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Abstract:

Lkbl1 is considered as a tumor suppressor gene in Puetz-Jegeher syndrome (PJS) as well as in
sporadic cancer. Its inactivation due to loss of heterozygosity (LOH) has been reported in some
PJS patients, ovarian as well as in lung cancer. We aimed to identify loss of LOH in a relatively
large number of colon carcinomas (n=207). We used two different techniques to identify LOH in
Lkb1. We identified LOH in 14% colon cancer cases by IHC only. Lkb1 simultaneous nuclear
and cytoplasmic (catalytic mutants Lkb1) expression was more common in the metastatic group
than the non-metastatic group. We observed two cases having exclusively nuclear staining, and
both were from metastatic patients. Our results suggest that LKb1 has a pro-oncogenic role in
colon cancer as opposed to its tumor suppressor role because in the metastatic group we
observed a higher number of patients that showed positive LKB1 expression than the non-
metastatic group. Also, there is a weak positive correlation between normal colon and colon
carcinomas on the basis of their Lkb1 expression. We did not detect LOH in 120 samples using
microsatellite assay by utilizing 4 different microsatellite markers for the LKB1 locus. We used
gene mapping for 120 samples only, in the remaining cases (n=87), we don’t have good quality

samples.
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PTEN
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Immunohsitochemistry
Colorectal cancer
Transforming growth factor-beta
Loss of Heterozygosity
Serine theoronine Kinase 11 (also called LKB1)
Liver Kinase B1
Nuclear localization signal
Epithelial-mesenchymal transition
Mammalian target of rapamycin
Chromosomal instability pathway
adenomatous polyposis coli
Ataxia Telangiectasia mutated kinase
STE20-related adaptor (a psuedokinase)
Brahma-related gene 1
LIM domain only 4
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Identification of loss of heterozygosity of LKB1 in Colorectal cancer
patient’s samples

1. INTRODUCTION:

1.1 Colorectal Cancer:

According to World Health Organization, colorectal cancer (CRC) is the third most
common cancer in the world. It is estimated that more than 1.8 million colorectal cancer new
cases and 881,000 deaths will occur in 2018, rendering its rank third in terms of incidence but
second in terms of mortality (1). Most of the CRC cases occurred in the developed regions of the
world; the highest mortality rates were observed in Central and Eastern Europe. The stage of the
disease and the presence of metastasis highly affect the survival rates among the patient group.
While the 5-year survival rate is 90% for early-stage patients with localized disease, it is 70% for
intermediate (regional invasive tumors) and 10% for advanced-stage patients with distant
metastasis. Some factors like age, diet, hereditary polyposis syndrome and inflammatory bowel
disease are correlated with the development of CRC (2,3). Metastasis of CRC significantly
affects the overall survival among the patients. Distant metastases are present in approximately

25% of patients; diagnosis and resectability of metastasis significantly dictate the outcome (4).

From a biological point of view, CRC represents a heterogeneous disease, associated
with clinically meaningful differences in term of disease progression, survival and response
to available chemotherapeutic and targeted agents (5). In this regard, three different, but
partly overlapping, molecular phenotypes have been recognized reflecting different forms
of genomic instability (6). The chromosomal instability pathway (CIN) is the most
common phenotype, accounting for up to 85% of all sporadic CRC. Sporadic alterations
may be related to different factors such as environmental exposures, diet, hormones, and
normal aging (7). Possible mechanisms include alterations in chromosome segregation,
telomere dysfunction, and DNA damage response, which affects critical genes such as TP53
and APC (6). CRCs with CIN are characterized by the presence of extensive SCNAs
throughout the genome and result in aneuploidic tumors and loss of heterozygosity (7,8). A

broadly studied progression model in colorectal cancer correlates the clinicopathological
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changes with the genetic alterations in the progression of chromosomally unstable CRC.
The initial step in tumorigenesis consists of the adenoma formation associated with the loss
of APC (adenomatous polyposis coli). Then adenomas and/or early carcinomas acquire
mutations in KRAS, followed by loss of chromosome 18q, SMAD4 and, in the end, TP53

mutations (9).

The microsatellite instability (MSI) phenotype represents 15% of all CRC and is
characterized by a deficiency of the DNA mismatch repair system, leading to a large
increase in the overall mutation rate. The initial step in tumorigenesis of this phenotype is
thought to involve alterations in Wnt signaling, followed by mutations in BRAF gene, that
usually occur in place of KRAS mutation in the CIN phenotype. A TP53-independent
mechanism of progression to carcinoma seems to be related to the presence of mutations in
TGFP receptor 2 (TGFBR2), insulin-like growth factor 2 receptor (IGF2R) and BAX
(9).The MSI phenotype usually exhibits an aberrant DNA methylation profile, leading to the

concomitant promoter hypermethylation of multiple genes (9).

Besides the sporadic cases, there are also cases of inherited CRC. The most known
hereditary CRC includes the Familial Adenomatous Polyposis (FAP) and the Hereditary
Nonpolyposis Colorectal Cancer (HNPCC), MUTYH-associated polyposis (MAP) and
hamartomatous polyposis syndromes such as Peutz—Jeghers syndrome (PJS) and juvenile
polyposis syndrome (JPS), which accounts for approximately 2-4%, 1%, 0.2% and 0.5% of
all colorectal cancers (10). Inherited susceptibility should be suspected when CRC is
detected in a young patient, in presence of synchronous or metachronous CRC or

adenomatous polyps and/or when there is a strong family history of CRC (11).

1.2 Liver Kinase B1 (LKB1):

The LKBI gene, also known as serine-threonine kinase 11 (STK11), is a tumor suppressor
gene which was first identified by Junichi Nezu of Chugai Pharmaceuticals in 1996 in a
screen aimed at identifying new kinases (12). LKB1/ STK11 is suggested to act as a tumor

suppressor gene in PJS because hamartoma formation in PJS patients with inactivating
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LKBI1/STK11 germline mutations is associated with somatic loss of the wild-type LKB1/
STK11 allele (13—15). The human LKB1 gene is located on chromosome 19p13.3 and
composed of 10 exons, nine of which are coding. LKB1 protein contains 433 amino acids
(aa) in human and 436 aa in mouse. LKB1 structure is composed of N- and C-terminal
regulatory domains as well as a central catalytic domain. Its catalytic domain spans from
aa49 to aa309 with a sequence not closely related to any known protein kinases (16). The
structure of LKBI1 is shown in figure 1. LKB1 is expressed at varying levels in all fetal and
adult tissues examined (12,17). LKB1 encoding an approximately 50 kDa serine/threonine
kinase, was first found mutated in Peutz-Jeghers Syndrome (PJS), which is a rare hereditary
disease and is characterized by mucocutaneous pigmentation, increased risk of
gastrointestinal hamartomatous polyposis as well as benign and malignant tumors (1). The
incidence of PJS has been estimated to be between 1/50,000 and 1/200,000 live births (20).
Mucocutaneous pigmentations are present in ~95% of patients with PJS, typically arising
during the first decade of life, although there have been cases in newborns, while GI polyps
arise between the second and third decade of life in 80-100% of patients with PJS (21,22).
Patients with PJS with STK 11 mutations have a higher risk of developing cancer, with a
risk of 81% at the age of 70 years (23).

Germ-line mutations of LKB1 cause the autosomal dominant PJS (12), which
significantly increase the risk of developing different cancers esp. colorectal cancer than in
the general population (24,25). In addition, germ-line mutations of LKB1 gene are also
found in some extraintestinal cancers, such as lung cancer (26,27), breast cancer (28),
cervical adenocarcinoma (26), pancreatic and biliary carcinoma (26,29,30), testicular cancer
, malignant melanoma (31,32), head and neck squamous cell carcinoma (33) and
hepatocellular carcinoma (34). The inactivating nature of PJS mutations together with a
frequent loss of the wild-type allele in PJS tumors sustains the notion that LKB/ is a tumor

suppressor.
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Figure 1: Human LKBI1 gene. The genomic organization of the coding sequence of the LKB1

gene is shown on the top, and the functional domains of the protein are shown below (35).

1.3 Expression patterns of LKB1:

In humans there are two LKB1 isoforms, resulting from alternative splicing.
The long LKB1 form (50 kDa) is ubiquitously expressed in fetal tissues and, adult tissues
with higher expression in epithelia (36). Both isoforms are expressed in humans, but the
shorter form (48 kDa) is especially expressed in testis where it has been considered for it's
in the role in spermiogenesis. The C-terminus has a unique and shorter amino acid sequence
replaced by a shorter and unique amino acid sequence (37). LKBI is highly conserved,
identified to be the strong homolog of mouse LKB1 gene, locating on mouse chromosome
10 and consisting of 10 exons covering about 15 kb (38), Xenopus laevis egg and
embryonic kinase 1 (XEEK1), Caenorhabditis elegans (C. elegans) partitioning defective
gene 4 (Par-4) and Drosophila LKB1 (14,39,40). Murine Lkb1 shares about 90% identity
with human LKB1 and has a conserved prenylation motif) at the carboxyl-terminus directly
downstream from a consensus cAMP-dependent protein kinase (PKA) phosphorylation site)
(41). During mouse embryonic development, Lkbl mRNA is predominantly detected in the
gastrointestinal tract, lung, and testis (42). However, XEEKI is reported to be apparently
restricted to early embryogenesis (36), and Par-4 protein can be found in the gonads,
oocytes and early embryos of C. elegans (39). LKBI is constitutively active in growing
cells (43).In tumors, some malignant tumors express a high level of LKB1, but some cancer
cells lost LKB1 expression, and this contradiction may be related to the different process of

tumorigenesis.
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1.4 Binding Proteins of LKB1:

Endogenous LKB1 can mainly form two complexes which can regulate its
stability and kinase activity. Firstly, LKB1 is activated by forming a heterotrimeric complex
with STE20-related adaptor (STRAD), an inactive pseudokinase and MO25 (an armadillo
repeat scaffolding-like protein) (44,45). STRAD can induce the transportation of LKB1
from the nucleus to the cytoplasm, and activate LKB1 kinase activity through promoting the
active conformation of LKB1, while MO25, a 40 kDa scaffolding protein, directly binding
to the STRADa carboxyl-terminus, can markedly enhance the binding of STRAD to LKB1
and further stimulate STRAD-induced kinase activity of LKB1 as shown in figure 2 (45—
47). At its C terminus, MO25a possesses a deep pocket that binds specifically to Trp-Glu-
Phe residues of STRADa, and mutation of residues making up this pocket inhibited the
binding of MO25a to STRADa (47).

nucleus | cytoplasm

AMPKa1, AMPKa2
® MARK1, MARKZ, MARK3, MARK4
BRSK1, BRSK2
SIK1, SIK2 NUAK1, NUAK2
QSK
SNREK

Figure 2: Lacking a nuclear export signal of its own, LKB1 resides in the nucleus. Upon binding

to STRADa and MO25, LKBI1 is exported to the cytoplasm and becomes catalytically active.

Secondly, LKBI1 can also interact with a chaperone complex made up of heat-shock
protein 90 (HSP90) and the CDC37, which can stabilize LKB1 in the cytoplasm by
protecting it from ubiquitin-dependent degradation (48,49). Furthermore, LKB1-HSP90—
CDC37 complex is recently found to function as a repressor of LKB1 kinase activity and

disruption of this complex facilitates degradation of LKB1 (50). Thus, LKB1-STRAD-
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MO?25 and LKB1-HSP90-CDC37 complexes can both stabilize LKB1 with antagonizing
effects on LKBI activity.

Additionally, LKBI is also reported to interact with other proteins, like p53, AXIN,
gene of phosphate and tension homology deleted on chromosome ten (PTEN), LIP1,
Brahma-related gene 1 (BRG1), activator of G-protein signaling 3 (AGS3), glycogen
synthase kinase 3 (GSK3p), protein kinase { (PKC{), ataxia telangiectasia mutated (ATM),
GATA-binding factor 6 (GATA-6)as well as a complex with LIM domain only 4 (LMO4)
and LIM domain-binding protein 1 (LDB1) (51-59).

1.5 Subcellular Distribution and Activation of LKB1:

LKBI has different localizations in mammalian cells. Cytoplasmic localization is
known to be significant for the LKB1 growth suppressive function, while it is inactive when
its localization restricted to the nucleus (60—62). In samples from PJS patients, wild type
LKBI1 is distributed in both the nucleus and cytoplasm, while the LKB1 mutant, SL26 (for
amino acid deletion), has the normal kinase function, but only accumulates in the nucleus
and not detectable in cytoplasm (61,63), further suggesting that cytoplasmic localization of
LKBI1 is important. Furthermore, the nuclear accumulation of LKB1 may be attributed to its
amino-terminal domain (43). Similarly, C. elegans homolog Par4 is reported to be both
cytoplasmically and cortically distributed (39). When over-expressed in mammalian cells
alone, LKB1 is mostly localized in the nucleus, with a small portion in the cytoplasm
(38,61). However, during the apoptosis of cells, LKB1 is found to translocate into
mitochondria (51,64). Likewise, Bouchekioua et al, described for the first time a dual
localization of LKB1 both in the nucleus and in the cytoplasm in breast tumors and revealed
that a nuclear LKB1 expression was inversely correlated with its cytoplasmic expression
(65). LKB1 expression is exclusively cytoplasmic in the lung (66) and pancreatic
carcinomas (67). However, gastrointestinal hamartomatous polyps from PJS patients (68)
and invasive lobular carcinoma and solid papillary ductal carcinoma in situ from patients
with breast cancer show both cytoplasmic and nuclear LKB1 expression (69). Similarly,
LKB1 was expressed in the nucleus and cytoplasm of tumor cells and HNSCC cell lines.

Primary tumors from patients with metastatic carcinoma had decreased nuclear, but not
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cytoplasmic, LKB1 compared to patients with nonmetastatic cancer (70). While LKB1 loss
has been described in high-grade invasive carcinomas, it is unclear whether this LKB1 loss
occurs in the cytoplasm, the nucleus, or both cellular compartments. In addition, LKB1 can
be detected on both the plasma membrane and internal membranes in vivo, and this effect is
mediated by a functional prenylation motif of LKBI1 at the carboxyl-terminus since
mutation of Cys433 to an alanine residue of prenylation motif can block membrane

localization of LKB1 (41).

The distinct distribution of Lkb1 in the cells may suggest that Lkb1 function is
regulated by altering its subcellular localization. Interestingly, it is proposed that Lkbl may
be inactivated by nuclear sequestration and nuclear localization is a common feature of all
catalytically inactive Lkb1 alleles, including D303-306 (43,61). In addition to the Lkb1
kinase activity, the nuclear localization requires a nuclear localization signal sequence
(NLS) localized on the N-terminus of Lkb1 (38). The N-terminal nuclear localization
sequence (NLS) of LKB1 is recognized by Importin-o, which mediates the nuclear
translocation (38,71). STRADa translocates LKBI1 into the cytoplasm by binding to the
export factors CRM1 or Exportin7 and maintains LKB1 in the cytoplasm by outcompeting
Importin-a for binding to the NLS of LKB1 (71). Moreover, STRADa and MO25
significantly increase the kinase activity of LKB1 (~9 fold) (44). Activation of the cell
polarity program specifically targets LKBI1 to the leading edge of the cell where it can
interact with downstream binding partners (72). Therefore, activation of specific nuclear
and cytoplasmic LKB1 signaling pathways is at least to a certain extent regulated by LKB1

localization.

LKBI1 re-localization depends both on its kinase activity and on its ability to interact
with STRAD and MO25 (45). Similarly, kinase-deficient PJS mutants, LKB1 point
mutations as well as the SL26 PJS mutant, which specifically disrupt the interaction with
STRAD and MO25, are retained within the nucleus and are growth arrest defective (63,73).
Inconsistent, siRNA-mediated knockdown of endogenous STRADa inhibited the ability of
wild-type LKB1 to arrest cell growth(45). In contrast, It is found that the LKB1 C-terminal
mutants were translocated to the cytoplasm upon expression of STRAD and exhibited a

growth suppressive effect (74). Interestingly, Human and Drosophila LKB1 bind to
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phosphatidic acid on cell membrane, which enhances its kinase activity and activation of
downstream kinases (at least AMPK, MARKSs, and SAD kinases) and activation of AMPK
in human cervical carcinoma (HeLa) and melanoma (IGR37) cells depends on membrane-

binding of LKB1 (75).

Additional mechanisms may also exist to maintain LKB1 in the cell cytoplasm. For
instance, when LKB1 is co-expressed with LKB1-interacting protein 1 (LIP1), a leucine-
rich repeat containing cytoplasmic protein, the proportion of cytoplasmic LKB1
dramatically increases in 30% of cells and this indicates LIP1 may regulate LKB1 function
by inducing its cytoplasmic localization (52). Recently, Calcium-binding protein 39-like
(CAB39L) gene is found to binds and activates STRAD, which further activates LKB1-
AMPK-PGCla axis, which not only inhibits cell cycle progression as well cell invasion and

migration as but also promotes cell death (76).

1.6 Regulation of LKBI1 Expression:

1.6.1 Epigenetic modification:

In several cancer cell lines, LKB1 gene is found hyper-methylated at the CpG island in
its promoter region, and correspondingly, LKB1 transcript cannot be detected, while
treatment with the demethylating agent 5-aza-2'-deoxycytidine can restore LKB1 gene
expression in these cells (64,77). In addition, one primary colorectal carcinoma and three
primary testicular tumors as well as parts of polyps from JPS patients display LKB1
promoter hypermethylation but not in corresponding normal tissues (77). It is consistent that
in sporadic colorectal cancer, hypermethylation is found in the LKB1 promoter as well (78).
These studies have shown that LKB1 promoter methylation contributed to the silence of the

LKB1 gene and LKB1-mediated functions.

1.6.2 Transcriptional Regulation:

LKBI1 gene can be regulated by sex hormones, such as androgen and estrogen.

Estrogen is reported to regulate LKB1 gene expression through transcriptional regulation,
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and ERa binding site is found in the promoter region of LKB1. In MCF-7 breast cancer
cells, 17B-estradiol can downregulate both mRNA and protein level of LKB1 through
inhibiting LKB1 promoter activity by reducing the binding of ERa to the promoter of LKB1
(79). However, estrogen is also reported to upregulate the expression of LKB1. In mouse
and human adipocyte, 17p-estradiol can increase the mRNA level of LKB1 in a dose-
dependent manner, and this effect is mediated by ERa (80). Therefore, estrogen-mediated

regulation of LKB1 gene expression may be cell-context dependent.

In addition, androgen can also regulate the expression of LKBI1 at the transcriptional
level. In murine 3T3-L1 and human SGBS adipocytes, testosterone and dihydrotestosterone
(DHT) can significantly decrease the mRNA level of LKB1, and this effect is mediated by
androgen receptor (80). Interestingly, although androgen can inhibit the mRNA level of
LKBI1 in adipocytes, there is no androgen receptor element (ARE) found in 2.5 kb promoter
region of LKB1 gene (80). This indicates that AR may indirectly regulate the LKB1 gene
expression. Besides, fibronectin can also regulate LKB1 expression. In non-small cell lung
carcinoma (NSCLC) cells, fibronectin is found to inhibit both the mRNA and protein of
LKB1 and LKB1-AMPK signaling (81).

1.6.3 Posttranslational Modification:

Researches find that LKB1 can be phosphorylated, prenylated and ubiquitinated in
different conditions. Phosphorylation is the most common posttranslational modification
and can either affect the conformation of the phosphorylated protein or create a novel
interaction surface for other proteins. At least ten residues of LKB1 have been reported to
be phosphorylated, whereof some are autophosphorylation sites (S31, T185, T189, T336,
and T402) and others residues are phosphorylated by other kinases (S307, S325, S334,
T366, S399 and S428 (82,83). LKBI1 can also be phosphorylated at Ser31, Ser325, and
Thr366 when expressed in HEK-293 cells, but its phosphorylation affects neither its nuclear
localization nor its catalytic activity in vitro (84). In contrast, the phospho-mimetic LKB1
T336E mutant prevented LKB1 from suppressing the growth of a human malignant
melanoma cell line, suggesting an autoinhibitory function of this autophosphorylation site
(84).
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Several kinases, such as protein kinase A (PKA), PKC, AKT, and ATM, have
been reported to phosphorylate LKB1 protein in animal models (41,85,86). PKC{ can
activate LKB1 through phosphorylation of Ser428 and S307 of LKB1, which enhances the
nuclear export of LKBI1, resulting in binding of LKB1 with AMPK and subsequent AMPK
phosphorylation and activation (83,87). Loss of the phosphorylation sites S307 and S428
attenuates the association of LKB1 with STRADa and the export factor CRM1 and thus
decreases the cytoplasmic accumulation of LKB1 in an adenocarcinoma cell line (83).
Consequentially, the phosphorylation-deficient LKB1 S307A mutant has a low capability to
suppress angiogenesis and cannot efficiently protect cells from apoptosis (83).
Phosphorylation of S399 in LKB1S promotes its nuclear export followed by the activation
of AMPK and is therefore thought to be the functional equivalent to S428 in LKB1 (88).
Other studies find that Thr366 of LKB1 can be phosphorylated by ATM 73, and activators
of extracellular signal-regulated kinase 1/2 (ERK1/2) can induce the phosphorylation of
endogenously expressed LKB1 at Ser431 (89).

The carboxyl-terminus of murine Lkb1 can be prenylated in vivo, and PKA-mediated

LKBI1 prenylation, but not phosphorylation, leads to membrane distribution of LKB1 (41).

Except for phosphorylation and prenylation, LKB1 can be posttranslationally
modified by ubiquitination and deacetylation. SIRT1, a member of the sirtuin family of
proteins, functions as a negative regulator for LKB1/AMPK signaling in primary
endothelial cells by promoting deacetylation, ubiquitination and proteasome-mediated
degradation of LKB1 (90). However, SIRT1 can also activate LKB1 by deacetylating and
subsequently increasing the phosphorylation and activity of LKB1. In 293T cells, SIRT1
over-expression abates lysine acetylation of LKB1 and concomitantly enhances its activity
and finally activated AMPK downstream signaling (91). These findings suggest that LKB1
is a target of SIRT1-mediated deacetylation, which can further influence its kinase activity

and downstream signaling.

1.7 Biological functions of LKBI:
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1.7.1 Regulation of AMPK and related kinases

LKBI1 has been termed a master kinase based on its ability to control the activity
of the 14 members of the AMPK-related family of serine-threonine kinases through direct
phosphorylation of a threonine residue in their activation loops (92). In complex with the
pseudokinase STRAD and the scaffolding protein MO25, LKB1 phosphorylates and
activates AMPK family kinases, which mediate many cellular processes. LKB1 is the major
upstream kinase that phosphorylates and activates AMPK (93). Cells lacking LKB1 have
decreased the activity of these AMPK family kinases whereas restoration of wild-type
LKBI1 rescues their catalytic activity. AMPK, the widely explored among these, is central
to the maintenance of cellular energy homeostasis, coordinating catabolic and anabolic
cellular activities in normal and transformed cells (94-96). Activated AMPK
phosphorylates a number of proteins resulting in a decrease in ATP-consuming processes
and an increase in ATP production through inhibition of protein synthesis, fatty acid, and
glucose metabolism and enhancement of glucose transport (96). AMPK turns off mTOR
(mammalian target of rapamycin) by signaling to tuberous sclerosis (TSC2/TSC1) tumor
suppressor complex, as well by directly phosphorylating the mTOR-binding partner, raptor
(regulatory associated protein of mTOR) (97-99). TSC2/TSC1, in response, inactivates the
small GTPase Rheb (Ras homolog enriched in brain), which positively signals to mTOR. In
some cell types, PKC { contributes LKB1— AMPK signaling, possibly by phosphorylating
LKB1 and promoting its cytoplasmic translocation and interaction with AMPK (100,101).

Importantly, this role of LKB1 in energy metabolism has been demonstrated in
vivo in the mouse and C. elegans. Somatic deletion of Lkbl1 in the mouse skeletal muscle
produces defects in glucose uptake and loss of AMPK activation (102,103). Liver-specific
Lkb1 deletion also causes metabolic defects and loss of activity of AMPK and increased

mTOR signaling (104).
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Figure 3: A diagram describing the potential mechanisms of liver kinase B1 (LKB1)-mediated

cancer suppression (105)

1.7.2 Apoptosis and Cell Cycle Arrest:

LKBI has been found to associate with p53 physically as well as regulate specific p53-
dependent apoptosis pathways and one study indicated the absence of apoptosis in polyps
from patients with PJS (51). Recent reports have shown that the cytoplasmic localization of
LKBI1 is sufficient to induce arrest in the G1 phase of the cell cycle (44). In addition, LKB1
has been reported to interact with and phosphorylate PTEN, another tumor suppressor that
has lipid phosphatase activity and that inhibits cell proliferation and survival (53). LKBI
has also been found to suppress the antiapoptotic factors, such as STAT3, JNK, c-myc, k-
ras, MAPK, and cyclooxygenase-2, and to inhibit cell survival (35,106,107). Similarly,
LKBI1’s putative downstream targets, such as Brgl, p21, and p27, have been suggested to
mediate LKB1 dependent cell cycle arrest (54,61,108). These observations suggest that the
tumor suppressive function of LKB1 may result from the inhibition of cell cycle

progression.
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1.7.3 Maintenance of Genome Stability:

Analysis of the LKB1 protein sequence and structure has shown that LKB1 Thr
363 (Thr 366 in mouse) lies in an optimal phosphorylation motif for the phosphoinositide
3kinase-like kinases, such as DNA-dependent protein kinase (DNA-PK), ataxia
telangiectasia mutated kinase (ATM), and ATM- and rad3-related kinase (ATR). These
kinases act as DNA damage sensors, functioning upstream of DNA damage and mediating
DNA repair (109,110). Moreover, in a vitro assay, it was demonstrated that wild-type ATM
displays a DNA damage-induced association with LKB1, BRCA1, and p53 (57).
Additionally, Alessi’s group reported that the phosphorylation of LKB1 at Thr 366 was
triggered following the exposure of cells to IR and that DNA damage-activated ATM kinase
mediated this phosphorylation (89). LKBI is also involved in DNA damage checkpoint
regulation, in which cells lacking LKB1 accumulate more DNA-damage than control cells
(111).LKB1 depletion induced the formation of chromosome breaks and radials (112).
These results suggest that LKB1-AMPK signaling may contribute to DNA damage repair

and play a role in the maintenance of genome stability.

1.7.4 Inhibition of Tumor Progression and Metastasis as well as its emerging pro-
oncogenic role:

The importance of LKB1 in tumor suppression was recently further highlighted by
its function in the suppression of cancer invasion and metastasis (113—-116). In the In vitro
studies, investigations demonstrated that LKB1 knockdown increases cell motility and
invasiveness, and induces the expression of several mesenchymal marker proteins
accompanied by the expression of ZEB1, a transcriptional repressor for E-cadherin and an
inducer for epithelial-mesenchymal transition (EMT), which is a critical phenotypic
alteration initiating the invasion and metastasis of cancer cells (113—-116). Cancer cells may
become resistant to anoikis and consequently display anchorage-independent growth. It was
found that LKB1 involves in p53-dependent anoikis by regulating salt-inducible kinase
(SIK1), an AMPK family member (117). SIK1 was required for LKB1 to promote p53-

dependent anoikis and suppress anchorage-independent growth and invasion.
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In a range of mouse models and clinical analyses, LKB1 inactivation is consistently
found to be associated with aggressive invasive and metastatic growth. In the
aforementioned LKB1-SIK1-p53 anoikis model (117), loss of LKB1 promotes metastatic
spread and survival of cells as micrometastases in the lungs. In a K-ras driven mouse model
of lung cancer, LKB1 inactivation provided the strongest cooperation in terms of tumor
latency and frequency of metastasis as compared with classic tumor suppressors such as p53
and p16 (113). Consistently, Castrillon’s group showed that LKB1 mutations in primary
cervical cancers are linked to accelerated disease progression and death (118), and
decreased LKB1 protein expression in endometrial cancers correlates with a higher grade
and stage (119). Strikingly, female mice with homozygous endometrial Lkb1 inactivation
did not harbor discrete endometrial neoplasms, but instead underwent a diffuse malignant
transformation of their entire endometrium with rapid extrauterine death, suggesting that
Lkb1 inactivation was sufficient to promote the development of invasive endometrial cancer

(120).

In addition, some studies have shown the oncogenic role of Lkb1 against its pre-
established notion of tumor suppression. For instance, LKB1 pro-oncogenic activity triggers
cell survival in circulating tumor cells (121). Lkb1 is polyubiquitinated by Skp2-SCF
ubiquitin ligase to activate Lkb1-AMPK axis, and surprisingly oncogenic H-Ras promotes
the polyubiquitination and activation of LKB1 (122). Similarly, recently Guo et al, showed
that AMPK promotes the survival of colorectal cancer stem cells (123), and as Lkbl is its
upstream kinase, so AMPK activation probably by Lkb1 enhance the survival of cancer
stem cells. Additionally, Ng TL et al demonstrated that the LKB1/AMPK pathway protect
epithelial cells from anoikis once they detach from a surface (124) and that LKB1 has a
central role in arbitrating anoikis resistance especially in ovarian cancer (125). Some other
studies also propose the pro-oncogenic role of Lkb1 in the context of AMPK activation
(126,127). Thus, the pro-oncogenic role of Lkb1 has to be considered in addition to its

tumor suppressor role.
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1.7.5 Regulates cancer cell invasion and migration:

Tumor cell invasion and metastasis is a complex process that results from interaction and
crosstalk between multiple pathways. The LKB1/AMPK pathway regulates invasion and
metastasis via diversified signaling pathways, such as NF-kB, AKT, forkhead box O3 (Foxo3a),
TGF-B and mTOR (128). Emerging evidence indicates that LKB1/AMPK inhibits tumor
invasion and migration through downregulation of the downstream factors of TGF-f signalings,
such as MMPs and Snail (129,130). Another study revealed that LKB1 limits the migration and
the invasive capacity of breast cancer cell lines by decreasing levels of secreted matrix
metalloproteinases and downregulating the expression of angiogenesis factors, such as VEGF,
both in vitro and in vivo (131). LKBI is also involved in other signaling pathways as well, for
instance, the TGF-f pathway. In this pathway, LKB1 forms a complex with LIP-1 and the
transcription factor Smad-4, inhibiting the translocation of Smad-4 to the nucleus and thus
regulating the TGF-f pathway (48). Indeed, It was reported that AMPK inhibited TGF-B-induced
EMT in HK-2 cells (132). The TGF-P signaling pathway promotes cancer metastasis while the
LKB1/AMPK pathway negatively regulates the progression of cancer. hence, the regulation of
TGF-B signaling may be a vital mechanism by which LKB1/AMPK inhibits tumor metastasis.

1.8 LKBI Inactivation causes:

1.8.1 LKB1 Mutations:

It was reported that germline mutations of LKB1 occur in 80% PJS patients (133,134).
Gastrointestinal tumors are the most commonly diagnosed tumors in PJS patients, but the risk of
developing cancer from other origins is also markedly higher, such as cancers from breast,
pancreas, and gonad, etc as shown in figure 3 (135,136). To date, more than 250 different
mutations in LKB1 have been identified in PJS patients and sporadic cancers according to the
Sanger Institute Catalogue of Somatic mutations in Cancer website
(https://cancer.sanger.ac.uk/cosmic/gene/analysis?In=KLKB 1#distribution ). Almost 80% of
them are missense or nonsense mutations, which mostly lead to truncations of the catalytic
domain and impair LKB1 catalytic activity. However, there are also a significant number of

point mutations, which are located in the kinase domain and in the C-terminal noncatalytic
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region which provide evidence that the elimination of the kinase activity of LKB1 is probably
responsible for the development of the PJS phenotypes (35,137). Truncating variants in STK11
are thought to predispose to a more severe phenotype. Missense variants are generally considered
less severe than truncating variants (138). Mutations in the LKB1 tumor suppressor are
frequently detected in tumors from Caucasian but not Asian lung cancer patients (139). It was
found that C-terminal mutations neither disrupt LKB1 kinase activity nor interfere with LKB1-
induced growth arrest but these naturally occurring mutations lessened LKB1-mediated
activation of the AMP-activated protein kinase (AMPK) and impaired downstream signaling
(74). Furthermore, C-terminal mutations compromise LKB1 ability to establish and maintain the

polarity of both intestinal epithelial cells and migrating astrocytes (74).
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Figure 4:Cumulative cancer risk of patients with the Peutz Jegher’s syndrome (25). The bars
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ranges in different studies.

Although tumor-specific LKB1 alterations have been identified in many tumor types, their
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frequency is relatively low with the exception of nonsmall cell lung cancer (NSCLC),
gastrointestinal tract tumors, and cervical cancer. In NSCLC, 30% of the patients are reported to
be LKB1 inactivate (27,143). The differences for the cancer distribution patterns between PJS
and sporadic cancer in LKB1 mutations remain unclear. As the cancer genome program becomes

complete, the accurate LKB1 mutation pattern may be revealed.

1.8.2 Epigenetic inactivation of LKB1:

Since LKB1 somatic mutations in sporadic cancers have been relatively rare, it has been
suggested that another mechanism may be important for inactivating LKB1. This has been
supported by demonstrating LKB1 promoter methylation and mRNA down-regulation in
primary tumors and cell lines (77,78). It was found that promoter hypermethylation and
allelic loss of the LKB1/STK11 gene are rare events in sporadic colorectal cancer in
Caucasian patients as well as LOH at 19p13.3 is associated with advanced tumor stage and

left-sided location (142). Thus, epigenetics play a role in Lkb1 inactivation.

1.8.3 Loss of LKB1 heterozygosity:

It is also one of the mechanisms of LKB1 inactivation. The loss of one allele of a
genetic locus can have multiple possible functional effects including haploinsufficiency,
loss of gene expression and is the second ‘hit’ that unmasks a recessive tumor suppressor
gene. LOH can be caused by mitotic errors, chromothripsis, gene conversion and
inappropriate repair of DNA breaks (143). Loss of heterozygosity can be identified by
using polymorphic markers, such as microsatellites or single-nucleotide polymorphisms
(SNPs). Entius and Miyaki suggested that LOH of LKB1 might be less frequent in PJS
polyps (144,145). Similarly, homozygous deletions of LKB1 have been frequently reported
in NSCLC (146,147). Interestingly, Rowan studied LOH negative PJS polyp by in situ
hybridization and demonstrated LKB1 mRNA expression throughout the polyp, suggesting
that some polyps retain LKB1 mRNA expression (36).

When comparing the frequency of LOH in polyps to carcinomas from PJS patients,
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LOH was detected in between 25% and 38% of polyps and between 64% and 100% of
carcinomas, respectively (144,145,148). This suggests that bi-allelic loss of LKBI1 is not
necessary for hamartomatous polyp development, but favors progression to carcinoma.
Therefore, LKBI is suggested to act as a haploinsufficient tumor suppressor gene. The
haploinsufficiency of Lkb1 has been confirmed in mice, where neither loss of the wild-type
Lkb1 allele nor loss of expression of Lkb1 could be detected in most gastrointestinal polyps
of heterozygous Lkb1 knockout mice (149—-151). These results suggest that partial loss of
Lkb1 is sufficient for tumor development. haploinsufficient tumor suppressor genes usually
evoke their role in tumorigenesis in the context of additional oncogenic triggers. In the case
of Lkbl, it has been shown that additional loss of Pten or p53, or additional oncogenic
activation of Kras synergizes with a Lkb1 loss in order to promote tumor formation (152—
155). In a subset of gastrointestinal hamartomas of heterozygous Lkb1 knockout mice loss
of the wildtype Lkbl allele or Lkb1 expression could be detected specifically in the
epithelial compartment, suggesting that Lkb1 exerts its tumor suppressive functions mainly
in the epithelium (149). However, myofibroblast-specific loss of Lkb1 in mice has been
shown to be sufficient for gastrointestinal hamartoma development, indicating that Lkbl
suppresses tumor formation through signaling in mesenchymal cells (156). No phenotypical
differences were observed between polyps of mice with mono-allelic or bi-allelic Lkbl
deletion, suggesting that also in stromal cells Lkb1 acts as a haploinsufficient tumor
suppressor (156). So, in human cancers, the frequency of single-copy allelic loss at
chromosome 19p spanning the Lkb1 locus without inactivation of the second copy of Lkb1

may reflect a haploinsufficient tumor suppressor function in carcinomas (113).

LKBI1 inactivation occurs in 30% of lung cancer and out of which more than 50%
inactivation occurs due to LOH (146). In addition, LOH was found in brain metastasis,
breast cancer and lung metastasis (157), although LOH was also noted in colorectal samples
in the same research, it has lower significance because LOH was noted in only three
samples. So that’s why we carried out LOH study in a relatively good amount of colorectal

samples (n=207).
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2. OBJECTIVE:

To identify loss of heterozygosity (LOH) by using PCR based microsatellite assay and

Immunohistochemistry techniques
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3. MATERIALS AND METHODS:

3.1 Tumor Samples:

The samples of colorectal carcinomas were collected between 2003 to 2010 from the
Medical Oncology Department of the University Hospital of Heraklion, Crete, Greece and
were stored as formalin-fixed, paraffin-embedded (FFPE) in Lab of Tumor biology, medical
school, University of Crete. Patients consented to an Institutional Review Board (IRB)-
approved protocol allowing collection of specimens and clinical data. All the Tumours were
microdissected using a fine scalpel blade to enrich for neoplastic tissue, but had, in any
event, been selected for a lack of contaminating normal tissue. The tumor content of each of

the specimens was confirmed to be sufficient for LOH assay and IHC analyses.

3.2 DNA Extraction:

DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) tissue by
MasterPure™ DNA Purification Kit (Epicentre, [llumina Company, Cat. No. MCD85201).

Procedure:

Firstly, remove 15 pl thick paraffin embedded tissue and place 15 mg of it in an
appropriate tube. Then, add 2 ml of Xylene to extract the paraffin and incubate at room
temp for ten 10 minutes. After that, add 2 ml of 100% ethanol and incubate at room temp
until the ethanol aspirate. Add 300 pl of tissue and cell lysis solution containing the
Proteinase K (2 pl to 300 ul of tissue and cell lysis solution) to the sample and mix.
Incubate at 65 degree Celsius for 30 minutes: followed by a brief (10 seconds) vertex mix

and add I pl of RNase A to the sample.

Then, proceed with the DNA precipitation. Add 175 pul of MPC Protein Precipitation
Regeant to 300 pl of lysed sample and vortex mix vigorously for 10 seconds. Pellet the
debris by centrifugation at 4 degree Celsius for 10 minutes at 10000 rpm in a
microcentrifuge. Then transfer the supernatant to a clean microcentrifuge tube and discard
the pellet. After that, add 500 pl of isopropanol to the recovered supernatant. Pellet the
DNA by centrifugation and carefully pour off the isopropanol. Rinse twice with 70%
ethanol. Centrifuge briefly if the pellet is dislodged. Remove all of the residual ethanol with



26| Page

a pipet and resuspend the DNA in 35 pl of TE buffer. DNA was quantified using the
NanoDrop ND-1000 v3.3 (ThermoFisher Scientific, Waltham, Massachusetts, USA)

equipment and the samples were stored at -20°C until their use.

3.3 PCR based Microsatellite Assay (Gene mapping):

We screened 120 colorectal carcinomas for LOH at the LKB1/STK11 locus, using highly
polymorphic fluorescent microsatellite markers DI9S886, D19S883 (located telomeric to
the LKB1/STK11 gene), D19S878 and D19S565 (located centromeric to the LKB1/STK11
gene). The markers have been used previously in PJS as well as for other tumors (146,157).
PCR primer sequences D19S878 (Forward GCCTGGGCGACAGAGAAT and Reverse
GGTTGCCCGCAGAGTG), D19 S883 (Forward TTACGGGCAGGACTTGAGTGG and
Reverse GTCACGAGTTCACAAGTTTGG), D19S886 (Forward
TGGATCTACACTCCGGC and Reverse ATTTTACTGGCTGGCACTTG) and D19S565
(Forward GTGATTGCACCACGGG and Reverse TCAAGTCATTGGGTTGGC ) were
used in our experiment. Primer specificity was confirmed by direct sequencing of the
microsatellite fragments. Lung cancer cell lines A549, H460, and H1299 were used as a
positive control for LOH as they have loss of exons in their chromosomal region of LKB1
(27,158). Similarly, lung cancer cell line HCC827 was used as a negative control as it does
not have mutation/allele loss at chromosome 19p region (159,160). At least two
microsatellites were analyzed for each tumor sample. For analysis of allelic deletions by
LOH, 30ng of DNA was PCR-amplified in a total volume of 25ul containing 0.2uM each
primer (D19S886 with Fam and D19S565 with Hex labeled), 2.0mM MgCl2, 200pM
dNTPs, 2.5ul of 10xPCR buffer (Perkin Elmer Corp.), and 1.5U of Taq polymerase (Perkin
Elmer). PCRs were performed in a Gene Amp 9600 thermocycler (Perkin Elmer) with an
initial denaturation step (95 °C for 4min) and a total of 27 cycles of denaturation (94°C for
Imin), annealing (58 ‘C for 1min), and extension (72 “C for 1min), followed by 7min at 72

‘C (final elongation).

About 0-1-0-2 pl of each PCR product was mixed with 0-5 ul of TAMRA350 size
standard (ABI) and 1 pl of formamide loading buffer. This mixture was heated to 96 C for 5

min and electrophoresed on a 4-5 % acrylamide sequencing gel on an ABI Prism 3130
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(ThermoFisher Scientific, USA) semiautomated sequencer for 2-4 h. Results were analyzed
using Genescan (ABI) software. In informative (heterozygous) cases, allele loss was scored
if the area under one allele peak was reduced in a tumor to less than 0-5 of its value in the
normal DNA (relative to the other allele), after taking account of baseline fluorescence
levels and ‘stutter’ bands. This threshold for allele loss allows for the possibility of

contaminating normal tissue or other tumor clones in some samples.

3.4 Immunohistochemistry:

In our experiment, we used Thermo Scientific™ UltraVision™ Quanto Detection

System HRP for IHC of Lkbl. The bold words show the kit components.
Procedure:

First we cut 5-um sections from the paraffin blocks, then dewax as well as rehydrate it with
xylene and graded alcohol, respectively. The slides were treated in sodium citrate buffer and
steamed for 20 minutes at 90 C. To reduce nonspecific background staining due to endogenous
peroxidase, incubate the slides in Hydrogen Peroxide Block for 10 minutes. Apply Ultra
Vision protein Block and incubate for 5 minutes to block nonspecific background staining. Then
apply a primary polyclonal antibody to LKB1 (1:100 dilution, Thermo scientific, USA) and
incubated for I hour. Wash the slides with buffer. Apply Primary Antibody Amplifier Quanto
and incubate for 10 min. After wash buffer step, apply HRP Polymer Quanto and incubate for
10 min. Then add 30 pl (1 drop) DAB Quanto Chromogen to 1 ml of DAB Quanto Substrate,
mix by swirling and apply to tissue. Incubate for 5 minutes. After washing, counterstain the

slides with methylene blue and coverslip using a permanent mounting media.

Adult seminiferous tubules of the testis were used as a positive control as it shows the
highest levels of LKB1 expression (36,161). Negative controls were obtained by performing all
of the IHC steps but leaving out the primary antibody. IHC staining intensity was measured
using a scaling system of 0 (no expression), 1, 2 and 3 (highest expression) blinded by a

pathologist. To control for differences in LKB1 expression levels and subcellular localization, a
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weighted index (WI) was determined in both the nucleus and the cytoplasm using the equation

WI =% tumor stain X intensity score as used in another study (162).

Moreover, the following criteria were used to guide the measurement of LKB1 staining:
(a) The LKBI staining was considered positive when the intensity in the neoplasms matched or
exceeded the staining intensity of the testis slide (b) Conversely, LKB1 staining was classified as
negative if the staining intensity in the neoplasms was reduced relative to the testis slides. The

staining of LKb1 was interpreted without knowledge of its genetic status.

3.5 Statistical Analysis:

The difference of percentage between LKB1 exclusively cytoplasmic group versus both nuclear
and cytoplasmic expression was determined using chi-square test. The difference between mean
ages between the two groups was calculated by using independent sample T-test. Similarly,
Kaplan Meier survival estimates were generated to test whether the overall survival and Disease-
free interval (DFI) were different for those patients who demonstrated cytoplasmic expression
from those who had both cytoplasmic as well as a nuclear expression at the same time and
intergroup differences were determined using log-rank test. Kaplan Meier curves were also used
in case of LKBI1 positive versus negative expression in the patients. P<0.05 was considered to
indicate a statistically significant result. All the statistical analyses were conducted using SPPS

version 25 (IBM USA).
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4. RESULTS:

4.1 Microsatellite analysis:
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Figure 5 (a&b): Representative pictures of the microsatellites markers peaks observed in

colorectal carcinomas of the patients.. Results were normal (no LOH was observed)
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From the total of 207 colorectal samples, 120 (including primary tumors and metastatic

tumors) were successfully amplified and screened for loss of heterozygosity (LOH) at the

LKBI1/STK11 gene locus as in the remaining 87 colorectal carcinomas samples we did not

manage to amplify the primers of the samples because of the damaged DNA as the quality of the

tissue was not good.

Four microsatellites markers, D19S565 (labeled black), D19S878(labeled green),

D19S883 (labeled red) and D19S886 (labeled blue) were screened for LOH at LKBI1 locus as

shown in the. Surprisingly, we did not observe LOH in any of the 120 colorectal carcinomas

samples. All appeared to be normal as shown in the figures 5 (a,b) above. The cell lines H460,

H1299, A549, HCC827 were used as controls for our gene mapping technique as shown in figure

6 (a,b,c,d) below.
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Figure 6 (a,b,c,d): Peaks of the microsatellites markers of the cell lines used as controls

(Positive and negative) for LOH

4.2 Immunohistochemistry (IHC):

Immunohistochemistry was used to detect loss of heterozygosity of LKB1 by relating its
expression among the patients. We have total 207 patient samples, out of which 75 were non-
metastatic and 132 were metastatic. Among metastatic samples, we have eight primary

metastatic tumors and 124 lymph node metastatic tumors.

4.2.1 LKB1 expression status in colorectal patients:

LKBI expression in colorectal cancer was heterogeneous. We observed four different types of
LKBI expression i-e with no LKB1 expression at all, exclusively cytoplasmic expression,
nuclear only, and both cytoplasmic and nuclear expression together. Overall 82/207 (39.6%)
carcinomas exhibited negative LKB1 expression, whereas 125/207 (60.4%) carcinomas showed
positive expression. Among the positive LKB1 expression patients, 96 (46.38%) of the cases
have exclusively cytoplasmic expression, 27 (13.04%) patients have both cytoplasmic as well as

nuclear expression simultaneously as shown graphs in figure 7 (1,2). The representative
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immunohistochemical pictures are in figure 8 (a, b, ¢, d, ). However, only 2 (0.97%) cases
(histology no. 1301-7/08 and 1862 E/05) showed exclusively nuclear expression as shown in its
IHC staining in figure 9 (a,b) below.
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20 39.61%
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Flg: 7.1 Lkb1 Expresslon status In colorectal carcinomas (n=207)
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Fig: 7.2 LKB1 Expression status in colorectal carcinomas (n=207)

Figure 7 (1&2): Showing the expression status of Lkb1 in colorectal carcinomas



Figure 8: Showing Immunohistochemical pictures of Lkb1 expression. a & b; represent
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exclusive cytoplasmic expression c¢ &d; represent both cytoplasmic and nuclear expression

together

e; represent negative expression

Figure 9 (a &b): Showing exclusive nuclear immunohistochemical staining of Lkb1.

In other words, we have a total 14% (29/207) cases which exhibited exclusively
nuclear as well as both nuclear and cytoplasmic Lkb1 expression. The exclusively nuclear as
well as simultaneously nuclear and cytoplasmic expression proposes that LKB1 inactivation has
occurred possibly due to LOH in these patients because of mutant LKB1 express only nuclear
expression or both nuclear and cytoplasmic expression while wild-type LKB1 express only

cytoplasmic expression to carry out its normal kinase function (43).

4.2.1.1: Lkb1 expression status in metastatic colorectal carcinomas versus non-

metastatic carcinomas:

We further analyzed the distribution of LKB1 expression in metastatic versus non-metastatic
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patient groups. It was found that from metastatic group 62.1% (82/132) patients have positive
expression while in the non-metastatic group the positive expression was observed only in 57.3%
(43/75) cases. Likewise, the negative expression was observed in 37.8% metastatic patients

while in a non-metastatic group it was noted only in 42.6% of cases only as shown in figure 10
(1 &2).
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Fig: 10.2 LKB1 Expression status in metastatic vs.
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Figure 10: (1&2): Representing the percentage of patients in metastatic and non-metastatic
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colorectal carcinomas according to their Lkb1 expression status.

In other words, metastatic patients group showed more positive expression (62.1% vs.
57.3%) than non-metastatic patients, while negative expression was higher in non-metastatic
patients (42.6% vs. 37.8%) than the metastatic group, although the difference is nonsignificant.
Additionally, we found that among the positive Lkb1 expression, the metastatic group has a
greater number of patients (15.15% vs. 12%) than non-metastatic patients that showed both
cytoplasmic as well as nuclear expression together. From the above data, we implied that
metastatic colon cancer has more Lkb1 inactivation due to LOH than non-metastatic colon
cancer. The exclusively nuclear as well as simultaneously nuclear and cytoplasmic expression
suggests that LKB1 inactivation has occurred possibly due to LOH in these patients because of
mutant LKB1 express only nuclear expression or both nuclear and cytoplasmic expression while
wild-type LKB1 express only cytoplasmic expression to carry out its normal kinase function

(43).

Notable, two cases (0.97%) showed exclusively nuclear staining and both were
metastatic. Exclusively nuclear staining was only observed in the metastatic group only. The two
nuclear cases differ from each in their overall survival and disease free interval (DFI). One
patient has both shorter overall survival and DFI than the other patient (OS= 27.80 months vs.
60.20 months, DFI= 26.60 months vs. 60.20 months). Upon further analysis of the two patients,
it was found that patient with shorter OS has a relapse, distant liver metastasis, and K-RAS
G12D mutation while in the other patient these features were not found. K-Ras muatations

occurs in about 30-50% of the colorectal cancers (163).

Besides that, we analyzed eight primary colon metastatic tumors by IHC, and the expression
of LKBI1 was heterogeneous as 3 out of 8§ showed both nuclear and cytoplasmic expression

simultaneously, 3/8 have loss of expression and 2 revealed exclusively cytoplasmic expression.

Additionally, we compared LKB1 expression distribution in lymph node (LN) positive
metastatic patients group with non-metastatic patients group. It was found that LN metastatic
group have an almost twice positive LKB1 expression (n= 77 vs. n=43) as compared to non-

metastatic, however, there was no big difference in their LKB1 loss of expression (n=32 vs
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n=47). Chi square test was applied to test if the difference is significant between the two groups

and it was found to be non-significant (x* = 0.443 p value= 0.606) as shown in table 1. The

reason for the twice amount of positive LKB1 suggests the pro-oncogenic role of the LKB1 in

colorectal metastasis instead of a tumor suppressor.

metastatic colorectal carcinomas

Table. 01 LKB1 Expression status in lymph node positive metastatic and non-

Count
metastatic LN+ & non
metastatic
Non metastatic Metastatic LN+ Total
Expression status in colorectal Negative expression 32 47 79
carcinomas Positive expression 43 77 120
Total 75 124 199

*Chi-square test p value=.606

4.2.2 LKBI1 expression status in colorectal carcinomas versus paired/adjacent

normal colon cells:

To evaluate whether there is a difference in LKB1 expression distribution pattern in

colorectal carcinomas cells versus their paired/adjacent normal colon cells, we compared them

by their IHC staining. It was found that in the patient's normal colon cells, 35.4% (37/105) cases

had loss of LKB1 expression while 64.76% (68/105) cases showed positive expression as shown

in figure 11.
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Figure: 11 LKB1 Expression in adjacent Normal colon

When the colorectal carcinomas cells were compared with their adjacent normal colon
cells for LKB1 expression, it was observed that in colorectal carcinomas cells, LKB1 was
expressed in two by third (66.6%) of the patients while, negative expression was found in one by
third (33.3%) of the patients, suggesting that LKB1 expression distribution status was almost the
same in the colorectal carcinomas as were in the paired normal colon cells. Interestingly, in half
of the patients, carcinomas and their adjacent normal colon both showed positive LKB1
expression while 19% of patients showed negative Lkb1 expression in both normal colon and
carcinomas. There is a strong evidence of relationship between LKB1 expression status in
colorectal carcinomas and their paired normal colon cells (Chi sqaure=9.646, df=1, p=.002),
although the correlation is weak (Spearman correlation=0.324, p value=0.001) as shown in

table 2.
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Table: 02 LKBI1 expression status in colorectal carcinomas vs. paired/adjacent
normal colon (n=105)

LKB1 Expression in
Normal colon

Negative Positive
Expression | expression Total
LKB1 Expression Negative expression | Count 20 15 35
status in colorectal % of Total 19.0% 14.3%| 33.3%
carcinomas Positive expression | Count 17 53 70
% of Total 16.2% 50.5%| 66.7%
Count 37 68 105
% of Total 35.2% 64.8%| 100.0%

*Chi-square test p-value= 0.002,
**Spearman correlation p=0.324 p-value= 0.001

4.2.3 Clinical Characteristics distribution according to LKB1 expression:

We examined the clinical characteristics of colorectal cancer patients according to their LKB1

expression to find out that their relationship with the LKB1 expression distribution. We first

compared the clinical parameters of the patients with having an exclusive cytoplasmic expression

with patients showing both cytoplasmic and nuclear expression together and then in another

analysis Positive LKB1 expression versus negative expression. None of the clinical parameters

was significantly associated with LKB1 expression using chi-square test except tumor T3 as

shown in table 3 & 4.
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Table. 03  Clinicopathologic characteristics of patients according to LKB1 IHC
positive expression status only (n=123)

No. of Patients (%)

Both
Cytolplasmic &
Nuclear (n=27)

Cytoplasmic
Only (n=96)
Average age y 65.22
Sex
Male 55
Female 41
Tumor
classification
T1 -
T2 7
T3 86
T4 3
Lymph node classification
NO 36
N1 41
N2 19
Histology mucinous
Yes 21
No 75
Overall Stage
Il 36
Il 60
Relapse
Yes 22
No 74
Metastasis
status
MO 34
M1 62

(100)

(57.3)
42.7)

(7.3)
(89.6)
3.1)

(37.5)
(42.7)
(19.8)

(21.9)
(78.1)

(37.5)
(62.5)

(22.9)
(77.1)

(35.4)
(64.6)

63.67

14
13

22

12

21

10
17

18

18

(100)

(51.9)
(48.1)

(18.5)
(81.5)

(44.4)
(29.6)
(25.9)

(22.2)
(77.8)

(37.0)
(63.0)

(33.3)
(66.7)

(33.3)
(66.7)

p value

0.481

0.777

0.155

0.463

0.969

0.965

0.395

0.841

*t-test for age

*x? test for sex, tumor classification,lymph node classification & histology

*Log rank test compared OS & DFI in terms of cytoplasmic versus both cytoplasmic & nuclear expression
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Table. 04 Clinicopathologic characteristics of patients according to LKB1
positive and Negative expression IHC status (n=207)

No. of Patients (%)

Positive Negative
expression expression p value
(n=125) (n=82)
Average age y 64.69 (100) 63.85 (100) 0.545
Sex 0.828
Male 70  (56.0) 48 (58.5)
Female 55  (44.0) 34 (41.5)
Tumor
classification 0.025
T1 = = 2 2.4
T2 12 (9.6) 10 (12.2)
T3 110  (88.0) 62 (75.6)
T4 3 2.4 8 (9.8)
Lymph node classification 0.827
NO 48  (38.4) 35 (42.7)
N1 51 (40.8) 31 (37.8)
N2 26  (20.8) 16 (19.5)
Histology mucinous 27
Yes 27  (21.6) 23 (28.0)
No 98  (78.4) 59 (72.0)
Overall Stage 0.482
Il 46  (63.2) 35 (42.7)
1] 79  (36.8) 47 (57.3)
Relapse 0.242
Yes 32 (25.6) 28 (34.1)
No 93 (74.4) 54 (65.9)
Metastasis 0.597
status
MO 43 (344 32 (39.0)
M1 82 (65.6) 50 (61.0)

*t-test for age
*x? test for sex, tumor classification,lymph node classification & histology
*Log rank test compared OS & DFI in terms of positive versus negative expression
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We further analyzed the association between LKB1 expression with overall survival
(OS) and disease free interval (DFI). It was found that there was no difference in overall
survivals of the patients showing exclusively cytoplasmic versus both cytoplasmic group and
nuclear expression together group, however they differ in their disease free intervals (DFT),

although this difference was non-significant (p value =0.104 using log-rank test) as shown in
figure 12 (a,b).

Fig fal: Covarall il : LKIM saprension: Cyloplumes onfy i both oyloplemes K s Fig: (b) DFI: LKB1 expression: Cytoplasmic only vs both cytoplasmic & nuclear
—

Cytoplasmic only
L‘ —both Cytoplasmic & Nuclear

Coum Srvtvad
Cum Survival

oyl Survivid fmangsal Disease free Interval (DFI) in months

Figure 12 (a&b): Representing OS & DFI of patients having exclusively cytoplasmic expression

versus both cytoplasmic and nuclear expression together. Fig a. log rank test p-value=0.102 Fig.b Log
rank test p value=0.104

Similarly, OS and DFI were compared between LKB1 positive expression patients
group and negative expression group. But these two group did not differ in their OS and DFT as
shown in figure 13 (a,b) below. Cox proportional hazard model was used to test for OS and DFI
based on the LKB1 expression groups, but the values were nonsignificant, that’s why it was not

included here.
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Figure 13 (a&b): Representing OS & DFI of patients having positive expression versus negative
expression together. Fig a. log rank test p-value=0.886 Fig.b Log rank test p-value=0.662
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S. DISCUSSION:

Different mouse models and data from human specimens have begun to provide insight
into the mechanisms underlying LKB1 tumor suppressor activity. Loss of heterozygosity (LOH)
of LKBI in colorectal carcinomas has not been thoroughly studied particularly in non-metastatic
and metastatic carcinomas, although there are studies about LOH of LKB1 in only limited Puetz
Jegher Syndrome (PJS) patients. We tried to detect LOH in a relatively large number of samples
(n=207) of colorectal carcinomas. We used two methods for the identification of LOH, I-e Gene
mapping using microsatellite markers and immunohistochemistry (IHC). We did not detect LOH
in any of the colorectal samples that we tested for LOH (n=120) by using gene mapping
technique. Although we tried this technique for remaining samples (n=87), however, we were
unable to perform it because the DNA was damaged in these samples as it could not be amplified

using PCR. However, we identified LOH in 14% (29/207) samples by using IHC.

We used IHC with the end goal to recognize LOH by relating their expression to LOH.
We found three predominant immunophenotypes in the samples. The expression of Lkb1 was, a:
exclusively cytoplasmic expression, b: both nuclear and cytoplasmic expression, c: no expression
of Lkb1. We found that from total cases, a number of 125 cases (60.4%) have positive Lkbl
expression and 82 (39.6%) cases have negative expression. Among the positive Lkb1 expression,
14% (29/207) patients showed both nuclear and cytoplasmic expression simultaneously as well
as exclusive nuclear expression. Surprisingly, the two cases which showed exclusively nuclear
Lkb1 staining were both from metastatic carcinomas. The exclusively nuclear as well as
simultaneously nuclear and cytoplasmic expression intimates that inactivation LKB1 has
happened probably due to LOH in these patients because Nezu et; al, demonstrated that mutant
LKBI1 express only nuclear expression or both nuclear and cytoplasmic expression while wild
type LKB1 have only cytoplasmic expression to carry out its normal kinase function (43).
Similarly, Tiainen et al and other authors had proposed that kinase-deficient LKB1 mutants
predominantly display nuclear immunostaining and are unable to arrest G1 cell cycle arrest
(61,127). Moreover, upon Akt phosphorylation, 14-3-3 protein binds to LKB1 and antagonizes
the interaction with STARDa. Consequentially, LKBI1 is sequestered in the nucleus as fails to

inhibit cell proliferation (86).
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Interestingly, in metastatic group 15.15 % (20/132) patients exhibited both exclusively
nuclear and nuclear & cytoplasmic at the same time as compared to the non-metastatic group in
which only 12% (9/75) showed this type of expression, which suggests that Lkb1 inactivation is
more common in metastatic colorectal cancer than non-metastatic. Scott et, al illustrated that
LKBI catalytically deficient mutants activate the expression of cyclin D1 through recruitment to
response elements within the promoter of the oncogene Cyclin D1, so consequently change

adenomas to carcinomas (164).

Furthermore, we further analyzed each group i-e patients with metastatic and nonmetastatic
colon cancer, on the basis of their Lkb1 expression. We found the metastatic group has less no of
patients (37.8% vs. 42.6%) that have loss of expression than the non-metastatic group. Gene
silencing due to methylation of CpG islands in the LKB1 promoter as well as biallelic
inactivation of LKB1 may have caused the negative expression (loss of LKB1 expression) as
suggested by Calles et, al and we have the same opinion regarding negative IKb1 expression
(165). Besides that, we found that a greater number of cases from metastatic patients group
(62.1% vs. 57.3%) showed positive LKB1 expression than the non-metastatic group. It can be
inferred from the above discussion that loss of LKB1 may be important in initial tumor cell
growth, invasion, and metastasis, perhaps re-establishment of its expression may promote tumor
survival when growth outstrips nutrient. Also, the increased positive expression (62.1%) in the

metastatic group suggests the pro-oncogenic role of LKb1 in metastatic colon carcinomas.

Additionally, we compared the lymph node (LN) metastatic group with non-metastatic
patients, and we found greater no of patients showing positive expression in the lymph node
metastatic group (n=77 vs. n=43) than the non-metastatic group. This suggests that Lkbl might
have an oncogenic role in metastatic colorectal carcinomas instead of tumor suppressor function
because LKB1 pro-oncogenic activity triggers cell survival in circulating tumor cells (121).
Recent research has also suggested that LKB1 can function to prevent apoptosis in times of
stress, which might similarly provide tumors with a growth advantage. Under energy-deprived
conditions, for example, LKB1-deficient fibroblasts were shown to undergo greater degrees of
cell death than wild type counterparts (93). Similarly, it has been reported that AMPK activation
by oncogenic events is required for maintaining tumor cell growth and survival in subcutaneous

tumor xenografts (167), and elevated AMPK activity has been found in mouse and human brain
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tumors (126,167). Likewise, Lkb1 polyubiquitination by Skp2-SCF ubiquitin ligase activates
Lkb1-AMPK axis, and surprisingly oncogenic H-Ras promotes the polyubiquitination and
activation of LKB1 (122). Energy stress condition especially glucose starvation induces LKB1-
AMPK-mediated MMP-9 expression, which promotes cell invasiveness and migration (168). It
is also shown that the LKB1/AMPK pathway protects epithelial cells from anoikis once they
detach from a surface (124). Recently it was found that AMPK promotes the survival of
colorectal cancer stem cells (CSCs) (123), and LKb1 is happened to be responsible as it is an
upstream kinase of AMPK. Although LKBI1 is classified as a tumor suppressor, its activation by
Skp2 in response to oncogenic H-Ras as well as by other mechanisms suggest that it also exhibits
pro-oncogenic potential and this is true in our study because there is increased activation

(positively expression) of Lkbl1 in a metastatic group than the non-metastatic group.

In our experiments, we identified Lkb1 inactivation possibly due to LOH in 14% (29/207)
cases by using IHC; other possibilities have to be considered which can also affect Lkbl
expression. For instance, Lkb1 inactivation can occur due to methylation, somatic mutations,
post-transcriptional modification as well other mechanisms for which more studies are
recommended. Also, we suggest the partial role of LKb1 in colorectal cancer pathogenesis as
studies of adenomas and carcinomas from patients revealed genetic alterations in other genes
such as APC, PTEN, PIK3CA, BRAF, EGFR, K-ras, B-catenin, and p53 genes which play their
part in the colon cancer pathogenesis (144,145,169). Furthermore, studies have shown that Lkb1
expression is significantly associated with overall survival (OS) and Disease free interval (DFI)
only in the Asian population and obvious for lung cancer only (170). As expected, our results did
not reveal any significant association of LKB1 expression with overall survival as our all patients
were Caucasians. We found that Lkb1 expression distribution pattern was the same in both colon
carcinomas and its paired normal colon (n=105) and they have a weak positive correlation

(Spearman correlation=0.324, p=0.001).

Although LKB1 IHC may underestimate the true incidence of biallelic inactivation/LOH in
colorectal carcinomas (as a result of tumor heterogeneity, binding of a polyclonal antibody to the
truncated protein, or some other mechanism), overall, it is a reliable method for assessing LKB1
gene status. The use of [HC for LKB1 complements other methods because it covers both

genetic and epigenetic mechanisms underlying loss of LKB1 function. As IHC is rapid,



48 | Page

inexpensive, this method may circumvent the need for more cumbersome genetic evaluation of

the LKBI1, particularly when sufficient quantities of tumor-rich DNA are difficult to obtain.

In summary, we employed two different techniques to identify LOH in Lkb1. We identified
LOH in 14% colon cancer cases by IHC. Lkb1 expression simultaneous nuclear and cytoplasmic
(catalytic mutants Lkb1) was more common in a metastatic group than the non-metastatic group.
LKDb1 has a pro-oncogenic role in colon cancer as opposed to its tumor suppressor role because
in the metastatic group we have a higher number of patients that showed positive LKB1
expression than the non-metastatic group. Also, there is a weak correlation between normal
colon and colon carcinomas on the basis of their Lkb1 expression. Even though we used gene
mapping for 120 samples only, in the remaining cases (n=87), we don’t have good quality
samples. Likewise, Single Nucleotide Polymorphism (SNP) array can be used to detect LOH in a

more accurate way for which further studies are recommended.
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