKB1 loss of function
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can be accomplished via somatic mutations, genomic deletions, or epigenetic silencing.8,10 Although patients with
PJS are more susceptible to gastrointestinal tract cancers,
including cancers of the esophagus,11 little is known about
the role or prevalence of LKB1 alterations in EAC. LKB1
expression levels, as determined by quantitative polymerase
chain reaction or immunoblot analysis, were seen to be
down-regulated in esophageal cancer compared with
normal epithelium,12-14 although much of that work was
done in ESCCs or used limited numbers of EACs. As
such, the expression of LKB1 in EACs might inform
prognosis and therapeutic decision making.
In the present study, we used a tissue microarray (TMA)
with tumors from patients with EAC, as well as publicly
available EAC genomic datasets, to better understand the
expression of LKB1 in EAC. In these patients, LKB1
expression was correlated with clinical characteristics.
Finally, we used knockdown of LKB1 by siRNA in EAC
cell lines to investigate tumor cell growth in vitro.
METHODS
TMA Construction
Archival esophageal specimens were obtained from deidentified patients who underwent surgical resection (ie, esophagectomy) between
2007 and 2010 at our institution under an Institutional Review Board–
approved study protocol (PHXA-17-0084-71-07; approved May 16,
2017). All tumor specimens were collected before initiation of therapy.
Specimens chosen for the TMA after proper storage and handling in the
hospital biobank were determined by a board-certified pathologist (JME)
and verified for tumor content by hematoxylin and eosin (H&E) staining.
Here 2-mM-thick, formalin-fixed, paraffin-embedded (FFPE) cores of tumor, high-grade dysplasia, or Barrett’s esophagus (BE) were selected by
pathological review of H&E sections and arranged in a single FFPE block
using the Arraymold Kit A tissue microarray system (Arraymold, Riverton,
Utah). Multiple cores (2-4) of each patient sample were used to construct
the TMA.

Immunohistochemistry
Immunohistochemistry (IHC) analysis of LKB1 was performed as
described previously.15 In brief, 5-mM sections of the EAC TMA were
adhered to charged microscope slides. Baking, deparaffinization, and
heat-induced epitope retrieval and IHC staining were performed on the Leica BOND RXm autostainer (Buffalo Grove, Ill). Antibodies to LKB1
(clone D60C5F10) and phosphorylated protein kinase AMP-activated catalytic subunit alpha 1AMPK (p-AMPK; clone 40H9) were purchased from
Cell Signaling Technology (Danvers, Mass). IHC staining of LKB1 and pAMPK in FFPE samples was scored by a board-certified pathologist (JME)
based on a previously published 4-category scoring system (0-3) for LKB1
and p-AMPK applied to FFPE samples of lung cancer.16 In the scoring
scale, 0 represents no cytoplasmic or membranous staining; 1, weak staining; 2, moderate staining; and 3, strong staining.

Publicly Available Esophageal Cancer Datasets
LKB1 copy number, expression, and protein expression data were obtained from The Cancer Genome Atlas (TCGA) esophageal carcinoma
(provisional) dataset. This dataset contains samples and methodologies
from the TCGA data for esophagus and stomach cancers previously published by the TCGA Research Network, Analysis Working Group.17 The
esophageal carcinoma dataset (provisional) contains 186 esophageal
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tumors from 185 patients, 89 of which with an esophageal adenocarcinoma
histology. LKB1 copy number was determined by GISTIC2 analysis,18
whereas LKB1 mRNA expression was determined by RNA sequencing
(RNA-seq, V2 RSEM). The q value in GISTIC2 is the P value adjusted
for false discovery rate. Protein expression of LKB1 and p-AMPK was
determined by reverse-phase protein assay (RPPA). The RNA-seq and
RPPA methods have been described previously.19 Statistical calculations
(Student’s t test for normal distributions, and the Mann–Whitney test for
non-normal distributions) were performed in Prism 7 (GraphPad Software,
La Jolla, Calif), with a P value < .05 considered statistically significant.
The normality of the data was determined by the Shapiro–Wilk normality
test. One sample was censored from the diploid LKB1 sample set with regard to age at diagnosis because it failed the outlier test (Grubb’s test).
The Oncomine database (www.oncomine.org) was used to analyze the
mRNA expression analysis of LKB1.20 The Kim esophageal dataset was
used, in which gene expression was determined by the Illumina Human6 v2.0 Expression Beadchip array as described previously.21 Expression
of LKB1 in nontumor esophageal samples (n ¼ 28), BEs (n ¼ 15), and
EACs (n ¼ 75) is reported as log2 median-centered intensity, with differences between histological groups determined using Student’s t test in Oncomine. A P value < .05 was considered statistically significant.

Cell Lines and siRNA Knockdown
SK-GT-4 human EAC cells were obtained from the European Collection of Authenticated Cell Cultures/Sigma-Aldrich (St Louis, Mo). These
cells were maintained in RPMI-1640, with 10% fetal bovine serum and
pen/strep (Thermo Fisher Scientific, Waltham, Mass). Cell lines were
maintained at 37 C in 5% CO2. Small-interfering RNA (siRNA) was
used to suppress LKB1 expression in SK-GT-4 cells. siRNAs targeting
LKB1 were purchased from QIAGEN (Germantown, Md). Transient transfection was performed by plating cells in 96-well plates. Cells were allowed to adhere overnight and were then transfected with luciferase
siRNA (control) or functionally verified LKB1 siRNAs (LKB1 siRNAs 5
and 6) targeted to the human LKB1 transcript at a final concentration of
150 nmol/L. Transfection was carried out using RNAiMax transfection reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. Cell lysates were collected at 48 hours post-transfection for
immunoblot analysis.

Immunoblot Analysis
Immunoblot analyses were performed following standard procedures
for adherent cell lines. Cells were washed twice with 13 phosphate buffered saline and then lysed in RIPA lysis buffer (0.1 M phenylmethylsulfonyl fluoride, NaOV, and ultra-pure distilled H2O) and 13 HALT
Protease Inhibitor Cocktail from 1003 (Thermo Fisher Scientific). Scraped
cells were transferred to prechilled 1.5-mL Eppendorf tubes. The collected
cells were then sonicated and pelleted by centrifugation, after which the supernatant was transferred to a new 1.5-mL Eppendorf tube. Protein concentration was determined by the BCA assay (Bio-Rad Laboratories, Hercules,
Calif), and total protein lysates were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Blots were blocked with 5% milk in Tris-buffered saline/0.1%
Tween 20 (TBST). Primary antibodies were diluted in 5% milk in TBST
and incubated overnight at 4 C on a shaker. Blots were developed using
Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare, Marlborough, Mass) and visualized using the LI-COR Odyssey Fc
imaging system (LI-COR Biosciences, Lincoln, Neb). Antibodies to
LKB1, p-AMPK, and actin were obtained from Cell Signaling Technology
(Danvers, Mass). Actin served as a loading control.

Cell Growth Assay
Cell growth was determined using the CyQUANT Cell Proliferation
Assay (Thermo Fisher Scientific, Waltham, Mass), according to the

manufacturer’s protocol for adherent cell lines. Cells were split into 96well assay plates for siRNA transfection as described previously and maintained at 37 C/5% CO2 for 72 hours post-transfection. Assay plates were
read after the addition of 13 CyQUANT dye-binding solution and a 60minute incubation at 37 C. The fluorescence intensity of each sample
was read using an EnVision 2102 multilabel plate reader (PerkinElmer,
Waltham, Mass), with excitation at 485 nm and emission detection at
530 nm. Statistical significance, defined at P <.05, was determined by
analysis of variance with Dunnett’s multiple comparisons test to determine
differences from controls using GraphPad Prism 7. Normality of the data
was determined using the Shapiro–Wilk normality test.

RESULTS
LKB1 Protein Expression in EAC
In this study, we constructed an exploratory esophageal
TMA consisting of 14 gastroesophageal adenocarcinomas
(EACs, n ¼ 8; gastric adenocarcinomas, n ¼ 2; GE junction
adenocarcinomas, n ¼ 3), 1 esophageal squamous cell carcinoma, 7 high-grade dysplasias with evidence of carcinoma, 1 intestinal metaplasia, and normal stomach tissue
and small bowel control tissue. The protein expression of
LKB1 and p-AMPK were determined by IHC. LKB1 functions as the primary kinase responsible for phosphorylating
and activating the AMPK.22 Table 1 shows that EAC tumors, as well as gastric adenocarcinomas and GE junction
adenocarcinomas, are likely to have low or no (IHC score
0-1) LKB1 protein expression. Normal tissues (stomach
and small bowel) demonstrated elevated LKB1protein
levels. LKB1 protein expression was also significantly
correlated (P <.05) with p-AMPK protein staining in this
TMA, as determined by Pearson’s correlation coefficient,
consistent with IHC staining in lung cancer.16 Figure 1
shows a representative EAC tumor with no LKB1 protein
staining but with LKB1 expression in cells of the surrounding stroma. Thus, these observations suggest that a subset of
EAC tumors has lost protein expression of LKB1.
LKB1 Copy Number and mRNA Expression
To further characterize and validate the loss of LKB1 in
EACs, we mined publicly available expression datasets.
The TCGA esophageal carcinoma (provisional) dataset
contains 186 samples from 185 patients, including 89
EAC specimens. In the full dataset, a statistically significant
(q ¼ 0.0000086) deletion of 19p13.3 was determined by
GISTIC2.0,18 which includes the LKB1 locus. When
analyzing only the EAC samples, we found that 58%
harbored a shallow deletion of LKB1 as determined by GISTIC2.0, whereas 37.5% were diploid for LKB1 (Table 2).
Figure 2, A and B shows that compared to diploid EAC tumors, EAC tumors harboring LKB1 deletions had statistically significant reductions in both mRNA and protein
expression of LKB1. In those EAC tumors with loss of
LKB1, the protein expression of p-AMPK was also significantly reduced compared with diploid EAC tumors
(Figure 2, C).
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TABLE 1. LKB1 and p-AMPK protein expression in human esophageal tumors
Patient

Histology

Average LKB1
IHC score

Average p-AMPK
IHC score

Tumor punches

Sex

Age at
diagnosis, yr

1

EAC

0.25

0

4

Male

2

EAC

0

0

2

Male

74
57

3

EAC

0.5

1.5

2

Male

73

4

EAC

0.5

1.5

2

Male

51

5

EAC

0.5

0

2

Male

67

6

EAC

0.5

1

2

Male

69

7

EAC

No core

No core

1

Male

78

8

EAC

1

1

2

Male

72

THOR

9

ESCC

0.5

0

2

Female

71

10

Gastric adenocarcinoma

0

0

1

Female

78

11

Gastric adenocarcinoma

0.5

1

2

Male

60

12

GE junction adenocarcinoma

0

1

2

Female

68

13

GE junction adenocarcinoma

0

0.5

2

Male

69

14

GE junction adenocarcinoma

0.5

1

2

Female

67

15

High-grade dysplasia

1

1

2

Male

49

16

High-grade dysplasia/carcinoma

0.75

0.75

4

Male

70

17

High-grade dysplasia/carcinoma

0

0.5

3

Male

46

18

High-grade dysplasia/carcinoma

1

1

4

Male

80

19

High-grade dysplasia/carcinoma

0.333333

2.333333

3

Male

67

20

High-grade dysplasia/carcinoma

1

1

2

Male

68

21

High-grade dysplasia/carcinoma

1

2

2

Male

53

22

Intestinal metaplasia

1

2.333333

4

Male

51

23

Mucinous adenocarcinoma

1

1

2

Male

68

24

Normal stomach

2

1.5

2

Male

64

25

Small bowel control

3

2.5

2

NA

NA

Immunohistochemistry protein scores for LKB1 and p-AMPK were determined by a board-certified pathologist across the TMA. Scores represent the average score per number of
punches from the tumor. Clinical variables are included per patient. LKB1, Liver kinase B1; IHC, immunohistochemistry; p-AMPK, phosphorylated-protein kinase AMPactivated catalytic subunit alpha 1; EAC, esophageal adenocarcinoma; ESCC, esophageal squamous cell carcinoma; GE, gastroesophageal; NA, not available.

To further validate the loss of LKB1 expression in EAC,
we analyzed the Kim esophagus dataset in Oncomine
(www.oncomine.org).21 Figure 2, D shows significantly
lower LKB1 mRNA expression in EAC tumors (n ¼ 75)
compared with normal esophageal tissue (n ¼ 28) and BE
(n ¼ 15). To determine whether loss of LKB1 was associated
with clinical variables, we compared the EAC tumors with
shallow deletion against diploid tumors with respect to age
at diagnosis. As shown in Figure 3, age at diagnosis was
significantly earlier in the patients with LKB1 deletion
compared with those with diploid tumors (median, 62 years
vs 74 years; P <.05). LKB1 deletion was not significantly
correlated with overall survival.
LKB1 Suppression and EAC Cell Growth
To better understand the role of LKB1 loss on EAC cell
growth, we suppressed LKB1 expression via functionally
verified siRNA (siLKB1-6 and siLKB1-6) in SK-GT-4 cells.
1894

Figure 4, A demonstrates suppression of LKB1 protein
expression in the siLKB1-treated cells compared with control (siRNA against luciferase). As a functional validation,
the protein expression of p-AMPK was also shown to be
suppressed in the siLKB1-treated cells compared with control. In Figure 4, B, suppression of LKB1 using multiple
siRNAs targeting LKB1 resulted in significantly (P <.05)
enhanced cell growth at 72 hours compared with siRNA targeting luciferase (control).
DISCUSSION
In the present study, we have demonstrated that loss of
LKB1 expression is a common occurrence in esophageal
adenocarcinoma. Tumors in patients with EAC showed
loss of protein staining of LKB1. Shallow deletion of
LKB1 DNA in EAC occurs in 58% of tumors and is correlated with significant reductions in LKB1 mRNA and protein expression. Validating our findings, LKB1 mRNA
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FIGURE 1. Representative images from the esophageal adenocarcinoma (EAC) tissue microarray. Immunohistochemistry staining of liver kinase B1 (left)
with hematoxylin and eosin staining of serial sections (right) in nondysplastic Barrett’s (BE) (A and B), dysplastic BE (C and D), and EAC (E and F). (Scale
bar: 200 m.)

expression was significantly reduced in another set of EAC
tumors compared with nontumor esophageal tissue and BE.
LKB1 loss was associated with earlier age at diagnosis of
EAC. We further demonstrated that loss of LKB1 via
siRNA enhanced EAC cell growth in vitro. Collectively,
our data suggest that loss of LKB1 may contribute to
EAC tumorigenesis.
TABLE 2. LKB1 copy number alterations in the TCGA esophageal
carcinoma provisional dataset
Cancer type

Deep
deletion, n

Shallow
deletion, n

Diploid, n

Gain, n

EAC

0

51

33

4

ESCC

2

43

40

11

LKB1 putative copy number, as analyzed in GISTIC2, were determined in EAC and
ESCC specimens. EAC, Esophageal adenocarcinoma; ESCC, esophageal squamous
cell carcinoma.

LKB1 was initially discovered as a causal, genomic alteration in the hereditary cancer syndrome PJS.7 Of interest,
patients with PJS are known to be susceptible to gastrointestinal tumors, including those of the esophagus.11 However,
little is known about the prevalence and role of LKB1
expression in EAC tumorigenesis and progression. Our
data suggest that LKB1 protein levels are lost in a subset
of EAC patient tumors. These data support findings from
Gu and colleagues,12 who reported that esophageal squamous cell carcinoma cell lines had reduced LKB1 protein
levels, and that a small number of EA samples showed
reduced LKB1 protein expression compared with matched
normal tissue.12 Using publicly available datasets, we found
that shallow deletion of LKB1 is a common genomic aberration in EAC (58%), and that LKB1 mRNA levels are
reduced in EAC compared with in nontumor esophageal tissue and BE. Unlike in lung adenocarcinomas, in which
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FIGURE 2. Shallow deletion of liver kinase B1 (LKB1) in esophageal adenocarcinoma (EAC) tumors correlates with reduced LKB1 mRNA, protein levels,
and activated AMPK. A-C, Using The Cancer Genome Atlas esophageal carcinoma (provisional) dataset, LKB1 mRNA (diploid, n ¼ 33; shallow deletion,
n ¼ 51) as determined by RNA sequencing and LKB1 (diploid, n ¼ 22; shallow deletion, n ¼ 21) and phosphorylated AMPK (p-AMPK) (diploid, n ¼ 22;
shallow deletion, n ¼ 22) as determined by RPPA were examined in EAC tumors with shallow deletion of LKB1 compared with diploid tumors as determined
by GISTIC2 analysis. **P<.05. The box extends from the 25th to the 75th percentile, with the whiskers extending from minimum to maximum values. D,
Using the Kim esophagus dataset in Oncomine, LKB1 mRNA levels were determined in normal (non-tumor esophageal tissue), BE, and EAC. A P
value < .05 was considered statistically significant. BE, Barrett’s esophagus.

point mutations in LKB1 are prevalent, leading to loss of
expression and function,8 point mutations in LKB1 appear
rare in EAC. Loss of LKB1 in other tumor types is governed
by genomic deletion or methylation.10 As seen in other solid
tumor types, loss of the tumor suppressor LKB1 is a common event in EAC, suggesting a role in tumorigenesis and
progression.
The progression from BE to EAC is thought to progress
though increasing grades of dysplasia before the development of adenocarcinoma.23,24 As such, there is intense
interest in understanding the point during this BE to EAC
progression at which molecular changes occur. Mutations
in TP53, the most common genomic aberration in EAC,17
have been detected as early as nondysplastic BE.5 Inactivation of CDKN2A also has been observed at the earliest
stages of the transition from BE to EAC,25 whereas oncogenic receptor amplifications are considered later events.5
In this study, reduced protein expression was observed in
patient tumors harboring high-grade dysplasia, albeit in a
small number of samples. In the Kim esophagus dataset in
Oncomine, LKB1 mRNA was significantly reduced in
EAC compared with BE, again in a small number of BE
samples. Thus, there is a need for further investigation of
the role of LKB1 loss in the transition from BE to EAC,
1896

and when it occurs, which could have prognostic and
therapeutic implications.
In a meta-analysis of solid tumors, the loss of LKB1 was
correlated with reduced overall survival, increased tumor
stage, and tumor metastasis.26 In our data, the loss of
LKB1 is associated with disease onset at an earlier age,
although we acknowledge the possible role of lead time
in such a measure. We further found that suppression of
LKB1 protein by siRNA significantly enhanced EAC
tumor cell growth in vitro compared with controls. This
is consistent with data for other esophageal histological
subtypes. In TE10 ESCC cells, the overexpression of
LKB1 was found to inhibit cell growth, whereas the
suppression of LKB1 by shRNA enhanced cell growth.13
In TE1 cells, another ESCC cell line, the overexpression
of LKB1 suppressed cell growth in vitro via suppression
of STAT3 signaling.14 Across a number of solid tumor
types, in both cell lines and animal models, loss of
LKB1 expression or activity results in more aggressive
tumors. In non–small cell lung carcinoma animal models,
the deletion of Lkb1 in the context of mutant Kras was
shown to be sufficient to induce distant metastases and
shorter survival time.27 Thus, the loss of LKB1 in EAC
may promote more aggressive tumor types; however,

The Journal of Thoracic and Cardiovascular Surgery c April 2018

Whitsett et al

Thoracic: Esophageal Cancer

further studies are needed to investigate this hypothesis in
robust human datasets.
A growing number of therapeutic strategies have demonstrated preclinical efficacy in the molecular context of
LKB1 loss. The involvement of LKB1 in the regulation of
cellular metabolism through AMPK prompted studies using
metformin or phenformin to suppress tumor cells deficient
for LKB1.28,29 Our laboratory has shown that lung tumor
cells deficient for LKB1 are preferentially susceptible to
energetic stress by 2-deoxyglucose exposure.15,30 Because
LKB1 has been shown to modulate mammalian target of
rapamycin (mTOR) signaling, mTOR inhibitors have
shown preclinical promise in treating LKB1-deficient tumor cells.31 In our study, EAC tumors with loss of LKB1
were more likely to have elevated expression of mTOR
signaling components (mTOR and TSC2) than EAC tumors
with diploid LKB1 (data not shown). More recently, tumor
cells with loss of LKB1 were shown to be more sensitive
to poly (ADP ribose) polymerase inhibition.32 Because
our data suggest that LKB1 protein levels are lost in EAC,
therapeutic strategies that have shown promise in other settings of LKB1 deficiency may be promising in EAC as well.
Future research will be aimed at exploring effective therapeutic strategies for those EAC tumors that have lost
LKB1 expression.
We recognize some limitations associated with this study,
including the small number of samples included in the protein analysis by IHC. We also recognize that serial samples
from the same patient would allow more definitive studies
as to when LKB1 is lost during disease progression. Furthermore, data from multiple sites can have differences in previous treatments and time to analysis, although the results

THOR

FIGURE 3. Loss of liver kinase B1 (LKB1) in esophageal adenocarcinoma (EAC) correlates with earlier age at diagnosis. Using The Cancer
Genome Atlas esophageal carcinoma (provisional) dataset, age at patient
diagnosis (Dx) was examined in EAC tumors with shallow deletion of
LKB1 (n ¼ 50) compared with diploid tumors (n ¼ 32) as determined by
GISTIC2 analysis. A P value<.05 was considered statistically significant.
The box extends from the 25th to the 75th percentile, with the whiskers extending from minimum to maximum values.

FIGURE 4. Suppression of liver kinase B1 (LKB1) enhances esophageal
adenocarcinoma (EAC) cell growth in vitro. A, LKB1 was suppressed in
SK-GT-4 EAC cells by multiple siRNAs, with a luciferase-targeting siRNA
serving as a control. Protein lysates were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immunoblotted for indicated antibodies at 48 hours after siRNA exposure, with actin used as a
loading control. B, Cell growth was assessed at 72 hours after siRNA
transfection by the CyQUANT Cell Proliferation Assay. **P < .05.
IB, Immunoblot; p-AMPK, phosphorylated-protein kinase AMP-activated
catalytic subunit alpha 1.

across the institutions were validated in this study. Finally,
we recognize that time to diagnosis can be affected by multiple clinical variables, including method of initial discovery. Although most of the patients in the TCGA dataset
were symptomatic, a few were identified on screening. As
such, we have focused on the association, but currently
are developing larger, better-annotated datasets to more
thoroughly explore the outcomes associated with loss of
LKB1 expression.
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VIDEO 1. The senior author, Dr Landon Inge, describing the significance
of these findings with regard to a better understanding of the progression
and potential treatment of esophageal adenocarcinoma. Video available
at: http://www.jtcvsonline.org/article/S0022-5223(17)32760-5/fulltext.

EAC remains a deadly disease with a dismal 5-year
survival rate. Associations with obesity and gastric reflux,
2 conditions on the rise in the United States and worldwide,
suggest that EAC will continue to be prevalent and without
effective treatment. A deeper understanding of the molecular events that drive EAC should uncover rational therapeutic strategies. These data suggest that the tumor suppressor
LKB1 is lost in a subset of EAC tumors. Because the loss of
LKB1 leads to poor prognosis and tumor progression and
has therapeutic implications, this molecular alteration in
EAC warrants further exploration (Video 1).
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