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ABSTRACT 

Osteosarcoma (OS) is a rare malignant mesenchymal neoplasm, but the third most 

common cancer in adolescents. Understanding the molecular pathogenesis of this disease is 

essential to design new, effective therapeutic strategies to improve patient survival. The recent 

report that LKB1-deficient mice develop bone-forming tumours begs the question whether loss 

of this tumour suppressor gene plays a role in human OS pathogenesis.   

We found that LKB1 protein expression was reduced in 20 of 26 (77%) human OS cases 

by Western blot and 153 of 259 (59%) by immunohistochemistry. Downstream, the mTOR 

pathway was activated in 137 of 158 cases (87%) and this activation was correlated to LKB1 

loss, providing new insights into potential treatments. 

No copy number loss of the LKB1 region was identified in 93 OS cases by interphase 

fluorescent in situ hybridization. Four of 12 informative cases had concomitant loss of one 

parental allele at the locus of one single nucleotide polymorphism and reduced protein 

expression; one of them possessed only one LKB1 copy by qPCR. Direct sequencing of 21 cases 

failed to detect LKB1 mutations and all these cases expressed similarly high levels of LKB1 

mRNA by qRT-PCR, irrespective of their protein expression. It suggested that LKB1 is regulated 

post-transcriptionally in OS. 

In silico analysis of our OS microRNA data showed that this cannot be accounted for by 

microRNA directly targeting LKB1 mRNA and a preliminary study could not exclude the 

involvement of SIRT1. 

The knock-down of LKB1 by shRNA in the osteoblast cell line HOB had only subtle 

effects on cell proliferation and survival. Its role in OS pathogenesis was confirmed by knock-in 

in LKB1-deficient OS cell lines, which induced reduced cell proliferation.  

To conclude, LKB1 protein expression is reduced in a subset of OS by a post-transcriptional 

mechanism, leading to increased cell proliferation in the tumour. 
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Chapter 1: INTRODUCTION  

1.1 Osteosarcoma 

Osteosarcoma (OS) is a rare malignant mesenchymal neoplasm that is characterized by the 

production of osteoid matrix by the tumour cells.  The term osteosarcoma was introduced as early 

as 1805 by the French surgeon Alexis Boyer (Peltier 1993). Although the cancer has been 

extensively studied since the start of the 20
th

 century, it has a high mortality rate and its genetics 

are poorly understood.  

 

1.1.1 Disease characteristics 

1.1.1.1 Incidence 

The incidence of OS is low, affecting between 2 to 4.8 persons per million per year (Bielack et al. 

2005, Ries et al. 1999).  It represents less than 0.2% of all cancers (American Society of 

Cancer)(Whelan et al. 2010), but it is the most common bone cancer and the third most common 

cancer among adolescents (Kansara & Thomas 2007). It affects about 150 persons per annum in 

the UK (Cancer Research UK (CRUK) and Tan et al. 2006) and 450 to 600 in the US (Ries et al. 

1999). Its incidence is slightly higher in men compared to women – with a ratio of 1.5 to 1 

(Bullough 2004) – which may be due to differences in growth observed between the sexes. It is 

also slightly higher in black populations.  

 

1.1.1.2 Clinical presentation 

Patients with OS present symptoms of pain and swelling. The pain often increases with physical 

activity and persists at night. Pathological fracture occurs in 5% of the cases. The symptoms have 

usually appeared several months before diagnosis. The neoplastic tissue is positive for alkaline 

phosphatase and some patients present with increased levels of serum lactate dehydrogenase 

(Bacci et al. 1994) and alkaline phosphatase (Bacci et al. 1987). The lesions, which may be 

osteolytic or sclerotic (or both), can be detected radiographically. Computerized tomography (CT) 

or magnetic resonance imaging (MRI) demonstrates the extent of the tumour and is useful for 
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planning the biopsy approach and the treatment (Gibbs et al. 2001). The diagnosis should be 

confirmed at the histological level on a needle core biopsy prior to treatment. Due to the high 

occurrence of metastatic disease in the lungs (section 1.1.3), a CT of the chest is also routinely 

performed at the time of diagnosis. 

  

1.1.1.3 Age group 

Two thirds of patients with OS present between 10 and 25 years old (Bullough 2004), the age of 

maximum bone growth. In one third of the cases, patients are affected later in life, after 50 years 

of age, in which case it usually occurs on the background of another condition (section 1.1.2).  

 

1.1.1.4 Sites 

OS can develop in any bone, but it primarily affects long bones in the vicinity of the growth plate: 

predominantly the distal femur, the proximal tibia and the humerus (Figure 1.1). 

 
Figure 1.1: OS sites and frequency.  

Possible location and occurrence ( % of total) of central high-grade OS (Bullough 2004). 
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1.1.1.5 Subtypes and classification 

OS can be separated into two groups according to the World Health Organisation (WHO) 

classification: central OS and surface OS.  

Over 75% of cases represent central OS; they are sited in the medullary canal and are 

characterised by their histological subtypes. The most common is osteoblastic, accounting for 

about half of the cases, followed by fibroblastic and chondroblastic, each accounting for about a 

quarter of the cases (Cleton-Jansen et al. 2005). The remaining cases are represented by rare 

variants including telangiectatic, giant cell rich, osteoblastoma-like and small cell OS (Figure 1.2 

and Figure 1.3). Different histological subtypes are frequently found in different areas of a tumour, 

making a strict classification difficult.   

Surface lesions are less frequently observed and include two main subtypes: parosteal or 

periosteal, depending on their localisation on the bone. Unlike central OS, parosteal OS occurs in 

young adults (age peak is about 30 years) and is more common in women – ratio of 1.5 to 1 

(Bullough 2004). According to the WHO classification, periosteal OS is more frequent in 

adolescents.  

 

 

 The Figure continues on next page 
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Figure 1.2: H&E sections illustrating the different histopathological subtypes of central (A to D) and 

surface (E) OS. 
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1.1.1.6 Grading 

Central OS is generally a high-grade neoplasm. Parosteal subtype is a low-grade neoplasm and 

usually responds poorly to chemotherapy, making treatment difficult despite its low-grade status. 

It can also recur and dedifferentiate, hereby becoming a high-grade neoplasm. Periosteal OS is 

classified an intermediate-grade tumour. 

 

1.1.1.7 Aggressive Osteoblastoma versus Osteosarcoma 

Osteoblastoma (OB) and osteoid osteoma are benign bone lesions but can behave locally in an 

aggressive manner. The lesion is excised and patients are not treated with chemotherapy. A small 

proportion of OB can be aggressive, and on occasions, the differential diagnosis between 

osteoblastoma-like OS (Figure 1.3) and an aggressive OB is difficult at the microscopic level. Since 

they are treated differently, it would be valuable to have molecular markers to distinguish them. 

 

 

Figure 1.3: H&E section of an osteoblastoma-like OS. 
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1.1.2 Causes and risk factors 

Environmental and genetic factors have been identified to play a role in OS. Several familial 

syndromes have been associated with this disease and are presented in this section. The exact role 

of the genes implicated in those syndromes is detailed further in section 1.1.5.1. 

 

1.1.2.1 Rapid bone growth 

Rapid bone growth has been noticed to coincide with age peak of OS; it is thought to be related to 

OS development. The incidence of OS in girls peaks at an earlier age than in boys, as is their 

growth spurt. Young patients with OS are relatively taller than the average young for their age. The 

disease is also predominantly seen in metaphyseal portions of the bones undergoing the most 

rapid growth such as the distal femur or proximal tibia (Figure 1.1 and section 1.1.1.4). However, 

OS neither occurs exclusively during the patient bone growth nor near the growth plate of bones. 

 

1.1.2.2 Radiation-induced Osteosarcoma 

Exposure to radiation and radiotherapy gives an increased risk of developing OS in the long term, 

within 4 to 40 years (median of 12 to 16 years). The use of diagnostic radioconstrast and alkylating 

agents could also increase the risk of OS development.  

 

1.1.2.3 Paget’s disease of bone 

Patients with abnormal bone turnover, such as Paget’s disease of bone, have an increased risk of 

developing OS; in these cases, patients develop the disease generally over 40 years of age. Paget’s 

disease of bone was discovered in 1877 by Sir James Paget and has been associated with defects in 

the genes PDB2 (18q), in the IL-1/TNF signalling pathway, or SQSTM1 (e.g. PBD3 or p60, 5q35.3) 

and MAPK8 (10q11.22) in the RANK signalling pathway (Kansara et al. 2007). It is mostly a localised 

and clinically silent condition, often diagnosed upon autopsy or complications (including fracture, 

arthritis, heart failure or sarcoma). It is associated with a high level of osteoclastic resorption of 

bone. Increased bone resorption results in increased osteoblast proliferation and activity (Bullough 

2004). The theory is that this contributes to the onset of OS. 
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Figure 1.4: H&E sections at 3 different magnifications illustrating the appearance of Paget's disease of 

bone.  

The mosaic pattern acquired by the bone and the presence of numerous osteoclats are typical features of 

Paget’s disease. 

 

1.1.2.4 Retinoblastoma 

The strongest association between OS and a genetic disease is with hereditary retinoblastoma. 

This condition is caused by a germline mutation in the tumour suppressor gene retinoblastoma 

gene 1 (RB) on chromosome (chr) 13q14.2 (section 1.1.5.1). This condition leads to the 

development of malignant tumours in the retina at an early age, usually before 5 years old. The 

incidence of OS in patients affected with this condition is increased by 2000 fold in the skull in 

cases having radiation treatment and 500 fold in the extremities (Hansen et al. 1987, Wong et al. 

1997). 

 

1.1.2.5 Li-Fraumeni syndrome 

Patients with Li-Fraumeni syndrome, caused by a germline mutation of p53 (17p13.1), have a 15 

fold increased incidence of OS.  
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1.1.2.6 Other pathologies and syndromes related to Osteosarcoma  

Bone dysplasia such as fibrous dysplasia, enchondromatosis (Ollier’s disease) or hereditary 

multiple exostoses, and other bone conditions such as chronic osteomyelitis are associated with 

an increased risk of developing OS.  

Other syndromes are associated with this cancer, including Rothmund-Thompson (caused by a 

mutation in RecQL4, located on 18q24.3), Bloom (BLM, e.g. RecQL3, 15q26.1) and Werner (WRN, 

e.g. RecQL2, 8p12-p11.2) syndromes. They all affect the DNA helicase family, RecQL (section 

1.1.5.1). 

 

1.1.3 Current treatments 

 OS is currently treated with neoadjuvant and adjuvant chemotherapy, and surgery. Radiotherapy, 

when delivered at standard doses, is ineffective on OS tumours, so it is usually not prescribed as a 

treatment (Picci 2007), although recent clinical studies have demonstrated its potential in 

combination with chemotherapy (Mahajan et al. 2008).   

 

1.1.3.1 Surgery 

Surgery was the exclusive treatment for OS until the 1970s when chemotherapy was introduced. 

The procedure consists of the surgical resection of all malignant tissue with wide margins. 

Complete removal of the tumour is essential as only 10% of patients are cured with chemotherapy 

alone (Jaffe et al. 2002). Thanks to the progress in orthopaedic surgery, amputation of the whole 

limb involved by the tumour can be avoided in most cases (Kim et al. 2010): limb-sparing (or limb 

salvage) procedures are now used in 90% of the cases and do not affect patient survival when 

radical margins are used. As OS mainly affects young children and adolescents, this surgical 

technique limits the long-term burden of the surgery and greatly improves the patient’s quality of 

life.  
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1.1.3.2 Chemotherapy 

The introduction of chemotherapy as a treatment for OS resulted in a dramatic improvement in 

overall patient survival, from 20% with surgery only to 60-70% on average (Greene 2002). No 

significant change of this survival has been observed since then. It is hypothesised that the pre-

operative chemotherapy targets the undetectable micrometastases present in most patients 

(Bruland et al. 2005). This would explain its efficiency. It also helps to shrink the primary tumour, 

facilitating its resection and the use of limb-sparing surgery (Gibbs et al. 2001, Kim et al. 2010). 

Patients of older age do not tolerate chemotherapy as well as young patients and are sometimes 

treated with surgery only.  

The chemotherapeutic agents used for the treatment of OS are doxorubicin (Cortes et al. 1974, 

Pratt et al. 1974b), cisplatin (Baum et al. 1981, Gasparini et al. 1985, Ochs et al. 1978), 

methotrexate (Jaffe et al. 1974, Pratt et al. 1974a, Pratt et al. 1980), and more recently ifosfamide 

in combination with etoposide (Marti et al. 1985, Miser et al. 1987, Saleh et al. 1990).  

The patient’s response to the pre-operative chemotherapy is assessed on the resected tumour by 

a pathologist. In tumours which show a good response to chemotherapy, over 90% of the tumour 

is necrotic. Tumours which have less than 90% necrosis are classified as showing a poor response 

to chemotherapy  (Salzer-Kuntschik et al. 1983, Winkler et al. 1988). The five year survival of 

patients with good response to chemotherapy is around 75 to 80%, compared to around 45 to 

55% for poor responders (Bielack et al. 2002, Whelan et al. 2000). 
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1.1.4 Disease progression 

1.1.4.1 Recurrence and metastasis 

OS frequently recurs or metastasises, either early (e.g. metastasis is present at the time of 

diagnosis) or late (e.g. metastasis appears several years after treatment). The most common site 

of metastasis is the lung but metastases to bone or soft tissue are also reported. About 20% of 

patients have detectable distant metastasis at diagnosis (Cleton-Jansen et al. 2005). Patients with 

metastatic disease have a worse prognosis and their five year survival rate is far lower. It drops to 

10% when the metastases are present at diagnosis compared to 55% with localised disease 

(Bielack et al. 2002, Whelan et al. 2000) and 90% for patients with a OS tumour classified as low-

grade (CRUK).   

 

1.1.4.2 Prognostic markers 

Clinical factors 

At present there are few prognostic factors used in the clinic for OS. The patient response to 

chemotherapy has been the most widely employed one, along with either the presence or the 

absence of metastatic disease. Patients with poor response or metastatic disease have little 

additional treatment options at present and a worse prognosis. Hence they would benefit from 

the identification of new therapeutic targets. No molecular marker has so far been confirmed as a 

predictor of the patient’s response to chemotherapy or of risk of developing metastatic disease. 

There is a great need for such biomarkers as they would ensure a better tailoring of the patient’s 

treatment.  

Different histological subtypes show different responses to the chemotherapy and can therefore 

be used as prognostic factors. For example the chondroblastic subtype usually responds poorly to 

chemotherapy (Cleton-Jansen et al. 2005). This may be due to the low cellularity of the tumour 

and the presence of a high quantity of chondroid matrix, which could hamper the delivery of the 

drug to the cancer cells. 

Incomplete surgery is a negative prognostic factor and the classification of the surgical margin can 

be used to predict the patient’s risk of relapse. Radical surgical margins are recommended to 

prevent local recurrence (Picci et al. 1994). The excision margins are routinely assessed upon 
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resection, to ensure no tumour remains after surgery. Axial location and tumour size, when it can 

be evaluated, can also give an indication of the prognosis of the patient (Bielack et al. 2002, Bieling 

et al. 1996).  

Finally, according to CRUK, patients who are young have a higher chance of recovery. Elevated 

serum alkaline phosphatase as well as lactate dehydrogenase has also been shown as an indicator 

of poor prognosis (Bacci et al. 1987, Bacci et al. 1994).  

 

Possible molecular markers under review 

P-glycoprotein expression is the most promising prognostic marker identified to date. P-

glycoprotein, (e.g. ABCB1 or MDR1, 7q21.12) is a member of the ABC-transporter family and part 

of the multi-drug resistance (MDR) subfamily. This molecule enables cells to expel chemotherapy 

drugs, which could explain its association with poor prognosis in 94 OS cases (Serra et al. 2006). Its 

use to stratify patients for chemotherapy has been suggested by the authors but the screening of 

a larger cohort is required. The use of other multidrug resistance proteins as biomarkers, such as 

MRP and BCRP1 also needs to be investigated further.  

Several biomarkers are reported in the literature to be associated with patients’ prognosis and 

metastasis (Yamamoto et al. 2010), including tyrosine kinase receptors like EGFR and Erbb2 

(Kersting et al. 2007, Onda et al. 1996)(section 1.1.6.1), ezrin (section 1.1.5.2 and 1.2.3.1), S100A6 

(Luo et al. 2008), annexin 2 (Mintz et al. 2005), matrix metalloproteinases (MMP) like MMP-9 

(Peng et al. 2002) or SDF-1 (Kansara et al. 2007, Tang et al. 2008). They have been identified by 

prospective whole genome analysis of clinical samples or by the profiling of in vivo and in vitro 

models. Yet, none of them is currently assessed as a routine in the clinic and the screening of large 

cohorts of human patients is warranted prior to their use. Once implemented, these markers may 

unveil new therapeutic targets. 
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1.1.5 Molecular pathology: uncovering the pathogenesis of Osteosarcoma 

Although OS has been studied for decades, very little is understood of the molecular mechanisms 

causing the disease. This can be explained both by the wide heterogeneity of the disease, despite 

its rarity, and by the complex genetic profile of the tumours. Several approaches have been 

undertaken to explain OS pathogenesis: the study of the genetic abnormalities of the disease, 

gene expression or protein expression profiling of the tumours, use of in vivo models and study of 

the cell of origin of the tumour were the most fruitful ones. They are detailed in this section.  

 

1.1.5.1 Genetics of Osteosarcoma 

OS cases are not characterised by a consistent chromosomal aberration. Unlike in Ewing’s and 

other sarcomas, no translocation has been identified as a hallmark of this cancer. Abnormal 

karyotypes with frequent aneuploidy and complex chromosome abnormalities have been detected 

but without a clear pattern between different cases. It has been suggested that a defect in 

chromosomal stability or DNA repair may be an early event in the pathogenesis of OS, leading to 

these inconsistent abnormalities (Khanna 2008). The most commonly observed genetic 

abnormalities occurring in familial syndromes or in vivo models are described below.  

 

Role of RB and its pathway 

Among the genes implicated in OS pathogenesis, RB is the best known one. RB plays a major role 

in the transition from G1 to S phase, by regulating the function of the transcription factors E2F1, 2 

and 3 (Figure 1.5). Therefore deregulation of the protein can affect the control of cell proliferation. 

In addition to patients developing OS after suffering from retinoblastoma (section 1.1.2.4), loss of 

RB expression has been reported frequently in sporadic OS cases (Kansara et al. 2007), via loss of 

heterozygosity (LOH) in up to 70% of cases (Tang et al. 2008), structural rearrangement or point 

mutations (Miller et al. 1996b).  

Other genes in the same pathway as RB are also frequently deregulated in OS (Figure 1.5). CDK4 

(on chr 12q14), which can negatively regulate RB by phosphorylation, has been found amplified in 

some OS cases. They were mostly of the parosteal subtype, with up to 65% of cases of this subtype 

having this abnormality (Tang et al. 2008, Yoshida et al. 2010), rather than high-grade central 
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tumours (Nielsen et al. 1998). High levels of cyclin D1 (chr 11q13.3), whose protein forms a 

complex with CDK4, have also been reported in some cases (Tang et al. 2008). Alterations of the 

CDK inhibitor genes which can regulate CDK4, CDKN2A – e.g. p16 protein - and CDKN2B - e.g. p15 

protein - but not on CDKN2C - e.g. p18 protein - have also been reported in a subset of OS cases 

and cell lines (Miller et al. 1996a). Alterations of CDKN2A were more frequent in absence of RB 

alterations (Nielsen et al. 1998). 

 

Role of the p53 pathway 

The fact that patients with the Li-Fraumeni syndrome (section 1.1.2.5) develop OS suggests the 

p53 pathway plays a role in this cancer. p53 is involved in DNA repair, cell cycle arrest and 

apoptosis by regulating downstream genes including p21 and Bax (Figure 1.5). Loss of p53 function 

in sporadic cases has also been found in 40 to 60% of the high-grade cases (Tsuchiya et al. 2000), 

by allelic loss (75 to 80% of cases), point mutations (20-30%) and gene rearrangements (10-20%) 

(Miller et al. 1996b, Tang et al. 2008).  

In addition to p53 direct inactivation, several genes in its pathway are de-regulated in OS. Mouse 

double minute 2 gene (MDM2, 12q14.3-q15), an inhibitor of p53, is amplified in OS (Ladanyi et al. 

1993). This genetic event seems more frequent in parosteal OS (Gamberi et al. 2000, Ragazzini et 

al. 1999) and can be detected at the protein level (Yoshida et al. 2010). It was observed 

independently of p53 alterations (Miller et al. 1996b). This genetic abnormality was confirmed by a 

study by fluorescent in-situ hybridisation (FISH) in our group, in which 179 OS cases, including 24 

parosteal were screened (Duhamel et al. 2010).  

CDKN2A (chr 9p21.3), which encodes for both p16 and p14 proteins (and can hence regulate both 

p53 and RB) has been reported as mutated, lost or methylated in OS cases (Lopez-Guerrero et al. 

2004, Miller et al. 1996a, Tsuchiya et al. 2000), although it was suggested that small or large 

deletions of this gene are more frequently observed than methylation (Mohseny et al. 2010).  

Mutations in CHK2 (chr 22q12.1), which regulates p53 stability, has been reported in a small 

number of cases (Miller et al. 2002) and is also responsible for the Li-Fraumeni syndrome in the 

absence of p53 mutations (Bell et al. 1999).  
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Figure 1.5: Scheme of p53 and RB pathway.  

 

Role of RecQL family 

RecQL helicases (involved in Werners, Bloom and Rothmund Thomson syndromes, section 1.1.2.6) 

participate in the maintenance of genomic stability and DNA repair. The exact function of these 

proteins in OS is unknown. In sporadic OS, no mutations in these genes were identified in one 

study (Nishijo et al. 2004) but the proteins may be overexpressed compared to their level in 

osteoblasts (Maire et al. 2009). 

 

Role of the oncogene MYC 

The oncogene MYC, or v-myc (avian) myelocytomatosis viral oncogene homolog (chr 8q24.21), is 

amplified at the genetic level in 7 to 12% of cases and also at the protein level in a small cohorts of 

patient (Gamberi et al. 1998, Tang et al. 2008). MYC is an oncogene that has been implicated in 
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several hematopoietic tumours and is a transcription factor that regulates processes like cell cycle, 

apoptosis and cellular transformation. 

 

Role of FOS 

The oncogene FOS (chr 14q24.3) has also been associated with OS as it is overexpressed in 61% of 

cases in one study at the protein level (Wu et al. 1990). This has been confirmed by a study on a 

small cohort of patients, with overexpression of FOS at the mRNA and protein level, and was 

associated with metastasis (Gamberi et al. 1998). FOS is a transcription factor that dimerises with 

proteins of the JUN family and is involved in cell growth, differentiation, transformation and bone 

metabolism.  

 

1.1.5.2 Whole genome and epigenome analysis 

Several groups have used genomic and epigenomic analysis to uncover the pathogenesis of OS, 

using a wide range of techniques and heterogeneous cohorts of samples.  

 

Copy number changes in Osteosarcoma 

As mentioned earlier, OS displays a great range of genetic instability; cytogenetic, comparative 

genomic hybridisation (CGH) or single nucleotide polymorphism (SNP) studies have identified a 

wide range of copy number variation. Although the results are not always consistent, gain of  6p, 

8q and 17p (containing p53 and COPS3, which regulates p53) are the most frequently observed 

abnormalities (Cleton-Jansen et al. 2005). Also, gain of chromosome 1, and loss of chromosome 9, 

10, 13 and 17 are commonly seen (Bridge et al. 1997). Overall, gains are more frequent than 

losses. Although informative, those studies have not really enabled to characterise further OS 

genetic profile as many genes loci they identified were from already known candidates (section 

1.1.5.1).  
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Gene expression profiling 

Several studies have focused on the establishment of a gene expression profile of human OS using 

gene expression microarrays (GEM). Their results are difficult to interpret due to the 

heterogeneity of the samples and the controls selected.  Nevertheless, they led to the 

identification of interesting markers like ezrin (Khanna et al. 2001, Leonard et al. 2003)(section 

1.2.3.1), EBF2 (Patino-Garcia et al. 2009), which is part of the RANK pathway (section 1.1.6.1), and 

of the role of the Wnt-β-catenin pathway in OS pathogenesis (Cleton-Jansen et al. 2009, Kubista et 

al. 2010)(see discussion in section 1.1.5.3). Three studies compared the genomic profile of good 

responders and poor responders (Man et al. 2005, Mintz et al. 2005, Ochi et al. 2004), but 

unfortunately their results did not overlap. 

Other studies have focused on in vitro and in vivo models to identify putative genes responsible for 

resistance to chemotherapy or metastasis, by comparing a cell line with enhanced chemo-

resistance or metastatic potential to their parental counterpart (Bruheim et al. 2009, Nakano et al. 

2003, Rajkumar et al. 2008, Yamamoto et al. 2010). They confirmed the potential role of markers 

like ezrin, matrix metalloproteinases or VEGF, introduced in previous paragraphs. However, these 

findings still need to be confirmed on large cohorts of human tumours.  

 

Epigenomic studies 

At present, only one group has published analysis of whole genome methylation in OS cases 

(Sadikovic et al. 2009) and cell lines (Sadikovic et al. 2008) and integrated their results with their 

GEM and CGH arrays data. They identified a differential expression of Runx2, which controls 

osteoblast differentiation (section 1.1.5.4) and confirmed the role of known genes and pathways 

like MYC or the p53 pathway. The methylation profile of OS cell lines has also been screened by 

Kansara et al, who found that Wifi1, an inhibitor of the Wnt family, was silenced by 

hypermethylation (see discussion in section 1.1.5.3). 

The discovery of small non coding mRNA, or microRNA (miRNA), in recent years has opened a new 

insight on the post-transcriptional regulation of protein expression. miRNA can bind to mRNA and 

either prevent their transcription or induce their degradation (Flynt et al. 2008). However, there 

are very few reports on miRNA profiles of OS published to date.  One group has published the 

miRNA signature of 200 tumour tissues from 22 different sarcomas, including 15 OS cases (Sarver 
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et al. 2010). However, there are no published articles with an analysis of the data obtained for 

these cases and no details on the pathology and clinical characteristics of the tumours chosen. 

Three studies identified miRNA implicated in chemotherapy response using in vitro (Song et al. 

2010, Song et al. 2009) or in vivo (Gougelet et al. 2010) models: miRNA-140, miRNA-215, miRNA-

92a, miRNA-99b and miRNA-132. Both studies found different targets, which may be due to the 

fact that they use either different models or chemotherapy drugs. Additionally, unpublished data 

from our group failed to identify miRNA that could be used as biomarkers for chemotherapy 

response by comparing the miRNA signature of 11 human OS biopsies showing a poor response to 

chemotherapy in the subsequent tumour resection and 13 showing a good response. Hence these 

results need to be confirmed further on a large cohort of patients. miRNA-143 and miRNA-21 were 

the focus of two studies and related them to decreased cell apoptosis (Zhang et al. 2010a) and cell 

invasion and migration (Ziyan et al. 2010) respectively. However, these two studies focused the 

expression of only one miRNA, selected due to its role in other cancer, so these results need to be 

confirmed by whole genome analysis in larger cohorts of patients. The effort of the Eurobonet 

network, which currently studies the miRNA and gene expression profiles of OS cases and cell lines 

(unpublished data) will help to understand better the role of miRNA in OS. 

 

Deep sequencing: the Cancer Genome Project 

The Sanger Institute is currently analysing the mutation status of 246 human OS samples by deep 

sequencing (Forbes et al. 2008). Mutations have been reported in p53 in 43 of 165 cases analysed 

(26%), in CDKN2A in 23 of 246 (9%) cases with 3 of 10 (30%) in the p14 transcript and in RB in 12 of 

86 (14%) cases, confirming the results previously published on this disease (section 1.1.5.1). 

Interestingly, novel mutations were also found, with 4 of 43 cases (9%) mutated in BRAF, 2 of 75 

(3%) in EGFR, 1 of 164 (>1%) in FBWX7 and 1 of 10 (10%) in TSC1. As further samples and further 

genes are analysed, novel markers are likely to be uncovered. 
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Conclusion 

Overall, the prospective analysis of the genomic and epigenomic features of OS using high 

resolution technology has not yet given a clear picture of the disease. The complexity of this 

cancer is such that the profiling of the tumours has yielded little transferable data, with hundreds 

of potential targets identified and yet few confirmed in subsequent publications. Hence most 

studies conducted so far have failed to distinguish the passenger genetic events from the driver 

ones. Only a handful of recent studies have lead to novel findings and a better understanding of 

the disease, with the identification of the role of ezrin and of the Wnt-β-catenin pathway. 

The integration of the results of gene expression and copy number studies is hampered by the 

selection of small cohorts of tumours with heterogeneous profiles, mixing different subtypes, 

different grades and different biological material (cell lines, xenografts, biopsies, resection pre or 

post-chemotherapy). The limited availability of tumour tissue, due to the rarity of the disease, 

explains these designs. In vitro and in vivo models have therefore been widely employed to 

overcome this problem but the significance of the results has rarely been confirmed on large 

cohorts of patients. Most of the targets identified from these studies are yet to be translated into 

biomarkers or treatment.  

The use of appropriate controls is essential in the analysis of the genomic and epigenomic data. As 

the cell of origin of OS has not been clearly identified (section 1.1.5.4), there is no consensus on 

the matching normal tissue to use. OB does not transform into OS and no other benign disease 

progressing into OS has been reported, limiting the choice for a matching control. Different groups 

have chosen different approaches; MSC and osteoblasts are the most common controls employed. 

Other studies have simply compared tumours or cell lines between them, according to their 

chemoresistant or metastatic properties, without normal reference. This absence of 

standardisation in the methodology is contributing to heterogeneity of the results observed.  

Deep sequencing of OS as performed at the Sanger Institute may help the understanding of the 

genetics of this disease and to identify the driver genetic events. Studies integrating results of 

GEM, CGH (or SNP), methylation and miRNA arrays may also help to better decipher the 

mechanisms of OS pathogenesis, compared to the use of one method alone. Such an effort is 

currently being undertaken within the Eurobonet network (unpublished data). However, the use 

of high numbers of cases along with their matching normal tissue and a strict clinico-pathological 
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classification of the cases has to be achieved to overcome the difficulties encountered with 

previous studies.  

 

1.1.5.3 Proteomic analyses and additional pathways implicated in the 

disease 

Proteomic results 

The recent publication of proteosome analysis of OS cell lines compared to osteoblast controls has 

enabled the identification of  potential markers such as Prohibitin (Liu et al. 2009), which plays a 

role in the G1-S phase transition in the cell cycle, AHA1 (Guo et al. 2007) which can bind to Hsp90, 

a potential therapeutic target in OS (section 1.1.6.1) or CD151 (Zhang et al. 2010b). Two studies 

performed on human tumour samples confirmed the deregulation of ezrin (Folio et al. 2009, Li et 

al. 2010) among other targets. However, as in genomic studies, the protein identified by this 

method needs to be validated further in large cohorts of patients. 

 

Wnt-β-catenin pathway 

As detailed in the previous paragraph, genomic and epigenomic analyses of OS have identified that 

the Wnt pathway plays a role in OS pathogenesis (section 1.1.5.2). The Wnt (or wingless-type 

MMTV integration site) family, can act through a non-canonical pathway or a canonical pathway, 

though β-catenin. This latter pathway has been shown to play a role in bone development 

(Hartmann 2006). However, the mechanism of its action is controversial in OS, with studies 

suggesting it is activated and that β-catenin or Wnt ligands are present (Haydon et al. 2002a, 

Iwaya et al. 2003, Kansara et al. 2009) and other studies suggesting it is downregulated in OS  (Cai 

et al. 2010, Cleton-Jansen et al. 2009). To be active, β-catenin needs to be transported to the 

nucleus, where it can act as a transcription factor; Cai et al show then that in 90% of  52 OS cases, 

no nuclear β-catenin staining was observed by immunohistochemistry and argue that previous 

publications showed accumulation of cytoplasmic β-catenin rather than nuclear. The mechanism 

of transport of this transcription factor to the nucleus when it accumulates in the cytoplasm is not 

well understood; further studies are warranted to determine the exact role of the Wnt pathway in 

OS. 
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mTOR and Ezrin 

The PI3K-Akt-mTOR pathway has been suggested to participate to the pathogenesis of OS in 

several studies, mostly in connection to ezrin, which may act upstream of this pathway. This will 

be developed in section 1.2.3. 

 

1.1.5.4 In vivo models used to understand disease progression 

Transgenic mice 

Several transgenic mouse models have been reported to develop OS tumours, confirming the 

genetic findings of the disease (detailed in 1.1.5.1). Mice lacking both alleles of Rb die in utero, but 

surprisingly, mice lacking one allele failed to develop OS or even retinoblastoma (Jacks et al. 1992). 

On the contrary, p53 null mice were viable and developed OS among other cancers (Jacks et al. 

1994), as did mice lacking both Bax and p14 (Eischen et al. 2002). Mice lacking one allele of p53 

also developed OS but at a later age (Donehower et al. 1992, Jacks et al. 1994, Purdie et al. 1994). 

Nf2
+/-

 mice have been reported to develop highly metastatic OS with long latency. Merlin, encoded 

by NF2, can destabilise p53 by inhibiting MDM2, which may account for this result. However, no 

mutation was detected in NF2 in 22 OS cases (Stemmer-Rachamimov et al. 1998). Mice 

overexpressing Fos develop OS, and the exogenous gene was found to be specifically 

overexpressed in osteoblasts (Grigoriadis et al. 1993, Ruther et al. 1989).  

 

Conditional knock-outs in the osteoblast lineage 

The role of osteoblasts in OS pathogenesis suggested by the previous report on Fos has been 

confirmed further by the recent use of conditional knock-out of p53 and Rb in transgenic mice in 

the osteoblast lineage.  

One group restricted the loss of one or both alleles of p53 by using a Col1A1-Cre construct, 

reported to express the Cre-recombinase specifically in osteoblasts (Liu et al. 2004). However, 

Col1A1 (collagen type 1 alpha 1) can be found in other tissues such as retina; this gene is not 

implicated in the differentiation process of the osteoblast lineage and its expression is not 

restricted to one progenitor. Both homozygous and heterozygous p53 deletion lead to tumours 
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development, with a shorter latency for the homozygous deletion; 60% of them were OS (Lengner 

et al. 2006).  

A more specific conditional knock-out strain was then established by two different groups by using 

an alternative osterix-Cre construct (Berman et al. 2008, Walkley et al. 2008). Osterix, or SP7, is a 

transcription factor regulated by Runx2 that is expressed in the transition from osteoblast 

progenitors to preosteoblasts; these express alkaline phosphatase and Col1A1, so the knock-out 

happens in a less differentiated cell than in the model of Liu et al (Figure 1.6). In this model, mice 

lacking one allele of Rb did not develop OS, and only one animal lacking both alleles of Rb 

developed OS in the two studies. The p53
+/-

 and p53
-/-

 strains developed OS; loss of Rb in addition 

to the loss of p53 gave shorter latency and higher metastatic potential to the tumours.  

The tumours recapitulated the features of human OS as confirmed by cytogenetic region 

enrichment analysis (Walkley et al. 2008);  they were not exclusively osteoblastic as areas of 

chondrogenic differentiation were present. Furthermore, cell lines isolated from the tumours 

spontaneously arising from the preosteoblasts double mutants p53
-/-

 and Rb
-/-

 were able to 

dedifferentiate into an adipogenic lineage, and expressed the mouse cancer stem cell marker Sca-

1 (Berman et al. 2008). This suggests that an oncogenic event in a committed progenitor was 

sufficient to induce a de-differentiation of the cells back to a multipotent MSC-like phenotype. 

Further research is needed to establish whether more mature progenitors, such as mature 

osteoblasts, can generate similar tumours.  

 

Xenograft models 

For rare tumours like OS, it is essential to generate xenografts to increase the availability of tissue, 

to study the onset of metastatic disease and to run pre-clinical studies. Immunocompromised mice 

injected either orthotopically, subcutaneously or intravenously with human or mouse cell lines and 

primary tissue gave rise to a large number of in vivo models which have helped to understand the 

onset of OS. Many were used subsequently for genomic analysis. However obtaining such 

xenografts is technically challenging and yields a low success rate, as confirmed by unpublished 

data from our group.  

Only a small subset of human OS cell lines have been reported to grow in vivo, with sometimes 

conflicting reports, which may be explained by the use of different strains of mice, and are:  U2OS 
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(Manara et al. 2000), SaOS2 (Dass et al. 2006), OST, MNNG (Chen et al. 1997) and 143B (Kim et al. 

2002b). Additionally, many of those xenografts do not recapitulate the features of a classical OS in 

vivo, as they do not produce osteoid and/or alkaline phosphatase (as we observed with xenografts 

of the MNNG cell line) and  rarely spontaneously metastase to the lung (Ek et al. 2006). By 

selection of metastatic clones after in vivo injections, metastatic cell lines were generated by 

different groups, such as the SaOS2-LM6 cell line (Jia et al. 1999) or the K7M2 cell line (Khanna et 

al. 2001). These models have facilitated the understanding of metastasis in OS, with for example 

the identification of the role of ezrin.  

 

1.1.5.5 Cancer initiating cells and Osteosarcoma 

The genetics of Osteosarcoma and in vivo models point toward an osteoblast origin 

The cancer initiating cells in OS has not been definitely identified. The large range of histological 

subtypes observed between cases or even within the same tumour points toward undifferentiated 

mesenchymal stem cells (MSC). However, as the tumour produces osteoid and is positive for 

osteoblasts markers like alkaline phosphatase, it may arise from an osteoblast progenitor instead. 

This is strongly supported by the study of transgenic mice models (section 1.1.5.4) and additional 

evidence points to this hypothesis. 

The role of RB in OS (section 1.1.5.1) also suggests an osteoblast origin; RB can regulate Runx2 

(Figure 1.6), required for the differentiation of preosteoblasts into committed progenitors and 

finally osteocytes (Tang et al. 2008). Several whole genome and whole epigenome analyses of OS 

cases and cell lines have identified genes responsible for osteoblast differentiation, like Runx2 

(Sadikovic et al. 2009) to be de-regulated.  

Moreover, the use of differentiating agents on OS cells lines induces both apoptosis and alkaline 

phosphatase production (Haydon et al. 2002b, Haydon et al. 2007); this suggests that OS is 

generated from a cell of the osteoblastic lineage having blocked its ability to differentiate into 

osteocytes. Similarly, in some human and mouse OS cell lines that did not express osterix (Figure 

1.6), transfection with this transcription factor lead to a decreased tumourigenicity and metastatic 

potential in vitro and in vivo (Cao et al. 2005). Hence, re-expression of osterix may have overcome 

the mechanism that blocked differentiation of the cell lines. However, this data needs to be 

validated by further studies.  
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Identification of the cancer initiating cell in Osteosarcoma: the cancer stem cell model 

Several groups have recently focused on the identification and characterisation of cancer stem 

cells in human tumours and cell lines to understand tumour pathogenesis. The cancer stem cell 

(CSC) model postulates that a subset of cells within the tumour have a stem cell phenotype and 

hence are the tumour initiating cells (Cho et al. 2008, Reya et al. 2001). Thanks to this feature, 

they are thought to be able to resist chemotherapy treatment as they possess drug pumps (a 

characteristic of stem cells) and to drive recurrence and metastasis of the tumour. Since up to 40% 

of patients with OS die within five years as their tumours recur and metastasise (section 1.1.3), the 

design of new therapeutic treatment targeting the cells resistant to chemotherapy is essential.  

Several markers have been proposed to identify CSC in various cancers, such as CD44 and CD24 (Al 

Hajj et al. 2003) or ALDH1 (Ginestier et al. 2007) in breast cancer, CD133 in prostate cancer (Collins 

et al. 2005) and glioblastoma (Singh et al. 2004), Oct3/4 and Nanog in lung cancer (Chen et al. 

2008), among others (Yang et al. 2008). Yet, the field has proven difficult, with poorly reproducible 

results and high technical challenges (Check 2007). CD133, which has been used extensively in the 

CSC field, was proven a controversial maker (Bidlingmaier et al. 2008) and gave poorly 

reproducible results, especially in colon carcinoma (Labarge et al. 2008, Shmelkov et al. 2008). 

Furthermore, Quintana et al reported that the new mouse strain NOD-SCID gamma grew 

xenografts from single melanoma tumour cells, irrespective to their expression of known markers 

like CD133 and in contradiction to previously published data using less immunocompromised 

mouse models (Quintana et al. 2008).  

Finally, the lack of a single, well-characterised and specific surface marker to identify MSC or 

osteoblasts, the putative cancer initiating cells in OS (see previous paragraph) make this approach 

even more challenging.  

Nevertheless, some attempts have enabled characterisation of some features of the CSC in OS. 

Side population assays in OS tumours and cell lines, which use the ability of stem cells to efflux the 

dye Hoechst 33342 to identify them by FACS analysis (Goodell et al. 1996), lead to the isolation a 

sub-population of cells with CSC features (Murase et al. 2009, Wu et al. 2007). A high proportion 

was associated with poorer prognosis. Generation of sarcospheres (3D spherical and clonal 

colonies growing from CSCs) from human, rat or canine OS tissue or cell lines showed that they 

expressed ALDH1, Stat3, the ES markers Oct3/4, Nanog and Bmi-1, and the MSC markers Stro-1, 

CD105 and CD44 (Fujii et al. 2007, Gibbs et al. 2005, Honoki et al. 2010, Wang et al. 2009, Wilson 
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et al. 2007, Zhou et al. 2010). Other studies corroborated the findings by investigating the role of 

some of these markers like Oct3/4, ALDH1 and Stro-1 in drug resistance and tumourigenecity 

(Adhikari et al. 2010, Di et al. 2009, Levings et al. 2009, Wang et al. 2010a). CD116, nestin and 

CD133 were also suggested as CSC markers in OS (Adhikari et al. 2010, Tirino et al. 2008, Veselska 

et al. 2008). 

Although these reports confirmed the validity of the CSC model in OS, unpublished data from our 

group failed either to detect or to associate with patient prognosis the expression of the markers 

Oct3/4, Nanog, ALDH1, and CD44 detected by IHC in 162 patients. Hence, further studies are 

needed to translate these findings into usable prognostic and therapeutic candidates.  
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Figure 1.6: Schemes from Tang et al presenting the differentiation process in mesenchymal cells and 

possible mechanisms leading to OS initiation (Tang et al. 2008). 

The cells in black in B. indicate the cancer initiating cells. 
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1.1.6 Potential treatments under investigation 

1.1.6.1 New therapeutic targets 

Although the genetics of OS have not been fully deciphered (section 1.1.5.1), several potential 

therapeutic targets have been identified from observation of the gene and protein expression of 

OS tissue, or from in vitro and in vivo systems.  

 

Overcoming Osteosarcoma resistance to chemotherapy 

To improve the response of patient to chemotherapy, different approaches have been tested. 

First, alternative routes of delivery of the chemotherapy treatment have been tried, such as an 

intra-arterial method; but it was not shown to improve patient’s response (Hughes 2009). 

Delivering higher doses of chemotherapeutic agents has also been attempted; high dose 

methotrexate does not give better survival and has increased acute and long term side effects 

(Blay 2007). The management of the chemotherapy regimen, in terms of combination of the drugs 

used and the timing of the drug delivery, has also been extensively studied in different trials.  

However current treatment with a combination of the five drugs presented in the paragraph 1.1.3 

still gives the best results (Ferrari et al. 2007). As patients receive a very intensive treatment, the 

use of protectors to reduce the side effects of the drugs is envisaged (Smeland et al. 2004) and the 

long term side effects need to be monitored and minimised.  

Another approach would be to target specifically the cells resisting chemotherapy; this is the basis 

of the CSC model (section 1.1.5.4). It is at present too early to translate any of the results in this 

field into the clinic.  

Finally, the use of prognostic markers predicting the response of patients to chemotherapy, such 

as P-glycoprotein (section 1.1.4.2), could lead to better management of the treatment given to the 

patient. The set up of therapeutic strategies to target the cells expressing these markers is still 

under review. As such, P-glycoprotein inhibitors are under development and could be used as 

therapeutic targets. 

Many clinicians have expressed concerns in recent publications that the main focus of OS 

treatment in recent years has been for chemotherapy (Bielack 2010). The strategy chosen has 

been to optimise the drugs given to the patient, reaching very high doses delivered to the tumour. 
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However no significant progress has been achieved on the patient’s survival and the use of new 

targeted therapy is warranted.  

 

Targeting metastases 

At present, patients presenting with metastases have no treatment available except surgery and 

further chemotherapy, yielding a very low success rate. To improve the management of metastatic 

disease, delivery of the chemotherapeutic agents directly to the lungs by intra-pleural or 

inhalation routes could ease the targeting of the metastatic sites. Preclinical studies in animals and 

phase I trials have shown that inhalation therapy with gemcitabine is a feasible option in OS 

(Gagnadoux et al. 2006, Verschraegen et al. 2004).  

Additionally, the treatment of bone metastasis could be achieved by exploiting the affinity of bone 

to phosphates and phosphanates. The principle is to direct radiotherapy treatment toward the 

metastatic site, thus overcoming the inefficiency of this treatment under standard conditions (Picci 

2007). By administrating a radioactive agent like Samarium conjugated to phosphate or 

phosphanates during the radiotherapy treatment, and using radio-sensitizing agents such as 

gemcitabine at the end of this radiotherapy treatment, some bone metastasis may be effectively 

treated. This treatment was tested in both an animal and a pre-clinical study (Anderson et al. 

2005, Lattimer et al. 1990), but further assessments are necessary.  

 

MDM2 as a therapeutic target 

MDM2, which inhibits p53, is amplified in a majority of parosteal OS (section 1.1.5.1). A new 

inhibitor is now available against this protein, Nutlin3-A. It has proven its therapeutic potential on 

OS cell lines in vitro as a single agent, inducing apoptosis in the MDM2-amplified OSA and MHM 

cell line and cell cycle arrest in the p53 wild type non MDM2-amplified U2OS cell line (Tovar et al. 

2006). As a combined agent with TRAIL, it induced apoptosis in the HOS cell line (Hori et al. 2009). 

This drug has also proven efficient in vivo as it reduced the tumour volume of xenografts from the 

MHM and OSA cell lines (Tovar et al. 2006). MDM4 could then compensate for the activity of 

MDM2 in repressing p53, making Nutlin treatment inactive (Hu et al. 2006). Recent data from our 

group showed that concomitant amplification of MDM4 in MDM2-amplified cases is rare 

(Duhamel et al. 2010); thus most patients with MDM2 amplification would benefit from Nutlin 
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treatment. Phase II and III clinical trials are needed to assess the role of this inhibitor in the 

treatment of parosteal OS. However, the rarity of this subtype presents an obstacle to such 

studies. 

 

Targeting osteoclasts  

Bone maintenance is insured by the balance between bone resorption by the osteoclasts and bone 

formation by the osteoblasts. Defects in the bone resorption mechanism, as in Paget’s disease 

(section 1.1.2.3), can lead to the development of OS. Although OS is thought to arise from an 

osteoblast progenitor (section 1.1.5.5), the cross-talk between osteoblasts and osteoclasts may 

play a role in the pathogenesis of the disease. Osteoclast-targeted therapy aims to decrease the 

activity of osteoclasts in order to control both the bone destruction and the increased osteoblast 

activity in the tumour (Akiyama et al. 2008). Three strategies can achieve this aim, all acting at 

different levels on the RANK pathway, which controls osteoclasts proliferation, differentiation and 

survival.  

First, the inhibition of tumour-induced osteoclastogenesis can be achieved by targeting RANKL, 

with inhibitors like OPG and RANK-Fc. OPG has been shown to have a therapeutic effect in OS in a 

murine model (Lamoureux et al. 2007).  Biphosphanates and aminobiphosphanates, such as 

zolendronate or zolendronic acid, can suppress bone resorption, offering a second option. 

Zolendronic acid has an effect in human cell lines in vitro (Ory et al. 2007, Ory et al. 2008) and in 

OS progression and metastatic potential in vivo, with or without chemotherapy (Heymann et al. 

2005, Ory et al. 2005). Finally osteoclast apoptosis could be induced by the use of Src inhibitors, 

such as dasatinib. Src is activated in the OS cell lines U2OS and SaOS2, and treatment of those with 

dasatinib induced apoptosis and reduced invasion and cell motility (Shor et al. 2007). Another Src 

inhibitor, SI-83, had similar effects on the SaOS2 cell line (Spreafico et al. 2008b). However, 

dasatinib had no effect in vivo in one study (Hingorani et al. 2009).  

Phase III clinical trials are warranted to assess further the effect of osteoclast-targeted therapy in 

humans as it could impair skeletal development, a major drawback in a disease affecting young 

children and adolescents (section 1.1.1.3).  
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Angiogenesis 

Targeting angiogenesis to reduce tumour growth and progression is widely accepted as a 

promising treatment option in cancer. OS tissues have been shown to express high levels of 

vascular endothelial growth factor (VEGF) and of its receptor (VEGFR) and their expression 

correlates to poor prognosis. Pre-clinical studies have shown the effect of the inhibitor AZD2171 

against OS xenografts (Maris et al. 2008) and phase III clinical trials are underway (section 1.1.6.2).  

 

PI3K-Akt-mTOR pathway and treatment 

It has been suggested that the PI3K-Akt-mTOR pathway is playing a role in OS (section 1.2.3.2 and 

Figure 1.11). Inhibitors against mTOR like Rapamycin or its analogues, or against Akt and PI3K, 

could be used for the treatment of OS and this will be developed further in section 1.2.3.2.  

 

TKR as therapeutic targets 

Tyrosine kinase receptors (TKR) are surface proteins that can channel to different pathways the 

molecular signals from the cell’s environment (e.g. growth factors, cytokines and hormones), to 

control cell processes. Due to their function in signal transduction, they have been extensively 

studied in other cancers and have offered successful therapeutic targets, such as Herceptin 

targeting ErBB2 in breast cancer. Several growth factors and their receptors have been shown to 

have a role in OS progression. c-MET, the TKR for the hepatocyte growth factor (HGF) has been 

associated to disease progression (MacEwen et al. 2003, Scotlandi et al. 1996). The insulin-like 

growth factor 1, IGF-1, and its receptor IGFR have been shown to play a role in bone development 

(Kasukawa et al. 2004). However, the blockage of IGF-1 release from the liver in a pre-clinical study 

on dog failed to show an effect on OS tumour growth (Khanna et al. 2002), even though it had an 

effect on the MNNG cell line in vivo (Pinski et al. 1995). This could be explained by the fact that the 

molecule used failed to alter the hormone level in the tumour microenvironment, although IGF-1 

serum levels decreased in the animal. ErBB2 has been associated with poor prognosis in OS (Onda 

et al. 1996) whereas EGFR amplification is frequent (Freeman et al. 2008, Wen et al. 2007) and 

associated with good prognosis in one study (Kersting et al. 2007)(section 1.1.4.2). Nevertheless, 

reports of ErBB2 overexpression are not always consistent so this receptor may not play a major 

role in OS pathogenesis (Anninga et al. 2004); further studies are required to validate this target. 
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LOH in FGFR has been detected in OS but no mutation was identified (Mendoza et al. 2005) so the 

role of this TKR is unclear. 

Overall, these reports suggest that TKR inhibitors such as trastuzumab or gefitinib could provide 

potential treatment in OS. Imatinib mesylate, which can inhibit both c-kit, the platelet derived 

growth factor receptor (PDGFR), and the drug resistant pump BCRP1 (from the MDR family, 

section 1.1.4.2) could also offer a promising therapy as it induces apoptosis in OS cells in vitro but 

not in vivo (McGary et al. 2002). It could help to overcome OS resistance to chemotherapy 

(Houghton et al. 2004).  

 

Hsp90 as a therapeutic target 

Heat shock protein 90 (Hsp90) is a molecular chaperone that can regulate the expression of 

certain proteins, including LKB1 (Boudeau et al. 2003b, Nony et al. 2003), p53 (Nagata et al. 1999, 

Sasaki et al. 2007), IGF-1, Akt and cMET. Hsp90 may play a role in OS as its expression was 

associated with a better response to treatment in 20 patients (Trieb et al. 2000), or mostly 

because of the role of its targets such as p53 (section 1.1.5.1). It could be used for therapy as 

suggested by the effect of 17AAG on OS tumours and cell lines in preliminary reports (Bagatell et 

al. 2007, Gazitt et al. 2009) . Other inhibitors against Hsp90 exist, like geldanamycin or STA-1474 

and they are both reported to target Hsp90 and its downstream proteins in preclinical models of 

OS (Bagatell et al. 2005, McCleese et al. 2009). One limitation of these inhibitors is that Hsp90 

could also target tumour suppressor genes, and not only oncogenes (section 1.2.1.5). Further 

clinical trials should be set up to demonstrate the effect of those inhibitors in the treatment of OS.  
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Osteosarcoma treatment using interferons and stimulation of the immune system 

Interferons α, β and γ are cytokines that help to regulate the immune system. They have been 

shown to have an effect on malignant tumour cells: they are able to induce growth inhibition and 

the release of tumour necrosis factors, to increase cell differentiation (leading to either apoptosis 

or maturation of cancer cells), to have anti-angiogenic effects, and to stimulate the host’s immune 

system (Whelan et al. 2010). The effect of interferon on OS progression has been demonstrated 

both in vitro and in the clinic. Interferon α action was shown in vitro in cell lines as early as 1977 

(Strander et al. 1977) and in vivo in a mouse xenograft model the following year (Crane, Jr. et al. 

1978). This data was confirmed later in other in vivo models (Brosjo et al. 1985, Masuda et al. 

1983). Two clinical trials in Scandinavia, conducted on 89 patients between 1971 and 1990, 

showed  that interferon α led to an increase in relapse-free survival (Muller et al. 2005). Another 

study that included 158 patients assessed the role of treatments with low doses of interferon β; it 

found no difference in disease free survival after 30 months (Winker 1984). The EURAMOS 1 trial is 

now partly assessing their role and will be presented in the next paragraph.  

 

1.1.6.2 Current phase III trials 

Several trials, from either phase I, II or III, are recruiting patients with OS, mainly in the US. Their 

aim is mainly to confirm the activity of the targets discussed in the previous paragraph. Some early 

phase trials are recruiting OS as part of a trial on sarcomas in general; the results of such trials are 

difficult to interpret, as other sarcomas usually greatly differ from OS. Here are detailed the main 

phase III trials for OS now running.   

 

EURAMOS 1 

The main clinical trial in the UK for OS at present is the intergroup trial called the European and 

American Osteosarcoma Study or EURAMOS 1. It is running across centres in North America, with 

the North American Children Oncology Group (COG), and in Europe with the German-Austrian-

Swiss Cooperative Osteosarcoma Study Group (COSS), the European Osteosarcoma Intergroup 

(EOI) and the Scandinavian Sarcoma Group (SSG). It is a phase III, open label, randomised clinical 

trial. Its objective is to optimise patient therapy to improve the outcome of both good and poor 
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responders. This is achieved through the use of additional post-operative agents, such as 

interferon-α.  

Eligible patients have a central high-grade OS that is resectable, and are under 40 years old. The 

target is to recruit 1,400 patients in 4 years; it has already included 901 patients since its start in 

February 2008 (Marina et al. 2010). The design of the trial is presented in Figure 1.7 

(http://www.ctu.mrc.ac.uk/euramos). In both good and poor responders, patients are randomised 

before being distributed to each branch of treatment.  

 

 

Figure 1.7: Diagram of EURAMOS trial design. 
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Others trials 

Among the other phase III trials including OS presently running, two of them are assessing the 

potential role of Zolendronic acid in the treatment of this cancer either as a single agent (in India) 

or combined to chemotherapy (in France). One trial is assessing the role of an anti-angiogenic 

factor, bevacizumab, which is a humanized monoclonal antibody against the VEGF, in addition to 

chemotherapy treatment in high-grade patient with OS under 30 years of age. Phase I, II and III 

trials are also underway in different centres around the world to improve the management of the 

chemotherapy given to the patients, in term of dosage, drug combination, time and method of 

drug delivery. 

 

1.1.7 Conclusion 

OS is an aggressive cancer that is not well understood. The understanding of its pathogenesis is 

hampered by its rarity and its complexity. Concerning its molecular characterisation, the RB and 

p53 pathways have been shown as essential for its progression; this links OS pathogenesis mainly 

with pathways regulating cell cycle progression from G1 to S phase and apoptosis. Other pathways 

such as Wnt and Akt-mTOR pathway may also play a role in OS pathogenesis, but further studies 

are needed to confirm these hypotheses. A line of evidence suggests that the tumours arise from 

osteoblasts, which have yielded innovative ideas for treatment design, such as osteoclast-targeted 

therapy. International efforts in the implementation of multi-centred clinical trials, for example 

EURAMOS, and in the integration of research data, as in the Eurobonet network, are essential to 

tackle the challenges of this disease. 
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1.2 LKB1 and the mTOR pathway: potential role in Osteosarcoma 

1.2.1 LKB1 

1.2.1.1 LKB1 and its complex 

LKB1 is the protein encoded by the serine/threonine kinase 11 gene or STK11 (referred to as LKB1 

in this work), located on chr 19p13.3 at 190 kb from the microsatellite marker D19S886. It belongs 

to the same protein kinase family as Akt (EC 2.7.11.1.247). The gene is well conserved across 

species, with single orthologs identified in many mammals. LKB1 was discovered by linkage 

analysis in Peutz-Jeghers patients in 1998 (Jenne et al. 1998), suggesting its role in this syndrome 

(section 1.2.1.3). Following this association, LKB1 has been identified as a tumour suppressor gene 

(section 1.2.1.4). Its main role is to regulate cell polarity and metabolism through its interaction 

with several downstream kinases (section 1.2.1.2).  

 

Splice variants 

LKB1 codes for two splice variants, LKB1l and LKB1s, the latter being recently discovered. Both 

isoforms contain the same eight first coding exons but they differ in the ninth and last one: LKB1s 

has a shorter C-terminal with 39 instead of 63 residues, and lacks the serine 428 (Ser
428

) 

phosphorylation site and the cysteine 430 (Cys
430

) farnesylation site (Denison et al. 2009). 

However the significance of these differences is not well understood as both proteins have similar 

localisation and as these residues are not essential for the kinase activity (Alessi et al. 2006). Both 

isoforms are ubiquitously expressed, but LKB1s is only the dominant isoform in testis and spleen. It 

seems to be involved in spermatogenesis and male knockout mice for this isoform are sterile 

(Denison et al. 2009, Towler et al. 2008). Therefore LKB1l will be solely studied in this work and will 

be subsequently referred to as LKB1.  
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Protein structure 

LKB1 mRNA transcript contains 3276 nucleotides with 10 exons, the last one being non-coding, 

and it is translated in a protein of 433 amino acids for a molecular weight of 48.6kDa (reference 

Q15831 in Uniprot). The protein is localised either in the nucleus or in the cytoplasm of the cell 

(see next paragraph). Its structure includes a serine/threonine kinase domain from amino acid 

(AA) 49 to 309 (Figure 1.8). The C- and N-terminals do not have homologies with other proteins. 

The C-terminal is thought to be the regulatory domain and the N-terminal to contain a nuclear 

localisation signal, whose role needs to be assessed further.  

LKB1 contains at least four auto-phosphorylation sites on Thr
185

, Thr
189

, Thr
336

 and Thr
402

, and five 

phosphorylation sites, Ser
31

, Ser
307

, Ser
325

, Ser
428

 and Thr
363

 (which also may be auto-

phosphorylated as discussed in the next paragraph), one farnesylation site, Cys
430

, and one 

acetylation site on Lys
48

 (Figure 1.8).  The role of these sites is discussed further in paragraph 

1.2.1.5.  

 

 

 

Figure 1.8: LKB1 protein domains. 

Farnesylation site indicated by F, acetylation by a, phosphorylation by P (dark blue for phosphorylation by 

other kinases and pale blue for autophosphorylation sites).  
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LKB1 complex 

LKB1 protein is part of a heterotrimeric complex with either of the isoforms α or β of Strad (e.g. 

STRADA or LYK5 for α, and STRADB for β, STE20-related kinase adaptor alpha/beta on chr 17q23.3 

and 2q33.1 respectively) and MO25 (e.g. CAB39 α or β, calcium binding protein 39 on chr 2q37.1). 

Both isoforms of both proteins interact with LKB1. LKB1 is barely active as a monomer, as 

demonstrated by mutating LKB1 in the Strad-binding domain or use of siRNA against Strad (Baas et 

al. 2003). Upon binding to Strad, LKB1 activity is enhanced by 100-fold by conformational change 

(Hawley et al. 2003).  

The structure of the complex was discovered recently by crystallography (PDB reference 2WTK). It 

showed that once in the complex, LKB1 stably acquires a canonical closed conformation with a re-

order of its activation loop, which is typical of activated kinases (Zeqiraj et al. 2009a). To achieve 

this, Strad acquires a closed conformation and binds to LKB1 kinase domain. Once bound, the two 

proteins are phosphorylated by LKB1, on Thr
329

 and Thr
419

 for Strad, and Thr
336

 and Thr
363

 for itself. 

Mutations on those 4 residues do not affect the complex formation and the activity of LKB1 

kinase; Stradβ does not even have those sites and still interacts with LKB1. Strad itself is a 

pseudokinase and lacks any activity; however, once in the complex, its closed conformation with 

an ordered activation loop is typical of active kinases. MO25 stabilises the complex by binding to 

both Strad and LKB1 (Boudeau et al. 2003a), as a scaffold protein; more precisely, it interacts with 

Strad regulatory helix and with LKB1 activation loop in the C-terminus (Zeqiraj et al. 2009a). The 

interaction between Strad and MO25 facilitate the allosteric change of Strad into its closed 

conformation and its binding to ATP. Both these are required to fully activate LKB1 (Zeqiraj et al. 

2009b) and may participate in keeping Strad in the appropriate conformation.  

Once synthesised, LKB1 protein is imported to the nucleus by importins α and β. Stradα and MO25 

diffuse passively to the nucleus. By binding to its complex, LKB1 is re-localised from the nucleus to 

the cytoplasm, where it mainly plays its role (Baas et al. 2003). Stradα was identified as the 

facilitator of this transport, and not Stradβ or MO25 (Dorfman et al. 2008): it promotes the export 

of the complex from the nucleus thanks to its binding to CRM1 and exportin-7. Stradα also 

competes with the importins binding site on LKB1 to prevent its re-localisation to the nucleus. 

Stradβ lacks the binding sites to exportin-7 and CRM1 and was shown to inefficiently transport 

LKB1 to the cytoplasm. 
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In conclusion, the formation of LKB1 complex (and not phosphorylation like for most kinases) is 

the essential step in the kinase regulation: it promotes its activity both directly, by an allosteric 

mechanism, and indirectly, by the control of its localisation.   

 

1.2.1.2 Function of LKB1  

The main function of LKB1 is to activate by phosphorylation of their kinase domain the AMPK 

subfamily of kinases (or AMPK-related kinases). This subfamily contains 14 identified members: 

AMPK 1 and 2, SIK 1 and 2, NUAK 1 and 2, MARK 1, 2, 3, and 4, BRSK 1 and 2, QSK and SNRK (Jaleel 

et al. 2005, Lizcano et al. 2004). They have been associated with pathways implicated in cell 

metabolism, cell polarity and apoptosis as will be detailed below. They have been identified by 

sequence homology in their kinase domain. Upon phosphorylation by LKB1,  their activity is 

enhanced by 50-fold (Alessi et al. 2006). However, they have different length and different 

functional domains. Their role is redundant and their expression may be cell-type dependent. LKB1 

has also been reported to interact with other pathways regulating cell differentiation, via an 

unknown mechanism. This multi-functional role is illustrated in Figure 1.9.  

 

Regulation of cell metabolism: the central role of AMPK 

The first identified and best known effector of LKB1 is AMPK, or 5’-adenosine monophosphate 

activated protein kinase. It is a heterotrimeric complex composed of the following subunits: α, the 

catalytic one, and β and γ, the regulatory ones. There are two isomers of the α-subunit, named 1 

and 2. AMPK is first activated by the binding to AMP to its γ subunit (Carling et al. 2008). This 

enforces an allosteric mechanism and eventually inhibits the dephosphorylation of AMPK Thr
172

 

site on the catalytic subunit, required for complete activation. This phosphorylation can be 

performed either by LKB1 as shown by biochemical assays (Hawley et al. 2003, Shaw et al. 2004) 

or by the Ca
2+

/calmodulin-dependent protein kinase β (CaMKKβ). Both proteins are integrating cell 

metabolic status: LKB1-mediated activation takes place in response to AMP/ATP increased ratio, 

whereas CaMKKβ-mediated  activation happens in the presence of increased Ca
2+

 levels in the 

cytoplasm (Carling et al. 2008, Jansen et al. 2009). AMPK can phosphorylate LKB1 on Ser
31

, maybe 

as a feedback after its activation; however the exact role of this phosphorylation is unknown.  
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AMPK is an energy-sensor; its role is to switch off cell metabolism in response to the scarcity of 

ATP and subsequent increase of AMP. This prevents cell growth and proliferation in nutrient 

deficient conditions. It is accomplished through the regulation of enzymes such as acetyl-CoA 

carboxylase (ACC), through the inhibition of CREB transcription by phosphorylation of its co-

activator CRTC as shown in hepatocytes (Koo et al. 2005), or through its inhibition of protein 

translation via the mTOR pathway (Inoki et al. 2003) as described in paragraph 1.2.2.1.  

SIK1 and 2 (salt-inducible kinase 1, on chr 21q22.3 and salt-inducible kinase 2 or QIK, on chr 

11q23.1) have also been reported to play a role in cell metabolism by phosphorylation of CRTC, 

like AMPK. SIK1 was shown to be active in adrenocortical cells (Katoh et al. 2004), and SIK2 in 

adipose tissue (Horike et al. 2003) and pancreatic islet cells (Screaton et al. 2004), and both were 

reported to act in the liver (Shaw et al. 2005). The SIK kinases can be inactivated by hormones 

(Katoh et al. 2004). This could explain how the action of AMPK and SIK kinases on the same targets 

is coordinated: one is responding to cellular energy levels, and one to external hormonal stimuli.  

  

Apoptosis and anoikis regulation 

In addition to its part in cell metabolism, a novel role of SIK1 has been discovered recently, linking 

it to p53 and anoikis (Cheng et al. 2009). SIK1 was identified as a regulator of p53 by 

phosphorylation in anchorage independent conditions by siRNA screening in a soft agarose assay. 

Loss of SIK1 enabled cells to survive in those conditions and promoted metastasis in vivo (section 

1.2.1.4). 

Similarly, AMPK has been reported to control a p53-mediated apoptosis response but in conditions 

of energy stress (Jones et al. 2005, Shaw et al. 2004).  

Finally, NUAK 1 (NUAK family SNF1-like kinase 1 or ARK5, on chr 12q23.3) and NUAK 2 (NUAK 

family SNF1-like kinase 2 or SNARK, on chr 1q32.1) have also been associated with resistance to 

apoptosis, one in nutrient starvation (Suzuki et al. 2003) and the other in glucose starvation 

(Suzuki et al. 2003) or in tumour cell lines (Legembre et al. 2004).  
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LKB1 and cell polarity: AMPK, MARK and BRSK 

The role of LKB1 in cell polarity has been first discovered by genetic screening of its orthologs, 

Par4 in the Caenorhabditis elegans model and dLKB1 in the Drosophila model (Alessi et al. 2006). 

The Par family can define different membrane domains, hereby polarising the cell; Par1, (MARK 

and BRSK in humans) for the lateral domain, and Par3 and 6 for the apical domain, (Jansen et al. 

2009). The protein Par5 (14-3-3 protein) and Par4 (LKB1) can respectively inhibit or activate by 

phosphorylation the effectors, Par1, 3 or 6. They regulate this polarisation mechanism and control 

asymmetric division, which is an important process in several epithelial tissues. Even though these 

mechanisms are quite different in invertebrates and vertebrates, these studies suggest that LKB1 

plays a similar role in humans.  

This was demonstrated in intestinal epithelial cells as they became polarised following LKB1 

expression (Baas et al. 2004). Mammalian epithelial cells mutants in the C-terminal of LKB1 also 

failed to become polarised, confirming further this link (Forcet et al. 2005). AMPK was shown to be 

one of the LKB1 effectors implicated in cell polarisation (Zhang et al. 2006, Zheng et al. 2007), by 

potentially targeting myosin regulatory light chains. It is of note that NUAK1 may play a role in cell 

adhesion by interacting with myosin phosphatases (Zagorska et al. 2010). 

As mentioned above, MARK 1 to 4 (MAP/microtubule affinity-regulating kinase 1 to 4, respectively 

on chr 1q41, 11q13.1, 14q32.32 and 19q13.32) and BRSK 1 and 2 (BR serine/threonine kinase 1 

and 2 or SAD-A and B, respectively on chr 19q13.42 and 11p15.5) share homology with the Par1 

proteins. There is little evidence of the role of MARK proteins other than by homology. MARK 

proteins were reported to phosphorylate Tau proteins, which are best known for their major role 

in the onset of Alzheimer’s disease. This may lead to the destabilisation of microtubules and, 

overall, cell polarity (Katajisto et al. 2007). They are also thought to phosphorylate the 

microtubule-associated proteins, and can then re-shape microtubules skeleton, centrosome 

positioning and cell polarisation (Drewes et al. 1998, Kojima et al. 2007). BRSK proteins have been 

detected mainly in the brain. Mice lacking those two isoforms cannot form axons and dendrites 

due to a deficiency in their neuron polarisation (Kishi et al. 2005).  
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Other downstream kinases 

The roles of other kinases activated by LKB1 are not well defined. QSK (or SIK family kinase 3 on 

chr 11q23.3) has been identified to play a role in cell cycle progression by a knock-down 

experiment in drosophila (Bettencourt-Dias et al. 2004). SNRK has been reported to be only 

present in the testis (Jaleel et al. 2005), where the alternative splice variant of LKB1 is present. This 

may indicate that LKB1s and SNRK cooperate to regulate spermatogenesis. Further studies will 

possibly uncover novel functions of LKB1.  

 

LKB1 and action on other pathways 

Beyond its role in the activation of its downstream kinases, LKB1 has been shown to regulate other 

key signalling pathways by mechanisms that are not fully understood and which may be indirect 

effects.  

In addition to its role via the interaction of its downstream kinase AMPK with TSC2 (section 

1.2.2.1), LKB1 is thought to regulate the mTOR pathway by directly phosphorylating PTEN 

(Mehenni et al. 2005b)(Figure 1.11 for pathway scheme).  

Similarly, LKB1 role on migration has not been restricted to its action on cell polarity via MARK and 

BRSK. It has also been demonstrated to inhibit cell motility (Deguchi et al. 2010) via the 

phosphorylation of PAK1 (p21 protein (Cdc42/Rac)-activated kinase 1 on chr 11q14.1). The 

interaction of LKB1 with PAK1 and Cdc42, which activates PAK1, has been mentioned before 

(Zhang et al. 2008) and the protein has been shown to co-localise at the leading edge of migrating 

cells. Furthermore, an integrated genetic and proteomic screen have shown the association of 

LKB1 loss with invasion and metastasis in lung cancer, via the activation of EMT and focal adhesion 

markers (Carretero et al. 2010). The authors established that LKB1 and Src were cooperating in an 

antagonistic fashion for the regulation of both cell growth via the mTOR pathway, and migration 

via the PAK1 pathway. 

More evidence of LKB1 role in the p53-pathway has been uncovered with its interaction with p21, 

downstream target of p53, and with its binding to p53 in the nucleus, to stabilise it by 

phosphorylation (Zeng et al. 2006). LKB1 is recruited by p53 to activate the transcription of p21 by 

binding to the gene’s promoter region. This study suggests that LKB1 complex could have a 

function in the nucleus and not only in the cytoplasm. LKB1 and p21 low expression were 
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correlated in another study on pancreatic cancer. This confirmed the potential interaction 

between LKB1 and the p53 pathways to mediate cell cycle arrest (Morton et al. 2010).  

In xenopus, inhibition of the ortholog of LKB1, XEEK1, led to developmental abnormalities 

characteristic of defective Wnt signalling, and XEEK1 was shown to phosphorylate GSK3β, thereby 

activating the Wnt-β-catenin pathway (Ossipova et al. 2003). It was previously shown that Wnt 

and the mTOR pathway were co-regulated in human due to the involvement of GSK3β  and AMPK 

(Inoki et al. 2006); the discovery of Ossipova et al imply that LKB1 could be participating to this 

mechanism. Two recent reports (Chaiyapan et al. 2010, Ma et al. 2010) underline that β-catenin 

protein is present in Peutz-Jeghers patients, who lack LKB1 expression (section 1.2.1.3 below); 

however, the localisation of β-catenin reported in those publication is cytoplasmic, not nuclear, so 

the protein may not be active (section 1.1.5.3 for discussion on Wnt pathway). On the contrary, 

LKB1 was shown to inhibit the Wnt pathway as its expression de novo induced a de-

phosphorylation of GSK3β (Lin-Marq et al. 2005). As one model is in xenopus and one in human, it 

may account for these opposite results. It is also possible that LKB1 action on Wnt may be context 

dependent (depend on energy level in the cell), or different in developmental and in adult settings. 

Overall, the interaction between the Wnt pathway and LKB1 should be studied further.  

Finally, LKB1 has been associated in the cross-talk between cell types via the TGF-β pathway, 

which regulates cell growth and death. LKB1 expression in endothelial cells promotes vascular 

smooth muscle recruitment via TGF-β, linking LKB1 and angiogenesis (Londesborough et al. 2008). 

Similarly, LKB1 loss was shown to disrupt the cross-talk between the mesenchymal and epithelial 

compartment mediated in the intestines by TGF-β (Katajisto et al. 2008), as will be developed in 

1.2.1.3. The exact mechanism leading to the deregulation of TGF-β signalling by LKB1 has to be 

elucidated.  
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Figure 1.9: Scheme illustrating the downstream kinases of the LKB1 complex and their known function. 

 

 

 

Conclusion 

LKB1 can be seen as a master pathway regulator due to its high number of downstream targets 

and its involvement in many major cell regulatory functions. However, as developed in paragraph 

1.2.1.1, once expressed and bound in complex with Strad and MO25, LKB1 is constitutively 

activated. How LKB1 is directed among its many function is not fully understood, but it seems to 

be cell type dependent and context dependent. The study of LKB1 function suggests it integrates 

environmental signals to activate its proper downstream effector. Other regulation mechanisms 

will be developed in paragraph 1.2.1.5. 
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1.2.1.3 LKB1 and Peutz-Jeghers syndrome 

Peutz-Jeghers syndrome (PJS) is an autosomal dominant disease described first by Peutz in 1921 

and Jeghers in 1949 (Jeghers et al. 1949, Peutz 1921).  LKB1 has been associated with PJS first by 

CGH analysis then by linkage analysis (Hemminki et al. 1997). Mutations in LKB1 were then 

discovered in patients with PJS (Jenne et al. 1998). Screening for mutation and LOH in proteins 

interacting with LKB1, including Strad and MO25, has failed to reveal any other abnormalities to 

this date (Alhopuro et al. 2005, de Leng et al. 2005). The use of recent techniques like multiplex 

ligation dependent probe amplification has confirmed that PJS is mainly caused by genetic 

inactivation of LKB1 in around 80% of patients (Aretz et al. 2005). The syndrome is not only a 

familial disease as 10 to 20% of patients acquire PJS by spontaneous germline mutation of LKB1.  

The disease is characterised by the presence of mucocutaneous melanin pigmentation appearing 

in early childhood and the development of hamartomatous polyposis in the patients’ 

gastrointestinal tract. The condition is rare, affecting 1 in 50,000 to 1 in 200,000 persons in the 

world (Jansen et al. 2009). The symptoms are abdominal pain, bleeding, occlusions and 

intussusceptions and appear between 20 to 30 years of age. They are due to the development of 

large polyps, potentially from the small hyperplastic lesions observed throughout the digestive 

tract of patients with PJS. These larger polyps can occur at any location in the gut, but are mostly 

seen in the small intestine (Vasen 2000). The main treatment for patients with PJS is surgery, to 

remove the polyps before the development of any complications.  

Although the polyps are benign, patients with PJS have an increased risk for developing a variety 

of cancers: a 22 to 130-fold increased risk for pancreas cancer, 15-fold for gastro-oesophageal, 

small bowel or colorectal cancer, 8.5-fold for gynaecological and testicular cancer, 6-fold for breast 

cancer, 4 to 9-fold for lung cancer. Female patients with PJS also have an increased risk for 

developing sex cord tumours with annular tubules; they are benign, bilateral and multifocal, 

whereas they are usually malignant and unilateral in sporadic cases (Jansen et al. 2009). 

Approximately 93% of patients with PJS suffer from cancer by the age of 43 (Boudeau et al. 2004). 

Although LKB1 expression is ubiquitous, the tissues expressing LKB1 at higher level in normal adult 

conditions also seem to be the ones where patients with PJS develop tumours most frequently 

(Sanchez-Cespedes 2007).  
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Patients with PJS have usually lost only one copy of LKB1, mostly by germline mutation, although 

some cases also lose the remaining allele. They can display mutations throughout the gene, and 

over 100 different ones have been reported; but interestingly, they target the kinase activity 

domain of LKB1, the C-terminal domain but not the N terminal. In the C-terminal, one frequently 

observed mutation is a stop codon to suppress the last 20 amino acids, which are associated with 

LKB1 localisation. A set of mutations in the C-terminal of LKB1 that disrupt the kinase ability to 

control intestinal epithelial polarity have also been uncovered (Forcet et al. 2005). Single AA 

substitutions that prevent the binding of LKB1 with Strad have also been found in patients with PJS 

(Zeqiraj et al. 2009a).  

Mouse models have been developed to understand the role of LKB1 in PJS. Lkb1 null mice do not 

survive beyond embryonic day 10.5. This shows that LKB1 is essential for embryonic development, 

probably due to the interaction between LKB1 and Wnt signalling (Ossipova et al. 2003), and its 

role in axon development (Kishi et al. 2005). However, mice presenting only a monoallelic loss of 

Lkb1 develop polyps that mirror the human conditions (Jansen et al. 2009). This confirms the 

observation made in patients with PJS: loss of only one allele of LKB1 is pathogenic.  

The mechanism of polyps formation has been recently discovered using a conditional knock-down 

in vivo model (Katajisto et al. 2008). Loss of one or two alleles of Lkb1 restricted to the 

mesenchymal compartment in the intestines is sufficient to induce polyp formation in mice by 

disrupting the mesenchymal-epithelial interaction. The authors suggested that the reduced 

expression of LKB1 at the protein level in the mesenchymal cells resulted in a reduced TGF-β 

signalling to the epithelial cells. It hereby created an increased proliferation of the gut epithelium, 

and led to the formation of polyps. This hypothesis was confirmed by IHC in polyps from patients 

with PJS.  
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1.2.1.4 LKB1, a tumour suppressor gene 

Functionally, LKB1 regulates processes that are targeted in cancer cells, such as: cell polarity, cell 

proliferation in response to environmental stimuli, anoikis and apoptosis. Cell migration is a 

polarised phenomenon that demands cytoskeletal reorganisation; loss of LKB1 was demonstrated 

to promote cell migration and metastasis (Carretero et al. 2010, Taliaferro-Smith et al. 2009). The 

disruption of cell polarity also leads to abnormal and chaotic tissue structure and can also impair 

asymmetric division, which is important in the regulation of stem cell differentiation or renewal 

during its cell division. LKB1 loss may promote cell de-differentiation (linking it to the cancer stem 

cell model). Moreover, the de-connection of cell growth and environmental conditions (e.g. 

sustained growth in nutrient and energy deprived condition) is a hallmark of cancer cells; LKB1 

regulates key proteins implicated in this mechanism, such as AMPK.  LKB1 has also been linked to 

angiogenesis (Londesborough et al. 2008), essential for tumour maintenance. It interacts with 

pathways that have been associated with cancer development, for example the p53, Wnt-β-

catenin or Akt-mTOR pathways (section 1.2.1.2). Taken together, this underlines that LKB1 is 

relevant to cancer biology.  

As patients with PJS have a significantly increased risk of developing cancer, LKB1 was described as 

a tumour suppressor gene. The Lkb1
+/-

 mouse model, developed to study PJS, was also reported to 

spontaneously develop tumours, mainly hepatocellular carcinoma late in age (Nakau et al. 2002), 

confirming this status. 

 

Tumour suppressor gene versus haploinsufficiency 

According to Knudson’s “two-hits” hypothesis (Knudson, Jr. 1971), identified from the study of RB, 

some genes are negative regulators of cell growth; tumour formation is promoted upon their loss. 

They are defined as tumour suppressor genes. To inactivate these genes, two genetic (or 

epigenetic) abnormalities are necessary; only the loss of function of both of the alleles can achieve 

a tumourigenic effect. Classically, these abnormalities are a mutation (germline or somatic), a loss 

of a chromosomal region (microdeletions as well as whole loci), a mitotic recombination of the 

genomic region containing the lost or mutated allele or  gene silencing by methylation (Presneau 

et al. 2003). However this notion is now questioned by the scientific community, as 

haploinsufficiency or loss of only one of the two alleles of certain tumour suppressor genes has 
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appeared to be sufficient to promote tumours (Payne et al. 2005, Shannon et al. 2008, Smilenov 

2006). Change in gene dosage (and therefore protein dosage) may be sufficient to mediate an 

effect.   

 

LKB1, a haploinsufficient gene? 

Although LKB1 has been considered a tumour suppressor gene, its haploinsufficient effect is now 

under investigation. The loss of one allele of LKB1 is sufficient to be pathogenic: Peutz-Jeghers 

patients can have only one allele mutated and mice with only one allele deleted develop polyps. In 

some cases, biallelic loss of LKB1, with LOH reported in addition to the mutation characteristic of 

the syndrome, was noted; it occurred in a minority of human polyps (typically in 25 to 40%) 

(Katajisto et al. 2007). Other studies in Lkb1
+/-

 mice (Jishage et al. 2002, Miyoshi et al. 2002, Rossi 

et al. 2002), and in humans (Hernan et al. 2004) detected a functional LKB1 allele in the polyps.  

Concerning the development of cancer from the benign PJS polyps, it has been suggested by 

different studies that the loss of the second allele of LKB1 in patients was a necessary step for 

cancer development. Several studies demonstrated that tumours arising on the background of PJS 

displayed a biallelic loss of LKB1 in humans (Connolly et al. 2000, Entius et al. 2001, Sato et al. 

2001, Wang et al. 1999b), in accordance with the "two-hits" hypothesis. The hepatocellular 

carcinomas that develop spontaneously in Lkb1
+/-

 mice  also display a loss of both alleles of Lkb1 

(Nakau et al. 2002).  

However, this last finding was challenged by the recent results obtained by the same group 

showing that heterozygous loss of Lkb1 coupled with activation of β-catenin led to tumour 

development in mice (Miyoshi et al. 2009). Monoallelic loss of Lkb1, when in cooperation with 

Kras mutation, was sufficient to induce spontaneous lung cancer and even metastasis in transgenic 

mice (Ji et al. 2007). The same genetic background mediated a tumourigenic effect in an in vivo 

transgenic model of pancreatic cancer (Morton et al. 2010). Overall, heterozygous loss of LKB1 

appears sufficient to promote tumourigenesis, at least when combined with another event; this 

begs the question of whether LKB1 has a haploinsufficient role in other cancers. In any case, LKB1 

plays a role in cancer and especially lung cancer, as will be developed in the next paragraphs. 
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Role in lung cancer 

LKB1 function in lung cancer has been well studied after the discovery of its involvement in this 

disease by the group of Pr Sanchez-Cespedes. Loss of the chromosomal arm 19p, and in particular 

the 19p13 region, where LKB1 locus is, was frequently reported in lung cancer; about 80% of non 

small cell lung carcinoma (NSCLC) and 30% of small cell lung carcinoma have this abnormality 

(Rodriguez-Nieto et al. 2009). LKB1 was then associated with this locus (Sanchez-Cespedes et al. 

2002) and mutation screening confirmed that the gene was biallelically lost. The mutations were 

mostly observed in NSCLC, but to a lesser extent than the chromosomal loss. Absence of LKB1 was 

confirmed at the protein level by immunohistochemistry in 159 patients (Conde et al. 2007). 

Biallelic loss of LKB1 was also noted in human lung cancer cell lines. Therefore, in human sporadic 

lung cancer, the “two-hits” hypothesis is validated.  However, there is no in depth report on the 

significance of the loss of only one allele of LKB1, without mutation. A haploinsufficient role of 

LKB1 in those tumours cannot be excluded.  

The mutations observed in lung carcinoma were very varied: intronic deletions, mutations in 

splicing sites, and exonic mutations in exons 1 to 8, leading to the generation of a non functional 

(mutation in the kinase domain) or truncated protein, were all observed.  Most of the mutations 

observed in PJS were also detected in lung carcinoma (Sanchez-Cespedes 2007). Promoter 

methylation was rarely observed (Sanchez-Cespedes et al. 2002). Interestingly, LKB1 loss was 

associated to the NSCLC type, and especially to adenocarcinoma (Fernandez et al. 2004), smoking, 

absence of EGFR mutations(Rodriguez-Nieto et al. 2009), and non-Asian background (Gao et al. 

2010). Finally, the loss of LKB1 seems to be an early genetic event as shown by the screening of 

lung adenomatous hyperplasia compared to lung adenocarcinoma (Ghaffar et al. 2003). 

Further studies have associated LKB1 with higher metastatic potential in this cancer, especially 

when cooperating with Kras mutations (Carretero et al. 2010). Other studies confirmed this by 

showing its role in epithelial to mesenchymal transition in lung cancer (Roy et al. 2010, Upadhyay 

et al. 2006). Finally, targeting of the mTOR pathway in patients lacking LKB1 have been suggested 

as a potential treatment (Mahoney et al. 2009).  
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Role in other cancers 

Surprisingly, LKB1 was reported to be lost in a low number of sporadic tumours in the past. Even 

though patients with PJS develop pancreatic, intestinal and breast cancer, there are few reports of 

somatic mutations in these cancers (Sanchez-Cespedes 2007). This may be accounted for by the 

technique used for mutation screening; large deletions have been reported in Peutz-Jeghers and 

lung cancer patients, including intronic deletions, which may not be detected by simple exonic 

mutation screening. They may also be masked by contamination from normal tissue. Another 

explanation is that LKB1 can have a haploinsufficient function in other tumours, and additional 

findings may have been overlooked if only one “hit” had been detected. In the latest release of 

COSMIC, from the Cancer Genome Project, 229 samples are reported to carry mutations in LKB1 

out of 4209 (5.4%) samples. The tumours mutated included not only lung, but also cervix, 

intestine, prostate and skin cancers. In other studies of sporadic cancer, some cases with 

mutations of LKB1 were reported in head and neck cancer (Kenanli et al. 2010, Qiu et al. 2006), 

cervical cancer (Wingo et al. 2009) hepatocellular carcinoma (Kim et al. 2004) and gastric tumours 

(Park et al. 1998), with promoter methylation in colorectal cancer (Trojan et al. 2000) and with loss 

of LKB1 chromosomal region or LOH in colorectal (Forster et al. 2000, Trojan et al. 2000), ovarian 

(Wang et al. 1999a) sex cord-stromal (Kato et al. 2004), breast (Forster et al. 2000, Yang et al. 

2004) and brain cancers (Sobottka et al. 2000). In these cases, LKB1 loss of function was not 

necessarily a homozygous event, and the effect of this loss was not always investigated. LOH in the 

19p13.3 locus is the most commonly reported event and usually affects a high proportion of the 

cases scrutinised. Loss at the protein level was found in a subset of pancreatic and biliary tumours 

(Sahin et al. 2003).  This suggests that the role of LKB1 in other cancers was underestimated as its 

potential haploinsufficient effect was unknown. 

The development of conditional mouse models has helped to understand the role of LKB1 in 

tumourigenesis, by mimicking the onset of disease observed in patients with PJS in a specific 

tissue. There are very few reports on natural cancer occurrence in Lkb1
+/-

 mice, which is 

unexpected when compared to the data obtained with conditional models. Patients with PJS 

develop cancer late in life, whereas the polyps appear in adolescence. It is possible that the Lkb1
+/-

 

mice studied for polyp formation were not kept long enough or died of complications from the 

polyps before the onset of these cancers.  
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As such, a mouse strain with Lkb1 loss restricted to the mammary gland developed grade 2 ductal 

or solid papillary breast carcinoma that recapitulated the features of PJS breast cancers (McCarthy 

et al. 2009). Only a few mice with monoallelic loss of Lkb1 developed tumours after 120 weeks, 

but nearly 30% with homozygous loss of Lkb1 died of the disease within 80 weeks. Also, the cancer 

developed late in the lifetime of the mice, after 10 months of age. Overall, this demonstrated a 

role for LKB1 in breast cancer. This finding was confirmed in an immunohistochemical study of 

sporadic human breast carcinoma (Fenton et al. 2006).  

Similar findings were reported in gynaecological cancer, with female Lkb1
+/-

 mice that survived 

past 40 weeks of age spontaneously developing endometrial carcinomas (Contreras et al. 2008). 

This confirmed the hypothesis that the Lkb1
+/-

 mice develop cancer late in life, making it difficult to 

study. It was not reported whether a second allele of LKB1 was spontaneously lost in these 

tumours or if another genetic event occurred, but a conditional mouse model lacking both LKB1 

alleles in the uterus was established to confirm the results. Loss of LKB1 protein was also detected 

in a cohort of 190 human cases and associated with increased invasiveness, in common with the 

findings in lung cancer (see paragraph above).  

To conclude, in light of the possible haploinsufficient effect of LKB1 in tumourigenesis, there is 

evidence that this gene plays a role in gynaecological, pancreatic, intestinal, breast and liver 

cancers, in addition to lung cancer.  
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1.2.1.5 Regulation of LKB1 

The regulation of LKB1 activity is a complex process. Although essential, it is not restricted to its 

binding to Strad and MO25. The study of LKB1 function revealed that its effect was cell type 

dependant and controlled by environmental stimuli (section 1.2.1.2). As little is known on the 

downstream kinases of LKB1, the regulation of LKB1 has been mainly investigated by the study of 

its interaction with other molecules in its environment. A scheme summarising the main results 

found is presented in Figure 1.10. 

 

Activation of LKB1: role of the complex  

Mutations on LKB1 in complex binding sites in cancer (Boudeau et al. 2004) or PJS (Zeqiraj et al. 

2009a) underline the importance of the complex formation in LKB1 regulation. Yet little is known 

on how the formation of the complex is regulated.  

One hypothesis involves the chaperones Hsp90 and Cdc37 (cell division cycle 37 homolog, on chr 

19p13.2). As the LKB1 complex does not spontaneously arise when mixing the three proteins 

(Boudeau et al. 2003a), the two chaperones may be required to facilitate its assembly. Moreover, 

Hsp90 can stabilise LKB1: use of Hsp90 inhibitors like geldanamycin (section 1.1.6.1) induced 

degradation of LKB1 by the proteosome (Boudeau et al. 2003b). Mutations in LKB1 in its binding 

domain to Hsp90 and Cdc37 were reported in testicular cancer, underlying the importance of 

these chaperones in LKB1 regulation (Nony et al. 2003). This also uncovers a major unwanted 

effect of treatment of cancer and patients with OS with geldanamycin (section 1.1.6.1), as it may 

promote tumour growth by downregulation of LKB1. 

No other protein interacting with the complex has been identified, and complex formation is not 

dependent on phosphorylation of any of the three kinases, as discussed in paragraph 1.2.1.1. The 

regulation of LKB1 complex activity could also be achieved by regulation of Strad and MO25 

protein expression.  
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Report on miRNA 451 regulating MO25 

There has not been any report of regulation of LKB1 expression by miRNA. However, a recent 

report has shown that miR451 can repress MO25α and hence regulate the LKB1-AMPK pathway 

and glioma cells response to metabolic stress, by shifting the equilibrium between cell 

proliferation and cell migration (Godlewski et al. 2010b, Godlewski et al. 2010a). miR-451 

overexpression reduces the availability of the active LKB1 complex but does not influence the level 

of expression of LKB1 itself. This finding uncovers another possible mechanism of regulation of 

LKB1 activity, through the regulation of the expression of the proteins of the complex by miRNA. 

More studies are needed to establish whether this mechanism is present in other cell types and 

other diseases.  

 

Regulation of LKB1 through the regulation of its localisation 

Although playing its role in the cytoplasm, LKB1 is only present there when bound to its complex, 

as developed in section 1.2.1.1. But the regulation of this transport has not been fully deciphered. 

For example, the role of Stradβ that cannot transport the LKB1 to the cytoplasm but still activates 

it is unknown. The mechanism needs to be better understood to fully comprehend the regulation 

of LKB1. It may offer the cell another way to control the action of LKB1 complex, even though it is 

constitutively activated.  

One hypothesis is that LKB1 re-localisation to the cytoplasm is controlled by its phosphorylation by 

PKC-ζ (or protein kinase C zeta, PRKCZ, on chr 1q36.33) on Ser
307

, a novel phosphorylation site 

recently discovered (Xie et al. 2009). As AMPK stimulates PKC-ζ activity, this mechanism uncovers 

a feedback between LKB1 and its activating kinases. Ser
428

 could also potentially regulate cellular 

localisation after its phosphorylation by PKC-ζ, PKA (cAMP-dependent protein kinase) or RSK 

(90kDa ribosomal protein S6 kinase)(Song 2008). However, the isoform LKB1s which lacks this site, 

is also localised in the cytoplasm (Denison et al. 2009, Towler et al. 2008). Therefore these 

mechanisms could be used as a tuning of LKB1 availability but they are not essential for its 

function. 

STK11IP (serine/threonine kinase 11 interacting protein or LIP1 on chr 2q35) is reported to play a 

role in LKB1 localisation, but neither its function nor its mechanism of interaction with the LKB1-

Stra-MO25 complex are understood (Smith et al. 2001). Co-expression of the two proteins 
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increased the amount of LKB1 in the cytoplasm, and the two proteins may play a role in TGF-β 

signalling via binding of both STK11IP and LKB1 to SMAD4. Another study has suggested that 

SKT11IP was mainly localised in the cytoplasm, due to a localisation signal in its N-terminal 

domains, and that it could block NF-kappa B activation (Liu et al. 2003).  

The control of LKB1 activity by regulation of its localisation is not restricted to the mechanism of 

transport of the complex to the cytoplasm. LKB1 is also reported to co-localise with E-cadherins at 

adherens junctions, where it can mediate its action on cell polarisation (Sebbagh et al. 2009). LKB1 

kinase activity was shown not to be dependent on E-cadherins; this suggests instead that E-

cadherins control LKB1 function by enabling its recruitment to the cell membrane. There may be 

other proteins promoting the co-localisation of LKB1 with its downstream kinases to regulate the 

action of LKB1.  Similarly, the Cys
430

 AA on LKB1 is thought to enable its integration to the plasma 

membrane, and could hereby regulate LKB1 function in cell polarity, but its role in mammals has 

not been investigated (Alessi et al. 2006). 

 

Role of phosphorylation: another layer in LKB1 regulation 

Although phosphorylation usually promotes kinase activity by allosteric change, LKB1 

phosphorylation sites could regulate it at a different level. First they may play a role in the 

transport of LKB1 complex to the cytoplasm as mentioned above. Mutation of Ser
428

 enabled cell 

growth for the G361 cell line in soft agarose so the site may participate to the control of cell 

growth in response to environmental stimuli, such as anchorage-free conditions (Alessi et al. 

2006). The phosphorylation the same site by brain derived neurotrophic factor (e.g. BDNF) has 

also been shown in one study, and promoted axon formation (Winckler 2007), linking 

phosphorylation and control of cell polarisation. Additionally, ATM (ataxia telangiectasia mutated 

on chr 11q22.3) can bind to LKB1 after DNA damage (Fernandes et al. 2005) and phosphorylate it 

on Thr
363

, although the function of this mechanism is not fully investigated (Alessi et al. 2006). 

LKB1 could also be regulated by phosphorylation by ERK, enabling interaction between the mTOR 

and RAF-MEK-ERK pathways; therefore B-RAF activation by the mutation V600E plays its 

oncogenic role partly by inhibiting LKB1 action on AMPK and the mTOR pathway (Esteve-Puig et al. 

2009, Zheng et al. 2009). To conclude, the various phosphorylation sites of LKB1 may present an 

opportunity for the cell to tune the protein action and direct it towards specific downstream 

kinases, enabling the integration of environmental stimuli. 
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The ability of the complex to autophosphorylate has also been noted, but its role is not fully 

explained. Since the sites are phosphorylated upon LKB1 binding to Strad, it indicates a potential 

feedback function in the regulation of complex formation or in cellular localisation. However 

mutating these residues has no direct effect on complex formation or re-localisation.   

 

SIRT protein family 

Recently, a new mechanism of regulation of LKB1 expression by SIRT1 (sirtuin 1 or silent mating 

type information regulation 2 homolog 1, on chr 10q21.3) has been reported. SIRT1 is a class III 

NAD-dependent deacetylase enzyme. It regulates histone H3 or other protein acetylation status in 

correlation with the cells NAD
+
/NADH ratio, e.g. with the cells metabolic status. SIRT1 is therefore 

a metabolic sensor, as is AMPK whose activity depends on the AMP/ATP ratio. Interaction 

between SIRT1 and LKB1, which is upstream of AMPK, is therefore not surprising.   

One study showed that the activation of SIRT1 using polyphenols lead to the increase of LKB1 

phosphorylation at Ser
428

, whose role is mentioned in the paragraphs above, and AMPK activity 

(Hou et al. 2008). The authors infer that SIRT1 plays a role in LKB1/AMPK pathway and that it can 

regulate hepatocyte lipid metabolism. The actual mechanism of this regulation was uncovered in 

another study which showed that LKB1 was acetylated on various lysine residues, Lys
48

 seemingly 

being the most important one as assessed by point mutation (Lan et al. 2008). Overexpression of 

SIRT1 in the 293T cell line induced LKB1 deacetylation, and conversely SIRT1 downregulation by 

shRNA promoted LKB1 acetylation. The deacetylation of LKB1 increased its binding to Strad, its 

transport to the nucleus and its activation of downstream kinases such as AMPK.  

However, this interpretation is not shared by other groups. On the contrary, Zu et al have shown 

that knocking down SIRT1 in endothelial cells promoted LKB1 expression and phosphorylation on 

Ser
428

, and AMPK activity. SIRT1 overexpression led to the deacetylation of LKB1 in primary porcine 

aortic endothelial cells, as was also shown in Lan et al.  But in this case, it led to its ubiquitination 

and degradation by the proteosome. SIRT1 was shown to be a negative regulator of AMPK 

activation in this study. Zu et al studied a model of senescence using porcine endothelial cells 

whereas Lan et al and Hou et al used a human embryonic kidney and a human hepatocyte cell line 

in normal growth conditions. Downregulation of LKB1 did not induce senescence in those two cell 
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lines as it did in the endothelial model (Zu et al. 2010).  LKB1 regulation mechanism via SIRT1 may 

be cell type and context dependent.  

Additionally, there seems to be either a feedback loop or an interaction between AMPK and SIRT1: 

AMPK activation could lead to SIRT1 activation. It was demonstrated that treatment with an AMPK 

activator in glucose deprivation conditions inhibited myoblast differentiation and changed the 

NAD
+
/NADH ratio (Fulco et al. 2008). This effect was not observed in Sirt1

+/-
 mouse myoblasts or 

human myoblasts with SIRT1 knock-down by shRNA. Hence, AMPK can also regulate SIRT1 activity. 

Further proof was given as the activation of AMPK in myocytes and mouse fibroblasts disturbed 

the NAD
+
/NADH ratio leading to SIRT1 activation, which then deacetylated its target PGC1-α 

(Canto et al. 2009). A recent report argues that activation of SIRT1 and AMPK could be promoted 

by FGF21 activation in adipocytes (Chau et al. 2010). This suggests that regulation of the SIRT1-

LKB1-AMPK pathway may also be mediated by TKR and not only by changes in AMP/ATP or 

NAD
+
/NADH ratios. 

SIRT1 is part of a family of seven members. Hence other proteins of this family could also change 

LKB1 acetylation status. SIRT3, and not SIRT1, has been reported to activate LKB1 by deacetylation 

in a mouse model of cardiomyocytes, in hypertrophic conditions (Pillai et al. 2010). Another study 

has shown that treatment of glomerular epithelial cells with resveratrol prevented LKB1 

acetylation, thereby restoring its activity; this mechanism was independent of SIRT1 (Lee et al. 

2010b). The same treatment applied to hepatocytes (Shin et al. 2009) and neurons (Dasgupta et al. 

2007), also found to be independent from SIRT1 activation. This confirms that LKB1 acetylation 

may not depend solely on SIRT1.  

In conclusion, SIRT1 can regulate LKB1 acetylation status and this will influence protein stability 

and function. However this may lead to both an increased or decreased protein activity, in 

different models. This is probably part of a more complex mechanism which coordinates AMPK 

and SIRT1 activation in response to the energy status of the cells. Therefore there may be another 

player whose role is to be discovered and whose action may depend on cell type or environmental 

factors. Cancer cells often develop the ability to disconnect their growth from energy sensors. The 

alteration of the cooperation between SIRT1 and AMPK in cancer cells has not been investigated. 

As SIRT1 function is related to differentiation (Fulco et al. 2008), a process also altered in cancer 

cells, the role of SIRT1 may differ in cancer cells compared to normal differentiated cells. This is 

emphasized by the finding that SIRT1 inhibition in stem cells can alter both AMPK and telomerase 
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activity, which is also disrupted in cancer (Narala et al. 2008). Further studies on the role of SIRT1 

in LKB1 regulation in the context of cancer cells are required as the evidence to date is not fully 

conclusive.  

 

 

 

 

 

Figure 1.10: Scheme of LKB1 regulation mechanisms. 

Plain black arrows represent the different equilibriums of LKB1. Green arrows show a positive regulation and 

red straight connectors a negative regulation or inhibition. Each molecule’s colour illustrates the mechanism 

in which they participate. Question marks illustrate processes that are not fully understood. ‘P’ represents 

phosphorylation, and ‘a’ acetylation of the target protein. 
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1.2.1.6 Conclusion 

LKB1 is an essential and yet not fully characterised serine/threonine kinase involved in many key 

cellular pathways, related to cell metabolism, polarity, migration, apoptosis and differentiation. 

Most of the knowledge on this kinase is very recent, with some aspects, like the role of some of its 

downstream effectors and their regulation, still undiscovered. LKB1 is constitutively activated once 

in complex with Strad and MO25, and may be regulated further by localisation, phosphorylation, 

acetylation and protein interactions. This has uncovered novel regulation mechanisms for kinases, 

beyond a simple activation by phosphorylation as observed for most of them. Understanding this 

mechanism better will help to comprehend the role of LKB1 with regards to its multiple 

downstream targets. LKB1 function is cell type and context dependent, its action being 

coordinated by environmental stimuli. Its role in sporadic cancer and especially lung cancer has 

only been identified recently, although its tumour suppressor gene status has been long known 

thanks to its association with PJS. Whether LKB1 can have a haploinsufficient effect needs to be 

investigated further. It would therefore be interesting to assess its role in sarcomas and OS in 

particular. 
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1.2.2 The mTOR pathway 

One of the main pathways downstream of LKB1 is the mTOR pathway (Figure 1.9), whose role in 

cancer has been intensively studied as it is a promising target for specific drug therapy. 

1.2.2.1 Pathway activation 

The mTOR pathway is involved in cell growth and proliferation via the regulation of mRNA 

translation initiation. It is regulated both by the PI3K/Akt and LKB1 pathways. Their regulation and 

activation in normal conditions is described here and a schematic diagram is shown in Figure 1.11.  

 

Activation of the cascade by TKR 

The PI3K/Akt/mTOR pathway activity is initiated by the binding of a growth factor to its TKR, such 

as IGF to IGFR; IGFR becomes hereby active and autophosphorylates. It then phosphorylates the 

insulin receptor substrate (IRS), which activates PI3K, or phosphatidylinositol 3-kinase.  Other TKR 

and their corresponding adaptors can play the same role and their expression is cell type 

dependent. 

 

PI3K and PTEN 

PI3K is a heterodimeric protein composed of a regulatory subunit, p85, and a catalytic subunit, 

p110. IRS can recruit and interact with p85 to ensure that it phosphorylates phosphatidylinositol-

3,4-bis-phosphate (e.g. PIP2) into phosphatidylinositol-3,4,5-bis-phosphate (PIP3) (Franke et al. 

1997). The equilibrium between PIP2 and PIP3 is regulated further by PTEN (phosphatase and 

tensin homolog on chr 10q23.31) which can dephosphorylate PIP3 back into PIP2 to counter PI3K 

signalling (Radu et al. 2003).  
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Akt 

PIP3 then recruits Akt (v-akt murine thymoma viral oncogene homolog 1, also referred to as 

protein kinase B, PKB, on chr 14q32.33) and PDK1 (3-phosphoinositide-dependent protein kinase 

1) to the plasma membrane in order for PDK1 to partially activate Akt by phosphorylation of Thr
308

 

(Stephens et al. 1998). For complete activation, Akt needs to be phosphorylated on Ser
473

 (Toker et 

al. 2000), which is accomplished by the complex mTORC2 (Sarbassov et al. 2004, Sarbassov et al. 

2005)(see below). The main role of Akt is the activation of the mTOR pathway, but it is not 

restricted to this. Akt can phosphorylate BAD (BCL2-associated agonist of cell death, on chr 

11q13.1) for apoptosis regulation, GSK3β (glycogen synthase kinase 3 beta on chr 3q13.33) for cell 

metabolism or the transcription factor family FOXO for cell proliferation (Downward 1998, Tran et 

al. 2003). 

 

TSC complex 

Upon its activation, Akt can regulate the mTOR pathway via the TSC complex (Inoki et al. 2002). 

Tuberous sclerosis complex 1 (TSC1), or hamartin, and tuberous sclerosis complex 2 (TSC2), or 

tuberin, respectively on chr 9q34 and 16p13.3, are bound in a heterodimer complex and normally 

inhibit the activity of Ras homologue enriched in brain (Rheb, on chr 7q36.1), a small GTPase. TSC1 

stabilises the protein complex whereas TSC2 is its active kinase part. The TSC complex converts 

Rheb from its GTP form, which is necessary for mTOR activation, to its GDP form, which is unable 

to activate mTOR (Tee et al. 2003). Upon phosphorylation by Akt on Thr
1462

, TSC2 activity is 

inhibited and this results in activation of the mTOR pathway (Tee et al. 2002). TSC2 

phosphorylation may accelerate its ubiquitination and hence its degradation (Plas et al. 2003). 

However, nutrient starvation leads to the phosphorylation of AMPK by LKB1, which in turn can 

activate the TSC complex via the phosphorylation of Thr
1227

 and Ser
1345

 (Inoki et al. 2003). This 

enables the cell to inhibit the mTOR signalling pathway and hence cell proliferation in stress 

conditions. The TSC complex is therefore a key regulator of the pathway activity as it can either be 

activated by LKB1 signalling or inhibited by Akt signalling, depending on environmental conditions.  
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mTOR complex 

mTOR, the mechanistic target of Rapamycin (chr 1p36.22), also called FRAP, is a 289 kDa 

serine/threonine kinase part of either the mTORC1 or mTORC2 complexes. It is the active part of 

the complexes, which are composed of mLST8 (MTOR associated protein, LST8 homolog or G 

protein beta subunit-like, on chr 16p13.3) and either raptor (regulatory associated protein of 

MTOR complex 1, on chr 17q25.3) for complex 1 (Kim et al. 2002a) or rictor (RPTOR independent 

companion of MTOR, complex 2 on chr 5p13.1) for complex 2 (Sarbassov et al. 2004).  Both 

complexes have different functions; mTORC1 is Rapamycin sensitive and promotes cell growth 

when activated by Rheb, whereas mTORC2 (also called PDK2) is not Rapamycin sensitive and can 

regulate the signalling pathway through a feedback loop that activates Akt. However, the role of 

mTORC2 beyond this is still poorly understood and more research on this complex is needed. 

mTORC1 and 2 are thought to be in equilibrium, hence regulating the whole pathway. AMPK has 

also been reported to be able to inactivate mTORC1 directly by phosphorylation of Raptor. When 

active, mTORC1 can be phosphorylated on Ser
2448

 by S6K as a feedback regulation (Chiang et al. 

2005).  

 

mTOR main effectors: 4EBP1 and S6K 

mTORC1, when active, phosphorylates S6K (ribosomal protein S6 kinase, 70kDa, polypeptide 1 or 

RPS6KB1 on chr 17q23.1) on multiple sites, the most important being Thr
289

. When activated, p-

S6K phosphorylates multiple targets to stimulate mRNA translation, but mainly RPS6 (40S 

ribosomal protein S6 on chr 9p22.1). The activation of RPS6 by phosphorylation on several sites, 

including Ser
235

 and Ser
236

 (Ferrari et al. 1991), leads to its recruitment; it enhances top-dependent 

mRNA translation, coding for ribosomal proteins, elongation factors or growth factors such as IGF 

(Wan et al. 2007). mTORC1 also phosphorylates 4EBP1 on several sites including Thr
70

. 4EBP1 is a 

small molecule that binds to the eukaryotic translation initiation factor eIF-4E; its phosphorylation 

induces release of eIF-4E which then drives the translation of cap-dependent mRNA, such as 

cyclins, MYC or VEGF (Holz et al. 2005).  
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Figure 1.11: Scheme of the mTOR pathway. 

The arrows indicate a positive and the straight link a negative regulation. Known inhibitors that could be 

used for therapeutic treatments are indicated in red.  
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1.2.2.2 Role of the mTOR pathway in cancer 

The mTOR pathway as a key regulator of cancer cell proliferation 

The mTOR pathway is a key regulator of cell growth and is controlled by several feedback loops 

and interaction between pathways; for instance, LKB1 ensures limitation of pathway activation 

(and hence cell growth) in nutrient deprivation conditions. Cancer cells have the ability to 

disconnect their proliferation signals from environmental stimuli; the deregulation of the mTOR 

pathway in tumours is then not surprising. It leads to uncontrolled cell proliferation and survival of 

the tumour cells. Additionally, as 4EBP1 controls the translation of the mRNA of targets such as 

VEGF, cyclins and MYC; then, activation of this pathway indirectly promotes angiogenesis and 

deregulation of cell cycle entry. Finally, as mTORC2 activates Akt, which can - beyond TSC2 - 

phosphorylate a wide range of targets (some being associated with control of apoptosis), 

constitutive activation of mTOR may lead to resistance to apoptosis of tumour cells.  

 

mTOR constitutive activation in cancer 

The mTOR pathway is often constitutively activated in cancer following genetic abnormalities, 

such as the constitutive activation of TKR by mutation, amplification of those TKR, loss of PTEN or 

mutations in the TSC complex. All these events are frequently reported in cancer or are 

characteristic of syndromes associated with an increased cancer risk, such as Cowden’s syndrome 

for PTEN, and tuberous sclerosis for TSC1 and 2 (Wan et al. 2007). Genetic events and deregulation 

of pathways that indirectly regulate the mTOR pathway, such as LKB1 loss (Shaw 2009), Ras 

activating mutations (Roux et al. 2004) or Wnt pathway deregulation (Menon et al. 2008) can also 

lead to constitutive activation of this signalling cascade. In that case, no obvious genetic event 

would be detected within molecules of the pathway.  

 

The mTOR pathway in different cancers 

Among others, the mTOR pathway has been reported to play a role in ovarian cancer (Altomare et 

al. 2004), lung adenocarcinoma, breast cancer (Menon et al. 2008), glioblastoma 

(Riemenschneider et al. 2006), and sarcomas, including peripheral nerve sheath tumour, 

schwannoma, rhabdomyosarcoma and synovial sarcoma (Dobashi et al. 2009). Our group reported 
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that about 65% of a cohort of  50 chordomas had the PI3K/Akt/mTOR pathway activated and 

would therefore be responsive to inhibitors of this pathway (Presneau et al. 2009). Its role in OS 

will be discussed in paragraph 1.2.3.2. 

 

1.2.2.3 The mTOR  pathway as a target for therapy 

mTORC1 complex is sensitive to the antifungal agent Rapamycin, as mentioned in paragraph 

1.2.2.1. Rapamycin in mammalian cells binds to the FK506 binding protein 1A 12kDa (FKB1A). This 

leads to an increased ability of the complex formed to inhibit mTORC1, but not mTORC2 (Mita et 

al. 2003). The complex is thought to function as an allosteric inhibitor of the mTOC1 kinase activity 

and once attached, the interaction of mTORC1 and Rapamycin appears irreversible (Chiang et al. 

2007). This blocks the phosphorylation of mTORC1 effectors, S6K and 4EBP1. Several analogues 

have been developed by pharmaceutical companies to enhance its solubility and its stability: CCI-

779 or tensirolimus by Wyeth, AP23573 or ridaforolimus by Ariad and RAD001 or everolimus by 

Novartis. Novartis have also developed another compound, NVP-BEZ235, which is active on both 

PI3K and mTORC1. The inhibitors have been tested in preclinical studies and in phase I /II trials on 

a wide range of cancers, including renal, breast, haematological and sarcomas. They are well 

tolerated and induced a stable disease or a partial response in a subset of cases (MacKenzie et al. 

2007, Wan et al. 2007). The relevance of these inhibitors to OS is detailed in paragraph 1.2.3.2. 

Another approach to target the mTOR pathway would be to use TKR inhibitors, PI3K inhibitors 

such as wortmannin or LY294002, and Akt inhibitors such as MK-2206. However, those inhibitors 

act upstream in the signalling cascade, and they would affect many other pathways. Their effect 

would therefore be less specific than an mTOR inhibitor. Also, due to the interaction of other 

pathways with mTOR signalling, tumour cells could bypass the repression of the pathway by these 

inhibitors. 

 

1.2.2.4 Conclusion 

As the mTOR pathway provides relevant targets for cancer therapy, its role in OS has been 

investigated, and this is described in the next paragraph.  
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1.2.3 LKB1 and the mTOR pathway in Osteosarcoma 

1.2.3.1 Ezrin and osteosarcoma 

Ezrin (cytovillin or villin2 on chr 6q25.3) is a linker protein between the plasma membrane and the 

actin cytoskeleton of the ERM protein family (ezrin/radixin/moesin) and it plays a role in cell 

surface functions. It is present in an inactive closed conformation in the cytoplasm; upon its 

phosphorylation, the molecule becomes active and changes to an open conformation. It relocates 

to the cell membrane and links itself to the actin cytoskeleton. This physical connection may 

influence membrane extension, motility, invasion and adherence processes. It also facilitates 

signal transduction from growth factor receptors and adhesion molecules, thereby integrating 

signals from the extracellular matrix or from cell to cell contacts to promote growth. Hence it plays 

a role in the signalling of MEK/ERK, Akt and MAPK pathways (Hunter 2004). To perform its 

function, ezrin can form a complex with moesin, Merlin, the protein coded by NF2, associated with 

OS (section 1.1.5.4), and CD44, which is overexpressed in dedifferentiated OS and promotes 

invasion in OS cell lines (Peng et al. 2002, Peng et al. 2005). This associates ezrin with 

tumourigenesis, cell migration (Sainio et al. 1997) and metastatis in several cancers (Hunter 2004, 

Weng et al. 2005).  

 

Ezrin in sarcomas 

Confirming its role in cancer and sarcomas in particular, ezrin  has been shown to be highly 

expressed by IHC in Ewing sarcoma, leiomyosarcoma,  rhabdomyosarcoma, peripheral nerve 

sheath tumours, schwannoma and synovial sarcoma compared to normal tissue (Bruce et al. 

2007). Ezrin was therefore suggested as a diagnostic tool to differentiate conventional 

chondrosarcoma from chondroblastic OS and a therapeutic target in dedifferentiated 

chondrosarcoma (Salas et al. 2009), but a more recent study did not confirm this finding (Machado 

et al. 2010).  
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Ezrin detection in human Osteosarcoma and evidence correlating it to metastasis 

High expression of ezrin in OS has been mentioned earlier in section 1.1.5. Ezrin has been detected 

by high throughput screening of human OS, such as in GEM (Leonard et al. 2003) and proteomic 

analysis (Folio et al. 2009, Li et al. 2010). It was among the top deregulated genes in a GEM 

comparing metastatic and non metastatic mouse OS cell lines (Khanna et al. 2001). It was found to 

be necessary for metastasis using this same model in vivo, and to act through the Akt and MAPK 

pathways (Khanna et al. 2004).  

The expression of ezrin and its association with metastasis was confirmed in several studies at the 

protein level by IHC (Boldrini et al. 2010, Kim et al. 2009, Kim et al. 2007, Park et al. 2006, Park et 

al. 2009, Salas et al. 2007) and at the mRNA level by qRT-PCR (Ogino et al. 2007, Salas et al. 2007, 

Wang et al. 2010b, Xu-Dong et al. 2009). It is of note that exclusive cytoplasmic expression was 

associated with better disease free survival chances compared with both cytoplasmic and 

membranous expression (Ferrari et al. 2008).  Nucleic expression of phosphorylated ezrin was 

reported in OS in one study (Di et al. 2010), uncovering an unknown role of ezrin in OS. 

These results imply that ezrin could be a therapeutic target in OS. Its inhibitor, sorafenib, was 

suggested for therapy in OS as it showed anti-tumour activity in vitro and in vivo in a pre-clinical 

study (Pignochino et al. 2009). 

Little is known on how ezrin is regulated. One recent study has shown that ezrin was dynamically 

phosphorylated during metastasis progression, possibly by the protein kinase C family (Ren et al. 

2009). Furthermore, ezrin has also been reported recently to regulate metastasis in one OS cell 

line through the binding of integrin β4, e.g. CD104 (Wan et al. 2009), partially elucidating its role. 

The mechanism by which it can activate signalling pathways such as mTOR, ERK and MAPK still 

needs to be deciphered. 

 

Conclusion 

Further study on the biological function and regulation of ezrin will help to understand better its 

role in OS. The screening of large cohorts of patients would enable assessment of its role as a 

therapeutic target and prognostic factor, as the result of early studies is encouraging. 
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1.2.3.2 mTOR and Osteosarcoma 

Animal models and links to Ezrin  

The group of Pr Khanna, which has discovered the importance of ezrin expression in OS, has also 

demonstrated how this protein may play its role, by linking it to the mTOR pathway. They found 

that the metastatic in vivo murine model used previously to identify ezrin by GEM (Khanna et al. 

2001) was sensitive to Rapamycin treatment (Wan et al. 2005). Furthermore, the mTOR pathway 

was activated in this model, and suppression of ezrin led to a decrease in the phosphorylation of 

mTOR pathway effectors, S6K and 4E-BP1. Ezrin plays an important role in the signal transduction 

of TKR, which activates the Akt/mTOR pathway, but the exact mechanism of this link needs to be 

deciphered further. Furthermore, the role of the mTOR pathway in OS was confirmed in another 

animal model, as mTOR and S6K were activated in canine OS cell lines (Gordon et al. 2008).  

 

Evidence of constitutive mTOR pathway activation in human Osteosarcoma 

Further studies have shown that the mTOR pathway is potentially activated in human OS, as 

suggested by the animal models. First, several TKR appear to play a role in OS development and 

are even considered as targets for therapy (section 1.1.6.1); their action can be channeled through 

the mTOR pathway. Moreover, genetic events have been reported in this pathway, leading to its 

constitutive activation in tumours; PTEN was reported as lost in OS tumours by SNP array and 

FISH, with a biallelic deletion in 4 of 27 cases and monoallelic in 9 of 27 (Freeman et al. 2008). In a 

recent release of COSMIC, 1 of 10 screened OS samples were mutated for TSC1. OS cells have also 

been suspected to increase the activation of the mTOR pathway in their environment, possibly via 

growth factors. The use conditioned media from mouse OS cells on osteoblastic cell lines 

promoted their growth of (Mori et al. 2008). This may increase bone proliferation in the tumour 

environment, and may also have an endogenous effect on the tumour cells. Finally, a recent 

publication showed that mTOR and S6K were expressed in some OS cases and correlated this 

expression with prognosis in 65 patients (Zhou et al. 2009). However, the study failed to assess 

whether the pathway was activated as the phosphorylated status of the mTOR pathway effectors 

was not recorded.   
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Preclinical studies on Osteosarcoma 

As many drugs have been designed to target the mTOR pathway (Figure 1.11 and section 1.2.2.3), 

most publications have focused on the activity of these inhibitors on OS rather than deciphering 

the mechanism of activation of the pathway in OS. Several preclinical studies have shown the 

effect of Rapamycin and its analogues on human OS. Rapamycin has been shown to be a potent 

inhibitor of cell growth in OS cell lines, and reduced the activity of S6K, mTOR and Akt (Gazitt et al. 

2009). However, it did not induce apoptosis. A preclinical study in canine OS demonstrated that 

Rapamycin was well tolerated and induced reduced activity of RPS6 in the tumour and PBMC 

fraction, an effect that was dose dependent (Paoloni et al. 2010). Screening of Rapamycin action in 

vitro and in vivo on a panel of paediatric sarcoma cell lines revealed that 1 of 6 OS cell lines 

responded to Rapamycin (Houghton et al. 2008).  Several preclinical studies on different sarcomas, 

including OS, have reported the potential of these inhibitors of this pathway in OS treatment. A 

phase II clinical trial of ARIAD pharmaceutics on sarcoma displayed clinical benefit after treatment 

with a Rapamycin analogue, AP23573 or ridaforolimus in 15 of 50 bone tumours, including 3 OS 

(Staddon et al. 2006). The trial showed evidence that patients with bone sarcoma, 

leiomyosarcoma and liposarcoma had an overall improved survival from 9 to 17 months. A phase 

III trial is under way to study metastatic sarcomas, including OS, and its results are being analysed. 

In a subset of the patients recruited in this trial, phosphorylation of RPS6 was a predictive marker 

of the tumour response to therapy (Iwenofu et al. 2008). The design of this trial can be improved 

by the optimisation of biomarkers to classify which patients would benefit from the treatment. 

The use of another inhibitor, NVP-BEZ235 from Novartis, has been assessed in vivo and in vitro on 

OS cell lines in combination and in the absence of chemotherapy drugs (Manara et al. 2010). As 

with other mTOR targets, it inhibited cell cycle progression, migration and adhesion but did not 

induce apoptosis. Its combination with doxorubicin or IGFR inhibitors yielded better responses. 

To conclude, the first studies of the role of mTOR inhibitors are promising but treatment design 

can be improved with biomarkers and combination therapy.   
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Conclusion 

There is evidence that the mTOR pathway plays a role in OS pathogenesis and, potentially 

downstream of Ezrin, in the development of metastases. Little is known of the mechanism of 

activation of the mTOR signalling pathway in OS. Further studies of the genetic events leading to 

its constitutive activation in OS are warranted. Moreover, the role of the mTOR pathway has not 

been yet confirmed on a large cohort of human patients. This would enable assessment of 

whether the therapeutic targets would potentially benefit selected patients.  

Preclinical studies have shown the ability of Rapamycin or its analogues to stop cell growth in OS 

tumours, but not to induce apoptosis. These compounds also only have cytostatic effect in other 

cancers, leading to G1-cell cycle arrest (Menon et al. 2008). Their effect is enhanced in 

combination with other traditional agents, including chemotherapy drugs like doxorubicin, or new 

targets like TKR inhibitors. Using inhibitors that could target both mTORC1 and mTORC2 could also 

enhance patient response to the drug. Phase III clinical trials, as the one set up for ridaforolimus, 

are required to assess fully the potential of these inhibitors. Such trials may also identify 

biomarkers which may stratify patient for treatment.  

 

1.2.3.3 LKB1 role in Osteosarcoma pathogenesis 

In vivo model and LKB1 in osteoblast proliferation 

LKB1 heterozygous loss has been associated with osteogenic tumours in a recent publication using 

an in vivo model. Robinson et al have observed that about 2% (6/300) of the cohort of Lkb1
+/-

 mice 

became paralysed at about 300 days of age (Robinson et al. 2008) due to the development of an 

osteoblastic tumour in the spinal column (Figure 1.12). Moreover, study of 12 asymptotic mice 

revealed that abnormal osteoblastic proliferation was also present. The malignancy of the lesion 

was difficult to assess, but was reported as representing osteoblastosis rather than osteosarcoma. 

Hence LKB1 may play a role in osteoblastoma or OS. Lkb1
+/-

 mice and p53
+/-

 mice develop OS (Wei 

et al. 2005), but as p53
+/-

 mice also develop OS (section 1.1.5.4), it was difficult to assess the effect 

of LKB1 in this process. The abnormalities are observed late in life in the mice so it is possible that 

they remain undiagnosed in patients. However, one case of osseous metaplasia in 3 of 15 

hamartomatous polyps in a patient with PJS was reported in 1995 (Narita et al. 1995), suggesting 

further that LKB1 is relevant to bone biology. 
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As described in paragraph 1.1.5.5, OS may arise from osteoblasts that have lacked their 

differentiation potential. AMPK have been associated with cell differentiation in myoblasts (Fulco 

et al. 2008)(section 1.2.1.5). A recent article has shown that osteoblast differentiation is associated 

with a decreased AMPK activity (Kasai et al. 2009) in a mouse osteoblast cell line. In reduced 

glucose conditions, AMPK phosphorylation was increased and osteoblast differentiation inhibited. 

The use of an AMPK activator recapitulated this phenotype. Expression of a constitutively active 

AMPK also inhibited differentiation. Conversely, AMPK phosphorylation decreased during 

osteoblast differentiation. This supports the hypothesis that LKB1 loss in osteoblasts may induce a 

deregulation of their differentiation potential and hence promote tumourigenicity.    

Further evidence of the role of LKB1 in OS has been demonstrated as expression of LKB1 in OS cell 

lines induced a TRAIL mediated-apoptosis (Takeda et al. 2007).   

Overall, this points toward a pathogenic role of LKB1 in osteoblast proliferation and possibly an 

involvement in OS. 

 

Figure 1.12: H&E sections of the osteogenic tumour detected in Lkb1
+/-

 mice (Robinson et al. 2008). 
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Genetic alteration of LKB1 in Osteosarcoma 

The study of genetic abnormalities, and in particular of chromosomal loss in OS, has not given a 

clear picture of OS genetic drivers (section 1.1.5.2). It is of note however that loss of the LKB1 

locus, 19p13.3, part or even the whole of chromosome 19, have already been reported in some 

cases (Bayani et al. 2003, Ozaki et al. 2002, Squire et al. 2003, Stock et al. 2000, Tarkkanen et al. 

1999, Tarkkanen et al. 1995). Breakpoints were reported in over 10 cases by cytogenetics at 19p13 

(Bridge et al. 1997). This suggests that LKB1 may be lost in OS, like has been found in lung cancer. 

Gains of chromosome 19 have also been reported by three groups (Bayani et al. 2003, Ozaki et al. 

2002, Zielenska et al. 2004, Zielenska et al. 2001), but this occurred less often than loss of the 

chromosome. Moreover, aneusomy is a very common event in OS and this does not exclude a role 

of LKB1 in OS pathogenesis. LKB1 has not been identified as deregulated in published GEM or 

proteomic studies, and no mutation of the gene has been recorded to this date. More 

investigation is needed to fully decipher the genetic status of LKB1 in OS and of its contribution to 

bone tumourigenicity. 

 

LKB1 is at the crossroad of key signalling pathways playing a major role in 

Osteosarcoma 

LKB1 function (paragraph 1.2.1.2), has been associated with several signalling pathways that play a 

role in OS.  

First, LKB1 major signalling route is by activation of AMPK, which can then inhibit the activation of 

the mTOR pathway, mainly by phosphorylation of TSC2. Loss of LKB1 in OS would then prevent the 

shutdown of the mTOR pathway in energy-deprived cells. As the mTOR pathway has been 

reported to play a role in OS, mainly via ezrin (section 1.2.3.1 and 1.2.3.2), it raised the question 

whether LKB1 participates in OS pathogenesis. This would also provide a new light on the genetic 

mechanism of mTOR pathway activation in OS.  

Moreover, LKB1 has been shown to cooperate with Src to regulate the activation of the mTOR 

pathway (Carretero et al. 2010) and also cell migration and metastasis, as discussed in paragraph 

1.2.1.2. This cooperation could explain why dasatinib treatment, which targets Src, failed in OS in 

vivo (section 1.1.6.1). Src was also associated with metastatic potential in OS in a cell line model 

(Azuma et al. 2005), as it was in a metastatic Lkb1 deficient lung cancer model in mice (Carretero 
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et al. 2010). Similarly, anoikis resistance in SaOS2 cell line was shown to be dependent on Src 

activation (Diaz-Montero et al. 2006). A better understanding of LKB1 role in OS could help to 

refine the treatment design with Src inhibitors in OS.  

Similarly, the Wnt-β-catenin pathway has been suggested to be inactive in OS, although this is 

controversial (section 1.1.5.3). LKB1 has been suggested to regulate the interaction between the 

mTOR and the Wnt-β-catenin pathway (section 1.2.1.2), although its exact role is not well 

understood. Assessing the role of LKB1 in OS could help to resolve those questions in the future.  

LKB1 has been shown to interact with TGF-β signalling and this function was even suggested to 

play an essential role in polyp formation in patients with PJS (section 1.2.1.2)(Katajisto et al. 2008) 

by disrupting the interaction between epithelial and mesenchymal cells in the intestine. In bone 

biology, TGF-β can stimulate the proliferation of osteoblast progenitors, participate to the control 

of their differentiation in different lineages and decrease bone resorption by inducing osteoclast 

apoptosis. Disruption of bone remodelling has been associated with OS, with Paget disease of 

bone giving an increased risk factor for developing this cancer.  The targeting of osteoclasts is even 

considered as a potential treatment for OS (section 1.1.6.1) Therefore, disruption of the TGF-β 

signalling and the interaction between osteoclasts and osteoblasts via the disruption of LKB1 could 

hypothetically participate in OS pathogenesis.  

Finally, the major genetic event associated with OS is the alteration of the p53 pathway (section 

1.1.5.1). LKB1 has been shown to interact with this pathway either via its downstream kinases 

AMPK, SIK and NUAK, or more directly by interaction with p53 and/or p21 (section 1.2.1.2). It 

would then be very interesting to assess the role of LKB1 in OS. 

 

1.2.4 Conclusion 

Overall, in addition to the work of Robinson et al, underlining the link between LKB1 and bone 

biology, LKB1 was found to play a role in key signalling pathways, implicated in OS, including the 

mTOR pathway, and there is some evidence of loss of its locus in sporadic cases. A better 

understanding of the role of LKB1 in OS could help to decipher the regulation of those pathways in 

OS and to design innovative therapeutic strategies targeting them.  
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1.3 Aims 

The importance of the mTOR pathway in OS was demonstrated by pre-clinical studies; LKB1 is a 

key playor in this pathway, and has been linked to OS either directly with a mouse model, or 

indirectly as a player in major pathways deregulated in OS, as described in 1.2.3.3. Therefore, the 

overall aim of this thesis was to assess the role of LKB1 in the pathogenesis of osteosarcoma.   

As the most studied effector of LKB1 is AMPK, which regulate the activation of the mTOR pathway 

depending on nutrient availability, the first focus of this work was to assess the activation of this 

mTOR pathway in a large cohort of human cases (Chapter 3).  

To achieve our main aim, the level of expression of LKB1, a tumour suppressor gene, was 

evaluated in human OS clinical samples and in human OS-derived cell lines at the protein level and 

correlated to the activation of the mTOR pathway (Chapter 4).  

Having identified the loss of LKB1 protein in OS, the next objective was to investigate the 

molecular mechanism explaining this loss, by assessing the presence of genetic abnormalities of 

LKB1, such as mutation or gene deletion (Chapter 5), the mRNA expression level of LKB1 (Chapter 

5) and investigating LKB1 post-transcriptional regulation (Chapter 6). 

Finally, the functional role of LKB1 loss in OS pathogenesis was studied using two models: a knock-

down of LKB1 in an osteoblast cell line (Chapter 7) and its knock-in in LKB1-negative OS cell line 

(Chapter 8).  
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Chapter 2: MATERIALS AND METHODS 

2.1 Clinical samples 

The tissue samples and the clinical data were obtained from the archives of the 

Department of Pathology, Royal National Orthopaedic Hospital (RNOH) in Stanmore, UK. 

Paraffin embedded and snap-frozen tissue samples were used, dating from 1997 to 2010. 

The study complied with the standards of the Central Office for Research Ethics 

Committees (COREC) (REC: 07/Q0506/8). The material was handled as recommended by 

the Human Tissue Act (HTA licensing number 12325 and 12055). The histology of each 

sample was reviewed by a pathologist to confirm the diagnosis before being used in this 

work. For paraffin embedded tissue, the blocks with necrotic tissue were excluded; 

whenever possible, blocks with minimal decalcification were chosen. For frozen tissue, 

the histology was reviewed using an H&E every 10 sections cut. 

 

2.2 Cell culture 

The cell lines used in this study are detailed in the table below (Table 2.1). Except the 

Jurkat cell line which was grown in suspension, the cells were maintained as monolayers 

at 37°C with 5% CO2 and high humidity in the appropriate medium (GIBCO®, Invitrogen, 

Paisley, UK) as detailed in Table 2.1, supplemented with 10% FBS (GIBCO) and with 100 

U/ml penicillin G, and 100µg/ml streptomycin (Invitrogen). When the cells reached 80 to 

90% confluence, they were split using trypsin-EDTA (GIBCO) 1:3 to 1:10, depending of 

their growth rate, two to three times a week. Cells were stored frozen in FBS 

supplemented with 10% DMSO at a density of 1 to 3 million per ml. They were counted 

using a Neubauer haemocytometer (Weber Scientific International Ltd., Middlesex, UK) 

diluted 1:2 in trypan blue (Sigma Aldrich, Dorset, UK) for dead cell identification before 

freezing or prior to any assay. 
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Cell line Description Medium Origin 

293T Human embryonic kidney cell line HEK2931T DMEM 

ATCC biobank 

A549 Human lung adenocarcinoma epithelial cell line DMEM 

Jurkat 
Human immortalised T lymphocyte cell line, derived 

from leukaemia patient 
DMEM 

143B Human OS cell line derived from HOS DMEM 

MG63 Human OS cell line DMEM 

G292 Human OS cell line DMEM 

HOS Human OS cell line DMEM 

U2OS Human OS cell line DMEM 

SaOS2 Human OS cell line DMEM 

HOB Human OS cell line DMEM 

Kindly provided by Pr 

Boschoff, Viral Oncology, 

Cancer Institute, UCL, UK 

HF1 Immortalised human fibroblast DMEM 
Kindly provided by Dr 

Funes, Viral Oncology 

Cal72 Human OS cell line DMEM DSMZ biobank 

OST  Human OS cell line RPMI 
Kindly provided by Dr 

Strauss, Cancer Institute 

MHM Human OS cell line DMEM 

Eurobonet biobank 

OSA Human OS cell line DMEM 

MNNG Human OS cell line derived from HOS DMEM 

ZK58 Human OS cell line DMEM 

KPD Human OS cell line DMEM 

OHS Human OS cell line DMEM 

HAL Human OS cell line DMEM 

 

Table 2.1: List of the cell lines used. 
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2.3 In vivo work 

Xenografts were generated with the OS cell lines MNNG, U2OS and SaOS2 in 

immunocompromised mice. The study complied with the regulations of the Animal 

(Scientific Procedures) Act 1986 (project license reference PPL70/6666 and personal 

license reference PIL70/21069). The cell lines were cultured as described in the previous 

paragraph (section 2.2), harvested and counted and two millions of cells were 

resuspended in 60µl of PBS. The cells were then mixed in 60µl of cold matrigel (BD 

Bioscience, Oxford, UK) and kept on ice. They were injected subcutaneously in two flanks 

of two NOD.Cg-Prkdc
scid

 Il2rgt
m1Wjl

/SzJ mice, also referred to as NOD-Scid gamma (Jackson 

Laboratories, Maine, USA). The mice, highly immunosuppressed, were kept in a controlled 

environment as described in the project license: the drinking water and the food were 

autoclaved and the cages were kept in a depressurised category 2 laboratory. The 

xenografts were left to grow for up to 20 weeks, or until they reached the limits stated in 

the project license, e.g. 14mm wide. At that point, the animal was sacrificed and the 

xenografts were harvested and snap-frozen. 
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2.4 Molecular pathology 

2.4.1 TMAs 

Seven tissue microarrays (TMA) with 0.6mm cores were constructed for this project using 

a manual tissue arrayer (Beecher Instruments Inc, USA).  

The first two TMAs were used for the screening of the mTOR pathway and contained 162 

resected OS cases in duplicate to quintuplicate including 69 cases from poor responders 

to chemotherapy (PR), 27 from good responders (GR) and 63 cases without chemotherapy 

before the resection. All subtypes and sites available were included. They were collected 

between 2000 and 2007. The mean age of the patients was 30.0 years old, ranging from 4 

to 85 years old. There were 134 primary tumours, 11 metastasis and 17 recurrences, and 

53 cases presented a progressive disease, with recurrence or metastasis reported at 

diagnosis or in subsequent follow-ups. More details on the clinical data are provided in 

the Figure 2.1.  

Five other TMAs including the same and more recent cases were designed for the study of 

the expression of LKB1 and p-TSC2 in OS. They totalled 268 resected OS cases in duplicate 

to triplicate, with 109 PR, 70 GR and 87 without chemotherapy. All subtypes and sites 

available were included. The mean age was 28.7 year old and was in the same range as 

the first set. The cases were collected between 2000 and 2009. There were 225 primary, 

28 recurrent and 14 metastatic cases; 75 cases presented with progressive disease. More 

details on the clinical data are provided in the Figure 2.2.  

Additionally, a TMA with 51 OB cases collected between 1997 and 2008 was constructed. 

The mean age of the patients was 19.3 years old, ranging from 3 to 54 years old. More 

details on the clinical data are provided in Figure 2.3. 

Normal and cancer tissues were used as controls and for orientation in the TMAs. 

All cases were reviewed by a pathologist, as mentioned in section 2.1, to select an area 

representing the characteristics of the tumour histology, where the punches were taken.  
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The Figure continues on the next page 
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Figure 2.1: Clinical characteristics of the cases included in the first set of OS TMAs. 

The number of cases concerned and percentage they represent among all cases are indicated on the charts for each category. 
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The Figure continues on the next page 
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Figure 2.2: Clinical characteristics of the cases included in the second set of OS TMA. 

The number of cases concerned and percentage they represent among all cases are indicated on the charts for each category. 
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Figure 2.3: Clinical characteristics of the cases included in the osteoblastoma TMA. 

The number of cases concerned and percentage they represent among all cases are indicated on the charts for each category. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 103 of 310 

 

2.4.2 Immunohistochemistry 

2.4.2.1 Slide staining 

Three µm thick paraffin-embedded sections were de-waxed by successive baths of xylene, 

ethanol and water, pre-treated and incubated with the primary antibody as described in 

Table 2.2. Pre-treated slides were either stained manually with the Ventana iVIEW DAB kit 

(Ventana Medical Systems, Strasbourg, France) or automatically using the Ventana NexES 

Autostainer (Ventana Medical Systems), following the manufacturer’s instructions. The 

slides were counterstained with haematoxylin. A positive, an isotype and a negative 

control (e.g. no primary antibody added) were performed on tissue controls. An H&E was 

performed for each slide to review its histology. The slides were kindly scanned by Dr 

Dahmane Oukriff (Department of Pathology, UCL) using the Nanozoomer HT system 

(Hamamastu, Welwyn Garden City, Herts, UK) and analysed using the Nanozoomer Digital 

Pathology software. 

 

2.4.2.2 Immunohistochemistry scoring 

Both the intensity of the staining and the number of cells stained were scored for each 

core on the slides scanned with the Nanozoomer, as described above. For the number of 

cells stained, a score of 0 was given when no or sparse tumour cells (less than 1%) were 

stained, 1 for less than 10%, 2 for between 10 and 60% and 3 for above 60%. For the 

staining intensity, a score of 0 corresponded to an absence of staining, 1 to a weak 

staining intensity (less intense than the positive control), 2 to a medium staining intensity 

(comparable to the positive control) and 3 to a high staining intensity (above the positive 

control).  The score of each of the duplicated cores for the same case were then averaged, 

to give a final score for the staining intensity and for the extent of the staining. 

Unequivocally immunoreactive cases, with a score for intensity equal or above 1 and a 

score for the % of cells stained strictly over 1, were considered as expressing the protein.  

Cases not immunoreactive, with a score equal or below 1 for the extent of the 

immunoreactivity, were considered as negative for protein expression. Difficult cases, 

with a low intensity and/or a low % of cells stained, were reviewed further by a 

pathologist to confirm the scoring (Dr Hongtao Ye, Dr David Delaney, Dr Asem Shalaby or 

Pr Adrienne Flanagan) and were finally considered either positive or negative. The staining 

of non-neoplastic cells as internal positive and negative controls was monitored in each 
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case to validate the scoring. Equivocal cases, with only few cells remaining on the slide or 

a too weak staining, or with no internal controls, were excluded. The scoring of the IHC for 

LKB1 was assessed by Dr Stephen Damato following the same method. 

 

Antibody (p- 

site), clone, 

species 

Source 

Antigen 

retrieval 

step 

Incubation 

of Primary 
Dilution Method 

Positive 

control 

p-Akt (Ser
473

), 

clone 736E11, 

rabbit polyclonal 

Cell Signalling 

Technology, 

MA, USA, ref 

37875 

6min PC 
Overnight 

at 4°C 
1:50 Manual 

Breast 

cancer 

PTEN clone 

28H6, mouse 

monoclonal 

Abcam, 

Cambridge, UK, 

ref ab10945  

2min PC 
30min at 

37°C 
1:100 Automated 

Breast 

cancer 

p-mTOR (Ser
2448

), 

rabbit polyclonal 

Cell Signalling 

Technology, ref 

2976S 

3min PC 
30min at 

37°C 
1:50 Automated 

Breast 

cancer 

p-S6K (Thr
389

), 

rabbit polyclonal 

Cell Signalling 

Technology, ref 

92055 

4min PC 
Overnight 

at 4°C 
1:50 Manual 

Breast 

cancer 

Total S6K, rabbit 

polyclonal 

Abcam, ref 

ab59246 
6min PC 

Overnight 

at 4°C 
1:50 Manual 

Breast 

cancer 

p-RPS6 

(Ser
235/236

), rabbit 

polyclonal 

Cell Signalling 

Technology, ref 

4857 

3min PC 
30min at 

37°C 
1:100 Automated 

Breast 

cancer 

Total RPS6, 

mouse 

monoclonal 

Cell Signalling 

Technology, ref 

2317  

2min PC 
30min at 

37°C 
1:100 Automated 

Breast 

cancer 

 TSC1, rabbit 

polyclonal  

Cell Signalling 

Technology, ref 

4906 

2min PC 
30min at 

37°C 
1:25 Automated 

Breast 

cancer 

p-TSC2 (Thr
1462

), 

rabbit polyclonal  

Abcam, ref 

ab59274 
4min PC 

Overnight 

at 4°C 
1:25 Manual 

Breast 

cancer 

Total  TSC2, 

clone C20, rabbit 

polyclonal 

Santa Cruz, CA, 

USA, ref SC893 
2min PC 

30min at 

37°C 
1:100 Automated 

Breast 

cancer 

p-4EBP1 (Thr
70

), 

rabbit polyclonal 

Cell Signalling 

Technology, ref 

9455  

2min PC 
Overnight 

at 4°C 
1:50 Manual 

Breast 

cancer 

The Table continues on the next page 
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Antibody (p- 

site), clone, 

species 

Source 

Antigen 

retrieval 

step 

Incubation 

of Primary 
Dilution Method 

Positive 

control 

eIF4E, rabbit 

polyclonal 

Cell Signalling 

Technology, ref 

9742 

2min PC 
30min at 

37°C 
1:100 Automated 

Breast 

cancer 

LKB1, clone Ley 

37DG6, mouse 

monoclonal 

Abcam, ref 

ab15095 
2min PC 

Overnight 

at 4°C 
1:600 Manual 

Normal 

lung and 

skeletal 

muscle 

Rabbit IgG 

isotype control 

Dako, 

Cambridge, UK, 

ref X 0903-028 

Same protocol as tested antibody 

Mouse IgG1 

isotype control 

BD Pharmingen, 

Oxford, UK, ref 

555746 

Same protocol as tested antibody 

Table 2.2: List of antibodies used for IHC and staining method used. 

 

 

2.4.3 Fluorescence in situ hybridisation 

2.4.3.1 Probe preparation 

BAC probes were selected from the RP11 library of the Sanger Institute: RP11-81M8 for 

LKB1 and RP11-91H11 for the telomeric control on chromosome 19 (BACPAC Resource 

centre, Oakland, CA, USA). The BAC clones were spread on LB agar overnight and a single 

clone was amplified in LB overnight. The DNA was extracted by a crude miniprep protocol, 

amplified using GenomiPhi DNA Amplification v2 kit (GE healthcare, Amersham, Bucks, 

UK) as instructed by the manufacturer, and labelled by nick translation in either 

Spectrum-Orange (LKB1 probe) or Spectrum-Green (telomeric probe) with reagents from 

Vysis (Abbot molecular, Maidenhead, Berks, UK) as instructed by the manufacturer. Both 

probes were tested on a metaphase spread of normal cells to ensure that they hybridised 

to the correct chromosomal area. 
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2.4.3.2 In-situ hybridisation 

After optimisation of the protocol on tonsil and OS resections, interphase fluorescence in 

situ hybridisation (FISH) was performed on the OS and OB TMAs. The slides were de-

waxed, pressure-cooked for 3min in distilled water and digested in 0.006% pepsin in 1mM 

HCl for 20min. They were then washed twice in distilled water, dehydrated and air-dried. 

The probes were hybridised on the slides for up to 48h at 45°C in a humidity chamber, 

after 5min denaturation at 73°C on a hot plate. The slides were then washed in 50% 

formamide (Sigma) in 2x SSC (Sigma) at 42°C three times for 5min, then in 2x SSC at 42°C 

three times for 5min, in 1% Igepal (Sigma) in PBS once for 5min at room temperature, and 

three times briefly in distilled water. They were counterstained with DAPI and observed 

under a fluorescence microscope (Olympus, Southall, Middlesex, UK) using AnalySIS 

software (Olympus).  

 

2.4.3.3 Scoring method for fluorescence in-situ hybridisation 

Fifty non-overlapping nuclei were counted for each case. Four normal controls were used 

to determine the cut-off values for disomy, copy number loss and gain of LKB1 and 

polysomy. The cut-off was calculated using the mean plus two standard deviations of the 

scoring obtained for the normal controls. Therefore, disomy was defined as the presence 

of two copies of LKB1 and the telomere in over 90% of the cells. Copy number loss of LKB1 

was defined by a ratio of LKB1 over telomere strictly less than 1 in at least 20% of the cells 

and copy number gain by a ratio strictly over 1 in at least 10% of the cells. Polysomy was 

defined as the presence of at least 3 copies per cell of both LKB1 and the telomere in over 

10% of the cells. Additionally, the scoring was performed independently by a pathologist, 

Dr Hongtao Ye. The results of both scores were then examined and divergent cases were 

reviewed to reach a final decision on the status of the case.  
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2.5 Sample processing 

2.5.1 Genomic DNA extraction from tissue and cell lines 

One to three 80% confluent 75cm
2
 flasks of the cell lines were harvested in trypsin-EDTA, 

washed in PBS twice and stored as a pellet at -20°C until the genomic DNA was extracted. 

Twenty frozen sections from both tumour and normal tissue were cut for each of the 21 

OS and 1 OB cases used in this study. For one case, no snap-frozen normal tissue was 

available and blood was used instead. The DNAeasy kit (Qiagen, Crawley, West Sussex, 

UK) was used for the DNA extraction, as instructed by the manufacturer.
 

Briefly, the pellet or the cut sections were resuspended in 180µL of ATL buffer. Twenty µL 

of proteinase K was added and the samples were digested at 56°C in a water-bath for 

10min for the cell lines, and 1 to 2h for the tissue samples. Two hundred µL of AL buffer 

was added, mixed for 15s with the sample and then incubated for 10min at 70°C to digest 

any mRNA remaining. Two hundred µL of 100% ethanol was added and the sample was 

mixed. The solution was loaded on a column and the DNA bound to it by centrifuging for 

1min at 8,000 rpm. The samples were then washed once with 500µL of AW1 buffer and 

once with 500µL of AW2 buffer. They were eluted in 100 to 200µL of AE buffer, depending 

of the initial amount of frozen tissue or cells in the sample, after 5min incubation with the 

elution buffer on the column. The samples were stored at -20°C. The concentration and 

quality of DNA obtained was monitored using a NanoDrop UV spectrophotometer. 

Tumour cases yielding less than 100ng/µL were amplified using the GenomiPhi DNA 

Amplification v2 kit (GE healthcare) according to the manufacturer’s instructions.  

 

2.5.2 miRNA extraction from tissue and cell lines 

The mRNA and miRNA of 21 OS resections, 24 OS biopsies and 1 OB case, as well as of 19 

cell lines was extracted using the miRNeasy extraction kit (Qiagen), following the 

manufacturer’s instructions. Briefly, for the patient samples, 30 frozen sections were 

resuspended in 700µL of Qiazol lysis reagent and homogenized by vortexing. For the cell 

lines, the cells were plated in one 10cm dish, and when reaching 70 to 80% confluence, 

they were washed twice in PBS and removed from the dish using 700µL of Qiazol. The 

Qiazol resuspended samples were stored at -80°C between 1h to a few weeks, to increase 

the final yield. The homogenate was then thawed, vortexed and incubated for 5min at 
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room temperature. Chloroform was added (140µl for 700µl of Qiazol) and the tube was 

shaken vigorously for 15s. The sample was incubated for 2-3min at room temperature and 

centrifuged for 15min at 13,000rpm at 4°C. The upper aqueous phase was collected and 

1.5 volumes of 100% ethanol added. After mixing thoroughly by vortexing, the sample 

was transferred into a miRNeasy mini spin column and centrifuged at 10,000rpm for 15s 

at room temperature. The RNA was washed with 350µL of RWT buffer. The remaining 

DNA was digested on the column by adding 80µl of a mix of 10µL of DNase I (Qiagen) and 

70µL of buffer RDD and incubated at room temperature for 15min. The sample was then 

washed once with 350µL of buffer RWT, and twice with 500µL of buffer RPE. Finally, the 

sample was eluted in 30 to 50µL of RNase free water and stored at -80°C. The 

concentration and quality of the mRNA and miRNA obtained was monitored using a 

NanoDrop UV spectrophotometer. 

 

2.5.3 Protein extraction from tissue and cell lines 

For the cell lines, the cells from one to three 80% confluent 10 cm dishes or 75cm
2
 flasks 

were harvested using trypsin-EDTA, washed twice in PBS, pelleted and stored at -20°C 

until the protein was extracted. When the cells were cultured in smaller dishes (6-well 

plates or 6cm dishes), the lysis buffer was directly added on the cells for 5min on ice after 

two washes with PBS. The cells were then scraped out of the plate and incubated further 

in the lysis buffer as described below. For the tissue samples, 30 frozen sections of the 27 

OS cases and 1 OB case were cut and directly used for the extraction. 

For each sample, a lysis buffer mix containing 500µL of radio immunoprecipitation assay 

(RIPA) buffer (50mM Tris at pH8, 100mM NaCl , 5mM EDTA and 1% Triton X100), 5µl of 

protease inhibitor (Sigma), 5µl of phosphatase inhibitor (Sigma) and 5µl of 1% SDS (Sigma) 

was prepared. The sample was resuspended in 300 to 500µL of the lysis buffer and 

incubated for 30min on ice. The sample was occasionally pipetted up and down during 

this incubation. The lysate was then centrifuge for 5min at 10,000rpm to get rid of the cell 

debris and the supernatant was collected.  

The concentration of the protein lysate was assessed using a BCA protein assay kit (Fisher 

Scientific, Loughborough, Leicestershire, UK), and compared to a BSA standard of 1:2 

dilutions from 2mg/ml to 0.0625mg/ml. 
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2.6 Molecular biology 

2.6.1 Polymerase chain reaction  

LKB1 was amplified by polymerase chain reaction (PCR) to study the occurrence of any 

abnormalities in the gene in OS cases. The genomic or amplified DNA extracted from the 

tumour and normal tissue of 21 OS and 1 OB cases and two control cell lines (A549 and 

Jurkat) were used for each reaction. The primers were designed to hybridise to the 

intronic sequences flanking each exon, to enable the amplification of the entire exon and 

to include the single nucleotide polymorphisms (SNP) or possible somatic mutations of 

interest for this study (section 2.6.2 and 2.6.3). These primers (Table 2.3) were either 

previously described (Kato et al. 2004, Sanchez-Cespedes et al. 2002) or designed using 

the online software Primer3 version 0.4.0 (Rozen et al. 2000) or by hand. Their properties 

(CG content, molecular weight, melting temperature and self-complementarity) were 

monitored using Primer3 or Oligo Calculator version 3.26 (Kibbe 2007) and blast against 

the human genome using Ensembl BlastView and NCBI blast tools.  

For each reaction, 2.5µl of 10X Hot start buffer (Qiagen), 1µl of a 10pM dilution of each 

forward and reverse primers, 1µl of DNA (50 to 300ng), 0.2µl of a mix of 10nM dNTP and 

0.1µl of 1U Hotstart polymerase enzyme (Qiagen) were mixed in a total volume of 25µl. In 

some exons that showed unspecific amplification with the positive control, 5µl of Q 

solution was added to enhance the specificity of the amplification reaction (Table 2.3). 

A touchdown PCR protocol was employed with annealing temperature reduced by 1°C per 

cycle from 65°C to 62-58°C (Table 2.3), followed by 35 further cycles at 62-58°C . Each 

cycle was performed as follows: 94°C for 1min, annealing temperature for 1min, 72°C for 

1min. The polymerase was activated at by an initial step at 95°C for 15min before cycling 

and a final elongation step at 72°C was performed for 10min.  
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2.6.2 Mutation screening: sequencing 

The amplified DNA was cleaned using the Qiaquick PCR purification kit (Qiagen) following 

the manufacturer’s instructions and sequenced with the same primers used for the PCR 

amplification by UCL Scientific Support Service. Sequencing reactions were run using 

GenomeLab™ DTCS Quick Start chemistry (Beckman Coulter UK Ltd, High Wycombe, 

Bucks, UK) and were analysed on a CEQ™ 8000 Genetic Analysis System (Beckman 

Coulter). The sequences were reviewed using the software Sequence Scanner v1.0 

(Applied Biosystems, CA, USA). 

 

Exon Direction Sequence (5’ to 3’) 
Product 

length 

Addition 

of Q 

solution 

Final 

annealing 

temperature 

1 Forward AGGAAGGACCGCTCACCCG 410 bp Yes 58°C 

 Reverse AACCATCAGCACCGTGACTG    

2 Forward AGTGTCCTAACTGTGTCCTC  405 bp No 58°C 

 Reverse GGAAGAGGAGCAGGCCT    

3 Forward GCCTTTTCAGAGGGGTGGC  341 bp Yes 58°C 

 Reverse TATCAGGACAAGCAGTGTGG    

4-5 Forward CAGCTGCAAAGGGGACC 456 bp Yes 60°C 

 Reverse AGTGTGCGTGTGGTGAGTGC    

6 Forward GTCAACCACCTTGACTGACC 252 bp No 58°C 

 Reverse ACACCCCCAACCCTACATTT    

7 Forward CCTGACAACAGAGGCTGGG 546 bp Yes 60°C 

 Reverse GTCCGCTGCTCTGTCTTCC    

8 Forward CCTGAGTGTGTGGCAGGTAC 375 bp Yes 62°C 

 Reverse TGTTGCAGACAGGCAGGCAC    

  

Table 2.3: List of primers used to amplify LKB1. 
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2.6.3 SNP study: restriction digestion 

To confirm the data obtained by FISH, 21 OS and 1 OB cases were investigated at the locus 

of several SNPs along the gene. The status of five SNPs was assessed by a restriction 

digestion method, as previously described (Sobottka et al. 2000). Briefly, using the 

primers listed in the previous paragraph (Table 2.3), exons 1, 2, 3, 7 and 8 (and the portion 

of surrounding intron containing the SNPs) were amplified by PCR from the extracted DNA 

from both the tumour and normal tissue of 22 cases and cleaned using the Qiaquick PCR 

purification kit as previously described.  

The five restriction enzymes used were BamHI-HF, BsrBI, BstNI, BstUI and EarI, (New 

England Biolabs, Hitchin, Herts, UK). Eight µl of the clean PCR product were then digested 

with 1µl of the appropriate enzyme and 1µl of buffer; the buffer, temperature and 

incubation times were used as recommended by the manufacturer (Table 2.5). Half of the 

digestion product was run on a 2% low melt agarose gel, with the tumour and the normal 

for each case in adjacent wells.  

According to the results observed, the cases were classified as: 

• Presenting a parental allelic loss if the tumour had a homozygous profile and the 

normal a heterozygous profile (see possible nucleotide changes in Table 2.4) 

• Not presenting a parental allelic loss when both the tumour and the normal had a 

heterozygous profile 

• Not informative when the normal is homozygous. 

The cases presenting an allelic loss had both their normal and tumour tissue 

sequenced to confirm the results obtained. 

The remaining SNPs in exons 2, 3 and 7, detailed in the Table 2.4 and for which no 

restriction enzyme could be used, were studied by sequencing of both the tumour and the 

normal samples, in cases with loss of one parental allele detected by restriction digestion. 

The SNPs on exons 1 and 6, without restriction digestion enzyme usable as well, were only 

studied by sequencing of the tumour, so the cases were classified as either not 

informative (tumour homozygous) or as presenting no allelic loss (tumour heterozygous). 
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SNP ID 
Location in 

LKB1 

Nucleotide 

change 

Reported 

Frequency 

Restriction 

enzyme used 

Exon 

sequenced for 

detection 

rs56354945 Exon 1 A/C NA BamHI Exon 1 

rs3764640 Intron 1/2 G/T G&T 41% None Exon 1 

rs650599 Intron 1/2 C/T C60%, T40% None Exon 2 

rs57281474 Intron 1/2 C/T NA None Exon 2 

rs11552325 Exon 2 T/C NA None Exon 2 

rs2075604 Intron 2/3 G/T G&T 21% BstUI Exon 2 

rs34928889 Intron 2/3 A/G NA BstNI Exon 3 

rs12608721 Intron 3/4 G/C NA None Exon 3 

rs9282859 Exon 6 C/T C100% in EU None Exon 6 

rs2075607 Intron 7/8 G/C C&G 33% BsrBI Exon 7 

rs2075608 Intron 7/8 C/T C&T 35% None Exon 7 

rs59912467 Exon 8 C/G NA EarI Exon 8 

 

Table 2.4: List of SNPs studied and restriction enzymes used. 

 

SNP ID 
Exon 

amplified 

Restriction 

enzyme 

Incubation 

temperature 

Incubation 

time 
Buffer 

Observed band 

size 

rs56354945 Exon 1 BamHI 37°C 10min 4 

C allele: 323 + 87 

bp           

A allele: 410bp 

rs2075604 Exon 2 BstUI 60°C 10min 4 

T allele : 313 + 

92bp           

G allele : 250 + 63 

+ 92bp 

rs34928889 Exon 3 BstNI 60°C 10min 
2 and 

BSA 

A allele: 201 + 47 + 

37 + 32 + 24bp 

(only 201bp  is 

detected) 

 G allele: 131 + 70 

+ 47 + 37 + 32 + 24 

(only 131 and 70bp  

were detected) 

rs2075607 Exon 7 BsrBI 37°C 1h 4 

C allele : 215 + 

331bp 

G allele: 152  + 63 

+ 331bp 

rs59912467 Exon 8 EarI 37°C 1h 4 

C allele : 246 + 

129bp                   

G allele: 375bp 

 

Table 2.5: Reaction conditions of the digestion with restriction enzymes used for the SNP study. 

  



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 113 of 310 

 

2.6.4 Semi quantitative real time RT- PCR  

2.6.4.1 cDNA synthesis 

cDNA was synthesised from mRNA extracted from the tissue or cell lines (section 2.5.2) 

using the superscript III first strand DNA kit (Invitrogen). For each reaction, 100 to 200ng 

of total RNA were mixed with 1µl of random primer, 1µl of 10mM dNTP and made up to 

10µl of RNAse free water. The solution was heated to 65°C for 5min and then incubated 

on ice for at least 1min. Then 2µl of 10X buffer, 2µl of 0.1M DTT, 4µl of 25mM MgCl2, 1µl 

of RNAseOUT and 1µl of the enzyme superscript III (200U/µl) were added as a mastermix 

to add up to 20µl to each tube. The mix was incubated for 10min at 25°C, then for 50min 

at 50°C. The reaction was inactivated at 85°C for 5min. The cDNA obtained was stored at -

20°C until use. 

 

2.6.4.2 Real time RT-PCR 

The amplification step was performed in a Microamp optical 96-well plate (Applied 

Biosystems, Birchwood, Warrington, UK). Each well contained in a total reaction volume 

of 25µl diluted in RNAse free water: 1µl of cDNA, prepared as described above, 0.75µl of 

forward and 0.75µl of reverse primer at 10pmol (specific to the gene to be amplified, see 

sequences detailed in Table 2.6), 12.5µl of SYBR® green PCR Master Mix (Applied 

Biosystems). The primers were designed using the online software Universal ProbeLibrary 

Assay Design Center (Roche, Burgess Hill, UK). Each reaction was performed in duplicate. 

The amplification was performed on an Realplex4 Mastercycler (Eppendorf, Cambridge, 

UK), with a first step at 95°C for 10min and then 40 cycles with 95°C for 15s, 60°C for 1min 

with a fluorescent reading at the end of this step (with a 520nM filter, SYBR dye).  The 

relative expression of the gene of interest was quantified using either the ΔCt or the 

comparative Ct method (ΔΔCt), relative to the appropriate housekeeping gene, as 

explained below. 

The forward and reverse primer concentration was optimised for amplification efficiency 

and primer dimer formation monitored by a ramping step (melting curve).  Ribosomal 

protein 18s (RPS18) was used as a housekeeping gene for SIRT1 and β-actin was used for 

LKB1, to ensure that the ΔΔCt method was applicable. This was optimised by testing up to 

three housekeeping gene and using a 1 in 5 serial dilution of the U2OS cell line, from neat 

cDNA to a 1 in 3125 dilution.  
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Gene Direction Sequence (5’ to 3’) Product length 

LKB1 Forward GTACGAACCGGCCAAGAG 76 bp 

 Reverse AGCCGGAGGATGTTTCTTC  

β-actin Forward ATCACCATTGGCAATGAGCG 98bp 

 Reverse TTGAAGGTAGTTTCGTGGAT  

SIRT1 Forward AAATGCTGGCCTAATAGAGTGG 78 bp 

 Reverse TGGTGGCAAAAACAGATACTGA  

RPS18 Forward CGCCGCTAGAGGTGAAATTC 62 bp 

 Reverse TTGGCAAATGCTTTCGCTC  

 

Table 2.6: List of qRT-PCR primers used. 

 

2.6.5 Western Blot 

2.6.5.1 Protein migration and transfer 

The detection of LKB1 protein from fresh-frozen tumour samples or from cell lines was 

performed by Western Blot (WB). The protein was extracted as described in paragraph 

2.5.3 and 20 to 30µg of lysate were denatured at 100°C for 5min with 7.5µl of loading 

buffer in a total volume of 30µl. A lysate of the Jurkat cell line was used as a positive 

control and of the A549 cell line – which carries a homozygous mutation in LKB1, Q37*, 

confirmed by sequencing and FISH (Sanchez-Cespedes et al. 2002) – as a negative control. 

One lane on each blot was loaded with the ColorPlus prestained protein marker broad 

range (NEB), to estimate the molecular weight of the transferred protein. The lysates 

were resolved on a 12% SDS-polyacrylamide gel at 90V for 2h and the proteins were 

transferred onto immobilion-P transfer membrane (Millipore Corporation, Bedford, MA, 

USA) by semi-dry electro-transfer method at 20V for 55min. The membrane was washed 

in 0.1% tween 20 in Tris buffered saline solution (TBST) and either blotted immediately or 

stored at -20°C.  
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2.6.5.2 Membrane blotting 

The membrane was blocked for 1h in 5% bovine milk diluted in TBST, and incubated with 

the primary antibody in 5% milk in TBST, at the dilution described below (Table 2.7) with 

shaking. The membrane was then washed three times for 15min in TBST, and incubated 

for 1h at room temperature with shaking in a dilution of 1:5000 of the secondary antibody 

in 5% milk in TBST. The membrane was washed again three times for 15min in TBST.  

 

2.6.5.3 Development  

The blotted membrane was incubated for 1min with a mix of solution A and B of ECL™ 

Western Blotting Detection Reagents (Amersham, GE healthcare) to visualize the bound 

antibody. The chemiluminescent signal was then detected using Hyperfilm (Amersham, 

GE healthcare) after 1s to 15min exposure. The blots were then rinsed in TBST and either 

stored at -20°C or stripped using the Restore Western Blot stripping buffer (Thermo 

Scientific, Cramlington, Northumberland, UK) and used with another antibody.  

 

2.6.5.4 Quantification by densitometry analysis 

The blots were then scanned and the images analysed using the software ImageJ (version 

1.42, National Institutes of Health, USA) by recording the absolute band intensity (the 

integrated density) on inversed 8-bit images. The blots chosen for the quantification had 

an exposition time selected so as to ensure that the positive and loading control were not 

overexposed. To quantify the expression of LKB1 protein in the samples and compare it to 

the controls, the integrated density of the bands for LKB1 and for the loading control 

GAPDH was recorded in all experiments (n=26) for Jurkat and A549, to give the mean of 

the ratios of the relative LKB1 protein expression compared to GAPDH. The 95% 

confidence interval of this relative ratio for Jurkat and A549 was then calculated as the 

mean of the ratios plus or minus 1.96 times the standard error of all the measurements. 

Cut-off values were then set to define a score of high protein expression (score of 2) when 

the figure for the cell line was within the 95% confidence interval obtained for Jurkat, of 

very low or no protein expression (0) when the densitometry was within the 95% 

confidence interval for A549 and of low protein expression (1) in-between. 
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Antibody Source 
Primary / 

Secondary 
Dilution 

Incubation 

method 

LKB1 clone Ley 

37DG6, mouse 

monoclonal 

Abcam, ref 

ab15095 
Primary 

1:5,000 to 

1:10,000 
Overnight at 4°C 

GAPDH clone 6C5, 

mouse monoclonal   

Advanced 

Immunochemical 

Inc, Long beach, 

CA, USA 

Primary 
1:5,000 to 

1:10,000 

1h at room 

temperature 

Anti mouse – HRP, 

goat polyclonal 
Dako, ref P0447 Secondary 1:5,000 

1h at room 

temperature 

Table 2.7: List of antibodies used for WB. 

 

2.6.6 Semi quantitative PCR 

The amount of the alleles A and G in the SNP rs34928889 was quantified by Taqman® SNP 

assay (Applied Biosystem) by semi quantitative PCR, using the assay C2830637_10, as 

instructed by the manufacturer. Briefly, the genomic DNA was diluted to a concentration 

of 5ng/µl. The amplification step was performed in a Microamp optical 96-well plate 

(Applied Biosystem). Each well contained 0.5µl of the primers from the SNP assay, 10µl of 

the Taqman® Universal PCR master mix No AmpErase UNG, 5.5µl of water and 4µl of the 

diluted genomic DNA (e.g. 20ng). Each reaction was performed in quadruplicate and the 

experiment was performed twice. The amplification was performed on an Realplex4 

Mastercycler (Eppendorf), with a first step at 95°C for 10min  and then 40 cycles with 95°C 

for 15s, 60°C for 1 min with a fluorescent reading at the end of this step (FAM dye, 520nM 

filter and VIC dye, 550nM). The relative expression of the gene of interest was quantified 

using the comparative Ct method (ΔΔCt), relative to the housekeeping RNAse P (VIC dye, 

550nM, reference 4316844). 
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2.7 miRNA microarray 

2.7.1 Sample preparation 

miRNA was extracted from 20 frozen sections of 24 OS biopsy samples using the 

miRNeasy extraction kit as described in paragraph 2.5.2 above. The samples were selected 

by a pathologist and the quality of the tissue cut for the extraction was reviewed on H&E 

sections as described in paragraph 2.1. The quality of the miRNA fraction in the extracted 

RNA was assessed using the Agilent Small RNA kit (Agilent, Wokingham, Berks, UK). 

Briefly, the RNA was diluted to a concentration between 25 and 100ng/µl. The chip was 

loaded with gel-dye matrix, conditioning medium and marker. One µl of each of the 

samples and the ladder were pipetted into the appropriate wells. The chip was vortexed 

for 1min at 2400rpm and analysed using the Agilent Bioanalyser 2100 (Agilent) straight 

away.  

After the quality assurance step, the samples were diluted to a concentration of 25ng/µl 

in RNAse free water and processed for hybridization on the array (see below). 

 

2.7.2 Microarray processing 

The human miRNA microarray system v2 from Agilent was used, with a kit containing 

three high definition 15K glass slides of 8 samples each (designed from Sanger miRBase 

database release 10.1, with 723 human and 76 human viral miRNAs). The samples were 

prepared and hybridized on the chip as instructed by the manufacturer, using the protocol 

version 1.6 from March 2009. 

Briefly, the RNA was dephosphorylated using calf intestine phosphatase (TaKaRa, Saint-

Germain-en-Laye, France) for 30min at 37°C. The miRNA was then denaturated using 

DMSO at 100°C for 5 to 10min. The samples were cooled on ice and labelled by ligation of 

a Cyanine 3-Cp on the 3’ end of the miRNA by ligation using a T4 RNA ligase (Ambion, 

Applied Biosystems) with a 2h incubation at 16°C. The samples were desalted with a 

MicroBioSpin 6 Column (BioRad, Hemel Hempstead, Herts, UK). The purified samples 

were dried at 45°C in a vacuum concentrator for 1h and resuspended in 18µl of 

RNAse/DNAse free water, 4.5µl of 10X GE Healthcare blocking agent, and 22.5µl of 2X Hi-

RPM hybridization buffer. The samples were incubated for 5min at 100°C, cooled and 

loaded on the glass slide arrays. After 20h of hybridization at 55°C in an Agilent microarray 
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hybridization chamber, the glass slides were washed for 5min at room temperature in 

Wash buffer 1 and then 5min at 37°C in Wash buffer 2. The slides were scanned in an 

Agilent microarray scanner G2 505B (Agilent). Microarray images were automatically 

analysed using Feature extractionTM software (Agilent).  

 

2.7.3 Data analysis 

The raw data were processed, normalised and analysed by the bioinformatician Dr 

Stephen Henderson. The analysis was performed using Bioconductor and the limma 

packages for the R statistical programming language. The median and background signals 

were extracted, and the set of probes were corrected for the background and normalised.  

 

2.7.4 Target predictions method 

Target predictions for the genes implicated in LKB1 regulation and for the miRNA 

identified by the data analysis were obtained using Targetscan algorithm (Lewis et al. 

2005) and/or PITA algorithm, established in the Weizmann Institute (Kertesz et al. 2007). 
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2.8 LKB1 silencing by shRNA knock-down 

2.8.1 shRNA clones 

The knock down of LKB1 was performed using four clones of the Open Biosystems pGIPZ 

human lentiviral shRNAmir library (Figure 2.4 Table B. for sequences and reference) 

obtained from the Scientific Support Team in UCL; they will be abbreviated as clone 35, 

21, 03 and 04, using the last two digits of their full ID number. The shRNA constructs 

induce a permanent knock down in the recipient cells. The shRNA sequence is inserted 

into a miR-30 construct, inside a pGIPZ lentivirus plasmid directed by a CMV promoter, as 

illustrated below. The plasmid also includes a GFP tag to monitor transfection efficiency 

and the genes for antibiotic resistance against Ampicillin, Zeomycin and Puromycin for 

selection (Figure 2.4). An empty vector and a non-silencing construct were used as 

controls. The lentiviral VSVg-envelop expressor plasmid pMDG and gag-pol expressor 

p8.91 were also provided by the Scientific Support Team.  

 

2.8.2 Preparation of plasmid DNA 

The GIPZ hairpin clones or controls and the packaging vectors were received as an LB agar 

stab. The bacteria was streaked on to a LB agar plate supplemented with 100µg/ml of 

Ampicillin and grown overnight at 37°C. A single colony was picked for each vector and 

cultured overnight at 37°C under agitation in 5ml of LB low salt media (20g/l of LB, 10g/l 

of peptone and 5g/l of yeast extract) as recommended by Open Biosystems. Half of this 

culture was used to seed a large scale culture of 200ml of LB low salt media, 

supplemented with Ampicillin. The other half was used to create a stock and to extract 

the plasmid DNA using the Qiaprep Spin Miniprep kit (Qiagen), as instructed by the 

manufacturer. Briefly, the culture was centrifuged 3min at 8,000rpm at room 

temperature, and the pellet was resuspended in 250µl of buffer P1. Then 250µl of the 

lysis buffer P2 was added and the tube was inverted several times to mix; 350µl of the 

neutralization buffer N3 was added and the tube was inverted again. The solution was 

centrifuged for 10min at 13,000rpm to get rid of the debris and the solution was loaded 

onto a spin column and centrifuged for 1min at 13,000 rpm. The column was washed with 

0.5ml of PB buffer and 0.75ml of PE buffer. The plasmid DNA was eluted in 50µl of EB 

buffer by 1min centrifugation at 13,000rpm, after 1min incubation on the column.  
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Figure 2.4: shRNA lentiviral constructs.  

A. miR30 primary transcripts as used in Open Biosystems library. B. Sequence of clones and binding region. C. Map of the vector pGIPZ from Open Biosystems shRNA 

library. 
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The plasmid DNA concentration and quality was assessed using the NanoDrop. The GIPZ 

clones were digested using the restriction enzymes XhoI and MluI (Promega, 

Southampton, UK) in buffer D and BSA for 1h at 37°C to ensure the presence of the 

hairpin construct in the plasmid amplified by culture.  

The larger scale culture was incubated overnight at 37°C under agitation. The plasmid 

DNA was then collected using the Qiagen Plasmid Maxi kit as instructed by the 

manufacturer. Briefly, the culture was decanted into 50ml tubes and centrifuged at 

4,000rpm for 15min at 4°C. The pellets were then pooled and resuspended in 5ml of 

buffer P1, and lysed with 10ml of buffer P2. The tubes were inverted for mixing and 

incubated for 5min at room temperature. Ten ml of pre-chilled buffer P3 were added to 

neutralise the reaction and the solution was incubated for 20min on ice before 

centrifugation at 3,500rpm for 30min at 4°C. Meanwhile, the QIAGEN tip columns were 

equilibrated with 10ml of QBT buffer. The plasmid in the supernatant obtained was bound 

to the column, washed twice with 30ml of QC buffer and eluted in 15ml of QF buffer. The 

DNA was then precipitated using 10.5ml of isopropanol. After 30min centrifugation at 

4,000rpm, the pellet was washed in 5ml 70% ethanol, centrifuged again for 10min at 

4,000rpm and air-dried. The DNA was dissolved in 100 to 500µl of EB buffer. The plasmid 

of the shRNA clones was sequenced as described in paragraph 2.6.2 to confirm that the 

hairpin had the expected sequence. The primer used was: 5' - GCATTAAAGCAGCGTATC - 

3'. The concentration and quality of the plasmid DNA was evaluated using the NanoDrop 

as described previously.  

 

2.8.3 Lentivirus production 

The 293T cell line was maintained as described in paragraph 2.2, splitted by 1:4 to 1:6 

three times a week and never grown over 80% confluence. The day before the 

transfection, the cells were seeded in a 10cm dish at a density of 3.5 million cells in 8ml of 

complete medium. On the day of transfection, the plasmid DNA mix was prepared using 

12µg of DNA of the p8.91 vector, 4µg of the pMDG vector and 16µg of the GIPZ plasmid. 

The mix was then added to 5ml of Optimem and filtered through a 0.22µm filter. Five ml 

of Optimem medium was added as well as 1µl of a stock solution of 10mM PEI. The mix 

was left to incubate at room temperature for 20min. The cells were gently washed twice 

with warm Optimem in the mean time. The DNA mix was then added to the cells. After 4h 

incubation at 37°C and 5% CO2, the medium was replaced by 25ml of warm complete 
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medium without antibiotics and incubated overnight. The following morning, the medium 

was replaced with 8ml of fresh complete medium without antibiotics. The supernatant 

containing the virus was then collected 48h and 72h after transfection. It was filtered 

using a 0.45µm filter and aliquoted into 1ml fractions that were stored at -80°C.   

 

2.8.4 Infection and virus titration 

The infection of the recipient cells, i.e. the HOB cell line, was performed as follows: 80% 

confluent cells were harvested, counted and 10
5
 cells were plated in one well of a 6-well 

plate in 500µl of complete medium without antibiotics and 0.5µl of polybrene (Sigma). 

The cells were incubated for 30min at 37°C in 5% CO2. Meanwhile, the virus was thawed 

and diluted appropriately in complete medium without antibiotics in a final volume of 

1ml. One µl of polybrene was added to the virus, and incubated for 15min on ice. The 

virus mix was then added to the cells, using one well per clone; one well without virus was 

kept as a control. The cells were incubated for 5h to overnight with the virus. The medium 

was then changed and the cells left to grow in culture for 2 more days. Three days after 

infection, the presence of green fluorescence in the cells was monitored by direct 

microscopic observation.  

For the titration, the volume of virus used was 1ml (no dilution), 0.3ml, 0.2ml, 0.1ml, and 

50µl. Three days after infection, the cells were harvested, washed in PBS and analysed by 

flow cytometry (FACS) to assess the fraction of GFP positive cells using the CyAn ADP 

High-Performance Flow Cytometer and the Summit v4.3 software (Beckman Coulter, High 

Wycombe, UK). The dilution that yielded around 20% of GFP positive cells was selected. 

This ensured that around one copy of the plasmid was present in every infected cell.  

Using the virus dilution optimized by the titration, the HOB cell lines were infected with 

each of four clones with knocked-down LKB1 and two controls – empty vector (EV) and 

non-silencing shRNA (NS). The cells were then passaged and selected three days after 

infection using Puromycin at a concentration of 1µg/ml. This concentration was optimized 

beforehand by performing a Puromycin kill curve. A control well was seeded to ensure 

that 100% of the non infected cells were dead after 3 days. The cells were kept on 

selection for 7 days (i.e. two passages), and their fluorescence after selection was 

monitored by microscopic observation. 
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RNA and protein was harvested from the cell lines infected with each of the four clones 

and the two controls as described in paragraphs 2.5.2 and 2.5.3. The efficiency of the 

knock-down was then assessed by qRT-PCR and WB to detect whether LKB1 expression 

was reduced at the mRNA and protein level compared to the controls. 
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2.9 LKB1 overexpression by knock-in 

2.9.1 Knock-in plasmid 

A pBABE plasmid containing the FLAG-tagged human cDNA sequence of either LKB1 

(referred to as LKB1 clone) or of a kinase dead mutant of LKB1 (referred to as KD clone) 

under an SV40 promoter (plasmid 8592, Addgene, Cambridge, MA, USA)  was used as 

described previously (Shaw et al. 2004): 

http://www.addgene.org/pgvec1?f=c&identifier=8592&atqx=lkb1&cmd=findpl  

The plasmid also contained genes for Ampicillin and Puromycin resistance. Its map is given 

below (Figure 2.5). The protein obtained was the main isoform of LKB1 (Uniprot reference 

Q15831), as discussed in the Introduction (section 1.2.1.1). The kinase dead mutant 

contained a single amino acid switch, K78I in exon 1, due to two single nucleotide 

mutations: A233T and G234C. Its kinase inactivity has already been described (Shaw et al. 

2004). The plasmid was transformed in the strain DH5a. The kinase dead mutant was used 

as a control in the functional assays. An empty vector construct was also prepared but 

was not used in the functional assays. A retroviral VSVg-envelop expressor plasmid and 

gag-pol expressor were obtained from Dr Funes (Viral Oncology, Cancer Institute).  

 

2.9.2 Empty vector cloning 

The empty vector (referred to as EV clone) was constructed by digesting the KD construct 

to take out the insert, purifying the open vector, and ligating it back into an empty vector.  

 Two µg of KD plasmid was digested in triplicate with 1µl of SalI and 1µl of EcoRI in 5µl of 

buffer 4 (NEB) for a final volume of 50µl for 20min at 37°C. The digested plasmid was run 

on a 0.8% agarose gel for 2h; the linear vector without the insert was cut out and the DNA 

extracted with the Qiaquick gel extraction kit as instructed by the manufacturer. Briefly, 

750µl of QG solution was added to the agarose gel and incubated for 30min at 50°C. Ten 

µl of NaAc and 250µl of isopropanol were added and the liquid was loaded onto a 

Qiaquick column. The DNA was washed with 500µl of QG buffer and then 750µl of PE 

buffer. The DNA from the triplicates was pooled and eluted in 30µl of EB buffer after 1min 

incubation on the column.  
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Figure 2.5: Map of the pBABE plasmid and LKB1-pBABE construct used.  

Restriction digestion sites on the plasmid map are in blue, primers in green and specific coding regions (such as antibiotic resistance) in red. 
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The ends of the open plasmid were then blunt-ended as the restriction enzymes were not 

compatible. One hundred ng of plasmid was digested in a final volume of 20µl in T4 ligase buffer 

with 1µl of 10µmol of dNTP and 1µl of Klenow enzyme. The mix was incubated for 1h at 37°C and 

the enzyme was heat-inactivated for 20min at 75°C. The vector was then self-ligated by adding 1µl 

of T4 ligase to the mix and incubated at 16°C overnight. The ligation product was transformed as 

described in the next paragraph.  

 

2.9.3 Plasmid production 

The LKB1 and KD clones were streaked from the bacterial stab on LB agar supplemented with 

100µg/ml of Ampicillin and grown overnight at 37°C. The VsVg and gag-pol plasmid and the EV 

construct were transformed in One Shot TOP10 chemically competent E. coli (Invitrogen) as 

instructed by the manufacturer. Briefly, 25µl of cells were thawed on ice. One µg of retroviral 

packaging plasmid or 5µl of ligation product for the EV construct were added to the cells and the 

tube was gently flicked. The cells were left for 30min on ice, and then heat-shocked at 42°C in a 

water-bath for 45 sec. They were returned to ice for 5min, added to 900µl of SOC medium and 

incubated for 1h at 37°C with shaking. The SOC medium was then plated on LB agar at different 

concentrations and grown overnight at 37°C.  

Single colonies were then picked and cultured overnight at 37°C under agitation in 5ml of LB. Half 

of this culture was used to seed a large scale culture of 200ml of LB supplemented with Ampicillin. 

The other half was used to create a stock and extract the plasmid DNA using the Qiaprep Spin 

Miniprep kit (Qiagen), as instructed by the manufacturer (section 2.8.2). The plasmid DNA 

concentration and quality was assessed by analysis on a NanoDrop. The LKB1 and KD clones were 

digested using the restriction enzymes SalI and EcoRI (NEB) in buffer 4 for 20min at 37°C to ensure 

the presence of the insert in the plasmid amplified by culture. The EV clone was digested in buffer 

4 and incubated for 10min at 37°C using either BamHI or NotI (NEB), to check the vector had the 

appropriate size, or SalI and EcoRI (NEB), to check for the absence of the insert.  

The larger scale culture was incubated overnight at 37°C under agitation. The plasmid DNA was 

then collected using the Qiagen Plasmid Maxi kit as instructed by the manufacturer (section 2.8.2). 

The concentration and quality of the plasmid DNA was evaluated using the NanoDrop and the 
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sequence of the LKB1 and KD clones were checked by sequencing in both directions using the 

primers described in Table 2.8.  

 

Primer Direction Sequence 

pBABE 5’ Forward CTTTATCCAGCCCTCAC 

pBABE 3’ Reverse ACCCTAACTGACACACATTCC  

 

Table 2.8: Primers used for sequencing the LKB1 insert in the the pBABE plasmid. 

 

2.9.4 Retrovirus production 

Retrovirus production was performed similarly to the lentiviral production described in paragraph 

2.8.3. The 293T cell line was seeded in a 10cm dish at a density of 3.5 million cells in 8ml of 

complete medium the day before transfection. On the day of transfection, the plasmid DNA mix 

was prepared using 4.8µg of the gag-pol plasmid, 1.6µg of the VsVg plasmid and 8µg of the pBABE 

plasmid (LKB1, KD or EV clones). The mix was then added to 800µl of Optimem and 64µl of a 

diluted stock of PEI. The mix was left to incubate at room temperature for 20min. The cells were 

gently washed twice with warm Optimem. The DNA mix was then resuspended in 8ml of warm 

Optimem and added to the cells. After 5h incubation at 37°C and 5% CO2 the media was replaced 

by 8ml of warm complete medium without antibiotics. The supernatant containing the virus was 

then collected 48h and 72h after transfection. It was filtered using a 0.45µm filter and aliquoted in 

1ml fractions that were stored at -80°C.   

 

2.9.5 Infection 

The OS cell lines SaOS2, OSA and OST were used as recipient cells for the infection. When the cells 

reached 80% confluence, they were harvested, counted and 2.5x10
5
 cells for SaOS2 and OSA, 

5x10
5
 cells for OST were plated in one well of a 6-well plate for each clone in 1ml of complete 

medium without antibiotics and 1µl of polybrene. While the cells were incubating for 30min at 

37°C in 5% CO2, the virus was thawed, 1µl of polybrene was added to 1ml of undiluted virus, and it 

was incubated for 15min on ice. The virus was then added to the cells, with one well per clone 
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(LKB1, KD or EV) and one control well without virus. The cells were incubated for 5h to overnight 

with the virus. The medium was changed and the cells were left in culture for two more days. They 

were then passaged and put on selection in Puromycin at 5µg/ml for OSA and OST, and 7.5µg/ml 

for SaOS2. No green fluorescent marker was present in the vector, and therefore a titration was 

performed to ensure that about 20% of the cells survived after 3 days of selection. The cells were 

cultured until they reached 80% confluence and kept in selection medium for one more passage.  

The efficiency of the infection was assessed by qRT-PCR and WB on harvested RNA and protein 

from the cell lines for each of the clones as described in paragraphs 2.5.2 and 2.5.3. 
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2.10  Functional assays 

To assess the effect of LKB1 knock-down or knock-in, several functional assays were set up. The 

assays were performed in normal glucose conditions (4.5mg/ml) – either in DMEM supplemented 

with 10% FBS or in RPMI for the OSA cell line – in low glucose conditions (1mg/ml) – in DMEM 

supplemented with 10% FBS – or without glucose and pyruvate – in DMEM supplemented with 

10% FBS. The transwell and soft agarose assays were only performed in normal conditions. Cell 

densities were adapted to the cell line size to have about 80% confluency at the time of the 

experiment.   

 

2.10.1 Soft agarose assay 

To test the ability of cells to form colonies, a soft agarose assay was performed. Sterile 6% low 

melting point agarose (Sigma) was prepared in distilled water. From this stock solution, 2% 

agarose was prepared in complete DMEM with glucose. This solution was diluted to coat the 

bottom of the wells of 6-well plates with 0.6% agarose. The plate was placed at 4°C for 30min to 

settle and then placed in a 37°C incubator. Cells were harvested and 10
4
 cells were seeded in 0.3% 

agarose as an upper layer. Each condition was performed in triplicate. The plate was left at 4°C for 

30min to solidify the agarose, and then placed back in a 37°C and 5% CO2 incubator. Complete 

medium with glucose was added the next day in each well and changed regularly.  

The plates were monitored several times a week to detect the formation of colonies and kept for 

up to one month. Upon the detection of colonies, the plates were photographed at two time 

points with the imaging system G:Box (Syngene, Synopics, Cambridge, UK) and the number of 

colonies was quantified with the companion software GeneSnap (v7.09.11, Syngene). 
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2.10.2 Proliferation assays 

2.10.2.1 MTS assay 

Cells were plated in triplicate in 100µl of medium in a 96-well plate at three increasing densities: 

10
3
, 2x10

3
 and 3x10

3
 for the HOB cell line, 10

3
, 2x10

3
 and 4x10

3
 for the SaOS2 cell line and 2x10

3
, 

4x10
3
 and 8x10

3
 for the OST cell line. One triplicate without cells was used for background 

subtraction for the absorbance reading. The cells were grown in the usual conditions and their 

proliferation was assessed every 24h from day 1 to day 4 using the MTS assay CellTiter 96® AQueous 

One Solution Cell Proliferation Assay (Promega) as instructed by the manufacturer. Briefly, 20µl of 

MTS solution was added to each well and they were incubated at 37°C and 5% CO2 for 1h. The 

reaction was then blocked by adding 25µl of 10% SDS to the cells, and the absorbance at 490nm 

was measured using a Varioskan Flash plate-reader and its companion software SkanIt (Thermo 

Scientific).  

 

2.10.2.2 Growth curve  

The growth curve of the different cell lines was recorded using a non invasive live cell imaging 

system within the incubator, the Incucyte FLR (Essen BioScience, Welwyn Garden City, Herts, UK) 

and its companion software version 2010A (Essen BioScience). A kinetic quantification of the 

growth of the cells was obtained by recording the average well confluency from at least six points 

per well. The cells were plated at a density of 10
4
 cells per well for the HOB, 2x10

4
 for SaOS2 and 

OSA, and 4x10
4
 for OST in a 24-well plate, in duplicate for each condition. After 1h, the cells were 

placed in the Incucyte and the growth was recorded for up to a week with measurements at least 

every two hours. 
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2.10.2.3 Cell cycle analysis 

A profile of the cell cycle was obtained using propidium iodide (PI) staining. The cells were plated 

in the appropriate condition in two wells of a 6-well plate with 10
5
 cells for HOB, 2x10

5
 cells for 

SaOS2 or 4x10
5
 for OST. After 2 to 3 days, the cells were harvested by pooling the wells for each 

condition, washed in PBS and resuspended in 0.5ml of PBS. They were then fixed in 3ml of cold 

70% ethanol by adding the PBS solution drop by drop to the ethanol while vortexing. They were 

stored at -20°C at least overnight. The cells were then centrifuged for 8min at 1800rpm and the 

ethanol discarded. They were washed in 1ml PBS, resuspended in 500µl of a PI master mix 

containing 50µg/ml PI (Sigma) and 100µg/ml RNAse A (Sigma) diluted in PBS and incubated for 

30min at 37°C. They were then centrifuged again at 1800rpm for 8min and resuspended in PBS. 

The cell cycle profile was analysed by FACS as described in paragraph 2.8.4. The gating was 

performed manually. The gates for the G0/G1, S and G2/M phases were set manually in the 

histogram for the PI area, to ensure that the peak of the G0/G1 region was detected at half of the 

value of the peak for the G2/M phase. Hence the exact distribution of the population for each 

phase was not deconvolutionized with a software specialized for cell cycle analysis. The histograms 

obtained for the different conditions to compare were overlaid before adjusting the gates for the 

different phases, to ensure that they were all analysed with the same gating.   

 

2.10.2.4 BrdU proliferation assay 

Proliferation was recorded using a BrdU proliferation assay, with the FITC BrdU flow kit from BD 

Pharmingen, as instructed by the manufacturer. Briefly, the OST cell line was plated in three wells 

at a density of 2x10
5
 cells in 2ml of complete media. After 36h, the cells were pulsed with 20µl of 

1mM diluted stock of BrdU (BD Pharmingen) for 1h. The cells were then harvested by pooling the 

three wells of the same condition, washed in PBS and fixed and permeabilised by 30min 

incubation on ice in 100µl of BD Cytofix/Cytoperm buffer. They were washed with 1ml of 1X BD 

Perm/Wash buffer and stored overnight in 1ml PBS. The following day, they were permeabilised 

by 10min incubation on ice in 100µl of BD Cytoperm Plus buffer, washed with 1ml of Perm/Wash 

buffer and fixed again by 5min incubation in BD Cytofix/Cytoperm buffer on ice. They were then 

resuspended in 100µl of a diluted DNAse solution (BD Pharmingen) at a 300µg/ml final 

concentration and incubated for 1h at 37°C to expose the incorporated BrdU. After a wash in 1ml 
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of Perm/Wash buffer, the cells were stained for BrdU using the anti-BrdU FITC-labelled antibody 

from BD, diluted 1:50 in 50µl of Perm/Wash buffer. After 20min incubation at room temperature, 

they were washed with Perm/Wash buffer and resuspended in 20µl of 7-AAD (BD Pharmingen) 

and 700µl of PBS. The amount of incorporated BrdU was assessed by recording the fluorescence of 

the FITC fluorophore by FACS as described in paragraph 2.8.4.  

 

2.10.3 Migration assays 

2.10.3.1 Scratch assay 

The scratch assay was performed as previously described using the Incucyte to get images of the 

scratch non-invasively and to record the confluence in the well in the area of the scratch (Liang et 

al. 2007). Cells were plated in a 24-well plate at near confluence and allowed to grow overnight in 

complete medium with glucose. Each condition was performed in duplicate on the plate. At 

confluence, a scratch was performed in each well using Essen BioScience Wound-Maker for 24-

well plates. The wells were then washed twice with PBS to remove the floating cells and the 

appropriate medium for the studied condition was added to the well. The growth in the scratch 

area was recorded using the Incucyte live-cell imaging system as described in paragraph 2.10.2.2, 

with images taken at least every two hours.  

 

2.10.3.2 Transwell assay 

Cell migration was assessed further using a 24-well transwell assay (Appeleton Wodds, 

Birmingham, UK) with 8µm transwells. Cells were plated at a density of 8x10
3
 cells for SaOS2 and 

1.6x10
4
 for OST in 100µl of complete DMEM without glucose inside each transwell. The bottom of 

the well contained 1ml of complete DMEM with normal glucose levels. This stimulated the 

migration of the cells. After an overnight incubation at 37°C and 5% CO2, the wells were rinsed 

with PBS and the cells were fixed with 4% paraformaldehyde for 10min at room temperature. The 

transwells were washed with PBS and the cells were then permeabilised with 0.5% triton-X in PBS 

for 3min. They were then washed with PBS and stained with Crystal violet for 5min. After 3 to 4 

washes, the transwells were mounted under a coverslip and the migrating cells were observed 
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under an inverse-light microscope. The number of migrating cells was then counted in four 

different areas for each well. 

 

2.10.4 Anoikis and apoptosis assay 

To assess the effect of LKB1 on cell death, anoikis and apoptosis assays were performed. Cells 

were plated at the same density than for the cell cycle assay (section 2.10.2.3), either as adherent 

cells (apoptosis assay) or in suspension (anoikis assay) in a 6-well plate with two wells per 

condition. The suspension culture was obtained by coating the bottom of the well with 2% sterile 

agarose. After 2 to 3 days, the cells were harvested by pooling both wells of each condition and 

washed in PBS and stained with Annexin V antibody conjugated with APC (BD Pharmingen) as 

instructed by the manufacturer. The cells were resuspended in 100µl of 1x binding buffer (BD 

Pharmingen) and 5µl of Annexin V antibody, and incubated for 15min in the dark at room 

temperature. Then 200µl of binding buffer and 2µl of a 2mg/ml stock solution of PI were added to 

the cells and they were analysed within the next hour by FACS as described in paragraph 2.8.4.  
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2.11   Statistics 

All experiments were repeated as independent replicates. Error bars represent the standard 

deviation from the mean, and mean and standard deviation were calculated using descriptive 

statistics. Pearson Chi square test (for unpaired categorical data in large cohorts) or Fisher exact 

test (for unpaired categorical and binomial data in smaller cohorts), Student’s t-test (for unpaired 

continuous and normally distributed data), Mann-Whitney U test (for unpaired continuous and 

skewed data comparing two groups), one-way ANOVA (for normal unpaired continuous data 

comparing more than two groups), Kruskall-Wallis test (for skewed unpaired continuous data 

comparing more than two groups) and Wilcoxon Signed-Rank test (for paired categorical data) 

were used where appropriate, and differences were considered statistically significant if p<0.05. 

The Shapiro-Wilk test was used to assess the normality of the distribution of the data. The 

Spearman rho test was used for regression analysis to correlate two not normally distributed 

continuous sets of data and the Pearson correlation test for normally distributed continuous sets 

of data. The performance of the markers tested for clinical diagnostic was assessed with the 

specificity and the sensitivity of the binary classification obtained using the result of the protein 

expression of the marker, compared to a defined clinical characteristic. The sensitivity was 

calculated as the ratio of the proportion of people testing positive and with the clinical 

characteristic compared to the proportion of people testing positive. It represents the probability 

to have a positive test result given that the patient has the characteristic. The specificity was 

calculated as the ratio of the proportion of people testing negative and without the clinical 

characteristic compared to the proportion of people testing negative. It represents the probability 

to have a negative test result given that the patient does not have the characteristic. The software 

SPSS version 18.0 (SPSS Inc, Chicago, US) was used for statistical calculations.  
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Chapter 3: THE ACTIVATION OF THE MTOR PATHWAY IN 

OSTEOSARCOMA 

3.1 Introduction and aim 

3.1.1 mTOR pathway and relevance to Osteosarcoma 

There is strong evidence suggesting aberrant activation of the mTOR pathway in human OS and 

therefore Rapamycin and its analogs could be used as therapeutic targets (section 1.2.3.2). 

However the activation of this pathway has not been confirmed in large cohorts of patients. 

Moreover, the molecular mechanism responsible for this activation remains unclear, beyond 

the possible role for ezrin (section 1.2.3.1). The exact mechanism by which ezrin could activate 

the pathway has not been deciphered, although it is recognised that it can help to integrate 

extracellular signalling to activate downstream cellular signalling.  

There is a lack of markers that can predict response of OS to chemotherapy or the progression 

of the disease (section 1.1.4.2). Ezrin is one of the most promising markers for association with 

metastasis, and has been detected in many screening studies both at the mRNA (Leonard et al. 

2003) and protein level (Folio et al. 2009). As ezrin action is mainly mediated through the 

mTOR pathway (Khanna et al. 2004), there may be other molecular markers within this 

pathway that could be used as prognostic markers or help in the design of targeted therapy.  

 

3.1.2 Aim and objectives 

The aim in this chapter was to assess mTOR pathway activation and to evaluate the usefulness 

of mTOR inhibitors in OS therapy. To do so, the presence and/or the phosphorylation of the 

key molecules of the pathway were investigated. The objectives were: 

1. Assess the activation status of a variety of molecules in the pathway 

2. Decipher possible mechanisms of constitutive activation of the pathway 

3. Assess whether these results could be used to identify an informative prognostic 

biomarker 
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3.2 mTOR pathway activation in Osteosarcoma 

3.2.1 IHC results and protein activation 

The presence and/or phosphorylation of key molecules of this pathway were studied by IHC as 

described in section 2.4.2 and as previously published (Presneau et al. 2009). The role of the 

molecules studied and of their eventual phosphorylation sites (p-Akt (Thr
308

), PTEN, TSC1, TSC2 

and p-TSC2 (Thr
1462

), mTOR and p-mTOR (Ser
2448

), S6K and p-S6K (Thr
389

), RPS6 and p-RPS6 

(Ser
235/236

), p-4EBP1 (Thr
70

) and eIF4E) have been detailed in paragraph 1.2.2.1. Two TMAs 

generated from 162 resections, with 69 PR and 27 GR were used (section 2.4.1).  

 

3.2.1.1 Summary of the IHC results 

All the proteins screened showed a strong immunoreactivity in the positive control: the 

immunoreactivity of all of the antibodies was mainly cytoplasmic, except for the one to PTEN, 

which showed nuclear reactivity. Representative positive and negative cases by IHC are 

presented in Figure 3.1 below. Most cases showed activation of Akt (154 of 159, 97%). PTEN 

was absent in 46 of 140 (33%) cases, and this could account for constitutive activation of the 

pathway in these cases, (section 3.4.4.1). Disruption of the TSC1/2 complex was found in more 

than 60% of the cases as shown by phosphorylation of Thr
1462

 in 91 of 136 (67%) cases and by 

the absence of the TSC1 protein in 63 of 139 (45%) cases. mTOR activation by phosphorylation 

of Ser
2448

 was detected in 47 of 146 (32%) cases and its downstream targets S6K and 4EBP1 

were activated in 108 of 156 (69%) and 130 of 133 (98%) cases respectively. S6K’s target RPS6 

was activated in 106 of 148 (72%) cases and eIF4E was detected in 127 of 141 (90%) cases. The 

IHC results are summarised in Table 3.1 below.  
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Figure continued on the next page 
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Figure 3.1: Transmitted light photomicrographs of the IHC for the key molecules used to assess the 

activation of the mTOR pathway. 

The images are from the scanned TMAs. The antibody is indicated on the left. The first column 

represents the positive controls (breast carcinoma). The center panel shows representative OS cases 

with positive reactivity and the right hand panel representative OS negative for immunoreactivity. The 

bar corresponds to 20μm (magnification x40). 

 

Protein 
Ratio of positive cases for 

protein phosphorylation (%) 

Ratio of positive cases for 

total protein expression (%) 

PTEN NA 94 / 140 (67%) 

Akt 154 / 159 (97%) NA 

TSC2 91 / 136 (67%) 139 / 144 (97%) 

TSC1 76 / 139 (55%) NA 

mTOR 47 / 146 (32%) 127 / 144 (88%) 

S6K 108 / 156 (69%) 143 / 144 (99%) 

RPS6 106 / 148 (72%) 121 / 145 (83%) 

4EBP1 130 / 133 (98%) NA 

eIF4E NA 127 / 141 (90%) 

Pathway  

activation 
137 / 158 (87%)  

 

Table 3.1: Summary of the IHC scoring results obtained for all cases and all antibodies tested. 

A case is considered to have activation of the pathway if p-S6K, p-RPS6 or p-mTOR are detected.  
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3.2.1.2 Relationship between 4EBP1 activation and eIF4E presence 

The activation of 4EBP1 was detected in a large majority of the cases. eIF4E is released 

following phosphorylation of 4EBP1, as detailed in the Introduction (section 1.2.2.1). Both p-

4EBP1 and eIF4E were expressed in 105 of 119 (88%) cases and at least one of them was 

expressed in 152 of 155 (98%). This arm of the mTOR pathway was activated in virtually all OS 

cases screened. 

 

3.2.1.3 Relationship between S6K and RPS6 activation 

Activation of S6K and RPS6, the biomarkers mostly monitored to assess the activation of the 

mTOR pathway in the literature (MacKenzie et al. 2007, Presneau et al. 2009), was found in 

approximately two third of the cases. Activation of both molecules was detected in 81 of 146 

(55%) cases and of either in 133 of 158 (84%).  Similarly, a wide majority of the cases showed 

activation of this arm of the pathway, but to a lesser extent than the 4EBP1 one.  

 

3.2.1.4 Relationship between mTOR, S6K and RPS6 activation 

The activation of mTOR was detected in 32% of the cases. Concomitant mTOR and S6K 

activation was present in 44 of 146 (32%) cases. The phosphorylation of either mTOR or S6K 

was observed in 121 of 158 (77%) cases and only 4 cases with mTOR activation showed no 

immunoreactivity for p-RPS6 or p-S6K. Overall, 137 of 158 (87%) cases expressed p-mTOR, p-

S6K or p-RPS6, and expression of one of these three markers was used to define the pathway 

as activated. 

 

3.2.1.5 Relationship between p-TSC2 expression and pathway activation 

Since virtually all cases were immunoreactive for p-Akt, only the detection of p-TSC2 could 

indicate whether the activation of the pathway was mediated by Akt, via the inhibition of the 

TSC complex. p-TSC2 immunoreactivity was detected in 88 of 120 (73%) informative cases 

showing pathway activation. Hence, in three out of four cases, activation of the pathway could 

be directly attributed to Akt. The relationship between p-TSC2 expression and pathway 
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activation was highly statistically significant (p=9.49x10
-7

 with the Wilcoxon signed-rank test). 

Cases with p-TSC2 expression were 1.36 times more likely to present with activation of the 

pathway (95% confidence interval [1.17; 1.48]). 

 

3.2.1.6 Conclusion 

The mTOR pathway is activated in a vast majority of OS cases, as shown by the phosphorylation 

of mTOR, S6K or RPS6 in 87% of our cohort (Figure 3.2).  

 

 

 

Figure 3.2: Scheme of the mTOR pathway including the IHC results obtained in 158 OS cases. 

Results are indicated as a ratio of positive immunoreactivity compared to the total number of 

informative cases screened (and the equivalent percentage), either for the phosphorylated (p-) or the 

total protein. Note: the ratio of total protein was corrected to take into account false negative cases.  
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Constitutive activation of the mTOR pathway 

Phosphorylated versus total protein expression 

To investigate the reason for the absence of phosphorylation of TSC2, mTOR, RPS6 and S6K

subset of cases, the total protein expression for these molecules was assessed on the same 

TMAs. Total TSC2, mTOR, S6K and RPS6 was detected in 139 of 144 (97%), 127 of 144 (88%), 

143 of 144 (99%) and 121 of 145 (83%) cases respectively (Table 3.1). However, when these 

umbers were corrected to take into account the false negative cases (cases that were either 

negative or uninformative for the total protein but positive for the phosphorylated protein), 

the total protein was considered to be present in 141 of 145 (97%) cases for TSC2, 131 of 145 

(90%) for mTOR, 152 of 152 (100%) for S6K and 136 of 147 (93%) for RPS6 (

Therefore, the total protein was detected in most cases and eventual genetic abnormalities 

 

: Graph illustrating the expression of phosphorylated protein compared to their total protein 

The ratio of positive cases over all informative ones and the equivalent percentages are given in the 

graph. The number of cases expressing the total protein was corrected to take into account the false 
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3.2.2.2 Relationship between TSC1 and TSC2 expression: potential loss of 

the TSC complex  

For mTOR to be activated, the TSC complex needs to be repressed, as detailed in paragraph 

1.2.2.1. This can be achieved by phosphorylation of TSC2 by Akt; constitutive activation of Akt 

would then lead to a constitutive activation of mTOR. However, absence of the TSC2 or TSC1 

protein have the same effect, by preventing the formation of the TSC complex. Although TSC2 

was present in virtually all cases, TSC1 was not detected in 63 of 139 (45%) cases. Out of the 38 

cases showing no p-TSC2 immunoreactivity but expression of total TSC2 protein, 19 lacked 

TSC1 expression. However, p-TSC2 was detected in the absence of TSC1 immunoreactivity in 37 

of 127 (30%) cases.  

 

3.2.2.3 RPS6 protein expression 

The locus for RPS6 (9p22.1) is in close vicinity to the locus of CKDN2A (9p21.3), coding for the 

p16 protein. The latter has been reported as lost in OS (Kansara et al. 2007) as detailed in the 

Introduction (section 1.1.5.1). We therefore screened for p16 by IHC for the 11 cases negative 

for total RPS6. This was performed by UCL Advanced Diagnostics, Department of Pathology, 

UCL. Nine of the 11 cases were informative; 3 lacked p16 protein expression, and 6 expressed 

the protein. Hence a small subset of OS tumours may have lost both the CDKN2A and RPS6 

gene region, accounting for the lack of immunoreactivity observed. As only a very small subset 

of the cases presented this abnormality, it was not studied further.  
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3.3 Biomarkers for prognosis 

3.3.1 Identification of a prognostic marker 

The best prognostic marker to date is the patient’s response to chemotherapy (section 1.1.4.2). 

Predicting this response before treatment would be very useful. Therefore, the expression of 

candidate biomarkers was studied in the tumours which showed a good (GR) and poor (PR) 

response to chemotherapy. 

 

3.3.1.1 p-TSC2 is a candidate prognostic marker 

The IHC results for the total and phosphorylated proteins that were screened in PR compared 

to GR is illustrated in Figure 3.4. Statistically significant differences between the two groups 

were found for p-TSC2 (p= 0.0005 with the one-tailed Fisher exact test) and total RPS6 (p= 

0.048). However, the difference in total RPS6 immunoreactivity between PR and GR was only 

barely statistically significant, with a p-value was very close to 0.05. Additionally, when taking 

into account the false negative cases (cases positive for p-RPS6 and either uninformative or 

negative for RPS6) the total protein expression was 63 of 69 (91%) for the PR and 23 of 23 

(100%) for the GR. This difference was not significant. Hence, the previous result for total RPS6 

immunoreactivity was considered to be an artifact. Only the use of p-TSC2 as a prognostic 

marker was investigated further.  

 

3.3.1.2 Validation of p-TSC2 in a larger cohort of patients 

To confirm the results obtained with p-TSC2 as a predictor of patient response to 

chemotherapy, a larger cohort of patient was screened using the additional TMAs prepared, 

with a total of 267 cases including 109 PR and 70 GR. Their clinical data are presented in Figure 

2.2 in the Materials and Methods chapter. There were 30 of 267 (11%) non-informative cases 

(11%); p-TSC2 was positive in 135 of 237 (60%) informative cases. 
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3.3.1.3 Relationship between  p-TSC2 and other clinical data 

No association with p-TSC2 was found for patient age and sex, or tumour site, histopathological 

subtype or grade. Patients presenting with recurrent or metastatic disease were then 

compared to patients without disease progression reported (Figure 3.5): 46 of 66 (70%) 

tumours in patients with progressive disease expressed p-TSC2 compared to 89 of 172 (52%) 

without (p=0.012 with the Chi Square test). Hence, the relative risk of disease progression was 

found to be 1.76 times higher when p-TSC2 was detected (95% confidence interval [1.13; 

2.79]). Using p-TSC2 as a predictive marker for disease progression would give a test’s 

sensitivity of 69.7% (95% confidence interval [59.6%; 78.5%]) and a specificity of 48.3% (95% 

confidence interval [44.4%; 51.6%]). To conclude, expression of p-TSC2 was associated with a 

worse prognosis. 

 

3.3.2 Pathway activation and clinical setting 

The relationship between the activation of the mTOR pathway (p-mTOR, p-S6K or p-RPS6 

immunoreactivity) in the 162 cases screened and their clinical characteristics as presented in 

the Materials and Methods chapter (Figure 2.1) was investigated. No relationship was found 

with most of the clinical features (patient sex and age, chemotherapy treatment, tumour 

grade, subtype and site) as assessed using the Chi square or one-tailed Fisher exact tests. No 

difference was found either between patients with a poor and a good response to 

chemotherapy: 58 of 69 (84%) PR had pathway activation, compared to 22 of 27 (81%) GR. 

However, a relationship was found between the pathway activation and disease progression: 

patients with reported recurrence or metastasis had activation of the pathway in 48 of 51 

(94%) cases, whereas 89 of 107 (83%) cases had pathway activation in the absence of disease 

progression at the time of the study (Figure 3.5). Although small, this difference is statistically 

significant (p=0.045 with the one-tailed Fisher exact test). The relative risk of presenting with 

progressive disease is 2.45 times higher if the pathway is activated (95% confidence interval 

[0.98; 7.21]). Using the pathway activation as prognostic test for disease progression would 

give a sensitivity of 94.4% (95% confidence interval [86.4%; 97.9%]) and a specificity of 16.8% 

(95% confidence interval [13.2%; 18.6%]). 
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Figure 3.5: Bar chart illustrating the relationship between p-TSC2 expression (A. and B.) and mTOR 

pathway (C.) activation with the clinical data. 

* for p<0.05 and ** for p<0.01 with the Chi square test. 
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3.4 Discussion: role of the mTOR pathway in diagnosis and 

treatment of Osteosarcoma 

In this chapter, 162 OS cases were used to evaluate the activation of the mTOR pathway in OS; 

87% of them were immunoreactive for p-mTOR, p-S6K or p-RPS6, hereby showing activation of 

the pathway. The technical limitations and the perspectives for implementing these results in 

diagnostic tests or therapeutic strategies are discussed here. 

 

3.4.1 Biomarkers selected and technical limitations 

3.4.1.1 Technical limitations in phospho-protein detection 

As detailed in paragraph 3.2.2.1, mTOR, TSC2, S6K and RPS6 total protein was detected in most 

cases, even in the absence of phosphorylation. This indicates that the loss of immunoreactivity 

for the phospho-protein is not caused by a loss of the total protein.  

The detection of large phospho-proteins like mTOR (289kDa) by IHC is technically challenging 

(Tkaczyk et al. 2002), and the phospho-epitope may be lost during tissue processing. This may 

explain the low number of mTOR positive cases compared to the downstream targets. This can 

also account for some of the negative results found for TSC2, S6K and RPS6. Moreover, 

phosphorylation is a transient mechanism (Riemenschneider et al. 2006) and IHC does not 

reflect the dynamism of these processes. This may explain the discrepancy found between the 

different molecules, as 55% of cases had activation of both S6K and RPS6, compared to 84% 

with one or the other of them. Moreover, as phosphorylation of TSC2 is known to accelerate its 

degradation by a ubiquitin-mediated mechanism (Plas et al. 2003), the proportion of p-TSC2 

positive cases may also be underestimated. 

The phosphorylation sites chosen for analysis of mTOR, TSC2, S6K and RPS6 were the most 

commonly reported ones (section 1.2.1.1). However, the study is not exhaustive and 

phosphorylation of other sites may occur (Cheng et al. 2004, Nellist et al. 2005). This may 

account for the discrepancies found between total and phospho-protein and between the 

different biomarkers, especially for p-TSC2 ; this will be developed further in paragraph 3.4.4.4.  
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To conclude, due to the technical limitations listed above, it is preferable to assess the status of 

several markers in parallel to determine the activation of the pathway, as was performed in 

this study. However this may not be practical in a clinical setting.  

 

3.4.1.2 Detection of phospho and total mTOR 

The most striking difference between total and phospho-protein expression is seen in mTOR 

where total mTOR was expressed in 90% of the cases, whereas only 32% were immunoreactive 

for p-mTOR (Ser
2448

).  As 67% of cases were positive for p-TSC2 and 69% for p-S6K, the 

molecules upstream and downstream of mTOR respectively, it would have been expected that 

close to two third of the cases would show mTOR activation.  Such discrepancies have been 

reported by others in renal cell carcinoma and chordoma (Presneau et al. 2009, Youssif et al. 

2010).  

It is of note that the role of the phosphorylation site Ser
2448

 on mTOR is not well understood 

(section 1.2.2.1). This phosphorylation is thought to be a feedback signal from S6K and not a 

result of its activation by Rheb (Chiang et al. 2005). mTOR mutants with an alanine or a glycine 

replacing Ser
2448

 are still functional. It implies that cases lacking immunoreactivity for p-mTOR 

may still have the pathway activated.  

Moreover, p-mTOR cannot be used as a biomarker to classify patient potentially responsive to 

Rapamycin. It has been suggested that both mTORC1, which is Rapamycin sensitive, and 

mTORC2, which is Rapamycin insensitive, can present phosphorylation at Ser
2448

 (Rosner et al. 

2010). However, this was not confirmed by another study which found that mTORC2 is 

phosphorylated at Ser
2481

 rather than at Ser
2448

(Copp et al. 2009). The detection of total mTOR 

does not predict patient’s response to Rapamycin treatment either, as it cannot distinguish the 

mTORC1 or 2 complexes.  

To conclude, IHC on mTOR is not fully informative for classifying the patients with pathway 

activation or responsive to Rapamycin or its analogs. The development of mTOR inhibitors 

active on both complexes, the mTOR blocking agents or TORKinibs, will overcome this problem 

(Feldman et al. 2009).  
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3.4.1.3 Pathway activation: which biomarker to select? 

Due to technical limitations and to the poorly known role of mTOR phosphorylation, p-mTOR 

has rarely been included in studies assessing the activation of the mTOR pathway (El-Salem et 

al. 2007, Gao et al. 2003, Krishnan et al. 2006, Scheper et al. 2008, Wan et al. 2005) ; the use of 

pS6K (Thr
289

) is  often preferred (Boulay et al. 2004, MacKenzie et al. 2007, Xu et al. 2004). As 

RSP6 can be activated by pathways other than mTOR, such as the RAS/MEK/ERK pathway via 

p90S6K (i.e. RSK1) (Roux et al. 2004), it is not usually used as a biomarker for mTOR pathway 

activation. However, a recent study has shown that p-RPS6 (Ser
235/236

) was a predictive marker 

of tumour response to mTOR inhibitor treatment in a small cohort of patients that included 3 

OS (Iwenofu et al. 2008). This study needs to be confirmed on a larger cohort of cases, but it 

nonetheless indicates that RPS6 is a potential biomarker for our cohort. Therefore and as the 

technical limitations also favour the use of multiple markers in IHC screening, the pathway 

activation was based on the presence of p-mTOR, p-S6K or p-RPS6.  

 

3.4.2 Use of biomarkers in the mTOR pathway as prognostic markers 

3.4.2.1 Pathway activation and disease progression 

The activation of the pathway did not correlate with response to chemotherapy; this suggests 

that both PR and GR could benefit from a treatment with mTOR inhibitors. The mTOR pathway 

is unlikely to play a role in the mechanism of resistance to chemotherapy in OS. 

Previous studies from the group of Pr Khanna have shown that activation of the mTOR pathway 

was associated with metastasis in OS when ezrin was expressed (Wan et al. 2005). A recent 

study has also demonstrated that total mTOR and total S6K expression was associated with 

disease progression and prognosis (Zhou et al. 2009). Zhou et al only looked at total protein 

expression and not protein activation, and studied a relatively small cohort (65 patients), so 

these results are not fully conclusive. Our data confirmed the association of pathway activation 

and disease progression in a larger cohort of patients and focused on protein activation rather 

than expression. In the cases without disease progression reported at the time of the study, 89 

of 107 (83%) showed activation of the pathway. As some of those cases were treated in the last 
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5 years, it possibly includes patients that will present with progressive disease in the near 

future. These results need to be followed-up in the coming years.  

Virtually all cases with disease progression displayed an activated pathway (48 of 51, 94%). 

Nevertheless, there is a large overlap between patient with and without disease progression 

and pathway activation (Figure 3.5). The confidence interval found for the relative risk is very 

wide, and is barely over 1, confirming that the relationship is weakly significant. This result 

needs to be confirmed on a larger cohort of cases, as only 51 patients had progressive disease 

in this study. The activation of the pathway may be associated with an increased risk for 

progressive disease, but it cannot be used as a prognostic marker in the clinic as a high 

sensitivity (e.g low proportion of false negative) and a high specificity (e.g a low proportion of 

false positive) are required for this application.   

   

3.4.2.2 p-TSC2 as a predictor of chemotherapy response or disease 

relapse 

The main prognostic marker identified in this study is p-TSC2 (Thr
1462

), which was found more 

frequently in PR than in GR (59% versus 40% respectively, p=0.018). The activation of p-TSC2 

was also associated with disease progression. The TSC complex integrates the regulation of the 

mTOR pathway via the Akt or the LKB1 branches. The differences observed for p-TSC2 between 

these groups were not caused by differences in total TSC1 or TSC2 expression, as no 

association for these markers was found in PR compared to GR. These results underline that 

inactivation of p-TSC2 by Akt is associated with a worse prognosis. The IHC results reported in 

this chapter give a better understanding of the activation of the pathway in PR versus GR, but 

they have not fully uncovered the mechanism explaining these differences (section 3.3.1).  

There is again a large overlap between the PR and GR groups positive for p-TSC2, as for the 

groups with or without progressive disease (Figure 3.5). The 95% confidence intervals of the 

relative risk of either being a PR or having progressive disease if p-TSC2 is detected are 

relatively narrow, as a larger cohort of cases was used for this study. Nevertheless, testing for 

p-TSC2 as a tool for chemotherapy response or disease progression gives a specificity and a 

sensitivity below 80%, which is insufficient. Therefore the presence of p-TSC2 is associated with 

a higher risk of poor response to chemotherapy and of disease progression, giving an insight 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 151 of 310 

 

into the pathogenesis of OS. But this biomarker cannot be used as a routine tool to classify 

patients.  

 

3.4.3 Potential use of mTOR inhibitors for Osteosarcoma treatment 

As outlined in the Introduction, mTOR inhibitors have shown their potential in OS treatment in 

vitro (Gazitt et al. 2009), in vivo (Houghton et al. 2008, Paoloni et al. 2010) and in phase II 

clinical trials (MacKenzie et al. 2007, Manara et al. 2010, Staddon et al. 2006). However, these 

studies never included a large cohort of human patients with OS. Our work shows that the 

pathway is indeed activated in a majority of patients. The use of p-mTOR, p-S6K or p-RPS6 as 

biomarkers for pathway activation suggests that at least 87% of our cohort would be 

responsive to mTOR inhibitors. Total mTOR was only absent in 14 of 144 (9.7%) cases and half 

of those cases showed activation of p-S6K, suggesting that absence of the protein was due to 

technical limitations. Hence 7 of 144 (4.9%) cases in our cohort are unlikely to be responsive to 

mTOR inhibitors.  

Because Rapamycin and its analogs have shown only partial response in preclinical studies, as 

they induce cell cycle arrest but not necessarily apoptosis, the use of combination agents has 

been recommended. Akt was activated in virtually all of our cases, so a combination of 

Rapamycin and Akt inhibitors could be an option for OS treatment for most patients. 

Understanding the mechanism leading to the constitutive activation of the pathway will help to 

optimise further the combination treatment to give to patient with OS, as will be developed in 

the next paragraph. 

 

  



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 152 of 310 

 

3.4.4 Rationale for constitutive pathway activation and other mTOR 

combination therapies 

Assessing the presence of constitutive activation of the mTOR pathway is essential if mTOR 

inhibitors are to be used in OS treatment. Knowing the genetic background in the pathway will 

help to improve design of mTOR targeted therapy. Although the study of total mTOR, TSC2, 

S6K and RPS6 did not show loss of expression that could either account for or rule out 

constitutive pathway activation, the examination of other biomarkers can be informative and 

may suggest that other genetic abnormalities are in place. A limitation of this work is that it 

only focused on protein expression by IHC. This does not rule out the presence of inactivating 

mutations in the proteins detected. However, as large numbers of OS are currently being 

sequenced as part of the Human Cancer Genome Project in the Sanger Institute, this aspect 

was not investigated further.  

 

3.4.4.1 Role of PTEN 

Constitutive activation of the mTOR pathway can be achieved by loss of the tumour suppressor 

gene PTEN. Copy number loss of PTEN has been reported previously in human OS (Freeman et 

al. 2008) and in canine OS (Levine et al. 2002) as detailed in the Introduction (section 1.2.3.2). 

Our data confirm this finding, as 33% of the cases lacked expression of this protein by IHC; 43 

of 46 (93%) cases negative for PTEN expression were immunoreactive for p-Akt, as expected. 

Pathway activation was also present in 32 of 46 (70%) of those cases. As 14 cases showed both 

loss of PTEN and absence of pathway activation, additional regulatory mechanisms are to be 

considered downstream of PTEN. Overall, PTEN loss probably accounts for the constitutive 

pathway activation in 32 of 137 (23%) of the cases studied. These cases would also benefit 

from combined mTOR and Akt inhibitor therapy.  

Interestingly, PTEN has been reported to be phosphorylated by LKB1 (Mehenni et al. 2005a). 

Although the nature of the interaction between PTEN and LKB1 is unknown, loss of LKB1 could 

affect the role of PTEN in inhibiting the mTOR pathway. It would therefore be interesting to 

assess further the role of LKB1 in OS.  
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3.4.4.2 Role of TKR activation  

Activation of TKR can also lead to constitutive activation of the mTOR pathway. This has been 

reported in OS, and in particular EGFR amplification has been found in some cases (Freeman et 

al. 2008). It would therefore be interesting to test for amplification or activating mutations in 

TKR, as they may explain the activation of the mTOR pathway in a proportion of patients.  The 

role of autocrine growth stimulation has also been shown by Mori et al., in a study using 

conditioned media from mouse OS cell lines (Mori et al. 2008). This suggests that even in the 

absence of activating mutations, combination therapy of TKR inhibitors and Rapamycin could 

be an interesting treatment strategy.  

 

3.4.4.3 Ezrin upregulation 

Ezrin expression and its correlation to metastasis in OS have been found in many studies (Folio 

et al. 2009, Kim et al. 2007, Leonard et al. 2003, Ogino et al. 2007, Salas et al. 2007), and were 

therefore not included in this study. As ezrin acts through the mTOR pathway, its upregulation 

in metastatic OS could explain why these cases have a constitutive activation of the pathway. 

However, as the link between ezrin and mTOR activation is not fully understood, this remains 

speculative. The relationship found between pathway activation and disease progression infers 

that targeting both ezrin with sorafenib and the mTOR pathway with Rapamycin could be a 

successful therapeutic strategy. This needs to be investigated further.  

 

3.4.4.4 The role of the TSC complex in mTOR pathway activation 

Presence of the complex 

As discussed in paragraph 3.4.2.2, the TSC complex seems to have a central role in the 

regulation of the pathway. Loss of the complex would lead to constitutive activation of the 

pathway. TSC2 was present in most cases, but TSC1 may play a role in OS pathogenesis as one 

case with a mutation in this gene was reported in COSMIC (section 1.2.3.2). Loss of TSC1 

protein expression has also been observed in 45% of our cases as presented in paragraph 

3.2.2.2. There was a discrepancy in the results as 37 of 62 (59%) of the TSC1 negative cases 

were immunoreactive for p-TSC2. Detection of TSC1 total protein by IHC is technically 
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challenging, and similar results were found in another study from our group on chordoma 

(Presneau et al. 2009): TSC1 was detected in 22 of 48 (46%) chordoma cases, but analysis by 

FISH failed to unveil any deletion of the TSC1 locus. TSC1 loss may account for a constitutive 

activation of the pathway but only in the subset of cases negative for p-TSC2, i.e. in 13 of 137 

(9.5%). The screening of more OS cases as part of the Cancer Genome Project will also help to 

evaluate whether TSC1 loss by mutation, which could lead to absence of expression if the 

epitope for the antibody is lost, is really a frequent abnormality.  

 

Regulation of the TSC complex by other pathways: a role of LKB1? 

This study has focused on the Akt-branch of the mTOR signalling pathway (Inoki et al. 2002), 

and 88 of 120 (73%) cases showed that the mTOR pathway was activated via this branch. 

However, TSC2 can integrate the signalling from both LKB1 and Akt. As described in the 

Introduction (section 1.2.2.1), TSC2 can also be activated by AMPK in energy-deprived 

conditions (Inoki et al. 2003), hereby inhibiting the activation of the mTOR pathway. Hence 

TSC2 integrates an activation signal of AMPK and the de-activation signal from Akt (Inoki et al. 

2009). Absence of LKB1 would prevent the activation of TSC2 by AMPK. Although the 

equilibrium between the activating and inactivating phosphorylation status of TSC2 is not fully 

deciphered, loss of LKB1 could induce constitutive mTOR activation, even in the absence of 

detection of p-TSC2 (Thr
1462

). Moreover, other signalling pathways can also interact with the 

TSC complex and phosphorylate alternative sites, such as the Wnt pathway via GSK-3β (Inoki et 

al. 2006) or the Raf/MEK/Erk pathway (Inoki et al. 2009, Menon et al. 2008) via Erk. As the 

phosphorylation status of TSC2 has not been studied exhaustively in this work, the involvement 

of other pathways may explain why activation of mTOR was found in 87% of the cases, with 

only 73% of them positive for p-TSC2. It would therefore be interesting to study in particular 

the status of LKB1 in those OS cases, and see how they correlate with the absence of TSC2 

inactivation by Akt. This may also explain why no obvious genetic mechanism of activation was 

found in the pathway as total protein loss rarely occurred.  
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3.4.5 Conclusion 

This is the first screening of a large cohort of patients for the activation of the mTOR pathway. 

It shows that 87% of the cases expressed p-mTOR, p-S6K or p-RPS6. This may be an 

underestimation of the pathway activation as almost all cases expressed p-4EBP1. Inactivation 

of TSC2 by Thr
1462

 phosphorylation is associated with a worse prognosis, giving an insight into 

OS pathogenesis. Further proof of the role of this pathway in OS was uncovered as loss of PTEN 

and TSC1 may lead to constitutive pathway activation. The TSC complex seems to have a 

central role in pathway activation and its regulation may differ between PR and GR. The study 

of the expression of LKB1 protein can help to understand the regulation of this pathway and 

will be the focus of the next chapter.  
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Chapter 4: REDUCED EXPRESSION OF LKB1 IN A SUBSET OF 

OSTEOSARCOMAS 

4.1 Introduction and aims 

As presented in the Introduction (section 1.2.3.3), the report that Lkb1-deficient mice develop 

bone-forming tumours (Robinson et al. 2008) begs the question whether loss of this tumour 

suppressor gene plays a role in the pathogenesis of human OS. LKB1 is associated with 

pathways that have been implicated in the development of OS (section 1.2.3.3); our finding in 

Chapter 3 that the mTOR pathway is activated in a large subset of OS also suggests the 

involvement of LKB1 in OS pathogenesis (section 3.2.1.6 and 3.4.5). Moreover, the TSC 

complex seems to have a central role in mTOR pathway regulation in OS, and deciphering its 

interaction with LKB1 would help to elucidate its role in the constitutive activation of the 

pathway (section 3.4.4.4).  

 

As discussed in the Introduction (section 1.2.3.3), the tumours detected in the LKB1-deficient 

mice by Robinson et al were difficult to classify, and may represent an osteoblastoma or an 

osteoblastoma-like OS. Understanding the molecular pathogenesis of both OS and OB and 

finding new biomarkers that could distinguish the two could ease the diagnosis of such cases.  

 

To investigate this, we aimed to monitor the protein expression of LKB1 in human OS and OB 

patients. The objectives were: 

4. Assess the expression status of LKB1 in human OS cell lines and tumours and OB 

tumours 

5. Investigate whether LKB1 could be used as a prognostic marker 

6. Correlate the expression of LKB1 with the mTOR pathway activation in OS 
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4.2 Expression of LKB1 protein in Osteosarcoma 

To assess the expression of LKB1 in OS, the protein was first monitored by WB on a small 

cohort of cell lines and tumours, as described in the Materials and Methods chapter (section 

2.6.5).  

 

4.2.1 WB results in Osteosarcoma cell lines 

Fifteen OS cell lines were screened for LKB1 expression using the Ley clone antibody (Table 

2.7). The immortalized human osteoblast cell line HOB and fibroblast cell line HF1 were used to 

model normal lineages. Three of the OS cell lines, U2OS, SaOS2 and MNNG, were tested for 

LKB1 expression both in in vitro cell culture and in in vivo xenografts generated by 

subcutaneous injection of the cell lines in immunocompromised mice (section 2.3). The results 

of the WB are presented in Figure 4.1.  

 

4.2.1.1 Analysis of LKB1 protein expression 

No, or extremely low, reactivity was found for 5 of 15 (33%) cell lines: SaOS2, OSA, MHM, OST 

and HAL.  The MNNG and U2OS cell lines expressed higher levels of LKB1 in vitro than in vivo, 

but the reverse was observed for SaOS2.  

 

4.2.1.2 Densitometry quantification 

To quantify these results, the method described in section 2.6.5.4 was used and the results are 

illustrated in Figure 4.2. This scoring confirmed the findings observed above (section 4.2.1.1). 

The OST cell line obtained a score of 0, the SaOS2, OSA, MHM and HAL cell lines obtained a 

score of 1, indicating a reduced LKB1 expression compared to the positive controls. OHS and 

MG63 also scored as 1 with this method; however, the integrated density for MG63 was very 

close to the cut-off and was therefore considered as positive for LKB1 expression. The other 

cell lines, including the controls HOB and HF1, had a score of 2 as expected – e.g. expressed a 

comparable level of protein to the positive control Jurkat.  
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Interestingly, all three cell lines possessed a lower score in vivo compared to in vitro. This result 

is difficult to interpret as the mechanism of regulation of LKB1 in OS is unknown. 

 

To conclude, using the densitometry analysis, 6 of 15 (40%) cell lines showed a reduced 

expression of LKB1 compared to the positive control.  

 

4.2.2 WB results in Osteosarcoma cases 

To assess whether LKB1 was lost in patients with OS, 26 OS cases were studied by WB. One OB 

was also included in this screen (case S2290). LKB1 was not detected in six cases, S180, S2267, 

S2257, S2291, S2312 and S2313. High expression of LKB1 compared to the loading control 

GAPDH was observed in at least two cases, S2314 and S2260.  

Using the same densitometry analysis as for the cell lines, described in section 2.6.5.4, 5 of 26 

(19%) OS cases scored 0, including two of the cases without visible LKB1 expression and listed 

above, S180 and S2257. The remaining four of that list, S2267, S2291, S2312 and S2313, 

obtained a score of 1, meaning they expressed a reduced LKB1 protein expression compared to 

the positive control; in total 18 of 26 (69%) of the OS cases obtained this score of 1. Of note is 

that one case, S2447, has a densitometry quite close to the cut off between 1 and 2, and can 

be considered borderline. The remaining 3 of 26 (12%) cases, including, as expected, S2314 and 

S2260, obtained a score of 2, characteristic of a high LKB1 protein expression. The OB case 

score corresponds to a very low or no expression of LKB1 (i.e. 0). 

 

Overall, with this scoring method, 23 of 26 (88%) OS cases were classified as having a reduced 

relative expression of LKB1 compared to the positive control Jurkat. This result suggests that 

LKB1 expression is reduced in a large subset of human OS.  
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Figure 4.1: Western blot analysis of the exp

LKB1 protein is detected at 48kDa and GAPDH at 37kDa. The positive control cell lines Jurkat, HOB and 

HF1 displayed strong expression and the negative control cell line A549 no expression, as expected. The 

blotting of the cell lines OHS and HAL was performed by Dr Malihe Eskandarpour.

 

 

Figure 4.2: Densitometry measurements quantifying the relative LKB1 protein expression compared to 

GAPDH in OS cell lines. 
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LKB1 protein is detected at 48kDa and GAPDH at 37kDa. The positive control cell lines Jurkat, HOB and 

HF1 displayed strong expression and the negative control cell line A549 no expression, as expected. The 

cell lines OHS and HAL was performed by Dr Malihe Eskandarpour. 
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Figure 4.3: Western blot analysis of the expression of LKB1 in OS cases.

LKB1 protein is detected at 48kDa and GAPDH at 37kDa. A549 was used as a negative control, Jurkat and 

HOB as positive controls.  

 

Figure 4.4: Densitometry measurements quantifying the relative LKB1 protein expression compared to 

GAPDH in OS cases. 
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LKB1 protein is detected at 48kDa and GAPDH at 37kDa. A549 was used as a negative control, Jurkat and 
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4.2.3 IHC results 

To confirm the results obtained by WB, LKB1 expression was assessed by IHC as described in 

the Materials and Methods chapter (section 2.4.2) on the second set of TMA prepared, 

including 268 OS cases, and on a TMA with 51 OB cases. 

 

4.2.3.1 LKB1 expression in normal control tissues 

The Figure 4.5.A shows the results of the IHC for LKB1 in the positive controls, normal lung and 

normal skeletal muscle – which have been previously tested with this antibody by others 

(Conde et al. 2007) – and in non-neoplastic reactive bone from five human cases. LKB1 was 

expressed in non-neoplastic reactive osteoblasts in vivo, similar to the results obtained by WB 

in vitro for the HOB non-transformed osteoblastic cell line (Figure 4.1). The validity of the IHC 

method was thereby confirmed. 

 

4.2.3.2 LKB1 expression in Osteosarcoma 

Although present in the nucleus after being translated, LKB1 protein is thought to be mainly 

active in the cytoplasm, as described in the Introduction (section 1.2.1.1 and Figure 1.10). In 

accordance with this, LKB1 immunoreactivity was found to be mainly cytoplasmic in OS cases, 

although focal nuclear expression was detected. No case presented a strong positivity 

restricted to the nucleus.  

The IHC scoring confirmed the findings of the WB, as presented in Table 4.1 (section 4.2.4). 

Representative microphotographs of a positive and a negative OS cases are shown in Figure 

4.5.B. Overall, 153 of 259 (59%) human OS cases presented very low or no immunoreactivity 

for LKB1, using the scoring method described in the Materials and Methods chapter (section 

2.4.2.2). 
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4.2.3.3 LKB1 expression in Osteoblastoma 

The LKB1 expression pattern was found to be mostly cytoplasmic in OB, with focal nuclear 

expression, as in OS (Figure 4.5.C). LKB1 expression was more frequent in OB compared to OS, 

with 12 of 50 (24%) cases showing no or very low immunoreactivity for LKB1 (Table 4.1). The 

difference between the two tumours was statistically significant (p=4.2x10
-6

 with the one-tailed 

Fisher exact test), but as LKB1 loss was detected in both OS and OB cases, it cannot be used as 

a diagnostic marker to distinguish the tumours. 

One patient included in the study presented with an aggressive OB, which recurred less than a 

year later with features closer to an osteoblastoma-like OS. The malignancy of this case was 

difficult to classify. Interestingly, LKB1 expression was low in the primary benign tumour and 

almost negative in the aggressive recurrence. Only two other cases described as aggressive OB 

were available in the cohort; both were primary tumours and expressed LKB1. Hence LKB1 loss 

in OB may be associated with an increased aggressiveness of the tumour; this needs to be 

investigated further in a larger cohort of cases.  

 

 

 

Antibody 
Detection 

method 

Positive OS 

cases 

Positive OB  

cases 

p-TSC2 IHC 135/238 (57%) 38/43 (88%)* 

LKB1 IHC 106/259 (41%) 38/50 (76%)** 

LKB1 WB 8/26 (31%) 0/1 (0%) 

 

Table 4.1: Summary of IHC and WB results for OS and OB cases. 

*for p<5x10
-5

 and ** for p<5x10
-6

 with the one-tailed Fisher exact test, when compared to the 

expression in OS. 
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Figure 4.5: Transmitted-light photomicrographs illustrating the IHC results in the controls and OS and 

OB cases. 

A. Immunoreactivity for LKB1 and a mouse IgG2b negative control in normal lung (left) and normal 

skeletal muscle (right), and immunoreactivity for LKB1 and the corresponding H&E staining of non-

neoplastic osteoblasts rimming bone (arrows). No or very low non-specific signal was obtained when 

using a mouse IgG2b negative control. 

B. Immunoreactivity for LKB1 and associated H&E staining and WB results for one positive (right) and 

one negative (left) OS case. Osteoclasts expressed high levels of LKB1; they provided internal positive 

controls (arrow), but hampered the assessment of osteoclast-rich cases.  

C. Immunoreactivity for LKB1 and p-TSC2 in one negative (left) and one positive (right) OB case.  

The bar indicates 20µm (magnification 10x for A. and 20x for B. and C.). 

 

4.2.4 Relationship of IHC and WB 

To assess the concordance of the two methods employed to detect LKB1 protein expression, 

the results of the WB and the IHC were compared on the 27 cases screened by WB. The IHC 

scoring was assessed on the TMA cores and, when possible, on a section from biopsy or 

resected tissue from the same case. A score of 0 indicated absence of protein expression, 1 low 

immunoreactivity and 2 high immunoreactivity, as described in Materials and Methods (section 

2.4.2.2).  

There was a good association found between the IHC and the WB scoring, with 15 of 27 (56%) 

showing perfect association (i.e. exactly the same score by IHC and WB), 12 of 27 (44%) 

showing a good association (i.e. scores differing by 1) and only one case showing opposite 

results (p=0.044 with the Chi square test). All the 6 of 27 (22%) cases with no protein 
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expression detected by WB were not immunoreactive for LKB1 by IHC. Moreover, the 

association between the measured integrated density ratio of LKB1 compared to GAPDH and 

the score obtained by IHC was statistically significant (p=0.047 using the paired Student’s t-

test). The results are shown in Figure 4.6. 

 

 

 

 

Figure 4.6: Box plot representing the association between the IHC scoring and the densitometry by WB 

for LKB1 protein in OS and OB cases. 

The round points represent the outliers, i.e. the cases with values between 1.5 and 3 times the 

interquartile range from the upper of lower edge of the box. * for p<0.05 with the paired-Student’s t-

test.  

  

* 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 166 of 310 

 

4.3 Role of LKB1 as a biomarker 

As discussed in the Introduction (section 1.1.4.2) and the previous chapter, there is a lack of 

biomarkers to predict response to chemotherapy or overall prognosis in OS. LKB1 has been 

associated with metastasis in lung cancer (Carretero et al. 2010). We therefore assessed the 

relationship between LKB1 loss detected by IHC in OS and OB and clinical features to 

investigate its use as a prognostic marker. 

  

4.3.1 Relationship with clinical data in Osteosarcoma 

The clinical characteristics of the cohort of 268 patients used for the IHC screening are 

presented in Figure 2.2. There was no relationship found between the expression of LKB1 and 

the patient age or sex, the histological subtype or grade or the disease progression. However, 

there was a association between LKB1 expression and the patient chemotherapy status 

(p=0.005 with the Chi square test). More specifically, when comparing PR and GR to 

chemotherapy, GR tended to lack LKB1 expression more often than PR: 52 of 68 of (77%) GR 

did not express LKB1 compared to 60 of 104 (58%) PR (p=0.012 with the Chi square test), as 

illustrated in Figure 4.7. In other words, the relative risk of being a GR when LKB1 expression 

was not detected was 1.74 times higher than being a PR (95% confidence interval [1.12; 2.81]). 

If the absence of LKB1 expression were to be used as a predictive marker of response to 

chemotherapy, the sensitivity of this test would be 76.5% (95% confidence interval [67.7%; 

84.0%]) and the specificity 42.3% (95% confidence interval [36.6%; 47.2%]).  
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Figure 4.7: Bar chart illustrating the presence of LKB1 expression in PR compared to GR

*for p<0.05 with the Chi square test.

 

 

 

4.3.2 Relationship

The clinical features of the OB

Methods chapter, Figure 2

patient age or sex, or the tumour site or stage with the Chi square or on

tests. The cohort of OB studied is relatively small, so the results need to be confirmed in a 

larger cohort. Hence, it was not possible to calculate the significance of the 

observed above between LKB1 expression and diseas

 

 

 

 

in the pathogenesis of OS  

Page 167 of 310 

 

: Bar chart illustrating the presence of LKB1 expression in PR compared to GR

*for p<0.05 with the Chi square test. 

Relationship with clinical data in Osteoblastoma 

The clinical features of the OB patients included in the TMA are presented in the Materials and 

2.3. No association was found between LKB1 expression in OB and the 

patient age or sex, or the tumour site or stage with the Chi square or one-

tests. The cohort of OB studied is relatively small, so the results need to be confirmed in a 

larger cohort. Hence, it was not possible to calculate the significance of the 

observed above between LKB1 expression and disease aggressiveness (section 
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: Bar chart illustrating the presence of LKB1 expression in PR compared to GR 

patients included in the TMA are presented in the Materials and 

was found between LKB1 expression in OB and the 

tailed Fisher exact 

tests. The cohort of OB studied is relatively small, so the results need to be confirmed in a 

larger cohort. Hence, it was not possible to calculate the significance of the association 

(section 4.2.3.3). 
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4.4 LKB1 and the mTOR pathway

4.4.1 Association

As discussed in the previous chapter (section 

87% of the cases screened, and in 73% of the informative cases, this activation was attributed 

to Akt, in view of p-TSC2 (Thr

at least 32 cases may have presented pathway activation due to inter

pathways, or possibly due to the action of LKB1. To confirm the role of LKB1 in the regulation 

of the activity of the TSC complex, the expression of LKB1 and p

in the cohort of 268 patients

A strong association was found between LKB1 and p

the Wilcoxon Signed-Rank test), with 86 of 105 

immunoreactivity. In other 

the absence of LKB1 (95% confidence interval [2.35

in 52 of 132 (39%) of the cases that were immunoreactive for

illustrated in the Figure 4.8

Figure 4.8: Bar chart representing the immunoreactivity of p

* for p<5x10
-5

 with the Wilcoxon signed
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and the mTOR pathway 

Association between LKB1 and p-TSC2 in Osteosarcoma

As discussed in the previous chapter (section 3.2.1), the mTOR pathway was acti

87% of the cases screened, and in 73% of the informative cases, this activation was attributed 

TSC2 (Thr
1462

) being detected. However, as discussed in paragraph

have presented pathway activation due to inter-dependency to other 

pathways, or possibly due to the action of LKB1. To confirm the role of LKB1 in the regulation 

of the activity of the TSC complex, the expression of LKB1 and p-TSC2 (Thr
1462

patients with OS (Table 4.1).  

was found between LKB1 and p-TSC2 immunoreactivity (p=2.51x

Rank test), with 86 of 105 (83%) cases lacking LKB1 in absence of p

In other words, the relative risk of lacking p-TSC2 was 3.56 times higher in 

(95% confidence interval [2.35; 5.55]). In addition, LKB1 was not detected 

in 52 of 132 (39%) of the cases that were immunoreactive for p-TSC2. These results are 

8.  

: Bar chart representing the immunoreactivity of p-TSC2 compared to LKB1 in OS cases.

ilcoxon signed-rank test.  

LAE Duhamel 

in Osteosarcoma 

), the mTOR pathway was activated in about 

87% of the cases screened, and in 73% of the informative cases, this activation was attributed 

) being detected. However, as discussed in paragraph 3.4.4.4, 

dependency to other 

pathways, or possibly due to the action of LKB1. To confirm the role of LKB1 in the regulation 

1462
) were compared 

TSC2 immunoreactivity (p=2.51x10
-5

 with 

cases lacking LKB1 in absence of p-TSC2 

TSC2 was 3.56 times higher in 

addition, LKB1 was not detected 

TSC2. These results are 

 

TSC2 compared to LKB1 in OS cases. 
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4.4.2 Association

Osteosarcoma

LKB1 expression was also correlated with mTOR pathway activation, with an even higher

significance than the results reported for p

Wilcoxon Signed-Rank test)

mTOR pathway activation, whereas only 16 of 91 (18%) LKB1

pathway activation. Hence

higher if LKB1 was absent 

In the first cohort of 162 patients screened for mTOR pathway activation, p

with presence of total TSC2 p

Moreover, 18 of 26 (69%) cases showing absence of p

protein and the activation of the mTOR pathway, lacked LKB1 expression. 

Overall, this suggests that l

pathway, with or without the concurrent inactivation of the TSC complex by Akt.  

 

Figure 4.9: Bar chart representing the immunoreactivity of L

in OS cases. 

** for p<5x10
-15

 with the Wilcoxon signed
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Association between LKB1 and mTOR pathway activation in 

steosarcoma  

LKB1 expression was also correlated with mTOR pathway activation, with an even higher

significance than the results reported for p-TSC2 in paragraph 3.2.1.5 (p=1.37x

Rank test).  LKB1 was not detected in 75 of 133 (56%) of the OS cases showing 

mTOR pathway activation, whereas only 16 of 91 (18%) LKB1-negative cases did not show 

Hence, the relative risk of having the pathway activated 

 (95% confidence interval [5.75; 31.67]). 

In the first cohort of 162 patients screened for mTOR pathway activation, p

with presence of total TSC2 protein could be attributed to LKB1 loss in 27 of 38 (71%)

Moreover, 18 of 26 (69%) cases showing absence of p-TSC2 but presence of both the total 

protein and the activation of the mTOR pathway, lacked LKB1 expression.  

Overall, this suggests that loss of LKB1 is strongly associated with activation of the mTOR 

pathway, with or without the concurrent inactivation of the TSC complex by Akt.  

representing the immunoreactivity of LKB1 compared to the pathway activation 

with the Wilcoxon signed-rank test. 
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LKB1 and mTOR pathway activation in 

LKB1 expression was also correlated with mTOR pathway activation, with an even higher 

(p=1.37x10
-15

 with the 

.  LKB1 was not detected in 75 of 133 (56%) of the OS cases showing 

negative cases did not show 

, the relative risk of having the pathway activated was 12.78 times 

In the first cohort of 162 patients screened for mTOR pathway activation, p-TSC2 loss along 

rotein could be attributed to LKB1 loss in 27 of 38 (71%) cases.  

TSC2 but presence of both the total 

oss of LKB1 is strongly associated with activation of the mTOR 

pathway, with or without the concurrent inactivation of the TSC complex by Akt.   

 

KB1 compared to the pathway activation 
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4.4.3 Association between LKB1 and p-TSC2 in Osteoblastoma 

To compare LKB1 and p-TSC2 expression in OB, p-TSC2 immunoreactivity was assessed by IHC 

on the OB TMA. The results are illustrated in Table 4.1 and Figure 4.5.C. p-TSC2 expression was 

detected in a vast majority of OB cases, with 38 of 43 (88%) immunoreactive cases. This 

proportion was significantly higher than found in OS (p=3.2x10
-5

 with the one-tailed Fisher 

exact test) but as both OS and OB could express this biomarker, it could not be used for 

differential diagnosis, as found for LKB1 (section 4.2.3.3).  

No association was found between p-TSC2 expression and patient age or sex, or tumour stage.  

An association was found with tumour site (p=0.018 with the Chi square test). However, some 

sites were only represented by one patient, so this result may be an artefact and needs to be 

confirmed in a larger cohort of cases. 

We observed a good association between the expression of LKB1 and p-TSC2 (p=0.005 with the 

one-tailed Fisher exact test), as was described for OS. However, the association for the pair of 

LKB1 and p-TSC2 scoring was not statistically significant using the Wilcoxon Signed-Rank test, 

which is not surprising considering the small number of cases available. In cases negative for p-

TSC2, absence of LKB1 expression occurred in 4 of 5 (80%) cases. Additionally, 5 of 38 (13%) 

cases immunoreactive for p-TSC2 lacked LKB1 expression. The relative risk for patients to lack 

p-TSC2 expression was 15.11 times higher in the absence of LKB1 expression (95% confidence 

interval [2.61; 97.02]).  

 

  



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 171 of 310 

 

4.5 Discussion: potential role for LKB1 in Osteosarcoma and 

Osteoblastoma pathogenesis 

The study of LKB1 protein expression in OS cases showed that a subset of patients showed 

reduced expression. To a lesser extent, LKB1 expression was also lost in some OB cases. The 

technical limitations and the perspective of these findings with regards to normal bone and 

bone tumour biology are discussed here. 

 

4.5.1 Technical limitations and relationship between WB and IHC data 

Two methods were chosen to assess the LKB1 protein expression in OS cell line and cases, IHC 

and WB, to diminish the risk of false positive or false negative results due to the limitation of 

each of them. However, neither of them tests for the functionality of the protein, but only for 

the presence of the epitope against which the antibody was raised. It is therefore possible that 

a number of cases with protein detected by IHC or WB have a non-functional protein, and that 

the actual number of cases without a normal LKB1 protein expressed is underestimated by this 

study. Sequencing LKB1 could confirm whether the protein expressed is functional, as will be 

developed in the next chapter.  

WB is a nearly quantitative method, but with limitations: for protein highly expressed, the band 

observed becomes saturated and the quantification of the density observed do not remain 

proportional to the levels of expressed protein. There may also be discrepancies in the 

measurement obtained from different blots. Therefore, the exposure of the blot was 

monitored to avoid signal saturation and GAPDH was always used as a loading control. No 

automated scaning system - which could have facilitated the quantification of the intensity of 

the bands obtained - could be use for this experiment due to technical limitations. To 

normalize the results and limit all these effects, the WB densitometry measured for each case 

and cell line was compared to the value obtained on a large sample of positive and negative 

controls (n=26).  

IHC is not strictly a quantitative method, which hampers its comparison to WB. Moreover, the 

results of this method can be difficult to interprete. To ensure that all the cases were scored 
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unequivocally, cases without internal positive or negative controls were excluded.  This is 

particularly important for the study of the absence of a protein. Additionnally, the scoring was 

validated independently by different pathologists. Cases where the interpretation of the 

immunoreactivity observed was not reproduced were then considered equivocal cases and 

were excluded. 

To overcome the difficulty of comparing those two methods, a scoring system for both IHC and 

WB was set up to assess which cases presented a high (score of 2), low (1) or very low/non-

existent (0) level of LKB1 protein expression. Although the choice of the cut-off could be 

considered arbitrary, this enabled statistical quantification of the relationship between the two 

methods. This relationship proved significant in 26 of 27 (96%) cases (p=0.044, section 4.2.4).  

The fact that 12 of 27 (44%) of the cases did not have equal scores could be explained by the 

limitations of the quantification methods. The WB results are better described using the actual 

integrated density ratio than the scoring system. To compare this quantity with the IHC scoring, 

a paired Student’s t-test can be used, under the hypothesis that the distribution of the IHC 

scoring is normal. Under this model, the relationship between the two methods was again 

significant (p=0.047, section 4.2.4). 

The technical limitations of the methods used can also explain the discrepancies observed. 

Although nearly quantitative, the WB was performed on all the cells present in the cut sections 

of the sample. To limit false positive results, as normal skeletal muscle expresses LKB1 (Figure 

4.5.A) and is usually found in the vicinity of OS tumours, only cases with at least 90% tumour 

cells were chosen. This was assessed by a pathologist on an H&E every 10 frozen sections cut 

(section 2.1). However, small numbers of infiltrating normal cells present within the tumour, 

such as normal osteoclasts – positive for LKB1 – may be present in the tissue used for the 

protein extraction. This can explain why certain cases had a higher score by WB than by IHC. 

As the IHC was assessed on TMAs, only a small fraction of tissue was observed. This method 

enables the screening of larger number of cases, but as the staining of LKB1 may not be totally 

homogeneous within the tumour, it may increase the level of false positive or false negative 

results. To limit this risk, representative areas of the tumour were selected by a pathologist, as 

detailed in the Materials and Methods chapter (section 2.4.1).  Additionally, IHC is not a 

quantitative method, and the treatment and age of the tissue can influence its 
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immunoreactivity. This is why internal positive controls were always monitored, to avoid false 

negative results. However some discrepancies may remain.  

 

4.5.2 Using LKB1 as a biomarker 

LKB1 loss has been associated with metastasis in lung cancer when cooperating with Kras 

(Carretero et al. 2010), probably due to the role of LKB1 in EMT (Roy et al. 2010, Upadhyay et 

al. 2006)(section 1.2.1.4). Similarly, LKB1 was associated with invasiveness in endometrial 

carcinoma (Contreras et al. 2008). Therefore, it was interesting to see if LKB1 could be used as 

a biomarker in OS. There was no association found between LKB1 expression and disease 

progression or metastasis. This suggests that the function of LKB1 in OS is different to that in 

lung cancer. LKB1 expression was only found to be associated with patient response to 

chemotherapy in OS. However, as for p-TSC2 expression in PR versus GR and even though the 

difference was significant, there was a large overlap between the two groups, as illustrated in 

Figure 4.7. As in the case of p-TSC2, using LKB1 as a diagnostic test to assess patient response 

to chemotherapy would give a low sensitivity and a very low specificity. This means that a high 

number of false positive and false negative results would be obtained, which is not acceptable 

in this clinical context. To conclude, LKB1 immunoreactivity is associated with a higher risk of 

poor response to chemotherapy, but cannot be used as a predictive marker of response to 

treatment.  

LKB1 expression also failed to be established as a biomarker in OB. As mentioned in paragraph 

4.3.2, LKB1 loss was associated with disease aggressiveness in one case, but further studies are 

needed to confirm this result. It also fails to distinguish between OB-like OS and aggressive OB 

as both phenotypes can lack its expression.  
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4.5.3 Association between LKB1 expression and the mTOR pathway 

As discussed in Chapter 3 (section 3.4.4.4), there was insufficient evidence to conclude 

whether the mTOR pathway was constitutively activated in a subset of cases. Loss of LKB1 

expression could account for this activation. As LKB1 mainly interacts with the TSC complex by 

changing the phosphorylation equilibrium of TSC2 via AMPK, as described in the Introduction 

(section 1.2.1.1 and 1.2.1.2), the association between LKB1 and p-TSC2 expression was 

monitored.  

 

4.5.3.1 LKB1 and p-TSC2 protein expression 

There was a very strong association found between loss of LKB1 expression and loss of p-TSC2 

expression, with highly significant p-values for OS. This supports the hypothesis that LKB1 is 

involved in the regulation of the TSC complex and in mTOR pathway activation in OS. LKB1 loss 

could account for the absence of p-TSC2 in 86 of 105 (82%) OS and 4 of 5 (80%) OB cases. 

Moreover, absence of LKB1 is not incompatible with detection of p-TSC2. As described in the 

introduction, the TSC complex integrates the signals from both the Akt and the LKB1 branch to 

regulate the activation of mTOR via its phosphorylation status (Inoki et al. 2002, Inoki et al. 

2003, Tee et al. 2002). The signals from both these branches could therefore be concordant. In 

the absence of LKB1, TSC2 cannot be activated further by AMPK, which contributes to a 

constitutive activation of mTOR; in that case, p-TSC2 (Thr
1462

) would not necessarily be 

detected, even though the pathway would be activated. Additional activation of mTOR via Akt 

and its phosphorylation of TSC2 would be favoured but would not be necessary. Therefore, 

absence of LKB1 probably promotes TSC2 phosphorylation by Akt in 53 of 132 (40%) OS and 5 

of 38 (13%) OB cases.   

 

4.5.3.2 LKB1 expression and mTOR pathway activation 

LKB1, once expressed, is constitutively activated by its binding to its complex, as described in 

the Introduction (section 1.2.1.1). The action of LKB1 on the mTOR pathway would then be 

regulated by the AMP to ATP ratio. In energy-deprived conditions, the increase of this ratio 

would activate AMPK. This would then lead to an inhibition of the mTOR pathway via LKB1 and 
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AMPK. However, in the absence of LKB1 protein, AMPK could not play its role, even in energy-

deprived conditions. This would lead to a constitutive activation of the pathway (Inoki et al. 

2003).  

LKB1 loss is strongly associated with mTOR pathway activation, with a very low p-value 

obtained for the statistical correlation test. This was validated with or without taking into 

account the loss of p-TSC2. Hence our results confirm that LKB1 loss could lead to constitutive 

activation of the mTOR pathway in OS, in up to 55% of our cohort. As LKB1 expression is 

ubiquitous (section 1.2.1.1), and as it is considered a tumour suppressor gene (section 1.2.1.5), 

its absence in OS can be considered pathogenic. However, the genetic background behind this 

loss needs to be investigated further to confirm its role in mTOR pathway regulation (section 

4.5.5 below).   

 

4.5.4 Role of LKB1 in osteoblast biology and Osteosarcoma 

pathogenesis 

Strong expression of LKB1 protein was consistently found in osteoblasts, whether assessed in 

vivo by IHC or in vitro in the HOB cell line (Figure 4.1 and Figure 4.5). As described in the 

Introduction (section 1.1.5.4 and 1.1.5.5), although not proven, there is strong evidence that 

OS may arise from an osteoblastic lineage, as suggested by the establishment of conditional 

transgenic mouse models (Berman et al. 2008, Walkley et al. 2008). Robinson et al have shown 

that LKB1 loss can induce the formation of osteoblastic tumours in a mouse knock-down model 

(Robinson et al. 2008), which links further OS development to loss of LKB1 in osteoblasts. Our 

finding that LKB1 protein is not expressed in a large subset of OS strengthens the hypothesis 

that LKB1 loss within an osteoblast lineage could induce tumourigenesis. The use of conditional 

mouse models restricted to other cell lineages has already shown that loss of LKB1 could lead 

to breast, endometrial, lung, pancreatic and liver cancer (Contreras et al. 2008, Ji et al. 2007, 

McCarthy et al. 2009, Miyoshi et al. 2009, Morton et al. 2010). To our knowledge, there are no 

reported conditional knock-out or knock-down mice with LKB1 loss restricted to osteoblasts. 

Establishing such a model would help to investigate further the role of LKB1 in the 

pathogenesis of OS. As a preliminary study, its functional role could be assessed by using an in 

vitro model to knock-down LKB1 in osteoblasts. This will be discussed further in the Chapter 7.  
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4.5.5 LKB1, a tumour suppressor gene lost in Osteosarcoma? 

As discussed in the Introduction (section 1.2.1.4), LKB1 is considered a tumour suppressor 

gene, although recent findings suggests it may also play a role when only haploinsufficient. The 

finding of a reduced expression of LKB1 in a large subset of OS begs the question whether 

genetic events can lead to the loss of LKB1 protein in OS. Gene deletion, methylation or 

mutation of LKB1 have been described in lung cancer (Sanchez-Cespedes et al. 2002) and 

similar abnormalities have also been reported in other cancers, including gynaecological, liver, 

colorectal, brain and head and neck (Kenanli et al. 2010, Kim et al. 2004, Sobottka et al. 2000, 

Trojan et al. 2000, Wingo et al. 2009). Such genetic events could explain the loss of LKB1 

protein in OS.  It is also possible that the loss of LKB1 is underestimated, as some cases may 

express a non-functional protein, still detectable by IHC or WB. Therefore, investigating such 

genetic abnormalities in LKB1 is essential in order to determine whether its loss is indeed 

pathogenic, and this will be the focus of the next chapter.  
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Chapter 5: GENETICS OF LKB1 IN OSTEOSARCOMA 

5.1 Introduction and aims 

As reported in the previous chapter, we have identified that LKB1 protein expression is reduced in 

a large subset of OS: 23 of 26 (88%) cases by WB and 153 of 259 (59%) by IHC (section 4.2.2 and 

4.2.3). However, to confirm the role of this tumour suppressor gene in OS pathogenesis, loss of 

protein expression needs to be associated with a somatic genetic or epigenetic modification. As 

discussed in the Introduction (section 1.2.1.4), according to the Knudson “two-hits” hypothesis 

(Knudson, Jr. 1971), loss of function of a tumour suppressor gene is caused by two successive 

abnormalities or “hits”. However, this theory is now under debate, and LKB1 has been suggested 

to be pathogenic even when haploinsufficient (section 1.2.1.4). In any case, to our knowledge, the 

genetic or epigenetic abnormalities in LKB1 have not been investigated in OS. As presented in 

paragraph 1.2.3.3, no mutations of LKB1 have been reported. No changes in mRNA expression 

were noticed in gene expression microarray screening. Loss of the LKB1 locus (19p13.3) has been 

identified in some studies (Tarkkanen et al. 1999, Tarkkanen et al. 1995), but this is not fully 

conclusive as gain of chromosome 19 is also recorded in others (Zielenska et al. 2004, Zielenska et 

al. 2001). Overall, the status of LKB1 in OS is unclear. 

Our aim in this chapter was to assess whether genetic abnormalities could account for the loss of 

LKB1 protein observed in OS and OB cases, and whether LKB1 was a tumour suppressor or a 

haploinsufficient gene in OS. To achieve this, the objectives were: 

1. Assess the frequency and extent of gene deletion in OS and OB cases and correlate this 

with protein expression 

2. Assess the frequency of gene mutations  

3. Assess the expression of LKB1 at the mRNA level and correlate it with protein expression 

and genetic abnormalities 
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5.2 LKB1 deletion in Osteosarcoma 

As the most commonly reported genetic abnormality leading to the loss of LKB1 is gene deletion 

(section 1.2.1.4), the presence of LKB1 locus was first monitored by interphase fluorescent in situ 

hybridisation (FISH) on the first cohort of OS TMAs, including 162 cases, and the OB TMA, including 

51 cases, as described in the Materials and Methods chapter (section 2.4.3).    

 

5.2.1 Results of FISH screening 

An “in house” BAC probe for the locus of LKB1, 19p13.3, was used. No centromeric probe is 

available for chromosome 19, so a telomeric BAC probe for the 19q arm was used instead.  

 

5.2.1.1 Results for the Osteosarcoma cases 

Ninety three of 162 (57%) OS cases were informative by FISH. The results are presented in Table 

5.1 and illustrated in Figure 5.1. None of the informative cases presented one or no copies of LKB1, 

meaning that no strict copy number loss occurred. However, this does not exclude a possible loss 

of one parental allele, followed by a duplication of the remaining one (e.g. copy neutral loss or 

uniparental disomy). Since only a telomeric probe was available, it is difficult to distinguish this 

pattern from a copy number gain of the telomeric region. Such an abnormality had occurred in 2 

of 93 (2%) cases, which showed two copies of the LKB1 probe and at least three copies of the 

telomeric probe in over 20% of the cells. On the contrary, copy number gain of the LKB1 locus 

compared to the telomeric region occurred in 14 of 93 (15%) cases. Twenty-eight of 93 (30%) 

cases were disomic. Interestingly, 61 of 93 (66%) cases showed polysomy (defined as the presence 

of at least 3 copies of both LKB1 and telomeric probe in over 20% of the cells) with between 3 to 

17 copy number of chromosome 19. 

To conclude, we could not detect any gene deletion of LKB1 by FISH, but genetic abnormalities 

need to be investigated further to rule out the presence of copy neutral loss or microdeletions. 
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Figure 5.1: Photomicrograph of interphase FISH for LKB1 in OS and OB. 

The LKB1 probe is in red and the telomeric probe in green. The figure includes one OS case with copy 

number gain of LKB1 (A.),  one OS case with polysomy (B.), one diploid OS case (C.) and one OB case with 

copy number gain of the telomere 19q (D.) Magnification: x100.  

 

Scoring OS cases OB cases 

Polysomy 61/93 (66%) 2/24 (8%) 

Copy number gain of LKB1 14/93 (15%) 0/24 (0%) 

Copy number gain of telomere 

/ Copy neutral loss of LKB1 
2/93 (2%) 8/24 (33%) 

Loss of heterozygosity or gene 

deletion 
0/93 (0%) 0/24 (0%) 

Disomy 28/93 (30%) 13/24 (54%) 

 

Table 5.1: Results of scoring of the FISH for the OS and OB TMAs. 
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5.2.1.2 Results for the Osteoblastoma cases 

For the OB cohort, 24 of 51 (47%) cases were informative. This ratio is lower than in OS cases. This 

may be due to the time the paraffin blocks were kept before use; cases dating from more than 5 

years were rarely informative. The cohort of OB cases included in the study spans the last 13 

years, compared to the last 10 years for OS. Similarly, no case presented copy number loss of 

LKB1, with all 24 informative cases showing two copies of the LKB1 locus. There were less 

abnormalities observed in the benign OB compared to the malignant OS, as 13 of 24 (54%) of the 

cases were disomic. Two of 24 (8%) cases were polysomic, with only three copies of both LKB1 and 

the telomere (compared to up to 17 in OS cases). Copy number gain of the telomere (or copy 

neutral loss of LKB1) occurred in 8 of 24 (33%) cases. To conclude, no deletion of LKB1 was 

detected by FISH in OB, but this does not exclude the occurrence of copy neutral allelic loss or of 

microdeletions.  

 

5.2.1.3 Association between protein expression and FISH results 

To assess whether the genetic abnormalities (e.g. polysomy, copy number gain of LKB1 or copy 

number gain of telomere 19q) were correlated the level of LKB1 protein expression in OS and OB 

cases, they were compared to the results obtained by IHC, described in the previous chapter 

(section 4.2.3 and Table 4.1), using the one-tailed Fisher exact test.  

No association was found between these abnormalities and the expression of LKB1 protein in OB 

cases.  

For OS however, there was a good association between the presence of polysomy and of LKB1 

protein expression by IHC (p=0.002). There were 22 of 58 (38%) cases not expressing LKB1 among 

the polysomic cases (Figure 5.2). Conversely, 23 of 32 (72%) of the cases without polysomy were 

not immunoreactive for LKB1. In other terms, polysomic cases were 0.53 times as likely (95% 

confidence interval [0.38; 0.78]) to have lost LKB1 expression than non polysomic cases.  
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Figure 5.2: Bar chart representing the 

the expression of LKB1 protein 

* for p<0.005 with the one-tailed Fisher exact test.

 

 

5.2.1.4 Association

The association between the occurrence of genetic abnormalities (e.g. LKB1 copy number gain, 

telomeric copy number gain or po

presented in Figure 2.1 and 2.3, was investigated. 

For OB, an association was found between the presence of copy number gain of the telomere and 

the patient age (p=0.027 with the Mann

telomere tended to be younger at presentation (

cohorts of cases, as only 8 of 24 cases had this abnormality. No other 

the other genetic abnormalities described and the patient age or sex, or the

using the Chi square or one

For OS, an association was found between the chemotherapy status and the occurrence of 

polysomy (p=0.001 with the Chi square test). There was a statistically significant 

between polysomy and the response to chemotherapy (p=0.002 with the one

test): 2 of 10 (20%) GR were polysomic compared to 27 of 35 (77%) PR (

risk of polysomy for chromosome 19 was 3.86 times higher in PR compared to GR (95% confidence 
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Bar chart representing the association between occurrence of chromosome 19 polysomy and 

ein in patients with OS. 

tailed Fisher exact test. 

Association between FISH results and clinical data

between the occurrence of genetic abnormalities (e.g. LKB1 copy number gain, 

telomeric copy number gain or polysomy) and the clinical characteristics of OS and OB cases, as 

presented in Figure 2.1 and 2.3, was investigated.  

was found between the presence of copy number gain of the telomere and 

the patient age (p=0.027 with the Mann-Whitney U test). Patients with copy number gain of the 

telomere tended to be younger at presentation (Figure 5.3). This needs to be confirmed on larger 

cohorts of cases, as only 8 of 24 cases had this abnormality. No other association

the other genetic abnormalities described and the patient age or sex, or the

using the Chi square or one-tailed Fisher exact test. 

was found between the chemotherapy status and the occurrence of 

lysomy (p=0.001 with the Chi square test). There was a statistically significant 

between polysomy and the response to chemotherapy (p=0.002 with the one

test): 2 of 10 (20%) GR were polysomic compared to 27 of 35 (77%) PR (Figure 

risk of polysomy for chromosome 19 was 3.86 times higher in PR compared to GR (95% confidence 
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between occurrence of chromosome 19 polysomy and 

between FISH results and clinical data 

between the occurrence of genetic abnormalities (e.g. LKB1 copy number gain, 

lysomy) and the clinical characteristics of OS and OB cases, as 

was found between the presence of copy number gain of the telomere and 

U test). Patients with copy number gain of the 

). This needs to be confirmed on larger 

associations were found with 

the other genetic abnormalities described and the patient age or sex, or the tumour stage or site 

was found between the chemotherapy status and the occurrence of 

lysomy (p=0.001 with the Chi square test). There was a statistically significant association 

between polysomy and the response to chemotherapy (p=0.002 with the one-tailed Fisher exact 

Figure 5.4). The relative 

risk of polysomy for chromosome 19 was 3.86 times higher in PR compared to GR (95% confidence 
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interval [1.49; 13.52]). Additionally, there was a significant association between the presence of 

LKB1 copy number gain and the tumour site (p=0.044 with the Chi square test). However, this 

association was barely significant and several sites were only represented by one case. Therefore, 

this association needs to be confirmed on a larger cohort of cases. No other associations were 

found between the other genetic abnormalities described and the patient age or sex, the tumour 

stage, site, response to treatment, grade or subtype or the disease progression.   

 

5.2.1.5 Conclusion 

No cases with LKB1 allelic loss could be identified by FISH in OS and OB cases, with all presenting 

two copies of the LKB1 locus. Hence deletion of the locus 19p13.3 cannot account for the loss of 

LKB1 protein expression in OS. A subset of cases presented two copies of LKB1 and over 3 copies 

of the telomere 19q, which can be interpreted as either a copy number gain of the telomeric 

region or copy neutral loss of LKB1, as discussed in section 5.5.1.3. Finally, polysomy for 

chromosome 19 was frequently recorded in our cohort of cases. To investigate further the 

possibility of copy neutral loss or microdeletions of the gene, the status of several single 

nucleotide polymorphisms (SNPs) was monitored.  
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Figure 5.3: Box plot showing the 

gain of the telomere of chromosome 19. 

* for p<0.05 with the Mann-Whitney U test.

 

Figure 5.4: Bar chart representing the 

response to chemotherapy in 

* for p<0.005 with the one-tailed Fisher exact test.
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g the association between the patient age and the occurrence of copy number 

gain of the telomere of chromosome 19.  

Whitney U test. 

Bar chart representing the association between occurrence of chromosome 19 polysomy and

response to chemotherapy in patients with OS.  

tailed Fisher exact test. 

* 
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between the patient age and the occurrence of copy number 

 

between occurrence of chromosome 19 polysomy and 
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5.2.2 Result of the screening of single nucleotide polymorphism changes 

5.2.2.1 Results of SNP screening by restriction digestion and sequencing 

To investigate further the occurrence of loss of a parental LKB1 allele by abnormalities 

undetectable by FISH, the status of five single nucleotide polymorphisms (SNP), rs56354945 in 

exon 1, rs2075604 and rs34928889 in intron 2-3, rs2075607 in intron 7-8 and rs59912467 in exon 

8 was investigated by a restriction digestion method, as described in the Materials and Methods 

chapter (section 2.6.3). The samples included 21 OS and 1 OB cases, previously used for the 

protein screening in Chapter 4. When somatic loss of one parental allele was detected (e.g. normal 

tissue heterozygous and tumour tissue homozygous), the result was confirmed by sequencing 

both the tumour and the normal tissue. The status of SNPs in the area sequenced was thus 

monitored as well. Moreover, when tumours were sequenced for screening of exonic mutations 

(section 5.3), the status of SNPs covered in the screen was monitored to identify additional cases 

with non-parental allelic loss. The results are summarized in Figure 5.5.  

Among the whole cohort, 9 cases did not present any SNP that were informative. In the remaining 

13 cases, 4 of 12 (33%) OS cases presented a parental allelic loss and 1 of 1 OB case at the 

rs34928889 locus. Interestingly, all five cases presented the same nucleotide change, i.e. loss in 

the tumour of the G allele compared to the normal tissue being A/G. Overall, 5 of 13 (38%) 

informative cases presented loss on one parental allele. In two cases, S175 and S2257, the gene 

deletion was probably more extensive as allelic loss was also detected in intron 7-8 (rs2075608). 

The study of further SNPS outside LKB1 could help to determine the exact size of the deletion. On 

the contrary, in the OB case, S2290, and in case S2258, other SNPs along the gene were 

heterozygous, suggesting that the deletion may be restricted within the gene.  

The remaining 8 of 13 (62%) cases were found to have at least two heterozygous SNPs within the 

tumour. As not all the SNPs were informative, this does not fully exclude the presence of a 

microdeletion at those loci.  
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Figure 5.5: Map of the SNP analysed and results of the screening by restriction digestion and sequencing. 

 

5.2.2.2 Results of qPCR 

As a large proportion of cases were found to have copy number gain of chromosome 19, loss of 

one parental allele could be accompanied by a gain of the remaining allele (e.g. copy neutral loss). 

Indeed, 2 of 5 (40%) cases with parental allelic loss presented polysomy by FISH: S175 presented 

30% of its cells with 3 to 5 copies of chromosome 19, and S2258 had 30% with 3 to 10 copies. 

Hence, to assess whether the microdeletions detected were accompanied by a copy number loss, 

the number of each allele was quantified by semi-quantitative PCR (section 2.6.6).  

As expected, no signal was detected for the allele G on the 5 cases that had lost it somatically as 

determined by restriction digestion and sequencing. One of 5 (20%) cases, S2257, presented a fold 

difference for the allele A of less than 1 (0.70±0.27). This means that the allelic loss was 

accompanied by a copy number loss of LKB1. It is of note that this case presented with allelic loss 

in two other SNPs in intron 7-8. Two other cases presented a fold difference of less than two (S175 

with 1.38±0.13 and S2290 with 1.40±0.57); these are not fully conclusive, and it is possible that 
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only a proportion of cells had a strict copy number loss, with the remaining cells having a copy 

neutral loss. The remaining two cases had a fold difference around 2 (S2258 with 1.77±0.57 and 

S2313 with 2.10±0.14), implying copy neutral loss. 

 

5.2.2.3 Association between LOH and protein expression 

To assess whether the loss of one parental allele was associated with a reduced protein 

expression, the integrated densitometry of the band detected by WB was compared among the 

informative cases with (n=5) or without (n=8) parental allelic loss detected. No statistically 

significant difference was found between these two groups (p=0.699 with the Mann-Whitney U 

test)(Figure 5.6). However, the case S2257, with a strict copy number loss of LKB1, expressed very 

low amount of protein by WB and by IHC, with a score of 0 for both methods (Figure 3.3 and 

Figure 3.4). Among the remaining cases, one (S2258) presented with a high level of protein by WB 

with a score of 2, but not by IHC (score of 0); two cases presented with a score of 1 (S175 and 

S2313) and the OB case (S2290) a score of 0.  

 

5.2.2.4 Conclusion 

Of the 21 OS and 1 OB cases studied, two presented with a probable copy neutral loss of LKB1, 

two cases were borderline and one had a parental allelic loss with copy number loss, all due to a 

microdeletion on the allele G in SNP rs3492889.   
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Figure 5.6: qPCR results to quantify whether the loss of one parental allele was a copy neutral loss.

 

Figure 5.7: Box plot representing the 

The round points represent the outliers. The relative protein expression is the ratio of the integrated density 

of the LKB1 band by WB compared to GAPDH. 
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: qPCR results to quantify whether the loss of one parental allele was a copy neutral loss.

: Box plot representing the association between LOH and protein expression by WB.

The round points represent the outliers. The relative protein expression is the ratio of the integrated density 

ompared to GAPDH.  
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: qPCR results to quantify whether the loss of one parental allele was a copy neutral loss. 

 
between LOH and protein expression by WB. 

The round points represent the outliers. The relative protein expression is the ratio of the integrated density 
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5.3 Screening of exonic mutations in LKB1  

As discussed in the previous chapter (section 4.5.5), the detection of LKB1 protein does not 

exclude loss of its function by mutations that are not affecting the conformation or the presence 

of the epitope against which the antibody used was raised. To investigate this further, direct 

sequencing of the 21 OS and 1 OB cases used for the SNP screening was performed as described in 

the Materials and Methods chapter (section 2.6.1 and 2.6.2) in exons 1, 4, 5, 6 and 8, which are 

commonly reported to harbour mutations (COSMIC database)(Sanchez-Cespedes et al. 2002). We 

failed to detect any mutations in these exons in all the cases. We also failed to detect any in exons 

2, 3 and 7 in the 5 cases presenting loss of a parental allele. To conclude, LKB1 point mutation is 

unlikely to be a common event explaining the loss of protein expression in OS. The genetic loss of 

one parental allele in a subset of cases was not accompanied by detectable mutation as a second 

“hit”.  
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5.4 LKB1 mRNA expression  

As detailed in the introduction of this chapter (section 5.1), a “hit” is defined as the loss of 

expression or function of one parental allele. This can be caused by a mutation or a gene deletion, 

which were studied in paragraphs 5.3 and 5.2. There was no convincing evidence that both alleles 

of LKB1 were inactivated by these mechanisms in the OS cases screened. To confirm whether the 

observed genetic abnormalities were translated in a differential gene expression, the mRNA level 

of LKB1 was assessed by qRT-CPR, as described in the Materials and Methods chapter (section 

2.6.4).  

 

5.4.1 Results of the relative mRNA expression in Osteosarcoma cases and 

cell lines 

5.4.1.1 Results of the qRT-PCR screening 

The relative mRNA expression of LKB1, expressed as the ΔCt of LKB1 compared to β-actin, was 

calculated for the 15 OS cell lines and the 21 OS and 1 OB cases (Figure 5.8). All the OS and OB 

cases expressed significant LKB1 mRNA levels compared to the average of the positive controls 

(Jurkat, HF1 and HOB cell lines), including case S2257 which showed loss of one parental allele 

with copy number loss. Only 1 of 15 (7%) OS cell lines, OST, which expressed the lowest level of 

LKB1 protein (Figure 4.1 and Figure 4.2), revealed low levels of LKB1 mRNA compared to the 

average of the positive control cell lines. It is of note that the expression between the cases was 

quite heterogeneous, with up to two cycle difference between the different samples and cases. 

The significance of this discrepancy is discussed below (section 5.4.2). 
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Figure 5.8: LKB1 mRNA expression in OS cell lines (A.) and OS and OB

The relative mRNA expression is expressed as the ΔCt of LKB1 compared to β

 

in the pathogenesis of OS  

Page 190 of 310 

 

: LKB1 mRNA expression in OS cell lines (A.) and OS and OB cases (B.)  

The relative mRNA expression is expressed as the ΔCt of LKB1 compared to β-actin.  

LAE Duhamel 

 

 

 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 191 of 310 

 

5.4.1.2 Results of a gene expression microarray 

To confirm the results obtained by qRT-PCR, the gene expression profile for LKB1 was monitored 

on gene expression microarray data (U133A Affymetrix gene expression microarray) previously 

published by our group (Henderson et al. 2005). The analysis was performed using Cluster and 

Treview software package(Eisen et al. 1998) , free to download from Eisen’s lab at: 

•  http://rana.lbl.gov/EisenSoftware.htm  

The average linkage clustering of 55 cell lines, including 10 OS, and 86 sarcoma cases, including 10 

OS, was calculated to compare the signal detected in OS to the standard deviation from the 

median of all the samples. The result for both LKB1 probes and their median from the OS samples 

only is presented in the heatmap in Figure 5.9. In common with the qRT-PCR results, the level of 

mRNA expression detected in the primary cases and in the cell lines was heterogeneous, and no 

clear LKB1 down-regulation was observed with both probes compared to other sarcoma cell lines 

or cases, except in one cell line (CBOSM1) and one case (513). Eight of 10 (80%) cases expressed 

levels of LKB1 that were very close to the median on all sarcoma cases. Overall, six of 10 (60%) OS 

cases and 4 of 10 (40%) OS cell lines had a slight LKB1 downregulation but the remaining cases 

showed the inverse pattern, with an upregulation of LKB1. Hence, this confirms that LKB1 

expression is not frequently lost at the mRNA level in OS.   

                             

 

Figure 5.9: Heatmap showing the expression of LKB1 in OS cell lines and cases. 

The red pattern indicates a downregulation of the mRNA expression compared to the standard deviation 

from the median on all samples, the yellow pattern an upregulation and the black pattern a similar level of 

expression. 
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5.4.2 Association between mRNA and protein expression 

To explain the discrepancy observed between samples at the mRNA level, the association between 

the protein and mRNA expression of LKB1 was studied. LKB1 relative mRNA expression, i.e. the ΔCt 

of LKB1 compared to β-actin on qRT-PCR was not normally distributed (p=0.91 with the Shapiro-

Wilk normality test). No association was found between protein (expressed as the relative 

integrated density of LKB1 compared to GAPDH by WB) and mRNA expression using the two-tailed 

Spearman rho test (p=0.878) for the cell lines. Similarly, no association was found for the 21 OS 

and 1 OB cases (p=0.145 with the two-tailed Spearman rho test). The same result was obtained 

when comparing the IHC scoring obtained for the cases with the relative mRNA expression 

(p=0.239 with the Kruskall-Wallis test). This is illustrated in Figure 5.10. To conclude, the difference 

observed between the samples at the mRNA level was not translated in a different protein 

expression. This suggests that LKB1 protein is regulated post-transcriptionnally in OS. 

 

5.4.3 mRNA expression in cases presenting a parental allelic loss 

To assess whether the loss of one parental allele resulted in a reduction of mRNA expression, 

hereby showing a haploinsufficient effect of LKB1 gene loss, the mRNA expression between cases 

with or without parental allelic loss was compared. This could only be performed among the 12 

informative cases. There was a trend for cases with allelic loss to have a higher ΔCt of LKB1 

compared to β-action on qRT-PCR, i.e. to express lower levels of LKB1 mRNA than cases without 

the loss as presented in Figure 5.11. However, no association was found between these two 

groups (p=0.298 with the Mann-Whitney U test), suggesting that loss of one parental allele may 

not be sufficient to induce a significant effect at the mRNA level.  
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The Figure continues on the next page 
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Figure 5.10: Box plots illustrating the association between LKB1 mRNA and protein expression. 

The relative mRNA expression is expressed as the ΔCt of LKB1 compared to β-actin, against the WB scoring 

in OS cell lines (A.), and against the WB (B.) or IHC (C.) scoring in 21 OS and 1 OB cases. The round point 

represents the outliers. 

 

Figure 5.11: Box plot comparing the mRNA expression in OS cases with or without a detected LOH. 

The relative mRNA expression is expressed as the ΔCt of LKB1 compared to β-actin on qRT-PCR. The round 

points represent the outliers. 
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5.5 Discussion: genomic abnormalities in LKB1 in Osteosarcoma 

and post-transcriptional regulation 

LKB1 is considered as a tumour suppressor gene due to its role in cancer development in PJS 

patients, and in lung cancer. In this chapter, we used different methods to assess whether LKB1 

possessed 2, 1 or no “hits” leading to the loss of protein detected by WB and IHC (Chapter 4). The 

most common genetic abnormality found in sporadic cases of lung cancer is chromosomal loss of 

LKB1 locus, 19p13.3 (Rodriguez-Nieto et al. 2009). This is also the most frequently reported “hit” in 

other cancers (section 1.2.1.4) including colorectal (Trojan et al. 2000), gynaecological (Kato et al. 

2004, Wang et al. 1999a), breast (Forster et al. 2000) and brain (Sobottka et al. 2000). We 

therefore investigated first whether this event occurred in OS.   

 

5.5.1 Genetic abnormalities detected by FISH 

Contrary to the findings in other cancers, the study of LKB1 by FISH did not reveal any case with 

copy number loss of the locus 19p13.3 but we identified other abnormalities such as polysomy of 

chromosome 19 in a large proportion of cases. 

 

5.5.1.1 Polysomy of chromosome 19 

Genetic changes in OS cases have been extensively screened in the last 10 years, and LKB1 locus 

has been reported as both lost (Squire et al. 2003, Stock et al. 2000, Tarkkanen et al. 1999) and 

gained (Ozaki et al. 2002, Zielenska et al. 2001) by Comparative Genomic Hybridisation or SNP 

arrays (section 1.2.3.3). Zielenska et al reported gains in chromosome 19 in 8 of 17 (47%) cases 

and Ozaki et al in 6 of 47 (13%) cases. Our screening by FISH indicated that polysomy of 

chromosome 19 may be more frequent than previously reported, as 61 of 93 (66%) cases had copy 

number gains of both LKB1 and the telomere locus; it was rare in OB, (2 of 24; 8%) and only one 

additional copy of the chromosome was found. This finding is not surprising as OS often have very 

complex karyotypes, unlike OB, a benign tumour. Moreover, the tissue used in the TMA was post-

chemotherapy for most of the cases, which would favour these abnormalities. The fact that 

polysomy of chromosome 19 is more frequent in PR compared to GR suggests that either this 
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pattern is acquired following the chemotherapy treatment of the cells or that the treatment 

selects for cells with this abnormality.  Finally, the polysomic cases were more likely to express 

LKB1 protein. This is not surprising as polysomic cases were mainly PR, contrary to cases lacking 

LKB1 protein, which were mainly GR (section 4.3.1). However, this suggests that polysomic cases 

were unlikely to have lost LKB1 at the genetic level. 

 

5.5.1.2 Copy number gain of LKB1 

In addition to the polysomy, copy number gain of LKB1 compared to the telomere was found in 14 

of 91 (15%) OS cases. Overall, 75 of 93 (80%) OS cases presented at least three copies of LKB1 and 

2 of 24 (15%) OB cases. This copy number gain may promote the expression of another gene close 

to the LKB1 locus. The BAC probe used to detect LKB1, RP11-81M8, can be used to detect 60 other 

genes in the 19p13.3 locus. Among these genes, seven could be relevant to cancer or bone 

biology: fibroblastic growth factor 22 (FGF22), ephrin-A2 (EFNA2), follistatin-like 3 (FSTL3), ATP-

binding cassette sub-family A (ABC1) member 7 (ABCA7), ribosomal protein S15 (RSP15), MAP 

kinase interacting serine/threonine kinase 2 (MKNK2) and methyl-CpG binding domain protein 3 

(MBD3). FGF22 and EFNA2 are growth factors, and can activate TKR from the fibroblast and ephrin 

families respectively; however the role of FGF and ephrins in OS development are unknown, even 

though LOH of FGFR has been previously reported (Mendoza et al. 2005). FSTL3 is involved in bone 

formation and osteoclast differentiation (Bartholin et al. 2005). RSP15 is a 40S ribosomal protein 

family member and is involved in transcription regulation. MNKN2 could regulate transcription by 

interacting with eIF4E (Mahalingam et al. 2001), which was detected in 127 of 141 (90%) of our OS 

cohort (Table 3.1). MBD3 participates in DNA methylation and has been suggested as a novel 

therapeutic target in cancer (Sansom et al. 2007). However, to our knowledge, there is no report 

of the role of any of these genes in OS pathogenesis. Further studies are needed to understand 

whether the increased copy number of the any of these genes in the locus 19p13.3 promotes 

tumourigenesis.  
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5.5.1.3 Copy number gains of chromosome 19 telomere 

A very small subset of OS cases, 2 of 93 (2%), and almost a third of OB cases, 8 of 24 (33%), 

presented an increased copy number of the telomeric probe compared to the LKB1 probe. 

Therefore, these cases may either present a copy number gain of the chromosome 19 telomere, or 

a copy neutral loss of LKB1. As no centromeric probe is available for chromosome 19, these two 

patterns cannot be distinguished by FISH. However, it seems more probable that the cases present 

a copy number gain of the telomere, as it requires only one genetic event. The telomeric BAC 

probe used for chromosome 19q mapped with zinc finger proteins, which may be involved in 

transcription regulation. Their role in cancer is unknown. Hence, the effect of the copy number 

gain of these genes remains to be established. 

 

5.5.1.4 Conclusion 

The detection of two copies of LKB1 locus in all cases and the high occurrence of copy number gain 

of LKB1 or polysomy of chromosome 19, which together totalled 75 of 93 (81%) of cases suggests 

that LKB1 protein loss is unlikely to be caused by strict copy number loss of LKB1 via the deletion 

of the whole  19p13.3 locus. However, this does not exclude loss of LKB1 by other mechanisms 

undetectable by FISH. 
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5.5.2 LKB1 loss by microdeletions 

5.5.2.1 Technical limitations of the FISH and SNP screening 

In the presence of mutations or microdeletion of LKB1, followed by mitotic recombination, two 

copies of LKB1 would be detected by FISH without the expression of a functional protein. Similarly, 

the duplication of an allele already presenting a mutation or microdeletion of LKB1 would be 

detected as a copy number gain of LKB1 by FISH, without leading to an increased protein 

expression. Hence, the results obtained by FISH were not sufficient to conclude whether LKB1 was 

lost in OS at the genetic level. Moreover, FISH screening enables assessment of the status of a 

large cohort of cases as paraffin material is used, but it only assesses the loss of a chromosomal 

region spanning several genes. Studying the status of LKB1 at the SNP level enables a more refined 

picture of the genetic changes in the gene. However, this method, for which DNA was extracted 

from snap-frozen tumour tissue, cannot as easily be performed on a large scale. As reported by 

Sanchez-Cespedes et al, small intronic deletions of LKB1 were frequent in lung cancer (Sanchez-

Cespedes et al. 2002) and these cannot be detected by FISH. Therefore, to investigate further the 

occurrence of LKB1 loss, the status of several SNPs was assessed.  

 

5.5.2.2 Microdeletions in LKB1 in Osteosarcoma 

As mentioned in the paragraph above, the study of the SNP status of LKB1 proved more 

informative than the FISH screening. The loss of a parental allele was confirmed in 5 of 12 

informative cases (42%), including 4 OS and 1 OB. Interestingly, all cases presented the same loss, 

of allele G of SNP rs34928889. In at least two cases, these deletions were restricted to a portion of 

the gene, as both alleles of LKB1 were detected at other SNPs loci (Figure 5.5). In addition, 1 of 5 

(20%) cases presented copy number loss and 4 of 5 (80%) had at least two copies of the remaining 

allele. These results, in light of the data obtained by FISH, suggest that LKB1 is indeed lost due to 

microdeletions within the gene in a small subset of cases.  
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5.5.3 LKB1 and haploinsufficiency in Osteosarcoma 

5.5.3.1 The search for a second “hit” 

As a small subset of cases presented a genetic abnormality of LKB1, the presence of a second “hit” 

was investigated, as suggested by the Knudson “two-hit” hypothesis (Knudson, Jr. 1971). However, 

no further abnormalities were detected. No mutations were found in the 5 cases with loss of a 

parental allele in exon 1 to 8, where all the mutations were detected in lung cancer (Sanchez-

Cespedes et al. 2002), and all the cases expressed a significant amount of mRNA. This also ruled 

out the possibility of gene silencing by promoter methylation or of large intronic deletion, which 

would prevent transcription. Hence only one “hit” was detected, the loss of a parental allele by 

gene deletion with copy number loss in rare cases. 

 

5.5.3.2 Investigating the haploinsufficient effect of LKB1 

As discussed in the Introduction (section 1.2.1.4) the status of LKB1 is under debate: contrary to 

the classical view of the Knudson two-hit hypothesis, recent findings suggest that LKB1 can play a 

role as a haploinsufficient gene. This is confirmed by the finding that Lkb1
+/-

 mice develop 

osteogenic tumours (Robinson et al. 2008). Our finding of only one “hit” for LKB1 suggests that this 

gene is at best haploinsufficient in OS. 

 However, no statistically significant association was found between presence of an allelic loss and 

the amount of LKB1 mRNA and protein expressed. Nevertheless, a trend was observed at the 

mRNA level (Figure 5.10) and the protein expression in all these cases was reduced compared to 

the controls.  

The cases were compared to the group with no allelic loss detected and at least one SNP showing 

both parental alleles present. As not all SNPs were informative, it is possible that some cases 

among this group have an undetected allelic loss. This may explain why no significant association 

was found. Moreover, only 12 cases were informative, so the results should be confirmed on a 

larger cohort.  

To conclude, LKB1 may act as a haploinsufficient gene in a small subset of OS cases, rather than a 

tumour suppressor gene, with 1 of 12 (8%) cases showing loss of a parental allele with copy 
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number loss of LKB1. However, even in this case, this genetic abnormality did not fully explain the 

absence of LKB1 protein as the mRNA level detected was comparable to the other cases.  

 

5.5.4 LKB1 regulation is post-transcriptional in Osteosarcoma 

Although the presence of parental allelic loss in a small subset of cases may contribute to LKB1 

reduced protein expression in OS, most cases and cell lines presented comparable levels of mRNA. 

Only one cell line showed loss of LKB1 at the mRNA level, OST, suggesting a different mechanism 

of regulation of LKB1 expression to primary tumours. Moreover, there was no association found 

between the level of mRNA and the level of protein expression (Figure 5.10) in primary tumours or 

cell lines. To conclude, the regulation of LKB1 expression in OS appears to be post-transcriptional. 

The possible mechanisms of this regulation will be investigated in the next chapter.  
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Chapter 6: POST-TRANSCRIPTIONAL REGULATION OF LKB1 IN 

OSTEOSARCOMA 

6.1 Introduction and aims 

As concluded from the previous chapter on the genetics of LKB1 in OS (section 5.5.4), LKB1 protein 

expression seems to be regulated post-transcriptionally: LKB1 mRNA was detected in all patient 

tumours and all but one cell line, irrespective to their protein expression, and genetic 

abnormalities were rare and did not correlate with a decrease in mRNA expression. Therefore, our 

aim in this chapter was to investigate this post-transcriptional mechanism further. We 

hypothesised that either LKB1 mRNA translation or LKB1 protein stability was de-regulated in OS. 

Two mechanisms introduced in section 1.2.1.5 were considered: the control of LKB1 mRNA 

translation by miRNAs or the control of LKB1 protein stability by changes in its acetylation status 

caused by the protein SIRT1. 

 

6.1.1 miRNA 

As miRNA can inhibit the translation of mRNA (Flynt et al. 2008), they may regulate LKB1 

expression in OS. As presented in the Introduction, there is little known at present on the miRNA 

profile of OS (section 1.1.5.2) and on the role of miRNAs in connection with LKB1 (section 1.2.1.1). 

Only one study reports that mRNA translation of MO25, which forms a complex with LKB1 and 

hereby constitutively activates it, could be regulated by miRNA-451 in glioma cells (Godlewski et 

al. 2010b, Godlewski et al. 2010a). This finding suggests that miRNAs may at least be implicated in 

LKB1 regulation indirectly, by targeting its complex.  

The objective in the first part of this chapter was: 

• Assess whether miRNAs could regulate LKB1 protein expression   
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6.1.2 Protein stability 

As introduced in section 1.2.1.5, SIRT1 is a NAD-dependant deacetylase enzyme that can interact 

with AMPK to control cell proliferation in energy deprived conditions. Moreover, it can directly 

modify LKB1 acetylation status (Lan et al. 2008, Zu et al. 2010), thereby disrupting its stability and 

function. The exact mechanism of this interaction is unknown and conflicting results are published: 

one study suggests that LKB1 deacetylation by SIRT1 leads to increased kinase activity (Lan et al. 

2008) when another demonstrated that it led to LKB1 ubiquitination and degradation (Zu et al. 

2010). The effect of SIRT1 on LKB1 may well be context and cell type dependant. There is no report 

of its role in bone.  

The objectives in this second part were: 

1. Assess whether de-regulation of SIRT1 was present at the mRNA level 

2. Correlate SIRT1 expression at  the mRNA level with LKB1 expression at the protein level 

The role of LKB1 protein degradation in OS and of SIRT1 de-regulation at the protein level was 

studied further by Dr Malihe Eskandarpour and will be discussed here briefly.  
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6.2 miRNA and LKB1 protein expression 

To assess the role of miRNAs in the regulation of LKB1 in OS, the miRNA expression profile from 

the frozen biopsies of 24 patients with OS was determined using an Agilent miRNA microarray, as 

described in the Materials and Methods chapter (section 2.7). The clinical characteristics of these 

cases are presented in supplementary data (Table 10.1).  

 

6.2.1 Data mining on miRNA targeting LKB1 

We first investigated the bioinformatic target predictions for LKB1 with the online algorithms 

Targetscan and PITA, as described in the Materials and Methods (section 2.7.4). Fourteen miRNAs 

were predicted to bind to the 3’ UTR of LKB1 with both algorithms (Table 10.2). Among these, two 

miRNAs were highly expressed in all the 24 OS samples included in the study in the miRNA 

microarray data: hsa-miR-663 and hsa-miR-93. Additionally, miR-663 was also upregulated in 3 of 

3 (100%) negative cases for LKB1 expression by IHC and downregulated in 8 of 19 (42%) positive 

cases. Similar results were found in the online sarcoma microRNA expression database SMED 

(Sarver et al. 2010). Hsa-miR-93 expression was high in all tumours without any differential 

expression between the cases or compared to other sarcomas. Hsa-miR-663 was highly expressed 

in OS but was either upregulated or downregulated in different OS cases compared to other 

sarcomas.  Following this preliminary screen, 3 cases lacking LKB1 protein expression by IHC and 4 

cases showing high expression and not osteoclast-rich (Figure 10.2 in Supplementary data) were 

selected and the most differentially expressed miRNAs between the two groups were quantified. 
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6.2.2 Differentially expressed miRNAs in cases with or without LKB1 

protein expression 

Twenty miRNA probes were identified as differentially regulated between cases expressing or not 

expressing LKB1 protein by IHC, as shown in the heatmap in Figure 6.1.B. They corresponded to 15 

different miRNAs, as some probes hybridised to different regions of the same miRNA, one being a 

viral miRNA from HIV (hiv1-miR-H1). The latter was probably an artefact and not studied further. 

As illustrated by the histogram (Figure 6.1.A), the Z-scores were well separated into two groups. 

The p-values and fold changes obtained for each probe are reported in Table 6.1. 

 

Figure 6.1: Heatmap of the most differentially regulated miRNAs in cases with or without LKB1 protein 

expression. 

The color key and histogram of the Z-score of all cases is presented in A. Yellow indicates an upregulation 

and red a downregulation. The heatmap of the 20 most differentially regulated miRNAs between cases with 

(lkb1+) or without (lkb1-) LKB1 protein expression is in B. Each column corresponds to one case. 
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miRNA ID p-value 
Fold 

change 

LKB1 

complex 

targeted 

Prediction 

scores for LKB1 

complex  

(in PITA ; in  

 Targetscan) 

SIRT1 

targeted 

Prediction 

scores for 

SIRT1  

(in PITA ; in 

Targetscan) 

hsa-miR-183* 0.0005 1.658524 No  No  

hsa-miR-200b* 0.0011 1.611272 No  No  

hsa-miR-331-3p 0.0011 0.37229 No  No  

hsa-miR-370 0.001 4.41802 MO25 ( NA ; -0.23 ) No  

hsa-miR-371-5p 0.0009 1.850224 Strad ( -2.49 ; -0.05 ) No  

hsa-miR-526b 0.0008 2.810253 MO25 ( NA ; -0.21 ) Yes ( -0.94 ; -0.12 ) 

hsa-miR-527 0.0009 1.315307 MO25 ( -8.87 ; -0.13 ) Yes ( -3.38 ; NA ) 

hsa-miR-551b* 0.0001 1.661746 No  No  

hsa-miR-583 0.0008 2.545766 No  No  

hsa-miR-601 0.0005 3.30947 MO25 ( -9.07 ; NA ) Yes ( -3.14 ; -0.46 ) 

hsa-miR-601 0.0016 3.065027 MO25 ( -9.07 ; NA ) Yes ( -3.14 ; -0.46 ) 

hsa-miR-605 0.0012 2.39961 No  No  

hsa-miR-605 0.0008 1.695252 No  No  

hsa-miR-665 0.001 1.841779 Strad ( NA ; -0.18 ) No  

hsa-miR-665 0.0014 1.612724 Strad ( NA ; -0.18 ) No  

hsa-miR-665 0.0006 1.355289 Strad ( NA ; -0.18 ) No  

hsa-miR-890 0.0009 1.799754 MO25 ( -5.56 ; NA ) No  

hsa-miR-936 0.0002 3.573159 MO25 ( -2.43 ; NA ) Yes ( -5.71 ; -0.12 ) 

hsa-miR-936 0.0006 2.851063 MO25 ( -2.43 ; NA ) Yes ( -5.71 ; -0.12 ) 

 

Table 6.1 : List of the 19 most differentially regulated human miRNA probes in cases with or without LKB1 

protein expression. 

hiv1-miR-H1 was excluded from the study.  
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6.2.3 Targets of the miRNAs deregulated in cases with or without LKB1 

protein expression  

6.2.3.1 miRNAs targeting LKB1 mRNA  

Hsa-miR-663, identified as a miRNA potentially targeting LKB1 mRNA in OS in the preliminary data-

mining study (section 6.2.1) was not significantly deregulated in this cohort of cases. Additionally, 

none of the most differentially de-regulated miRNAs identified in cases expressing versus not 

expressing LKB1 protein directly target LKB1, according to bioinformatics predictions with both 

PITA and Targetscan algorithms. This suggests that LKB1 expression is not directly regulated by 

these miRNAs in OS.  

 

6.2.3.2 miRNAs targeting LKB1 complex 

Interestingly, 8 of the 14 (57%) miRNAs identified in the heatmap in Figure 6.1 were predicted to 

target either MO25α or Stradα using either PITA or Targetscan algorithms (Table 6.1). Of note is 

that SIRT1 may also be targeted by 4 of 14 (29%) of these miRNAs, in addition to their targeting of 

MO25α. Moreover, two miRNAs target HSP90, a chaperone protein which facilitates the formation 

of LKB1 complex, according to Targetscan but not to PITA algorithm: miR-370 (score of -0.20 for 

HSP90AA1 and -0.43 for HSP90AB1) and miR-601 (score of -0.13 for HSP90AA1). Hence the miRNA 

signature identified could influence LKB1 complex stability. 

 

6.2.3.3 Other predicted targets 

To investigate whether other genes belonging to the LKB1 network were targeted by miRNAs of 

this signature, all their highly conserved targets predicted by Targetscan were listed, totalling 1836 

genes with a negative score. Ten of 1836 (0.5%) were predicted as targets of 4 different 

upregulated miRNAs in the signature, 46 of 1836 (2.5%) by 3 and 224 of 1836 (12%) by 2. Among 

this list of potential target genes, some were previously reported to interact with LKB1 directly, 

such as NUAK1 (targeted by miR-371-5p, score of -0.09 and miR-605, score of -0.36), PRKAB2 

which is the regulatory subunit of AMPK (targeted by miR-605, score of -0.19), both 

phosphorylated by LKB1 (Figure 1.8), and PAK1 (targeted by miR-562b, score of -0.16) which was 
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associated with LKB1 role in cell motility (Deguchi et al. 2010, Zhang et al. 2008). Moreover, two 

genes associated with OS pathogenesis (section 1.1.5.1) were also included: RB (targeted by miR-

936, score of -0.16) and FOSB (targeted by miR-370, score of -0.03), which is part of the JUN family 

as is FOS (Gamberi et al. 1998, Wu et al. 1990). The online bioinformatics resource DAVID (v6.7, 

National Institutes of Health, USA) (Dennis, Jr. et al. 2003, Huang et al. 2009) was used to validate 

further the relevance of the potential target genes obtained.  

 

Targets related to Osteosarcoma and other cancers or bone biology 

By searching the genes referenced in the OMIM database via DAVID, we confirmed that several 

targets were relevant to bone biology, as they were associated with variations in human adult 

height (n=35, the most frequent OMIM reference), with defects in bone mineralisation or with 

other bone defects, e.g. osteogenesis imperfecta and osteoporosis. Similarly, several targets were 

previously associated with an increased risk of various cancers, including colorectal and gastric 

cancer, lung cancer, hepatocellular carcinoma, breast cancer, thyroid cancer, pancreatic cancer, 

melanoma, ovarian cancer, brain cancer, prostate cancer, leukemia and lymphoma and 

rhabdomyosarcoma. We deduced that the target genes obtained are relevant to this study.  The 

network obtained was then investigated further. 

 

Gene Ontology  

As a large number of the predicted target genes were associated with cancer and/or bone biology, 

the ontology of the list of target genes was studied. Regulation of transcription was among the 

most commonly reported biological process, as it concerned 353 of the 1744 (20.4%) genes 

identified with DAVID. Again, ontology terms associated with bone biology, such as mesenchymal 

cell differentiation, regulation of osteoblast differentiation and bone development, were 

represented. Ontology terms for biological processes associated with LKB1 function, presented in 

the Introduction (section 1.2.1.2), such as cell migration, apoptosis, metabolism and cell migration 

were also present.  These terms are summarised below (Table 6.2).  Once more, this confirms that 

target genes identified with the miRNA signature are relevant to OS pathogenesis and LKB1 

function.  
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GO ID GO term Proportion of genes concerned (%) 

GO:0060348 bone development 18 of 1744 (1.0%) 

GO:0030278 regulation of ossification 16 of 1744 (0.93%) 

GO:0048762 mesenchymal cell differentiation 14 of 1744 (0.81%) 

GO:0014031 mesenchymal cell development 14 of 1744 (0.81%) 

GO:0060485 mesenchyme development 14 of 1744 (0.81%) 

GO:0051216 cartilage development 13 of 1744 (0.75%) 

GO:0045667 regulation of osteoblast differentiation 10 of 1744 (0.58%) 

GO:0045667 regulation of osteoblast differentiation  10 of 1744 (0.58%) 

GO:0032330 regulation of chondrocyte differentiation 6 of 1744 (0.35%) 

GO:0006928 cell motion 84 of 1744 (4.8%) 

GO:0048870 cell motility  56 of 1744 (3.2%) 

GO:0016477 cell migration 55 of 1744 (3.2%) 

GO:0030036 actin cytoskeleton organization 40 of 1744 (2.3%) 

GO:0010941 regulation of cell death  108 of 1744 (6.3%) 

GO:0016265 death  83 of 1744 (4.8%) 

GO:0012501 programmed cell death  75 of 1744 (4.3%) 

GO:0006915 apoptosis  73 of 1744 (4.2%) 

GO:0043069 negative regulation of programmed cell death 57 of 1744 (3.3%) 

GO:0060548 negative regulation of cell death  57 of 1744 (3.3%) 

GO:0042127 regulation of cell proliferation  120 of 1744 (6.9%) 

GO:0008283 cell proliferation 65 of 1744 (3.8%) 

GO:0040008 regulation of growth 45 of 1744 (2.6%) 

GO:0045597 positive regulation of cell differentiation  41 of 1744 (2.4%) 

 

Table 6.2: Gene ontology terms referenced for the genes targeted by the miRNA signature of cases with 

versus without LKB1 protein expression. 

Only the ontologies related to bone biology and LKB1 function are listed.  
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Pathways implicated by the study 

The ontology terms related to the list of target genes suggested that the Wnt, MAPK, RAS and TGF-

β signalling cascades are involved in the network obtained. To confirm and integrate these 

findings, the main pathways de-regulated via the target genes were investigated using KEGG 

pathway through DAVID: 47 pathways were hereby identified and 14 (30%) of them were related 

to cancer. The top one was entitled “pathways deregulated in cancer”, with 328 hits (Figure 6.2). 

Additionally, pathways implicated in LKB1 function, such as TGF-β, Wnt and mTOR pathways were 

among this list, along with MAPK, Hedgehog and cell cycle pathways (Figure 10.3 in 

Supplementary data). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend for figure on the next page: 

Figure 6.2: Scheme of the pathways implicated in cancer, highlighting the genes predicted to be targeted 

by the miRNA signature deregulated between OS cases expressing LKB1 or not. 

The scheme was obtained from KEGG pathways. Targeted genes are represented with a red star. Only the 

highly conserved targets predicted by Targetscan were used for this study. 
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6.2.4 Discussion of the role of miRNAs in LKB1 regulation in 

Osteosarcoma 

As our data suggest that LKB1 is regulated post-transcriptionally in OS (section 5.5.4), we 

investigated whether miRNAs were deregulated between cases expressing LKB1 (n=4) or not 

(n=3). Hence 19 differentially regulated miRNA probes from 14 individual miRNAs were identified 

(Figure 6.1 and Table 6.1).  

 

6.2.4.1 Previous reports on the miRNAs identified in this signature 

There are only a few reports on the miRNAs identified in this signature. The most interesting one 

showed that hsa-miR-183 can inhibit metastasis in lung cancer by its binding to ezrin (Wang et al. 

2008). Ezrin have been reported to play a role in OS metastasis via the mTOR pathway, as 

discussed in the Introduction (section 1.2.3.1), linking this miRNA to the signalling network of 

LKB1. However, it was its complementary branch that was identified in our signature, hsa-miR-

183*. No predictions are available in PITA and Targetscan for this miRNA, so it is unknown 

whether it can also regulate ezrin expression. Another miRNA in this signature has been 

previously associated to the mTOR pathway in cancer: it was demonstrated that hsa-miR-331-3p 

directly targets ERBB2 in prostate cancer, hereby inhibiting PI3K/Akt signalling cascade (Epis et al. 

2009). Moreover, this miRNA can directly target E2F1 in gastric cancer (Guo et al. 2010b); this 

transcription factor is regulated by RB, which plays a major role in OS (Figure 1.5). 

Several miRNAs from this signature were reported as deregulated in other cancers, such as hsa-

miR-370 in malignant cholangiocarcinoma, also proved to target MAP3K8 in the same study 

(Meng et al. 2008), hsa-miR-527 in breast cancers expressing progesterone receptors (Lowery et 

al. 2009), hsa-miR-936 in cervical cancer cell lines (Lui et al. 2007) and miRNA-200 family in 

endometrial endometrioid carcinoma (Lee et al. 2010a).  

One study analysed the role of hsa-miR-601 deregulation in a lung carcinoma cell line model, 

confirming it directly targets NF-kappaB by reporter assay, hereby affecting several signalling 

pathways (Ohdaira et al. 2009). However, SIRT1, MO25 and HSP90AA1, which were predicted 

targets for this miRNA (Table 6.1 and section 6.2.3.3), were not included in this work. More 
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generally, none of the bioinformatics predictions we obtained had been validated or excluded by 

other groups.  

Some reports concerning the miRNAs in this signature have no obvious relation to our study. Hsa-

miR-605 has been demonstrated to target SEC24D by reporter assay (Lee et al. 2009), which is 

involved in vesicle trafficking, while hsa-miR-371-5p was found upregulated in lupus nephritis 

patients (Te et al. 2010). Hsa-miR-526b has been suggested as a biomarker for pregnancy (Miura 

et al. 2010).  

To conclude, although little data is published on the miRNA signature identified, there is previous 

evidence that they are related to cancer and can deregulate members of the LKB1 signalling 

network.  

 

6.2.4.2 miRNAs regulating LKB1 complex 

Direct targeting of LKB1 

A preliminary data mining study showed that hsa-miR-663 was highly expressed among the 24 OS 

cases screened. This miRNA has been reported as upregulated in human THP-1 monocytic cells 

after treatment of reverastrol, and as targeting the JUN family (Tili et al. 2010). Reverastrol (trans-

3,4’,5-trihydroxystilbene) is an antioxidant and anti-inflammatory agent proposed for cancer 

prevention; as presented in the Introduction (section 1.2.1.5, paragraph on SIRT1 protein family), 

it can also be used to prevent LKB1 acetylation (Dasgupta et al. 2007, Lee et al. 2010b, Shin et al. 

2009). It was also demonstrated that this miRNA was downregulated in gastric cancer cell lines by 

qRT-PCR (Pan et al. 2010). But although interesting, this potential target was not found 

significantly deregulated when comparing the 4 cases expressing LKB1 to the 3 cases not 

expressing it by IHC. Moreover, none of the miRNAs predicted to target LKB1 by PITA or 

Targetscan were deregulated in this cohort of cases.  

miRNAs have been thought to regulate gene expression by binding complementarily to the 3’UTR 

of target mRNAs, thereby either inducing mRNA degradation or repressing mRNA translation 

(Esquela-Kerscher et al. 2006). However, a recent study has shown that over 84% of mammalian 

miRNAs acted on mRNA by inducing degradation rather than by inhibiting translation (Guo et al. 

2010a). This implies that regulation of mRNA by miRNAs by repression of translation only is not 
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very common in mammals. No association was found in our OS cases between the mRNA and 

protein expression of LKB1 (section 5.4.2), suggesting that LKB1 mRNA was not degraded in cases 

lacking LKB1 protein. In the light of this finding and as no differentially expressed miRNA was 

found in our small cohort, we concluded that LKB1 is unlikely to be regulated by the direct binding 

of a miRNA to its mRNA. 

 

Indirect targeting: MO25 and Strad  

As developed in the Introduction (section 1.2.1.1), MO25 and Strad are essential for LKB1 activity. 

The binding of LKB1 to its complex will promote its activation by an allosteric mechanism 

deciphered by Zeqiraj et al (Zeqiraj et al. 2009a), and will enhance the enzyme’s activity 

dramatically (Hawley et al. 2003). Moreover, LKB1 is transported to the nucleus once synthetised; 

but it can only play its role once it is exported to the nucleus, after its binding in its complex. 

Finally, mutations detected in complex binding sites on LKB1 were previously described in cancer 

or PJS (Boudeau et al. 2004); they impaired the activity of the protein. This suggests that 

regulation of LKB1 activity may be channeled through the regulation of the complex formation, 

and that the regulation of either of MO25 or Strad will impact the activity of LKB1.  

MO25 has already been reported to be regulated by hsa-miR-451 (Godlewski et al. 2010b, 

Godlewski et al. 2010a). Interestingly, this miRNA is the most highly upregulated (fold change of 

99.4, p-value of 1.15x10
-20

) when comparing the miRNA signature of OS to other cancers and 

normal tissue screened by our group (10 neurofibromas, 9 nerve sheath tumours and 4 Schwann 

cell primary cultures) as illustrated in the Supplementary Data (Figure 10.4 and Table 10.3). This 

result needs to be confirmed using more appropriate controls, but it implies that hsa-miR-451 

may play an important role in OS.  

Even though miRNA-451 was not among the most differentially regulated miRNAs in cases 

expressing LKB1 protein or not, half of them targeted either MO25α or Stradα. This suggests that 

LKB1 expression in OS may be regulated by the de-regulation of miRNA targeting the rest of the 

complex. The finding of miRNAs targeting those two proteins in our signature underlines their 

importance OS. LKB1 expression and activity may then be regulated by miRNA, via their action on 

the complex.  
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The stability of LKB1 protein in the absence of its binding to the complex is not fully understood. 

Godlewski et al report in their supplementary data that LKB1 protein was detected by WB in the 

absence of MO25α due to its repression by hsa-miR-451 (Godlewski et al. 2010b). However, they 

also show that MO25β, another isoform, is present; hence LKB1 may be stabilised by formation of 

the complex with the isoform β (instead of the α) of MO25. It is difficult to predict whether the 

miRNAs identified in our signature will lead to LKB1 protein degradation by their repression of 

MO25 and Strad expression; this needs to be investigated further.  Establishing the role of MO25 

and Strad regulation in LKB1 stability would help to decipher further the contribution to LKB1 

regulation in OS.  

To conclude, our data suggests that miRNAs may play a role in LKB1 regulation in OS by targeting 

its complex rather than its mRNA. The expression of MO25 and Strad in OS cases and cell lines 

needs to be assessed and the degradation of LKB1 protein in their absence needs to be confirmed. 

Additionally, the target genes used are only predicted bioinformatically and need to be validated 

by reporter assay. This is currently being assessed by Dr Malihe Eskandarpour as this project was 

beyond the scope of this study.  

 

Indirect targeting: regulation of the proteins cooperating in complex formation 

In addition to the members of the LKB1 complex, the miRNA identified in the signature could also 

regulate the formation of this complex by inhibiting SIRT1 and HSP90 mRNA translation. The role 

of SIRT1 is investigated further below (section 6.3). HSP90 stabilises the LKB1 protein and stops its 

degradation by facilitating the formation of LKB1 complex (Boudeau et al. 2003b) as presented in 

the Introduction (section 1.2.1.1). The role of the miRNAs identified on these targets needs to be 

confirmed by reporter assay. However this is beyond the scope of this study.  
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6.2.4.3 miRNAs targeting the LKB1-related pathway 

The relevance of the miRNA signature obtained was then validated further by the finding that the 

target genes were part of the LKB1 signalling cascade. This was already suggested by the report of 

the role of hsa-miR-183 on ezrin regulation and of miR-331-3p on ERBB2 and PI3K signaling 

(section 6.2.4.1). The study of the ontologies of the predicted target genes and of the pathway 

they belonged to showed that the following pathways were affected: TGF-β – via the gene targets 

TGF-β, TGF-β receptors and SMAD protein family – Wnt – via Wnt, Frizzled and β-catenin – and Src 

– via PAK1. All these signalling pathways are part of LKB1 signalling network (Carretero et al. 2010, 

Inoki et al. 2006, Katajisto et al. 2008) as detailed in the Introduction (section 1.2.1.2). 

 Moreover, these miRNAs also target several molecules of the mTOR pathway, the most 

commonly reported signalling cascade downstream of LKB1, such as: AMPK, PI3K, IRS, RICTOR and 

RPS6K, but also many growth factors from the IGF, ephrin and FGF family, and TKR, such as IGFR1, 

FGFR1&2 and ERBB2, which can activate the mTOR pathway upstream of PI3K.  The role of 

miRNAs in the regulation of the mTOR pathway in OS was confirmed by analysing the targets of 

the miRNAs deregulated in 24 OS cases compared to other sarcomas (Figure 10.4 and Table 10.3 

in Supplementary Data). PTEN, TSC1 and CAMKK-β were among these. CAMKK- β can regulate 

AMPK in response to changes in Ca
2+

 levels as would LKB1 (Carling et al. 2008). We have already 

reported PTEN and TSC1 protein to be lost in a subset of OS in Chapter 3 (Figure 3.2). Our data 

suggests a novel regulation mechanism to explain this loss of protein in OS.  

Finally, as mentioned in the Introduction (section 1.2.1.2), LKB1 can phosphorylate several 

downstream kinases, and the coordination between these kinases is not fully understood. Our 

study implies that miRNAs could regulate the expression of the downstream targets of LKB1, with 

AMPK and NUAK1 targeted, offering a new insight into the regulation of LKB1 function.  
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6.2.5 Conclusion and future work 

The data mining performed with OMIM, gene ontology and pathway analysis through DAVID 

validated the relevance of the miRNA signature. Although the list of targets was not exhaustive as 

only highly conserved targets from Targetscan were included, many predicted targets were 

related to bone biology and LKB1 signalling network. This study needs to be validated on a larger 

cohort of cases, as only a small number of cases were compared, and the predicted targets should 

be validated by reporter assay. Overall, it demonstrates the feasibility of studying miRNA 

signatures of OS tumours to decipher the pathogenesis of OS.   

To conclude, this study has shown that although miRNAs probably do not directly regulate LKB1 

protein expression, they may participate in the regulation of LKB1 and its signalling network by 

targeting its complex (via MO25 and Strad or proteins involved in complex stability like SIRT1 and 

HSP90). As the regulation of LKB1 is firstly and predominantly undertaken by its binding to MO25 

and Strad, the role of these proteins in the pathogenesis of OS should be further investigated. 
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6.3 Role of SIRT1 in LKB1 protein stability  

6.3.1 SIRT1 expression at the mRNA level 

6.3.1.1 Results of the qRT-PCR 

To assess whether SIRT1 plays a role in OS, its expression at the mRNA level was assessed by qRT-

PCR. SIRT1 mRNA was detected in all cell lines, although there was a big heterogeneity between 

the samples (Figure 6.3.A) with 7 cycles difference between the most extreme cases.  

For OS primary tumours, SIRT1 levels of expression were globally higher than in the cell lines.  The 

case with the lowest mRNA expression, S2269, had a ΔCt very close to the positive control, U2OS 

(Figure 6.3.B). Hence all cases expressed high levels of SIRT1 mRNA, showing a different profile 

than in the cell lines. 

 

6.3.1.2 Association between SIRT1 mRNA and LKB1 protein expression 

To assess whether the heterogeneous mRNA expression of SIRT1 correlated with LKB1 protein 

expression, the significance of this association was studied using the results of LKB1 protein 

expression by WB for the cell lines and by WB and IHC for the tissue samples, as discussed in 

Chapter 4 (section 4.2). The WB data was analysed both using the relative integrated density of 

the detected bands for LKB1 protein compared to GAPDH and the overall score of the protein 

expression as defined in paragraph 2.6.5.4. The relative mRNA expression of SIRT1 was expressed 

as the ΔCt of SIRT1 compared to RPS18. 

For cell lines, the relative integrated density of LKB1 and SIRT1 mRNA expression were not 

normally distributed (p=0.41 and p=0.053 respectively with the Shapiro-Wilk normality test). For 

the patient samples, SIRT1 relative mRNA expression was also not normally distributed (p=0.87), 

but the relative integrated densitometry of LKB1 was (p=0.019). 

The association between SIRT1 relative mRNA expression and LKB1 protein expression by WB 

(measured as the relative integrated density) was neither statistically significant for the cell lines 

nor for the tissue samples (p=0.20 and p=0.86 respectively with the Spearman rho test).  
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Figure 6.3: Bar chart representing SIRT1 mRNA expression in OS cell lines (A.) and cases (B.)

The relative mRNA expression is expressed as the ΔCt

was used as a positive control for the patient samples and Jurkat, HF1, HOB and U2OS for the cell lines. 
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: Bar chart representing SIRT1 mRNA expression in OS cell lines (A.) and cases (B.)

The relative mRNA expression is expressed as the ΔCt of SIRT1 compared to ribosomal protein 18s. U2OS 

was used as a positive control for the patient samples and Jurkat, HF1, HOB and U2OS for the cell lines. 
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: Bar chart representing SIRT1 mRNA expression in OS cell lines (A.) and cases (B.) 

of SIRT1 compared to ribosomal protein 18s. U2OS 

was used as a positive control for the patient samples and Jurkat, HF1, HOB and U2OS for the cell lines.  
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Similarly, there was no statistically significant association between SIRT1 relative mRNA 

expression and the WB score obtained for LKB1 in the cell lines (p=0.12 with the Kruskal-Wallis 

test), although cell lines expressing lower levels of LKB1 protein tended to express lower levels of 

SIRT1. The same result was encountered for the patient samples with WB (p=0.94) but not IHC 

(p=0.017), which displayed a significant association. However, there was a large overlap between 

the cases expressing low (score of 1) and very low or no (score of 0) LKB1 protein, as illustrated in 

Figure 6.4. 

To assess whether the associations remained poor with a larger cohort of cases, the results 

obtained for the cell lines and the patient samples were pooled. Both SIRT1 relative mRNA 

expression and LKB1 relative protein expression - measured as the integrated density of the 

detected bands - were normally distributed (p=0.014 and p=0.010 respectively with the Shapiro-

Wilk test). However, the association between the two quantities remained non significant (p=0.77 

with the Pearson correlation test). Similarly, no significant association was found between the WB 

scores of LKB1 and SIRT1 relative mRNA expression of (p=0.82 with the one-way ANOVA test) with 

the pooled data from the cell lines and the patient samples (Figure 6.4.D). 

 

To conclude, there was no convincing evidence of an association between SIRT1 mRNA expression 

and LKB1 protein expression.  
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The Figure continues on the next page 
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Figure 6.4: Boxplot showing SIRT1 mRNA expression compared to LKB1 protein expression. 

Expression of SIRT1 compared to LKB1 expression by WB in OS cell lines (A.), by WB (B.) and IHC (C.) in OS 

cases, and by WB in OS cell lines and cases combined (D.). The relative mRNA expression is expressed as the 

ΔCt of SIRT compared to the RPS18 control. The round point represent the outliers and the triangle ones the 

extreme cases. * for p<0.05. 

* 
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6.3.2 Discussion of the role of SIRT1 and future work 

As shown in paragraph 6.2.4.2, the epigenetic screening of a small number of cases expressing 

different levels of LKB1 protein indicates that LKB1 post-transcriptional regulation is unlikely to be 

accounted for by miRNA directly targeting this gene. We therefore hypothesised that LKB1 

protein loss was due to a deregulation of the mechanism ensuring protein stability. As SIRT1 has 

been previously reported to regulate this process, we investigated expression of this gene in OS 

cell lines and patient samples. 

Our study showed that SIRT1 is expressed at the mRNA level in all OS cases and cell lines, but at 

greatly differing levels. As shown in paragraph 6.2.3.2, miRNAs differentially expressed in OS cases 

with or without LKB1 protein expression could regulate SIRT1 expression. This was confirmed by 

the study of the miRNA signature of 24 OS cases compared to other sarcomas, with 6 miRNAs 

from this signature predicted to target this gene by Targetscan. This may account for the different 

levels of mRNA observed between the cases. However, there is only weak evidence of an 

association between LKB1 protein expression and SIRT1 mRNA expression (Figure 6.4).  

Nevertheless, this preliminary study is not sufficient to exclude a role of SIRT1 in LKB1 regulation 

in OS. To confirm that LKB1 post-transcriptional regulation is mediated by protein degradation, 

the restoration of LKB1 expression in presence of proteosome inhibitor in OS cell lines has to be 

demonstrated. SIRT1 protein expression also needs to be assessed in OS cases and cell lines, and 

correlated with LKB1 protein expression. To decipher further the interaction between SIRT1 and 

LKB1, the changes in levels of LKB1 protein expression and protein acetylation in the presence of 

SIRT1 inhibitors (like sirtinol) or of non coding shRNA against SIRT1 should be detected. This is 

beyond the scope of this study, and this is currently being investigated by Dr Malihe 

Eskandarpour.  
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Chapter 7: ROLE OF LKB1 IN THE CONTEXT OF NORMAL BONE  

7.1 Introduction and aims 

As demonstrated in the previous chapters, LKB1 protein expression is reduced in a subset of OS 

thanks to its post-transcriptional regulation, even though we have not fully deciphered this 

mechanism in Chapter 6. As presented in the Introduction (section 1.2.1.2), LKB1 can participate in 

many cell processes. These include cell proliferation by regulating cell metabolism via the mTOR 

pathway, cell survival by regulating apoptosis or anoikis via the SIK family and p53 pathway and 

cell migration by regulating cell polarity via the MARK family or PAK1 (Figure 1.9). There has not 

been any report on the role of LKB1 in the context of normal bone, and it is not known which of 

these processes are at play in OS. Moreover, as we found that both copies of LKB1 were not lost at 

the genetic level (section 5.5.3), decrypting its function in OS would confirm whether it is a driver 

or passenger event in tumourigenesis. Hence, our aim in this chapter was to investigate the role of 

LKB1 in the context of normal bone, to better understand its part in the pathogenesis of OS.  

A model was required to achieve this aim. As discussed in the Introduction, there is a line of 

evidence pointing to the osteoblast lineage as the cancer initiating cells in OS (section 1.1.5.4 and 

0). Lkb1
+/-

 mice were reported to develop osteogenic tumours which seemed to arise from an 

osteoblast lineage (Robinson et al. 2008), but in this in vivo model the gene was knocked-down in 

all cell types. Moreover, as mentioned in the Introduction (section 1.2.3.3), a decreased AMPK 

activity promotes osteoblast differentiation (Kasai et al. 2009). This suggests that loss of LKB1 in 

this lineage may induce a deregulation of their differentiation mechanism hereby promoting 

tumourigenesis. Within the context of normal bone, we therefore focused on the role of LKB1 in 

the osteoblast lineage.  

 The use of conditional knock-down mouse models with loss of LKB1 restricted to a specific cell 

lineage has greatly helped our understanding of its role in other cancers, such as breast  or 

endometrial carcinomas (Contreras et al. 2008, McCarthy et al. 2009). As discussed in section 

1.1.5.4, no mouse model with Lkb1 loss restricted to osteoblasts has been generated. Such a 

model would be very valuable to decipher the role of LKB1 in OS pathogenesis. But prior to this, 

we validated our strategy by assessing its function in vitro in an immortalised human osteoblast 

cell line, HOB, by gene knock-down.  
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The objectives were: 

1. Set up an in vitro model in the HOB cell line with LKB1 knocked-down 

2. Assess the functional effect of loss with regards to: 

a. Tumourigenic potential 

b. Cell proliferation 

c. Cell migration 

d. Cell survival 

 

7.2 Knock-down validation and clone selection 

As presented in Chapter 4, the HOB cell line expresses high levels of LKB1 protein (Figure 4.1). The 

strategy selected to silence LKB1 was to induce a permanent knock-down by shRNA using the 

Open Biosystem pGIPZ human lentiviral shRNAmir library, as described in the Materials and 

Methods chapter (section 2.8). Four different clones, abbreviated as clones 35, 21, 04 and 03, 

were tested and compared to the empty vector (EV) and non-silencing (NS) controls (Figure 2.4). 

For each clone, the virus was titrated to ensure that only one copy was integrated per cell (section 

2.8.4). Following infection, the cells were selected with Puromycin at a concentration optimised by 

kill curve analysis beforehand. The success of this selection was confirmed by flow cytometry: 

virtually all selected cells were GFP fluorescent.  

The efficiency of the knock-down was validated at the mRNA level by qRT-PCR and at the protein 

level by WB (Figure 7.1). Only clone 03 was found to have a significantly reduced expression of 

LKB1 mRNA (p=0.0016 with the one-tailed Student’s t-test) and protein (p= 0.012) compared to 

the EV control. The infection was repeated two more times to confirm these results, and on 

average, the clone 03 expressed 42% less protein and 50% less mRNA than the EV control. Hence 

only this clone and the EV control were studied on a functional level.  

No changes in morphology were noted in the cell line upon infection, as illustrated in Figure 7.2.   
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Figure 7.1: Knock-down efficiency at the protein and mRNA level. 

A. WB showing LKB1 protein expression obtained after knock-down in the different clones. A549 was used 

as a negative control and Jurkat as a positive control. B. Densitometry analysis quantifying LKB1 relative 

expression for clone, 03, compared to GAPDH and normalised to the EV control clone. C. Fold difference of 

the relative LKB1 mRNA expression for clone 03, compared to β-actin control normalised against the EV 

control. * for p<0.05 and ** for p<0.005 with the one-tailed Student’s t-test. 
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Figure 7.2: Morphology of the HOB cell line with and without LKB1 knock-down. 

Both phase contrast and GFP fluorescence are shown. The LKB1-knocked down clone 03 and the parental for 

the HOB cell lines are shown after selection.  
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7.3 Effect of LKB1 knock-down on tumourigenicity 

To assess whether LKB1 loss could induce tumour formation in normal osteoblasts, a soft agarose 

colony formation assay was performed with the EV and 03 clones, as described in the Materials 

and Methods chapter (section 2.10.1). No colonies were formed in either of the clones, showing 

that LKB1 loss was not sufficient to induce anchorage independent growth in this context.  

 

7.4 Effect of LKB1 knock-down on cell proliferation 

To monitor the functional effect of LKB1 on cell proliferation, three approaches were used, all 

described in the Materials and Methods chapter: an MTS assay (section 2.10.2.1), a cell cycle assay 

(section 2.10.2.3) and a growth curve assay (section 2.10.2.2). As LKB1 acts on the mTOR pathway 

in response to energy deprivation via AMPK, the assays were performed in normal, low glucose 

and no glucose conditions as described in section 2.10.  

 

7.4.1 Results of the MTS assay 

The results of the MTS assay are presented in Figure 7.3. Three different cell densities were used 

and the experiment was repeated three times. No differences were found with this assay in 

normal glucose levels and in the absence of glucose. However, in low glucose conditions, clone 03 

had an increased proliferation rate compared to the EV control, and the difference was statistically 

significant at day 1 (p=0.045 with the paired one-tailed Student’s t-test) and day 3 (p=0.0065) with 

the intermediate cell density. Although the difference was not statistically significant, this trend 

was also observed at the other time points and densities, particularly at day 2 with the lowest cell 

density (p=0.066) and at day 2 with the intermediate cell density (p=0.14).  
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Figure 7.3: Effect of LKB1 knock-down on cell proliferation recorded by MTS assay. 

Three cell densities were plated at the start of the experiments: 3,000 (highest cell density), 2,000 

(intermediate) or 1,000 (lowest) cells. The experiment was performed in normal (A.), low glucose (B.) and no 

glucose (C.) conditions. * for p<0.05 and ** for p<0.01 with the paired Student’s t-test. 

 

7.4.2 Results of the cell cycle analysis 

As the differences observed by MTS assay were small (although significant for some time points), 

other assays were performed to confirm the increased proliferation of clone 03 compared to the 

EV control. The cell cycle profile of clone 03 and the EV control were obtained in all three 

conditions. The average proportion of cells in each phase over the three independent experiments 

performed is presented in Figure 7.4.A and a representative cell cycle profile is given in Figure 

7.4.B. Although the differences found were not statistically significant, we consistently obtained an 

increased proportion of cells in the G2 and S phases, and a lower proportion of cells in the pre-

apoptotic population for clone 03 compared to the EV control. Again, the differences were small; 

on average, there were 5% less pre-apoptotic cells and 4% more proliferative cells in clone 03 

compared to the EV control.  
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Figure 7.4: Cell cycle analysis for LKB1 knock-down. 

The average proportion of cells over three experiments in pre-apoptotic, G1, S and G2 phases for EV and 03 

clones in normal (++), low glucose (+) and no glucose (-) conditions is presented in A. and a representative 

profile obtained by PI staining and analysed by flow cytometry is given in B.  
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7.4.3 Results of the growth curve assay 

Finally, the cell proliferation in the HOB with LKB1 knocked-down compared to the EV control was 

assessed by recording the cell growth curve using the live cell imaging system of the Incucyte 

(Essex Bioscience). No differences were found in the growth curve in normal conditions and in low 

glucose over two experiments between clone 03 and the EV control, as illustrated in the 

representative graphs in Figure 7.5.   

 

7.4.4 Conclusion on the effect of LKB1 knock-down in cell proliferation 

LKB1 knock-down induced an increased cell proliferation in the HOB cell line, as recorded by the 

increased metabolic activity recorded by MTS assay in low glucose condition. The same trend was 

recorded by cell cycle analysis with the increased proportion of cells in G2 and S phase in all 

conditions.  

 

7.5 Effect of LKB1 knock-down on cell migration 

To assess the effect of LKB1 knock-down on cell polarity and hence on cell migration, two tightly 

linked functions, a scratch assay was performed in all three conditions, as described in the 

Materials and Methods chapter (section 2.10.3.1). No differences were found in the ability of 

clone 03 and the EV control to close their wound in three independent experiments, whether the 

cells were in normal, low glucose or no glucose conditions (Figure 7.6).  
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Figure 7.5: Representative growth curves of LKB1 knock-down in normal (A.) and low glucose (B.) 

conditions. 

The growth curve is represented as the average confluency measured with the Incucyte over time.  
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The Figure continues on the next page 
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Figure 7.6: Representative graphs of the wound width over time and representative pictures of the wound 

closure after 24h in normal (A.), low glucose (B.) and no glucose (C.) conditions. 
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7.6 Effect of LKB1 knock-down on cell survival 

As suggested in Figure 7.4, LKB1 knock-down promotes cell survival; clone 03 consistently 

presented a lower proportion of pre-apoptotic cells compared to the EV controls when studying 

their cell cycle profile in adherent conditions. To confirm these results, the survival potential of 

clone 03 was assessed in adherent and non-adherent conditions, by determining the proportion of 

apoptosing cells (early or late) with Annexin V staining by flow cytometry (section 2.10.1). The 

experiment was performed twice in all three conditions as the differences observed were small 

and are illustrated in Figure 7.7. 

 

7.6.1 Results of the apoptosis assay in adherent conditions 

In adherent conditions, LKB1 knocked-down cells consistently survived better than the EV control 

in normal and no glucose conditions; discrepancies were found between the two repeats in low 

glucose conditions. The magnitude of the differences were the same as the cell cycle analysis, with 

3% less cells apoptosing in normal conditions on average, 1.6% in low glucose and 2% without 

glucose after 2 days of culture. The results obtained with the MTS assay and the observation of the 

cells with the Incucyte suggested that greater differences were obtained after a longer culture 

without glucose. To confirm these results, one more time point was performed after 4 days of 

culture. Indeed, an additional 12% of cells underwent apoptosis in the absence of glucose and in 

adherent conditions in clone 03 compared to the EV control.   

 

7.6.2 Results of the apoptosis assay in anchorage-independent conditions 

In anchorage independent conditions, consistent differences were found again over the two 

repeats: in normal and low glucose conditions, clone 03 underwent anoikis less frequently than 

the EV control. In the absence of glucose, however, this pattern was reversed, as clone 03 

underwent anoikis more frequently than the EV control. The differences observed were still small, 

although slightly bigger than in adherent conditions: on average, 8% less apoptotic cells (early and 

late) were found in clone 03 compared to the EV control in normal conditions and 6% in low 

glucose, compared to 3% more apoptotic cells without glucose.  
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Figure 7.7: Effect of LKB1 knock-down on apoptosis in adherent (A.) and non-adherent (B.) conditions. 

The bar chart represents the proportion of cells in early or late apoptosis as detected by Annexin V and PI 

staining and recorded by flow cytometry. EV and 03 clones were cultured in normal (++), low glucose (+) or 

no glucose (-) conditions. 
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7.7 Discussion  

To decipher the role of LKB1 in the context of normal bone, we have set up an in vitro knock-down 

model to functionally study loss of this gene expression in an osteoblast cell line, HOB.  

 

7.7.1 Methods selected to analyse LKB1 function 

As presented in the Introduction, LKB1 plays a role in a wide range of cellular processes via either 

its 14 downstream kinases or poorly understood interactions with other pathways such as p53 and 

p21 (Morton et al. 2010, Zeng et al. 2006), Src (Carretero et al. 2010), TGF-β (Katajisto et al. 2008) 

or Wnt (Ossipova et al. 2003) pathways (Figure 1.9 and section 1.2.1.2). We therefore focused on 

the main functions affected by LKB1: cell proliferation (via its action on cell metabolism with the 

mTOR pathway), cell migration (via cell polarity with the MARK family and cell motility with the Src 

pathway) and cell survival (via apoptosis with SIK and NUAK families or with the p53-p21 

pathway). Functional assays were selected accordingly. 

LKB1 can affect cell metabolism via AMPK, which then acts on different aspects of cell proliferation 

by inhibiting protein translation with the mTOR pathway and fatty acid synthesis. The use of the 

MTS assay, which indirectly infers differences in proliferation by recording the cell metabolism, 

was very useful in that sense. This may explain why differences were recorded with this assay but 

not with the growth curve assay.  

As discussed in the Introduction (section 1.2.1.2), LKB1 is constitutively activated once bound to its 

complex, and the regulation of its function seems to be cell type and context dependent. For 

example, if cells are in energy deprived conditions, LKB1 can induce apoptosis through AMPK 

(Shaw et al. 2004). In the absence of glucose, NUAK2 can have the same effect (Suzuki et al. 2003). 

However, when the cells are in anchorage-free conditions, LKB1 is thought to act through SIK1 

(Cheng et al. 2009). This implies that the functional assays need to mimic these external stimuli to 

induce the different effects of LKB1. We therefore performed all the assays in normal, low glucose 

and no glucose conditions.  

 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 237 of 310 

 

7.7.2 Conclusion on the effect of LKB1 knock-down in osteoblasts 

The functional analysis of the LKB1 knocked-down HOB cell line compared to its EV control showed 

a statistically significant effect on cell proliferation. It also tented to affect cell survival. The 

differences obtained for both these processes were small but consistent. No differences were 

found for their tumourigenic potential by colony formation assays and for cell migration by scratch 

assay.  

 

7.7.2.1 Relevance and limitations of the model  

As mentioned in the introduction of this chapter (section 7.1), to investigate the effect of LKB1 in 

the context of normal bone, the gene was knocked-down in vitro in the cell lineage believed to be 

the cancer initiating cells for OS, osteoblasts.  

It is of note that in the Lkb1
+/-

 mouse model, the tumours were discovered late in life – suggesting 

that the process induced by this loss was slow – and had the hallmark of an abnormal osteoblastic 

proliferation (Robinson et al. 2008). Hence, the finding of an increased cell proliferation in vitro in 

the LKB1 knock-down model and the magnitude of these proliferation differences fit with the 

phenotype observed in vivo. Significant differences may only arise from the small effect in vitro 

after a prolonged culture time, which cannot be easily modelled in this set up.  

The knock-down obtained in the HOB cell line did not totally remove LKB1-protein: low levels were 

still detected by WB. Hence, this model was very close to the in vivo mouse model of Robinson et 

al, which had only lost one allele of Lkb1. Similarly, low levels of LKB1 were detected by WB in a 

large number of OS cases (Figure 4.3) and our data suggests that this gene may have a 

haploinsufficient role in OS (section 5.5.3.2). Therefore our model was consistent with the disease 

presentation and enabled assessment of the haploinsufficient effect of LKB1 in normal osteoblasts. 

However, it may also have accounted for the magnitude of the differences observed.  

A limitation of the model used is that it focuses on the action of LKB1 in only one cell lineage. 

Katajisto et al have shown that the cross-talk between different cell types was essential to the 

formation of polyps in Peutz-Jeghers syndrome (Katajisto et al. 2008). Loss of LKB1 in the 

mesenchyme compartment induced a downregulation of TGF-β signalling in these cells. This signal 

led to an increased proliferation of the epithelial cells in the gut and to the appearance of the 
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polyps. Our model only considered the effect of LKB1 on osteoblasts. Osteoclasts in fact cooperate 

closely with this cell type in the context of normal bone. It has been suggested that targeting 

osteoclasts could help to control the abnormal osteoblastic activity in OS tumours (section 

1.1.6.1). Therefore, it is possible that the effect of LKB1 in OS tumours is partly mediated via a 

similar mechanism that disrupts the cross-talk between osteoblasts and osteoclasts. This may 

explain why studying the effect of LKB1 on osteoblasts only yielded minor differences.   

Performing the knock-down of only one gene in an immortalised cell line enables specific study of 

its effect; however, five genetic alterations are thought to be necessary in humans to induce 

cancer (Fearon et al. 1990). This may also account for the subtle results obtained, especially in the 

colony formation assay. 

Finally, as reported in section 1.2.1.4, LKB1 haploinsufficient loss was reported to promote 

tumourigenecity in mouse models when associated with another genetic event, in lung cancer, 

pancreatic cancer and liver cancer (Ji et al. 2007, Miyoshi et al. 2009, Morton et al. 2010). It is then 

possible that an additional genetic event is needed in normal osteoblasts in cooperation with LKB1 

loss to obtain a significant functional effect.  

 

7.7.2.2 Role of environmental conditions for LKB1 function in osteoblasts 

In the panel of assays tested, differences were found depending on the stimulus employed to 

stress the cells. As mentioned in the previous paragraph (section 7.7.1), LKB1 role is context 

dependent, and it may act via different downstream kinases depending on the environmental 

conditions, through unknown mechanisms.  

The effect of LKB1 on cell proliferation by the MTS assay could only be detected in low glucose 

conditions. This suggests that LKB1 loss only favours cell proliferation in energy deprived 

conditions.   

Interestingly, in anchorage independent conditions, the addition of a second stress changed the 

response of the cells. LKB1 promoted cell survival in normal glucose and non-adherent conditions, 

with 8% less apoptotic cells on average. On the contrary, it promoted cell death in energy deprived 

conditions, with a smaller difference found in low glucose compared to normal glucose conditions 

(6% difference on average) and even an increased proportion of apoptotic cells (3% on average) 
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without glucose. This would argue that LKB1 loss participates in early tumour formation: it can 

promote cell survival and cell proliferation but may not promote metastasis in OS, contrary to the 

findings in lung carcinoma (Carretero et al. 2010). Such different roles for LKB1 in cancer cells 

depending of environmental stimuli have been reported by Godlewski et al. They showed that in 

normal glucose conditions, LKB1 could be suppressed in glioma cells via the upregulation of miR-

451, leading to an increased cell proliferation. In low glucose conditions, the reverse mechanism 

was initiated: miR-451 was downregulated, LKB1 expressed and thanks to its downstream kinases, 

proliferation was repressed via AMPK and migration increased via MARK phosphorylation 

(Godlewski et al. 2010b). Similarly, in osteoblasts, the permanent loss of LKB1 promotes cells 

proliferation even in the absence of glucose but may not be sufficient to help the cells to resist to 

anoikis. Additional genetic hits may be needed in cooperation with LKB1 loss to favour resistance 

to anoikis in the absence of glucose.  

 

7.7.2.3 Conclusion 

Our data suggests that LKB1 may drive OS pathogenesis, although it may not be the first hit in 

tumour formation, as its effect was small in normal osteoblasts. It is likely that other genetic 

abnormalities cooperating with this loss are needed to obtain a more dramatic effect. To exclude 

that the small amplitude of the differences found was due to the selection of a normal cell line, 

another model was set up: the knock-in of the gene in OS cell lines expressing low levels of LKB1 

protein. This will be the focus of the next chapter.  
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Chapter 8: ROLE OF LKB1 IN THE CONTEXT OF OSTEOSARCOMA  

8.1 Introduction and aims 

As demonstrated in Chapter 4, there is low or absent expression of LKB1 in a subset of OS cases 

and cell lines. LKB1 can affect multiple cellular processes (section 1.2.1.2) and the effect of its loss 

in OS is unknown. Data from the previous chapter using gene knock-down in an immortalised 

osteoblast cell line suggests that it plays a role in cell proliferation in low glucose conditions; a 

trend was also observed for a potential role in cell death. However the differences we found in the 

knock-down experiments were small. Therefore we aimed in this chapter to confirm these results 

in another model, by directly investigating the role of LKB1 in the context of OS.  

As discussed in the previous chapter (section 7.7.2.1), LKB1 may need to be associated with 

another genetic abnormality to promote tumourigenecity. The model selected for this study was 

to knock-in LKB1 in vitro in tumourigenic cell lines expressing no or very low levels of the protein. 

Three cell lines were selected: OST, which expressed no LKB1 protein (score of 0 by WB, Figure 

4.2) and no mRNA (Figure 5.8), and OSA and SaOS2, which expressed low levels of LKB1 (score of 1 

by WB) and levels of mRNA equivalent to the positive controls.  

The objectives were:   

3. Set up an in vitro model in the SaOS2, OST and OSA cell lines with LKB1 knocked-in 

4. Assess the functional effect of loss of LKB1 with regards to: 

a. Tumourigenic potential 

b. Cell proliferation 

c. Cell migration 

d. Cell survival 
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8.2 Knock-in validation 

To knock-in LKB1 in the cell lines, two constructs including the human cDNA for either LKB1 wild 

type (LKB1 clone) or a kinase dead mutant of LKB1 (KD clone), K78I, both FLAG-tagged, in a pBABE 

vector and under the SV40 promoter, were acquired from Addgene (Figure 2.5). The infection and 

selection were performed as described in the Materials and Methods chapter (section 2.9). The 

lack of activity of the KD clone has been previously described (Shaw et al. 2004). Both clones were 

sequenced following selection, to confirm they either had or lacked the KD mutation as expected. 

An empty-vector construct was prepared to confirm that the infection with the pBABE vector did 

not alter the endogenous expression of LKB1 protein (section 2.9.2). The infection with the clones 

KD and LKB1 was performed three times for the SaOS2 and OST cell lines, and once for the OSA 

cell line.  

 

8.2.1 qRT-PCR and WB results 

The efficiency of the knock-in was validated at the mRNA level by qRT-PCR and at the protein level 

by WB (Figure 8.1).  

Very high protein levels were detected in all three cell lines for the LKB1 clone compared to the 

parental (P) and empty-vector (EV) clones, and compared to the positive control (Figure 8.1.A). As 

the KD clone has only a point mutation in the active site of the protein that does not alter its 

three-dimensional structure, high levels of LKB1 were also detected by the antibody used against 

this construct.  

To quantify further LKB1 expression in the different clones, the protein level was monitored 

regularly during the course of the study (in total twice for OSA and four times for SaOS2 and OST) 

and once for the other two repeats of the infection. The densitometry of the detected bands for 

LKB1 compared to GAPDH was calculated. Overall, LKB1 protein expression over all the repeats 

was 9.2 times higher in SaOS2 KD compared to the respective parental control (p=0.0026 with the 

one-tailed Student’s t-test), 7.5 times for SaOS2 LKB1 (p=0.0078), 14.8 times for OST KD 

(p=0.00063), 11.4 times for OST LKB1 (p=0.0027), 8.8 for OSA KD (p=0.034) and 8.7 for OSA LKB1 

(p=0.0010). These results are illustrated in the bar chart in Figure 8.1.B. 
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Similarly, very high levels of LKB1 mRNA were detected in the knock-in clones compared to the 

parental for each cell line in all the infection replicates performed, with a 33 fold increase in SaOS2 

KD compared to the parental cell line (p=0.017 with the one-tailed Student’s t-test), 28 fold in 

SaOS2 LKB1 (p=0.020), 838 fold in OST KD (p=0.0041), 1176 in OST LKB1 (p=0.0028), 38 fold in OSA 

KD and 30 in OSA LKB1.  

The levels of LKB1 protein and mRNA detected in the EV and P clones were very close to each 

other for all three cell lines. This confirmed that the pBABE construct used had no endogenous 

effect on LKB1 expression.  

 

8.2.2 Morphological changes 

The OST cell line acquired a more spindled morphology in the LKB1 clone compared to the KD and 

parental clones (Figure 8.2). This was not detected in the SaOS2 and OSA cell lines; however, these 

lines already possessed a spindled morphology before the knock-in, which may explain the 

absence of changes observed.  

 

 

  



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 243 of 310 

 

 

 

 

 

 

Figure 8.1: Knock-in efficiency at the protein and mRNA levels. 

A. WB showing LKB1 expression obtained when LKB1 was knocked-in in three different OS cell lines, OSA, 

SaOS2 and OST. A549 was used as a negative control and Jurkat as a positive control. B. Densitometry 

analysis quantifying LKB1 relative protein expression compared to GAPDH and normalised to the parental (P) 

expression for each cell line. C. Fold difference of the relative LKB1 mRNA expression compared to β-actin, 

normalised against parental expression for each cell line. * for p<0.05 and ** for p<0.005 with the Student’s 

t-test. 
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Figure 8.2: Morphology of the LKB1 knock-in clones for each cell line. 

Representative phase contrast pictures (10x) of the kinase dead (KD) or functional (LKB1) clones after 

selection. 
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8.3 Effect of LKB1

To assess whether LKB1 was playing a tumourigenic role in OS, the ability of the LKB1 and KD (e.g. 

the control) clones of the SaOS2 and OST cell lines to form colonies 

described in the Materials and Methods chapter (section

yielded high number of colonies, which were detectable in less than two weeks. The number of 

colonies in both clones was close (

between them for all cell lines (p=0.39 for SaOS2 and p=0.089 for OST with the two

Student’s t-test). 

 

 

Figure 8.3: Bar chart illustrating the results of the colony formation assay with or without 

Average number of colonies detected per well in three independent replicates. Two wells were seeded for 

each replicate.  
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LKB1 knock-in on tumourigenicity 

was playing a tumourigenic role in OS, the ability of the LKB1 and KD (e.g. 

the control) clones of the SaOS2 and OST cell lines to form colonies in vitro

ribed in the Materials and Methods chapter (section 2.10.1). Both clones of both cell lines 

yielded high number of colonies, which were detectable in less than two weeks. The number of 

colonies in both clones was close (Figure 8.3); no statistically significant differences were observed 

between them for all cell lines (p=0.39 for SaOS2 and p=0.089 for OST with the two

: Bar chart illustrating the results of the colony formation assay with or without 

Average number of colonies detected per well in three independent replicates. Two wells were seeded for 
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Average number of colonies detected per well in three independent replicates. Two wells were seeded for 
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8.4 Effect of LKB1 knock-in on cell proliferation 

As performed in the knock-down study, three approaches were used to assess the functional 

effect of LKB1 knock-in on cell proliferation in normal, low glucose and no glucose conditions, as 

described in the Materials and Methods chapter: a growth curve assay (section 2.10.2.2) on all 

three cell lines, an MTS assay (section 2.10.2.1) and a cell cycle assay (section 2.10.2.3) on the 

SaOS2 and OST cell lines. 

 

8.4.1 Results of the growth curve assay 

8.4.1.1 Growth curve 

The growth curve of the KD and LKB1 clones for all three cell lines was monitored in normal and 

low glucose conditions using a live-cell imaging system, the Incucyte (Essex Bioscience). Consistent 

differences were observed between the KD and LKB1 clones in at least three replicates for all three 

cell lines, with a reduced growth rate of the LKB1 clone compared to the KD clone (Figure 8.4). This 

decreased proliferation was subtle in the SaOS2 cell line, but very dramatic in the OSA cell line.  

 

8.4.1.2 Growth rate quantification 

To quantify further this result, the growth rate of the different clones during the exponential 

growth phase was calculated by linear regression (Figure 8.5.A). During this phase, the growth rate 

is a constant and can be computed using the density of cells and time points from the Incucyte 

data. Although the growth rate obtained for the SaOS2 cell lines showed a higher rate in the KD 

compared to the LKB1 clone in 7 replicates in normal conditions and 4 replicates in low glucose 

conditions, these differences were not statistically significant (p=0.56 with the two-tailed paired 

Student’s t-test in normal conditions and p=0.37 in low glucose conditions). However, the 

differences were significant for the OST and OSA cell lines in normal conditions (p=0.0017 and 

p=0.0042 respectively with the one-tailed paired Student’s t-test) in 6 and 5 replicates respectively 

and in low glucose for the OSA cell line (p=0.046) in 3 replicates. The same trend was observed in 

low glucose for the OST cell line but the difference was not significant (p=0.094) in 3 replicates. 
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Figure 8.4: Effect of LKB1 knock-in on proliferation by growth curve recorded with the Incucyte. 

The growth curve is represented by the average confluency measured with the Incucyte over time for SaOS2 

(A. and B.), OST (C. and D.) and OSA (E. and F.) cell lines in normal or low glucose conditions. One 

representative curve out of the three replicates performed is presented here. The clone LKB1 is represented 

by  a dark blue triangle, and the clone KD by a light blue circle for every cell line. 
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Figure 8.5: Quantification of cell growth rate with or without LKB1 knock-in. 

A. Average growth rate computed by linear regression for SaOS2 (n=7 and n=4 replicates respectively), OST 

(n=6 and 3 resp.) and OSA (n=5 and 3 resp.) in normal (++) or low glucose (+) conditions. B. Growth rate 

measured by cell counting during culture in normal conditions for SaOS2 (n=8 experiments) and OST (n=9).  

*  for p<0.05 and ** for p<0.005 with the Student’s t-test.  



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 249 of 310 

 

Similar results were found when the growth rate was calculated with another method, by directly 

counting the cells. The ratio of the number of cells obtained at near confluence divided by the 

number of cells seeded and the number of days of growth was computed, to estimate the growth 

rate per day in normal conditions for the KD and LKB1 clones in the SaOS2 and OST cell lines 

(Figure 8.5.B). No difference was found for the SaOS2 cell line in 8 replicates (p=0.16 with the two-

tailed paired Student’s t-test), but it was statistically significant for the OST cell line in 9 replicates 

(p=0.030 with the one-tailed paired Student’s t-test).  

 

8.4.1.3 Validation by BrdU assay 

Finally, to validate the results observed on the Incucyte, a BrdU assay was performed in parallel to 

a growth curve assay as described in the Materials and Methods chapter (section 2.10.2.4). In one 

replicate, 4.7% more cells were positive for BrdU in the KD clone compared to the LKB1 clone in 

the OST cell line. The growth curve of the cells monitored with the Incucyte 24 hours before the 

BrdU experiment also showed that the KD clone had an increased proliferation rate compared to 

the LKB1 clone (Figure 8.6 below). 

 

Figure 8.6: Effect of LKB1 knock-in on proliferation in OST cell line with the BrdU (A.) and the growth curve 

(B.) assays. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 250 of 310 

 

8.4.2 Results of the MTS assay 

To elucidate whether the differences in proliferation were also detected by monitoring the cell 

metabolism, an MTS assay was performed with three cell densities in normal and low glucose 

conditions, with the SaOS2 and OST cell lines. Virtually no differences were found in the OST cell 

line. However, the LKB1 clone in the SaOS2 cell line had a decreased metabolism compared to the 

KD clone in both conditions. These differences could be observed at all cell densities, and were 

statistically significant at day 2 and 3 in the lowest cell density (p=0.0099 and p=0.023 respectively 

with the one-tailed paired Student’s t-test) and the intermediate cell density (p=0.0034 and 

p=0.030 resp.) in normal conditions. The same trend was observed in low glucose conditions with 

significant differences at day 2 and 3 in the lowest cell density (p=0.041 and 0.024 resp.), day 1 in 

the highest (p=0.039) and close to significance in day 3 in the intermediate (p=0.06).  

 

 

Figure 8.7: Effect of LKB1 knock-in on cell proliferation by MTS assay. 

Three cell densities were plated for each cell line and the experiment was performed in normal or low 

glucose conditions. * for p<0.05 and ** for p<0.01 with the Student’s t-test. 
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8.4.3 Results of the cell cycle assay 

As significant differences were observed by MTS assay after two to three days of culture in SaOS2 

but not the OST cell lines, their cell cycle profile was monitored after 2.5 days of culture as 

previously described. No consistent differences were observed in both cell lines between the KD 

and LKB1 clone in all three conditions studied (Figure 8.8). 

 

8.4.4 Conclusion for the effect of LKB1 knock-in on cell proliferation 

All three cell lines showed reduced cell growth rate as shown with the Incucyte in LKB1 knocked-in 

cell lines compared to the KD control. The validity of this method was confirmed by cell counting 

and BrdU assay on the OST cell line. The functional mechanism underlying these differences 

differed in the cell lines used, as the LKB1 clone showed a reduced metabolic activity by MTS assay 

compared to the KD clone in the SaOS2, but not the OST cell line.  
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The Figure continues on the next page 
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Figure 8.8: Cell cycle analysis of LKB1 knock-in. 

The average proportion of cells over three experiments in pre-apoptotic, G1, S and G2 phases for the KD and 

LKB1 clones in normal (++), low glucose (+) and no glucose (-) conditions is given for SaOS2 (A.) and OST (C.). 

A representative profile obtained by PI staining by flow cytometry is also given for each cell line in C. and D. 
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8.5 Effect of LKB1 knock-in on cell migration 

8.5.1 Results of the scratch assay 

The functional effect of LKB1 on cell migration was first assessed by scratch assay on the SaOS2 

and OSA cell lines in all three conditions (Figure 8.9). The OST cell line could not close the wound 

inflicted with any of the clones prepared. This is due to its limited ability to migrate when grown in 

adherence. Hence this cell line was not suitable for testing by this method. No reproducible 

differences were found for the SaOS2 cell line in the four replicates performed. The KD clone 

consistently closed the wound at a higher rate than the LKB1 clone for the OSA cell line in all 

conditions. 

 

8.5.2 Results of the transwell assay 

As mentioned in section 8.2.2, LKB1 knock-in induced a morphological change in the OST cell line, 

leading to a more spindle appearance of the LKB1 clone compared to the KD clone (Figure 8.2). 

This could be due to a disruption in the cell polarity induced by LKB1 re-expression and may 

influence its migration ability. Therefore, the transwell assay described in section 2.10.3.2 was 

used to assess the functional effect of LKB1 on migration in the OST and SaOS2 cell lines. An 

increased number of cells were detected in the KD clone compared to the LKB1 clone in the OST 

cell line in all five replicates; although the results were not statistically significant, the p-value 

obtained was close to 0.5 (p=0.056 with the one-tailed paired Student’s t-test). On the contrary, a 

reduced number of cells were found to migrate through the transwell for the clone KD in the 

SaOS2 cell line compared to the LKB1 clone, and the difference obtained was significant (p=0.048). 

This is illustrated in Figure 8.10. 

 

8.5.3 Conclusion on the effect of LKB1 knock-in on cell migration 

As observed for cell proliferation, the effect of LKB1 knock-in was cell line dependent. Indeed, re-

expression of the gene in the OSA and OST cell lines induced a decreased migration potential by 

scratch or transwell assays, whereas migration of the LKB1 clone was enhanced compared to the 

KD clone in the SaOS2 cell line by transwell assay.  
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Figure 8.9: Representative graphs and pictures of the scratch assay for SaOS2 (A.) and OSA (B.) cell lines. 

Graph of the well confluency recorded with the Incucyte and representative pictures at the start (t=0) and at 

the end (t=30 to 46h) in normal (1.), low glucose (2.) and no glucose (3.) conditions.  
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Figure 8.10: Cell migration assessed by the transwell assay. 

A. Graph illustrating the average number of migrating cells counted in 4 pictures in each well (n=5) with or 

without LKB1 knock-in. B. Representative pictures of the migrating cells stained with crystal violet 

(magnification 10x). * for p<0.05 with the one-paired Student’s t-test. 
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8.6 Effect of LKB1 knock-in on anoikis 

The functional effect of LKB1 knock-in on cell survival was monitored, as it was affected by LKB1 

knock-down in the HOB cell line (Figure 7.7). As no consistent differences were observed in the 

proportion of pre-apoptotic cells in the cell cycle analysis of both SaOS2 and OST in all three 

conditions (Figure 8.8), the survival of the LKB1 clone compared to the KD clone was only assessed 

in anchorage independent conditions, as described in section 2.10.1.  

As found for cell proliferation and migration (section 8.4.4 and 8.5.3), the functional effect of LKB1 

knock-in in the SaOS2 cell line were dissimilar to that in the OST cell line. In normal and low 

glucose conditions, the LKB1 clone consistently presented an increased proportion of apoptosing 

cells compared to the KD clone in the SaOS2 cell line (on average 8% and 4% respectively). On the 

contrary, in the OST cell line, the proportion of apoptosing cells decreased in the LKB1 compared 

to the KD clone in these two conditions (of 4% and 2% respectively). These results were 

statistically significant in low glucose for the SaOS2 cell line (p=0.039 with the one-tailed paired 

Student t-test) and in normal conditions for the OST cell line (p=0.032). In the absence of glucose, 

both cell lines tended to survive better in non-adherent conditions when LKB1 was re-expressed, 

but these differences were not significant (Figure 8.11).  
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Figure 8.11: Effect of LKB1 knock-in on anoikis in the SaOS2 (A.) and OST (B.) cell lines. 

The bar chart represents the proportion of cells in early or late apoptosis as detected by Annexin V and PI 

staining recorded by flow cytometry. The cell lines were cultured in non-adherent conditions in normal (++), 

low glucose (+) or no glucose (-) conditions. * for p<0.05 with the Student’s t-test.  
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8.7 Discussion  

The knock-down of LKB1 in immortalised osteoblasts reported in the previous chapter suggests 

that LKB1 plays a functional role in OS pathogenesis by disrupting cell proliferation and cell 

survival. To confirm these results, the gene was knocked-in in three LKB1-deficient OS cell lines. 

The effect of this was to induce a decrease in cell proliferation in all three cell lines tested. 

However, the amplitude and the mechanism of this functional effect differed between the cell 

lines, and opposite effects were seen in cell migration and cell survival depending on the cell line. 

Therefore, it raises the question of the value of these cell lines as a model and underlines the 

importance of the genetic context where loss of LKB1 occurs.  

 

8.7.1 LKB1 functional role in cell proliferation 

8.7.1.1 Use of panel of assays and discrepancies observed 

LKB1 has been shown to play a role in cell growth mainly via AMPK (Inoki et al. 2003) as presented 

in the Introduction (Figure 1.9). We confirmed this function of LKB1 in OS by monitoring cellular 

growth curves in the KD compared to the LKB1 clones in the three knocked-in cell lines SaOS2, OST 

and OSA (Figure 8.4). These results were validated by estimating the growth rate in the two clones 

for all cell lines, with statistically significant differences for OST in normal conditions and for OSA in 

normal and low glucose conditions (Figure 8.5). Furthermore, the results in normal condition in 

the OST cell line were supported by the evaluation of the growth rate by cell counting (Figure 8.5) 

and by a BrdU assay (Figure 8.6). 

Nevertheless, the magnitude of these differences varied in each cell line; the effect in SaOS2 was 

quite minor compared to OSA and OST, and although the same trend was observed in the growth 

curves, the decrease in the growth rate in SaOS2 was not statistically significant. Furthermore, 

significant differences were observed by MTS assay for the SaOS2 cell line, but not with the OST 

cell line (Figure 8.7). Similarly, small differences had been observed in the LKB1 knocked-down cell 

line of normal osteoblasts HOB by MTS assay rather than by the growth curve assay in the 

previous chapter.  

No effects were seen by cell cycle analysis on the three cell lines. This may be due to the fact that 

the assay was not performed during the peak of the differential cell growth as it was performed 
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after 60 hours of growth, whereas the growth curves showed significant differences after 24 to 36 

hours of culture. It may also be because of reduced sensitivity of this assay, compared to the BrdU 

assay, which did show differences.  

It can be concluded that LKB1 re-expression altered cell proliferation in all three cell lines, but that 

the underlying mechanism leading to this may differ between them. 

 

8.7.1.2 Possible mechanisms leading to the differences observed 

LKB1 is known to act mainly on cell proliferation by its action on cell metabolism via the 

phosphorylation of its downstream kinase AMPK (Shaw et al. 2004). Loss of LKB1 can then induce 

a disruption of the coordination between cellular growth and external stimuli – like glucose 

starvation – a hallmark of cancer. But LKB1 has also been reported to act via the TGF-β pathway, 

as Katajisto et al have demonstrated that loss of LKB1 in the mesenchymal compartment of the 

guts in mice led to abnormal epithelial proliferation (Katajisto et al. 2008). Therefore it is possible 

that LKB1 loss in OS is enforced either via the AMPK or the TGF-β pathways, depending of the 

genetic context.  The parallel observed between the SaOS2 and HOB cell lines suggests that in 

these cells, LKB1 is only acting via its main pathway and affects cell proliferation by controlling cell 

metabolism, yielding a rather minor effect. On the contrary, the effect in the OST cell line may be 

channelled through the TGF-β pathway as no differences were detected in the MTS assay. To 

confirm this, the effect of LKB1 loss should be studied with a systematic approach and the 

downstream players in each cell line need to be investigated. These processes should be 

deciphered further but this is beyond the scope of this study.  

 

Overall, we have confirmed the results found in the previous chapter in the context of normal 

bone, and LKB1 exerts an effect on cell proliferation in normal conditions and in starvation in OS 

cell lines.  
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8.7.2 Cooperation of LKB1 with another gene? 

8.7.2.1 Discrepancies between cell lines point to the implication of another 

gene 

It was observed that LKB1 knock-in had different effects depending on the cell line used as a 

model. For cellular growth, as discussed in the previous paragraph, it may be accounted for by an 

involvement of either AMPK or TGF-β signaling pathways, although this needs to be confirmed. 

Hence the cell proliferation data imply that the role of LKB1 is dependent on the genetic context in 

the cell lines. This could also explain why the effect of LKB1 re-expression is more dramatic in 

some lines compared to others. Therefore, we hypothesise that it is probable that LKB1 loss is 

cooperating with another genetic abnormality that enhances its effect on proliferation in the OSA 

and OST cell lines; this additional hit may not be present in SaOS2, where the effects observed on 

cell proliferation were minor and caused by a different mechanism.  

Different responses were found for the functional effect of LKB1 re-expression in the SaOS2 and 

the OST or OSA cell lines for cell migration and cell survival. They were more dramatic than that 

observed for cell proliferation, with opposite results for cell migration and cell survival in non-

adherent conditions in normal and low glucose conditions. This suggests further that the effect of 

LKB1 depends on the genetic context and that another genetic abnormality may cooperate with 

LKB1 loss.  

 

8.7.2.2 Possible gene candidates cooperating with LKB1 

As discussed in paragraph 8.7.1.2, cooperation between LKB1 and the TGF-β pathway may account 

for the differences observed on a proliferation level.  

Additionally, LKB1 has been reported to promote apoptosis by several mechanisms, including by 

its action on p53 via its downstream kinases AMPK, SIK and NUAK, depending on the 

environmental stimuli (section 1.2.1.2). However, the action of LKB1 on the p53 pathway could 

also be via its interaction with p21 (Zeng et al. 2006). The status of AMPK, SIK, NUAK and p21 is 

unknown in the three OS cell lines used in this study. The cooperation of LKB1 with a member of 

the p53 pathway may explain the differences observed in the anoikis experiment between the 

SaOS2 and OST cell line. p53 has been reported as mutated in SaOS2 but the OSA and OST cell 
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lines are wild type (Asada et al. 1999, Ottaviano et al. 2010), so these different genetic background 

may also account for the discrepancies obtained. 

Furthermore, expression of LKB1 in OS cells has previously been reported to induce apoptosis via 

TRAIL (TNF-related apoptosis inducing ligand) due to its interaction with DAP3 (death associated 

protein 3)(Takeda et al. 2007). This could explain why LKB1 re-expression induces apoptosis in the 

SaOS2 cell line, whereas OST may have abnormalities preventing the activation of TRAIL-mediated 

apoptosis. However, this needs to be confirmed.  

It is of note that SaOS2 has been reported as dependent on Src for anoikis, a mechanism which is 

involved in metastasis (Diaz-Montero et al. 2006). As cooperation between Src and LKB1 to 

promote metastasis has been shown in lung cancer (Carretero et al. 2010), such a mechanism 

could also be at play in the SaOS2 rather than in the OST cell line. The status of Src and its pathway 

is unknown in OSA and OST and its role needs to be confirmed in our model.  

Concerning the role of LKB1 in cell migration, it has been reported either to phosphorylate the 

MARK family  - and by changes to cell polarity to alter migration (Figure 1.9) - or interact with PAK1 

in cooperation with Src, as mentioned in the Introduction (Carretero et al. 2010, Deguchi et al. 

2010). As reported above, Src has already been shown to play a role in anoikis in SaOS2, so this 

may also explain the discrepancies observed for the migration assays. To conclude, cooperation 

between LKB1 and Src that promotes cell migration and cell survival may be in place in some of 

the OS cell lines selected for the knock-in experiments. 

The cooperation of LKB1 with another gene, to enhance its effect, has been reported in other 

cancers (section 1.2.1.4): with Kras to promote metastasis in lung cancer (Carretero et al. 2010, Ji 

et al. 2007) and cell growth and survival in pancreatic cancer (Morton et al. 2010) and with β-

catenin to promote cell growth in hepatocellular carcinoma. No activating mutations in Kras have 

been reported in OS, but drugs indirectly targeting its pathway have been reported to have an 

effect in OS. Indeed, Sorafenib decreased tumour growth, angiogenic activity and metastasis in 

vitro and in vivo, possibly by targeting Erk (Pignochino et al. 2009) and RANK-Fc was shown to limit 

cell migration and invasion also by targeting Erk in vivo (Akiyama et al. 2010).  β-catenin has been 

reported as not activated in OS cases (Cai et al. 2010), although this is under debate as mentioned 

in the Introduction (section 1.1.5.3).  
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Hence, there are multiple candidates that may cooperate with LKB1 to account for the 

discrepancies observed. Further studies are needed to elucidate which of these are at play in the 

cell lines used and more generally in OS cases, but this is beyond the scope of this study.  

 

8.7.3 Implications for new therapeutic strategies in Osteosarcoma 

We have demonstrated in this chapter that LKB1 promotes cell proliferation in OS by knock-in in 

vitro in OS cell lines. This confirms that LKB1 plays a role in OS pathogenesis. As it is a tumour 

suppressor gene, designing a therapy is more complex than for an oncogene and should restore 

the gene function. By deciphering which downstream effectors are involved, it may be possible to 

design activators of these kinases. For example, activators of AMPK have already been tested, such 

as metformin, used to treat diabetes and proposed for treatment of lung cancer (Memmott et al. 

2010); it could prove useful to control cell proliferation in OS cases with reduced LKB1 expression. 

Similarly, the design of activators of SIK or MARK families could help to counter the functional 

effect of LKB1 loss on anoikis and cell migration. Further studies are warranted first on the LKB1 

network to assess which kinase to target in OS.  

The discrepancies observed between the cell lines indicates that LKB1 may cooperate with another 

gene. Investigating this cooperation could help to design new treatments to target both LKB1 and 

its partner’s pathways.  

We have already demonstrated that LKB1 loss in OS cases correlated with mTOR activation, 

suggesting that cases with loss of this protein should be treated with drugs targeting mTOR. 

Moreover, Carretero et al have discovered that LKB1 and Src cooperate in lung cancer to promote 

cell proliferation and cell migration by a coordinated action on the mTOR and PAK1 pathways 

(Carretero et al. 2010). Src also possibly cooperates with LKB1 in OS, as suggested in paragraph 

8.7.2.2. A drug targeting Src, dasatinib, is available but effects have only been seen in vitro in the 

SaOS2 and U2OS cell lines (Shor et al. 2007, Spreafico et al. 2008a), but not in vivo (Hingorani et al. 

2009). This may be due to a compensation mechanism between the two partners. Therefore, the 

effect of dasatinib may be enhanced if the pathways downstream of LKB1 were simultaneously 

targeted. For example, the use of a combination of Rapamycin and dasatinib may prove more 

successful than each of them alone. Alternatively, activators of AMPK in combination with 

dasatinib should be efficient as cooperating agents.  
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Other candidate genes cooperating with LKB1 include Kras via the Erk pathway, TGF-β and its 

pathway or p21 via the p53 pathway. As for Src, deciphering the role of LKB1 within its network 

and its cooperation with this pathway may help to design new therapies in OS, or to enhance the 

effect of existing molecules such as Sorafenib or Rank-Fc, whose effect on OS via Erk has already 

been reported (section 8.7.2.2 and 1.1.6.1). 

To conclude, a better understanding of LKB1 and its network in OS will help to design new 

therapeutic strategies that could, depending on the genetic context of the cells, help to control 

cell proliferation, cell migration and cell survival.  
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Chapter 9: CONCLUSION AND FUTURE WORK 

9.1 Summary 

The objective of the thesis was to assess the role of LKB1 in OS pathogenesis, with the long term 

aim of identifying the factors driving this rare and aggressive disease.  

As the mTOR pathway is the most widely reported downstream pathway constitutively activated 

by LKB1 loss and as it provides potential therapeutic targets currently under review in OS, the 

first result chapter focused on its status in this sarcoma (Chapter 3). The pathway was found to 

be activated in a vast majority of OS cases, with 137 of 158 (87%) cases positive by IHC for p-

mTOR, p-S6K or p-RPS6. This confirms the potential usefulness of mTOR pathway inhibitors such 

as Rapamycin and its analogs for the treatment of OS. Activation of the pathway was associated 

with disease progression. The TSC1/2 complex seemed to play a central role in the status of the 

pathway in OS. Activation of TSC2 by Akt was detected in 67% of the cases, and associated with 

disease progression and chemotherapy response, the latter result being confirmed by IHC in a 

larger cohort of cases. Nevertheless, p-TSC2 could not be used as a prognostic marker to predict 

chemotherapy response. TSC2 can integrate the signals from Akt of LKB1 to regulate mTOR 

activation and a subset of cases showed mTOR activation without TSC2 activation (32 of 120, 

27%). TSC1 protein was not detected by IHC in a subset of cases (13 of 137, 9.5%), probably 

leading to constitutive activation of the pathway. Mutations of this gene have been reported by 

the Sanger Institute as part of the Cancer Genome Project. Constitutive activation of the 

pathway could also be accounted for by loss of PTEN in our cohort, as previously reported. 

Overall, the role of the TSC complex in the mTOR pathway activation pointed to a possible 

involvement of LKB1.  

Therefore, the second result chapter focused on evaluating the expression of this tumour 

suppressor gene at the protein level in OS cases and cell lines (Chapter 4). It was indeed reduced 

in a subset of OS cases and cell lines, as confirmed by two different techniques, IHC and WB. Six 

of 15 (40%) OS cell lines showed low or no protein expression by WB, 23 of 26 (88%) OS cases by 

WB and 153 of 259 (59%) by IHC, and the association between the two methods was good. A 

strong association was found between loss of LKB1 protein expression and p-TSC2 detection, 

and loss of LKB1 was also strongly associated with mTOR pathway activation. This confirmed its 
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role in the constitutive activation of the pathway. Better understanding of this network in OS 

can help to improve the design of therapies targeting this pathway. LKB1 could not be used as a 

biomarker although its loss was more frequently observed in OS with a good response to 

chemotherapy. No other relationships were found with the clinical data.  

The following result chapter (Chapter 5) aimed at confirming the pathogenic role of LKB1 by 

assessing its status as a tumour suppressor or as a haploinsufficient gene in OS. Genetic 

abnormalities were investigated using a panel of techniques. It was concluded that LKB1 

regulation was post-transcriptional in OS and that only a small number of cases exhibited 

haploinsufficient loss of LKB1, with 1 of 12 (8%) having confirmed LOH with copy number loss by 

qPCR. No differences were detected by FISH, showing that loss of the whole 19p13.3 locus was 

very rare, but microdeletions of LKB1 at the SNP level was present in 5 of 12 (42%) cases. No 

additional hit was found; no mutations were detected and mRNA was present in all cases, 

excluding the occurrence of silencing by gene methylation.  

To investigate the mechanism leading to the post-transcriptional regulation of LKB1 in OS, as 

established in Chapter 5, two hypotheses were tested: a regulation via miRNA or via decreased 

protein stability. A direct regulation of LKB1 mRNA by miRNA was excluded by comparing the 

most deregulated miRNA in three cases expressing no LKB1 protein compared to four cases 

expressing it at high levels. However, miRNA affecting the LKB1 complex directly by targeting 

Stradα and MO25α or its stability by targeting SIRT1 and HSP90 were deregulated; this suggests 

that they could play a role in LKB1 protein expression in OS. This result was validated by data 

mining: the predicted targets of the identified miRNA were relevant to bone biology or to the 

LKB1 network. This validated the feasibility of using patient miRNA signatures to investigate the 

pathogenesis of OS. Concerning the second hypothesis studied in Chapter 6, SIRT1 has been 

shown to influence LKB1 stability by acetylation and its expression was studied at the mRNA 

level by qRT-PCR. No relationship was found between LKB1 and SIRT1 mRNA expression, but this 

cannot exclude its role in LKB1 post-transcriptional regulation. The exact mechanism of LKB1 

post-transcriptional regulation was not fully deciphered, although direct targeting by miRNA was 

excluded.  

Consequently, the role of LKB1 as a driver of OS pathogenesis was confirmed by showing its 

functional role first in the context of normal bone (Chapter 7). The model used was a permanent 

knock-down of LKB1 by shRNA in a human immortalised osteoblast cell line. No effects were 
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found on tumourigenecity by colony formation assay in soft agarose and on cell migration. 

However, a reduced LKB1 expression in osteoblasts led to an increased proliferation in low 

glucose conditions by MTS assay. Knocked-down cells also tended to have a higher proportion of 

proliferating cells (i.e. in G2 and S phase) in all conditions by cell cycle profile. Small effects were 

also found in cell survival by Annexin V and PI staining, with a tendency for decreased cell death 

in adherent and non-adherent conditions.  

The differences found in Chapter 7 were small, although in accordance with the results reported 

for Lkb1 haploinsufficient loss in vivo in a mouse model. Therefore, another model was used as a 

validation in the last result chapter: the functional effect of LKB1 knock-in was assessed in three 

OS cell lines. As in the knocked-down model, differences were recorded in all cell lines for cell 

proliferation, with a slower growth for LKB1 knocked-in cells monitored by growth curve with 

the Incucyte. These results were validated by cell counting and BrdU assay for the OST cell line. 

The mechanism leading to cell proliferation appeared to differ in the SaOS2 and OST cell line, 

with differences noted by MTS assay for the first but not the latter. Discrepancies were also 

found between SaOS2 and the other cell lines for cell migration by scratch and transwell assays 

and for cell survival in non-adherent conditions by Annexin V and PI staining. This suggests that 

LKB1 loss may be cooperating with another genetic event in some cell lines.  

To conclude, this work has demonstrated that LKB1 protein expression is lost in OS by a post-

transcriptional mechanism, and this promotes OS pathogenesis mainly by inducing an increased 

cell proliferation, via the mTOR pathway and possibly other signalling networks.  
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9.2 Future work 

9.2.1 New therapeutic strategies 

The data presented in this thesis could lead to several new projects. The identification of the 

role of mTOR and LKB1 in OS pathogenesis can be implemented into the design of innovative 

treatments.  The effort already initiated for the use of mTOR targeted therapy to treat OS needs 

to be pursued. Moreover, our work has shown that several combination therapies could 

enhance the effect of Rapamycin, which only induces cell cycle arrest but not apoptosis in vitro 

and in vivo as presented in the Introduction (section 1.2.3.2). Targeting simultaneously mTOR 

with Rapamycin and its analogs and Akt, TKR with dedicated inhibitors or ezrin and Erk with 

Sorafenib could give better results; this needs to be tested in clinical trials. As loss of LKB1 can 

constitutively activate mTOR, the treatment of patients with this abnormality with both 

Rapamycin and AMPK activators like metformin can also be considered. Similarly, dasatinib, 

which targets Src, has been reported to have limited effects in vivo (section 1.1.6.1); it could be 

enhanced in cases lacking LKB1 protein expression by re-establishing its function using 

Rapamycin or metformin. Pre-clinical studies and clinical trials are also warranted to validate 

this therapeutic strategy.   

The study of the mTOR pathway also suggested that PR and GR to chemotherapy may have 

different mechanisms of activation of the mTOR pathway, caused more frequently by over-

activation of Akt in PR and loss of LKB1 in GR. This suggests that different therapeutic design 

should be considered in these two groups, and this has to be studied further.  

 

9.2.2 Post-transcriptional regulation of LKB1 

We have shown that LKB1 protein expression is unlikely to be regulated by direct binding of 

miRNA to its mRNA. The role of miRNA predicted to target the members of the LKB1 complex, 

Stradα and MO25α, needs to be confirmed on a larger cohort. Additionally, the targets were 

predicted bioinformatically and need to be confirmed by reporter assay.  

Preliminary results have not shown any relationship at between SIRT1 and LKB1 expression at 

the mRNA level, but this does not exclude a role of this gene in LKB1 post-transcriptional 

regulation. To confirm this is mediated by a decreased protein stability, LKB1 protein expression 
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should be monitored in cell lines treated with proteosome inhibitors. SIRT1 protein expression 

should also be assessed in OS cases and cell lines, and LKB1 expression in the presence of the 

SIRT1 inhibitor sirtinol or of siRNA against SIRT1 mRNA needs to be evaluated. Finally, 

determining the acetylation status of LKB1 in these models would help to uncover the role of 

SIRT1.  

 

9.2.3 LKB1 and its network 

The functional analysis of LKB1 knock-down in osteoblasts and knock-in in OS cell lines has 

demonstrated its role in cell proliferation, but has also raised new questions. The effects noted 

were rather small and discrepancies were noted between the different cell lines. This suggests 

that LKB1 may be cooperating with another gene and its function needs to be understood within 

its network. LKB1 can de-regulate the TGF-β pathway, as demonstrated for the formation of 

polyps in the gut (Katajisto et al. 2008), and it would be interesting to investigate further the 

role of this pathway in connection of LKB1 in OS. LKB1 can also interact with several 

downstream kinases and understanding the effect of its loss at a molecular rather than only at a 

functional level would help to design new therapies. This potential partner and the downstream 

targets of LKB1 could be identified by gene expression microarray or protein arrays.  It would be 

interesting to understand the role of LKB1 loss not only within osteoblasts, but also with regards 

to the cross-talk between osteoblasts and osteoclasts, as promising therapeutic strategies 

targeting osteoclasts are currently under development in OS. 
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Chapter 10: SUPPLEMENTARY DATA 

Case 

ID 

Response to 

chemo 

therapy 

Patient in 

EURAMOS 

Patient 

age 

Patient 

sex 
Subtype Tumour site 

LKB1 

status 

79_1.1 Excellent Yes 17 F Osteoblastic Distal femur  

79_1.2 Excellent Yes 23 M Osteoblastic 
Proximal 

tibia 
 

79_1.3 Excellent Yes 10 F Telangiectatic Distal femur  

79_1.4 Excellent Yes 16 F Osteoblastic Distal femur + 

79_2.1 Very poor Yes 11 M 

Mixed (including 

chondroblastic 

areas) 

Femur  

79_2.2 Very poor No 16 M 

Periosteal, with 

mixed osteoblastic 

and chondroblastic 

areas 

Distal femur  

79_2.3 Very poor Yes 13 M 
Mixed (fibroblastic 

and osteoblastic) 
Distal femur  

79_2.4 Very poor No 56 F 
Mixed (osteoblastic 

and telangiectatic) 
Distal tibia  

82_1.1 Good Yes 12 F Osteoblastic Distal femur  

82_1.2 Very poor No 16 M Osteoblastic 
Vertebra 

T12 
 

82_1.3 Good No 10 M Osteoblastic Distal femur  

82_1.4 Excellent Yes 15 NA Osteoblastic Distal femur – 

82_2.1 Poor No 13 M 
Osteoblastic or 

osteoblastoma-like 

Proximal 

tibia 
+ 

82_2.2 Good Yes 8 F 
Mixed (osteoblastic 

and chondroblastic) 
Distal femur + 

82_2.3 Poor Yes 15 F 
Mixed (osteoblastic 

and chondroblastic) 
Distal femur  

82_2.4 Good Yes 15 F 
Mixed (osteoblastic 

and chondroblastic) 

Proximal 

tibia 
+ 

83_1.1 Poor No 14 M Osteoblastic Distal femur  

83_1.2 Very poor No 19 F Parosteal Distal femur  

83_1.3 Excellent No 12 F Fibroblastic Distal femur – 

83_1.4 Poor No 15 F Conventional Femur – 

83_2.1 Good No 11 F Chondroblastic Distal femur  

83_2.2 Poor Yes 16 M Chondroblastic 
Proximal 

femur 
 

83_2.3 Excellent No 14 M Osteoclast rich 
Proximal 

tibia 
 

83_2.4 Good Yes 14 F 
Mixed (osteoblastic 

and telangiectatic) 
Distal radius  

Table 10.1: Clinical characteristics of the 24 cases used in the miRNA microarray. 

The last column indicates the result of the IHC for the seven cases with high (+, n=4) or no (–. n=3) LKB1 

protein expression and used to identified miRNA associated to LKB1 regulation.  
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miRNA ID Prediction with PITA Prediction with Targetscan 

hsa-miR-93 -0.25 -0.28 

hsa-miR-330-5p -0.38 -0.25 

hsa-miR-483-3p -7.59 -0.16 

hsa-miR-516b -9.38 -0.16 

hsa-miR-519d -1.00 -0.28 

hsa-miR-602 -8.77 -0.04 

hsa-miR-604 -1.28 -0.12 

hsa-miR-615-5p -8.58 -0.26 

hsa-miR-637 -4.60 -0.02 

hsa-miR-663 -5.74 -0.46 

hsa-miR-744 -1.27 -0.14 

hsa-miR-1225-3p -3.46 -0.02 

hsa-miR-1268 -7.63 -0.06 

hsa-miR-1299 -11.93 -0.14 

Table 10.2: Bioinformatic predictions of miRNA targeting LKB1 with PITA and Targetscan. 
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Figure 10.1: Heatmaps showing the overall level of expression (A.) and the differential expression (B.) of 

miRNA probes predicted to target LKB1 in 22 OS cases. 

Yellow indicates an upregulation compared to the median, red a downregulation and black no differences. 

Each line represents a miRNA probe and each column one OS case. The result for LKB1 protein expression by 

IHC is indicated as Positive or Negative for each case, next to the case ID.  
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Figure 10.2: LKB1 immunoreactivity of the human OS biopsy cases selected for in the miRNA microarray. 

Magnification 20x. The bar represents 20µm. 
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The Figure continues on the next page 

A. 
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 The Figure continues on the next page 

B. 
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C. 

The Figure continues on the next page 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 279 of 310 

 

The Figure continues on the next page 

D. 
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The Figure continues on the next page 

E. 
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Figure 10.3: Scheme of the Wnt (A.), MAPK (B.), TGF-β (C.), cell cycle (D.), mTOR (E.) and Hedgehog (F.) signaling pathways, highlighting the genes predicted 

to be targeted by the miRNA signature deregulated between OS cases expressing LKB1 or not. 

The scheme was obtained from KEGG pathways. Targeted genes are represented with a red star. Only the highly conserved targets predicted by Targetscan 

were used for this study. 

 

F. 
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Figure 10.4: Heatmap of the most differentially expressed miRNA in OS compared to other cell types. 

The color key and histogram of the Z-score of all cases is presented in A. Yellow indicates an upregulation 

and red a downregulation. The heatmap of the 60 most differentially regulated miRNAs between OS and 

other cell types, including Schwann cells (SC), neurofibroma (NF) and malignant nerve sheath tumours 

(MPSNT) is in B. Each column corresponds to one case. 

  



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 283 of 310 

 

miRNA ID p-value Fold change 

hsa-miR-9 3.30E-09 0.166508 

hsa-miR-30a 3.56E-11 0.28864 

hsa-miR-125b 1.60E-09 0.278629 

hsa-miR-126 1.17E-20 6.20034 

hsa-miR-144 4.79E-14 9.62298 

hsa-miR-144* 2.64E-13 7.24893 

hsa-miR-181a 3.92E-09 3.457053 

hsa-miR-181a* 2.51E-09 3.135951 

hsa-miR-196b 1.45E-08 3.405563 

hsa-miR-199a-5p 7.15E-11 7.05517 

hsa-miR-199b-3p 1.42E-08 5.38909 

hsa-miR-204 4.80E-11 0.083874 

hsa-miR-210 2.24E-10 3.345699 

hsa-miR-214 1.26E-10 6.69369 

hsa-miR-338-3p 1.26E-12 0.108618 

hsa-miR-378 4.19E-10 3.118598 

hsa-miR-411 1.18E-09 0.327722 

hsa-miR-451 1.15E-20 99.4036 

hsa-miR-486-5p 5.40E-14 16.1354 

hsa-miR-601 3.55E-10 3.511062 

hsa-miR-645 1.11E-10 3.730048 

hsa-miR-765 1.48E-08 3.708748 

hsa-miR-934 1.46E-11 6.25161 

hsa-miR-1226* 6.37E-10 3.238614 

Table 10.3: List of the 24 most differentially regulated miRNA in OS compared to MPNST. 

 

  



The role of LKB1 in the pathogenesis of OS  L Duhamel 

Page 284 of 310 

 

Chapter 11: REFERENCES 

Adhikari, A. S., Agarwal, N., Wood, B. M., Porretta, C., Ruiz, B., Pochampally, R. R., & Iwakuma, T. 2010, "CD117 and Stro-

1 identify osteosarcoma tumor-initiating cells associated with metastasis and drug resistance", Cancer Research, vol. 70, 

no. 11, pp. 4602-4612. 

Akiyama, T., Choong, P. F., & Dass, C. R. 2010, "RANK-Fc inhibits malignancy via inhibiting ERK activation and evoking 

caspase-3-mediated anoikis in human osteosarcoma cells", Clin Exp.Metastasis, vol. 27, no. 4, pp. 207-215. 

Akiyama, T., Dass, C. R., & Choong, P. F. 2008, "Novel therapeutic strategy for osteosarcoma targeting osteoclast 

differentiation, bone-resorbing activity, and apoptosis pathway", Mol.Cancer Ther., vol. 7, no. 11, pp. 3461-3469. 

Al Hajj, M., Wicha, M. S., Benito-Hernandez, A., Morrison, S. J., & Clarke, M. F. 2003, "Prospective identification of 

tumorigenic breast cancer cells", Proceedings of the National Academy of Sciences of the United States of America, vol. 

100, no. 7, pp. 3983-3988. 

Alessi, D. R., Sakamoto, K., & Bayascas, J. R. 2006, "LKB1-dependent signaling pathways", Annu.Rev.Biochem., vol. 75, pp. 

137-163. 

Alhopuro, P., Katajisto, P., Lehtonen, R., Ylisaukko-Oja, S. K., Naatsaari, L., Karhu, A., Westerman, A. M., Wilson, J. H., de 

Rooij, F. W., Vogel, T., Moeslein, G., Tomlinson, I. P., Aaltonen, L. A., Makela, T. P., & Launonen, V. 2005, "Mutation 

analysis of three genes encoding novel LKB1-interacting proteins, BRG1, STRADalpha, and MO25alpha, in Peutz-Jeghers 

syndrome", Br.J Cancer, vol. 92, no. 6, pp. 1126-1129. 

Altomare, D. A., Wang, H. Q., Skele, K. L., De Rienzo, A., Klein-Szanto, A. J., Godwin, A. K., & Testa, J. R. 2004, "AKT and 

mTOR phosphorylation is frequently detected in ovarian cancer and can be targeted to disrupt ovarian tumor cell 

growth", Oncogene, vol. 23, no. 34, pp. 5853-5857. 

Anderson, P. M., Wiseman, G. A., Erlandson, L., Rodriguez, V., Trotz, B., Dubansky, S. A., & Albritton, K. 2005, 

"Gemcitabine radiosensitization after high-dose samarium for osteoblastic osteosarcoma", Clin Cancer Res, vol. 11, no. 

19 Pt 1, pp. 6895-6900. 

Anninga, J. K., van, d., V, Cleton-Jansen, A. M., Kristel, P. M., Taminiau, A. H., Nooij, M., Egeler, R. M., & Hogendoorn, P. 

C. 2004, "Overexpression of the HER-2 oncogene does not play a role in high-grade osteosarcomas", Eur.J Cancer, vol. 

40, no. 7, pp. 963-970. 

Aretz, S., Stienen, D., Uhlhaas, S., Loff, S., Back, W., Pagenstecher, C., McLeod, D. R., Graham, G. E., Mangold, E., Santer, 

R., Propping, P., & Friedl, W. 2005, "High proportion of large genomic STK11 deletions in Peutz-Jeghers syndrome", 

Hum.Mutat., vol. 26, no. 6, pp. 513-519. 

Asada, N., Tsuchiya, H., & Tomita, K. 1999, "De novo deletions of p53 gene and wild-type p53 correlate with acquired 

cisplatin-resistance in human osteosarcoma OST cell line", Anticancer Res, vol. 19, no. 6B, pp. 5131-5137. 

Azuma, K., Tanaka, M., Uekita, T., Inoue, S., Yokota, J., Ouchi, Y., & Sakai, R. 2005, "Tyrosine phosphorylation of paxillin 

affects the metastatic potential of human osteosarcoma", Oncogene, vol. 24, no. 30, pp. 4754-4764. 

Baas, A. F., Boudeau, J., Sapkota, G. P., Smit, L., Medema, R., Morrice, N. A., Alessi, D. R., & Clevers, H. C. 2003, 

"Activation of the tumour suppressor kinase LKB1 by the STE20-like pseudokinase STRAD", EMBO J, vol. 22, no. 12, pp. 

3062-3072. 

Baas, A. F., Kuipers, J., van der Wel, N. N., Batlle, E., Koerten, H. K., Peters, P. J., & Clevers, H. C. 2004, "Complete 

polarization of single intestinal epithelial cells upon activation of LKB1 by STRAD", Cell, vol. 116, no. 3, pp. 457-466. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 285 of 310 

 

Bacci, G., Ferrari, S., Sangiorgi, L., Picci, P., Casadei, R., Orlandi, M., Iantorno, D., Battistini, A., & Zanone, A. 1994, 

"Prognostic significance of serum lactate dehydrogenase in patients with osteosarcoma of the extremities", J 

Chemother., vol. 6, no. 3, pp. 204-210. 

Bacci, G., Picci, P., Orlandi, M., Avella, M., Manfrini, M., Pignatti, G., Dallari, D., & Manduchi, R. 1987, "Prognostic value 

of serum alkaline phosphatase in osteosarcoma", Tumori, vol. 73, no. 4, pp. 331-336. 

Bagatell, R., Beliakoff, J., David, C. L., Marron, M. T., & Whitesell, L. 2005, "Hsp90 inhibitors deplete key anti-apoptotic 

proteins in pediatric solid tumor cells and demonstrate synergistic anticancer activity with cisplatin", Int.J Cancer, vol. 

113, no. 2, pp. 179-188. 

Bagatell, R., Gore, L., Egorin, M. J., Ho, R., Heller, G., Boucher, N., Zuhowski, E. G., Whitlock, J. A., Hunger, S. P., 

Narendran, A., Katzenstein, H. M., Arceci, R. J., Boklan, J., Herzog, C. E., Whitesell, L., Ivy, S. P., & Trippett, T. M. 2007, 

"Phase I pharmacokinetic and pharmacodynamic study of 17-N-allylamino-17-demethoxygeldanamycin in pediatric 

patients with recurrent or refractory solid tumors: a pediatric oncology experimental therapeutics investigators 

consortium study", Clin.Cancer Res, vol. 13, no. 6, pp. 1783-1788. 

Bartholin, L., Destaing, O., Forissier, S., Martel, S., Maguer-Satta, V., Jurdic, P., & Rimokh, R. 2005, "FLRG, a new 

ADAM12-associated protein, modulates osteoclast differentiation", Biol.Cell, vol. 97, no. 7, pp. 577-588. 

Baum, E. S., Gaynon, P., Greenberg, L., Krivit, W., & Hammond, D. 1981, "Phase II trail cisplatin in refractory childhood 

cancer: Children's Cancer Study Group Report", Cancer Treat.Rep., vol. 65, no. 9-10, pp. 815-822. 

Bayani, J., Zielenska, M., Pandita, A., Al-Romaih, K., Karaskova, J., Harrison, K., Bridge, J. A., Sorensen, P., Thorner, P., 

Squire, J. A., Bridge, J. A., Nelson, M., McComb, E., McGuire, M. H., Rosenthal, H., Vergara, G., Maale, G. E., Spanier, S., & 

Neff, J. R. 2003, "Spectral karyotyping identifies recurrent complex rearrangements of chromosomes 8, 17, and 20 in 

osteosarcomas, vol. 36, no. 1, pp. 7-16. 

Bell, D. W., Varley, J. M., Szydlo, T. E., Kang, D. H., Wahrer, D. C., Shannon, K. E., Lubratovich, M., Verselis, S. J., 

Isselbacher, K. J., Fraumeni, J. F., Birch, J. M., Li, F. P., Garber, J. E., & Haber, D. A. 1999, "Heterozygous germ line hCHK2 

mutations in Li-Fraumeni syndrome", Science, vol. 286, no. 5449, pp. 2528-2531. 

Berman, S. D., Calo, E., Landman, A. S., Danielian, P. S., Miller, E. S., West, J. C., Fonhoue, B. D., Caron, A., Bronson, R., 

Bouxsein, M. L., Mukherjee, S., & Lees, J. A. 2008, "Metastatic osteosarcoma induced by inactivation of Rb and p53 in 

the osteoblast lineage", Proc.Natl.Acad.Sci.U.S.A., vol. 105, no. 33, pp. 11851-6. 

Bettencourt-Dias, M., Giet, R., Sinka, R., Mazumdar, A., Lock, W. G., Balloux, F., Zafiropoulos, P. J., Yamaguchi, S., Winter, 

S., Carthew, R. W., Cooper, M., Jones, D., Frenz, L., & Glover, D. M. 2004, "Genome-wide survey of protein kinases 

required for cell cycle progression", Nature, vol. 432, no. 7020, pp. 980-987. 

Bidlingmaier, S., Zhu, X., & Liu, B. 2008, "The utility and limitations of glycosylated human CD133 epitopes in defining 

cancer stem cells", J.Mol.Med., vol. 86, no. 9, pp. 1025-32. 

Bielack, S. S. 2010, "Osteosarcoma: time to move on?", Eur.J Cancer, vol. 46, no. 11, pp. 1942-1945. 

Bielack, S. S. & Bernstein, M. 2005, "Osteosarcoma," in Cancer in children: clinical management, 5th edn, Oxford 

University Press, p. 280. 

Bielack, S. S., Kempf-Bielack, B., Delling, G., Exner, G. U., Flege, S., Helmke, K., Kotz, R., Salzer-Kuntschik, M., Werner, M., 

Winkelmann, W., Zoubek, A., Jurgens, H., & Winkler, K. 2002, "Prognostic factors in high-grade osteosarcoma of the 

extremities or trunk: an analysis of 1,702 patients treated on neoadjuvant cooperative osteosarcoma study group 

protocols", J Clin Oncol, vol. 20, no. 3, pp. 776-790. 

Bieling, P., Rehan, N., Winkler, P., Helmke, K., Maas, R., Fuchs, N., Bielack, S., Heise, U., Jurgens, H., Treuner, J., 

Romanowski, R., Exner, U., Kotz, R., & Winkler, K. 1996, "Tumor size and prognosis in aggressively treated 

osteosarcoma", J Clin Oncol, vol. 14, no. 3, pp. 848-858. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 286 of 310 

 

Blay, J. Y. 2007, "Chemotherapy for osteosarcoma without high-dose methotrexate: another piece in the puzzle", 

Onkologie., vol. 30, no. 5, pp. 226-227. 

Boldrini, E., Peres, S. V., Morini, S., & de, C. B. 2010, "Immunoexpression of Ezrin and CD44 in patients with 

osteosarcoma", J Pediatr.Hematol.Oncol, vol. 32, no. 6, p. e213-e217. 

Boudeau, J., Baas, A. F., Deak, M., Morrice, N. A., Kieloch, A., Schutkowski, M., Prescott, A. R., Clevers, H. C., & Alessi, D. 

R. 2003a, "MO25alpha/beta interact with STRADalpha/beta enhancing their ability to bind, activate and localize LKB1 in 

the cytoplasm", EMBO J, vol. 22, no. 19, pp. 5102-5114. 

Boudeau, J., Deak, M., Lawlor, M. A., Morrice, N. A., & Alessi, D. R. 2003b, "Heat-shock protein 90 and Cdc37 interact 

with LKB1 and regulate its stability", Biochem.J, vol. 370, no. Pt 3, pp. 849-857. 

Boudeau, J., Scott, J. W., Resta, N., Deak, M., Kieloch, A., Komander, D., Hardie, D. G., Prescott, A. R., van Aalten, D. M., & 

Alessi, D. R. 2004, "Analysis of the LKB1-STRAD-MO25 complex", J Cell Sci., vol. 117, no. Pt 26, pp. 6365-6375. 

Boulay, A., Zumstein-Mecker, S., Stephan, C., Beuvink, I., Zilbermann, F., Haller, R., Tobler, S., Heusser, C., O'Reilly, T., 

Stolz, B., Marti, A., Thomas, G., & Lane, H. A. 2004, "Antitumor efficacy of intermittent treatment schedules with the 

rapamycin derivative RAD001 correlates with prolonged inactivation of ribosomal protein S6 kinase 1 in peripheral blood 

mononuclear cells", Cancer Research, vol. 64, no. 1, pp. 252-261. 

Bridge, J. A., Nelson, M., McComb, E., McGuire, M. H., Rosenthal, H., Vergara, G., Maale, G. E., Spanier, S., & Neff, J. R. 

1997, "Cytogenetic findings in 73 osteosarcoma specimens and a review of the literature", Cancer Genet.Cytogenet., vol. 

95, no. 1, pp. 74-87. 

Brosjo, O., Bauer, H. C., Brostrom, L. A., Nilsonne, U., Nilsson, O. S., Reinholt, F. P., Strander, H., & Tribukait, B. 1985, 

"Influence of human alpha-interferon on four human osteosarcoma xenografts in nude mice", Cancer Research, vol. 45, 

no. 11 Pt 2, pp. 5598-5602. 

Bruce, B., Khanna, G., Ren, L., Landberg, G., Jirstrom, K., Powell, C., Borczuk, A., Keller, E. T., Wojno, K. J., Meltzer, P., 

Baird, K., McClatchey, A., Bretscher, A., Hewitt, S. M., & Khanna, C. 2007, "Expression of the cytoskeleton linker protein 

ezrin in human cancers", Clin.Exp.Metastasis, vol. 24, no. 2, pp. 69-78. 

Bruheim, S., Xi, Y., Ju, J., & Fodstad, O. 2009, "Gene expression profiles classify human osteosarcoma xenografts 

according to sensitivity to doxorubicin, cisplatin, and ifosfamide", Clin Cancer Res, vol. 15, no. 23, pp. 7161-7169. 

Bruland, O. S., Hoifodt, H., Saeter, G., Smeland, S., & Fodstad, O. 2005, "Hematogenous micrometastases in 

osteosarcoma patients", Clin.Cancer Res., vol. 11, no. 13, pp. 4666-4673. 

Bullough, P. 2004, Orthopaedic Pathology, 4 edn, Elsevier Limited. 

Cai, Y., Mohseny, A. B., Karperien, M., Hogendoorn, P. C., Zhou, G., & Cleton-Jansen, A. M. 2010, "Inactive Wnt/beta-

catenin pathway in conventional high-grade osteosarcoma", J Pathol., vol. 220, no. 1, pp. 24-33. 

Canto, C., Gerhart-Hines, Z., Feige, J. N., Lagouge, M., Noriega, L., Milne, J. C., Elliott, P. J., Puigserver, P., & Auwerx, J. 

2009, "AMPK regulates energy expenditure by modulating NAD+ metabolism and SIRT1 activity", Nature, vol. 458, no. 

7241, pp. 1056-1060. 

Cao, Y., Zhou, Z., de Crombrugghe, B., Nakashima, K., Guan, H., Duan, X., Jia, S. F., & Kleinerman, E. S. 2005, "Osterix, a 

transcription factor for osteoblast differentiation, mediates antitumor activity in murine osteosarcoma", Cancer Res., 

vol. 65, no. 4, pp. 1124-1128. 

Carling, D., Sanders, M. J., & Woods, A. 2008, "The regulation of AMP-activated protein kinase by upstream kinases", 

Int.J Obes.(Lond), vol. 32 Suppl 4, p. S55-S59. 

Carretero, J., Shimamura, T., Rikova, K., Jackson, A. L., Wilkerson, M. D., Borgman, C. L., Buttarazzi, M. S., Sanofsky, B. A., 

McNamara, K. L., Brandstetter, K. A., Walton, Z. E., Gu, T. L., Silva, J. C., Crosby, K., Shapiro, G. I., Maira, S. M., Ji, H., 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 287 of 310 

 

Castrillon, D. H., Kim, C. F., Garcia-Echeverria, C., Bardeesy, N., Sharpless, N. E., Hayes, N. D., Kim, W. Y., Engelman, J. A., 

& Wong, K. K. 2010, "Integrative Genomic and Proteomic Analyses Identify Targets for Lkb1-Deficient Metastatic Lung 

Tumors", Cancer Cell, vol. 17, no. 6, pp. 547-559. 

Chaiyapan, W., Sangkhathat, S., Kanngurn, S., Phukaoloun, M., Chiengkriwate, P., & Patrapinyokul, S. 2010, 

"Immunohistological evidence for Wnt-signaling activation in Peutz-Jeghers polyposis", Pediatr.Surg Int., vol. 26, no. 2, 

pp. 173-177. 

Chau, M. D., Gao, J., Yang, Q., Wu, Z., & Gromada, J. 2010, "Fibroblast growth factor 21 regulates energy metabolism by 

activating the AMPK-SIRT1-PGC-1alpha pathway", Proc.Natl.Acad.Sci.U.S.A, vol. 107, no. 28, pp. 12553-12558. 

Check, E. 2007, "Stem cells: the hard copy", Nature, vol. 446, no. 7135, pp. 485-486. 

Chen, D. S., Zhu, N. L., Hung, G., Skotzko, M. J., Hinton, D. R., Tolo, V., Hall, F. L., Anderson, W. F., & Gordon, E. M. 1997, 

"Retroviral vector-mediated transfer of an antisense cyclin G1 construct inhibits osteosarcoma tumor growth in nude 

mice", Hum.Gene Ther., vol. 8, no. 14, pp. 1667-1674. 

Chen, Y. C., Hsu, H. S., Chen, Y. W., Tsai, T. H., How, C. K., Wang, C. Y., Hung, S. C., Chang, Y. L., Tsai, M. L., Lee, Y. Y., Ku, 

H. H., & Chiou, S. H. 2008, "Oct-4 expression maintained cancer stem-like properties in lung cancer-derived CD133-

positive cells", PLoS.ONE., vol. 3, no. 7, p. e2637. 

Cheng, H., Liu, P., Wang, Z. C., Zou, L., Santiago, S., Garbitt, V., Gjoerup, O. V., Iglehart, J. D., Miron, A., Richardson, A. L., 

Hahn, W. C., & Zhao, J. J. 2009, "SIK1 couples LKB1 to p53-dependent anoikis and suppresses metastasis", Sci.Signal., vol. 

2, no. 80, p. ra35. 

Cheng, S. W., Fryer, L. G., Carling, D., & Shepherd, P. R. 2004, "Thr2446 is a novel mammalian target of rapamycin 

(mTOR) phosphorylation site regulated by nutrient status", J Biol.Chem., vol. 279, no. 16, pp. 15719-15722. 

Chiang, G. G. & Abraham, R. T. 2005, "Phosphorylation of mammalian target of rapamycin (mTOR) at Ser-2448 is 

mediated by p70S6 kinase", J Biol.Chem., vol. 280, no. 27, pp. 25485-25490. 

Chiang, G. G. & Abraham, R. T. 2007, "Targeting the mTOR signaling network in cancer", Trends Mol.Med,vol. 13, no. 10, 

pp. 433-42. 

Cho, R. W. & Clarke, M. F. 2008, "Recent advances in cancer stem cells", Curr.Opin.Genet.Dev., vol. 18, no. 1, pp. 48-53. 

Cleton-Jansen, A. M., Anninga, J. K., Briaire-de, B., I, Romeo, S., Oosting, J., Egeler, R. M., Gelderblom, H., Taminiau, A. H., 

& Hogendoorn, P. C. 2009, "Profiling of high-grade central osteosarcoma and its putative progenitor cells identifies 

tumourigenic pathways", Br.J Cancer, vol. 101, no. 11, pp. 1909-1918. 

Cleton-Jansen, A. M., Horst, B., & Pancras, C. W. H. Central high-grade osteosarcoma of bone: Diagnostic and genetic 

considerations. current diagnostic pathology 11[6], 390-399. 1-12-2005.  

Ref Type: Abstract 

Collins, A. T., Berry, P. A., Hyde, C., Stower, M. J., & Maitland, N. J. 2005, "Prospective identification of tumorigenic 

prostate cancer stem cells", Cancer Res., vol. 65, no. 23, pp. 10946-10951. 

Conde, E., Suarez-Gauthier, A., Garcia-Garcia, E., Lopez-Rios, F., Lopez-Encuentra, A., Garcia-Lujan, R., Morente, M., 

Sanchez-Verde, L., & Sanchez-Cespedes, M. 2007, "Specific pattern of LKB1 and phospho-acetyl-CoA carboxylase protein 

immunostaining in human normal tissues and lung carcinomas", Hum.Pathol., vol. 38, no. 9, pp. 1351-1360. 

Connolly, D. C., Katabuchi, H., Cliby, W. A., & Cho, K. R. 2000, "Somatic mutations in the STK11/LKB1 gene are 

uncommon in rare gynecological tumor types associated with Peutz-Jegher's syndrome", Am J Pathol., vol. 156, no. 1, 

pp. 339-345. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 288 of 310 

 

Contreras, C. M., Gurumurthy, S., Haynie, J. M., Shirley, L. J., Akbay, E. A., Wingo, S. N., Schorge, J. O., Broaddus, R. R., 

Wong, K. K., Bardeesy, N., & Castrillon, D. H. 2008, "Loss of Lkb1 provokes highly invasive endometrial 

adenocarcinomas", Cancer Research, vol. 68, no. 3, pp. 759-766. 

Copp, J., Manning, G., & Hunter, T. 2009, "TORC-specific phosphorylation of mammalian target of rapamycin (mTOR): 

phospho-Ser2481 is a marker for intact mTOR signaling complex 2", Cancer Res., vol. 69, no. 5, pp. 1821-1827. 

Cortes, E. P., Holland, J. F., Wang, J. J., Sinks, L. F., Blom, J., Senn, H., Bank, A., & Glidewell, O. 1974, "Amputation and 

adriamycin in primary osteosarcoma", N.Engl.J Med., vol. 291, no. 19, pp. 998-1000. 

Crane, J. L., Jr., Glasgow, L. A., Kern, E. R., & Youngner, J. S. 1978, "Inhibition of murine osteogenic sarcomas by 

treatment with type I or type II interferon", J Natl.Cancer Inst., vol. 61, no. 3, pp. 871-874. 

Dasgupta, B. & Milbrandt, J. 2007, "Resveratrol stimulates AMP kinase activity in neurons", Proc Natl.Acad.Sci.U.S.A, vol. 

104, no. 17, pp. 7217-7222. 

Dass, C. R., Ek, E. T., Contreras, K. G., & Choong, P. F. 2006, "A novel orthotopic murine model provides insights into 

cellular and molecular characteristics contributing to human osteosarcoma", Clin.Exp.Metastasis, vol. 23, no. 7-8, pp. 

367-380. 

de Leng, W. W., Keller, J. J., Luiten, S., Musler, A. R., Jansen, M., Baas, A. F., de Rooij, F. W., Gille, J. J., Menko, F. H., 

Offerhaus, G. J., & Weterman, M. A. 2005, "STRAD in Peutz-Jeghers syndrome and sporadic cancers", J Clin.Pathol., vol. 

58, no. 10, pp. 1091-1095. 

Deguchi, A., Miyoshi, H., Kojima, Y., Okawa, K., Aoki, M., & Taketo, M. M. 2010, "LKB1 suppresses p21-activated kinase-1 

(PAK1) by phosphorylation of Thr109 in the p21-binding domain", J Biol.Chem., vol. 285, no. 24, pp. 18283-18290. 

Denison, F. C., Hiscock, N. J., Carling, D., & Woods, A. 2009, "Characterization of an alternative splice variant of LKB1", J 

Biol.Chem., vol. 284, no. 1, pp. 67-76. 

Dennis, G., Jr., Sherman, B. T., Hosack, D. A., Yang, J., Gao, W., Lane, H. C., & Lempicki, R. A. 2003, "DAVID: Database for 

Annotation, Visualization, and Integrated Discovery", Genome Biol., vol. 4, no. 5, p. 3. 

Di, C. C., Leopizzi, M., Miraglia, A., Sardella, B., Moretti, V., Ferrara, A., Petrozza, V., & Della, R. C. 2010, "Phosphorylated 

ezrin is located in the nucleus of the osteosarcoma cell", Mod.Pathol., vol. 23, no. 7, pp. 1012-1020. 

Di Fiore, R., Santulli, A., Ferrante, R. D., Giuliano, M., De, B. A., Messina, C., Pirozzi, G., Tirino, V., Tesoriere, G., & Vento, 

R. 2009, "Identification and expansion of human osteosarcoma-cancer-stem cells by long-term 3-aminobenzamide 

treatment", J.Cell Physiol., vol. 5no. 8, pp. 1130-5. 

Diaz-Montero, C. M., Wygant, J. N., & McIntyre, B. W. 2006, "PI3-K/Akt-mediated anoikis resistance of human 

osteosarcoma cells requires Src activation", Eur.J.Cancer, vol. 42, no. 10, pp. 1491-1500. 

Dobashi, Y., Suzuki, S., Sato, E., Hamada, Y., Yanagawa, T., & Ooi, A. 2009, "EGFR-dependent and independent activation 

of Akt/mTOR cascade in bone and soft tissue tumors", Mod.Pathol., vol. 22, no. 10, pp. 1328-1340. 

Donehower, L. A., Harvey, M., Slagle, B. L., McArthur, M. J., Montgomery, C. A., Jr., Butel, J. S., & Bradley, A. 1992, "Mice 

deficient for p53 are developmentally normal but susceptible to spontaneous tumours", Nature, vol. 356, no. 6366, pp. 

215-221. 

Dorfman, J. & Macara, I. G. 2008, "STRADalpha regulates LKB1 localization by blocking access to importin-alpha, and by 

association with Crm1 and exportin-7", Mol.Biol.Cell, vol. 19, no. 4, pp. 1614-1626. 

Downward, J. 1998, "Mechanisms and consequences of activation of protein kinase B/Akt", Curr.Opin.Cell Biol., vol. 10, 

no. 2, pp. 262-267. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 289 of 310 

 

Drewes, G., Ebneth, A., & Mandelkow, E. M. 1998, "MAPs, MARKs and microtubule dynamics", Trends Biochem.Sci., vol. 

23, no. 8, pp. 307-311. 

Duhamel, L., Ye, H., Halai, D., Idowu, B., Presneau, N., & Flanagan, A. M. Amplification of MDM2 and MDM4 in 

Osteosarcoma . The Journal of Pathology 222[S1], S11. 2010.  

Ref Type: Abstract 

Eischen, C. M., Rehg, J. E., Korsmeyer, S. J., & Cleveland, J. L. 2002, "Loss of Bax alters tumor spectrum and tumor 

numbers in ARF-deficient mice", Cancer Research, vol. 62, no. 7, pp. 2184-2191. 

Eisen, M. B., Spellman, P. T., Brown, P. O., & Botstein, D. 1998, "Cluster analysis and display of genome-wide expression 

patterns", Proc Natl.Acad.Sci.U.S.A, vol. 95, no. 25, pp. 14863-14868. 

Ek, E. T., Dass, C. R., & Choong, P. F. 2006, "Commonly used mouse models of osteosarcoma", Crit Rev.Oncol.Hematol., 

vol. 60, no. 1, pp. 1-8. 

El-Salem, M., Raghunath, P. N., Marzec, M., Wlodarski, P., Tsai, D., Hsi, E., & Wasik, M. A. 2007, "Constitutive activation 

of mTOR signaling pathway in post-transplant lymphoproliferative disorders", Lab Invest, vol. 87, no. 1, pp. 29-39. 

Entius, M. M., Keller, J. J., Westerman, A. M., van Rees, B. P., van Velthuysen, M. L., de Goeij, A. F., Wilson, J. H., 

Giardiello, F. M., & Offerhaus, G. J. 2001, "Molecular genetic alterations in hamartomatous polyps and carcinomas of 

patients with Peutz-Jeghers syndrome", J.Clin.Pathol., vol. 54, no. 2, pp. 126-131. 

Epis, M. R., Giles, K. M., Barker, A., Kendrick, T. S., & Leedman, P. J. 2009, "miR-331-3p regulates ERBB-2 expression and 

androgen receptor signaling in prostate cancer", J Biol.Chem., vol. 284, no. 37, pp. 24696-24704. 

Esquela-Kerscher, A. & Slack, F. J. 2006, "Oncomirs - microRNAs with a role in cancer", Nat.Rev.Cancer, vol. 6, no. 4, pp. 

259-269. 

Esteve-Puig, R., Canals, F., Colome, N., Merlino, G., & Recio, J. A. 2009, "Uncoupling of the LKB1-AMPKalpha energy 

sensor pathway by growth factors and oncogenic BRAF", PLoS ONE, vol. 4, no. 3, p. e4771. 

Fearon, E. R. & Vogelstein, B. 1990, "A genetic model for colorectal tumorigenesis", Cell, vol. 61, no. 5, pp. 759-767. 

Feldman, M. E., Apsel, B., Uotila, A., Loewith, R., Knight, Z. A., Ruggero, D., & Shokat, K. M. 2009, "Active-site inhibitors of 

mTOR target rapamycin-resistant outputs of mTORC1 and mTORC2", PLoS Biol., vol. 7, no. 2, p. e38. 

Fenton, H., Carlile, B., Montgomery, E. A., Carraway, H., Herman, J., Sahin, F., Su, G. H., & Argani, P. 2006, "LKB1 protein 

expression in human breast cancer", Appl.Immunohistochem.Mol.Morphol., vol. 14, no. 2, pp. 146-153. 

Fernandes, N., Sun, Y., Chen, S., Paul, P., Shaw, R. J., Cantley, L. C., & Price, B. D. 2005, "DNA damage-induced association 

of ATM with its target proteins requires a protein interaction domain in the N terminus of ATM", J Biol.Chem., vol. 280, 

no. 15, pp. 15158-15164. 

Fernandez, P., Carretero, J., Medina, P. P., Jimenez, A. I., Rodriguez-Perales, S., Paz, M. F., Cigudosa, J. C., Esteller, M., 

Lombardia, L., Morente, M., Sanchez-Verde, L., Sotelo, T., & Sanchez-Cespedes, M. 2004, "Distinctive gene expression of 

human lung adenocarcinomas carrying LKB1 mutations", Oncogene, vol. 23, no. 29, pp. 5084-5091. 

Ferrari, S., Bandi, H. R., Hofsteenge, J., Bussian, B. M., & Thomas, G. 1991, "Mitogen-activated 70K S6 kinase. 

Identification of in vitro 40 S ribosomal S6 phosphorylation sites", J Biol.Chem., vol. 266, no. 33, pp. 22770-22775. 

Ferrari, S. & Palmerini, E. 2007, "Adjuvant and neoadjuvant combination chemotherapy for osteogenic sarcoma", 

Curr.Opin.Oncol., vol. 19, no. 4, pp. 341-346. 

Ferrari, S., Zanella, L., Alberghini, M., Palmerini, E., Staals, E., & Bacchini, P. 2008, "Prognostic significance of 

immunohistochemical expression of ezrin in non-metastatic high-grade osteosarcoma", Pediatr.Blood Cancer, vol. 50, 

no. 4, pp. 752-756. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 290 of 310 

 

Flynt, A. S. & Lai, E. C. 2008, "Biological principles of microRNA-mediated regulation: shared themes amid diversity", 

Nat.Rev.Genet., vol. 9, no. 11, pp. 831-842. 

Folio, C., Mora, M. I., Zalacain, M., Corrales, F. J., Segura, V., Sierrasesumaga, L., Toledo, G., San-Julian, M., & Patino-

Garcia, A. 2009, "Proteomic analysis of chemonaive pediatric osteosarcomas and corresponding normal bone reveals 

multiple altered molecular targets", J Proteome.Res, vol. 8, no. 8, pp. 3882-3888. 

Forbes, S. A., Bhamra, G., Bamford, S., Dawson, E., Kok, C., Clements, J., Menzies, A., Teague, J. W., Futreal, P. A., & 

Stratton, M. R. 2008, "The Catalogue of Somatic Mutations in Cancer (COSMIC)", Curr.Protoc.Hum.Genet, vol. Chapter 

10, p. Unit. 

Forcet, C., Etienne-Manneville, S., Gaude, H., Fournier, L., Debilly, S., Salmi, M., Baas, A., Olschwang, S., Clevers, H., & 

Billaud, M. 2005, "Functional analysis of Peutz-Jeghers mutations reveals that the LKB1 C-terminal region exerts a crucial 

role in regulating both the AMPK pathway and the cell polarity", Hum.Mol.Genet, vol. 14, no. 10, pp. 1283-1292. 

Forster, L. F., Defres, S., Goudie, D. R., Baty, D. U., & Carey, F. A. 2000, "An investigation of the Peutz-Jeghers gene (LKB1) 

in sporadic breast and colon cancers", J.Clin.Pathol., vol. 53, no. 10, pp. 791-793. 

Franke, T. F., Kaplan, D. R., Cantley, L. C., & Toker, A. 1997, "Direct regulation of the Akt proto-oncogene product by 

phosphatidylinositol-3,4-bisphosphate", Science, vol. 275, no. 5300, pp. 665-668. 

Freeman, S. S., Allen, S. W., Ganti, R., Wu, J., Ma, J., Su, X., Neale, G., Dome, J. S., Daw, N. C., & Khoury, J. D. 2008, "Copy 

number gains in EGFR and copy number losses in PTEN are common events in osteosarcoma tumors", Cancer, vol. 113, 

no. 6, pp. 1453-1461. 

Fujii, H., Honoki, K., Tsujiuchi, T., Kido, A., Yoshitani, K., Mori, T., & Takakura, Y. 2007, "Reduced expression of INK4a/ARF 

genes in stem-like sphere cells from rat sarcomas", Biochem.Biophys.Res.Commun., vol. 362, no. 3, pp. 773-778. 

Fulco, M., Cen, Y., Zhao, P., Hoffman, E. P., McBurney, M. W., Sauve, A. A., & Sartorelli, V. 2008, "Glucose restriction 

inhibits skeletal myoblast differentiation by activating SIRT1 through AMPK-mediated regulation of Nampt", Dev.Cell, 

vol. 14, no. 5, pp. 661-673. 

Gagnadoux, F., Leblond, V., Vecellio, L., Hureaux, J., Le, P. A., Boisdron-Celle, M., Montharu, J., Majoral, C., Fournier, J., 

Urban, T., Diot, P., Racineux, J. L., & Lemarie, E. 2006, "Gemcitabine aerosol: in vitro antitumor activity and deposition 

imaging for preclinical safety assessment in baboons", Cancer Chemother.Pharmacol., vol. 58, no. 2, pp. 237-244. 

Gamberi, G., Benassi, M. S., Bohling, T., Ragazzini, P., Molendini, L., Sollazzo, M. R., Pompetti, F., Merli, M., Magagnoli, 

G., Balladelli, A., & Picci, P. 1998, "C-myc and c-fos in human osteosarcoma: prognostic value of mRNA and protein 

expression", Oncology, vol. 55, no. 6, pp. 556-563. 

Gamberi, G., Ragazzini, P., Benassi, M. S., Ferrari, C., Sollazzo, M. R., Molendini, L., Merli, M., Magagnoli, G., Ruggieri, P., 

Balladelli, A., Orlando, C., Bacchini, P., Pazzagli, M., & Picci, P. 2000, "Analysis of 12q13-15 genes in parosteal 

osteosarcoma", Clin.Orthop.Relat Res no. 377, pp. 195-204. 

Gao, B., Sun, Y., Zhang, J., Ren, Y., Fang, R., Han, X., Shen, L., Liu, X. Y., Pao, W., Chen, H., & Ji, H. 2010, "Spectrum of 

LKB1, EGFR, and KRAS Mutations in Chinese Lung Adenocarcinomas", J Thorac.Oncol., vol 5, no. 8, pp. 1130-5. 

Gao, N., Zhang, Z., Jiang, B. H., & Shi, X. 2003, "Role of PI3K/AKT/mTOR signaling in the cell cycle progression of human 

prostate cancer", Biochem.Biophys.Res Commun., vol. 310, no. 4, pp. 1124-1132. 

Gasparini, M., Rouesse, J., van, O. A., Wagener, T., Somers, R., Russel, J. A., Voute, P. A., Bramwell, V., Thomas, D., 

Sylvester, R., & . 1985, "Phase II study of cisplatin in advanced osteogenic sarcoma. European Organization for Research 

on Treatment of Cancer Soft Tissue and Bone Sarcoma Group", Cancer Treat.Rep., vol. 69, no. 2, pp. 211-213. 

Gazitt, Y., Kolaparthi, V., Moncada, K., Thomas, C., & Freeman, J. 2009, "Targeted therapy of human osteosarcoma with 

17AAG or rapamycin: characterization of induced apoptosis and inhibition of mTOR and Akt/MAPK/Wnt pathways", Int.J 

Oncol., vol. 34, no. 2, pp. 551-561. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 291 of 310 

 

Ghaffar, H., Sahin, F., Sanchez-Cepedes, M., Su, G. H., Zahurak, M., Sidransky, D., & Westra, W. H. 2003, "LKB1 protein 

expression in the evolution of glandular neoplasia of the lung", Clin.Cancer Res., vol. 9, no. 8, pp. 2998-3003. 

Gibbs, C. P., Kukekov, V. G., Reith, J. D., Tchigrinova, O., Suslov, O. N., Scott, E. W., Ghivizzani, S. C., Ignatova, T. N., & 

Steindler, D. A. 2005, "Stem-like cells in bone sarcomas: Implications for tumorigenesis", Neoplasia, vol. 7, no. 11, pp. 

967-976. 

Gibbs, C. P., Weber, K., & Scarborough, M. T. 2001, "Malignant Bone Tumors", Journal of Bone and Joint Surgery, vol. 83, 

no. 11, pp. 1728-1745. 

Ginestier, C., Hur, M. H., Charafe-Jauffret, E., Monville, F., Dutcher, J., Brown, M., Jacquemier, J., Viens, P., Kleer, C. G., 

Liu, S., Schott, A., Hayes, D., Birnbaum, D., Wicha, M. S., & Dontu, G. 2007, "ALDH1 Is a Marker of Normal and Malignant 

Human Mammary Stem Cells and a Predictor of Poor Clinical Outcome", Cell Stem Cell, vol. 1, no. 5, pp. 555-567. 

Godlewski, J., Bronisz, A., Nowicki, M. O., Chiocca, E. A., & Lawler, S. 2010a, "microRNA-451: A conditional switch 

controlling glioma cell proliferation and migration", Cell Cycle, vol. 9, no. 14, pp. 2742-2748. 

Godlewski, J., Nowicki, M. O., Bronisz, A., Nuovo, G., Palatini, J., De, L. M., Van, B. J., Ostrowski, M. C., Chiocca, E. A., & 

Lawler, S. E. 2010b, "MicroRNA-451 regulates LKB1/AMPK signaling and allows adaptation to metabolic stress in glioma 

cells", Mol.Cell, vol. 37, no. 5, pp. 620-632. 

Goodell, M. A., Brose, K., Paradis, G., Conner, A. S., & Mulligan, R. C. 1996, "Isolation and functional properties of murine 

hematopoietic stem cells that are replicating in vivo", J.Exp.Med., vol. 183, no. 4, pp. 1797-1806. 

Gordon, I. K., Ye, F., & Kent, M. S. 2008, "Evaluation of the mammalian target of rapamycin pathway and the effect of 

rapamycin on target expression and cellular proliferation in osteosarcoma cells from dogs", Am.J.Vet.Res., vol. 69, no. 8, 

pp. 1079-1084. 

Gougelet, A., Pissaloux, D., Besse, A., Perez, J., Duc, A., Dutour, A., Blay, J. Y., & Alberti, L. 2010, "miRNA profiles in 

osteosarcoma as a predictive tool for ifosfamide response", Int.J Cancer., vol. 129, no. 3, pp. 680-90. 

Greene, F. L. 2002, "The American Joint Committee on Cancer: updating the strategies in cancer staging", Bull.Am 

Coll.Surg, vol. 87, no. 7, pp. 13-15. 

Grigoriadis, A. E., Schellander, K., Wang, Z. Q., & Wagner, E. F. 1993, "Osteoblasts are target cells for transformation in c-

fos transgenic mice", J Cell Biol., vol. 122, no. 3, pp. 685-701. 

Guo, H., Ingolia, N. T., Weissman, J. S., & Bartel, D. P. 2010a, "Mammalian microRNAs predominantly act to decrease 

target mRNA levels", Nature, vol. 466, no. 7308, pp. 835-840. 

Guo, Q. C., Shen, J. N., Jin, S., Wang, J., Huang, G., Zhang, L. J., Huang, G., Yin, J. Q., Zou, C. Y., & Li, M. T. 2007, 

"Comparative proteomic analysis of human osteosarcoma and SV40-immortalized normal osteoblastic cell lines", Acta 

Pharmacol.Sin., vol. 28, no. 6, pp. 850-858. 

Guo, X., Guo, L., Ji, J., Zhang, J., Zhang, J., Chen, X., Cai, Q., Li, J., Gu, Q., Liu, B., Zhu, Z., & Yu, Y. 2010b, "miRNA-331-3p 

directly targets E2F1 and induces growth arrest in human gastric cancer", Biochem.Biophys.Res Commun., vol. 398, no. 1, 

pp. 1-6. 

Hansen, M. F. & Cavenee, W. K. 1987, "Retinoblastoma and osteosarcoma: the prototypic cancer family", Acta 

Paediatr.Jpn., vol. 29, no. 4, pp. 526-533. 

Hartmann, C. 2006, "A Wnt canon orchestrating osteoblastogenesis", Trends Cell Biol., vol. 16, no. 3, pp. 151-158. 

Hawley, S. A., Boudeau, J., Reid, J. L., Mustard, K. J., Udd, L., Makela, T. P., Alessi, D. R., & Hardie, D. G. 2003, "Complexes 

between the LKB1 tumor suppressor, STRAD alpha/beta and MO25 alpha/beta are upstream kinases in the AMP-

activated protein kinase cascade", J Biol., vol. 2, no. 4, p. 28. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 292 of 310 

 

Haydon, R. C., Deyrup, A., Ishikawa, A., Heck, R., Jiang, W., Zhou, L., Feng, T., King, D., Cheng, H., Breyer, B., Peabody, T., 

Simon, M. A., Montag, A. G., & He, T. C. 2002a, "Cytoplasmic and/or nuclear accumulation of the beta-catenin protein is 

a frequent event in human osteosarcoma", Int.J Cancer, vol. 102, no. 4, pp. 338-342. 

Haydon, R. C., Luu, H. H., & He, T. C. 2007, "Osteosarcoma and osteoblastic differentiation: a new perspective on 

oncogenesis", Clin Orthop.Relat Res, vol. 454, pp. 237-246. 

Haydon, R. C., Zhou, L., Feng, T., Breyer, B., Cheng, H., Jiang, W., Ishikawa, A., Peabody, T., Montag, A., Simon, M. A., & 

He, T. C. 2002b, "Nuclear receptor agonists as potential differentiation therapy agents for human osteosarcoma", Clin 

Cancer Res, vol. 8, no. 5, pp. 1288-1294. 

Hemminki, A., Tomlinson, I., Markie, D., Jarvinen, H., Sistonen, P., Bjorkqvist, A. M., Knuutila, S., Salovaara, R., Bodmer, 

W., Shibata, D., de la, C. A., & Aaltonen, L. A. 1997, "Localization of a susceptibility locus for Peutz-Jeghers syndrome to 

19p using comparative genomic hybridization and targeted linkage analysis", Nat Genet, vol. 15, no. 1, pp. 87-90. 

Henderson, S. R., Guiliano, D., Presneau, N., McLean, S., Frow, R., Vujovic, S., Anderson, J., Sebire, N., Whelan, J., 

Athanasou, N., Flanagan, A. M., & Boshoff, C. 2005, "A molecular map of mesenchymal tumors", Genome Biol., vol. 6, no. 

9, p. R76. 

Hernan, I., Roig, I., Martin, B., Gamundi, M. J., Martinez-Gimeno, M., & Carballo, M. 2004, "De novo germline mutation 

in the serine-threonine kinase STK11/LKB1 gene associated with Peutz-Jeghers syndrome", Clin.Genet., vol. 66, no. 1, pp. 

58-62. 

Heymann, D., Ory, B., Blanchard, F., Heymann, M. F., Coipeau, P., Charrier, C., Couillaud, S., Thiery, J. P., Gouin, F., & 

Redini, F. 2005, "Enhanced tumor regression and tissue repair when zoledronic acid is combined with ifosfamide in rat 

osteosarcoma", Bone, vol. 37, no. 1, pp. 74-86. 

Hingorani, P., Zhang, W., Gorlick, R., & Kolb, E. A. 2009, "Inhibition of Src phosphorylation alters metastatic potential of 

osteosarcoma in vitro but not in vivo", Clin.Cancer Res, vol. 15, no. 10, pp. 3416-3422. 

Holz, M. K., Ballif, B. A., Gygi, S. P., & Blenis, J. 2005, "mTOR and S6K1 mediate assembly of the translation preinitiation 

complex through dynamic protein interchange and ordered phosphorylation events", Cell, vol. 123, no. 4, pp. 569-580. 

Honoki, K., Fujii, H., Kubo, A., Kido, A., Mori, T., Tanaka, Y., & Tsujiuchi, T. 2010, "Possible involvement of stem-like 

populations with elevated ALDH1 in sarcomas for chemotherapeutic drug resistance", Oncol Rep., vol. 24, no. 2, pp. 501-

505. 

Hori, T., Kondo, T., Kanamori, M., Tabuchi, Y., Ogawa, R., Zhao, Q. L., Ahmed, K., Yasuda, T., Seki, S., Suzuki, K., & Kimura, 

T. 2009, "Nutlin-3 enhances tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis through 

up-regulation of death receptor 5 (DR5) in human sarcoma HOS cells and human colon cancer HCT116 cells", Cancer 

Lett., vol. 287, no. 1, pp. 98-108. 

Horike, N., Takemori, H., Katoh, Y., Doi, J., Min, L., Asano, T., Sun, X. J., Yamamoto, H., Kasayama, S., Muraoka, M., 

Nonaka, Y., & Okamoto, M. 2003, "Adipose-specific expression, phosphorylation of Ser794 in insulin receptor substrate-

1, and activation in diabetic animals of salt-inducible kinase-2", J Biol.Chem., vol. 278, no. 20, pp. 18440-18447. 

Hou, X., Xu, S., Maitland-Toolan, K. A., Sato, K., Jiang, B., Ido, Y., Lan, F., Walsh, K., Wierzbicki, M., Verbeuren, T. J., 

Cohen, R. A., & Zang, M. 2008, "SIRT1 regulates hepatocyte lipid metabolism through activating AMP-activated protein 

kinase", J Biol.Chem., vol. 283, no. 29, pp. 20015-20026. 

Houghton, P. J., Germain, G. S., Harwood, F. C., Schuetz, J. D., Stewart, C. F., Buchdunger, E., & Traxler, P. 2004, "Imatinib 

mesylate is a potent inhibitor of the ABCG2 (BCRP) transporter and reverses resistance to topotecan and SN-38 in vitro", 

Cancer Research, vol. 64, no. 7, pp. 2333-2337. 

Houghton, P. J., Morton, C. L., Kolb, E. A., Gorlick, R., Lock, R., Carol, H., Reynolds, C. P., Maris, J. M., Keir, S. T., Billups, C. 

A., & Smith, M. A. 2008, "Initial testing (stage 1) of the mTOR inhibitor rapamycin by the pediatric preclinical testing 

program", Pediatr.Blood Cancer, vol. 50, no. 4, pp. 799-805. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 293 of 310 

 

Hu, B., Gilkes, D. M., Farooqi, B., Sebti, S. M., & Chen, J. 2006, "MDMX overexpression prevents p53 activation by the 

MDM2 inhibitor Nutlin", J Biol.Chem., vol. 281, no. 44, pp. 33030-33035. 

Huang, d. W., Sherman, B. T., & Lempicki, R. A. 2009, "Systematic and integrative analysis of large gene lists using DAVID 

bioinformatics resources", Nat Protoc., vol. 4, no. 1, pp. 44-57. 

Hughes, D. P. 2009, "Strategies for the targeted delivery of therapeutics for osteosarcoma", Expert.Opin.Drug Deliv., vol. 

6, no. 12, pp. 1311-1321. 

Hunter, K. W. 2004, "Ezrin, a key component in tumor metastasis", Trends Mol.Med., vol. 10, no. 5, pp. 201-204. 

Inoki, K. & Guan, K. L. 2009, "Tuberous sclerosis complex, implication from a rare genetic disease to common cancer 

treatment", Hum.Mol.Genet, vol. 18, no. R1, pp. R94-100. 

Inoki, K., Li, Y., Zhu, T., Wu, J., & Guan, K. L. 2002, "TSC2 is phosphorylated and inhibited by Akt and suppresses mTOR 

signalling", Nat Cell Biol., vol. 4, no. 9, pp. 648-657. 

Inoki, K., Ouyang, H., Zhu, T., Lindvall, C., Wang, Y., Zhang, X., Yang, Q., Bennett, C., Harada, Y., Stankunas, K., Wang, C. 

Y., He, X., MacDougald, O. A., You, M., Williams, B. O., & Guan, K. L. 2006, "TSC2 integrates Wnt and energy signals via a 

coordinated phosphorylation by AMPK and GSK3 to regulate cell growth", Cell, vol. 126, no. 5, pp. 955-968. 

Inoki, K., Zhu, T., & Guan, K. L. 2003, "TSC2 mediates cellular energy response to control cell growth and survival", Cell, 

vol. 115, no. 5, pp. 577-590. 

Iwaya, K., Ogawa, H., Kuroda, M., Izumi, M., Ishida, T., & Mukai, K. 2003, "Cytoplasmic and/or nuclear staining of beta-

catenin is associated with lung metastasis", Clin Exp.Metastasis, vol. 20, no. 6, pp. 525-529. 

Iwenofu, O. H., Lackman, R. D., Staddon, A. P., Goodwin, D. G., Haupt, H. M., & Brooks, J. S. 2008, "Phospho-S6 ribosomal 

protein: a potential new predictive sarcoma marker for targeted mTOR therapy", Mod.Pathol., vol. 21, no. 3, pp. 231-

237. 

Jacks, T., Fazeli, A., Schmitt, E. M., Bronson, R. T., Goodell, M. A., & Weinberg, R. A. 1992, "Effects of an Rb mutation in 

the mouse", Nature, vol. 359, no. 6393, pp. 295-300. 

Jacks, T., Remington, L., Williams, B. O., Schmitt, E. M., Halachmi, S., Bronson, R. T., & Weinberg, R. A. 1994, "Tumor 

spectrum analysis in p53-mutant mice", Curr.Biol., vol. 4, no. 1, pp. 1-7. 

Jaffe, N., Carrasco, H., Raymond, K., Ayala, A., & Eftekhari, F. 2002, "Can cure in patients with osteosarcoma be achieved 

exclusively with chemotherapy and abrogation of surgery?", Cancer, vol. 95, no. 10, pp. 2202-2210. 

Jaffe, N., Frei, E., III, Traggis, D., & Bishop, Y. 1974, "Adjuvant methotrexate and citrovorum-factor treatment of 

osteogenic sarcoma", N.Engl.J Med., vol. 291, no. 19, pp. 994-997. 

Jaleel, M., McBride, A., Lizcano, J. M., Deak, M., Toth, R., Morrice, N. A., & Alessi, D. R. 2005, "Identification of the 

sucrose non-fermenting related kinase SNRK, as a novel LKB1 substrate", FEBS Lett., vol. 579, no. 6, pp. 1417-1423. 

Jansen, M., ten Klooster, J. P., Offerhaus, G. J., & Clevers, H. 2009, "LKB1 and AMPK family signaling: the intimate link 

between cell polarity and energy metabolism", Physiol Rev., vol. 89, no. 3, pp. 777-798. 

Jeghers, H., McKusick, V. A., & Katz, K. H. 1949, "Generalized intestinal polyposis and melanin spots of the oral mucosa, 

lips and digits; a syndrome of diagnostic significance", N.Engl.J Med., vol. 241, no. 26, pp. 1031-1036. 

Jenne, D. E., Reimann, H., Nezu, J., Friedel, W., Loff, S., Jeschke, R., Muller, O., Back, W., & Zimmer, M. 1998, "Peutz-

Jeghers syndrome is caused by mutations in a novel serine threonine kinase", Nat Genet, vol. 18, no. 1, pp. 38-43. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 294 of 310 

 

Ji, H., Ramsey, M. R., Hayes, D. N., Fan, C., McNamara, K., Kozlowski, P., Torrice, C., Wu, M. C., Shimamura, T., Perera, S. 

A., Liang, M. C., Cai, D., Naumov, G. N., Bao, L., Contreras, C. M., Li, D., Chen, L., Krishnamurthy, J., Koivunen, J., Chirieac, 

L. R., Padera, R. F., Bronson, R. T., Lindeman, N. I., Christiani, D. C., Lin, X., Shapiro, G. I., Janne, P. A., Johnson, B. E., 

Meyerson, M., Kwiatkowski, D. J., Castrillon, D. H., Bardeesy, N., Sharpless, N. E., & Wong, K. K. 2007, "LKB1 modulates 

lung cancer differentiation and metastasis", Nature, vol. 448, no. 7155, pp. 807-810. 

Jia, S. F., Worth, L. L., & Kleinerman, E. S. 1999, "A nude mouse model of human osteosarcoma lung metastases for 

evaluating new therapeutic strategies", Clin.Exp.Metastasis, vol. 17, no. 6, pp. 501-506. 

Jishage, K., Nezu, J., Kawase, Y., Iwata, T., Watanabe, M., Miyoshi, A., Ose, A., Habu, K., Kake, T., Kamada, N., Ueda, O., 

Kinoshita, M., Jenne, D. E., Shimane, M., & Suzuki, H. 2002, "Role of Lkb1, the causative gene of Peutz-Jegher's 

syndrome, in embryogenesis and polyposis", Proc Natl.Acad.Sci.U.S.A, vol. 99, no. 13, pp. 8903-8908. 

Jones, R. G., Plas, D. R., Kubek, S., Buzzai, M., Mu, J., Xu, Y., Birnbaum, M. J., & Thompson, C. B. 2005, "AMP-activated 

protein kinase induces a p53-dependent metabolic checkpoint", Mol.Cell, vol. 18, no. 3, pp. 283-293. 

Kansara, M. & Thomas, D. M. 2007, "Molecular pathogenesis of osteosarcoma", Dna and Cell Biology, vol. 26, no. 1, pp. 

1-18. 

Kansara, M., Tsang, M., Kodjabachian, L., Sims, N. A., Trivett, M. K., Ehrich, M., Dobrovic, A., Slavin, J., Choong, P. F., 

Simmons, P. J., Dawid, I. B., & Thomas, D. M. 2009, "Wnt inhibitory factor 1 is epigenetically silenced in human 

osteosarcoma, and targeted disruption accelerates osteosarcomagenesis in mice", J Clin.Invest, vol. 119, no. 4, pp. 837-

851. 

Kasai, T., Bandow, K., Suzuki, H., Chiba, N., Kakimoto, K., Ohnishi, T., Kawamoto, S., Nagaoka, E., & Matsuguchi, T. 2009, 

"Osteoblast differentiation is functionally associated with decreased AMP kinase activity", J Cell Physiol, vol. 221, no. 3, 

pp. 740-749. 

Kasukawa, Y., Miyakoshi, N., & Mohan, S. 2004, "The anabolic effects of GH/IGF system on bone", Curr.Pharm.Des, vol. 

10, no. 21, pp. 2577-2592. 

Katajisto, P., Vaahtomeri, K., Ekman, N., Ventela, E., Ristimaki, A., Bardeesy, N., Feil, R., DePinho, R. A., & Makela, T. P. 

2008, "LKB1 signaling in mesenchymal cells required for suppression of gastrointestinal polyposis", Nat.Genet., vol. 40, 

no. 4, pp. 455-459. 

Katajisto, P., Vallenius, T., Vaahtomeri, K., Ekman, N., Udd, L., Tiainen, M., & Makela, T. P. 2007, "The LKB1 tumor 

suppressor kinase in human disease", Biochim.Biophys.Acta, vol. 1775, no. 1, pp. 63-75. 

Kato, N., Romero, M., Catasus, L., & Prat, J. 2004, "The STK11/LKB1 Peutz-Jegher gene is not involved in the 

pathogenesis of sporadic sex cord-stromal tumors, although loss of heterozygosity at 19p13.3 indicates other gene 

alteration in these tumors", Hum.Pathol., vol. 35, no. 9, pp. 1101-1104. 

Katoh, Y., Takemori, H., Horike, N., Doi, J., Muraoka, M., Min, L., & Okamoto, M. 2004, "Salt-inducible kinase (SIK) 

isoforms: their involvement in steroidogenesis and adipogenesis", Mol.Cell Endocrinol., vol. 217, no. 1-2, pp. 109-112. 

Kenanli, E., Karaman, E., Enver, O., Ulutin, T., & Buyru, N. 2010, "Genetic Alterations of the LKB1 Gene in Head and Neck 

Cancer", DNA Cell Biol. vol. 29, no. 12, pp. 735-8. 

Kersting, C., Gebert, C., Agelopoulos, K., Schmidt, H., van Diest, P. J., Juergens, H., Winkelmann, W., Kevric, M., Gosheger, 

G., Brandt, B., Bielack, S., & Buerger, H. 2007, "Epidermal growth factor receptor expression in high-grade 

osteosarcomas is associated with a good clinical outcome", Clin.Cancer Res., vol. 13, no. 10, pp. 2998-3005. 

Kertesz, M., Iovino, N., Unnerstall, U., Gaul, U., & Segal, E. 2007, "The role of site accessibility in microRNA target 

recognition", Nat Genet, vol. 39, no. 10, pp. 1278-1284. 

Khanna, C. 2008, "Novel targets with potential therapeutic applications in osteosarcoma", Curr.Oncol.Rep., vol. 10, no. 4, 

pp. 350-358. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 295 of 310 

 

Khanna, C., Khan, J., Nguyen, P., Prehn, J., Caylor, J., Yeung, C., Trepel, J., Meltzer, P., & Helman, L. 2001, "Metastasis-

associated differences in gene expression in a murine model of osteosarcoma", Cancer Research, vol. 61, no. 9, pp. 3750-

3759. 

Khanna, C., Prehn, J., Hayden, D., Cassaday, R. D., Caylor, J., Jacob, S., Bose, S. M., Hong, S. H., Hewitt, S. M., & Helman, L. 

J. 2002, "A randomized controlled trial of octreotide pamoate long-acting release and carboplatin versus carboplatin 

alone in dogs with naturally occurring osteosarcoma: evaluation of insulin-like growth factor suppression and 

chemotherapy", Clin Cancer Res, vol. 8, no. 7, pp. 2406-2412. 

Khanna, C., Wan, X., Bose, S., Cassaday, R., Olomu, O., Mendoza, A., Yeung, C., Gorlick, R., Hewitt, S. M., & Helman, L. J. 

2004, "The membrane-cytoskeleton linker ezrin is necessary for osteosarcoma metastasis", Nat.Med., vol. 10, no. 2, pp. 

182-186. 

Kibbe, W. A. 2007, "OligoCalc: an online oligonucleotide properties calculator", Nucleic Acids Res, vol. 35, no. Web Server 

issue, p. W43-W46. 

Kim, C., Shin, E., Hong, S., Chon, H. J., Kim, H. R., Ahn, J. R., Hong, M. H., Yang, W. I., Roh, J. K., & Rha, S. Y. 2009, "Clinical 

value of ezrin expression in primary osteosarcoma", Cancer Res Treat., vol. 41, no. 3, pp. 138-144. 

Kim, C. J., Cho, Y. G., Park, J. Y., Kim, T. Y., Lee, J. H., Kim, H. S., Lee, J. W., Song, Y. H., Nam, S. W., Lee, S. H., Yoo, N. J., 

Lee, J. Y., & Park, W. S. 2004, "Genetic analysis of the LKB1/STK11 gene in hepatocellular carcinomas", Eur.J Cancer, vol. 

40, no. 1, pp. 136-141. 

Kim, D. H., Sarbassov, D. D., Ali, S. M., King, J. E., Latek, R. R., Erdjument-Bromage, H., Tempst, P., & Sabatini, D. M. 

2002a, "mTOR interacts with raptor to form a nutrient-sensitive complex that signals to the cell growth machinery", Cell, 

vol. 110, no. 2, pp. 163-175. 

Kim, E. M., Sivanandham, M., Stavropoulos, C. I., & Wallack, M. K. 2002b, "Adjuvant effect of a Flt3 ligand (FL) gene-

transduced xenogeneic cell line in a murine colon cancer model", J.Surg.Res., vol. 108, no. 1, pp. 148-156. 

Kim, H. J., Chalmers, P. N., & Morris, C. D. 2010, "Pediatric osteogenic sarcoma", Curr.Opin.Pediatr., vol. 22, no. 1, pp. 61-

66. 

Kim, M. S., Song, W. S., Cho, W. H., Lee, S. Y., & Jeon, D. G. 2007, "Ezrin expression predicts survival in stage IIB 

osteosarcomas", Clin.Orthop.Relat Res., vol. 459, pp. 229-236. 

Kishi, M., Pan, Y. A., Crump, J. G., & Sanes, J. R. 2005, "Mammalian SAD kinases are required for neuronal polarization", 

Science, vol. 307, no. 5711, pp. 929-932. 

Knudson, A. G., Jr. 1971, "Mutation and cancer: statistical study of retinoblastoma", Proc.Natl.Acad.Sci.U.S.A, vol. 68, no. 

4, pp. 820-823. 

Kojima, Y., Miyoshi, H., Clevers, H. C., Oshima, M., Aoki, M., & Taketo, M. M. 2007, "Suppression of tubulin 

polymerization by the LKB1-microtubule-associated protein/microtubule affinity-regulating kinase signaling", J 

Biol.Chem., vol. 282, no. 32, pp. 23532-23540. 

Koo, S. H., Flechner, L., Qi, L., Zhang, X., Screaton, R. A., Jeffries, S., Hedrick, S., Xu, W., Boussouar, F., Brindle, P., 

Takemori, H., & Montminy, M. 2005, "The CREB coactivator TORC2 is a key regulator of fasting glucose metabolism", 

Nature, vol. 437, no. 7062, pp. 1109-1111. 

Krishnan, K., Bruce, B., Hewitt, S., Thomas, D., Khanna, C., & Helman, L. J. 2006, "Ezrin mediates growth and survival in 

Ewing's sarcoma through the AKT/mTOR, but not the MAPK, signaling pathway", Clinical & Experimental Metastasis, vol. 

23, no. 3-4, pp. 227-236. 

Kubista, B., Klinglmueller, F., Bilban, M., Pfeiffer, M., Lass, R., Giurea, A., Funovics, P. T., Toma, C., Dominkus, M., Kotz, R., 

Thalhammer, T., Trieb, K., Zettl, T., & Singer, C. F. 2010, "Microarray analysis identifies distinct gene expression profiles 

associated with histological subtype in human osteosarcoma", Int.Orthop., vol. 35, no. 3, pp. 401-11. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 296 of 310 

 

Labarge, M. A. & Bissell, M. J. 2008, "Is CD133 a marker of metastatic colon cancer stem cells?", J.Clin.Invest. 

Ladanyi, M., Cha, C., Lewis, R., Jhanwar, S. C., Huvos, A. G., & Healey, J. H. 1993, "MDM2 gene amplification in metastatic 

osteosarcoma", Cancer Research, vol. 53, no. 1, pp. 16-18. 

Lamoureux, F., Richard, P., Wittrant, Y., Battaglia, S., Pilet, P., Trichet, V., Blanchard, F., Gouin, F., Pitard, B., Heymann, D., 

& Redini, F. 2007, "Therapeutic relevance of osteoprotegerin gene therapy in osteosarcoma: blockade of the vicious 

cycle between tumor cell proliferation and bone resorption", Cancer Research, vol. 67, no. 15, pp. 7308-7318. 

Lan, F., Cacicedo, J. M., Ruderman, N., & Ido, Y. 2008, "SIRT1 modulation of the acetylation status, cytosolic localization, 

and activity of LKB1. Possible role in AMP-activated protein kinase activation", J Biol.Chem., vol. 283, no. 41, pp. 27628-

27635. 

Lattimer, J. C., Corwin, L. A., Jr., Stapleton, J., Volkert, W. A., Ehrhardt, G. J., Ketring, A. R., Anderson, S. K., Simon, J., & 

Goeckeler, W. F. 1990, "Clinical and clinicopathologic response of canine bone tumor patients to treatment with 

samarium-153-EDTMP", J Nucl.Med., vol. 31, no. 8, pp. 1316-1325. 

Lee, I., Ajay, S. S., Yook, J. I., Kim, H. S., Hong, S. H., Kim, N. H., Dhanasekaran, S. M., Chinnaiyan, A. M., & Athey, B. D. 

2009, "New class of microRNA targets containing simultaneous 5'-UTR and 3'-UTR interaction sites", Genome Res, vol. 

19, no. 7, pp. 1175-1183. 

Lee, J. W., Park, Y. A., Choi, J. J., Lee, Y. Y., Kim, C. J., Choi, C., Kim, T. J., Lee, N. W., Kim, B. G., & Bae, D. S. 2010a, "The 

expression of the miRNA-200 family in endometrial endometrioid carcinoma", Gynecol.Oncol. 

Lee, M. J., Feliers, D., Sataranatarajan, K., Mariappan, M. M., Li, M., Barnes, J. L., Choudhury, G. G., & Kasinath, B. S. 

2010b, "Resveratrol ameliorates high glucose-induced protein synthesis in glomerular epithelial cells", Cell Signal., vol. 

22, no. 1, pp. 65-70. 

Legembre, P., Schickel, R., Barnhart, B. C., & Peter, M. E. 2004, "Identification of SNF1/AMP kinase-related kinase as an 

NF-kappaB-regulated anti-apoptotic kinase involved in CD95-induced motility and invasiveness", J Biol.Chem., vol. 279, 

no. 45, pp. 46742-46747. 

Lengner, C. J., Steinman, H. A., Gagnon, J., Smith, T. W., Henderson, J. E., Kream, B. E., Stein, G. S., Lian, J. B., & Jones, S. 

N. 2006, "Osteoblast differentiation and skeletal development are regulated by Mdm2-p53 signaling", J Cell Biol., vol. 

172, no. 6, pp. 909-921. 

Leonard, P., Sharp, T., Henderson, S., Hewitt, D., Pringle, J., Sandison, A., Goodship, A., Whelan, J., & Boshoff, C. 2003, 

"Gene expression array profile of human osteosarcoma", Br.J.Cancer, vol. 89, no. 12, pp. 2284-2288. 

Levine, R. A., Forest, T., & Smith, C. 2002, "Tumor suppressor PTEN is mutated in canine osteosarcoma cell lines and 

tumors", Vet.Pathol., vol. 39, no. 3, pp. 372-378. 

Levings, P. P., McGarry, S. V., Currie, T. P., Nickerson, D. M., McClellan, S., Ghivizzani, S. C., Steindler, D. A., & Gibbs, C. P. 

2009, "Expression of an exogenous human Oct-4 promoter identifies tumor-initiating cells in osteosarcoma", Cancer 

Research, vol. 69, no. 14, pp. 5648-5655. 

Lewis, B. P., Burge, C. B., & Bartel, D. P. 2005, "Conserved seed pairing, often flanked by adenosines, indicates that 

thousands of human genes are microRNA targets", Cell, vol. 120, no. 1, pp. 15-20. 

Li, Y., Liang, Q., Wen, Y. Q., Chen, L. L., Wang, L. T., Liu, Y. L., Luo, C. Q., Liang, H. Z., Li, M. T., & Li, Z. 2010, "Comparative 

proteomics analysis of human osteosarcomas and benign tumor of bone", Cancer Genet Cytogenet., vol. 198, no. 2, pp. 

97-106. 

Liang, C. C., Park, A. Y., & Guan, J. L. 2007, "In vitro scratch assay: a convenient and inexpensive method for analysis of 

cell migration in vitro", Nat Protoc., vol. 2, no. 2, pp. 329-333. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 297 of 310 

 

Lin-Marq, N., Borel, C., & Antonarakis, S. E. 2005, "Peutz-Jeghers LKB1 mutants fail to activate GSK-3beta, preventing it 

from inhibiting Wnt signaling", Mol.Genet Genomics, vol. 273, no. 2, pp. 184-196. 

Liu, F., Woitge, H. W., Braut, A., Kronenberg, M. S., Lichtler, A. C., Mina, M., & Kream, B. E. 2004, "Expression and activity 

of osteoblast-targeted Cre recombinase transgenes in murine skeletal tissues", Int.J Dev.Biol., vol. 48, no. 7, pp. 645-653. 

Liu, W. K., Chien, C. Y., Chou, C. K., & Su, J. Y. 2003, "An LKB1-interacting protein negatively regulates TNFalpha-induced 

NF-kappaB activation", J Biomed.Sci., vol. 10, no. 2, pp. 242-252. 

Liu, X., Zeng, B., Ma, J., & Wan, C. 2009, "Comparative proteomic analysis of osteosarcoma cell and human primary 

cultured osteoblastic cell", Cancer Invest, vol. 27, no. 3, pp. 345-352. 

Lizcano, J. M., Goransson, O., Toth, R., Deak, M., Morrice, N. A., Boudeau, J., Hawley, S. A., Udd, L., Makela, T. P., Hardie, 

D. G., & Alessi, D. R. 2004, "LKB1 is a master kinase that activates 13 kinases of the AMPK subfamily, including 

MARK/PAR-1", EMBO J, vol. 23, no. 4, pp. 833-843. 

Londesborough, A., Vaahtomeri, K., Tiainen, M., Katajisto, P., Ekman, N., Vallenius, T., & Makela, T. P. 2008, "LKB1 in 

endothelial cells is required for angiogenesis and TGFbeta-mediated vascular smooth muscle cell recruitment", 

Development, vol. 135, no. 13, pp. 2331-2338. 

Lopez-Guerrero, J. A., Lopez-Gines, C., Pellin, A., Carda, C., & Llombart-Bosch, A. 2004, "Deregulation of the G1 to S-

phase cell cycle checkpoint is involved in the pathogenesis of human osteosarcoma", Diagn.Mol.Pathol., vol. 13, no. 2, 

pp. 81-91. 

Lowery, A. J., Miller, N., Devaney, A., McNeill, R. E., Davoren, P. A., Lemetre, C., Benes, V., Schmidt, S., Blake, J., Ball, G., 

& Kerin, M. J. 2009, "MicroRNA signatures predict oestrogen receptor, progesterone receptor and HER2/neu receptor 

status in breast cancer", Breast Cancer Res, vol. 11, no. 3, p. R27. 

Lui, W. O., Pourmand, N., Patterson, B. K., & Fire, A. 2007, "Patterns of known and novel small RNAs in human cervical 

cancer", Cancer Research, vol. 67, no. 13, pp. 6031-6043. 

Luo, X., Sharff, K. A., Chen, J., He, T. C., & Luu, H. H. 2008, "S100A6 Expression and Function in Human Osteosarcoma", 

Clin.Orthop.Relat Res., vol. 466, no. 9, pp.2060-70. 

Ma, Y., Zhang, G., Fu, X., Xia, O., Zhan, C., Li, L., Wang, Z., & Wu, B. 2010, "Wnt signaling may be activated in a subset of 

Peutz-Jeghers syndrome polyps closely correlating to LKB1 expression", Oncol Rep., vol. 23, no. 6, pp. 1569-1576. 

MacEwen, E. G., Kutzke, J., Carew, J., Pastor, J., Schmidt, J. A., Tsan, R., Thamm, D. H., & Radinsky, R. 2003, "c-Met 

tyrosine kinase receptor expression and function in human and canine osteosarcoma cells", Clin.Exp.Metastasis, vol. 20, 

no. 5, pp. 421-430. 

Machado, I., Navarro, S., Giner, F., Alberghini, M., Bertoni, F., & Llombart-Bosch, A. 2010, "Ezrin immunohistochemical 

expression in chondrosarcomas, osteosarcomas and Ewing sarcoma family of tumors", Virchows Arch., vol. 457, no. 1, 

pp. 87-89. 

MacKenzie, A. R. & von Mehren, M. 2007, "Mechanisms of mammalian target of rapamycin inhibition in sarcoma: 

present and future", Expert.Rev.Anticancer Ther., vol. 7, no. 8, pp. 1145-1154. 

Mahajan, A., Woo, S. Y., Kornguth, D. G., Hughes, D., Huh, W., Chang, E. L., Herzog, C. E., Pelloski, C. E., & Anderson, P. 

2008, "Multimodality treatment of osteosarcoma: radiation in a high-risk cohort", Pediatr.Blood Cancer, vol. 50, no. 5, 

pp. 976-982. 

Mahalingam, M. & Cooper, J. A. 2001, "Phosphorylation of mammalian eIF4E by Mnk1 and Mnk2: tantalizing prospects 

for a role in translation", Prog.Mol.Subcell.Biol., vol. 27, pp. 132-142. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 298 of 310 

 

Mahoney, C. L., Choudhury, B., Davies, H., Edkins, S., Greenman, C., Haaften, G., Mironenko, T., Santarius, T., Stevens, C., 

Stratton, M. R., & Futreal, P. A. 2009, "LKB1/KRAS mutant lung cancers constitute a genetic subset of NSCLC with 

increased sensitivity to MAPK and mTOR signalling inhibition", Br.J Cancer, vol. 100, no. 2, pp. 370-375. 

Maire, G., Yoshimoto, M., Chilton-MacNeill, S., Thorner, P. S., Zielenska, M., & Squire, J. A. 2009, "Recurrent RECQL4 

imbalance and increased gene expression levels are associated with structural chromosomal instability in sporadic 

osteosarcoma", Neoplasia., vol. 11, no. 3, pp. 260-8, 3p. 

Man, T. K., Chintagumpala, M., Visvanathan, J., Shen, J., Perlaky, L., Hicks, J., Johnson, M., Davino, N., Murray, J., Helman, 

L., Meyer, W., Triche, T., Wong, K. K., & Lau, C. C. 2005, "Expression profiles of osteosarcoma that can predict response 

to chemotherapy", Cancer Res., vol. 65, no. 18, pp. 8142-8150. 

Manara, M. C., Baldini, N., Serra, M., Lollini, P. L., De Giovanni, C., Vaccari, M., Argnani, A., Benini, S., Maurici, D., Picci, 

P., & Scotlandi, K. 2000, "Reversal of malignant phenotype in human osteosarcoma cells transduced with the alkaline 

phosphatase gene", Bone, vol. 26, no. 3, pp. 215-220. 

Manara, M. C., Nicoletti, G., Zambelli, D., Ventura, S., Guerzoni, C., Landuzzi, L., Lollini, P. L., Maira, S. M., Garcia-

Echeverria, C., Mercuri, M., Picci, P., & Scotlandi, K. 2010, "NVP-BEZ235 as a new therapeutic option for sarcomas", Clin 

Cancer Res, vol. 16, no. 2, pp. 530-540. 

Marina, N., Bielack, S., Whelan, J., Smeland, S., Krailo, M., Sydes, M. R., Butterfass-Bahloul, T., Calaminus, G., & 

Bernstein, M. 2010, "International Collaboration is Feasible in Trials for Rare Conditions: The EURAMOS Experience", 

Cancer Treat.Res, vol. 152, pp. 339-353. 

Maris, J. M., Courtright, J., Houghton, P. J., Morton, C. L., Gorlick, R., Kolb, E. A., Lock, R., Tajbakhsh, M., Reynolds, C. P., 

Keir, S. T., Wu, J., & Smith, M. A. 2008, "Initial testing of the VEGFR inhibitor AZD2171 by the pediatric preclinical testing 

program", Pediatr.Blood Cancer, vol. 50, no. 3, pp. 581-587. 

Marti, C., Kroner, T., Remagen, W., Berchtold, W., Cserhati, M., & Varini, M. 1985, "High-dose ifosfamide in advanced 

osteosarcoma", Cancer Treat.Rep., vol. 69, no. 1, pp. 115-117. 

Masuda, S., Fukuma, H., & Beppu, Y. 1983, "Antitumor effect of human leukocyte interferon on human osteosarcoma 

transplanted into nude mice", Eur.J Cancer Clin Oncol, vol. 19, no. 11, pp. 1521-1528. 

McCarthy, A., Lord, C. J., Savage, K., Grigoriadis, A., Smith, D. P., Weigelt, B., Reis-Filho, J. S., & Ashworth, A. 2009, 

"Conditional deletion of the Lkb1 gene in the mouse mammary gland induces tumour formation", J Pathol., vol. 219, no. 

3, pp. 306-316. 

McCleese, J. K., Bear, M. D., Fossey, S. L., Mihalek, R. M., Foley, K. P., Ying, W., Barsoum, J., & London, C. A. 2009, "The 

novel HSP90 inhibitor STA-1474 exhibits biologic activity against osteosarcoma cell lines", Int.J Cancer, vol. 125, no. 12, 

pp. 2792-2801. 

McGary, E. C., Weber, K., Mills, L., Doucet, M., Lewis, V., Lev, D. C., Fidler, I. J., & Bar-Eli, M. 2002, "Inhibition of platelet-

derived growth factor-mediated proliferation of osteosarcoma cells by the novel tyrosine kinase inhibitor STI571", 

Clin.Cancer Res, vol. 8, no. 11, pp. 3584-3591. 

Mehenni, H., Lin-Marq, N., Buchet-Poyau, K., Reymond, A., Collart, M. A., Picard, D., & Antonarakis, S. E. 2005a, "LKB1 

interacts with and phosphorylates PTEN: a functional link between two proteins involved in cancer predisposing 

syndromes", Hum.Mol.Genet, vol. 14, no. 15, pp. 2209-2219. 

Mehenni, H., Lin-Marq, N., Buchet-Poyau, K., Reymond, A., Collart, M. A., Picard, D., & Antonarakis, S. E. 2005b, "LKB1 

interacts with and phosphorylates PTEN: a functional link between two proteins involved in cancer predisposing 

syndromes", Hum.Mol.Genet, vol. 14, no. 15, pp. 2209-2219. 

Memmott, R. M., Mercado, J. R., Maier, C. R., Kawabata, S., Fox, S. D., & Dennis, P. A. 2010, "Metformin prevents 

tobacco carcinogen--induced lung tumorigenesis", Cancer Prev.Res (Phila), vol. 3, no. 9, pp. 1066-1076. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 299 of 310 

 

Mendoza, S., David, H., Gaylord, G. M., & Miller, C. W. 2005, "Allelic loss at 10q26 in osteosarcoma in the region of the 

BUB3 and FGFR2 genes", Cancer Genet Cytogenet., vol. 158, no. 2, pp. 142-147. 

Meng, F., Wehbe-Janek, H., Henson, R., Smith, H., & Patel, T. 2008, "Epigenetic regulation of microRNA-370 by 

interleukin-6 in malignant human cholangiocytes", Oncogene, vol. 27, no. 3, pp. 378-386. 

Menon, S. & Manning, B. D. 2008, "Common corruption of the mTOR signaling network in human tumors", Oncogene, 

vol. 27 Suppl 2, p. S43-S51. 

Miller, C. W., Aslo, A., Campbell, M. J., Kawamata, N., Lampkin, B. C., & Koeffler, H. P. 1996a, "Alterations of the p15, 

p16,and p18 genes in osteosarcoma", Cancer Genet.Cytogenet., vol. 86, no. 2, pp. 136-142. 

Miller, C. W., Aslo, A., Won, A., Tan, M., Lampkin, B., & Koeffler, H. P. 1996b, "Alterations of the p53, Rb and MDM2 

genes in osteosarcoma", J Cancer Res Clin.Oncol., vol. 122, no. 9, pp. 559-565. 

Miller, C. W., Ikezoe, T., Krug, U., Hofmann, W. K., Tavor, S., Vegesna, V., Tsukasaki, K., Takeuchi, S., & Koeffler, H. P. 

2002, "Mutations of the CHK2 gene are found in some osteosarcomas, but are rare in breast, lung, and ovarian tumors", 

Genes Chromosomes.Cancer, vol. 33, no. 1, pp. 17-21. 

Mintz, M. B., Sowers, R., Brown, K. M., Hilmer, S. C., Mazza, B., Huvos, A. G., Meyers, P. A., Lafleur, B., McDonough, W. 

S., Henry, M. M., Ramsey, K. E., Antonescu, C. R., Chen, W., Healey, J. H., Daluski, A., Berens, M. E., Macdonald, T. J., 

Gorlick, R., & Stephan, D. A. 2005, "An expression signature classifies chemotherapy-resistant pediatric osteosarcoma", 

Cancer Research, vol. 65, no. 5, pp. 1748-1754. 

Miser, J. S., Kinsella, T. J., Triche, T. J., Tsokos, M., Jarosinski, P., Forquer, R., Wesley, R., & Magrath, I. 1987, "Ifosfamide 

with mesna uroprotection and etoposide: an effective regimen in the treatment of recurrent sarcomas and other tumors 

of children and young adults", J Clin Oncol, vol. 5, no. 8, pp. 1191-1198. 

Mita, M. M., Mita, A., & Rowinsky, E. K. 2003, "The molecular target of rapamycin (mTOR) as a therapeutic target against 

cancer", Cancer Biol.Ther., vol. 2, no. 4 Suppl 1, p. S169-S177. 

Miura, K., Miura, S., Yamasaki, K., Higashijima, A., Kinoshita, A., Yoshiura, K., & Masuzaki, H. 2010, "Identification of 

pregnancy-associated microRNAs in maternal plasma", Clin Chem., vol. 56, no. 11, pp. 1767-1771. 

Miyoshi, H., Deguchi, A., Nakau, M., Kojima, Y., Mori, A., Oshima, M., Aoki, M., & Taketo, M. M. 2009, "Hepatocellular 

carcinoma development induced by conditional beta-catenin activation in Lkb1+/- mice", Cancer Sci., vol. 100, no. 11, 

pp. 2046-2053. 

Miyoshi, H., Nakau, M., Ishikawa, T. O., Seldin, M. F., Oshima, M., & Taketo, M. M. 2002, "Gastrointestinal 

hamartomatous polyposis in Lkb1 heterozygous knockout mice", Cancer Research, vol. 62, no. 8, pp. 2261-2266. 

Mohseny, A. B., Tieken, C., van, d., V, Szuhai, K., de, A. C., Hogendoorn, P. C., & Cleton-Jansen, A. M. 2010, "Small 

deletions but not methylation underlie CDKN2A/p16 loss of expression in conventional osteosarcoma", Genes 

Chromosomes.Cancer, vol. 49, no. 12, pp. 1095-1103. 

Mori, K., Blanchard, F., Charrier, C., Battaglia, S., Ando, K., Duplomb, L., Shultz, L. D., Redini, F., & Heymann, D. 2008, 

"Conditioned media from mouse osteosarcoma cells promote MC3T3-E1 cell proliferation using JAKs and PI3-K/Akt 

signal crosstalk", Cancer Sci., vol. 99, no. 11, pp. 2170-2176. 

Morton, J. P., Jamieson, N. B., Karim, S. A., Athineos, D., Ridgway, R. A., Nixon, C., McKay, C. J., Carter, R., Brunton, V. G., 

Frame, M. C., Ashworth, A., Oien, K. A., Evans, T. R., & Sansom, O. J. 2010, "Lkb1 Haploinsufficiency Cooperates with Kras 

to Promote Pancreatic Cancer via Suppression of p21 Dependent Growth Arrest", Gastroenterology., vol. 139, no. 2, pp. 

586-97. 

Muller, C. R., Smeland, S., Bauer, H. C., Saeter, G., & Strander, H. 2005, "Interferon-alpha as the only adjuvant treatment 

in high-grade osteosarcoma: long term results of the Karolinska Hospital series", Acta Oncol, vol. 44, no. 5, pp. 475-480. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 300 of 310 

 

Murase, M., Kano, M., Tsukahara, T., Takahashi, A., Torigoe, T., Kawaguchi, S., Kimura, S., Wada, T., Uchihashi, Y., Kondo, 

T., Yamashita, T., & Sato, N. 2009, "Side population cells have the characteristics of cancer stem-like cells/cancer-

initiating cells in bone sarcomas", Br.J Cancer, vol. 101, no. 8, pp. 1425-1432. 

Nagata, Y., Anan, T., Yoshida, T., Mizukami, T., Taya, Y., Fujiwara, T., Kato, H., Saya, H., & Nakao, M. 1999, "The 

stabilization mechanism of mutant-type p53 by impaired ubiquitination: the loss of wild-type p53 function and the 

hsp90 association", Oncogene, vol. 18, no. 44, pp. 6037-6049. 

Nakano, T., Tani, M., Ishibashi, Y., Kimura, K., Park, Y. B., Imaizumi, N., Tsuda, H., Aoyagi, K., Sasaki, H., Ohwada, S., & 

Yokota, J. 2003, "Biological properties and gene expression associated with metastatic potential of human 

osteosarcoma", Clin Exp.Metastasis, vol. 20, no. 7, pp. 665-674. 

Nakau, M., Miyoshi, H., Seldin, M. F., Imamura, M., Oshima, M., & Taketo, M. M. 2002, "Hepatocellular carcinoma 

caused by loss of heterozygosity in Lkb1 gene knockout mice", Cancer Research, vol. 62, no. 16, pp. 4549-4553. 

Narala, S. R., Allsopp, R. C., Wells, T. B., Zhang, G., Prasad, P., Coussens, M. J., Rossi, D. J., Weissman, I. L., & Vaziri, H. 

2008, "SIRT1 acts as a nutrient-sensitive growth suppressor and its loss is associated with increased AMPK and 

telomerase activity", Mol.Biol.Cell, vol. 19, no. 3, pp. 1210-1219. 

Narita, T., Ohnuma, H., & Yokoyama, S. 1995, "Peutz-Jeghers syndrome with osseous metaplasia of the intestinal 

polyps", Pathol.Int., vol. 45, no. 5, pp. 388-392. 

Nellist, M., Burgers, P. C., van den Ouweland, A. M., Halley, D. J., & Luider, T. M. 2005, "Phosphorylation and binding 

partner analysis of the TSC1-TSC2 complex", Biochem.Biophys.Res Commun., vol. 333, no. 3, pp. 818-826. 

Nielsen, G. P., Burns, K. L., Rosenberg, A. E., & Louis, D. N. 1998, "CDKN2A gene deletions and loss of p16 expression 

occur in osteosarcomas that lack RB alterations", Am J Pathol., vol. 153, no. 1, pp. 159-163. 

Nishijo, K., Nakayama, T., Aoyama, T., Okamoto, T., Ishibe, T., Yasura, K., Shima, Y., Shibata, K. R., Tsuboyama, T., 

Nakamura, T., & Toguchida, J. 2004, "Mutation analysis of the RECQL4 gene in sporadic osteosarcomas", Int.J Cancer, 

vol. 111, no. 3, pp. 367-372. 

Nony, P., Gaude, H., Rossel, M., Fournier, L., Rouault, J. P., & Billaud, M. 2003, "Stability of the Peutz-Jeghers syndrome 

kinase LKB1 requires its binding to the molecular chaperones Hsp90/Cdc37", Oncogene, vol. 22, no. 57, pp. 9165-9175. 

Ochi, K., Daigo, Y., Katagiri, T., Nagayama, S., Tsunoda, T., Myoui, A., Naka, N., Araki, N., Kudawara, I., Ieguchi, M., 

Toyama, Y., Toguchida, J., Yoshikawa, H., & Nakamura, Y. 2004, "Prediction of response to neoadjuvant chemotherapy 

for osteosarcoma by gene-expression profiles", Int.J Oncol, vol. 24, no. 3, pp. 647-655. 

Ochs, J. J., Freeman, A. I., Douglass, H. O., Jr., Higby, D. S., Mindell, E. R., & Sinks, L. F. 1978, "cis-

Dichlorodiammineplatinum (II) in advanced osteogenic sarcoma", Cancer Treat.Rep., vol. 62, no. 2, pp. 239-245. 

Ogino, W., Takeshima, Y., Mori, T., Yanai, T., Hayakawa, A., Akisue, T., Kurosaka, M., & Matsuo, M. 2007, "High level of 

ezrin mRNA expression in an osteosarcoma biopsy sample with lung metastasis", J.Pediatr.Hematol.Oncol., vol. 29, no. 7, 

pp. 435-439. 

Ohdaira, H., Nakagawa, H., & Yoshida, K. 2009, "Profiling of molecular pathways regulated by microRNA 601", 

Comput.Biol.Chem., vol. 33, no. 6, pp. 429-433. 

Onda, M., Matsuda, S., Higaki, S., Iijima, T., Fukushima, J., Yokokura, A., Kojima, T., Horiuchi, H., Kurokawa, T., & 

Yamamoto, T. 1996, "ErbB-2 expression is correlated with poor prognosis for patients with osteosarcoma", Cancer, vol. 

77, no. 1, pp. 71-78. 

Ory, B., Blanchard, F., Battaglia, S., Gouin, F., Redini, F., & Heymann, D. 2007, "Zoledronic acid activates the DNA S-phase 

checkpoint and induces osteosarcoma cell death characterized by apoptosis-inducing factor and endonuclease-G 

translocation independently of p53 and retinoblastoma status", Mol.Pharmacol., vol. 71, no. 1, pp. 333-343. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 301 of 310 

 

Ory, B., Heymann, M. F., Kamijo, A., Gouin, F., Heymann, D., & Redini, F. 2005, "Zoledronic acid suppresses lung 

metastases and prolongs overall survival of osteosarcoma-bearing mice", Cancer, vol. 104, no. 11, pp. 2522-2529. 

Ory, B., Moriceau, G., Trichet, V., Blanchard, F., Berreur, M., Redini, F., Rogers, M., & Heymann, D. 2008, "Farnesyl 

diphosphate synthase is involved in the resistance to zoledronic acid of osteosarcoma cells", J.Cell Mol.Med., vol. 12, no. 

3, pp. 928-941. 

Ossipova, O., Bardeesy, N., DePinho, R. A., & Green, J. B. 2003, "LKB1 (XEEK1) regulates Wnt signalling in vertebrate 

development", Nat Cell Biol., vol. 5, no. 10, pp. 889-894. 

Ottaviano, L., Schaefer, K. L., Gajewski, M., Huckenbeck, W., Baldus, S., Rogel, U., Mackintosh, C., de, A. E., Myklebost, 

O., Kresse, S. H., Meza-Zepeda, L. A., Serra, M., Cleton-Jansen, A. M., Hogendoorn, P. C., Buerger, H., Aigner, T., Gabbert, 

H. E., & Poremba, C. 2010, "Molecular characterization of commonly used cell lines for bone tumor research: a trans-

European EuroBoNet effort", Genes Chromosomes.Cancer, vol. 49, no. 1, pp. 40-51. 

Ozaki, T., Schaefer, K. L., Wai, D., Buerger, H., Flege, S., Lindner, N., Kevric, M., Diallo, R., Bankfalvi, A., Brinkschmidt, C., 

Juergens, H., Winkelmann, W., Dockhorn-Dworniczak, B., Bielack, S. S., & Poremba, C. 2002, "Genetic imbalances 

revealed by comparative genomic hybridization in osteosarcomas", Int.J.Cancer, vol. 102, no. 4, pp. 355-365. 

Pan, J., Hu, H., Zhou, Z., Sun, L., Peng, L., Yu, L., Sun, L., Liu, J., Yang, Z., & Ran, Y. 2010, "Tumor-suppressive mir-663 gene 

induces mitotic catastrophe growth arrest in human gastric cancer cells", Oncol Rep., vol. 24, no. 1, pp. 105-112. 

Paoloni, M. C., Mazcko, C., Fox, E., Fan, T., Lana, S., Kisseberth, W., Vail, D. M., Nuckolls, K., Osborne, T., Yalkowsy, S., 

Gustafson, D., Yu, Y., Cao, L., & Khanna, C. 2010, "Rapamycin pharmacokinetic and pharmacodynamic relationships in 

osteosarcoma: a comparative oncology study in dogs", PLoS ONE, vol. 5, no. 6, p. e11013. 

Park, H. R., Cabrini, R. L., Araujo, E. S., Paparella, M. L., Brandizzi, D., & Park, Y. K. 2009, "Expression of ezrin and 

metastatic tumor antigen in osteosarcomas of the jaw", Tumori, vol. 95, no. 1, pp. 81-86. 

Park, H. R., Jung, W. W., Bacchini, P., Bertoni, F., Kim, Y. W., & Park, Y. K. 2006, "Ezrin in osteosarcoma: comparison 

between conventional high-grade and central low-grade osteosarcoma", Pathol.Res.Pract., vol. 202, no. 7, pp. 509-515. 

Park, W. S., Moon, Y. W., Yang, Y. M., Kim, Y. S., Kim, Y. D., Fuller, B. G., Vortmeyer, A. O., Fogt, F., Lubensky, I. A., & 

Zhuang, Z. 1998, "Mutations of the STK11 gene in sporadic gastric carcinoma", Int.J Oncol, vol. 13, no. 3, pp. 601-604. 

Patino-Garcia, A., Zalacain, M., Folio, C., Zandueta, C., Sierrasesumaga, L., San, J. M., Toledo, G., De Las, R. J., & Lecanda, 

F. 2009, "Profiling of chemonaive osteosarcoma and paired-normal cells identifies EBF2 as a mediator of osteoprotegerin 

inhibition to tumor necrosis factor-related apoptosis-inducing ligand-induced apoptosis", Clin Cancer Res, vol. 15, no. 16, 

pp. 5082-5091. 

Payne, S. R. & Kemp, C. J. 2005, "Tumor suppressor genetics", Carcinogenesis, vol. 26, no. 12, pp. 2031-2045. 

Peltier, L. F. 1993, Orthopedics: a history and iconography Normal Publishing, San Francisco, California. 

Peng, T. S., Qiu, J. S., Li, Z., Zhang, M., & Liang, H. Z. 2005, "[The role of CD44 in the proliferation, adhesiveness and 

invasiveness of osteosarcoma cell lines]", Zhonghua Bing.Li Xue.Za Zhi., vol. 34, no. 6, pp. 362-366. 

Peng, T. S., Qiu, J. S., Wu, H. X., Liang, H. Z., & Luo, C. Q. 2002, "[Expressions of CD44s, MMP-9, and Ki-67: possible 

association with invasion, metastasis, and recurrence of osteosarcoma]", Ai.Zheng., vol. 21, no. 7, pp. 745-750. 

Peutz, J. L. A. 1921, "A very remarkable case of familial polyposis of mucos membrane of intestinal tract and 

accompanied by peculiar pigmentations of skin and mucous membrane", Ned.Maandschr.Gebeeskd., vol. 10, pp. 134-

146. 

Picci, P. 2007, "Osteosarcoma (osteogenic sarcoma)", Orphanet.J.Rare.Dis., vol. 2, p. 6. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 302 of 310 

 

Picci, P., Sangiorgi, L., Rougraff, B. T., Neff, J. R., Casadei, R., & Campanacci, M. 1994, "Relationship of chemotherapy-

induced necrosis and surgical margins to local recurrence in osteosarcoma", J.Clin.Oncol., vol. 12, no. 12, pp. 2699-2705. 

Pignochino, Y., Grignani, G., Cavalloni, G., Motta, M., Tapparo, M., Bruno, S., Bottos, A., Gammaitoni, L., Migliardi, G., 

Camussi, G., Alberghini, M., Torchio, B., Ferrari, S., Bussolino, F., Fagioli, F., Picci, P., & Aglietta, M. 2009, "Sorafenib 

blocks tumour growth, angiogenesis and metastatic potential in preclinical models of osteosarcoma through a 

mechanism potentially involving the inhibition of ERK1/2, MCL-1 and ezrin pathways", Mol.Cancer, vol. 8, p. 118. 

Pillai, V. B., Sundaresan, N. R., Kim, G., Gupta, M., Rajamohan, S. B., Pillai, J. B., Samant, S., Ravindra, P. V., Isbatan, A., & 

Gupta, M. P. 2010, "Exogenous NAD blocks cardiac hypertrophic response via activation of the SIRT3-LKB1-AMP-

activated kinase pathway", J Biol.Chem., vol. 285, no. 5, pp. 3133-3144. 

Pinski, J., Schally, A. V., Groot, K., Halmos, G., Szepeshazi, K., Zarandi, M., & Armatis, P. 1995, "Inhibition of growth of 

human osteosarcomas by antagonists of growth hormone-releasing hormone", J.Natl.Cancer Inst., vol. 87, no. 23, pp. 

1787-1794. 

Plas, D. R. & Thompson, C. B. 2003, "Akt activation promotes degradation of tuberin and FOXO3a via the proteasome", J 

Biol.Chem., vol. 278, no. 14, pp. 12361-12366. 

Pratt, C. B., Howarth, C., Ransom, J. L., Bowles, D., Green, A. A., Kumar, A. P., Rivera, G., & Evans, W. E. 1980, "High-dose 

methotrexate used alone and in combination for measurable primary or metastatic osteosarcoma", Cancer Treat.Rep., 

vol. 64, no. 1, pp. 11-20. 

Pratt, C. B., Roberts, D., Shanks, E. C., & Warmath, E. L. 1974a, "Clinical trials and pharmacokinetics of intermittent high-

dose methotrexate-"leucovorin rescue" for children with malignant tumors", Cancer Research, vol. 34, no. 12, pp. 3326-

3331. 

Pratt, C. B. & Shanks, E. C. 1974b, "Doxorubicin in treatment of malignant solid tumors in children", Am J Dis.Child, vol. 

127, no. 4, pp. 534-536. 

Presneau, N., Manderson, E. N., & Tonin, P. N. 2003, "The quest for a tumor suppressor gene phenotype", 

Curr.Mol.Med., vol. 3, no. 7, pp. 605-629. 

Presneau, N., Shalaby, A., Idowu, B., Gikas, P., Cannon, S. R., Gout, I., Diss, T., Tirabosco, R., & Flanagan, A. M. 2009, 

"Potential therapeutic targets for chordoma: PI3K/AKT/TSC1/TSC2/mTOR pathway", Br.J Cancer, vol. 100, no. 9, pp. 

1406-1414. 

Purdie, C. A., Harrison, D. J., Peter, A., Dobbie, L., White, S., Howie, S. E., Salter, D. M., Bird, C. C., Wyllie, A. H., Hooper, 

M. L., & . 1994, "Tumour incidence, spectrum and ploidy in mice with a large deletion in the p53 gene", Oncogene, vol. 9, 

no. 2, pp. 603-609. 

Qiu, W., Schonleben, F., Thaker, H. M., Goggins, M., & Su, G. H. 2006, "A novel mutation of STK11/LKB1 gene leads to the 

loss of cell growth inhibition in head and neck squamous cell carcinoma", Oncogene, vol. 25, no. 20, pp. 2937-2942. 

Quintana, E., Shackleton, M., Sabel, M. S., Fullen, D. R., Johnson, T. M., & Morrison, S. J. 2008, "Efficient tumour 

formation by single human melanoma cells", Nature, vol. 456, no. 7222, pp. 593-598. 

Radu, A., Neubauer, V., Akagi, T., Hanafusa, H., & Georgescu, M. M. 2003, "PTEN induces cell cycle arrest by decreasing 

the level and nuclear localization of cyclin D1", Mol.Cell Biol., vol. 23, no. 17, pp. 6139-6149. 

Ragazzini, P., Gamberi, G., Benassi, M. S., Orlando, C., Sestini, R., Ferrari, C., Molendini, L., Sollazzo, M. R., Merli, M., 

Magagnoli, G., Bertoni, F., Bohling, T., Pazzagli, M., & Picci, P. 1999, "Analysis of SAS gene and CDK4 and MDM2 proteins 

in low-grade osteosarcoma", Cancer Detect.Prev., vol. 23, no. 2, pp. 129-136. 

Rajkumar, T. & Yamuna, M. 2008, "Multiple pathways are involved in drug resistance to doxorubicin in an osteosarcoma 

cell line", Anticancer Drugs, vol. 19, no. 3, pp. 257-265. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 303 of 310 

 

Ren, L., Hong, S. H., Cassavaugh, J., Osborne, T., Chou, A. J., Kim, S. Y., Gorlick, R., Hewitt, S. M., & Khanna, C. 2009, "The 

actin-cytoskeleton linker protein ezrin is regulated during osteosarcoma metastasis by PKC", Oncogene, vol. 28, no. 6, 

pp. 792-802. 

Reya, T., Morrison, S. J., Clarke, M. F., & Weissman, I. L. 2001, "Stem cells, cancer, and cancer stem cells", Nature, vol. 

414, no. 6859, pp. 105-111. 

Riemenschneider, M. J., Betensky, R. A., Pasedag, S. M., & Louis, D. N. 2006, "AKT activation in human glioblastomas 

enhances proliferation via TSC2 and S6 kinase signaling", Cancer Research, vol. 66, no. 11, pp. 5618-5623. 

Ries, L. A. G., Smitt, M. A., Gurney, J. G., Linet, M., Tamra, T., Youg, J. L., & Bunin, G. R. 1999, Cancer Incidence and 

Survival among Children and Adolescents: United States SEER Program 1975-1995, National Cancer Institute, SEER 

Program, Bethesda, MD, 99-4649. 

Robinson, J., Nye, E., Stamp, G., & Silver, A. 2008, "Osteogenic tumours in Lkb1-deficient mice", Exp.Mol.Pathol., vol. 85, 

no. 3, pp. 223-226. 

Rodriguez-Nieto, S. & Sanchez-Cespedes, M. 2009, "BRG1 and LKB1: tales of two tumor suppressor genes on 

chromosome 19p and lung cancer", Carcinogenesis, vol. 30, no. 4, pp. 547-554. 

Rosner, M., Siegel, N., Valli, A., Fuchs, C., & Hengstschlager, M. 2010, "mTOR phosphorylated at S2448 binds to raptor 

and rictor", Amino.Acids, vol. 38, no. 1, pp. 223-228. 

Rossi, D. J., Ylikorkala, A., Korsisaari, N., Salovaara, R., Luukko, K., Launonen, V., Henkemeyer, M., Ristimaki, A., Aaltonen, 

L. A., & Makela, T. P. 2002, "Induction of cyclooxygenase-2 in a mouse model of Peutz-Jeghers polyposis", Proc 

Natl.Acad.Sci.U.S.A, vol. 99, no. 19, pp. 12327-12332. 

Roux, P. P., Ballif, B. A., Anjum, R., Gygi, S. P., & Blenis, J. 2004, "Tumor-promoting phorbol esters and activated Ras 

inactivate the tuberous sclerosis tumor suppressor complex via p90 ribosomal S6 kinase", Proc.Natl.Acad.Sci.U.S.A, vol. 

101, no. 37, pp. 13489-13494. 

Roy, B. C., Kohno, T., Iwakawa, R., Moriguchi, T., Kiyono, T., Morishita, K., Sanchez-Cespedes, M., Akiyama, T., & Yokota, 

J. 2010, "Involvement of LKB1 in epithelial-mesenchymal transition (EMT) of human lung cancer cells", Lung Cancer., vol. 

70, no. 2, pp. 136-45. 

Rozen, S. & Skaletsky, H. 2000, "Primer3 on the WWW for general users and for biologist programmers", Methods 

Mol.Biol., vol. 132, pp. 365-386. 

Ruther, U., Komitowski, D., Schubert, F. R., & Wagner, E. F. 1989, "c-fos expression induces bone tumors in transgenic 

mice", Oncogene, vol. 4, no. 7, pp. 861-865. 

Sadikovic, B., Yoshimoto, M., Al-Romaih, K., Maire, G., Zielenska, M., & Squire, J. A. 2008, "In vitro analysis of integrated 

global high-resolution DNA methylation profiling with genomic imbalance and gene expression in osteosarcoma", PLoS 

ONE, vol. 3, no. 7, p. e2834. 

Sadikovic, B., Yoshimoto, M., Chilton-MacNeill, S., Thorner, P., Squire, J. A., & Zielenska, M. 2009, "Identification of 

interactive networks of gene expression associated with osteosarcoma oncogenesis by integrated molecular profiling", 

Hum.Mol.Genet, vol. 18, no. 11, pp. 1962-1975. 

Sahin, F., Maitra, A., Argani, P., Sato, N., Maehara, N., Montgomery, E., Goggins, M., Hruban, R. H., & Su, G. H. 2003, 

"Loss of Stk11/Lkb1 expression in pancreatic and biliary neoplasms", Mod.Pathol., vol. 16, no. 7, pp. 686-691. 

Sainio, M., Zhao, F., Heiska, L., Turunen, O., den, B. M., Zwarthoff, E., Lutchman, M., Rouleau, G. A., Jaaskelainen, J., 

Vaheri, A., & Carpen, O. 1997, "Neurofibromatosis 2 tumor suppressor protein colocalizes with ezrin and CD44 and 

associates with actin-containing cytoskeleton", J Cell Sci., vol. 110 ( Pt 18), pp. 2249-2260. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 304 of 310 

 

Salas, S., Bartoli, C., Deville, J. L., Gaudart, J., Fina, F., Calisti, A., Bollini, G., Curvale, G., Gentet, J. C., Duffaud, F., Figarella-

Branger, D., & Bouvier, C. 2007, "Ezrin and alpha-smooth muscle actin are immunohistochemical prognostic markers in 

conventional osteosarcomas", Virchows Arch., vol. 451, no. 6, pp. 999-1007. 

Salas, S., de, P. G., Gomez-Brouchet, A., Larrousserie, F., Leroy, X., Aubert, S., Decouvelaere, A. V., Giorgi, R., Fernandez, 

C., & Bouvier, C. 2009, "Ezrin immunohistochemical expression in cartilaginous tumours: a useful tool for differential 

diagnosis between chondroblastic osteosarcoma and chondrosarcoma", Virchows Arch., vol. 454, no. 1, pp. 81-87. 

Saleh, R. A., Graham-Pole, J., Cassano, W., Abbot, F., Vander, G. R., Dickson, N., Metha, P., Heare, M., Kedar, A., Heare, 

T., & . 1990, "Response of osteogenic sarcoma to the combination of etoposide and cyclophosphamide as neoadjuvant 

chemotherapy", Cancer, vol. 65, no. 4, pp. 861-865. 

Salzer-Kuntschik, M., Brand, G., & Delling, G. 1983, "[Determination of the degree of morphological regression following 

chemotherapy in malignant bone tumors]", Pathologe, vol. 4, no. 3, pp. 135-141. 

Sanchez-Cespedes, M. 2007, "A role for LKB1 gene in human cancer beyond the Peutz-Jeghers syndrome", Oncogene, 

vol. 26, no. 57, pp. 7825-7832. 

Sanchez-Cespedes, M., Parrella, P., Esteller, M., Nomoto, S., Trink, B., Engles, J. M., Westra, W. H., Herman, J. G., & 

Sidransky, D. 2002, "Inactivation of LKB1/STK11 is a common event in adenocarcinomas of the lung", Cancer Res., vol. 

62, no. 13, pp. 3659-3662. 

Sansom, O. J., Maddison, K., & Clarke, A. R. 2007, "Mechanisms of disease: methyl-binding domain proteins as potential 

therapeutic targets in cancer", Nat Clin Pract.Oncol, vol. 4, no. 5, pp. 305-315. 

Sarbassov, D. D., Ali, S. M., Kim, D. H., Guertin, D. A., Latek, R. R., Erdjument-Bromage, H., Tempst, P., & Sabatini, D. M. 

2004, "Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive and raptor-independent pathway that 

regulates the cytoskeleton", Curr.Biol., vol. 14, no. 14, pp. 1296-1302. 

Sarbassov, D. D., Guertin, D. A., Ali, S. M., & Sabatini, D. M. 2005, "Phosphorylation and regulation of Akt/PKB by the 

rictor-mTOR complex", Science, vol. 307, no. 5712, pp. 1098-1101. 

Sarver, A. L., Phalak, R., Thayanithy, V., & Subramanian, S. 2010, "S-MED: sarcoma microRNA expression database", Lab 

Invest, vol. 90, no. 5, pp. 753-761. 

Sasaki, M., Nie, L., & Maki, C. G. 2007, "MDM2 binding induces a conformational change in p53 that is opposed by heat-

shock protein 90 and precedes p53 proteasomal degradation", J Biol.Chem., vol. 282, no. 19, pp. 14626-14634. 

Sato, N., Rosty, C., Jansen, M., Fukushima, N., Ueki, T., Yeo, C. J., Cameron, J. L., Iacobuzio-Donahue, C. A., Hruban, R. H., 

& Goggins, M. 2001, "STK11/LKB1 Peutz-Jeghers gene inactivation in intraductal papillary-mucinous neoplasms of the 

pancreas", Am J Pathol., vol. 159, no. 6, pp. 2017-2022. 

Scheper, M. A., Chaisuparat, R., Nikitakis, N. G., & Sauk, J. J. 2008, "Expression and alterations of the PTEN / AKT / mTOR 

pathway in ameloblastomas", Oral Dis., vol. 14, no. 6, pp. 561-568. 

Scotlandi, K., Baldini, N., Oliviero, M., Di Renzo, M. F., Martano, M., Serra, M., Manara, M. C., Comoglio, P. M., & 

Ferracini, R. 1996, "Expression of Met/hepatocyte growth factor receptor gene and malignant behavior of 

musculoskeletal tumors", Am J Pathol., vol. 149, no. 4, pp. 1209-1219. 

Screaton, R. A., Conkright, M. D., Katoh, Y., Best, J. L., Canettieri, G., Jeffries, S., Guzman, E., Niessen, S., Yates, J. R., III, 

Takemori, H., Okamoto, M., & Montminy, M. 2004, "The CREB coactivator TORC2 functions as a calcium- and cAMP-

sensitive coincidence detector", Cell, vol. 119, no. 1, pp. 61-74. 

Sebbagh, M., Santoni, M. J., Hall, B., Borg, J. P., & Schwartz, M. A. 2009, "Regulation of LKB1/STRAD localization and 

function by E-cadherin", Curr.Biol., vol. 19, no. 1, pp. 37-42. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 305 of 310 

 

Serra, M., Pasello, M., Manara, M. C., Scotlandi, K., Ferrari, S., Bertoni, F., Mercuri, M., Alvegard, T. A., Picci, P., Bacci, G., 

& Smeland, S. 2006, "May P-glycoprotein status be used to stratify high-grade osteosarcoma patients? Results from the 

Italian/Scandinavian Sarcoma Group 1 treatment protocol", Int.J.Oncol., vol. 29, no. 6, pp. 1459-1468. 

Shannon, K. M. & Le Beau, M. M. 2008, "Cancer: Hay in a haystack", Nature, vol. 451, no. 7176, pp. 252-253. 

Shaw, R. J. 2009, "LKB1 and AMP-activated protein kinase control of mTOR signalling and growth", Acta Physiol (Oxf), 

vol. 196, no. 1, pp. 65-80. 

Shaw, R. J., Kosmatka, M., Bardeesy, N., Hurley, R. L., Witters, L. A., DePinho, R. A., & Cantley, L. C. 2004, "The tumor 

suppressor LKB1 kinase directly activates AMP-activated kinase and regulates apoptosis in response to energy stress", 

Proc.Natl.Acad.Sci.U.S.A, vol. 101, no. 10, pp. 3329-3335. 

Shaw, R. J., Lamia, K. A., Vasquez, D., Koo, S. H., Bardeesy, N., DePinho, R. A., Montminy, M., & Cantley, L. C. 2005, "The 

kinase LKB1 mediates glucose homeostasis in liver and therapeutic effects of metformin", Science, vol. 310, no. 5754, pp. 

1642-1646. 

Shin, S. M., Cho, I. J., & Kim, S. G. 2009, "Resveratrol protects mitochondria against oxidative stress through AMP-

activated protein kinase-mediated glycogen synthase kinase-3beta inhibition downstream of poly(ADP-

ribose)polymerase-LKB1 pathway", Mol.Pharmacol., vol. 76, no. 4, pp. 884-895. 

Shmelkov, S. V., Butler, J. M., Hooper, A. T., Hormigo, A., Kushner, J., Milde, T., St Clair, R., Baljevic, M., White, I., Jin, D. 

K., Chadburn, A., Murphy, A. J., Valenzuela, D. M., Gale, N. W., Thurston, G., Yancopoulos, G. D., D'Angelica, M., Kemeny, 

N., Lyden, D., & Rafii, S. 2008, "CD133 expression is not restricted to stem cells, and both CD133 and CD133 metastatic 

colon cancer cells initiate tumors", J.Clin.Invest., vol. 118, no. 6, pp. 2111-20. 

Shor, A. C., Keschman, E. A., Lee, F. Y., Muro-Cacho, C., Letson, G. D., Trent, J. C., Pledger, W. J., & Jove, R. 2007, 

"Dasatinib inhibits migration and invasion in diverse human sarcoma cell lines and induces apoptosis in bone sarcoma 

cells dependent on SRC kinase for survival", Cancer Research, vol. 67, no. 6, pp. 2800-2808. 

Singh, S. K., Hawkins, C., Clarke, I. D., Squire, J. A., Bayani, J., Hide, T., Henkelman, R. M., Cusimano, M. D., & Dirks, P. B. 

2004, "Identification of human brain tumour initiating cells", Nature, vol. 432, no. 7015, pp. 396-401. 

Smeland, S., Wiebe, T., Bohling, T., Brosjo, O., Jonsson, K., & Alvegard, T. A. 2004, "Chemotherapy in osteosarcoma. The 

Scandinavian Sarcoma Group experience", Acta Orthop.Scand.Suppl, vol. 75, no. 311, pp. 92-98. 

Smilenov, L. B. 2006, "Tumor development: haploinsufficiency and local network assembly", Cancer Lett., vol. 240, no. 1, 

pp. 17-28. 

Smith, D. P., Rayter, S. I., Niederlander, C., Spicer, J., Jones, C. M., & Ashworth, A. 2001, "LIP1, a cytoplasmic protein 

functionally linked to the Peutz-Jeghers syndrome kinase LKB1", Hum.Mol.Genet, vol. 10, no. 25, pp. 2869-2877. 

Sobottka, S. B., Haase, M., Fitze, G., Hahn, M., Schackert, H. K., & Schackert, G. 2000, "Frequent loss of heterozygosity at 

the 19p13.3 locus without LKB1/STK11 mutations in human carcinoma metastases to the brain", J.Neurooncol., vol. 49, 

no. 3, pp. 187-195. 

Song, B., Wang, Y., Titmus, M. A., Botchkina, G., Formentini, A., Kornmann, M., & Ju, J. 2010, "Molecular mechanism of 

chemoresistance by miR-215 in osteosarcoma and colon cancer cells", Mol.Cancer, vol. 9, p. 96. 

Song, B., Wang, Y., Xi, Y., Kudo, K., Bruheim, S., Botchkina, G. I., Gavin, E., Wan, Y., Formentini, A., Kornmann, M., 

Fodstad, O., & Ju, J. 2009, "Mechanism of chemoresistance mediated by miR-140 in human osteosarcoma and colon 

cancer cells", Oncogene., vol 28, no. 46, pp. 1065-74. 

Spreafico, A., Schenone, S., Serchi, T., Orlandini, M., Angelucci, A., Magrini, D., Bernardini, G., Collodel, G., Di Stefano, A., 

Tintori, C., Bologna, M., Manetti, F., Botta, M., & Santucci, A. 2008a, "Antiproliferative and proapoptotic activities of new 

pyrazolo[3,4-d]pyrimidine derivative Src kinase inhibitors in human osteosarcoma cells", FASEB J., vol. 22, no. 5, pp. 

1560-71. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 306 of 310 

 

Spreafico, A., Schenone, S., Serchi, T., Orlandini, M., Angelucci, A., Magrini, D., Bernardini, G., Collodel, G., Di, S. A., 

Tintori, C., Bologna, M., Manetti, F., Botta, M., & Santucci, A. 2008b, "Antiproliferative and proapoptotic activities of new 

pyrazolo[3,4-d]pyrimidine derivative Src kinase inhibitors in human osteosarcoma cells", FASEB J, vol. 22, no. 5, pp. 

1560-1571. 

Squire, J. A., Pei, J., Marrano, P., Beheshti, B., Bayani, J., Lim, G., Moldovan, L., & Zielenska, M. 2003, "High-resolution 

mapping of amplifications and deletions in pediatric osteosarcoma by use of CGH analysis of cDNA microarrays", Genes 

Chromosomes.Cancer, vol. 38, no. 3, pp. 215-225. 

Staddon, A. P., Chawla, S. P., Tolcher, A. W., Schuetze, S. M., D'amato, Z., Blay, J. Y., Sankhala, K. K., Daly, S. T., Rivera, V. 

M., & Demetri, G. D. Updated results of a phase II trial of AP23573, a novel mTOR inhibitor, in patients (pts) with 

advanced soft tissue or bone sarcomas. ASCO Annual Meeting Proceedings of the journal of clinical oncology 24[18S]. 

2006.  

Ref Type: Abstract 

Stemmer-Rachamimov, A. O., Nielsen, G. P., Rosenberg, A. E., Louis, D. N., Jones, D., Ramesh, V., Gusella, J. F., & Jacoby, 

L. B. 1998, "The NF2 gene and merlin protein in human osteosarcomas", Neurogenetics., vol. 2, no. 1, pp. 73-74. 

Stephens, L., Anderson, K., Stokoe, D., Erdjument-Bromage, H., Painter, G. F., Holmes, A. B., Gaffney, P. R., Reese, C. B., 

McCormick, F., Tempst, P., Coadwell, J., & Hawkins, P. T. 1998, "Protein kinase B kinases that mediate 

phosphatidylinositol 3,4,5-trisphosphate-dependent activation of protein kinase B", Science, vol. 279, no. 5351, pp. 710-

714. 

Stock, C., Kager, L., Fink, F. M., Gadner, H., & Ambros, P. F. 2000, "Chromosomal regions involved in the pathogenesis of 

osteosarcomas", Genes Chromosomes.Cancer, vol. 28, no. 3, pp. 329-336. 

Strander, H. & Einhorn, S. 1977, "Effect of human leukocyte interferon on the growth of human osteosarcoma cells in 

tissue culture", Int.J Cancer, vol. 19, no. 4, pp. 468-473. 

Suzuki, A., Kusakai, G., Kishimoto, A., Lu, J., Ogura, T., & Esumi, H. 2003, "ARK5 suppresses the cell death induced by 

nutrient starvation and death receptors via inhibition of caspase 8 activation, but not by chemotherapeutic agents or UV 

irradiation", Oncogene, vol. 22, no. 40, pp. 6177-6182. 

Takeda, S., Iwai, A., Nakashima, M., Fujikura, D., Chiba, S., Li, H. M., Uehara, J., Kawaguchi, S., Kaya, M., Nagoya, S., 

Wada, T., Yuan, J., Rayter, S., Ashworth, A., Reed, J. C., Yamashita, T., Uede, T., & Miyazaki, T. 2007, "LKB1 is crucial for 

TRAIL-mediated apoptosis induction in osteosarcoma", Anticancer Res., vol. 27, no. 2, pp. 761-768. 

Taliaferro-Smith, L., Nagalingam, A., Zhong, D., Zhou, W., Saxena, N. K., & Sharma, D. 2009, "LKB1 is required for 

adiponectin-mediated modulation of AMPK-S6K axis and inhibition of migration and invasion of breast cancer cells", 

Oncogene, vol. 28, no. 29, pp. 2621-2633. 

Tang, N., Song, W. X., Luo, J., Haydon, R. C., & He, T. C. 2008, "Osteosarcoma Development and Stem Cell 

Differentiation", Clin.Orthop.Relat Res., vol. 466, no. 9, pp. 2114-30. 

Tarkkanen, M., Elomaa, I., Blomqvist, C., Kivioja, A. H., Kellokumpu-Lehtinen, P., Bohling, T., Valle, J., & Knuutila, S. 1999, 

"DNA sequence copy number increase at 8q: a potential new prognostic marker in high-grade osteosarcoma", 

Int.J.Cancer, vol. 84, no. 2, pp. 114-121. 

Tarkkanen, M., Karhu, R., Kallioniemi, A., Elomaa, I., Kivioja, A. H., Nevalainen, J., Bohling, T., Karaharju, E., Hyytinen, E., 

Knuutila, S., & . 1995, "Gains and losses of DNA sequences in osteosarcomas by comparative genomic hybridization", 

Cancer Res., vol. 55, no. 6, pp. 1334-1338. 

Te, J. L., Dozmorov, I. M., Guthridge, J. M., Nguyen, K. L., Cavett, J. W., Kelly, J. A., Bruner, G. R., Harley, J. B., & Ojwang, J. 

O. 2010, "Identification of unique microRNA signature associated with lupus nephritis", PLoS ONE, vol. 5, no. 5, p. 

e10344. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 307 of 310 

 

Tee, A. R., Fingar, D. C., Manning, B. D., Kwiatkowski, D. J., Cantley, L. C., & Blenis, J. 2002, "Tuberous sclerosis complex-1 

and -2 gene products function together to inhibit mammalian target of rapamycin (mTOR)-mediated downstream 

signaling", Proc Natl.Acad.Sci.U.S.A, vol. 99, no. 21, pp. 13571-13576. 

Tee, A. R., Manning, B. D., Roux, P. P., Cantley, L. C., & Blenis, J. 2003, "Tuberous sclerosis complex gene products, 

Tuberin and Hamartin, control mTOR signaling by acting as a GTPase-activating protein complex toward Rheb", 

Curr.Biol., vol. 13, no. 15, pp. 1259-1268. 

Tili, E., Michaille, J. J., Adair, B., Alder, H., Limagne, E., Taccioli, C., Ferracin, M., Delmas, D., Latruffe, N., & Croce, C. M. 

2010, "Resveratrol decreases the levels of miR-155 by upregulating miR-663, a microRNA targeting JunB and JunD", 

Carcinogenesis, vol. 31, no. 9, pp. 1561-1566. 

Tirino, V., Desiderio, V., d'Aquino, R., De Francesco, F., Pirozzi, G., Galderisi, U., Cavaliere, C., De Rosa, A., & Papaccio, G. 

2008, "Detection and characterization of CD133+ cancer stem cells in human solid tumours", PLoS.ONE., vol. 3, no. 10, p. 

e3469. 

Tkaczyk, C., Metcalfe, D. D., & Gilfillan, A. M. 2002, "Determination of protein phosphorylation in Fc epsilon RI-activated 

human mast cells by immunoblot analysis requires protein extraction under denaturing conditions", J.Immunol.Methods, 

vol. 268, no. 2, pp. 239-243. 

Toker, A. & Newton, A. C. 2000, "Akt/protein kinase B is regulated by autophosphorylation at the hypothetical PDK-2 

site", J Biol.Chem., vol. 275, no. 12, pp. 8271-8274. 

Tovar, C., Rosinski, J., Filipovic, Z., Higgins, B., Kolinsky, K., Hilton, H., Zhao, X., Vu, B. T., Qing, W., Packman, K., 

Myklebost, O., Heimbrook, D. C., & Vassilev, L. T. 2006, "Small-molecule MDM2 antagonists reveal aberrant p53 

signaling in cancer: implications for therapy", Proc.Natl.Acad.Sci.U.S.A, vol. 103, no. 6, pp. 1888-1893. 

Towler, M. C., Fogarty, S., Hawley, S. A., Pan, D. A., Martin, D. M., Morrice, N. A., McCarthy, A., Galardo, M. N., Meroni, S. 

B., Cigorraga, S. B., Ashworth, A., Sakamoto, K., & Hardie, D. G. 2008, "A novel short splice variant of the tumour 

suppressor LKB1 is required for spermiogenesis", Biochem.J, vol. 416, no. 1, pp. 1-14. 

Tran, H., Brunet, A., Griffith, E. C., & Greenberg, M. E. 2003, "The many forks in FOXO's road", Sci.STKE., vol. 2003, no. 

172, p. RE5. 

Trieb, K., Gerth, R., Holzer, G., Grohs, J. G., Berger, P., & Kotz, R. 2000, "Antibodies to heat shock protein 90 in 

osteosarcoma patients correlate with response to neoadjuvant chemotherapy", Br.J Cancer, vol. 82, no. 1, pp. 85-87. 

Trojan, J., Brieger, A., Raedle, J., Esteller, M., & Zeuzem, S. 2000, "5'-CpG island methylation of the LKB1/STK11 promoter 

and allelic loss at chromosome 19p13.3 in sporadic colorectal cancer", Gut, vol. 47, no. 2, pp. 272-276. 

Tsuchiya, T., Sekine, K., Hinohara, S., Namiki, T., Nobori, T., & Kaneko, Y. 2000, "Analysis of the p16INK4, p14ARF, p15, 

TP53, and MDM2 genes and their prognostic implications in osteosarcoma and Ewing sarcoma", Cancer Genet 

Cytogenet., vol. 120, no. 2, pp. 91-98. 

Upadhyay, S., Liu, C., Chatterjee, A., Hoque, M. O., Kim, M. S., Engles, J., Westra, W., Trink, B., Ratovitski, E., & Sidransky, 

D. 2006, "LKB1/STK11 suppresses cyclooxygenase-2 induction and cellular invasion through PEA3 in lung cancer", Cancer 

Research, vol. 66, no. 16, pp. 7870-7879. 

Vasen, H. F. 2000, "Clinical diagnosis and management of hereditary colorectal cancer syndromes", J Clin Oncol, vol. 18, 

no. 21 Suppl, pp. 81S-92S. 

Verschraegen, C. F., Gilbert, B. E., Loyer, E., Huaringa, A., Walsh, G., Newman, R. A., & Knight, V. 2004, "Clinical 

evaluation of the delivery and safety of aerosolized liposomal 9-nitro-20(s)-camptothecin in patients with advanced 

pulmonary malignancies", Clin Cancer Res, vol. 10, no. 7, pp. 2319-2326. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 308 of 310 

 

Veselska, R., Hermanova, M., Loja, T., Chlapek, P., Zambo, I., Vesely, K., Zitterbart, K., & Sterba, J. 2008, "Nestin 

expression in osteosarcomas and derivation of nestin/CD133 positive osteosarcoma cell lines", BMC.Cancer, vol. 8, no. 1, 

p. 300. 

Walkley, C. R., Qudsi, R., Sankaran, V. G., Perry, J. A., Gostissa, M., Roth, S. I., Rodda, S. J., Snay, E., Dunning, P., Fahey, F. 

H., Alt, F. W., McMahon, A. P., & Orkin, S. H. 2008, "Conditional mouse osteosarcoma, dependent on p53 loss and 

potentiated by loss of Rb, mimics the human disease", Genes Dev., vol. 22, no. 12, pp. 1662-1676. 

Wan, X. & Helman, L. J. 2007, "The biology behind mTOR inhibition in sarcoma", Oncologist., vol. 12, no. 8, pp. 1007-

1018. 

Wan, X., Kim, S. Y., Guenther, L. M., Mendoza, A., Briggs, J., Yeung, C., Currier, D., Zhang, H., Mackall, C., Li, W. J., Tuan, 

R. S., Deyrup, A. T., Khanna, C., & Helman, L. 2009, "Beta4 integrin promotes osteosarcoma metastasis and interacts with 

ezrin", Oncogene, vol. 28, no. 38, pp. 3401-3411. 

Wan, X., Mendoza, A., Khanna, C., & Helman, L. J. 2005, "Rapamycin inhibits ezrin-mediated metastatic behavior in a 

murine model of osteosarcoma", Cancer Res., vol. 65, no. 6, pp. 2406-2411. 

Wang, G., Mao, W., & Zheng, S. 2008, "MicroRNA-183 regulates Ezrin expression in lung cancer cells", FEBS Lett., vol. 

582, no. 25-26, pp. 3663-3668. 

Wang, L., Park, P., & Lin, C. Y. 2009, "Characterization of stem cell attributes in human osteosarcoma cell lines", Cancer 

Biol.Ther., vol. 8, no. 6. 

Wang, L., Park, P., Zhang, H., La, M. F., & Lin, C. Y. 2010a, "Prospective identification of tumorigenic osteosarcoma cancer 

stem cells in OS99-1 cells based on high aldehyde dehydrogenase activity", Int.J Cancer., vol. 128, no. 2, pp. 294-303. 

Wang, Y. F., Shen, J. N., Xie, X. B., Wang, J., & Huang, G. 2010b, "Expression change of ezrin as a prognostic factor in 

primary osteosarcoma", Med.Oncol. 

Wang, Z. J., Churchman, M., Campbell, I. G., Xu, W. H., Yan, Z. Y., McCluggage, W. G., Foulkes, W. D., & Tomlinson, I. P. 

1999a, "Allele loss and mutation screen at the Peutz-Jeghers (LKB1) locus (19p13.3) in sporadic ovarian tumours", 

Br.J.Cancer, vol. 80, no. 1-2, pp. 70-72. 

Wang, Z. J., Ellis, I., Zauber, P., Iwama, T., Marchese, C., Talbot, I., Xue, W. H., Yan, Z. Y., & Tomlinson, I. 1999b, "Allelic 

imbalance at the LKB1 (STK11) locus in tumours from patients with Peutz-Jeghers' syndrome provides evidence for a 

hamartoma-(adenoma)-carcinoma sequence", J Pathol., vol. 188, no. 1, pp. 9-13. 

Wei, C., Amos, C. I., Stephens, L. C., Campos, I., Deng, J. M., Behringer, R. R., Rashid, A., & Frazier, M. L. 2005, "Mutation 

of Lkb1 and p53 genes exert a cooperative effect on tumorigenesis", Cancer Res., vol. 65, no. 24, pp. 11297-11303. 

Wen, Y. H., Koeppen, H., Garcia, R., Chiriboga, L., Tarlow, B. D., Peters, B. A., Eigenbrot, C., Yee, H., Steiner, G., & Greco, 

M. A. 2007, "Epidermal growth factor receptor in osteosarcoma: expression and mutational analysis", Hum.Pathol., vol. 

38, no. 8, pp. 1184-1191. 

Weng, W. H., Ahlen, J., Astrom, K., Lui, W. O., & Larsson, C. 2005, "Prognostic impact of immunohistochemical 

expression of ezrin in highly malignant soft tissue sarcomas", Clin Cancer Res, vol. 11, no. 17, pp. 6198-6204. 

Whelan, J., Patterson, D., Perisoglou, M., Bielack, S., Marina, N., Smeland, S., & Bernstein, M. 2010, "The role of 

interferons in the treatment of osteosarcoma", Pediatr.Blood Cancer, vol. 54, no. 3, pp. 350-354. 

Whelan, J., weeden, S., Uscinska, B., & McTiernan, A. Localised extremity osteosarcoma: Mature survival data from two 

European Osteosarcoma intergroup randomised clinical trials. Proc Am Soc Clin Oncol 19. 2000.  

Ref Type: Abstract 

Wilson, H., Huelsmeyer, M., Chun, R., Young, K. M., Friedrichs, K., & Argyle, D. J. 2007, "Isolation and characterisation of 

cancer stem cells from canine osteosarcoma", Vet.J., vol. 175, no. 1, pp. 69-75. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 309 of 310 

 

Winckler, B. 2007, "BDNF instructs the kinase LKB1 to grow an axon", Cell, vol. 129, no. 3, pp. 459-460. 

Wingo, S. N., Gallardo, T. D., Akbay, E. A., Liang, M. C., Contreras, C. M., Boren, T., Shimamura, T., Miller, D. S., Sharpless, 

N. E., Bardeesy, N., Kwiatkowski, D. J., Schorge, J. O., Wong, K. K., & Castrillon, D. H. 2009, "Somatic LKB1 mutations 

promote cervical cancer progression", PLoS ONE, vol. 4, no. 4, p. e5137. 

Winkler, K., Beron, G., Delling, G., Heise, U., Kabisch, H., Purfurst, C., Berger, J., Ritter, J., Jurgens, H., Gerein, V., & . 1988, 

"Neoadjuvant chemotherapy of osteosarcoma: results of a randomized cooperative trial (COSS-82) with salvage 

chemotherapy based on histological tumor response", J Clin Oncol, vol. 6, no. 2, pp. 329-337. 

Wong, F. L., Boice, J. D., Jr., Abramson, D. H., Tarone, R. E., Kleinerman, R. A., Stovall, M., Goldman, M. B., Seddon, J. M., 

Tarbell, N., Fraumeni, J. F., Jr., & Li, F. P. 1997, "Cancer incidence after retinoblastoma. Radiation dose and sarcoma risk", 

JAMA, vol. 278, no. 15, pp. 1262-1267. 

Wu, C. L., Wei, Q. X., Utomo, V., Nadesan, P., Whetstone, H., Kandel, R., Wunder, J. S., & Alman, B. A. 2007, "Side 

population cells isolated from mesenchymal neoplasms have tumor initiating potential", Cancer Research, vol. 67, no. 

17, pp. 8216-8222. 

Wu, J. X., Carpenter, P. M., Gresens, C., Keh, R., Niman, H., Morris, J. W., & Mercola, D. 1990, "The proto-oncogene c-fos 

is over-expressed in the majority of human osteosarcomas", Oncogene, vol. 5, no. 7, pp. 989-1000. 

Xie, Z., Dong, Y., Zhang, J., Scholz, R., Neumann, D., & Zou, M. H. 2009, "Identification of the serine 307 of LKB1 as a 

novel phosphorylation site essential for its nucleocytoplasmic transport and endothelial cell angiogenesis", Mol.Cell Biol., 

vol. 29, no. 13, pp. 3582-3596. 

Xu, G., Zhang, W., Bertram, P., Zheng, X. F., & McLeod, H. 2004, "Pharmacogenomic profiling of the PI3K/PTEN-AKT-

mTOR pathway in common human tumors", Int.J Oncol, vol. 24, no. 4, pp. 893-900. 

Xu-Dong, S., Zan, S., Shui-er, Z., Li-na, T., Wen-xi, Y., Feng, L., & Yang, Y. 2009, "Expression of Ezrin correlates with lung 

metastasis in Chinese patients with osteosarcoma", Clin Invest Med., vol. 32, no. 2, p. E180-E188. 

Yamamoto, Y., Yamamoto, N., Tajima, K., Ohno, A., Washimi, Y., Ishimura, D., Washimi, O., & Yamada, H. 2010, 

"Characterization of human multicentric osteosarcoma using newly established cells derived from multicentric 

osteosarcoma", J Cancer Res Clin Oncol., vol. 137, no. 3, pp. 423-33. 

Yang, T. L., Su, Y. R., Huang, C. S., Yu, J. C., Lo, Y. L., Wu, P. E., & Shen, C. Y. 2004, "High-resolution 19p13.2-13.3 

allelotyping of breast carcinomas demonstrates frequent loss of heterozygosity", Genes Chromosomes.Cancer, vol. 41, 

no. 3, pp. 250-256. 

Yang, Y. M. & Chang, J. W. 2008, "Current Status and Issues in Cancer Stem Cell Study", Cancer Invest pp. 1-15. 

Yoshida, A., Ushiku, T., Motoi, T., Shibata, T., Beppu, Y., Fukayama, M., & Tsuda, H. 2010, "Immunohistochemical analysis 

of MDM2 and CDK4 distinguishes low-grade osteosarcoma from benign mimics", Mod.Pathol., vol. 23, no. 9, pp. 1279-

1288. 

Youssif, T. A., Fahmy, M. A., Koumakpayi, I. H., Ayala, F., Al, M. S., Chen, G., Tamboli, P., Squire, J., Tanguay, S., & Sircar, 

K. 2010, "The mammalian target of rapamycin pathway is widely activated without PTEN deletion in renal cell carcinoma 

metastases", Cancer. vol. 117, no. 2, pp. 290-300. 

Zagorska, A., Deak, M., Campbell, D. G., Banerjee, S., Hirano, M., Aizawa, S., Prescott, A. R., & Alessi, D. R. 2010, "New 

roles for the LKB1-NUAK pathway in controlling myosin phosphatase complexes and cell adhesion", Sci.Signal., vol. 3, no. 

115, p. ra25. 

Zeng, P. Y. & Berger, S. L. 2006, "LKB1 is recruited to the p21/WAF1 promoter by p53 to mediate transcriptional 

activation", Cancer Research, vol. 66, no. 22, pp. 10701-10708. 



The role of LKB1 in the pathogenesis of OS  LAE Duhamel 

Page 310 of 310 

 

Zeqiraj, E., Filippi, B. M., Deak, M., Alessi, D. R., & van Aalten, D. M. 2009a, "Structure of the LKB1-STRAD-MO25 complex 

reveals an allosteric mechanism of kinase activation", Science, vol. 326, no. 5960, pp. 1707-1711. 

Zeqiraj, E., Filippi, B. M., Goldie, S., Navratilova, I., Boudeau, J., Deak, M., Alessi, D. R., & van Aalten, D. M. 2009b, "ATP 

and MO25alpha regulate the conformational state of the STRADalpha pseudokinase and activation of the LKB1 tumour 

suppressor", PLoS Biol., vol. 7, no. 6, p. e1000126. 

Zhang, H., Cai, X., Wang, Y., Tang, H., Tong, D., & Ji, F. 2010a, "microRNA-143, down-regulated in osteosarcoma, 

promotes apoptosis and suppresses tumorigenicity by targeting Bcl-2", Oncol Rep., vol. 24, no. 5, pp. 1363-1369. 

Zhang, L., Li, J., Young, L. H., & Caplan, M. J. 2006, "AMP-activated protein kinase regulates the assembly of epithelial 

tight junctions", Proc Natl.Acad.Sci.U.S.A, vol. 103, no. 46, pp. 17272-17277. 

Zhang, S., Schafer-Hales, K., Khuri, F. R., Zhou, W., Vertino, P. M., & Marcus, A. I. 2008, "The tumor suppressor LKB1 

regulates lung cancer cell polarity by mediating cdc42 recruitment and activity", Cancer Research, vol. 68, no. 3, pp. 740-

748. 

Zhang, Z., Zhang, L., Hua, Y., Jia, X., Li, J., Hu, S., Peng, X., Yang, P., Sun, M., Ma, F., & Cai, Z. 2010b, "Comparative 

proteomic analysis of plasma membrane proteins between human osteosarcoma and normal osteoblastic cell lines", 

BMC.Cancer, vol. 10, p. 206. 

Zheng, B. & Cantley, L. C. 2007, "Regulation of epithelial tight junction assembly and disassembly by AMP-activated 

protein kinase", Proc Natl.Acad.Sci.U.S.A, vol. 104, no. 3, pp. 819-822. 

Zheng, B., Jeong, J. H., Asara, J. M., Yuan, Y. Y., Granter, S. R., Chin, L., & Cantley, L. C. 2009, "Oncogenic B-RAF negatively 

regulates the tumor suppressor LKB1 to promote melanoma cell proliferation", Mol.Cell, vol. 33, no. 2, pp. 237-247. 

Zhou, Q., Deng, Z., Zhu, Y., Long, H., Zhang, S., & Zhao, J. 2009, "mTOR/p70S6K Signal transduction pathway contributes 

to osteosarcoma progression and patients' prognosis", Med.Oncol. vol. 27, no.4, pp1239-45 

Zhou, S., Li, F., Xiao, J., Xiong, W., Fang, Z., Chen, W., & Niu, P. 2010, "Isolation and identification of cancer stem cells 

from human osteosarcom by serum-free three-dimensional culture combined with anticancer drugs", J Huazhong.Univ 

Sci.Technolog.Med.Sci., vol. 30, no. 1, pp. 81-84. 

Zielenska, M., Bayani, J., Pandita, A., Toledo, S., Marrano, P., Andrade, J., Petrilli, A., Thorner, P., Sorensen, P., & Squire, J. 

A. 2001, "Comparative genomic hybridization analysis identifies gains of 1p35 approximately p36 and chromosome 19 in 

osteosarcoma", Cancer Genet.Cytogenet., vol. 130, no. 1, pp. 14-21. 

Zielenska, M., Marrano, P., Thorner, P., Pei, J., Beheshti, B., Ho, M., Bayani, J., Liu, Y., Sun, B. C., Squire, J. A., & Hao, X. S. 

2004, "High-resolution cDNA microarray CGH mapping of genomic imbalances in osteosarcoma using formalin-fixed 

paraffin-embedded tissue", Cytogenet.Genome Res., vol. 107, no. 1-2, pp. 77-82. 

Ziyan, W., Shuhua, Y., Xiufang, W., & Xiaoyun, L. 2010, "MicroRNA-21 is involved in osteosarcoma cell invasion and 

migration", Med.Oncol. 

Zu, Y., Liu, L., Lee, M. Y., Xu, C., Liang, Y., Man, R. Y., Vanhoutte, P. M., & Wang, Y. 2010, "SIRT1 promotes proliferation 

and prevents senescence through targeting LKB1 in primary porcine aortic endothelial cells", Circ.Res, vol. 106, no. 8, pp. 

1384-1393. 

 

 


