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Chapterr 1 

Introductio n n 

1.11 The norma l thyroi d 

Thyroidd hormones play an important role in developmental processes of mammals during embryogenesis 

andd intra-uterine development, especially the development of the central nervous system. In adult life, 

thyroidd hormones regulate metabolic processes in almost all tissues. De novo synthesis of thyroid hormones 

takess place in the thyroid gland that is located in the neck and is made up of two lobes and an isthmus. 

Thee structure of thyroid tissue is formed by thyroid follicles, which consist of a single layer of epithelial 

cellss (thyrocytes) surrounding a lumen. In between thyrocytes C-cells are located which produce the hormone 

calcitoninn [1 ]. Thyrocyte structure and thyroid hormone synthesis are schematically depicted in Figure 1. 

Figuree 1. Schematical drawing of a thyrocyte as a part of a thyroid follicle. On the right a histological picture of a thyroid 
folliclee is shown. On the left a thyrocyte cell and all identified key components for thyroid hormone synthesis are depicted. 
Adaptedd with permission from: "New insights in the human thyroglobulin structure" by S.A.R. van de Graaf, Thesis, University 
off Amsterdam 2000. 

Thyroidd hormone is synthesized through a multistep process. Iodide is taken up by the thyrocyte via the 

sodium/iodidee symporter (NIS) and is subsequently transported over the apical membrane into the lumen 

byy anion transporters, among which is the protein associated with the Pendrin syndrome (PDS). At the 

apicall membrane, but inside the lumen, thyroid peroxidase (TPO) catalyses the iodination of specific 

tyrosinee residues in thyroglobulin (TC). H202 is required for this process, which is generated by thyroid 

oxidasee (THOX). Finally, TPO catalyses the coupling of monoiodotyrosine (MIT) and/or diiodotyrosine 

(DIT)) into thyroid hormones triiodothyronine (T3) and thyroxin (T4). In the thyroid mainly T4 is formed [2]. 

Peripherall tissues take up and convert T4 locally into the biologically active metabolite T3. Thyroid hormone 

synthesiss and secretion is regulated by the hypothalamus-pituitary-thyroid axis. Thyrotropin releasing 

hormonee (TRH) is secreted by the hypothalamus to stimulate the pituitary via the TRH-receptor to secrete 

thyroidd stimulating hormone (TSH). TSH induces, viaTSH receptors present at the basal membrane of 

thyrocytes,, thyroid hormone synthesis, secretion and thyroid growth. Thyroid hormones downregulate TRH 

andd TSH secretion via a negative feedback loop [1]. 
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1.22 Thyroi d cance r 

Thyroidd nodules occur frequently. In Western Europe and the United States clinically detectable thyroid 

noduless have an incidence of 4-7%. Most thyroid nodules are benign lesions but at least 5% of clinically 

observedd nodules are malignant [3, 4]. The main problem when discovering a thyroid nodule is to 

distinguishh a benign from a malignant lesion. It is an important diagnostic challenge, which decides if 

aa patient is to undergo surgery, or not. At the moment fine needle aspiration is the major diagnostic 

proceduree but especially the diagnosis follicular thyroid carcinoma cannot be made preoperativefy. 

Ass a consequence nearly all patients with a suspicion for thyroid cancer will undergo thyroidectomy. 

Post-operativee histology on suspicious thyroid nodules yields a relatively low malignancy rate of 10-20% 

[5].. Total thyroidectomy offers the possibility to treat putative metastasis with radio-iodide and allows the 

usee of serum thyroglobulin levels as a marker for recurrent thyroid cancer, but also means lifelong thyroid 

hormonee substitution therapy. Inoperable, metastatic thyroid tumours however, can be very difficult to 

treatt with success in place of their high degree of dedifferentiation. Several reports have suggested an 

increasee in thyroid cancer incidence in a number of Western countries [6, 7, 8, 9]. It is therefore imperative 

thatt good diagnostic and prognostic tools are available to be able to avoid unnecessary surgery and to 

improvee prognosis and therapy. 

1.2.11 Thyroi d cance r - Clinica l 

Thyroidd nodules can reflect a number of thyroid diseases ranging from hypothyroid goitre to anaplastic 

carcinoma.. Non-neoplastic nodules are mainly associated with hyperplastic or inflammatory thyroid disease 

suchh as Craves' disease or Hashimoto's thyroiditis. Thyroid neoplasms can be divided in non-functioning 

(cold)) and functioning (hot) nodules on the basis of their ability to take up radioiodide. In countries with 

ann adequate iodine diet, hot nodules represent approximately 20% of all nodules and are in the majority 

off cases benign. These hot nodules are also classified as follicular adenoma. Cold nodules account for 

approximatelyy 80% of thyroid nodules and solid and cystic variants can be distinguished. Malignant 

thyroidd neoplasms are found in about 10% of cold thyroid nodules. The latter group is classified as thyroid 

carcinomaa and is commonly associated with the term thyroid cancer [10]. The incidence per 100,000 

individualss of thyroid cancer ranges from 1.2 to 2.6 in men and from 2.0 to 3.8 in women [11, 12]. 

Theree is a wide variation between countries, which can be caused by differences in detection methods. 

Betterr detection methods can make for easier detection of especially small tumours. Regional differences 

inn the categorization of thyroid neoplasms as benign or malignant also influence the registrated incidence 

inn different areas. 

Physicall examination, laboratory evaluation and imaging are standard techniques to differentiate between 

benignn and malignant nodules. Fine Needle Aspiration (FNA) is an additional diagnostic tool that in 

expertt hands can give a high specificity for malignancies [13, 14]. FNA diagnosis is problematic when 

cytologyy reveals a follicular proliferation. In this case, cytology cannot differentiate between follicular 

adenomaa and follicular carcinoma [15]. Nodules that are malignant or suspicious of malignancy are 

surgicallyy removed in all cases. However, surgery may also be decided for some large benign nodules 

(>3cm)) mainly in the event of physical obstruction. In almost all patients with thyroid carcinoma an 

ablativee dose of radioiodine is given postoperatively to remove any leftover thyroid (tumour) cells. 

Externall radiation and/or chemotherapy are indicated only in patients with tumour residues or tumour 
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Chapterr 1 

metastasiss that do not take up radioiodine. It should be noted that although treatment guidelines have 

beenn published, still procedures vary considerably between clinicians [16]. For recent extensive review on 

thee management of thyroid cancer see [17, 18]. 

Prognosticc factors in the management of thyroid cancer consist mainly of elaborate tumour classification 

systems.. Factors like age, tumour size, multicentricity, histological grade and type, nodal or other metastasis 

aree used in different combinations to predict whether tumours are likely to follow a benign course or are 

likelyy to display aggressive behaviour [19]. Although differentiated thyroid cancer has an excellent 10-year 

survivall rate of 80-95% [20], comprehensive prognostic factors that can influence treatment schemes to 

improvee the survival of patients with aggressive, undifferentiated thyroid tumours are not readily available. 

Innovativee strategies for the treatment of thyroid cancer are currently under investigation [21 ]. Next to 

strategiess trying to prevent metastasis via the inhibition of angiogenesis [22, 23], the main effort is to 

expresss the sodium/iodide symporter in poorly differentiated thyroid cells in anaplastic tumours and/or 

metastasis,, enabling radioiodite treatment. This can be achieved, at least in vitro, by histone deacetylase 

inhibitorss [24], or via the introduction of the sodium/iodide symporter [25] with or without the 

co-introductionn of thyroid peroxidase [26]. At the moment it is doubtful if these approaches prove 

too be successful in vivo. 

1.2.22 Thyroi d cance r - Patholog y 

Malignantt epithelial thyroid tumours can be divided into two major groups. Those derived from thyrocytes 

(papillaryy thyroid carcinoma, follicular thyroid carcinoma, anaplastic thyroid carcinoma) and those derived 

fromm C-cells (medullary thyroid carcinoma). The latter is not in the scope of the thesis. All main tumour 

typess derived from thyrocytes will be introduced separately. 

Papillaryy carcinoma 

Papillaryy thyroid carcinoma (PTC) is the most common variant of malignant thyroid tumours. 

Inn most countries it comprises up to 80% of all thyroid malignancies. PTC is an encapsulated tumour with 

mainlymainly papillary but also follicular structures that is characterised by overlapping cell nuclei that have a 

ground-glasss appearance and longitudinal grooves with invagination of the cytoplasm into the nucleus 

(Figuree 2A). Psammoma bodies, which are spiral rings of calcification, may be found in about 50% of 

tumourss [10, 17, 27]. Papillary tumours are often multifocal and bilateral. PTC frequently invades lympha-

ticc vessels and lymph node metastases are therefore common [28]. Next to the 'classical' papillary thyroid 

carcinoma,, about 15-20% of PTC cases display a less common picture and are classified papillary, based 

onn their nuclear features. The follicular variant of PTC is considered a more aggressive variant and lung 

metastasess are more frequent (Figure 2B) [29]. 
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Figuree 2A. Histopathological picture of a papillary thyroid carcinoma. This tumour shows papillary structures and typical 
'groundd glass' nuclear features [adapted from Thyroid Disease Manager; www.thyroidmananger.org]. 

Figuree 2B. Histopathological picture of a papillary thyroid carcinoma. Tumour shows a follicular growth pattern and nuclear 
featuress of a papillary carcinoma, and was thus considered a follicular variant of papillary carcinoma [adapted from Thyroid 
Diseasee Manager; www.thyroidmananger.org]. 

Follicularr carcinoma 

Follicularr thyroid carcinoma (FTC) represents 10-20% of all thyroid malignancies. It is more common in 

iodine-deficientt areas and in elderly patients. FTC is characterised by follicular differentiation but without 

thee typical nuclear aspects found in FTC (Figure 3). Generally, FTC is divided in minimally-invasive and 

widely-invasivee carcinomas (50% each). Minimally-invasive FTC is very difficult to distinguish from 

follicularr adenoma and often presents a diagnostic dilemma. Multicentricity and lymph node metastasis 

aree considerably less frequent then in PTC. However, blood vessel invasion is often responsible for tumours 

spreadingg to lungs, bones and less frequently to brain and liver [10, 17, 27] . 
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Chapterr 1 

Figuree 3. Histopathological picture of a follicular thyroid carcinoma. On the top-left part of the picture follicular structures sur-
roundedd by overgrowing thyrocytes show the features of a follicular thyroid carcinoma. The bottom-right part of the picture 
showss some normal thyroid follicles [adapted from Thyroid Disease Manager; www.thyroidmananger.org]. 

Anaplasticc carcinoma 

Anaplasticc thyroid carcinoma (ATC), also called undifferentiated thyroid carcinoma (UTC) is a rare variant. 

Lesss than 10% of all thyroid cancers are represented by ATC and the peak incidence is in the seventh decade 

off age. Anaplastic carcinoma are characterised by cell sheets of large pleomorphic cells, hyperchromatic 

nucleii and the presence of necrosis (Figure 4). 

Figuree 4. Histopathological picture of an anaplastic thyroid carcinoma with pleomorphic giant tumour cell nuclei [adapted from 

Thyroidd Disease Manager; www.thyroidmananger.org]. 

ATCC is a very aggressive cancer, which is due to its progressive dedifferentiated state. Dedifferentiation 

cann be observed by the absence of expression of thyroglobulin, NIS and TSH-R in ATC. For this reason 

thesee tumours are impossible to treat with radioiodine [10, 27, 30]. The mortality rate of ATC is very high, 

feww patients survive for more than 12 months after initial surgery. 
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1.2.33 Thyroi d cance r - Paediatric s 

Malignantt thyroid cancer is rare in childhood with an incidence of 0.4%-1.3% of all childhood malignancies 

[31,, 32], The majority of paediatric thyroid carcinoma are differentiated, either papillary or follicular, with 

aa strong predominance for the papillary subtype. The follicular variant of papillary thyroid carcinoma is 

foundfound more frequently in children. The interest in this rare childhood malignancy was raised considerably 

afterr the Chernobyl incident, which caused a sharp increase in the incidence of childhood thyroid cancer 

inn the fall-out region [33]. Internal or external radiation is an important factor in the aetiology of paediatric 

thyroidd malignancies. The thyroid is a radiation-sensitive organ especially when proliferation is relatively 

highh as in childhood. Although the cure rate for childhood thyroid carcinoma is very good, the risk for 

latee advanced stage recurrent disease in adult life warrants an aggressive approach to initial therapy and 

life-longg follow-up [34, 35]. Children <10 years of age have a higher risk of recurrence and at an earlier 

stage.. At a younger age usually more locally invasive neoplasms occur. Age, therefore, seems to be the 

bestt prognostic factor to determine the risk of recurrence in childhood differentiated thyroid cancer [36]. 

1.2.44 Thyroi d cance r - Molecula r Genetic s 

Cancerr is a genetic disease. Thyroid cancer is no exception to that rule. The escape of thyroid tumour cells 

fromm controlled growth is caused by a disruption of the regulatory pathways in control of proliferation. 

Mostt thyroid tumours are of monoclonal origin indicating that a specific genetic event took place, which 

causedd the regulation system to be disrupted. 

Thyroidd cancer is mostly sporadic but familial cases have been described. Thyroid carcinoma in the hereditary 

cancerr syndromes familial adenomatous polyposis (Gardner's syndrome) [37] and Cowden disease [38] 

havee been associated with respectively the APC and the PTEN genes. Linkage studies of familial PTC have 

identifiedd chromosomal regions lq21, 2q21, 19pl3.2 and 14q31 [39, 40]. No genes in these regions have 

beenn identified to explain cases of familial differentiated thyroid carcinoma as of yet. 

Geneticc events resulting in tumour growth can be caused by major chromosomal changes (deletion, 

duplication,, rearrangement), which as a result change the expression of one or more genes involved. 

Allelotypingg of thyroid tumours has not identified specific events of particular importance. Several studies 

havee shown loss of heterozygosity (LOH) in thyroid tumours of all subtypes but the changes reported are 

soo diverse that these events appear to be a result of tumour growth rather than the cause of it [41, 42, 

43,, 44]. The suggestion in a recent report that loss of 15q is associated with follicular adenoma in contrast 

too follicular carcinoma is highly speculative [45]. Chromosomal rearrangements are common in thyroid 

carcinoma.. RET/PTC rearrangements are exclusively found in papillary thyroid carcinoma. The frequency 

variess from 2.5-35% in non-radiation associated PTC but is significantly higher in patients with a history 

off neck irradiation and children from the fall-out region of Chernobyl. TRK rearrangements are less frequent 

(0-10%)) but also exclusively found in PTC [10, 27]. The fusion gene PPARy/PAX8 is found with a high 

frequencyy in follicular thyroid tumours [46]. The fusion gene seems to promote follicular neoplasia but no 

distinctionn on the basis of the presence of this rearrangement can be made between follicular adenoma 

andd carcinoma [47]. Mutations in oncogenes and tumorsuppressor genes are also associated with thyroid 

carcinoma.. Activating point mutations in ras as well as activating mutations in similar codons of gsp 

causee constitutative activation of the cAMP pathway and have been identified in a variety of human 

neoplasmss including thyroid [48, 49]. The mechanism behind the activation of the ras and gsp 
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Chapterr 1 

gene-productss is well documented. Single base substitutions cause amino-acid changes in the guanine 

nucleotidee binding site (ras codons 12,13; gsp codon 201), or in the effector domain containing the 

intrinsicc CTPase activity (ras codon 61; gsp codon 227) by keeping the protein in a constitutively active 

statee causing overstimulation of downstream pathways [50, 51, 52]. Studies on thyroid carcinoma show 

activationn of ras and gsp in 18-62% of papillary carcinoma and is frequent in follicular carcinoma [53, 

54].. As for children with thyroid carcinoma, spontaneous or radiation-exposed, no mutations in ras/gsp 

hott spots have been reported [Chapter 2][55, 56]. Activating mutations in the TSH-R can have a similar 

effectt as in ras and gsp and can also be present in hyperfunctioning hot thyroid nodules [57], However, 

onlyy a small portion of thyroid tumours can be explained by the presence of these mutations. p53 

inactivatingg mutations, as in many other tumours, often are a final step in the dedifferentiation process 

off a tumour and are mainly found in ATC. A recent report shows high similarity of genomic alteration 

inn papillary tumours and anaplastic tumours suggesting intra-tumoral evolution [58], 

Nextt to chromosomal mutations, more studies focus on differences in gene expression attempting to 

identifyy genetic events that play a role in the development and progression of thyroid cancer, In recent 

yearss a long list of genes differentially expressed in thyroid carcinoma has been identified. These studies 

investigatee expression levels of a single or a few genes using standard RNA techniques such as Northern 

blott analysis or PCR. Immunohistochemistry studies show the over- or underexpression of corresponding 

proteins.. Table 1 summarizes the most important findings from the last decade together with reported 

chromosomall rearrangements and activating mutations in oncogenes. 

Downregulationn of thyroid specific gene expression, such as that of TC, TPO, NIS, PDS and TSH-R has 

beenn described in several studies and is widely accepted as a marker for the dedifferentiation process 

thatt tumour progression causes. TC can still be expressed in thyroid carcinoma although the thyroglobulin 

proteinn is not iodinated and can therefore not function in thyroid hormone synthesis [59]. ATC, the most 

undifferentiatedd and most aggressive tumour, typically has lost expression of all genes involved in thyroid 

function. . 
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Tablee 1. Summary of genetic aberrations reported in thyroid cancer. 

Gene e Tumou rr  typ e Commen t t REF F 

Rearrangement s s 

TRK K 

RET T 

PPARy/PAX8 8 

Mutation s s 

ras s 

gspp (Gsa) 

PTC C 

PTC C 

FTC C 

FA,, FTC, PTC 

FA,, FTC, PTC 

TSH-receptorr FA, FTC, PTC 

p533 ATC 

mtDNAA PTC 

Differentia ll  expression 

overexpression n 

ECM1 1 

lntegrin-(34 4 

MET T 

cyclinn Dl 

VEGF F 

TSG101 1 

Galectin-3 3 

PTTG G 

RCAS1 1 

HE-1 1 

SIR-T8 8 

NATH H 

FRA-1 1 

underexpression n 

NIS S 

TPO O 

pendrinn (PDS) 

thyroglobulinn (TG) 

TSH-receptor r 

PTEN N 

CMM 00 

p27 7 

FTC,, PTC 

PTC C 

PTC C 

PTC C 

PTC C 

PTC C 

PTC,, FTC 

FA,, FTC 

FTC,, PTC, ATC 

PTC C 

FTC,, PTC 

PTC C 

FA,, FTC, PTC 

FA,, PTC 

FTC,, PTC, ATC 

FTC,, PTC, ATC 

FA,, FTC, PTC, ATC 

ATC C 

FTC,, PTC 

PTC C 

PTC C 

FTCC (40%), PTC (50%) 

-100% % 

PTCC (-50%) 

-100% % 

variable e 

variable e 

--
FAA (88%), FTC, FTC (100 

FAA (90%), PTC (-100%) 

variable e 

variable e 

variable e 

100% % 

-50% % 

--
--

Fusionn oncogenes TRK, TRK-T1 -3 [60] 

Fusionn oncogenes RET/PTC 1-8 [61, 62] 

Fusionn oncogene [46] 

Activatingg point mutations (codons 12 and 61) [53, 63] 

relativelyy rare in PTC 

Activatingg point mutations (codons 201 and 227) [53, 64] 

mainlyy found in FA 

Activatingg point mutation (codon 623) [65] 

mainlyy found in FA 

Inactivatingg point mutations [66] 

Somaticc mutations in three mitochondrial genes [67] 
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Chapterr 1 

Mostt genes overexpressed in thyroid carcinoma give valuable clues to the molecular background of thyroid 

oncogenesis,, but still no genetic markers are found that provide a comprehensive picture of differentia! 

expression,, usable for diagnostic and prognostic practise. The reported overexpression of VECF in PTC 

correlatess with increased angiogenesis and with the incidence of local and distant metastasis [71, 85], 

butt another report does not identify VECF as a suitable prognostic factor [86]. Calectin-3 was reported as 

aa candidate marker suitable to distinguish benign from malignant thyroid neoplasms [73, 87], Recently 

otherr reports have raised questions about the accuracy of galectin-3 as a diagnostic marker for thyroid 

follicularr cancer, especially on the RNA level [88, 89], Galectin-3 is overexpressed in medullary thyroid 

carcinomaa (MTC) and can be used to discriminate between solid cell nests and MTC [90]. 

Apartt from the genetic aberrations described above in the genome of thyroid cancer cells, reports describing 

mutationss in mitochondrial DNA as well as the link between the accumulation of mitochondrial DNA and 

thyroidd carcinoma suggest a role in for mtDNA in tumorigenesis. It is however still unclear what this role 

is.. Whether mutations or deletions in mtDNA, which seem to be associated with radiation-induced thyroid 

carcinoma,, directly induce tumorigenesis or are a result of the neoplastic process remains to be solved. 

Thee elevated mtDNA content in thyroid carcinoma can be explained by the fact that cells with high 

mitochondriall content are predisposed to become carcinogenic because they are more able to supply the 

highh energy requirements of proliferating cells [67, 91 ]. 

Nextt to studies focussing on one gene or protein at a time, modern techniques such as Serial Analysis of 

Genee Expression (SAGE) [92] or microarray [93, 94] have made it possible to study more than one gene 

att a time. In most cases it is possible to study the expression levels of hundreds or even thousands of 

geness in one experiment. SAGE offers the additional possibility to study all genes expressed in the tissue 

orr cell type that is studied and will be extensively discussed in paragraph 1.3. In contrast to other types 

off cancer, in thyroid carcinoma a very limited number of studies have been reported to use expression 

profiling.. A microarray study which compared the expression profile of follicular carcinomas with and 

withoutt metastasis identified several candidate genes from which many are related to cell structure and 

extracellularr matrix processes [95]. A study comparing cDNA expression arrays from normal thyroid and 

thyroidd tumours identified the transcription factor ID3 to be downregulated in papillary thyroid carcinoma 

[96].. An extensive study comparing expression microarrays from several thyroid tumours and normal 

thyroidd tissue controls shows a long list of differentially expressed genes. Many thyroid specific genes are 

downregulatedd as has been shown in many other studies. The genes coding for proteins CITED1 and SFTPB 

aree the most promising candidates and seem to be papillary thyroid carcinoma specific genes [97]. 

Expressionn profiling using SAGE libraries of limited size has been performed in a Japanese study where 

osteonectin,, an extracellular matrix protein, was shown to be overexpressed in anaplastic thyroid 

carcinomaa [98]. 

Thee available information on the genetic changes associated with development and progression of thyroid 

follicularr neoplasia, at the moment has no practical value for clinical diagnosis and does not provide any 

guidancee for prognosis or therapy. 
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1.33 Seria l Analysi s of Gene Expressio n (SAGE) 

Withh the unraveling of the human genome came the desire for scientists to study more than one gene at 

aa time. To be able to do this at a comprehensive level has been and still is a big technological challenge. 

Thee most recent estimations on the total amount of human genes vary between 30,000-35,000 [99, 

100].. Developments in automatic sequencing and bioinformatics made it possible for the elucidation of 

thee human genome to be near to completion and many genomes from other organisms are being studied. 

Att the same time these developments made it possible to design techniques for multigene analysis 

experiments.. The hybridizations of oligo- or cDNA-microarrays to study the expression of many genes is 

onee of the techniques currently available [93, 94, 101]. One of the major limitations of the microarray 

techniquee is that only previously identified transcripts can be analyzed. To be able to study gene expression 

extensivelyy in certain tissues or cell-types it is necessary to analyze the expression of all genes expressed, 

includingg those genes that are not characterized yet. Since existing gene databases contain mainly genes 

highlyy expressed in entire organs, genes expressed at lower levels or in a small subset of cells with a 

specializedd function will be missed in most microarray or other available multigene techniques [102]. 

Thee SAGE technique developed in 1995 by Victor Velculescu [103] is the only available tool nowadays to 

makee complete gene expression profiles because SAGE provides a rapid and comprehensive approach for 

thee elucidation of quantitative gene expression profiles without prior availability of transcript information. 

SAGEE data represent absolute expression levels based on the enumeration of tags in a total population of 

tags.. The strength of the SAGE method is that the technique does not allow bias based on DNA sequence 

andd that results from any experiment are comparable to other SAGE experiments performed at a different 

momentt in time at another research location. Digital data is stored in SAGE databases and can be analyzed 

att any given time using any given collection of SAGE libraries. This feature of SAGE is a great advantage 

overr microarrays since the differences in microarray formats and normalization methods make direct 

comparisonn of data sets between microarray platforms very difficult. Presently, the public SAGE database 

att CGAP (Cancer Genome Anatomy Project) contains next to its extensive collection of EST data from 

tumorr and normal tissues more than 6 million tags generated from approximately 160 SAGE libraries from 

normall and pathological tissues and cell lines [104]. This is however but a fraction of the total amount of 

SAGEE data generated around the world, which can be a wealthy resource of expression data when available. 

Thee large-scale gene expression analysis that SAGE offers is an approach to determine gene function. 

Differentt cell types within an organism have unique patterns of gene expression. These gene expression 

patternss or profiles facilitate specific physiological functions. The ability to compare expression profiles 

amongg different cell types or among different states of the same cell type can identify genes involved in 

normall and pathological processes. Additionally, genes differentially expressed in diseased tissues may 

contributee to the discovery of novel diagnostic and prognostic factors, as well as therapeutic targets 

[105].. The identification of therapeutic targets of high biological relevance is a necessary step to improve 

drugg development. 

Thee fact that many cancers in most cases are not single gene diseases made the study of a large number 

off genes in one single experiment an interesting prospect for molecular oncology research. The cancer 

phenotypee reflects the changes in expression of hundreds or even thousands of genes that occur as a 

consequencee of the primary mutation of an oncogene or tumour suppressor gene. Not surprisingly, SAGE 

hass been applied in recent years in a number of molecular oncology studies with the aim of deciphering 
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pathwayss involved in tumorigenesis and tumour progression [106]. SAGE is a method, based on differential 

genee expression in diseased cells, able to discern relevant drug targets, alone or in combination with 

proteomicc applications. SAGE can accelerate high-throughput approaches in the development of new 

therapeuticc products [92]. 

Thee next part of the introduction will discuss the SAGE technique, its applications and will deal with 

typicall SAGE problems. A complete list of SAGE-related (review) publications can be obtained from the 

SAGEnett website at [www.sagenet.org]. 

1.3.11 SAGE-Techniqu e 

Thee SAGE technique is based on the isolation of unique sequence tags from individual transcripts and 

concatenationn of these tags in a serial fashion into long DNA molecules [103], SAGE tags are typically 

lObpp long, although a recent application uses 17bp tags and is called LongSAGE. The longer tags that 

LongSAGEE provides makes gene discovery easier and genomic applications possible [107]. The SAGE 

protocoll has been improved since it was first described [103] but the basic steps remain the same. 

Figuree 1 gives a brief outline of how SAGE libraries are generated from a collection of cells or a tissue 

sample,, Detailed protocols are available at SAGEnet. 

Figuree 5 Outline of the SAGE technique. The generation of a SAGE library starts with the tissue or collection of cells that is to 
bee investigated. When using the standard SAGE protocol, mRNA isolation should yield at least Img of mRNA. (1) Isolation of 
mRNAA can be performed in a single step or via the isolation of total RNA. (2) High quality double-stranded cDNA is synthesized 
usingg a biotinylated oligodT with appropriate reagents or ready-to-use cDNA synthesis kits. (3) Double-stranded cDNA is captured 
usingg streptavid in-coated magnetic beads and (4) subsequently digested with the anchoring enzyme Nlalll in order to generate 
cDNAA fragments with an average size of 256bp. Alternatively, Sau3A can be used as an anchoring enzyme. (5) The captured 
3'-cDNAA ends are pooled and divided in two aliquots, which are respectively, ligated with two different linkers (1 & 2) both 
containingg the restriction site for a type II restriction enzyme, (6) Depending on the protocol used, both cDNA pools are digested 
withh either BsmFI for regular SAGE or with Mmel for LongSAGE. These restriction enzyme recognise a site in the linker and cut 
aa variable number of nucleotides downstream, generating the SAGE tag. (7) The two pools of linker attached SAGE tags are 
mixedd and ligated to form ditags. (8) Sequences in the flanking linkers are used to prime PCR oligos. An appropriate number of 
amplificationn cycles are performed until enough ditag material is generated. (9) The entire collection of ditags is digested with 
thee original anchoring enzyme Nlalll to remove linkers. (10) All ditags containing an Nlalll overhang are pooled and ligated to 
formm large concatamers of ditags. (11) DNA fragments containing ditags are subsequently cloned in pZero vector to be able to 
transformm plasmids with SAGE tags. Clones are plated and positive colonies selected for amplification. (12) Inserts containing 
ditagss are amplified using M13 primers from single colonies, PCR fragments are isolated and sequenced using the T7 sequence 
primerr site. After sequencing an appropriate number of clones, SAGE software can extract tags from sequence text files. 
Extractedd tags are used to build the SAGE expression profile. 
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Thee first step before starting a SAGE experiment is to decide which tissue or collection of cells to use. 

Itt is important to consider the consequences of analysing a piece of heterogeneous tissue with a mixture 

off different cell types or an in vitro system as a cell line from which the gene expression profile can reflect 

culturee artefacts. Also the amount of starting material is essential. In the original SAGE protocol, 5u.g of 

mRNAA was used to generate one SAGE library. This corresponds to approximately 500u.g of total RNA 

thatt can be isolated from, on average 500mg of tissue. In some cases this amount of material is not 

available.. Nowadays, several protocols have been designed to construct SAGE libraries from very small 

amountss of starting material. These microSAGE protocols can use down to lOOng of total RNA or 50.000 

cellss because an amplification step is included in the protocol, on the RNA level or in the generation of 

ditags,, to overcome the problem of a low amount of starting material [108, 109, 110]. At present, 

standardd SAGE libraries can be generated with lug of mRNA using the publicly available protocol or 

withh 5u.g of total RNA when using the commercially available l-SAGE kit from Invitrogen. 

SAGEE expression profiles typically contain between 10,000 and 100,000 SAGE tags. In yeast, SAGE libraries 

containingg 50,000 tags yield a complete expression profile with expression data for all, approximately 

5,0000 yeast genes [111]. To obtain a complete expression profile in human cells, SAGE libraries containing 

overr 100,000 tags will have to be generated [105]. The number of tags that need to be analysed per 

libraryy depends on the particular application. When looking for differentially expressed genes in a diseased 

tissue,, only moderate to highly expressed genes may need to be analysed. If one seeks to identify all 

geness expressed in a particular tissue or cell type, for example to characterize novel genes, also genes 

expressedd at a low level need to be analysed. 

Bioinformaticss are essential to be able to analyse a large dataset that SAGE generates. Different programs 

too analyse SAGE data have been developed. The original protocol uses a Windows-based platform, 

SAGE300/SAGE2000.. Other programs such as eSAGE (Java) and USAGE (Unix) use differentt platforms 

butt are able to perform similar analyses [112, 113]. All programs basically extract tags from concatamer 

sequencee data and subsequently count and sort tags. Tags are linked, when possible, to a transcript database. 

Comparingg SAGE libraries identifies differentially expressed tags (transcripts), which can be made subject 

too statistical analysis. When analysing two or more SAGE expression profiles, statistics play an important 

role.. An excellent study shows that to compare two expression profiles, for example from a tumour 

comparedd to a normal control, all available statistical tests such as the Z-test, Fisher's exact test and 

Chi2-testt give identical results [114, 115]. Comparing more than two SAGE libraries between each other 

mayy warrant an even stricter statistical protocol, which exceeds a standard Z-test. 

Technically,, every well-equipped research lab can make SAGE libraries nowadays. The availability of high-

throughputt automatic sequencing is however essential to be able to generate SAGE data from thousands 

off SAGE clones in a reasonable space of time. The analysis of huge amounts of expression data generated 

byy SAGE is becoming the greatest bottleneck and the challenges to translate digital data into biological 

relevancee lie herein. 

1.3.22 SAGE - Application s 

SAGEE can provide a comprehensive profile of gene expression for a particular tissue or cell type. The number 

off times a given tag is observed in a SAGE profile provides the expression level for the corresponding 

transcript.. Linking the tag to sequence databases such as UniGene can identify this transcript. 
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Thiss so-called TAC-to-CENE identification can also be performed on available web applications SACEmap 

[116]] and SAGE Genie [117]. This automatic identification depends entirely on the completeness and 

correctnesss of the transcript database used for the analysis. Erroneous tag identification can occur for 

manyy reasons. Alternative splicing in the 3'UTR can cause a gene to generate transcripts which generate 

differentt SAGE tags [Chapter 4][118]. On the other hand different genes can generate identical tags. 

Too be certain about a TAG-to-GENE identification made by one of the available programs, expert manual 

checkingg remains necessary. SAGE tags that can not be linked to a known human transcript, so-called 

NoMatchh tags, are a starting point to elucidate a novel transcript, to expedite this several tools are available 

thatt can be used in several methods to elucidate the corresponding novel transcript [119]. The major 

problemm is to select a feasible amount of NoMatch tags, based on the underlying research question, for 

downstreamm wet-lab experiments from hundreds of available NoMatches. The Tissue Preferential 

Expressionn algorithm (TPE) can perform this additional selection. This TPE is a scalar value that is based 

onn the expression levels observed in a selection of SAGE libraries and on the number of SAGE libraries in 

whichh a specific gene is observed. Calculated TPE values can be ranked according their value. High TPE 

valuess represent tissue specific genes that are over-expressed in the reference library [120]. In this way the 

discoveryy of novel human genes can be greatly accelerated. With LongSAGE, the SAGE protocol where 

17bpp tags are generated, it becomes easier to determine the full length coding sequence corresponding to 

aa NoMatch tag, because a NoMatch tag can be elongated with the Nlalll restriction site to a 21 bp PCR 

primer.. Even NoMatch tags that fail to show homology to partial cDNA or EST sequences can now be 

usedd in 5'RACE and 3'RACE experiments to clone novel transcripts. Using NoMatch tags novel genes have 

beenn found in thyroid function related with congenital hypothyroidism [Chapter 6][121]. 

SAGEE has been used to study a number of model systems. Gene expression in several human organs, such 

ass pancreas [103], muscle [122, 123], kidney [110, 124], liver [125], skin [126] and thyroid [Chapter 3] 

hass been studied. Comprehensive expression profiles can generate valuable information on the expression 

off essential genes related to the specific functions of normal tissues. Furthermore, the comparison of SAGE 

expressionn profiles from multiple cells or tissues from a different origin can be used to elucidate the anatomy 

off gene expression. Genes that have restricted patterns of expression could be used for tissue-specific gene 

therapyy approaches. Cell lines have been studied using SAGE to study a number of pathways in vitro. 

Transcriptomee analysis of much-used model systems can be valuable to characterize cell line specific gene 

expression.. The activation of certain genes of interest in a cell line can generate data indicating downstream 

targets.. These SAGE experiments have been performed to characterize the downstream pathways of 

cancer-relatedd genes p53 [127], APC [128], c-MYC [129] c-JUN [130] and ECM1 [Chapter 7]. The effects 

off hormones can be revealed in similar fashion, as is shown in a report studying the effects of estrogens 

andd tamoxifen [131]. 

Initially,, SAGE has been used only on human tissues and cells. Mainly because the TAG-to-GENE 

identification,, essential for the translation of SAGE data into biological data, depends on the availability 

off extensive gene and transcript databases. The completion of the human genome sequence and the 

exponentiall growth of human transcript databases (dbEST, UniGene, RefSeq, etc.) have facilitated the 

SAGEE research in human cells. Recently, similar projects have been set up in other organisms such as 

mouse,, rat, drosophila, C.elegans and others. As a consequence during the last few years more SAGE 

studiess in other organisms have been reported [111, 114, 132, 133]. 
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Nextt to the generation of expression profiles, SAGE data can also be used for genomic applications. 

Combiningg SAGE tag databases with radiation hybrid maps of the human genome, transcripts can be 

mappedd to the human genome. Using the human transcriptome map, specific regions of high gene density 

calledd RIDCEs are identified [134]. LongSACE, which generates 21 bp tags, can be used to annotate the 

humann genome. LongSAGE expression profiles can identify novel exons or even complete genes previously 

nott predicted by the human genome database projects [107]. Recently, the LongSAGE protocol has been 

appliedd to generate tag databases from human genomic DNA. Digital enumeration of tags along the 

chromosomess can be used to quantitatively evaluate DNA content with high resolution. This approach, 

calledd Digital Karyotyping, can score amplifications and deletions with greater sensitivity then, for example, 

CGHH in human cancer [135]. 

1.3.33 SAGE - Cancer 

Nextt to mutational analysis of oncogenes and tumour suppressor genes, expression profiling of cancer 

cellss and their normal counterparts provides the opportunity to study thousands of genes simultaneously. 

SAGEE has been used for the analysis of cancer with the aim to decipher pathways involved in tumorigenesis 

andd to identify novel diagnostic and/or prognostic markers as well as therapeutic targets. In order to 

characterizee genes that are differentially expressed in cancer, SAGE profiles from tumour tissues and normal 

tissuess can be compared. The first publication where the SAGE technique identified candidate tumour 

markerss was published in 1997 [136] and showed genes differentially expressed in colon and pancreas 

tumours.. Since then many SAGE studies in cancer have been published. Expression profiles have been analysed 

fromm tumours in thyroid, brain, breast, lung, ovary and colon [Chapter 5][98, 137, 138, 139, 140, 141]. 

Manyy of the candidate tumour markers generated by SAGE studies are now subject to in-depth molecular 

investigations.investigations. From a SAGE study into non-small cell lung cancer {NSCLC} where PGP9.5 was identified 

amongstt other genes as a candidate marker [140] a follow-up study showed PGP9.5 overexpression to be 

closelyy associated with advanced stages of NSCLC [142]. 

Thee ability to universally compare SAGE libraries has also made study possible into general tumour 

mechanism,, such as the specific gene expression in tumour epithelium [143]. To facilitate these kinds 

off studies, many tumour SAGE libraries are pooled into a publicly available SAGE database at the NCBI 

centree called SAGEmap [144]. A recent version of this database was developed at the CGAP institute and 

iss called SAGEGenie [117]. The latter web-application is based on a transcript database, which was 

checkedd for errors and redundancy, giving a more reliable TAG-to-GENE identification. 

Alll SAGE analyses performed over the years provide a large amount of information which gives researchers 

aa chance to see into the function of cells at a far higher resolution then was previously possible. 

Thiss advance promises a revolution in the way cancer patients will be diagnosed and treated in the 

not-so-farr future. 
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1.44 Outlin e of th e thesi s 

Ass the title of this thesis indicates, the focus of this thesis is on the study of gene expression of thyroid 

cancerr and of thyroid cancer-related genes. The first part of chapter 1 introduces the clinical, pathological 

andd genetical state-of-the-art in thyroid physiology and cancer. The Serial Analysis of Gene Expression 

techniquee is dealt with in the second part of the introduction as a technique suitable to perform high-

throughputt comprehensive gene expression profiling. The primary event in tumorigenesis is almost always 

aa genomic mutation that affects the function of a certain gene and therefore the phenotype of a cell. 

Oncogeness are mostly genes that play a role in the regulation of proliferation and activation of these 

geness can derail regulated cell growth. In Chapter 2 the oncogenes ras and gsp are studied for mutations 

inn a cohort of paediatric thyroid tumour samples. Next to the initial mutation, downstream effects influence 

genee expression characterizes the phenotype of the tumour. To study the gene expression profile 

extensively,, a recent technique designed exactly for this purpose, SAGE, is applied to normal thyroid tissue 

(Chapterr 3). Chapter 4 deals with some of the problems that SAGE presents when 3'UTR alternative 

splicingg affects SAGE tag generation. To study the gene expression profile of a thyroid tumour, the SAGE 

techniquee is applied to a follicular variant of a papillary thyroid carcinoma {Chapter 5). This variant is a 

typicall example of a malignant thyroid tumour, which is difficult to distinguish histopathologically from 

benignn thyroid tumours. Also, it is a variant frequently occurring in paediatric thyroid cancer. Chapter 6 

unravelss the genomic organization and alternative splicing of a novel gene, SMAP31, corresponding to 

aa SAGE tag differentially expressed in the thyroid carcinoma SAGE library. Another candidate gene for 

thyroidd carcinoma, ECM1, is identified as specifically overexpressed in papillary and follicular thyroid 

carcinoma.. The available data on ECM1 indicate a possible role for ECM1 in the extracellular matrix 

relatedd tumour progression, angiogenesis and/or metastasis. To define the functional mechanisms and 

pathwayss that ECM1 is involved in, the downstream effects of ECM1 are studied in a cell line expressing 

ECM11 protein (Chapter 7). Comparing expression profiles of ECM1 expressing cells with the control cells 

willl identify differentially expressed genes directly or indirectly related to the function of the ECM1 

protein. . 
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Absenc ee of activatin g mutation s in ras and 
gspp oncogene s in a cohor t of nine patient s 
wit hh sporadi c pediatri c thyroi d tumor s 

E.. Pauws, R.F.H.M. Tummers, MD, C. Ris-Stalpers, PhD, 

J.J.M.. de Vijlder, PhD, PA Voute, MD, PhD. 

Medica ll  and Pediatri c Oncolog y 36:630-634 (2001 

Abstrac t t 

BACKGROUND:: Characterization of the genetic background of pediatric thyroid carcinomas could aid in 

distinguishingg between differently staged tumors with respect to treatment and prognosis. Two known 

geneticc factors associated with thyroid carcinoma, the proto-oncogenes gsp and ras were investigated. 

PROCEDURE:: DNA was extracted from paraffin sections from both tumor and normal thyroid tissue of 

99 patients (ages 9-16 years). Of these patients 8 were diagnosed with papillary carcinoma and one with 

follicularr adenoma. The coding exons of gsp and the three known ras genes (H, K, and N-ras) were 

screenedd for mutations using SSCP-analysis. RESULTS: There were no mutations present in the ras and gsp 

proto-oncogeness hot spots, however LOH of H-ras (chromosome location 11 pi5.5) was found in tumor 

tissuee from one patient and a homozygous mutation in exon 12 of gsp causing a Pro^Ser conversion 

wass present in thyroid tumor tissue from another patient. Two silent polymorphisms were detected, H-ras 

exonl,, 86T-»C and gsp exon 5, 81T-»C. CONCLUSIONS: Our results indicate that the ras/gsp mutations 

foundd are probably late events in the tumorigenesis representing general oncogenic stress. In conclusion 

itt seems that ras/gsp activation is not a factor in the mechanism causing sporadic thyroid carcinoma in 

children. . 
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Introduction n 
Thyroidd cancer accounts for 1.3% of all childhood carcinoma and can be divided into four major groups; 

papillary,, follicular, medullar and anaplastic tumors. In children as well as in adults the papillary type is 

thee most frequent (75%), medullar tumors (15%) can be part of the MEN2 syndrome and follicular and 

anaplasticc carcinomas occur at a low frequency (1-5%) [1 ]. Prognosis is generally good, a relative 5-year 

survivall rate of 100% for thyroid carcinoma in children from 0-14 years was reported [1]. Treatment 

generallyy involves total thyroidectomy and/or ablative radio-iodine therapy. The treatment of thyroid 

carcinomaa results in the need for life-long substitution of thyroid hormone. Since thyroid hormone balance 

iss indispensable for proper physical and mental development of children it is however preferable to keep 

endogenouss thyroid hormone production and normal endocrine regulation pathways intact. Identification 

off genetic factors in pediatric thyroid carcinoma couid eventually aid in pinpointing the stage of disregulation 

andd distinguish between invasive and non-invasive thyroid carcinomas with respect to treatment and 

prognosis. . 

Activatingg mutations in C-protein genes ras and gsp have been identified in a variety of human neoplasms 

includingg thyroid [2, 3]. The mechanism behind the activation of the ras and gsp gene-products is well 

documented.. Single base substitutions causing amino-acid changes in the guanine nucleotide binding 

sitee (ras codons 12,13; gsp codon 201), or in the effector domain containing the intrinsic CTPase activity 

(rass codon 61; gsp codon 227) have been shown to cause overstimulation by keeping the protein in a 

constitutivelyconstitutively active state [4, 5, 6], Studies on thyroid carcinoma show activation of ras and gsp in 18-

62%% of papillary carcinoma and an even higher percentage in follicular carcinoma [7, 8]. As for radiation-

exposedd Chernobyl children with thyroid carcinoma no mutations in ras/gsp hotspots were reported 

[9,, 10]. Starting with the assumption that the etiology of differently originated thyroid carcinoma are not 

necessarilyy identical, screening of coding exons of the ras genes H-ras, K-ras and N-ras and of gsp using 

SSCP-analysiss (Single Strand Conformation Polymorphism) was performed thyroid tumors from children not 

exposedd to radiation to look for mutations which could give some insight into the genetic background of 

thesee tumors. 

Materia ll  & Method s 

Thyroidd carcinoma tissue specimens 

Fromm 13 patients (9-18 years of age) diagnosed with thyroid carcinoma in the Netherlands paraffin-

embeddedd tissue was recovered. Tissue samples were pathologically revised according to WHO classifications. 

Tumorr tissue samples with a tumorcell content of at least 90% were selected for DNA studies. Isolation 

off high-quality genomic DNA proved possible from 9 patients. From several patients more than 1 tumor 

tissuee sample and/or tissue samples from lymph node metastasis were present, in a few cases normal 

thyroidd tissue was also available. Information about screened patients is summarized in table 1 (page 41). 

DNAA Extraction 

DNAA was extracted from 50pm slices of paraffin-embedded thyroid tissue. After deparaffination with 

xylol,, tissue was treated with proteinase K at C overnight followed by phenol-chloroform extraction 

andd sodium acetate-ethanol-precipitation. DNA from nine samples was of sufficient amount and quality 

too be able to perform PCR-amplification. 
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PCR^Ampljfication n 

Forr ras/gsp exons lOOng of genomic DNA was amplified in 25pl standard PCR-reactions for 30 cycles at 

ll min., C for 1 min. and r 1 min. using Amplitaq (Perkin Elmer, Foster City, USA). 

Primerr sequences used to amplify exons from flanking intron sequences were designed as follows: 

Cspp primers: 2f-aaaatgcctccttcataacctgaga; 2r-tctgttcctcttacttggtg; 3f- tgatggttgaggaatgtagagagactg; 

3r-cagtatgatcttcatgtttgttt;; 4f- atgaaagcagtactcctaactga; 4r-gcgctacaagacagacagc; 

5f-- tcccagccagtgctgttccctgaccg; 5r-ctgcccatgtgcagggctgtcactcatgtt; 6f- gattagttcaagctgttccctgaccg; 

6r-ttgtctgttttatgtgctgatgg;; 7f- tgagcctgaccttgtagagagacaca; 7r-gtttggaaagagggctcagagtc; 

8f-- tggctttggtgatgagatccattga; 8r-ggttattccagagggactggggtgaa; 9f- gacattcaccccagtccctctggaat; 

9r-aagcgttctttacgaacagccaagc;; lOf- cttggctgttcgtaaagaacg; 10r-aacagtgcagaccagggc; 

l l f -- caggaggccctggctgcactgtt; 11 r-agaaccaccgcaatgaacagcc; 12f- tgctagcaccccagctctgcttgaa; 

12r-agaggaggaacaagagaggaaact:: 13f- catcagggatagggtggttcctgg; 13r-ttaaggctttaattaaatttgggggttcc; 

Rass primers: Hlf-ggcaggagaccctgtaggagg; Hlr-cagctgctggcacctggac; H2f-tgagccctgtcctcctgca; 

H2r-ccagcctcacggggttca;; H3f-gagctctcgctttccacctctc; H3r-gtggggtggagagctgcctc; H4f-cctgatcccatccctcctttc; 

H4r-- aagggaggctgctgaccgc; Klf-ccttatgtgtgacatgttctaata; Kl r-cctgcaccagtaatatgcata; 

K2f-taatccagaccctgtgtttctcc;; K2r- ctataattactccttaatgtcagctt; K3f-atgacaaaagttgtggacagg; 

K3r-- ctgatatattaaatgacataacagttatgat; K4f-cctgtacacatgaagccatc; K4r- taacagtctgcatggagca; 

Nlf-gagcttgaggttcttgctgg;; Nlr- caccataggtacatcatccga; N2f-ggtgaaacctgtttgttgga; 

N2r-- atacacagaggaagccttcg. 

Inn subsequent amplifications lpl of amplified material was used in a lOpI radioactive PCR using 33nM 

(a32P)dATPP under identical conditions as used for the initial PCR. 

SSCPP (Single^ Strand Conformation Polymorphism) 

10pll of radiolabeled PCR-product was diluted 5 times in SSCP-dilution buffer (0.1% SDS, lOmM Tris-HCI, 

11 mM EDTA) and again 7 times in SSCP-sample buffer (lOmM Tris-HCI, ImM EDTA, 95% formamide). 

5|jll sample was loaded on a SSCP-gel (8% acrylamide; 0 and 10% glycerol) and electroforized overnight 

att room-temperature at 7W constant power [11 ]. Gel was exposed to Fuji medical film. To determine the 

frequencyy of the H-ras polymorphism 40 normal alleles (20 normal genomic DNAs) were screened using 

RFLPP (restriction fragment length polymorphism). The point mutation in exon 1 (86T^*C) generates a  a 

Dralll-restrictionn site. 

DNAA sequencing 

DNAA samples showing SSCP aberrations were sequenced to determine the nature of the mutations. 

Reactionss were performed using the Dyedeoxyterminator Cycle Sequencing kit (Applied Biosystems/Perkin 

Elmer,, Foster City, USA) according to protocol. Samples were analysed using the ABI Prism 377 DNA 

sequencerr and Sequence Analysis 3.0 software. 

Result s s 

Fromm 13 patients paraffin-embedded thyroid tumor material was recovered of which genomic DNA was 

isolated.. In 4 cases DNA was severely degraded and PCR-amplification could not be performed. In 8 cases 

off papillary carcinoma and 1 case of follicular adenoma ras proto-oncogenes (H-, K-, N-ras) and gsp 

proto-oncogenee were screened for mutations using SSCP. As a control DNA from normal thyroid tissues 

(frozenn and paraffin-embedded) were used in all experiments. Besides screening hot-spot point-mutations 
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responsiblee for activation of RAS and Gsct proteins other coding exons of ras and gsp genes were also 

screened.. Exon 1 of gsp could not be amplified due to CC-rich (>90%) domains flanking the exon. 

Exonss 3 and 4 of N-ras were not screened because no intronic sequence data was available to design 

exon-flankingg PCR-primers. No mutations were found in already described hot spots of ras; codons 12/13 

(exonn 1), codon 61 (exon 2) and gsp; codons 210 (exon 8), codon 226 (exon 9). 

III III IV V 
TT T T T 

I I 
VII VII VIII IX 
T M T T N T T T M M Ncc Nc +1 +2 +3 

Figg 1. SSCP-gel showing mutational screening of K-ras exonl. Patients (l-IX) and tissue-type (T=tumor; M=metastasis; N=normal) 
aree indicated. Nc are normal thyroid tissue controls, +1-3 are positive control samples harbouring codon 12 mutations. +1 
(SW4800 colon carcinoma cell-line, codonl2 (GGT->GTT) homozygous), +2 ( SW1398 colon carcinoma cell-line, codon 12 
(GGT-»TGT)) heterozygous), +3 (A549 lung carcinoma cell-line, codon 12 (GGT^AGT) homozygous). 

Figuree 1 shows an example of a typical SSCP pattern of an amplified K-ras exon 1 fragment. Next to 

thee absence of an aberrant pattern in the patient samples as compared to normal controls the positive 

controll samples show a distinct shifted pattern. Control +1 (SW480 colon carcinoma cell-line, codonl2 

(GGT->GTT)) and control +3 (A549 lung carcinoma cell-line, codon 12 (GGT-»AGT) are both homozygous 

forr a mutation in codon 12. A clearly shifted pattern can be detected. Control sample +2 (SW1398 colon 

carcinomaa cell-line, codon 12 (GGT-»TGT) is clearly heterozygous since both the wild-type and an aberrant 

SSCPP profile are present. Two polymorphisms were found; in H-ras exon 1 (position 86;T^C, in 45% of 

alleles)) which was previously reported [12] and a novel polymorphism in gsp exon 5 (position 81;T->C 

inn 50% of alleles). Allelic frequency of polymorhisms was scored in 9 patients and 20 normal controls. 

Inn three cases mutations were found. DNA from patient I shows a homozygous (C->T) transition in K-ras 

exonn 4b, 27 bases downstream of TAA stopcodon in the 3'UTR (result not shown). Using the H-ras 

polymorphismm for which patient VIII with a follicular variant of papillary carcinoma was heterozygous we 

detectedd LOH (loss of heterozygosity) from region H-ras exon 1 (chromosome location 11 pi5.5) in one 

outt of two tumor DNAs from this patient. 
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Figuree 2A shows the LOH in lane 3 of an SSCP analysis of H-ras exonl where a band representing an 

allelee is missing in contrast to lanes 1 and 2, control and an additional tumor sample from the same 

patient,, which have both alleles still present. A coding mutation was found in tumor DNA from patient VI. 

Ann homozygous (CCC^TCC) conversion in exon 12 was present resulting in an amino acid substitution 

(Pro328Ser). . 

B B 

allelee 1 

allelee 2 

Figg 2A. SSCP-gel showing LOH of H-ras l l pi5.5. lane l: 
Controll thyroid tissue shows two different alleles because of 
86T^»CC polymorhism in exon 1; lane 2: tumor sample #1 of 
patientt VIII where both alleles are present; lane 3: tumor 
samplee #2 of patient VIII, only 1 allele present, LOH. 

Figg 2B. SSCP-gel showing a homozygous point-mutation in 
gspp exon 12. lane 1: tumor DNA sample #1 of patient VI; 
lanee 2; metastasis DNA sample of patient VI; lane 3: tumor 
DNAA sample #2 of patient VI; lane 4: control thyroid DNA. 
Laness 1,2 and 4 show wild-type SSCP pattern, lane 3 shows 
homozygouss band-shift. 

Figuree 2B shows the SSCP band shift in both bands corresponding to two alleles from exon 12 in lane 3 

indicatingg a homozygous mutation in this DNA sample. Other DNA samples from patient VI shown in 

laness 2 and 4 of figure 2B, one from tumor tissue and another from a metastasis did however not show 

thiss mutation as is also seen in the control DNA (lanel). The results from all 9 patients are summarized in 

tablee 1. 

40 0 



Tablee 1: Mutations in ras/gsp proto-oncogenes in sporadic pediatric thyroid carcinoma. 

patientt sex agee of type of tumor3 

diagnosi s s 

(yrs.) ) 

mutation" " 

II I 

III I 

IV V 

V V 

VI I 

VII I 

VIII I 

IX X 

16 6 

9 9 

13 3 

11 1 

10 0 

15 5 

13 3 

13 3 

15 5 

papillary y 

papillary y 

papillary y 

papillary y 

papillary y 

papillary y 

follicular r 

papillary, , 

papillary y 

C^TT homozygous silent point mutation in 

exonn 4b of K-ras 27bp downstream of 

stopcodonn in the 3'-UTR. 

CCC^TCCC (Pro328Ser) homozygous coding 

pointt mutation in exon 12 of gsp 

adenoma a 

(follicularr variant) LOHc of H-ras exon 1 (11 pi5.5) 

aa Pathologically revised according to WHO classifications. 
bb mutations were found using SSCP screening followed by sequencing of coding exons from H-ras, K-ras, N-ras and 

gspp proto-oncogenes. 
cc LOH - loss of heterozygosity scored using H-ras exon 1 polymorphism (figure 2A). 

Discussio n n 

Noo hot-spot mutations were found in either ras or gsp oncogenes. Three other mutations were found from 

whichh the point mutation in the 3'-region of the K-ras gene was silent and therefore not expected to be 

involvedd in tumorigenesis. LOH of H-ras was found in one patient. LOH of 11 pi5.5 is associated with 

severall other childhood tumors, for example rhabdomyosarcoma [13] and Wilms' tumors [14], in which 

tumorigenesiss is presumably related to loss of a still unknown tumor-supressor gene located at 11 pi5.5, 

butt in the case of patient VIII, since LOH is present in only one out of two tumor samples, it is probably a 

latee event in tumor progression and a result of the oncogenic stress, as in elevated proliferation, in which 

aa particular subset of tumor cells behave. Since thyroid tumors are almost always clonal, a tumor inducing 

mutationn should be present in all tumor cells. Similarly, patient VI showed a homozygous coding point 

mutationn in exon 12 of gsp but only in out of three tumor samples. Because of this we can rule out the 

possibilityy of this mutation being tumor related and conclude that this mutation also resulted from the 

oncogenicc stress of the tumor cell population. 

Overalll these results suggest that in sporadic pediatric thyroid carcinoma the G-protein associated oncogenes 

ras/gspp do not play a role in the pathogenesis. This was also shown in Chernobyl children with thyroid 

papillaryy carcinoma [9, 10]. Rather than to suggest a difference in the mechanism of carcinogenesis in 

radiation-exposedd and non-exposed children with thyroid carcinoma these results and data from studies 

onn adult thyroid carcinoma show a difference between adult and pediatric thyroid tumorigenesis, 

41 1 



Chapterr 2 

especiallyy in the papillary cases. In adult thyroid carcinoma ras and gsp activating mutations are frequently 

foundd in follicular as well as papillary tumors and show a distinct radiation-dependable pattern [15, 16]. 

Upp till now no ras/gsp activating mutations have been described in pediatric thyroid carcinoma. 

Thesee results may suggest an additional genetic factor in the carcinogenesis of pediatric thyroid cancer 

nextt to the activation by ras/gsp mutation described in adult thyroid tumors. 
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Chapterr 3 

Seriall  Analysi s of Gene Expressio n (SAGE) 
ass a too l to assess the human thyroi d expressio n profil e 
andd to identif y nove l thyroida l genes 

E.. Pauws, J,C. Moreno, M. Tijssen, F. Baas, J.J.M. de Vijlder, C. Ris-Stalpers. 

Thee Journa l of Clinica l Endocrinolog y & Metabolis m 85{5):1923-192 7 (2000) 

Abstrac t t 

Thee assessment of the expression profile of normal human thyroid tissue using serial analysis of gene 

expressionn (SAGE) generated a collection of 10994 sequence transcripts (tags). Each tag represented a 

mRNAA transcript and in total 6099 different tags could be distinguished. The presence and abundance 

off thyroid-specific transcripts showed the overall expression profile to be from a normal thyroid cell. 

Thee expression level of several transcripts was confirmed on Northern blot. 70% of tags could not be 

attributedd to a known human gene and therefore possibly correspond to novel genes putatively involved 

inn thyroid function. The tag sequence generated by the SAGE technique can be used to further characterize 

thesee novel genes. In this way, application of the SAGE technique to thyroid tissue gives insight in the 

expressionn profile of a normal thyroid gland and provides the information to characterize novel genes 

involvedd in thyroid pathology such as congenital hypothyroidism and thyroid neoplasia. 
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Introductio n n 

Thee functional and biochemical features of a specific cell-type are determined by its particular profile of 

genee expression. Most studies on gene expression focus on one or more previously identified genes of 

interest.. This approach greatly underestimates the complexity of molecular mechanisms, SAGE (Serial 

Analysiss of Gene Expression) is a recently developed technique that provides an expression profile, also 

calledd transcriptome. The transcriptome describes genes expressed including their relative abundance in 

thee tissue or cell-type studied [1]. The SAGE technology is based on two main principles [2]. First, a short 

sequencee tag (lObp) is generated which contains sufficient information to specifically identify a mRNA 

transcript,, provided that the sequence tag is derived from a defined location within this transcript. Second, 

thee concatenation of many sequence tags into a large single DNA molecule facilitates high throughput 

sequencing.. The transcriptome is generated by identifying the corresponding gene to each tag and 

determiningg the relative abundance of each individual tag. The sensitivity of the method is limited only by 

thee total amount of tags analyzed which will influence the minimal expression level that can be detected. 

Dataa from a SAGE library can be used for several purposes. Comparison of SAGE profiles from various 

physiologicall or disease states provides insight into the molecular and cellular background of such events 

showingg up- or down-regulation of certain transcripts [3, 4, 5]. SAGE tags that have no matches to the 

currentt set of known human genes (NoMatch tags) can be used to identify the corresponding uncharacterized 

geness using the tag sequences generated by the SAGE technique. Compared to SAGE, other techniques 

quantifyy only a limited number of previously identified genes at a time (Northern blotting, RNase protection, 

RT-PCR)) or do enable characterization of unidentified mRNA transcripts but do not show direct information 

aboutt abundance (cDNA subtraction, differential display). Although several genes involved in thyroid 

developmentt and function have been identified [6, 7, 8], more still remain to be elucidated since not all 

cDNAss corresponding to proteins known to be involved in thyroid hormonogenesis have been cloned. 

Casess of primary congenital hypothyroidism (CH) are known where the mutated gene is identified and 

linkedd to the patients phenotype, as is the case with the thyroid peroxidase gene (TPO), thyroglobulin 

(TG),, iodide symporter (NIS), thyrotropin-receptor (TSH-R) [8, 9] and thyroid-transcription factors PAX8, 

TTF11 and TTF2 [10, 11, 12]. Also recently the Pendrin gene coding for a chloride/iodide-transporter 

associatedd with Pendred syndrome was identified as a gene mutated in cases of congenital deafness 

associatedd with a mild type of thyroid organification defect [13]. There are however still unresolved cases 

off CH where currently unidentified genes must be involved. The thyroid NADPH oxidase responsible 

forr H2Gygeneration [14] and the dehalogenase enzyme(s) are two of the most obvious candidates. 

Inn thyroid neoplasia little is known about diagnostic and/or prognostic factors concerning the genetic 

mechanismm behind the pathology of the tumor. To address these fields of interest we constructed and 

analyzedd a SAGE-library from a normal human thyroid gland as a starting point for the identification of 

novell thyroid-specific genes involved in thyroid disease. The genes most prominently expressed in thyroid 

andd their relative abundance are studied, with special attention to genes involved In thyroid function. 

Materia ll  & Method s 

Tissuee and RNA extraction 

Thyroidd gland tissue was obtained from a single individual without thyroid pathology after resection at a 

routinee autopsy. Tissue was immediately frozen in liquid nitrogen. Informed consent to use this material 
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forr scientific research was obtained. After homogenization total RNA was extracted using Tnzol 

(CibcoBRL).. mRNA was extracted using PolyA/T-Tract mRNA Isolating System III {Promega}. 

Constructionn of SAGE library 

Thee library was constructed using 5mg of thyroid mRNA essentially following SAGE Protocol 1.0c by 

Velculescuu and Kinzler [2]. Additional information including graphical presentation of the SAGE technique 

cann be found at [www.sagenet.org]. mRNA was converted to double-stranded cDNA using the cDNA 

Synthesiss System kit (Gibco/BRL) with a biotinylated oligo-dT18. cDNA was digested with Nlalll and 

3'cDNAA fragments were isolated using Streptavidin Dynabeads M-280 (Dynal) and divided into two equal 

pools.. Each pool was ligated to a different SACE-iinker and subsequently digested with BsmFI to release 

tags.. Tags were then blunted using T4-DNA polymerase and pools were combined and ligated to form 

ditags.. Ditags were amplified using the attached linkers as priming sites and PCR products were digested 

withh Nlalll to release linkers from ditags. Ditags (20-24bp) were isolated from polyacrylamide gel and 

concatenatedd by seif-ligation. SAGE clones with an average length of 500 bp were cloned into the Sphl 

sitee of pZero (Invitrogen). Ligation was transformed into ToplOF' electrocompetent cells (Invitrogen) and 

cloness with inserts were selected using colony-PCR with M13 vector-located primers. 

Sequencingg of SAGE library 

SAGE-cloness were sequenced with the Dyenamic Direct cycle sequencing kit using the ET-T7 primer 

(Amersham).. Samples were run on a ABI377XL Automatic Sequencer (Perkin Elmer) and analyzed using 

Sequencee Analysis 3.0 software. 

Tagg abundance and identification 

SAGEE data was analyzed using specialized UNIX software USAGE1.5 developed in our institute for 

extractionn of single tags from sequence data and subsequent identification on EMBL human gene 

databasee {February 1999). To further study tag identification and expression, NCBI/CGAP's SAGEmap 

programm was used at [www.ncbi.nlm.nih.gov/SACE]. 

Northernn hybridizations 

RNAA gels were prepared using the glyoxal/NaPi method [15] electrophorizing 10^g of total RNA. 

Capillaryy blotting was performed overnight in 20xSSC followed by UV cross linking (1.2 J/m2) and baking 

.. Hybridizations were performed following the Church & Gilbert protocol [16] at C overnight 

andd blots were exposed for 16 hours and analyzed using Phosphorlmager 2.0 (Biosystems). 

Result s s 

Thee sequencing of 10994 tags from a human thyroid SAGE library resulted in an expression profile of 

60999 unique mRNA transcripts. From these 6099 transcripts the larger part, 4813 tags, were present only 

oncee (44% of total library) indicating that the bulk of expressed genes is present at a basic low level. 

Onlyy 98 genes scored more than 10 tags from which 9 genes were expressed at a very high level (>50 

tags)) including the thyroglobulin (TG) transcript (table 1). 

http://www.sagenet.org
http://www.ncbi.nlm.nih.gov/SACE


Tablee 1. Distribution of tags in SAGE library of human thyroid. 

abundancee 1 2-4 5-10 11-50 >50 total 

totall tags 4813 1005 183 89 9 6099 

identifiedd tags 1203 435 116 76 9 1839 

NoMatchtagss 3610(75%) 570(57%) 67(37%) 13(15%) 0 4260(70%) 

Totall tags show the total number of tags in a certain abundance range; abundance is number of times a given tag was found 
inn the SAGE library; identified tags signify the SAGE tags that represent known genes; NoMatch tags are tags that could not be 
linkedd to any known gene. 

Thee percentage of identification was larger (85-100%) in tags scored more than 10 than in tags scored 

100 or less (25-63%). In total, 30% of tags could be attributed to a known gene-transcript. In general, 

thee high abundance class showed expression of several ribosomal and mitochondrial transcripts. The tags 

correspondingg to TC and TPO mRNA are also present in the top50 of highest expressed genes (table 2). 

Furthermore,, 7 NoMatch tags are present putatively corresponding to novel yet unidentified transcripts. 

Furtherr analysis of SAGE data showed that in the low range of expression the NoMatch tags become 

moree prominent (Table 1). Starting with 80 NoMatch tags expressed 5 times we screened CenBank 

databasess intensively to try to identify these transcripts. Using the human EST (Expressed Sequence Tag) 

databasee about 20 NoMatch transcripts could be identified as a known gene. Other NoMatches could be 

excludedd as artefacts from the linkers used in the construction of the library (linkerl -tag; TCCCTATTAA 

andd Iinker2-tag; TCCCCCTACA). The remaining group of NoMatches could be considered an interesting 

groupp of sequences possibly corresponding to novel genes. Some of the highest expressed NoMatches are 

listedd in Table 2. Focusing more on genes important for thyroid function we summarized in table 3 the 

SAGEE expression data of some thyroid specific genes. Apart from the presence of the expected tags 

correspondingg to TG, TPO, PAX8, TSH-R, Pendrin (PDS), TTF1, lodothyronine Deiodinase type! (ID1) 

andd lodothyronine Deiodinase type2 (ID2) we found 2 alternative tags probably corresponding to TG 

transcripts. . 
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Tablee 2 Topp 50 of most abundant transcripts in normal human thyroid SAGE library TH4. 

n n 

210 0 

95 5 

68 8 

58 8 

57 7 

52 2 

50 0 

44 4 

41 1 

40 0 

38 8 

37 7 

34 4 

33 3 

33 3 

32 2 

28 8 

28 8 

27 7 

27 7 

26 6 

26 6 

26 6 

25 5 

24 4 

24 4 

23 3 

TAGG sequenc e 

cggtgaaaaa a 

tgtgttgaga a 

ttggtcctct t 

cccatcgtcc c 

ttcatacacc c 

taggttgtct t 

tcagatcttt t 

gcataatagg g 

ttggggtttc c 

gagggagttt t 

ctaagacttc c 

ctccacccga a 

cacctaattg g 

gtgaaggcag g 

agggcttcca a 

cacaaacggt t 

agggaggggc c 

actttttcaa a 

gggctggggt t 

atttgagaag g 

tgcatctggt t 

tgggtgagcc c 

gtgctgaatg g 

ccctgggttc c 

aaggagatgg g 

gatgaataaa a 

taataaaggt t 

Gene e 

Thyroglobulin n 

Elongationn factor 1- a 

ribosomall protein L41 

Coxll Coxll 

NADH4 NADH4 

translationall controlled tumor protein 

ribosomall protein S4X 

ribosomall protein L21 

Ferritinn heavy chain 

ribosomall protein L27a 

16S16S rRNA 

intestinall trefoil factor 

ATPsynthase6/8 ATPsynthase6/8 

ribosomall protein S3a 

ribosomall protein L10 

ribosomall protein S27 

glutathion/peroxidasee GPX3 

Coxl Coxl 

ribosomall protein L29 

NoMatch#0 2 2 

GRP78/BiP P 

Cathepsinn B 

smMyosinLC C 

Ferritinn light chain 

ribosomall protein L31 

TPO O 

ribosomall protein S8 

Unigene(Hs.# ) ) 

115370 0 

146398 8 

108124 4 

mitomito * 

mito mito 

119252 2 

75344 4 

75467 7 

62954 4 

76064 4 

mito mito 

82961 1 

mito mito 

77039 9 

29797 7 

109940 0 

119708 8 

mito mito 

2401 1 

75410 0 

84898 8 

77385 5 

111334 4 

76317 7 

2041 1 

118690 0 
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Tablee 2. Continued 

n n 

23 3 

22 2 

22 2 

22 2 

21 1 

21 1 

21 1 

21 1 

21 1 

20 0 

20 0 

20 0 

20 0 

19 9 

19 9 

19 9 

19 9 

19 9 

18 8 

18 8 

18 8 

17 7 

16 6 

TAGG sequenc e 

taccatcaat t 

ctgggttaat t 

caactaattc c 

agcacctcca a 

atcaagggtg g 

aagacagtgg g 

tgcacgtttt t 

cctccagcta a 

tacaaacctg g 

ggaccactga a 

tacataatta a 

ctcataagga a 

ggatttggcc c 

ataattcttt t 

cgctggttcc c 

ttcaataaaa a 

tagctctatg g 

aggaaagctg g 

ggggtaagaa a 

ttttccaaaa a 

aggctacgga a 

acgcagggag g 

tggtgttgag g 

Gene e 

GAPDH H 

ribosomall protein S19 

Clusterin n 

Elongationn factor 2 

ribosomall protein L9 

ribosomall protein L37a 

ribosomall protein L32 

keratinn 8 

Metallothionein-IF F 

ribosomall protein L3 

NoMatch#0 3 3 

NoMatch#0 4 4 

ribosomall protein P2 

ribosomall protein 529 

ribosomall protein Ll l 

ribosomall protein Pl/transcobalamin 1 

NaK-ATPasee 1 

NoMatch#0 5 5 

PDEA-BP P 

NoMatch#0 6 6 

NoMatch#0 7 7 

NoMatch#0 8 8 

ribosomall protein SI8 

Unigene(Hs.# ) ) 

74456 6 

75624 4 

75106 6 

75309 9 

75466 6 

1946 6 

83343 3 

78271 1 

110440 0 

119598 8 

119500 0 

539 9 

75556 6 

75708/2012 2 

76549 9 

80423 3 

1stt column shows the abundance of a given tag in 10994 total tags; 2nd column is the tag sequence; 3rd column gives gene 
namee to which tag was attributed according to GenBank(NCBI); 4th column shows accession number (Hs.#) in human Unigene 
databasee (February 1999). Mitochondrial transcripts are indicated as matches with the mitochondrial genome, *CenBank Acc# 
X93334.. NoMatch tags are indicated if tag did not correspond to any known gene. 
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Tagss corresponding to expected transcripts like TTF2 or NIS could not be detected. The actual TC SAGE 

tagg is located near the end of the TC mRNA spanning the polyadenylation site. Since the two additional 

tagss were scored as a NoMatch with no homology to any known sequence (including ESTs) except TC, 

wee ascribe these tags to be alternative TC SACE tags as a result of alternative polyadenylation. The total 

expressionn level of TC when adding up all tags corresponding toTC comes to 289 tags or 2.6% of 

totall mRNA pool. TPO scored 24 tags (0.26%) showing an expression level 10-fold lower than TC. 

Thee identification of the PDS transcripts could only be done after the presence of an internal polyA-stretch 

inn the 3' untranslated region {3'UTR) was noticed. The actual PDS tag flanked the last Nlalll-site before 

thiss internal polyA-stretch. 

Tablee 3. List of transcripts involved in thyroid function in normal human thyroid SACE library TH4. 

Gene/transcrip t t 

Thyroglobulin n 

Tgg (putative) 

Tgg (putative) 

TPO O 

Gs« « 

PAX-8 8 

Pendrinn (PDS) 

TTF-1 1 

TSH-Receptor r 

ID1 1 

ID2 2 

n n 

210 0 

54 4 

9 9 

24 4 

11 1 

7 7 

7 7 

3 3 

3 3 

2 2 

2 2 

TAGG sequenc e 

cggtgaaaaa a 

cggtgaagca a 

cggaaaaaaa a 

gatgaataaa a 

attaacaaag g 

actcaataaa a 

gtaaaacccc c 

gctctggact t 

aaataaaagc c 

gtaacacatc c 

atgctaagag g 

Functio n n 

-- matrix protein in T4 synthesis 

alternativealternative tag 

alternativealternative tag 

-- peroxidase essential for T4 synthesis 

 a-subunit of G-protein TSH-R stimulated 

-- thyroid transcription factor 

-- iodide/chloride transporter 

-- thyroid-specific transcription factor 

-- G-protein coupled receptor forTSH 

-- deiodination of thyroid hormones 

-- deiodination of thyroid hormones 

Columnn 1 shows the genes studied, column 2 the abundance of tags corresponding to these genes present in SACE library; 

columnn 3 lists tag-sequences; column 4 comments on thyroid related function. 

Thee validity of the abundance data in our SAGE library was checked using Northern blots. RNA was 

isolatedd from several normal thyroid tissues including the one used for the SAGE library, liver RNA was 

usedd as a control. TPO, NIS, PDS as well as ELFla and GAPDH were hybridized on this blot and intensities 

weree compared correcting for RNA loading with a 28S ribosomal probe. In Figure 1 the results show that 

thee relative abundance of TPO, ELF1 a, GAPDH and PDS are similar to that observed in the SAGE library. 

Thee expression in thyroid RNA TH4 (RNA used for the SAGE-library) was similar to that in 5 other 

normall thyroids. Thyroid-specific mRNAs were absent in liver RNA. Because of the absence of a SAGE 

tagg corresponding to the NIS transcript we checked for expression of NIS in the same Northern analysis. 

NISS was present in the thyroid RNA used for the SAGE library with an estimated expression comparable 

too TPO and GAPDH. 
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Figuree 1. Expressed genes in thyroid SAGE library as determined by Northern blot. Figure 1 shows the expression of several 
(thyroid-specific)) genes (indicated on the right) in a group of normal thyroid RNAs. First lane TH4 shows expression levels of 
RNAA as used in the SAGE library, on the left side of the picture the SAGE abundance out of 10994 total tags is indicated. 
Mostt right lane is liver control RNA. 

Discussio n n 

Thee SAGE library data from a normal human thyroid gland constructed in this study show the expected 

expressionn profile of the cell-type studied. The expression of several housekeeping genes and mitochondrial 

transcriptss was similar to that observed in a recent SAGE study [17]. We as well as other laboratories 

heckedd the validity of SAGE data extensively. Quantitatively we demonstrated that the relative abundance 

off genes inside the SAGE expression profile was similar to that seen in Northern blot hybridizations and 

thatt the expression in this particular normal thyroid was representative. Qualitatively we wanted to see 

iff all genes expressed were present in the SAGE library focusing on the absence of NIS and TTF2 in our 

library.. The absence of NIS in our thyroid SAGE library can be explained due to the absence of the full 

lengthh NIS mRNA sequence in GenBank database. When comparing the 2,2 kb NIS cDNA sequence 

(accessionn no. D87920) with the published mRNA length (4,5kb on Northern blot [18]), around 2kb of 

3'UTRR downstream sequence is missing including the polyadenylation signal and polyA-tail. Also no 3'EST 

sequencess corresponding to NIS mRNA could be found in human EST databases. The SAGE tag corresponding 

too this transcript is probably in this missing 2kb 3'UTR sequence since the average distance from tag to 

polyA-taill is 256bp. Table 2 shows several NoMatch tags in the expected range of expression putatively 

belongingg to the NIS mRNA transcript. Northern analysis of thyroid RNA used for the SAGE library showed 

NISS mRNA expression at an abundance level slightly lower than that of TPO. TTF2 could not be detected 

althoughh the full length mRNA sequence is known. Since the abundance in the library of transcription 
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factorss TTF1 (3) and PAX8 (7) was relatively low this can be due to the detection limit of this particular 

SAGEE library. The difficulties in identifying PDS in the SAGE library arose from the fact that an internal 

polyA-stretchh is present in the PDS 3'UTR. In trie initial cDNA synthesis the internal polyA-stretch is 

probablyy used as a priming site resulting in this alternative SAGE tag. The actual last Nlalll-site and 

correspondingg tag situated between the polyA-stretch and the polyA-tail could not be found in the SAGE-

libraryy indicating that the internal poly-A stretch is preferentially used in oligo-dT priming. Transcripts 

specificc for C-cells (calcitonin, ret) which are also present in thyroid gland tissue could not be found 

probablyy because the amount of C-cells in the thyroid is too low(<l%) [19] to pick up any mRNA in the 

totall RNA pool from thyroid tissue. The presence of ferritinH as one of the highest expressed messengers 

(tablee 2) in thyroid cells was described previously for FRTL-5 cells [20]. Its abundance in the SAGE library 

confirmss this finding. The sensitivity of the SAGE library shows that a single tag present in the thyroid 

SAGEE library corresponded to an expression level of 0.01% (1 in 10994 total tags). Assuming the SAGE 

expressionn profile represents the total mRNA pool of the thyroid cell and the total amount of mRNA 

moleculess per cell is about 300,000 [21 ] we estimate that the detection level was limited to mRNA's with 

300 mRNA copies per cell. A possibility to increase the sensitivity of a SAGE library is by sequencing more 

cloness and analyzing more tags. Next to the transcripts corresponding to known genes we are especially 

interestedd in the NoMatch tags, not corresponding to a known gene. 70% of the total amount of different 

tagss in the library is a NoMatch. This number is however somewhat overestimated since 85% of the 

NoMatchess are in the group of tags scored once. In the high range of expression (tags >5) the amount of 

Nomatchh tags is considerably lower (80/281, 28%) indicating that transcripts expressed at a high level 

aree better characterized than lower expressed transcripts (table 1). In the large group of single tags we 

expectt to have some sequence artefacts [3, 17] explaining also the high percentage of NoMatches in this 

group.. The possibility of an artefact, such as found in the alternative Tg polyA-sites and the linkers from 

thee SAGE technique has to be ruled out also. Before using any NoMatch tag sequence in an experiment it 

iss to our view imperative to screen extensively the possibility of a NoMatch tag corresponding to a known 

genee from which the 3'UTR is not sequenced. This can partly be circumvented by screening the human 

ESTT database. Via the screening of the EST database it is also possible to use an unidentified 3'EST 

correspondingg to a NoMatch tag as a probe sequence in further experiments. SAGE has become a 

promisingg technique in molecular genetics generating enormous amounts of immortalized data. The 

dataa generated from this SAGE library bring us closer to identifying the complete thyroid transcriptome. 

Becausee SAGE libraries are made in different scientific institutions around the world according to the 

samee principle and protocol it is possible to even compare inter-laboratory data. Comparing libraries from 

normall tissues versus pathological tissues generates differentially expressed tags corresponding to known 

andd unknown genes possibly involved in the pathology of the disease. We intend to use this possibility in 

thee future by making new SAGE libraries from thyroid disease tissues. The NoMatch tags that at the 

momentt can not be identified to a known human gene can in the future, when the Human Genome 

Projectt (HGP) and similar projects finish characterizing the complete human genome, be screened again. 

Inn the mean time these NoMatch-sequences provide valuable information to start characterizing novel 

geness using other techniques. We conclude that the SAGE library from human thyroid offers an extensive 

expressionn profile of both previously identified and unidentified genes, that can be used to elucidate 

novell genes involved in thyroid hormonogenesis. 
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Heterogeneit yy  in polyadenylatio n cleavag e 
site ss in mammalia n mRNA sequences : 
implication ss for SAGE analysi s 

E.. Pauws, A.H.C. van Kampen, SAR. van de Graaf, J.J.M, de Vijlder, C. Ris-Stalpers. 

Nuclei cc  Acid s Researc h 29(8): 1690-94 (2001) 

Abstrac t t 

Thee analysis of a human thyroid SAGE expression library shows the presence of an abundant SAGE tag 

correspondingg to the mRNA of thyroglobulin (TG). Additional, less abundant tags are present that can not 

bee linked to any other known gene but show considerable homology to the wild-type TG tag. To study if 

thesee tags represent TG mRNA molecules with alternative cleavage, 3'RACE clones were sequenced. 

Thee results show that the three putative TG SAGE tags can be attributed to TG transcripts and reflect the 

usee of alternative polyadenylation cleavage sites downstream of a single polyadenylation signal in vivo. 

Byy screening more than 300,000 sequences corresponding to human, mouse and rat transcripts for this 

phenomenonn we show that a considerable percentage of mRNA transcripts (human 44%, mouse 22% 

andd rat 22%) show cleavage site heterogeneity. When analyzing SAGE generated expression data this 

phenomenonn should be considered, since according to our calculations 2.8% of human transcripts show 

twoo or more different SAGE tags corresponding to a single gene because of alternative cleavage site 

selection.. Both experimental and in silico data show that the selection of the specific cleavage site for 

poly(A)) addition using a given polyadenylation signal is more variable than was until now assumed. 
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Introductio n n 

Polyadenylationn of eukaryotic mRNA is characterized by the cleavage of the precursor-RNA and the addition 

off a poly(A) tail. Polyadenylation of a primary RNA transcript is suggested to have a function in RNA 

metabolismm such as export of the mature mRNA, stability and recognition by ribosomes. The signals that 

determinee the site of polyadenylation have been studied extensively in in vitro experiments. The upstream 

elementt AAUAAA together with a downstream U/CU-rich element are present in nearly all eukaryotic 

pre-RNAss and are proposed to regulate the complex machinery of proteins necessary to complete 

3'-processing;; for review see [1, 2, 3, 4], An extensive in silico analysis of 3'-processing control signals 

showedd a general similarity to published experimental findings [5]. The site of cleavage in the pre-RNA 

iss determined by the position of the regulatory elements together with the nucleotide composition of the 

cleavagee region. This region is located 11-24 nucleotides downstream from a AAUAAA element and 

10-300 nucleotides upstream from a U/GU-rich element. The suggested preferred nucleotide at the cleavage 

sitee is ordered A>U>C»C [6]. Although not emphasized in literature, in general it is assumed that there 

is,, in a given pre-RNA sequence, one preferred cleavage site used by the polyadenylation machinery 

althoughh mutational analysis shows that in in vitro cleavage experiments neighboring nucleotides can 

bee used [7, 8], Many studies have been done into the use of alternative polyadenylation signals in 3'RNA 

processing.. Different polyadenylation signals in the 3'untranslated region of pre-RNA molecules can be 

usedd to generate different mRNA transcripts [9]. In sequence databases (eg. CenBank, Unigene) mRNA 

referencee sequences are represented by the most abundant transcript from every gene since this transcript 

willl have been preferentially cloned. When looking at a large number of 3'EST (expressed sequence tag) 

sequencess corresponding to these genes often differences can be found resulting from alternatively spliced 

orr polyadenylated mRNA sequences. A genome-wide study shows that 29% of human mRNAs displayed 

twoo or more polyadenylation signals able to start polyadenylation [10]. However, the selection of the actual 

nucleotidee at which the pre-RNA is cleaved using a given polyadenylation signal has been a relatively 

untouchedd subject. In this study we exclusively focus on alternative polyadenylation as a result of 

heterogeneouss cleavage downstream from a single polyadenylation hexanucleotide signal. We therefore 

termm this event alternative cleavage site selection to avoid confusion with alternative polyadenylation 

causedd by the usage of different polyadenylation hexanucleotide signals. When analyzing the data from a 

humann thyroid expression profile generated using a SAGE (Serial Analysis of Gene Expression) library [11] 

wee found different SAGE tags corresponding to alternatively polyadenylated thyroglobulin (TG) mRNA 

molecules.. The mRNA sequences found here have different polyadenylation cleavage sites downstream 

fromm a single polyadenylation signal. In the analysis of growing amounts of SAGE generated expression 

dataa this effect could mean that if a SAGE tag sequence is located in the cleavage region of a mRNA 

transcriptt the resulting tag corresponding to this transcript can be heterogeneous. We studied the incidence 

off this phenomenon in silico in 3 mammalian genomes (human, mouse and rat) by screening their 

correspondingg Unigene databases. Unigene provides a unique data source for obtaining information 

aboutt variation in cleavage sites. Unigene clusters consist of grouped GenBank sequences that belong to 

thee same gene and which therefore also include the sequences of alternative cleavage sites. Consequently, 

analysiss of the sequences in such cluster reveals possible cleavage site variation for that particular gene. 

Additionally,, we checked whether alternative cleavage sites could be accounted for in vivo by sequencing 

3'RACEE clones. The implications for analyzing SAGE generated expression data are discussed. 
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Materiall & Methods 
SAGEE library 

Thee expression library was constructed from human normal thyroid tissue according to original protocol 

[12]] and as described previously [11]. 

3'' RACE PCR 

11 st-strand RACE cDNA was synthesized from the same thyroid mRNA as used in the SAGE library. As a 

primerr oligo-dT1018 with a 3'linker 5'GCATGCCACAATTCTGGATCC was used [13]. The linker sequence was 

usedd as a reverse priming site in subsequent amplification of the TG 3' region. TG-specific forward primer 

TC-2FF 5'GAGAAGATCTCCTAAGCCTC was designed according to TG cDNA sequence (GenBank accession 

no.. U93033) generating a PCR product of about 20Obp. PCR amplification was performed using standard 

conditions,, 2mM MgCI2 and 1' , 1' , V , for 30 cycles. 

Cloningg of 3' RACE TG-fraqments 

TGG 3'RACE PCR fragments were cloned using the pGEMT-easy vector (Promega). Ligation reaction was 

transformedd to E. Coli (DH5a) cells and plated. DNA from TG-positive clones was isolated using the 

Wizardd Mini-Prep (Promega). 

Amplificationn of TG exon 48 

Genomicc DNA was isolated from the same thyroid tissue as used for the 3'RACE experiments using Trizol 

(Gibco-BRL)) following manufacturer's protocol. 100 ng of DNA was used in a PCR amplification of exon 

488 using intron-located primers with M13 linkers attached. TG48-for: 5'AGAGAAGTCCTAATCTGGCTTG, 

TG48-rev:: 5'CTCCTGCATAACAGATGCTCAT (GenBank accession no. AF080484). 

Sequencing g 

TGG 3'RACE clones and the exon 48 PCR product were sequenced with the Dyenamic Direct cycle 

sequencingg kit (Perkin Elmer) using M13 forward and reverse priming sites in the vector or PCR fragment. 

Sampless were run on an ABI377XL Automatic Sequencer {Perkin Elmer) and analyzed using Sequence 

Analysiss 3.0 software. 

Sequencee screening 

Forr the in silico determination of alternative polyadenylation cleavage sites the Unigene databases for 

human,human, mouse and rat were used, Every sequence in a cluster was scanned for a poly(A) stretch and a 

poly(A)) signal in the 5'-3'(+) or 3'-5'() orientation. Sequences that contained a poly(A) stretch with a 

minimumm length of 5 nucleotides and included the AATAAA or ATTAAA signal within 50 bp upstream 

weree selected for further analysis. Unigene clusters containing less than four 3'EST sequences were 

excludedd because the following analysis needs at least 4 eligible sequences to be able to calculate a 

realisticc result. For all selected sequences of a particular Unigene cluster the partial sequences between 

thee poly(A) signal and start of the poly(A) stretch were aligned to identify alternative cleavage sites. 

Sincee the length of these partial sequences was only about 18 nucleotides on average, we allowed one 

mismatchh during the pair-wise alignment of these sequences to account for sequencing errors. In case 

off two or more mismatches the sequence which was less frequent was removed from the set. Multiple 

mismatchess in sequence alignments easily occur as a result of ESTs that were incorrectly classified in a 

Unigenee cluster. Finally, from the remaining set of partial sequences, sequences that occurred only once 

weree discarded for this set to avoid scoring of sequence errors. From the remaining sequences the number 

off alternative cleavage sites were counted. 
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Result s s 

Inn the thyroid SAGE data [11] the sequence tag corresponding to the thyroid-specific mRNA thyroglobulin 

(TC)) presents itself as 5'CCGTCAAAAA and is scored 210 times out of a total number of 10,994 sequenced 

tags.. This tag partly spans the poly(A) tail. Two tags not corresponding to any known human mRNA, 

5'CGGTGAAGCAA and 5'CGGAAAAAAA, are present respectively 54 and 9 times. Because of the similarity 

off these tags to the most abundant (wild-type) SAGE tag we opted to clone TG 3'RACE fragments to 

determinee whether these tags correspond to TG mRNA. 

SAGEE tag Freq q Sequencee 3'RACE clone Freq q 

Tg-tag1 Tg-tag1 

CGGTGAAAAA A 

Tg-tag2 Tg-tag2 

CGGTGAAGCA A 

210(77%) ) 

54(20%) ) 

Tg-tag3 Tg-tag3 

CGGAAAAAAA A 
9(3%) ) 

CC T 1 C ft ft I h' H H 6 - H U 1 il |C ft I GjC G G I G H ft ft ft ft ft ft ft H P H ft t 

C T T C f l l l T r t R R G T R T CC T OjC ^ T GJ C G G T G r t R G C F i T T G T T G f i C T C T f i f 

kf^MtêÉA kf^MtêÉA MMMMÈ^l MMMMÈ^l 

455 (73%) 

9(15%) ) 

33 (5%) 

55 (8%) 

Figuree 1. Alternative cleavage sites in thyroglobulin mRNA. Results from SAGE and 3' RACE are summarised. Sequence for 
eachh variant is shown together with their relative abundance. SACE-tag frequency is out of a total of 10994 tags, 3' RACE-
clonee frequency is out of a total of 62 clones. 

Ass shown in figure 1, sequencing of 62 TG 3'RACE-clones results in 4 different polyadenylation sites. 45 

correspondd to the wild-type TG mRNA, so 5'CGGTGAAAAA (TG-tagl), 9 clones have a polyadenylation 

sitee 4 bp downstream and correspond to 5'CGGTGAAGCA (TG-tag2) and 5 clones show a polyadenylation 

sitee 3 bp upstream, 5'CGGAAAAAAA (TG-tag3). Additionally, 3 TC cDNA-clones with a polyadenylation 

sitee 16bp downstream of the wild-type cleavage site are present showing a fourth polyadenylation variant 

thatt is also represented by TG-tag2. The extra 16bp TG 3'UTR in these 3 clones correspond to the sequence 

ass published for the lastT C coding exon [14]. The 150bp sequence upstream of the polyadenylation site 

iss identical for all 62 clones and to the TG genomic sequence showing no additional polyadenylation 

signall sequences. To exclude any mutations in the pre-RNA sequence downstream from the poly(A) site 

putativelyy responsible for the variance in polyadenylation, the last coding exon of TG from the thyroid 

tissuee used in these experiments was sequenced. The genomic sequence of TG in this particular thyroid 

glandd is identical to the published TC exon 48 sequence (Figure 2). 

63 3 



Chapterr 4 

GCTAAGAGAAGATCTCCTAAGCCTCCAGGAACCAGGCTCTAAGACCTACAGCAAGTGACCAGCCCTTGAG G 

CTCCCCAAAAACCTCACCGAGGCTGCCCACTATGGTCATCTTTTTCTCTA A 

AAATAGCCACTTACCTTCAAIAAAGTATCTCHaCGGTGAAGCATTGTTG G 

/^TCTAATG7GTGAATCCAAGGCAATTCGTrGG7AACACCAACTATATCT T 

TAATAATCTTTCTAAGGTTTGAATCCCAGGCTGCTGTTTCCATTCAACAAAT T 

GTTTAT T 

ff Polyadenylation cleavage sites 

GUGU putative GU-rich region 

AATAAA.. upstream polyadenylation signal 

ICATGII most 3'Nlalll-site preceding SAGE-tag(s) 

TGAA  stopcodon Tg coding sequence 

Figuree 2. Genomic sequence (accession no. AF080484) of the last coding exon (48) of the human thyroglobulm gene. 

Consensuss regulating elements are indicated as well as the 4 described cleavage sites. Small font is coding sequence, large font 

representss pre-RNA containing regulating polyadenylation signals. 

Withinn this sequence the relevant regulating sequences have been indicated as well as the 4 different 

polyadenylationn cleavage sites in human thyroglobulin mRNA. 

Thee in silico screening as described in Material & Methods using Unigene databases of human, rat and 

mousee resulted in 302,975 sequences which passed the criteria out of a total of 3,037,962 sequences in 

thee database. The selected sequences are represented in 9,625 human Unigene clusters, 4,424 mouse 

Unigenee clusters and 5,092 rat Unigene clusters. The number of alternative cleavage sites in these sets of 

geness are summarized in table 1. 

Tablee 1. Number of cleavage sites as scored in the screening of sequences in human, mouse and rat Unigene databases. 
Thee table shows the number of genes with their respective number of cleavage sites as used in the 3'UTR sequence 
downstreamm from a single polyadenylation signal (see Material & Methods). 

Numbe rr  of 

cleavag ee sites 1 2 3 4 5 6 7 8 9 tota l 

perr  gene 

Humann 5430 2754 963 326 115 26 14 5 4 9625 

Mousee 3438 824 127 23 8 4 - - - 4424 

Ratt 3982 953 122 27 7 1 - - - 5092 
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Thee percentage of genes which encode mRNA molecules using more than one cleavage site in the 

pre-RNAA sequence downstream from a single polyadenylation signal is 44% for human genes, 22% for 

mousee genes and 22% for rat genes. From these genes the majority uses only one alternative site and 

thee maximum amount of alternative cleavage sites used in a single gene for human, mouse and rat is 

respectivelyy 9, 6 and 6. As a control we looked at the results of our in silico analysis in the thyroglobulin 

Unigenee cluster. The 2 most frequent variants out of the 4 that we scored by sequencing 3'RACE clones 

aree accounted for by this method. To get an impression of the region of the pre-RNA sequence in which 

thiss effect takes place the distance of the alternative cleavage sites relative to the most abundant and 

thereforee arbitrarily called wild-type cleavage site was calculated. The distance was divided into up- and 

downstreamm nucleotides. The maximal distance is 32 nucleotides from the wild-type cleavage site, while 

thee alternative sites are mostly in the immediate neighbourhood (Figure 3). 

1.00--

00 10-

n rm-- N|| | 

Human n 

Mousee - ,.__ ^ j 

J{ J{ 
// $ 
If' If' 

LiLi ?at 

L L 

1 1 

^^  ' , ; £*v^ 
-20 0 0 0 

Distancee (nt) 

Figuree 3. Distance of alternative cleavage sites relative to wild-type cleavage site in Unigene clusters with alternative 

polyadenylation.. The distance is divided into the number of up(-)- and down(+)stream nucleotides (X-axis). The most abundant 

cleavagee site is used as a reference and is depicted as 0. Frequency is given on the Y-axis. Arrows indicate human, mouse and 

ratt data. 

Inn human, mouse and rat the majority of alternative cleavage sites is located between 8 nucleotides 

upstreamm and 9 nucleotides downstream of the wild-type cleavage site. The number of downstream 

cleavagee sites is higher than that of upstream cleavage sites in all three organisms. For human, mouse 

andd rat the percentages up/downstream are respectively 43/57%, 34/66% and 33/67%. To investigate 

howw often alternative cleavage sites can cause problems in the analysis of SAGE data the number of 

SAGEE tags that are located in an heterogeneous 3'polyadenylation area were counted. In 267 out of a 

totall of 9,625 human genes alternative SAGE tags because of alternative cleavage can be distinguished. 

Thiss result means that 2.8% of all human transcripts screened are represented by at least two SAGE tags. 

Forr mouse and rat these percentages are 1.3% and 1.2%, respectively. The lower percentages for mouse 

andd rat are in concordance with the lower percentage of cleavage site heterogeneity in these organisms. 
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Discussio n n 

Thee results from the cloning and sequencing of human thyroglobulin (TC) 3'RACE fragments (Figure 1) 

provee the in vivo existence of mRNA transcripts with alternative cleavage sites. In cloning 3'RACE 

fragmentss a representation of the TC mRNA pool is found concerning the region of interest, namely the 

polyadenylationn region. The abundance of the four different TC mRNA molecules is similar to the abundance 

off the respective tags in the SACE expression library. After examination of the downstream pre-RNA 

sequencee present in the genomic sequence of the last TC exon 48, a consensus pattern concerning the 

wild-typee polyadenylation [6] could be found (Figure 2). The AAUAAA signal is present and for the three 

mostt abundant polyadenylation variants the distance to the poly(A) site is within the defined consensus 

distancee (ll-24bp). As for the infrequent fourth variant, with 28bp the distance to the poly(A) site may 

explainn its low abundance. Following consensus downstream of the cleavage site a putative CU-rich site is 

presentt 18-23bp downstream of the TC wild-type poly(A) site, while another is present between 39-44bp 

fromm the wild-type poly(A) site. It seems that the first putative CU-rich region (TCTCTC) would be the 

mostt likely candidate responsible for the three most abundant cleavage sites, since the distance to this 

GU-richh region is 13-20bp. The fourth variant is only 6bp from this region and probably too close. It may 

usee the second putative CU-rich region located 27bp from its cleavage site. This second CU-rich region 

mayy have a lower preference for the polyadenylation machinery since the expression of this last variant 

iss lower compared to the three most abundant poly(A) sites probably using the most upstream CU-rich 

region.. The results from the Unigene sequence database screen for variation in cleavage site selection 

indicatee that a considerable percentage of mammalian transcripts (human 44%, mouse 22% and rat 

22%)) are present in two or more variants reflecting alternative cleavage sites used for polyadenylation. 

Thee numbers in this study are probably underestimated because of the strict selection criteria imposed 

onn eligible sequence and Unigene clusters. This very strict clone selection scheme avoids too many false 

positivess in the analysis but simultaneously increases the number of false negatives, If we look at the 

thyroglobulinn Unigene cluster, two out of four variants were scored in our analysis, because not enough 

sequencess from the less abundant variants were available. We therefore estimate the actual percentage 

off alternative cleavage site selection to be even higher. There is a distinct difference in the percentage of 

cleavagee site heterogeneity between human mRNA on the one hand and rat/mouse mRNA on the other 

(44%% versus 22% and 22%). A possible explanation for this could be that there is a selection on the 

moree abundant of the mRNAs. Because of the strict selection criteria in the genome screen, all alternative 

cleavagee sites that were scored in only one sequence were discarded to avoid counting sequencing errors. 

Genee clusters with many 3'EST sequences would therefore be scored for alternative cleavage sooner than 

genee clusters with a low number of 3'sequences. Since the number of human 3'EST sequences in 

CenBankk is considerably larger than that of mouse or rat this could explain the difference. 

Thee implications for analyzing SACE generated data are obvious. SACE tags which are generated near to 

thee region of heterogeneous cleavage can show the same heterogeneity. In our analysis 2.8% of human 

transcriptss show two or more alternative SACE tags. When analyzing a typical SAGE library containing 

20,0000 unique tags this means that about 550 tags will correspond to transcripts with alternatively 

cleavedd mRNA molecules. Because this phenomenon is especially prone to show up in abundant tags, 

SACEE data will have to be screened for this. The mechanism behind polyadenylation and its biological 

implicationss is a subject of many studies. Most studied however are focussed on alternative polyadenylation 
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usingg different polyadenylation signals. This form of alternative polyadenylation can even be associated 

withh regulatory properties [9]. The phenomenon of alternative cleavage site selection using a single 

polyadenylationn signal is not emphasized in literature. It is generally assumed that this is highly 

heterogeneouss in yeast [personal communication; N.J. Proudfoot]. In yeast it is known that in contrary to 

mammaliann polyadenylation there is a greater lag-time between cleavage and poly(A) addition giving 

3'-5'exonucleasess the possibility to remove nucleotides from the 5'cleavage product, thus producing 

differentt polyadenylated transcripts [3]. In our study we show that there is a higher percentage of 

alternativee cleavage downstream than upstream of the wild-type cleavage site. This indicates that 

differencess in mammalian mRNA polyadenylation cleavage sites can not be attributedd to exonucleotic 

degenerationn of the uncapped 5'pre-RNA molecule. A recent study in yeast polyadenylation identifies a 

novell factor (Nab4p/Hrp1p) which seems to control the cleavage site selection process [15]. If the specific 

cleavagee site used by the polyadenylation machinery to add the poly(A) tail is regulated by a specific 

factorr in yeast, considering the homology between yeast and mammalian polyadenylation, this can be 

expectedd to happen in mammalian cells also. From our results it seems however that a considerable part 

off mammalian mRNA transcripts are not subject to strict regulation of cleavage site selection by any 

protein.. In summary, it seems that there is considerably more variation in cleavage site selection in 

mammaliann mRNA transcripts variable than untill now was assumed. This has implications for the analysis 

off SAGE expression data. 
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Abstrac t t 

Inn order to identify transcripts putatively suitable to distinguish malignant from benign thyroid disease 

Seriall Expression of Gene Expression (SAGE) expression profiles of normal thyroid and papillary thyroid 

carcinomaa are compared. Each profile consists of more than 10,000 tags. Comparison analysis shows 204 

statisticallyy significant differentially expressed transcripts of which 50 are upregulated and 154 are down-

regulated.. Thyroid tumor specificity of these transcripts is determined in silico using the Tissue Preferential 

Expressionn (TPE) algorithm for each of the 204 tags. TPE values indicate that 42 tags are thyroid tumor 

specific.. The expression levels of extracellular matrix protein 1 (ECM1), thyroid peroxidase {TPO) and 

hypotheticall protein BC013035 are evaluated in a cohort of 30 differentiated thyroid tumors and 12 

normall controls by sqRT-PCR. TPO is downregulated in 90% of thyroid tumors. BC013035, a novel, 

uncharacterizedd transcript shows a pattern similar to that of TPO indicating that it may be involved in 

thyroidd differentiation. ECM1, a protein recently associated with angiogenesis and expressed in metastatic 

breastt carcinoma is upregulated in 50% of all thyroid carcinomas and absent in normal controls and 

follicularr adenoma. SAGE analysis and subsequent determination of TPE values facilitates the rapid 

distinctionn of genes specifically expressed in cancer tissues. 

70 0 



Introductio n n 

Despitee the low incidence of thyroid carcinoma (0.5 to 10 cases per 100,000), thyroid nodules are relatively 

frequentt in the population [1, 2] The approach when detecting a nodule is to exclude thyroid carcinoma. 

Lackk of powerful diagnostic markers that distinguish between benign and malignant thyroid disease cause 

manyy patients to undergo surgery. By improving diagnosis, the number of thyroid surgeries that are 

performedd for thyroid nodules with a suspicion for thyroid carcinoma can be markedly reduced. Although 

thee general prognosis of thyroid carcinoma is favorable, subgroups are at risk for recurrent disease, 

metastasiss or death. Because the identification of these groups is difficult, almost all patient will undergo 

intensivee initial therapy which may not be necessary in all patients when suitable risk factors would be 

availablee [3]. The fact that thyroid epithelial cells can give rise to malignant tumors with entirely different 

histology'ss and clinical behavior makes the molecular pathogenesis of thyroid carcinoma an event with 

relevancee for general processes in differentiation. The most common thyroid cancer subtype is papillary 

thyroidd carcinoma (PTC), which accounts for about 60% of the cases. Follicular (FTC), medullar (MTC) and 

anaplasticc carcinoma (ATC) are less frequent [4]. Thyroid cancers are known to metastasize to lymph 

nodess (FTC), lungs and bone (FTC, ATC)[1 ]. 

Progresss towards the understanding of the molecular basis of thyroid carcinoma has been made with the 

identificationn of genetic variation in thyroid tumors [5], In general, thyroid-specific gene expression is 

downregulatedd in thyroid carcinoma and anaplastic carcinoma has lost all thyroid-specific expression [6, 7]. 

Losss of heterozygosity, gene rearrangements and point mutations have been linked to the development of 

thyroidd cancer. Comparative genomic hybridization (CCH) demonstrated specific loss of chromosome 8 in 

ATCC [8]. Other studies have identified chromosomal regions 7q and lOq as specific cytogenetic events in cases 

off FTC [9, 10]. FTC has also been recently associated with a rearrangement of the genes coding for PPARy 

andd PAX8 [11]. PTC tumors are often associated with genomic rearrangements of the ret proto-oncogene 

[12],, especially when resulting from external radiation as in the Chernobyl incident [13, 14]. Activating 

pointt mutations in the ras and gsp oncogenes as well as in the TSH-receptor gene have been implicated 

inn several studies [15, 16]. Mutations in mitochondrial DNA have recently been described to play a role in 

thyroidd tumor progression [17]. Several genes have been described to be differentially expressed in thyroid 

carcinoma,, for review see [18]. Some of these genes have been used as a possible diagnostic or prognostic 

tool,, but until now no gene has proven to be comprehensive. The best markers available nowadays are 

VECFF that has been shown to be overexpressed in thyroid carcinoma [19], 

AA recent report suggested a bad prognosis for VECF-positive thyroid tumors [20, 21 ]. Calectin-3 was 

reportedd as a candidate marker suitable to distinguish benign from malignant thyroid neoplasms [22, 23]. 

Butt recently other reports have raised important questions about the accurateness of galectin-3 as a 

diagnosticc marker, especially on the RNA level [24, 25], An extensive microarray study identified two 

geness C1TED1 and SFTPB to be specifically overexpressed in PTC [26]. 

Too better understand the molecular pathogenesis associated with thyroid cancer development and to 

identifyy novel diagnostic and/or prognostic markers for thyroid carcinoma we used serial analysis of gene 

expressionn (SAGE), a high-throughput technique suitable for this purpose. SAGE is a sequence-based 

approachh to identify which genes are expressed in a certain cell-type together with their expression level 

[27].. The analysis and comparison of SAGE expression profiles can identify novel genes involved in the 

molecularr pathology of disease [28]. In molecular oncology many studies have been performed using 
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SAGEE resulting in an advanced understanding of the changes in gene expression in tumor ceils [29, 30], 

Inn this study we constructed and analyzed a SACE library from a follicular variant of papillary thyroid 

carcinomaa with widespread but indolent metastatic behavior [31 ]. Next to the fact that PTC is the most 

commonn thyroid carcinoma, in analyzing this particular tumor we expect to identify genetic factors 

associatedd with aggressive and/or metastatic behavior. In a previous study our laboratory analyzed the 

SACEE expression profile of a normal thyroid to identify novel thyroid-specific genes [32]. Comparison of 

bothh expression profiles identifies differentially expressed genes in thyroid carcinoma. Subsequent in silico 

analysiss using the TPE algorithm [33] which was refined for our specific purpose was performed to select 

candidatee tumor-specific transcripts. Finally, expression of three candidate genes was studied using 

semi-quantitativee RT-PCR on a panel of 30 thyroid tumor samples and 12 normal thyroid controls. 

Materia ll  & Method s 

Tumorr tissueJ3na[ RNA isolations 

Frozenn tissue from the files of the Leiden University Medical Center was collected of 30 patients who 

underwentt thyroidectomy for suspicion of thyroid carcinoma. Upon pathological examination tumors are 

classifiedd as follows: 5 follicular adenomas {FA 1-5); 20 papillary carcinomas (PTC 1-14) from which 6 

aree follicular variants (fPTC 15-20); 5 follicular carcinoma (FTC 1-5). From 8 PTC samples tumor tissue 

(FTCC 1-7, fPTC 20) and adjacent normal thyroid tissue (N 5-12) was collected after microdissection. 

Tumorr samples were evaluated for the presence of vascular invasion, lymph node metastasis and/or 

distantt metastasis. For SACE analysis one tumor (Thy_T), an fPTC, was selected because of its aggressive 

metastaticc behavior and on the basis of abundant tissue availability. Cytogenetic analysis of this tumor 

hass previously shown a chromosomal translocation, t(3;5)(ql2;pl5) and LOH of chromosome 22 [31]. 

Normall thyroid tissue (N 1-4) was obtained from 4 individuals without thyroid pathology after resection 

att routine autopsy. After homogenization of tissue samples total RNA was extracted using TRIzol 

(CibcoBRL). . 

SACEE library construction and analysis 

SACEE libraries were constructed following SACE protocol 2.0 and as previously described [27, 32], SACE 

cloness were sequenced with the Dyenamic Direct cycle sequencing kit (Perkin Elmer) using the T7 priming 

site.. Samples were run on an ABI377XL Automatic Sequencer (Perkin Elmer) and analyzed using Sequence 

Analysiss 3.0 software. Tag extraction was performed using the analysis program USAGE 2.01 [34]. 

Comparisonn of SAGE libraries was done using USAGE and its intrinsic statistical package calculating 

p-valuess of a comparative Z-test [35]. To further study tag identification and expression, NCBI/CCAP's 

SAGEmapp program was used [36]. 

Tissuee Preferential Expression (TPE) analysis 

TPEE analysis was performed as described previously [33] with some modifications. The following algorithm 

wass used: TPE^ = v'KRatioftagM^+^/oLibraries)7]; for every tag with expression level NREf in the reference 

libraryy the log-ratio with respect to the expression level in all other libraries Na i is calculated. 

Ratio(tagN)=2aK{log[(0.001+NREF(tagN))/(0.001-t-N3(tagN))]}.Thesumoff all ratios is Ratio tagN. 

Thee percentage of libraries where a given tag is expressed is taken as the second component in the 

calculationn of the TPE value. The expression of a selection of SACE tags was scored in 49 human SACE 

librariess available at NCBI/CGAP's SAGE website at (www.ncbi.nlm.nih.gov/SAGE). Libraries constructed 
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fromm in vitro cell lines were omitted. The expression in the reference library Thy_T (papillary thyroid 

carcinoma)) was compared respectively to a group of 18 libraries from different normal tissues 

(Thyroid_N/Chenn Normal Pr/PR317 normal prostate/normal prostate/mammary epithelium/Duke 

40N/Dukee 48N/Br N/normal lung/Duke leukocyte/Duke Kidney/NCI /NC2/Duke thalamus/Duke 

BB5422 normal cerebellum/BB542 whitematter/normal pool(6th)/normal cerebellum) and to a group 

off 31 libraries from different tumor tissues (Thyroid_T/gastric cancer xenograft XI01/gastric cancer-

G234/Chenn Tumor Pr/PR317 prostate tumor/PrCA-1/LN-l/Panc 9M6113/Panc 96-6252/OC14/OVT-

6/OVT-7/OVT-8/95-347/95-259/95-260/95-348/DCIS/Duke96-349/DCIS2/Tul02/Tu98/Duke e 

1273/Dukee H1020/Duke CBM HI 110/pooled CBM/Ped GBM1062/Duke H1126/H1126/Duke 

757/Dukee H1043). The resulting TPE values are normalized and range between 0-100. Generally expressed 

transcriptss typically have TPE values <25. Tissue-specific transcripts have TPE values ranging from 75-100. 

semi-quantitativee RT-PCR (sqRT-PCR) 

lst-strandd RACE cDNA was synthesized from all thyroid RNA samples using the cDNA synthesis System 

(Gibco/BRL).. Primers were designed on GenBank sequences using the primer design program Primer3 at 

(www.genome.wi.mit.edu/cgi-bin/primer/primer3.cgi).. Oligonucleotides were synthesized by Isogen using 

thee following sequences: Extracellular matrix protein 1 (ECM1) accession no. NM_004425, 

Forr 823-842, Rev 1094-1113, fragment size 547bp; thyroid peroxidase (TPO) accession no. M17755, 

Forr 2161-2180, Rev 2589-2608, fragment size 450bp; hypothetical protein BC013035 accession 

no.. NMJ38436, For CGACTATCAGCAGCCACAAA, Rev TGCAAATGGCATAAACTCCA, fragment size 

386bp;; mitochondrial ATPase 6 (ATP6) accession no. X62996, For_CAGTGATTATAGGCTTTCGCTCTAA, 

Rev_CAGGGCTATTGGTTGAATGAGTA,, fragment size 190bp [37]. PCR amplification was performed using 

standardd conditions, 2mM MgCI2 and 30" , 1' , 1' n appropriate number of cycles. 

Too ensure a quantitative measurement during the exponential phase of the amplification reaction, the 

amountt of cycles used for ECM1 and TPO was 26, 28 for BC013035 and 25 for the control transcript 

ATP6.. 10pl of every 25ul PCR reaction was run on a 2% agarose gel and visualized using ethidium 

bromide.. Imaging of the gei was performed using the Eagle Eye II System (Stratagene). Intensity of bands 

wass measured using OneD-scan software from Scanalytics. Density values of every band are corrected for 

backgroundd and normalized for PCR fragment size. Ratios of respectively ECM1, TPO and BC013035 over 

controll transcript ATP6 are calculated. 

Result s s 

Afterr the construction of the SAGE library from the papillary thyroid carcinoma tissue (ThyJ"), clones 

weree sequenced to obtain a total of 10,495 tags representing 5,913 unique transcripts. Together with the 

previouslyy constructed normal thyroid library (Thy_N) [32] a total of 21,489 tags representing 11,350 

uniquee transcripts are available for analysis. To identify transcripts up- or downreguiated in the thyroid 

tumorr both expression profiles are compared using USAGE software [34]. Using a cut-off significance 

p-valuee of 0.05, 270 differentially expressed tags can be distinguished. In this analysis the significance 

p-valuee of 0.05 corresponds to a differential expression of approximately 5-fold. TAG-to-GENE identification 

iss performed with USAGE software. Tags that cannot be annotated due to their specific sequence 

(e.g.. AAAAAAAAAA or those containing ALU repeats) and 50 tags corresponding to mitochondria] 

andd ribosomal transcripts are excluded from subsequent analysis. The remaining cohort consists of 204 
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transcriptss differentially expressed in Thy_T and is used for further analysis. Of these tags, 60 cannot be 

linkedd to a known human transcript and are denoted NoMatch tags from which 27 tags are upregulated 

andd 33 tags are downregulated in Thy_T. NoMatch tags do in most cases link to UniCene clusters consisting 

off ESTs or full length cDNAs with unknown function. Of the remaining 144 Match tags with a positive 

UniCenee match, 23 tags are upregulated and 121 tags are downregulated in Thy_T. Several thyroid-specific 

transcriptss (e.g. thyroglobulin (TC), thyroid peroxidase (TPO)) are downregulated. Cenes previously associated 

withh cancer can be identified (e.g. VECF, CD9, xpC, ECM1) in the group of upregulated transcripts. Other 

upregulatedd transcripts have not been described as having a role in (thyroid) tumor biology. In order to 

investigatee the expression profile of the 204 differentially expressed transcripts in other human normal 

andd tumor tissues an in silico analysis was performed using the Tissue Preferential Expression algorithm 

(TPE).. Data from publicly available SACE libraries from NCBI/CCAP is used for this calculation. For each 

off the 204 tags two TPE values are calculated. One TPE value where the expression level of the tag 

differentiallyy expressed in the Thy_T library is compared to the expression level of this tag in 18 normal 

referencee libraries (TPE-N) and a value where the expression level is compared to 31 tumor reference 

librariess (TPE-T). Both values are plotted in a graph (Figure 1). In the bottom-left area of the plot tags 

withh a low specificity for thyroid carcinoma when compared to either normal or tumor tissues are located. 

Thesee tags typically correspond to generally expressed housekeeping genes. In the top-right area of the 

plott tags that are differentially expressed in and highly specific for the Thy_T library when compared to 

allall other (tumor and normal) tissues are located. These tags can be characterized as potential tumor markers 

TPEE value s of tags differentiall y expresse d in Thy_T 
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Figuree 1. TPE plot of 204 differentially expressed SACE tags in papillary thyroid carcinoma. TPE values were calculated as 
describedd in the Material & Methods section. The circle contains tags with at least one TPE value >75 which are selected as 
potentiall thyroid tumor markers. White squares are upregulated Match tags and black squares are downregulated Match tags. 
Whitee circles are upregulated NoMatch tags and black circles are downregulated NoMatch tags. TPE-N (X-axis) value is 
calculatedd with data from 18 normal tissue SACE libraries, TPE-T (Y-axis) from 31 tumor tissue SACE libraries. 



thatt are relatively specific for thyroid carcinoma when compared to carcinoma from different origin. 

AA list of 42 putative thyroid tumor markers from tags with at least one TPE value higher than 75 is shown 

inn table 1. For 30 tags positive linkage with a UniCene cluster could be made (Match and NoMatch+hit) 

off which - 5 0 % correspond to a UniCene cluster with a defined protein function. 12 tags did not show a 

reliablee hit to any UniCene cluster (NoMatch-hit). A random selection was made of 6 transcripts to validate 

thee SAGE results in an sqRT-PCR on the original tissues from which the SAGE libraries were constructed. 

Thee mitochondrial house-keeping gene ATPase 6 is used as a control transcript [37], it shows similar 

expressionn levels in both SAGE libraries (29 tags in Thy_N and 33 tags in Thy_T). The intensity of amplified 

productss corroborates the differential tag counts observed in the SAGE libraries (Figure 2). 

Tablee 1. Putative thyroid tumour markers identified by SAGE and TPE analysis. 

TAG G 

Match h 

CTGTGCTCTA A 

AGCCTGCTCA A 

ACCGTCCACT T 

ACTGCCCGCT T 

ATCUIIIAT T 

AGGACAAATA A 

ACTGTATTGG G 

ATGACAGATG G 

TAAGAATTAA A 

CACGGAGGCC C 

AGCGCAGTGC C 

AGGCCCACAA A 

TTTTCCAAAA A 

CGGTGAAGCA A 

CATGAATAAA A 

NoMatchh +hit 

ATAGCTGGTG G 

AAGCAAGAAT T 

AACAGCTTTA A 

TAG-to-GENEE identificatio n 

ADP-ribosylationn factor-like 5 

CD733 (5'nucleotidase) 

cyclophilinn C 

extracellularr matrix 

proteinn 1 (ECM1) 

golgin-67 7 

iduronatee 2-sulfatase 

quinonee reductase 

(crystallinn Z) 

SMAP311 /homeodomain 

onlyy protein (HOP) 

myozeninn 2 

xerodermaa pigmentosum, 

groupp C 

insulin-likee growth factor 

bindingg protein 4 

mannosidase,, alpha2G 

ringg finger protein 13 

thyroglobulinn (TG) 

thyroidd peroxidase (TPO) 

KIAA02200 protein 

KIAA13766 protein 

hypotheticall protein 

BC013035 5 

Thy_ _ 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

10 0 

0 0 

0 0 

0 0 

0 0 

87 7 

217 7 

106 6 

0 0 

0 0 

0 0 

.NN Thy_T 

37 7 

24 4 

24 4 

55 5 

91 1 

24 4 

24 4 

164 4 

43 3 

24 4 

24 4 

43 3 

12 2 

0 0 

0 0 

30 0 

24 4 

24 4 

p-valu e e 

0,0059 9 

0,0245 5 

0,0245 5 

0,0007 7 

<0,0001 1 

0,0245 5 

0,0245 5 

<0,0001 1 

0,0029 9 

0,0245 5 

0,0245 5 

0,0029 9 

0,0021 1 

<0,0001 1 

<0,0001 1 

0,0119 9 

0,0245 5 

0,0245 5 

TPE-N N 

88 8 

82 2 

82 2 

93 3 

95 5 

82 2 

91 1 

75 5 

93 3 

95 5 

95 5 

79 9 

80 0 

88* * 

82 2 

96 6 

82 2 

91 1 

TPE-T T 

77 7 

88 8 

76 6 

71 1 

98 8 

85 5 

96 6 

76 6 

91 1 

85 5 

93 3 

82 2 

90 0 

96* * 

96 6 

96 6 

85 5 

85 5 

UniGeneJ DD locus 

Hs.342849 9 

Hs.153952 2 

Hs.. 1103 64 

Hs.81071 1 

Hs.182982 2 

Hs.172458 8 

Hs.83114 4 

Hs.13775 5 

Hs.381047 7 

Hs.320 0 

Hs.1516 6 

Hs.26232 2 

Hs.6900 0 

Hs.305916 6 

Hs.2041 1 

Hs.110613 3 

Hs.24684 4 

Hs.10018 8 

2q23.3 3 

6ql4-q21 1 

5q23.2 2 

lq21 1 

15qll.2 2 

Xq28 8 

Ip31-p22 2 

4qll-ql2 2 

4q26-q27 7 

3p25 5 

17ql2 2 

15qll-ql3 3 

3q25.1 1 

8q24 4 

2p25 5 

16pl2.1 1 

5ql4.3 3 

8pl l . l l 

75 5 
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Tablee 1. Continued 

TAG G 

GTCATACCTC C 

ACCAACTCAT T 

CCACCCCTAC C 

TTGGCTGGCC C 

ACTGCTATTT T 

TAAAAAGTCG G 

TTCCGAGGTT T 

TATGTACTCC C 

CTTCCTGCCC C 

CCAGCTGCCT T 

GCAAGCCCCA A 

CACTGAAAAA A 

NoMatchh -hit 

ATACAGTTCC C 

CCATAGCTGT T 

GTAACTTGCG G 

ATGTATTCAT T 

ATTGATGTGT T 

GCCGTCCCGC C 

TAGTTGCACA A 

TGTGTTGAGG G 

GTACAGGACT T 

TGGTCAAAAA A 

TAGATACTTT T 

TACCTAATTG G 

TAG-to-GEN EE identificatio n 

hypotheticall protein M0T8 

cDNAA FU31203 fis 

cDNAFUU 13793 fis, 

highlyy similar to 

PAIREDD BOX PROTEIN PAX-8 

EST T 

ESTs s 

ESTs s 

ESTs s 

EST T 

EST T 

hypotheticall protein 

MGC45438 8 

hypotheticall protein 

MGC40397 7 

ESTs s 

NoMatchh B07 

NoMatchh B08 

NoMatchh BIO 

NoMatchh B12 

NoMatchh B28 

NoMatchh B56 

NoMatchh B59 

NoMatchh B64 

NoMatchh B67 

NoMatchh B44 

NoMatchh B47 

NoMatchh B65 

Thy_ _ 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

5 5 

34 4 

34 4 

43 3 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

72 2 

43 3 

24 4 

NN Thy_T 

414 4 

43 3 

110 0 

49 9 

24 4 

24 4 

24 4 

79 9 

73 3 

0 0 

0 0 

0 0 

61 1 

61 1 

49 9 

43 3 

37 7 

24 4 

24 4 

24 4 

24 4 

0 0 

0 0 

0 0 

p-valu e e 

<0,0001 1 

0,0029 9 

<0,0001 1 

0,0015 5 

0,0245 5 

0,0245 5 

0,0245 5 

0,0001 1 

0,0005 5 

0,0186 6 

0,0186 6 

0,0076 6 

0,0004 4 

0,0004 4 

0,0015 5 

0,0029 9 

0,0059 9 

0,0245 5 

0,0245 5 

0,0245 5 

0,0245 5 

0,0006 6 

0,0076 6 

0,0467 7 

TPE-N N 

100 0 

97 7 

100 0 

79 9 

95 5 

95 5 

95 5 

94 4 

85 5 

64 4 

68 8 

58 8 

98 8 

98 8 

97 7 

97 7 

91 1 

95 5 

69 9 

86 6 

95 5 

82 2 

79 9 

56 6 

TPE-T T 

100 0 

97 7 

92 2 

86 6 

96 6 

96 6 

96 6 

75 5 

83 3 

92 2 

89 9 

83 3 

97 7 

97 7 

97 7 

97 7 

97 7 

93 3 

85 5 

79 9 

96 6 

78 8 

95 5 

83 3 

UniGeneJ D D 

Hs.25924 4 

Hs.350840 0 

Hs.150539 9 

Hs.274511 1 

Hs.220971 1 

Hs.137928 8 

Hs.40840 0 

Hs.240443 3 

Hs.83623 3 

Hs.11782 2 

Hs.295563 3 

Hs.203763 3 

locus s 

lp36.31 1 

X X 

2 2 

--

16pl3.13 3 

12q23.3 3 

--

--

Tagss with a preferential expression in thyroid papillary carcinoma SAGE library Thy_T (see also figure 1). Tags are divided in 

threee groups, Match, NoMatch (+hit) and NoMatch (-hit). Corresponding transcript, tag count in libraries Thy_N and Thy_T 

(normalizedd per 50.000 tags), p-value (Z-test), TPE values, UniGene cluster accession number and cytogenetic locus are shown. 

Transcriptss in bold are used in RT-PCR validation (Figure 2). * average TPE values from three tags corresponding to alternatively 

splicedd TC transcripts. 
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XPCC ECM1 BC013035 crystallinZ TPO RFP13 ATP6 

Figuree 2. Validation by RT-PCR on RNA from tissue used in the SAGE analysis of selected transcripts showing differential 
expressionn and high TPE values after subtraction of normal (Thy_N) and papillary thyroid carcinoma (Thy_T) SAGE libraries. 
Transcriptss in bold are used in subsequent analysis. PCR fragments are analyzed on a 1.5% agarose gel. Lanes are marked N: 
normall thyroid Thy_N and T: tumor Thy_T with their SAGE expression level in brackets. M = DNA marker. 

Threee genes were chosen to study their expression in a panel of benign and malignant thyroid neoplasms. 

Extracellularr matrix protein 1 (ECM1) for its association with metastasized breast carcinoma, thyroid 

peroxidasee (TPO) for its relation with (de)differentiation of thyroid cells and one unknown transcript 

codingg for a hypothetical protein (BC013035). Figure 3 shows the sqRT-PCR of ECM1, TPO and BC013O35 

inn a panel of 30 thyroid tumors and 12 normal thyroid controls. N1-N4 are normal controls from thyroid 

tissuee taken at autopsy. Samples N5-N12 are samples of normal tissue taking from the surrounding area 

off a papillary thyroid carcinoma (PTC 1 -7, fPTC 20). Thyroidd neoplasms are divided in 5 adenomas, 20 

PTCss (6 follicular variants) and 5 FTCs. On page 78, figure 3A shows a gel with RT-PCR products of ECM1, 

TPO,, BC013035 and ATP6. Expression ratios are depicted graphically in figure 3B. 

Normall thyroid tissue from healthy thyroid controls shows high expression of TPO, no ECM1 expression 

andd intermediate BC013035 expression. Normal thyroid tissue surrounding PTC tumors shows slightly 

decreasedd expression of TPO, no ECM1 expression and increased BC013035 expression. In follicular 

adenomaa no ECM1 expression and decreased expression levels of TPO and BC013035 can be detected. 

Papillaryy and follicular carcinoma show decreased and absent expression levels of TPO. BCO13035 is 

expressedd in 10 out of 25 carcinoma with levels comparable to normal thyroid control. ECM is expressed 

inn 11 out of 25 carcinoma showing no preference for either PTC, fPTC or FTC. No correlation is present 

whenn comparing expression levels of ECM1, TPO and BC013035 with the invasive characteristics of 

thyroidd carcinoma, such as vasoinvasiveness, lymph node metastasis, and/or distant metastasis. 
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Figuree 3. Semi-quantitative RT-PCR analysis of ECM1, TPO and cDNA BC013035 on a panel of 30 thyroid tumors and 12 

controls.. A shows gel with PCR products; ECM1 547bp, TPO 450bp, BC013035 465bp, ATP6 190bp. Tumors samples as 

usedd in SAGE analysis are depicted as Thy_N and Thy_T. B shows relative expression levels of respectively TPO, ECM1 and 

BC0130355 expressed as their ratio divided by ATP6, corrected for background and size of the fragment. 
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Discussio n n 

Inn order to identify differentially expressed transcripts in differentiated thyroid carcinoma, SAGE expression 

librariess of a normal thyroid and a papillary thyroid carcinoma with widespread metastatic behavior but 

indolentt clinical course were compared. From a total of 11,350 different transcripts 204 tags are differentially 

expressed.. 154 human transcripts are statistically significantly downregulated and 50 are upregulated 

(p<0.05)) in PTC. Similar numbers were found in a SAGE study of lung cancer where in a group of 43,000 

transcriptss 142 were upregulated and 175 were downregulated [30], A study using SAGE libraries from 

severall thyroid carcinoma subtypes has identified osteonectin as a putative marker for ATC [38]. 

Thee libraries in this study were of limited size and did not reveal any putative markers for differentiated 

thyroidd carcinoma. The downregulation of thyroid-specific transcripts in thyroid carcinoma has been 

describedd previously and it is generally accepted that this is indicative for the dedifferentiation process 

duringg the progression of the tumor [7]. This phenomenon was again shown in a study where PTC 

expressionn profiling using microarrays was performed [26]. This study identifies two genes (CITED1 and 

SFTPB)) specifically overexpressed in FTC. Neither of these two genes was found in the SAGE profiles in this 

study.. The most abundant thyroid-specific transcripts, TG and TPO, are significantly downregulated in our 

tumorr SAGE library. The expression of the low abundant TSH-R and NIS are lost in the tumor library, due 

too the relatively low levels of expression of these transcripts statistical significance is not reached. Among 

thee 50 transcripts that are upregulated in PTC, transcripts coding for proteins with different functions can 

bee distinguished. VEGF is the only transcript that has been implicated to play a role in thyroid tumor 

progressionn [19, 21]. The mRNA transcript from this protein is overexpressed 11-fold in our tumor SAGE 

library.. VEGF however, is not a thyroid tumor specific marker and is seen in many tumors of different 

origin.. A general problem of high throughput techniques is the extensive output of data. In order to 

expeditee the identification of SAGE tags of interest we developed the in silico Tissue Preferential 

Expressionn (TPE) [33] analysis that can be easily tailored to fit a specific research question, in casu the 

identificationn of transcripts differentially expressed in PTC. This 'virtual Northern' uses an algorithm to 

calculatee TPE values for every tag, based on the number of SAGE libraries the tag is expressed in and the 

relativee level of expression in other libraries. This makes it possible to distinguish a subgroup of transcripts, 

whichh have the highest chance to exert a thyroid tumor specific expression. Contemplating functions of 

proteinss corresponding to the TPE values shows that most housekeeping genes widely expressed in all 

tissuess have very low TPE values (<25). Proteins with a tissue-specific function from genes expressed in 

onlyy one tissue have very high TPE values (>75). The best example in this study is that TG, a gene expressed 

solelyy in thyroid follicular cells, has TPE values around 90 and is located in the most upper-right quadrant 

off figure 1. Moreover, all three tags corresponding to TG transcripts because of alternative splicing in the 

3'UTRR [39] show very high TPE values. TPO, another thyroid-specific transcript reported to be downregulated 

inn thyroid tumors also has TPE values around 90. The result of the TPE analysis shows that the largest 

partt of tags differentially expressed in PTC is expressed in a wide range of tissues, normal as well as 

neoplastic.. From 204 differentially expressed annotated tags, 42 tags have TPE values over 75 and are 

consideredd candidate thyroid tumor markers. Semiquantitative RT-PCR on a panel of 30 thyroid tumors 

andd 12 normal controls shows downregulation of TPO in all tumors indicating dedifferentiation of these 

tissues.. Additionally, normal controls taken from healthy subjects show higher TPO expression then normal 

tumor-surroundingg tissues. The expression pattern of hypothetical protein BC013035 shows a similar 
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picturee to TPO. It is expressed in all normal thyroid samples and its expression is downregulated in most 

tumors,, irrespective of the subtype. On the basis of the expression pattern of BC013035 in thyroid tumors 

itt does not seem to be a good tumor marker. Since it is expressed in normal thyroid tissue it is more likely 

too play a role in general thyroid physiology. ECM1 shows overexpression in 50% of PTC and 40% of FTC 

tumorr samples. The lack of ECM1 in normal controls and follicular adenomas and its inverse correlation 

withh the expression levels of TPO indicates that ECM1 expression correlates with tumor progression. It is 

nott possible to distinguish between PTC and FTC on the basis of ECM1 expression but it is possible to 

distinguishh follicular adenoma from thyroid carcinoma. 

Thee 1.9 kb ECM1 mRNA encodes a protein of 85kDa that was initially isolated from an osteogenic stromal 

celll line [40, 41]. Although ECM1 as been implicated in differentiation of keratinocytes [42] and is 

expressedd in surrounding connective tissues of developing bones [43], the function of the protein is still 

unknown.. Recently it has been associated with angiogenesis and it is expressed in breast carcinoma cells 

[44],, In the TPE analysis ECM1 expression was not seen in 3 available breast tumor SAGE libraries. 

Thee fact that in the former study expression of ECM1 was seen preferentially in breast tumors of the more 

malignantt type could explain this difference. The link that was suggested between ECM1 expression and 

tumorr progression through angiogenesis is in our case supported by the fact that the transcript for VECF 

iss upregulated in our papillary thyroid tumor SAGE library to the same extent as ECM1. VEGF is a recognized 

angiogenicc factor that has already been described as a marker with prognostic value in thyroid carcinoma 

[19,, 20, 21 ], although contradictory reports have also been published [45]. In conclusion, from a large-

scalee analysis of gene expression profiles of normal thyroid and papillary thyroid carcinoma, a cohort of 

422 novel putative thyroid tumor markers can be defined. Among them is ECM1 that has previously been 

associatedd with malignant breast carcinoma and angiogenesis. The elucidation of the function of ECM1 

willl provide more insight into the molecular mechanism of thyroid tumorigenesis and tumor progression. 
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Abstrac t t 

Seriall Analysis of Gene Expression (SAGE) was applied to compare expression profiles of normal thyroid 

tissuee and papillary thyroid carcinoma (PTC). A SAGE tag corresponding to a partial cDNA called SMAP31 

iss upregulated about 13-fold in PTC and was selected for further research. BLAST searching the human 

genomee database reveals that the SMAP31 gene is located on chromosome 4ql l -12 and contains 

66 exons. As a result of alternative splicing 7 transcripts can be identified translating two possible open 

readingg frames (ORF) of 73 and 95 amino acids. Database searching in GenBank's dbEST shows that 

SMAP311 transcripts are expressed mainly in brain, heart, gingiva and lung tissue. In thyroid tissue three 

transcriptss are present alternatively spliced in the 5'UTR encoding an identical ORF of 73 amino acids. 

Homologyy search shows this protein to contain a homeobox domain. Thyroid and/or thyroid carcinoma 

specificc expression of SMAP31 was studied using Northern blot and RT-PCR on a multiple tissue panel. 

RT-PCRR experiments on a cDNA panel containing samples from different normal and tumor tissues shows 

expressionn of SMAP31 mRNA in brain, placenta, lung, heart, thyroid and thyroid carcinoma. SMAP31 

expressionn is elevated in 6 PTC tumors compared to 4 normal thyroid controls. 
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Introductio n n 

Withh the recent advance of high-throughput genomics the search for novel genes in molecular pathology 

hass been accelerated substantially. Expression profiling techniques such as Serial Analysis of Gene 

Expressionn (SAGE) [1, 2] and microarray hybridization together with the progress in the human genome 

projectt [3] have provided the tools to search for novel genes. Recently the discovery of novel thyroid-specific 

geness has been described using these tools combined with the Tissue Preferential Expression (TPE) 

algorithmm [4]. This algorithm calculates the tissue-specificity of selected transcripts generated in a SAGE 

profile.. Using this approach several novel genes involved in thyroid function have been identified [5], 

Progresss towards the understanding of the molecular basis of thyroid carcinoma has been made with the 

identificationn of genetic variation in thyroid tumors [6]. Several genes are differentially expressed in thyroid 

carcinomaa [7]. Some of these genes have been used as a possible diagnostic or prognostic tool, but until 

noww no gene has proven to be comprehensive. To better understand the molecular events associated with 

thyroidd cancer development and to identify novel putative diagnostic markers for differentiated thyroid 

carcinomaa we used SAGE. The comparison and analysis of SAGE profiles from normal thyroid tissue [8] 

andd papillary thyroid carcinoma (Pauws et al. Chapter 5) shows significant up- or downregulation of more 

thenn 200 tags. SAGE tags can be linked to known human gene transcripts, but some tags do not correspond 

too any known human transcript. The latter group (so-called NoMatch tags) corresponds to novel human 

transcriptss and the information of the TObp SAGE tag can be used to determine the corresponding 

transcript,, gene and protein using public data from the NCBI and CGAP consortia in combination with 

classicall cloning experiments. 

Wee have identified a 10 bp NoMatch SAGE tag (ATGACAGATG) which is upregulated approximately 13 

timess (2 vs. 27) in a papillary thyroid carcinoma with aggressive metastatic behavior compared to normal 

thyroidd tissue. This particular tag could not be linked to an already known human gene present in the 

availablee databases and was therefore investigated as a NoMatch tag. This tag has a TPE value of 75 

(rangee 0-100) compared to a cohort of normal tissues and a TPE value of 76 compared to a cohort of 

tumorr tissues, indicating that its expression is fairly specific for a papillary thyroid carcinoma. 

Inn the current study the genomic organization, the full length coding sequence of the gene as well as 

tissuee specific expression and protein function corresponding to the NoMatch SAGE tag are investigated. 

Materia ll  & Method s 

Tissuee and RNA preparation 

Tissuee was collected from 6 patients who underwent thyroidectomy for suspicion of thyroid cancer. 

Fromm all tumors, pathologically classified as papillary thyroid carcinoma, samples from tumor and adjacent 

normall thyroid tissue were collected after microdissection. Normal thyroid gland tissue was obtained from 

44 individuals without thyroid pathology after resection at routine autopsy. After homogenization of frozen 

tissuee samples total RNA was extracted using TRIzol (GibcoBRL). 

RLPCR R 

Ist-strandd RACE cDNA was synthesized from all thyroid RNA samples using the cDNA synthesis System 

(Gibco/BRL).. Primers were designed on GenBank sequences using the primer design program Primer3 at 

[www.genome.wi.mit.edu/cgi-bin/primer/primer3.cgi].. Oligonucleotides were synthesized by Sigma 

Genosyss using the following sequences: 
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SMAP31;; Forl_TCACTCCTTTACCTCCTCCC, For2_CTGACAACCGTCTACCCCAC, 

For3_CGCGATCTGTCAAGTCTGTC,, For4_GAGGACCAGGTGGAAATCCT, For5_CCCCCATGATAGTCTGCTGT, 

For6_GCATTGACAGCTTCACTCCA,, Revl_ACAGAGGCCTCGGATTGCTAA; Elongation factor l a (ELFla); 

For_GAACCATCCAGGCCAAATAAA , Rev_CCGTTCTTCCACCACTGATT; mitochondrial ATP synthase 6 

(ATP6);; For_CAGTGATTATAGGCTTTCCCTCTAA, Rev_CAGGGCTATTGGTTGAATGAGTA, [9]. PCR amplifica-

tionn was performed using standard conditions, 2mM MgCI2 and 30" , V , 1' r an 

appropriatee number of cycles. For the semi-quantitative RT-PCR the number of cycles for every PCR fragment 

wass individually optimized by performing an amplification using different amounts of cycles (20-30) and 

choosingg a condition where the amplification reaction was in its exponential phase. lOpI of every 25pl 

PCRR reaction was run on a 1.5% agarose gel. Imaging of the gel was performed using the Eagle Eye II 

Systemm (Stratagene). Band intensity was measured using OneD-scan software from Scanalytics, corrected 

forr background and normalized for PCR fragment size. Ratios of SMAP31 over control transcript ATP6 were 

calculated. . 

Northernn blotting 

RNAA gels were prepared using the glyoxal/NaPi method [10] electrophorizing 10 u.g of total RNA. 

Capillaryy blotting was performed overnight in 20x SSC followed by UV cross linking (1.2J/nV) and baking 

.. A SMAP31-specific probe was generated by amplification of a 349bp fragment in exon 6 and 

randomm prime labelling with 32P. Hybridizations were performed following the Church & Gilbert protocol 

[111 ] at C overnight and blots were exposed for 16 hours and analyzed using Phosphor Imager 2.0 

(Biosystems). . 

Result s s 

Afterr the identification of a SAGE-generated NoMatch tag (ATGACAGATG) specifically overexpressed 

inn papillary thyroid carcinoma this tag is used to find the corresponding gene and gene product(s). 

TAG-to-GENEE identification using the SAGEmap program at NCBI [12] generated several corresponding 

ESTT sequences. Primers were designed on a partial cDNA sequence called SMAP31 with NCBI accession 

no.U517122 to amplify the corresponding transcript on a multiple tissue panel (Figure 1). 

Kii Li He PI Br Pa Lu Mu Co Ov Le Pr Si Sp Te TmThy Tc1Tc2 Tc3 Bc Lc Cc Lc Pc Cc Oc Pc 

Figuree 1. Human multiple tissue panel RT-PCR of SMAP31; top panel shows SMAP31 PCR products (552bp), bottom shows 
ELFlaa PCR products (395bp). Lane abbreviations: Ki=kidney; LiHiver; He=heart; Phplacenta; Br=brain; Pa=pancreas; LHung; 
Mu=muscle;; Co=colon; Ov=ovary; LeHeukocytes; Pr=prostate; Shsmall intestine; Sp=spleen; Te=testis; Tm=thymus; Thy=thyroid; 
Tcl,Tc2,Tc3=thyroidd carcinoma 1-3; Bc=breast carcinoma; LcHung carcinoma; Cc=colon carcinoma; Pc=prostate carcinoma; 
Oc=ovaryy carcinoma. 
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Thee panel shows expression of SMAP31 in placenta, brain and lung and to a lesser extent in heart. 

Loww SMAP31 expression is also present in the normal thyroid tissue used in this panel while SMAP31 is 

substantiallyy higher expressed in three papillary thyroid carcinomas, confirming the SMAP31 upregulation 

presentt in the comparison of the normal thyroid tissue and papillary thyroid carcinoma SAGE libraries. 

Noo other carcinomas present in this panel show expression of SMAP31. The PCR fragment amplified in 

thee RT-PCR was subsequently used as a probe to hybridize a Northern blot containing total RNA from 

normall thyroid, thyroid carcinoma and placenta (Figure 2). A distinct band can be observed in placenta, 

thyroid_Normall and thyroid_Tumor. The signal in the thyroid carcinoma lane is more intense than in 

thee thyroid control. The size of the SMAP31 transcript present in all three tissues is estimated at 1.5 kb, 

ann additional smaller transcript (approximately 1.3 kb) is present in the thyroid carcinoma sample. 

Plaa ThyN ThyT 

28S(4,7kb) ) 

18S(1,9kb) ) 

>> SMAP31 

28S(4,7kb) ) 

18S(1,9kb) ) 

Figuree 2. Northern blot of SMAP31 mRNA in human thyroid and placenta tissue. Top panel shows SMAP31 mRNA, bottom 
panell shows ribosomal RNA content for each lane. Lane abbreviations: P!a=placenta; Thy_N=normal thyroid; Thy_T=thyroid 
tumorr (PTC). Arrows indicate position of ribosomal bands. Visible bands at 1,5 and l,3kb are indicated. 
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Too elucidate the genomic organization of the corresponding gene, confirm the size of the transcripts and 

checkk for possible additional alternative transcripts, we searched the GenBank database. Using the largest 

ESTT corresponding to the original tag in a BLAST search, several cDNA transcripts can be found which 

aree similar to the SMAP31 cDNA. When comparing the cDNA transcripts with a genomic contig from 

chromosomee 4 (NCBI accession no.NT_022853) the gene contains 6 exons spanning about 33kb. 

Inn figure 3A the organization of the SMAP31 gene is shown. Several different gene transcripts are expressed 

ass a result of alternative splicing. Transcripts 1 and 2 contain exons 3, 4 and 6 where exon 3 can be spliced 

internallyy by a second donor splice site. Transcript 3 contains exons 1, 4 and 6. Transcripts 1, 2 and 3 are 

clonedd from heart tissue. Transcripts 4 and 5 contain exons 1, 2, 4 and 6 where exon 2 can be spliced 

internallyy by a second donor splice site. Transcripts 6 and 7 are similar to transcripts 4 and 5 with the 

additionall presence of exon 5. Transcripts 4, 5, 6 and 7 are cloned from gingival tissue. From these 7 

alternativelyy spliced transcripts two possible ORFs are predicted using the same start codon in exon 4 

(Figuree 3B). ORF_A uses exons 4 and 6 and is 73 amino acids long (transcripts 1, 2, 3, 4 and 5), ORF_B 

additionallyy uses exon 5 and is 95 amino acids long (transcripts 6 and 7). Several cDNA entries in 

CenBankk are identical in their nucleotide sequences: Lung cancer associated Y protein (LACY) and odd 

homeoboxx protein 1 (OBI) also contain identical coding regions of 73 amino acids (ORF_A). An alternative 

transcriptt of OBI, contains ORF_B containing 95 amino acids. The human gene for SMAP31/LACY/OBI 

iss located on chromosome 4, cytogenetic location 4q 11 -12. SMAP31 transcripts encoding ORF_A translate 

too a 73 amino acid protein. BLAST homology search indicates that the protein consists almost entirely of 

aa homeobox domain. Residues 10-62 align 82,5% with the conserved HOX homeodomain. ORF_B translates 

too a 95 amino acid protein that differs from ORF_A downstream from amino acid residue 48. No homology 

too any known protein domain is present for ORF_B (Figure 3B). To study which transcripts are expressed in 

thyroidd tissue, different combinations of exons were amplified on normal thyroid cDNA. Forward primers 

inn exons 1 to 6 are combined with a reverse primer in exon 6 (Figure 3C). Figure 3D shows the result this 

off experiment. An amplification product using a forward primer in exon 1 (A) indicates, according to its 

size,, expression of transcript 3. Two transcripts using exon 2 (transcripts 4 and 5) are represented by a 

PCRR product (B). An aspecific PCR product of approximately 375bp is present in lanes A and B, but does 

nott contain SMAP31 sequence. There is no band visible when amplifying from exon 3, indicating that 

transcriptss 1 and 2 are not present in thyroid tissue (C). The PCR product in (D) shows amplification of 

transcriptss 3, 4 and 5 but not of transcripts 6 and 7 because the fragment amplifying exon 5 (E) is absent 

indicatingg no expression of transcripts 6 and 7. Fragment F is used as a positive control for SMAP31 

expression,, irrespective of the transcript. Figure 3E summarizes the experiment showing that the most 

prominentt transcripts in thyroid are transcripts 4 and 5 containing exons 1, 2a/b, 4 and 6 with sizes of 

respectivelyy 1505bp and 1549bp. This corresponds to the predominantly observed mRNA size in the 

Northernn blot. The additional smaller mRNA present in Thy_T tissue corresponds probably to transcript 3 

withh a size of 1382bp. 
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Figuree 3. A - Genomic organization of SMAP31 gene and 7 transcripts arising from alternative splicing. B - SMAP31 predicted 
proteinn products. Coding region homologous between ORF_A and ORF_B is in bold. C - SMAP31 -specific forward exon primers 
(exll -ex6) with SMAP31 reverse primer in most 3' exon 6 generate RT-PCR fragments A-F. D - SMAP31 expression in human 
thyroidd tissue. RT-PCR result of fragments A-F. (-) = PCR negative control, (M) = marker. E - Presence (+) or absence (-) of a 
SMAP311 transcript can be deduced from the RT-PCR result in D. (n.i.) = not informative. 
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Too study the expression level of SMAP31 in thyroid carcinoma in comparison to normal thyroid controls, 

aa panel of 6 thyroid tumors (PTC) with matched controls from surrounding normal tissue and 4 thyroid 

tissuee controls from healthy subjects was used in a semi-quantitative RT-PCR (sqRT-PCR). The relative 

expressionn level of SMAP31 was calculated by measuring the ratio of signals between a SMAP31 PCR 

fragmentt and a fragment from a housekeeping control transcript, mitochondrial transcript ATPsynthase 6. 

Bothh amplification reactions were terminated in the exponential phase (SMAP31, 27 cycles; ATP6, 25 

cycles).. All amplifications are performed in duplo and band intensity was measured. After correcting for 

backgroundd and normalizing for fragment length the ratio between SMAP31and ATP6 was calculated for 

everyy sample. SMAP31 expression is increased in 5 out of 6 thyroid tumor samples (T1T2T3T5T6) when 

comparedd to normal thyroid tissue controls. In 4 out of 6 thyroid tumor samples (T2T3T5T6) SMAP31 

expressionn is increased compared to pathologically normal tissue surrounding the tumor. In 2 thyroid 

tumorr samples (T1T3) the pathologically normal tissue surrounding the carcinoma shows increased 

expressionn of SMAP31 when compared to normal tissue samples from healthy thyroid tissue (Figure 4). 

C I I TT ' *-T 

Thy_T11 Thy_T2 Thy_T3 Thy_T4 Thy_T5 Thy_T6 N_1 N_2 N_3 N_4 

Figuree 4 sqRT-PCR of SMAP31 expression in thyroid and papillary thyroid carcinoma (PTC). Y-axis depicts relative SMAP31 

expression.. Tumor samples Thy_Tl -6 are divided in PTC (black bars) and surrounding normal tissue (gray bars). Normal thyroid 

controlss N_l-4 are given in white bars. 
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Discussio n n 

SAGEE analysis of normal thyroid tissue and papillary thyroid carcinoma (PTC) has identified several novel 

candidatee genes which may play a role in thyroid physiology and/or tumor biology. One of the most 

promisingg new genes of which the expression is upregulated in SAGE libraries from PTC is SMAP31. 

Itt was identified because of a thyroid tumor-specific overexpression of the corresponding SAGE tag. This 

untill recently unknown human gene is located on chromosome 4q 11 -12, consists of 6 exons spanning 

approximatelyy 33kb. The 5MAP31 gene can generate at least 7 different transcripts as a result of alternative 

splicing.. Since most of the splicing occurs in the 5' untranslated region only two putative ORFs can be 

distinguished.. The function of 5'UTR splice variants encoding a similar protein remains speculative but 

theree are reports that small upstream ORFs (uORFs) as small as 2 amino acids in the untranslated region 

off mRNA transcripts can regulate translation. This can occur through reinitiation, leaky scanning or internal 

initiationn of protein translation [13, 14]. 

Inn thyroid tissue as well as in thyroid tumor tissue transcripts containing exons 1, 2, 4 and 6 encoding 

ORF_AA are most abundantly expressed. EST data show that other SMAP31 transcripts are expressed in 

heart,, brain and gingiva tissue. The size of the mRNA expressed in human thyroid tissue is approximately 

l,5kbb and the ORF_A encodes 73 amino acids. The additional transcript of l,3kb visible in the thyroid 

tumorr sample on the Northern blot probably corresponds to the SMAP31 transcript containing exons 1, 4 

andd 6. Because the overall expression of SMAP31 in normal thyroid is lower this transcript does not show 

upp in the corresponding sample on the Northern blot. Both transcipts of l,5kb and l,3kb encode an identical 

proteinn using ORF_A. The SMAP31 protein consists almost entirely of a singlee homeobox domain, indicating 

thatt SMAP31 may be a DNA-binding protein that is involved in transcriptional regulation of thyroid-specific 

processes.. The increased expression of SMAP31 observed in the SAGE library made from a papillary thyroid 

carcinomaa was validated in a panel of 6 papillary thyroid carcinomas (PTC) and controls. The RT-PCR 

resultss show that SMAP31 is expressed in thyroid tissue at a basic low level and that SMAP31 expression 

iss increased in 4 out of 6 papillary thyroid tumors. Strikingly, in some pathological normal tissue dissected 

fromm tissue surrounding the tumor SMAP31 expression is also increased making it tempting to speculate 

thatt increased SMAP31 expression is an early event in thyroid carcinogenesis. The fact that all samples 

usedd for RNA isolation were laser-capture microdissected, makes it unlikely to be a result of contamination 

off the control tissue with tumor cells. 

Whilee preparing this manuscript, two studies describing a novel homeobox-only protein called HOP in 

mousee and human were published [15, 16], HOP (homeobox only protein) is identical to a SMAP31 

transcriptt encoding ORF_A. The HOP protein is involved in mouse cardiac morphogenesis and HOP 

expressionn is regulated by Nkx2-5, which is a transcription factor also expressed in thyroid [17]. 

Thee authors also show expression of HOP in trophoblasts which fits with our observation that SMAP31 

iss highly expressed in human placenta. Presently available data suggest a role for SMAP31/HOP in 

embryogenesiss and/or carcinogenesis. Further studies to elucidate the function of the SMAP31/HOP 

proteinn are necessary to understand the role of SMAP31/HOP in thyroid (tumor) biology. 
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Thee molecula r sequel a of ECM1 expressio n 
identifie dd by SAGE 

Erwinn Pauws, Ceertruda J.M. Veenboer, Carrie Ris-Stalpers. 

t oo be publishe d in th e futur e 

Abstrac t t 

Extracellularr matrix protein 1 (ECM1), a protein initially isolated from the extracellular matrix of a stromal 

celll line, is expressed in metastatic breast carcinoma and is able to induce angiogenesis in vitro. 

Thee comparison of Serial Analysis of Gene Expression (SAGE) profiles of normal thyroid tissue and papillary 

thyroidd carcinoma tissue showed that ECM1 is around 10-fold overexpressed in around 50% of differentiated 

thyroidd carcinomas. To define the downstream molecular sequela of ECM1 expression, SAGE libraries of 

twoo ECM1 expressing clonal cell lines and one clonal cell line without ECM1 expression are constructed. 

Subsequentt comparison and Tissue Preferential Expression (TPE) analysis identifies 35 (26 upregulated 

andd 9 downregulated) tags with a high probability of being associated with ECM1. Some of these tags 

cannott be linked to a known human transcript, from others the corresponding proteins are involved in 

signall transduction, transcription, metabolism and extracellular matrix. Several genes with altered 

transcriptionn observed in papillary thyroid carcinoma, based on the current analysis fit the criteria to be a 

downstreamm effects of ECM1 expression. The observation that ECM1 effects the expression of hyaluronidase 

indicatess a role for ECM1 in the extracellular matrix-dependent progression of carcinoma. 
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Introductio n n 

Extracellularr matrix protein 1 (ECM1) is a protein initially isolated from the extracellular matrix of a 

mousee osteogenic stromal cell line in a search for novel non-collagenous bone proteins [l].The protein is 

estimatedd to have a molecular weight of 85 kDa, consists of 540 amino acids and is not homologous to 

anyy known protein. Structural analysis of the mainly hydrophilic protein has identified a hydrophobic 

putativee signal peptide characteristic for secreted proteins. Four distinct domains can be identified from 

whichh two are tandem-repeats. Similarities have been found to the family of albumin proteins, involving 

characteristicc cysteine doublets. The cysteine-containing portion of the protein contains 6 of the typical 

CC-(X7-10)-CC arrangements. Such an arrangement has been predicted to form 'double loop' domains, that 

aree involved in the ligand-binding function of the albumin proteins allowing them to function as transporter 

proteinss (Figure 1) [2]. The three domains containing the cysteine doublets (Tandem repeats 1, 2 and 

C-terminall domain) are thought to be able to form one 'double loop' each. No ECM1 -binding molecules 

havee been identified yet. 

hydrophobi c c hydrophili c c 

E C M 1 a a s s N-terminall domain ECM1-repeatt  1 ECM1-repeatt  2 C-terminall domain 

;—c—|ccc c|-c-c|cc d-c — c—Ice ehc-fee c h c cc-Hcc ctHcc c l— 

ECM1b b s s N-terminall domain C-terminall domain 

-cc — c—|cc ch-c—cHcc cl— c cc—Ice cHcc c|— 

Figuree 1. The protein domains of ECMla and ECMlb isoforms. SP =signal peptide. Hydrophilic and hydrophobic regions are 
indicated.. The cysteine doublet arrangement is given with the CC-(X7-10)-C motif boxed. 

Thee human ECM1 gene, located on chromosome 1 q21 comprises 10 coding exons. The ECM1 gene encodes 

twoo transcripts of 1.8 and 1.4kb by alternative splicing of exon 7. The predominant transcript ECMla is 

expressedd in heart and placenta, with weak expression in other tissues [3], The alternatively spliced variant 

ECM11 b is expressed uniquely in skin and tonsils. In skin, the alternative splicing of the ECM1 is differentiation 

statee dependent, suggesting a role for ECM1 in keratinocyte differentiation. Moreover, the ECM1 gene is 

locatedd just centromeric of the epidermal differentiation complex (EDC) on chromosome 1 [4]. A recent 

reportt shows that loss-of function mutations in the ECM1 gene are associated with hyalinosis cutis, also 

knownn as lipoid proteinosis, a rare skin disease. In this case, ECM1 plays a role in epidermal differentiation, 

woundd healing and skin adhesion [5]. ECM1 is expressed in connective tissues surrounding developing 

boness and is thought to be able to regulate bone formation via the inhibition of alkaline phosphatase 

activityy and mineralisation [6], ECM1 is expressed in metastatic breast carcinoma and is able to induce 
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angiogenesiss in vitro [7]. No expression has been observed in normal breast cells. These data suggest a 

rolee for ECM1 in tumour progression by stimulation of vascularisation. The mechanism behind tumour 

metastasiss is likely to be influenced by ECM1. Although ECM1 was originally isolated as a secreted 

protein,, immunohistochemistry data show that ECM1 is located in the cytoplasm of keratinocytes and 

breastt tumour cells. Recently, the comparison of Serial Analysis of Gene Expression (SAGE) profiles of 

normall thyroid tissue and a papillary thyroid carcinoma showed that ECM1 is overexpressed in 50% of 

differentiatedd thyroid carcinomas, while it is absent from normal thyroid tissue or follicular adenoma 

(Pauws,, et al. Chapter 5). The available data designate ECM1 as a factor involved in extracellular matrix 

relatedd tumour progression, angiogenesis and/or metastasis. To define the downstream molecular sequela 

off ECM1 expression, the transcriptome of human embryonal kidney cell lines (HEK293), that have been 

stablyy transfected to express ECM1, is compared to a MOCK transfected cell line. This is done by the 

comparisonn of SAGE libraries combined with Tissue Preferential Expression (TPE) in silico analysis. 

Materia ll  & Method s 

Celll culture 

Humann embryonal kidney (HEK293) cell line is grown in DMEM (Gibco) containing 5% foetal bovine 

serumm (BioWhittaker), 580mg/l L-glutamine and antibiotics (penicillin and streptomycin). 

Expressionn plasmid construction 

Ann ECM1 cDNA fragment (isoform a) containing the complete coding region was amplified from thyroid 

carcinomaa cDNA (Genbank accession number: ntll-1761) using forward primer: 5'CAGCCACCAGA-

CAACCTTCAGG and reverse primer: 5'TCCCCCCATCTGATCCTCTAG. The PCR productwas cloned into 

pcDNA33 vector (Invitrogen) using the Hindlll and BamHI sites in its polylinker. The sequence of the insert 

wass checked by sequencing both directions. 

Stablee transfection 

Cellss are transfected with pcDNA3 expression vectors (Invitrogen) containing the ECMla coding sequence. 

Forr MOCK transfection, empty pcDNA3 vector is used. Transfections are performed using FuGene transfection 

reagentt (Roche). After 48h cells are reseeded in culture medium containing 1.5mg/ml G418. Following 

clonall selection of resistant cells, cell lines are cultured using standard HEK293 medium supplemented 

withh 0.5 mg/ml G418. 

Measurementt of growth rate 

10,0000 and 50,000 cells from stable clones are seeded in six-well plates in duplo and are harvested by 

trypsinisationn at 24h intervals for 5 days. Cells are counted using a particle counter (Coulter). Growth 

ratess and doubling times of each separate clonal cell line are calculated by linear regression of the number 

off cells plotted against the culture time. 

RT-PCR R 

RNAA is isolated from individually selected clones using TRIzol (GibcoBRL) and first strand cDNA is 

synthesizedd with random hexamers. Amplification of ECM1 and ELF1 a transcripts is performed using 

standardd PCR protocol using the following primers: ECMl-for; 5'CTGGGAGGATACCCTTGACA, ECMl-rev; 

5'TCCCCCCATCTGATCCTCTAG,, amplification product of 575bp. ELFla-for; 5'GAACCATCCAGGCCAAA-

TAA,, ELFla-rev; 5'CCGTTCTTCCACCACTGATT, amplification product of 395bp. 



Westernn blot 

Cellss are lysed for 30' at C with Tris-HCi buffer (pH=8) containing 150mM NaCI, 1% NP-40, 50mg/ml 

PMSFF and lmg/ml A-protinin. Protein is measured using Bradford assay (Biorad). 30mg of protein is 

resolvedd on 7.5% SDS-PACE and transferred to a nitrocellulose membrane (Protran, Schleicher and 

Schuell).. Blots are blocked o/n at C in PBS containing 0.1% Tween-20 and 5% dried milk (Protifar, 

Nutricia)) and incubated with ECM1 antibody (a-EDF) (kindly provided by Dr. L. Zhang) for 2h . 

Incubationn with second antibody (CARPO, DAKO) is performed for 2h at room temperature. Bands are 

detectedd by chemoluminescence (ECL, Amersham) and visualized on BIOMAX MS film (KODAK). 

Inn situ immunocytochemistry 

Cellss are grown on glass slides to subconfluency and subsequently fixed by incubating for 15' at room 

temperaturee in 4% paraformaldehyde. After 30' incubation in blocking-buffer (5% goat serum, 0.05% 

TritonXX in TBS) primary antibody against ECM1 (a-EDF) is diluted 1:250 in blocking-buffer and cells are 

incubatedd at RT for 60' followed by another 60' incubation with second antibody CARAP (DAKO) diluted 

1:5000 in blocking-buffer. Detection is performed using AP substrate NBT/BCIP (Roche) according to 

manufacturerss protocol. After visualization using standard light-microscopy (Euromex) micrographs are 

storedd using Microsoft VidCap software. 

SAGEE procedures 

RNAA is isolated from cells grown to sub-confluency using Trizol reagent (Cibco). SAGE libraries are 

constructedd as previously described [8] and according to standard SAGE protocol [9]. Generation of SAGE 

profiless is performed using SAGE 2000 software. ForTAG-to-GENE identification the "best gene (UniGene 

cluster)) for a tag" database at CGAP's SAGE Genie website [10] is used. Comparisons of SAGE profiles are 

analysedd using the statistical Z-test as described in [11], 

Tissuee Preferential Expression (TPE) analysis 

TPEE analysis was performed as described previously [12] with some modifications. The following algorithm 

wass used: TPEN = v'{(MLR(tagN))2+(LIB(tagN))2}. The mean-log-ratio MLR is calculated for tagN as the first 

component:: MLR(tagN) = l/x{2log[(0.001+NREF(tagJ)/(0.001+N10((tagN))]}. For every tag with expression 

levell NREF in the reference library the log-ratio with respect to the expression level in all other libraries 

N,.xx is calculated. With X being the total number of libraries. The number of libraries where a given tag is 

expressedd (LIB) is the second component in the calculation of the TPE value. In this study TPE values were 

calculatedd for tags statistically significantly under- or overexpressed in SAGE libraries containing ECM1 

(Appendixx A, B) compared to two groups of 10 SAGE libraries. The first group (LIBECMli) contains SAGE 

librariess with expression of ECM1 at >100 tags per million. The second group (LIBECM1.) contains SAGE 

librariess lacking expression of the ECM1 SAGE tag. All libraries contain at least 20,000 total tags and 

aree downloaded from CGAP's SAGE Genie database [10]. All TPE values were set at a range from 0-100. 

Thee TPE-probability score is calculated as the difference between TPE analyses performed for both groups 

off libraries. The higher the TPE-probability score, the more stringent the co-expression with ECM1. 

Result ss  & Discussio n 

Stablee expression of ECM1 in HEK293 cells 

Humann embryonal kidney (HEK293) clonal stable cell lines are established by transfection with pcDNA3 

constructss encoding the full length ECM1 coding region or with empty vector as control. Lysates from 

clonall cell lines are subjected to Western blotting and ECM1 expression is visualized by immunodetection 

usingg a specific ECM1 antibody (Figure 2A). 99 
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M0CKpooii E C M 1pooiM OCK ECM1A ECM1B 

Figuree 2. Expression of ECM1 in stably transfected HEK293 cell lines. A- Western immuno-blot of stable HEK293 clones. 
Cloness transfected with ECMl in lanes ECM1A and ECM1B; clones transfected with empty vector in lane MOCK. Visible band 
correspondss to ECM1 protein. B- Gel products of RT-PCR amplification of ECM1 transcript. Amplification of 575bp ECM1 
productt was performed on cDNAs isolated from pre-clonal cell lines MOCK"0 and ECM1D  and on clonal cell lines MOCK, 
ECMl** and ECMl" which were used in SAGE analysis. ELFla (395bp) was used as a control transcript in the amplification. 

Onn the basis of ECMl protein expression two ECMl clones (ECMT and ECMl") and one control (MOCK) 

weree selected. ECMT cells have less pronounced expression of ECMl protein than ECMT cells. MOCK 

transfectedd cells do not express ECMl protein excluding endogenous expression of ECMl in HEK293 cells. 

RT-PCRR was performed to confirm ECMl mRNA present in the selected clones (Figure 2B). Clones ECMT 

andd ECMT express ECMl as well as the pool from all stably transfected ECMl clones. Control cells MOCK 

doo not show any expression of ECMl. In situ immunohistochemistry using the ECMl antibody shows 

cytoplasmicc staining in ECMl transfected cells (Figure 3, panels C, D) while no staining is visible in MOCK 

transfectedd cells Figure 3, panels A, B). As in other reports studying the ECMl protein, ECMl can be 

detectedd in the cytoplasm of cells. 

A A 
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B B 
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Figuree 3. Localization of ECMl protein in stable HEK293 cell lines. ECMl protein is detected by in situ immunocytochemistry 

onn formaldehyde-fixed cells using an ECMl specific antibody. A, B: MOCK transfected cells. C, D: ECMl transfected cells. 

Magnificationn is indicated in right-bottom corner. 



ECM11 expression does not influence growth rate of stable clones. The growth doubling time of the three 

cloness used for SAGE ranges from 24-27 hours and does not significantly differ. The growth rate of all 

cloness is similar to the reported doubling time of 24 hours for HEK293 cells [13]. Changes in gene 

expressionn after the introduction of ECM1 are therefore not likely to arise from a change in growth speed. 

SAGEE libraries of ECM1 (+/-) expressing HEK293 clonal cell lines. 

SAGEE libraries, of approximately 30,000 tags each, from two ECM1 expressing clonal cell lines (ECMT 

andd ECM1B) and one clonal cell line without ECM1 expression (MOCK) are constructed. In each library 

30,0000 tags correspond to approximately 13,000 different mRNA species. SAGE libraries are subsequently 

analysedd by pair wise comparison. Although the 3 SAGE libraries are clearly different, qualitative analysis 

showss that the ECMT and ECM1B libraries have more tags in common than they do with the MOCK 

libraryy (Figure 4). 

293_MOCK K 
29.7311 total tags 
12.4188 unique tags 

Figuree 4. Venn-diagram of SAGE libraries MOCK, ECMlAand ECM1B. Number of unique tags is indicated as a result of a 
three-wayy comparison of SAGE expression profiles. 

Comparisonn of the complete SAGE profiles is graphically depicted in logarithmic plots (Figure 5, page 103). 

Thee profiles of libraries ECMT and ECMT are rather similar (panel C), while each ECM1 expressing cell 

linee compared to the MOCK has more and larger dissimilar expression levels of individual tags (panels A 

andd B). To attribute differential gene expression in ECM1AB libraries vs. MOCK to ECM1 expression, two 

selectionn criteria are applied. First, tag counts in both ECM1 libraries could not be different more than 

2-fold.. Second, the tag counts in the ECM1 libraries had to be significantly different to the MOCK library 

(p<0.05).. Using these criteria, 231 tags are selected of which 126 tags are upregulated and 105 tags 

aree downregulated. The tag corresponding to the ECM1 transcript introduced through transfection 

(CATCTAGAGG)) is present respectively 19 and 45 times per 100,000 tags in the ECM1A and ECMT 

libraries,, while the tag is absent in MOCK. Both differences are statistically significant. The endogenous 
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ECM11 tag (ACTCCCCCCT) is absent from all SAGE libraries. There is no indication that a specific genomic 

locuss is correlated with the expression of ECM1. Additional information about the 231 differentially 

expressedd tags is listed in Appendices A and B. TAG-to-GENE identification results in 154 tags 

(87up/67down)) that match to a human transcript (Match). 67 tags (34up/33down) can only be matched 

too an unannotated human transcripts (e.g. partial cDNA, EST, predicted ORF) (NoMatch +hit). 10 tags 

(5up/5down)) could not be linked to any human cDNA sequence (NoMatch -hit). 

TPEE analyses. 

Too score the probability of tags/transcripts being actual downstream ECM1 targets, we performed a 

Tissuee Preferential Expression (TPE) analysis. The TPE algorithm calculates values that give information on 

thee preferential expression of a given tag in a reference library as compared to a group of SAGE libraries 

fromm different origins. In this specific analysis, from all differentially expressed tags two TPE values were 

calculated.. One TPE analysis (ECM1') was done against 10 ECM1 -expressing SAGE libraries, the other TPE 

analysiss (ECM1) was done against 10 SAGE libraries with no expression of ECM1. The TPE values from 

thesee analyses are listed in Appendices A and B. The expression of ECM1 regulated genes is expected to 

correlatee with the expression of ECM1 itself, Upregulated transcripts will be expressed in the ECM1' 

librariess (low TPE) and not expressed in the ECM1 libraries (high TPE). Therefore, the probability score 

(P-score)) is the difference between the TPE-ECM1 and TPE-ECM1 * values. For downregulated transcripts 

thee opposite is applicable. The higher the P-score, the higher the probability that the tag/transcript is 

regulatedd by ECM1 expression. The tag for the ECM1 transcript gives the highest P-score of+90, as 

expected.. Figure 6 depicts these analyses graphically. The area of the graph with negative values consists 

mainlymainly of genes encoding ribosomal proteins or other house-keeping genes and may contain genes with 

alteredd gene expression in the ECM1 transfected cells that are caused by epigenetic changes during the 

coursee of establishing stable cell lines. Table 1, on page 105, shows 35 tags/transcripts with a Probability 

scoree >10, from which 9 are repressed and 26 are induced by ECM1. Of the 35 tags, 14 tags could not be 

linkedd to a known human transcript (NoMatch). The latter group of NoMatch tags encode novel transcripts 

putativelyy involved in ECM1-specific molecular mechanisms. The remaining 21 tags were annotated to a 

transcriptt with a corresponding protein function. 
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Figuree 5. Distribution of tag abundance and comparison of SAGE libraries. Each dot represents an individual SAGE tag for 
whichh the tag count in both libraries can be seen on the X and Y axis A; Comparison between SAGE libraries MOCK (X-axis) 
andd ECM1" (Y-axis), B; MOCK (X) vs. ECM1"  (Y), C; ECMlA (X) vs. ECM1" (Y). Tag abundance is depicted on logarithmic 
scales.. Each point may depict more than one tag with identical tag counts in both libraries. 
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TPE-probabilit yy  scor e of ECM1-induce d tags 

TPE-probabilit yy  scor e of ECM1-represse d tags 

Figuree 6. TPE-probability scores of ECM1 -related transcripts. Difference in TPE values is depicted for each of the up- and down-
regulatedd transcripts as listed in Appendix A & B. Positive values indicate high probability for ECM1 relation, negative values 
loww probability. Cut of level of 10 is used to discriminate association of expression with ECM1 expression, from dissociation. 
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Tablee 1. TPE-probability scores (>10) of ECM1-related transcripts. TAG sequence, fold over- or undexpression, P-score, TAG-to-
GENEE identification, protein function and reference are listed, n.i. = no information. 

TAG G 

Match h 

ACTCGACCGA A 

CAACTCTATG G 

CAAGACGCAA A 

TTTCTCGTCG G 

GGACCTAGCG G 

TTTCCTTCCT T 

TCTTCACTAC C 

CAGCTTGCAA A 

ACCCTTCCCT T 

T U U I I I I C C 

TCTCTACTCT T 

GCTTTACTTT T 

GGTAGCTCAG G 

CACAGGCAAA A 

TCGCGGCCTG G 

TATGCGTTTG G 

TCTGTAATCC C 

CACCTTCACC C 

fold d 

UP P 

10 0 

24 4 

23 3 

13 3 

11 1 

13 3 

12 2 

15 5 

14 4 

12 2 

12 2 

13 3 

13 3 

16 6 

14 4 

11 1 

3 3 

18 8 

TPE E Genee ID j in e 

P-scor e e 

32 2 

31 1 

28 8 

24 4 

22 2 

21 1 

17 7 

16 6 

15 5 

14 4 

13 3 

13 3 

13 3 

12 2 

12 2 

11 1 

11 1 

11 1 

ataxinn 2 related protein 

DNAtopoisomerasee II a 

hyaluronidasee 5 

GG protein, a l l (Gq class) 

proteinn tyrosine kinase 7 (PTK7) 

clathrin,, light polypeptide (Lea) 

ribonucleotidee reductase 

Mll polypeptide (RRM1) 

smalll nuclear ribonucleoprotein 

polypeptidee F 

signall sequence receptor b 

Niemann-Pickk disease, type C2 (HE1) 

celll division cycle associated 1 (Nuf2) 

Integrall membrane protein 1 ( I tml) 

spinster-likee protein 

basicc leucine zipper and W2 domains 1 

similarr to rat nuclear ubiquitous 

caseinn kinase 2 (NUCKS) 

vav-11 interacting Kruppel-like protein 

sulfotransferasee family, cytosolic, 1A, 

memberr 1 

DEAD/HH (Asp-Glu-Ala-Asp/His) box 

polypeptidee 39 

Function n 

signall transduction 

transcription n 

celll matrix 

signall transduction 

signall transduction 

endocytosis s 

celll cycle control 

RNAA processing 

proteinn transport 

metabolism m 

celll cycle control 

celll matrix 

apoptosis s 

transcription n 

celll cycle control 

transcription n 

metabolism m 

translation n 

cance rr  REF 

relate d d 

[14] ] 

++ [15, 16] 

++ [17, 18] 

[19] ] 

[20] ] 

n.i. . 

[21] ] 

[22] ] 

[23] ] 

++ [24, 25] 

[26] ] 

[27] ] 

[28] ] 

[29] ] 

[30] ] 

[31] ] 

[32] ] 

n.i. . 

NoMatch h 

TGTAAGAAAAA 17 19 

TTTTCTAACGG 14 17 

GTGGGACGCGG 3 17 

TTCCAGACCTT 3 16 
CTTGTCAACTT 14 13 

GTGTCTCATCC 19 13 

MCM66 minichromosome maintenance 

deficientt 6 unknown 

Homoo sapiens mRNA, 3'UTR, 

up-regulatedd by BCG-CWS 

hypotheticall protein FU31331 

ESTs s 

hematologicall and neurological 

expressedd 1 unknown 

EST,, Weakly similar to 

R052_HUMANN 52 kDa Ro protein unknown 

unknown n 

unknown n 

unknown n 

n.i. . 

n.i. . 

n.i. . 

n.i i 

n.i i 

n.i i 
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Tablee 1. Continued 

TAG G fol dd TPE Gene IDJin e 

P-scor e e 

Functio n n cance rr  REF 

relate d d 

GTGGCGGACAA 12 12 hypothetical protein MGC13017 unknown 

CAGGTCAAGAA 13 11 MCM3 minichromosome 

maintenancee deficient 3 unknown 

n.i.. n.i. 

n.i.. n.i 

Match h 

CACCCCTGAT T 

TCCTTACTAG G 

GCCGAGTCAC C 

NoMatch h 

GCCCTCTCTC C 

TAAATCCAAA A 

CTCTACCGTT T 

GCGGCCCTGG G 

AAATTTTAAA A 

TTATTTCTTC C 

DOWN N 

2 2 

13 3 

13 3 

13 3 

20 0 

13 3 

13 3 

13 3 

13 3 

19 9 

17 7 

17 7 

18 8 

15 5 

13 3 

12 2 

12 2 

11 1 

creatinee kinase B(CKB) 

regulatorr of G-protein 

signallingg 19 (RGS19) 

breastt carcinoma amplified 

sequencee 3 (BCAS3) 

ESTs s 

EST T 

ESTs s 

hypotheticall protein FU20989 

ESTs s 

humann cDNA DKFZp434J228 

metabolism m 

signall transduction 

unknown n 

unknown n 

unknown n 

unknown n 

unknown n 

unknown n 

unknown n 

+ + 

n. . 

n. . 

n. . 

n. . 

n. . 

n. . 

[33] ] 

[34] ] 

[35] ] 

n.i. . 

n.i. . 

n.i. . 

n.i. . 

n.i. . 

n.i. . 

Thee downstream sequela of ECM1 expression 

Expressionn of creatine kinase B is downregulated 2-fold by ECM1. In the initial SAGE comparison analysis 

betweenn thyroid carcinoma and normal thyroid tissue where ECM1 was originally identified (Pauws, et al. 

Chapterr 5), this same transcript was also downregulated (30-fold). This protein is involved in energy 

metabolismm in many cells and tissues. Several transcripts are regulated by ECM1 involved in signal 

transduction.. Regulator of G-protein signalling 19 is downregulated 13-fold while transcripts coding for 

ataxinn 2 related protein, G-protein a l l and protein tyrosine kinase 7 (FTK7) are upregulated, respectively 

10,, 13 and 11-fold. PTK7, also known as CCK-4, was reported to be overexpressed in colon carcinoma 

[20] .. Transcripts involved in the regulation of gene transcription, DNA topoisomerase Ilex, basic leucine 

zipperr (BZW1) and vav-1 are upregulated downstream of ECM1. Topoisomerase Ilex is induced by mutant 

p533 and its overexpression is related to aggressive carcinogenesis in lung cancer [16]. The tags of two 

transcriptss upregulated downstream of ECM1 are also upregulated in the SAGE library of a thyroid 

carcinomaa where ECM1 was overexpressed. Integral membrane protein 1 ( I tml ) , a putative extracellular 

matrixx protein and Niemann-Pick disease, type C2 (HE1) are upregulated respectively 13 and 12-fold in 

ECM11 positive cells and 5 and 9-fold in the SAGE library of the thyroid tumour. HE1 was also reported to 

bee upregulated in thyroid carcinoma by 2d gel electrophoresis analysis [25], For these transcripts, it seems 
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thatt the stable overexpression of ECM1 results in exaggerated effects as compared to the observed effects 

inn the tumour tissue. Because of the suspected role of ECM1 in extracellular matrix remodelling, the most 

strikingg finding in the list of ECM1 target genes is the transcript coding for hyaluronidase which is 

upregulatedd 23-fold and has a high P-score of 28. This enzyme is responsible for breakdown of hyaluronan, 

aa glycosaminoglycan and one of the main components of the extracellular matrix surrounding epithelial 

cells.. Together with other extracellular link proteins such as aggrecan it forms expansive complexes, which 

havee an important role in the formation and stability of extracellular matrices. Aggrecan, just like other 

hyaluronann binding proteins has a double-loop for hyaluronan binding. Hyaluronan functions in the 

regulationn of different developmental, physiological and disease processes [36]. Apart from its structural 

rolee in the extracellular matrix, hyaluronan also has a function in signal transduction. Hyaluronan receptors 

likee CD44 and RHAMM have been studied extensively and their signalling cascades are coupled to Rho, 

Rass and Erk pathways [37]. RHAMM is downregulated in ECM1 positive cells (see Appendix B) but has a 

loww TPE-probability score indicating that it is generally expressed in many tissues and that its regulation is 

indirectlyy related to ECM1 expression. 

Hyaluronann accumulation is a well-known event in the stroma that surrounds tumours. In carcinoma, 

ectopicc expression of hyaluronan is also present in malignant cells [38]. Accumulated hyaluronan in the 

extracellularr matrix and a high number of hyaluronan-positive cells predict unfavourable outcome [39]. 

Elevatedd levels of hyaluronidase in urine is a clinically reliable marker for the presence and grade of bladder 

cancerr [40]. In thyroid carcinoma strong hyaluronan staining is reported as compared to normal thyroid 

controlss [41]. 
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Signa ll  transductio n 
-ataxi nn 2 relate d protei n 
-protei nn tyrosin e kinas e 7 
-G-protein ,, a11 
-regulato rr  of Gprotei n signallin g 19 

Energyy metabolis m 
-creatin ee kinas e B 
-Niemann-Pic kk disease , typ e C2 (HE1) 

Transcriptio n n 
-DNAA topoisomeras e li « 
-Basi cc  leucin e zippe r 
-vav ll  interactin g Kruppe l -lik e protei n 

Extracellula rr  matri x 
-hyaluronidas ee 5 
-RHAMM M 
-Integra ll  membran e protei n 1 

NoMatch h 
-144 unknow n transcript s 

Figuree 7. Schematical diagram summarizing the downstream events identified by a combined SACE/TPE analysis. 

Inn conclusion, ECM1 target genes seem to be involved in several generally cellular processes (Figure 7). 

Itt is striking that several genes with altered transcription observed in papillary thyroid carcinoma now 

basedd on the current analysis fit the criteria to be downstream effects of ECM1 expression. The observation 

thatt ECM1 effects the expression of hyaluronidase indicates a role for ECM1 in the extracellular matrix-

dependentt progression of carcinoma in general or in thyroid carcinoma in particular. The exact mechanism 

inn which ECM1 functions in this pathway has to be studied in more detail to be able to translate these 

findingss into clinical applications. 
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Discussio n n 

8.11 Serial Analysis of Gene Expression 

Thee major advantage of SAGE over other gene expression profiling techniques is its comprehensiveness. 

Unlikee other techniques SAGE does not only study a set of genes based on prior availability of transcript 

information.. Because of this feature SAGE makes it possible to study the expression levels of all genes 

expressed,, including genes that are not yet characterized. The essential step towards a biologically 

relevantt SAGE expression profile is TAG-to-GENE identification. Typically, this is performed by comparing 

aa database of SAGE generated tags to a database of tags generated from a collection of transcripts like 

thee UniGene database [www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene]. UniGene is a system for 

automaticallyy partitioning GenBank sequences into a non-redundant set of gene-oriented clusters. 

Eachh UniGene cluster contains sequences that represent a unique gene. UniGene tags are generated 

automaticallyy by screening all sequences present in a UniGene cluster for a 3'signature. Commonly, a 

polyadenylationn signal combined with a polyA-tail is used for such a signature, as in NCBI's SAGEmap 

programm [1]. Sequences with a valid 3'signature are screened for Nlalll-restriction sites (CATC) and 

thee flanking sequence lObp downstream of the most 3'CATG-site is considered to be the SAGE tag 

correspondingg to this particular transcript. 

Inn theory, transcripts from a single gene are represented by one and the same SAGE tag. In practice, 

UniGenee clusters can have up to several hundred tags assigned to them. This can be caused by several 

reasons.. Sequence errors in EST sequences, wrongly assigned sequences to a cluster, internal polyA 

sequences,, alternative splicing or polymorphisms. As is shown in Chapter 4 of this thesis, the thyroglobulin 

genee can generate 3 different tags resulting from alternative polyadenylation cleavage sites. Since this 

particularr type of alternative splicing takes place in the 3'region of the mRNA where a SAGE tag is 

typicallyy located, this can lead to TAG-to-GENE identification problems. When looking at the most recent 

GENE-to-TAGG identification for the thyroglobulin UniGene cluster (accession number Hs.305916) 1317 

sequencess generate 247 different tags. Although the thyroglobulin gene spans 48 exons and alternative 

splicingg is abundant [2, 3], to the best of our knowledge only 3 tags represent all possible thyroglobulin 

transcripts.. The large number of possible tags generated for this UniGene cluster makes it impossible to 

performm a reliable TAG-to-GENE identification only to be solved ultimately by hand curation. This problem 

doess not only occur in this particularly example, it can be observed in almost all UniGene clusters. 

AA recent program called SAGE Genie tries to solve some of these problems in its GENE-to-TAG identification 

[cgap.nci.nlh.gov/SAGE][4].. This program however only gives the most reliable tag for a given cluster. 

Althoughh this might seem very handy, alternative transcripts with a different tag are difficult to analyse. 

Thee thyroglobulin cluster in this case only identifies 1 out of the 3 possible SAGE tags. 

Afterr all of these problems are solved, every gene will be represented by different tags and vice versa 

becausee it is known that single genes can be represented by several transcripts generating different SAGE 

tags.. Which transcripts are expressed depends on the type cell or tissue and can be different in identical 

cellss under different (experimental) conditions. In the human SAGEmap database 152 SAGE libraries from 

aa range of normal tissues, tumours and cell lines generated a total of 2,518,369 tags. From this collection 

475,6944 unique tags could be distinguished corresponding to 83,789 UniGene clusters. Even when 

incorporatingg a 10% error rate because of sequencing errors, on average 5 tags per gene are expected 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene


too be found. When considering that the latest estimates on the total number of human genes is much 

lowerr (30-35.000) more than 10 tags per gene can be expected [5, 6], So, either the number of human 

geness is underestimated by at least a factor 2, or alternative splicing is even more frequent than expected. 

Too achieve a reliable TAG-to-CENE identification every possible tag needs to be assigned to a cluster 

off transcripts corresponding to a single gene. In this way, SAGE generated tags can be assigned with 

highh certainty to a single gene. Further improvements that lead to a definitive list of TAG-to-GENE 

identificationss can be: 

 A strictly non-redundant transcript database 

 Removal of sequence errors from the transcript database 

 Incorporation of SNPs in tag-containing 3'sequences 

 Hand curation of TAG-to-GENE identifications 

Thee last point seems to be the most promising since it can attain a final decision on every TAG-to-GENE 

identificationn and avoids the use of intricate logarithms which will never be able to assign tags with a 

100%% accuracy, simply because it's design is based on similarity of characteristics and transcript characte-

risticss are by definition different per gene. The feasibility of hand-curation is real. Experience in NCBI's 

RefSeqq project has shown that hand-curation is in the end the onfy way to annotate genes. The labour 

intensityy is high but will finally end in a comprehensively annotated list of SAGE tags. Since many researchers 

havee been doing hand-curation for their subsets of interesting tags already, pooling these efforts globally 

willl leave only a small number of tags to be assigned to human genes still uncharacterised at this time. 

Whenn a definitive list is formed in this way a final parameter should be incorporated; tags that cannot be 

assignedd to a gene transcript with a high level of certainty should be annotated as NoMatch tag, since an 

erroneouss TAG-to-GENE identification can greatly complicate the translation of SAGE data to biologically 

relevantt data. As long as the human transcriptome is incomplete, NoMatch tags are an important tool 

too characterize novel genes [Chapter 6][7]. To relate both Match and NoMatch tags to specific tissue 

expressionn or co-expression with specific pathways, the Tissue Preferential Expression (TPE) analysis can 

bee used [8]. Using the TPE algorithm one can assign a value to a given tag giving information about the 

specificityy of it for a certain tissue or experimental condition. Chapters 5 & 7 show examples of this analysis. 

8.22 SMAP31 

SMAP311 is expressed in placenta, brain and lung as well as in thyroid and heart. As is discussed in 

Chapterr 6, the expression in normal thyroid is low and an overexpression of SMAP31 can be observed in 

thyroidd carcinoma. Furthermore, normal tumour-surrounding thyroid tissue shows a slight overexpression 

off SMAP31. In spite of the overexpression in thyroid carcinoma, normal thyroid cells do express SMAP31, 

makingg this gene difficult to use as a diagnostic or prognostic marker. However, the fact that SMAP31 

encodess a homeobox transcription factor can give valuable information about changes in thyroid-specific 

genee expression in normal thyroid and thyroid carcinoma. 

Recentt studies in heart development have investigated the protein HOP (homeobox only protein) [9, 10]. 

HOPP is identical to SMAP31. HOP is located in the cell nucleus where it acts as a co-repressor. In spite 

off its conserved homeobox domain, HOP does not bind to DNA, instead, HOP modulates transcriptional 

activationn of gene promoters. In heart, HOP interacts with SRF (serum response factor) to inhibit SRF-

dependentt cardiac gene expression (Figure 1). 
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Figuree 1. HOP acts in a negative feedback loop to inhibit Nkx2.5 regulated SRF-dependent cardiac gene expression. 

Expressionn of HOP is induced by another transcription factor Nkx2.5, which is an inducer of cardiac-related 

genee expression and is reported to play an essential role in the early embryonal development of heart, 

pharynxx and thyroid [11, 12, 13]. Furthermore, Nkx2.5/Nkx2.6 double mutants have been reported to 

showw absence of thyroid development in mice [14]. In mice development, HOP is expressed in embryonal 

heartt and in placental trophoblasts. HOP-/- mice show cardiac malformations with a partially penetrant 

lethall phenotype in the foetal period. At Ell.5 10% of mice foetuses show arrested development with a 

hypocellularr and thin myocardium. Foetuses that survive beyond El 1.5 have an increased cardiac size as a 

resultt of cardiomyocyte hyperplasia. Both defects seem to be a result of a disturbed equilibrium between 

proliferationn and differentiation of cardiomyocytes. HOP is a modulator of cardiac growth and development. 

Thee role of SMAP31 /HOP in thyroid embryogenesis and foetal development is unknown but the embryonic 

developmentt of the heart and the thyroid show similarities in the expression of early transcription factors. 

Nkx2.55 is expressed in embryonal heart as well as in embryonal thyroid in the mouse from E7.5 in 

gestation.. Essential thyroid-specific transcription factors Nkx2.1, FKHL15 and Pax8 regulate thyroid 

developmentt (migration and proliferation) from E9 but also induce thyroid-specific gene expression 

(e.g.. thyroglobulin, TPO) for differentiation at El 1.5 (Figure 2). From studies into the molecular background 

off thyroid agenesis in man and mouse it is evident that there must be more, currently unidentified, factors 

involvedd in development of the thyroid gland [15]. 
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Figuree 2. Transcription factors in the embryonal and foetal development of the thyroid in mouse. 

Thee equilibrium between proliferation and differentiation in thyroid development could be regulated by 

SMAP31.. It is tempting to speculate that SMAP31 can modulate the thyroid-specific expression via the 

thyroid-specificc transcription factors Nkx2.1, FKHL15 and Pax8. This mechanism can work, like in the 

heart,, via competitive binding of SMAP31 to these transcription factors directly or via an SRF-like thyroid-

specificc co-factor regulating these transcription factors. Binding assays to study the ability of SMAP31 

too bind to thyroid specific transcription factors will elucidate this. Figure 3, on page 128, summarizes 

thee postulated hypothesis indicating a central role for SMAP31 in the modulation of thyroid-specific gene 

expressionn in embryonal development. The observation that SMAP31 is overexpressed in thyroid carcinoma 

couldd also imply a role for this co-repressor in dedifferentiation processes in the progression of thyroid 

tumours. . 

Inn light of the pivotal role that HOP plays in the development of the heart it has been suggested that 

mutationss in the HOP gene could account for congenital cardiac malformations. At the same time several 

reportss have linked congenital cardiac malformations with thyroid dysgenesis [16, 17, 18, 19]. In patients 

withh congenital hypothyroidism (CH) as a result of thyroid dysgenesis, cardiac malformations are more 

prevalentt than in the normal population. The similarities of heart and thyroid embryonal and foetal 

development,, especially the role of SMAP31 in these processes makes the SMAP31 gene an interesting 

candidatee gene to screen for mutations in patient with a combined heart and thyroid phenotype. 
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Figuree 3. Hypothesis model where HOP acts in a similar fashion as in thyroid development as in heart development, 

modulatingg thyroid-specific gene expression. 

8.33 ECM1 

Thee association of ECM1 with hyaluronan-related molecules like hyaluronidase and RHAMM, as described 

inn Chapter 7, suggests a role for ECM1 in remodelling of the extracellular matrix surrounding epithelial 

thyroidd tumour cells. All cells in solid tissue are surrounded by an extracellular matrix, which is composed 

off proteins and polysaccharides. Different tissues have different compositions of their extracellular matrix. 

Inn general, extracellular matrix has two main functions: 

 The stable positioning of cells in tissues through cell matrix adhesion 

 Extracellular communication that is assisted by cell adhesion molecules 

Thee two main groups of molecules that make up the basic extracellular matrix are complex chains of 

carbohydratess and polysaccharides joined to protein (glycoproteins). Embedded in this structure can be 

variouss types and amounts of structural and insoluble collagen fibres. The extracellular matrix has long 

beenn thought of as an inert entity providing structural support for tissues. Recently several reports have 

identifiedd other functions of the extracellular matrix related to signal transduction, cell growth and 

embryogenesiss but also to pathological processes such as transformations and metastasis [20], 

Thee glycosaminoglycan molecule hyaluronan is a major compound of the epithelial extracellular matrix. 

Hyaluronidasess catalyse its degradation. The glycoprotein aggrecan is linked to hyaluronan, forming a 

matrixx like structure. Aggrecan has a double-loop structure for hyaluronan binding. The structure of the 

epitheliall extracellular matrix is depicted in Figure 4. 
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Figuree 4. Schematic, simplified diagram of epithelial cells (bottom) and extracellular matrix (top). Collagen, aggrecan, 
hyaluronan,, integrin and RHAMM molecules are indicated. Extracellular matrix breakdown promotes invasion (right). 

Invasionn of cancer cells can be viewed as cellular motility coupled to regulated adhesion and detachment 

fromm the extracellular matrix by proteolysis of extracellular matrix molecules. Tumour cells can subsequently 

reattachh to an inappropriate extracellular matrix in, for example, lymph nodes. 

Alll human epithelial tumours are surrounded by hyaluronan-enriched extracellular matrix. The proteinase 

hyaluronidasee is elevated in many tumours. The elevated levels of hyaluronidase in urine are reliable marker 

forr the presence and grade of bladder carcinoma [21 ]. Cell surface receptor RHAMM associates with the 

cytoskeletonn via hyaluronan and is involved in the ras signal transduction pathway. RHAMM receptors 

connectt to the cytoskeleton and co-regulate cell motility and migration, possibly in concert with integrin 

receptorss [22], CD44 is another hyaluronan binding transmembrane molecule responsible for cell-matrix 

adhesion.. Like RHAMM it is also able to transduce growth factor signalling. Reduced levels of CD44 are 

aa prognostic factor for metastasis and unfavourable outcome of thyroid cancer [23]. As is indicated in 

figuree 4, the downregulation of hyaluronan-binding molecules like CD44 and RHAMM together with the 

elevatedd levels of hyaluronidase can induce extracellular matrix breakdown and promote tumour invasion. 

Thee observed downregulation of RHAMM combined with the upregulation of hyaluronidase by ECM1 in 

Chapterr 7 points to a role for ECM1 in the breakdown of the epithelial extracellular matrix. The exact 

rolee of ECM1 and hyaluronan in the remodelling of the extracellular matrix needs to be studied to be 

ablee to predict whether the overexpression of ECM1 in thyroid and others tumours can be associated with 

extracellularr matrix related tumour progression. 
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8.44 Application s of SAC E in thyroi d cancer 

Inn thyroid cancer, the lack of powerful diagnostic markers that distinguish between benign and malignant 

thyroidd disease cause many patients to undergo unnecessary surgery. Although the general prognosis of 

thyroidd carcinoma is favourable, subgroups are at risk for recurrent disease, metastasis or death. Because 

thee identification of these groups is difficult, almost all patient will undergo intensive initial therapy, 

whichh may not be necessary in all patients when suitable risk factors are available. 

Availablee clinical and histopathological diagnostic and prognostic tools try to divide patients into different 

groupss according to clinical symptoms, tumour sub-type, prognosis and therapy. Several staging systems 

cann be used for this purpose. This way, standardization of patient care can be achieved. In all human 

cancerss cases occur which are difficult to assign to pre-specified subgroups. Diagnosis in this case is 

difficultt and prognostic information can only be given with great care. 

Advancess in molecular biology have improved the knowledge on molecular mechanisms behind 

tumorigenesis.. The activation of small GTPases like ras and gsp is described as the underlying mechanism 

forr many tumours from different tissues, including thyroid. However, not all tumours can be explained by 

mutationss in ras and gsp as is described in Chapter 1. The available information on the genetic changes 

associatedd with development and progression of thyroid follicular neoplasia has no practical value for 

clinicall diagnosis and does not provide any guidance for prognosis or therapy. 

Recentt technological breakthroughs making expression profiling of whole genomes possible make it 

feasiblee to link molecular knowledge to clinical applications. Microarray profiling in breast cancer has 

resultedd in the identification of gene clusters able to predict clinical behaviour [24]. SAGE profiling in 

lungg cancer has identified a novel gene PGP9.5 which not only correlates with lung carcinoma, but has 

prognosticc value in showing increasing expression levels as the disease progresses to advanced stages 

[25].. Another SAGE study has revealed that the PRL-3 gene is important for colorectal cancer metastasis 

andd provides a new therapeutic target [26], In general, the increasing databases containing expression 

profilingg data from disease studies performed all over the world will eventually give us great insight in 

thee behaviour of human cancer [27]. SAGE expression profiles of thyroid carcinoma presented in this 

thesiss have identified several genes, both already characterised genes and novel genes that augment the 

diagnosticc and prognostic scope for thyroid cancer. 

Techniquess like microarray and SAGE can in the future be used for the expression profiling of individual 

tumours.. Combined with classic diagnostic tools this can lead to a set of highly informative clinical 

parameterss for every type of cancer, which can diagnose with high accuracy, predict disease outcome 

andd select therapy tailored to individual patients. 
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Summar y y 

Thyroidd cancer is relatively rare and the prognosis of patients is one of the best of all human cancers. 

Inn spite of this, two main problems in the management of differentiated thyroid cancer remain. 

 Lack of powerful diagnostic markers to distinguish between benign and malignant thyroid disease 

causee many patients to undergo surgery unnecessary. 

 The identification of patients with a risk for recurrent disease and/or metastasis is difficult. As a result, 

alll patients undergo intensive initial therapy, which may not be necessary in all patients when suitable 

markerss are available. Many clinical, histological and genetical studies have been performed to identify 

suitablee markers. Until now, none of these studies have identified comprehensive markers able to solve 

thee above-mentioned problems (Chapter 1). This thesis attempts to identify novel markers by gene 

expressionn profiling using the novel technique Serial Analysis of Gene Expression (SAGE). Using the SAGE 

technique,, gene expression profiles are generated from normal and tumour thyroid tissues. Subsequently, 

putativee genetic markers are identified and studied in more detail. 

Mutationss in G-proteins are frequent in human cancer. In thyroid cancer mutations in oncogenes ras and 

gspp are found but with a low frequency. Screening these genes for mutations in a cohort of sporadic juvenile 

thyroidd carcinoma did not reveal any activating mutations (Chapter 2). Therefore, ras/gsp activation is not 

aa frequent event in sporadic juvenile thyroid carcinoma. From other studies can be concluded that these 

oncogeness are unsuitable to distinguish high-risk from low-risk differentiated thyroid carcinoma. 

Thee gene expression profile from normal thyroid tissue is analysed as described in Chapter 3. The presence 

andd abundance of tags representing thyroid-specific gene transcripts show the expected expression pattern 

off a normal thyroid cell. Novel tags identified in this SAGE library have been used to elucidate novel 

proteinss involved in thyroid physiology. Furthermore, this SAGE expression profile is the basis to identify 

differentiallyy expressed genes in pathological thyroid tissue. 

Thee problems of TAG-to-GENE identification in SAGE analysis are illustrated by a thyroid-specific example 

inn Chapter 4. The thyroglobulin gene is represented by three different SAGE tags that are generated by 

alternativee polyA cleavage sites in the pre-mRNA, Whole genome analysis shows this is a frequent pheno-

menonn in human, rat and mouse genes. PolyA cleavage site heterogeneity has to be taken into account 

whenn analysing SAGE data, 

Thee application of the SAGE technique on an aggressive variant of a thyroid carcinoma resulted in a gene 

expressionn profile that was compared to that of the normal thyroid. Chapter 5 describes a list of upregulated 

andd downregulated gene transcripts that are identified by this comparison. Subsequently, the in silico 

Tissuee Preferential Expression (TPE) analysis is performed. The TPE algorithm calculates a value for a SAGE 

tagg of interest indicating its preferential expression in a reference tissue as compared to other tissues and 

pinpointss disease specific markers. Wet lab studies of gene expression in a panel of differentiated thyroid 

neoplasmss and controls show that the transcript for Extracellular Matrix protein 1 (ECM1) is overexpressed 

inn 50% of thyroid carcinoma, while it is completely absent in normal thyroid and thyroid adenoma. 

SAGEE expression profiles generate expression data from tags corresponding to known human transcript as 

welll as from unidentified novel gene transcripts. These NoMatch tags can be used to characterise genes 

andd their corresponding transcripts and proteins. In Chapter 5, one of these NoMatch tags is identified as 
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overexpressedd in thyroid carcinoma, its corresponding gene, named SMAP31, is expressed in thyroid, 

placenta,, lung and heart. Chapter 6 describes the characterisation of the 5MAP31 gene and the 

correspondingg transcripts encoding two proteins. The main SMAP31 protein has recently been described 

ass a homeobox transcription co-repressor named HOP, able to inhibit cardiac-specific gene expression. 

AA similar role is hypothesized for SMAP31 in thyroid physiology. 

SAGEE analysis identifies ECM1 as a candidate transcript to distinguish malignant thyroid cancer from 

benignn thyroid cancer. Artificial expression of this protein in a cell line made it possible to study the 

downstreamm sequela of ECM1. SAGE was used to generate expression profiles from cell lines expressing 

ECM11 and controls. Up- and downregulated genes were subjected to a specifically designed TPE analysis, 

enablingg the identification of transcripts that are co-expressed with ECM1. The data in Chapter 7 indicate 

thatt ECM1 induces the expression of genes involved in metabolism of the extracellular matrix. 

Inn conclusion, the analysis of expression profiles of normal thyroid tissue and thyroid carcinoma tissue 

usingg the SAGE and TPE techniques resulted in the identification of a number of candidate genes. 

SMAP311 and ECM1 are the most promising markers and further studies have to decide if any of these 

geness can help solve the diagnostic dilemmas in thyroid cancer in the future. 
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Samenvattin g g 

Schildklierkankerr is relatief zeldzaam en de prognose van patiënten met schildkliertumoren is een van de 

bestee van alle soorten kanker. Ondanks dat zijn er nog twee grote problemen in de diagnose en behandeling 

vann schildklierkanker die onopgelost zijn: 

 Er zijn geen goede diagnostische markers om het onderscheid te kunnen maken tussen goedaardige 

enn kwaadaardige schildkliertumoren. Als gevolg daarvan worden veel patiënten met een verdachte 

schildkliernoduss onnodig geopereerd. 

 Het is moeilijk patiënten te onderscheiden met een verhoogd risico op het terugkomen van een schild-

kliertumorr en / of het ontstaan van uitzaaiingen. Daardoor ondergaan alle patiënten met een schild-

kliertumorr intensieve therapie, ook patiënten bij wie dat eigenlijk niet nodig zou zijn als goede markers 

hiervoorr beschikbaar waren. 

Vee!! onderzoeken zijn gedaan om dit soort markers te vinden. Vooralsnog heeft geen enkele studie 

markerss kunnen identificeren die bovenstaande problemen oplossen (zie Introduction, Hoofdstuk 1). In dit 

proefschriftt is geprobeerd genetische markers te vinden met behulp van een nieuwe techniek die profielen 

maaktt van gen expressie. In deze profielen kan worden gezien welke genen aanwezig zijn in een bepaald 

soortt weefsel en hoe veel ervan gemaakt wordt (tot expressie komt). Met deze techniek, Serial Analysis 

off Gene Expression (SAGE) zijn profielen gemaakt van schildkliertumoren welke zijn vergeleken met het 

profiell van normaal schildklierweefsel. Vervolgens zijn kandidaat markers geselecteerd die in detail zijn 

onderzocht. . 

Inn eerste instantie is een studie gedaan waarin is gekeken naar mutaties in de oncogenen ras en gsp 

(Hoofdstukk 2). Mutaties in deze oncogenen zijn eerder beschreven in andere tumoren. In een cohort van 

schildkliertumorenn bij kinderen zijn geen mutaties gevonden die kunnen worden geassocieerd met het 

ontstaann van de tumor. Andere studies laten tevens zien dat deze genen ongeschikt zijn om het onder-

scheidd te kunnen maken tussen schildkliertumoren met een goede en een slechte prognose. 

Hoofdstukk 3 beschrijft het gen expressie profiel van een normale schildklier. Met behulp van zogenaamde 

SAGEE tags in dit profiel zijn de verwachte expressieniveaus van schildklier specifieke genen aangetoond. 

Verderr zijn er tags aanwezig die bij nog onbekende genen horen. De corresponderende eiwitten bij deze 

genenn spelen een rol in de schildklier fysiologie. Dit SAGE profiel kan tevens worden gebruikt als controle 

bijj het doen van studies naar de gen expressie in verschillende schildklier pathologieën. 

Dee problemen die kunnen ontstaan bij de koppeling van een tag aan de expressie van een gen zijn 

beschrevenn in hoofdstuk 4 aan de hand van het gen voor thyreoglobuline. Het blijkt dat dit gen zich 

presenteertt in een SAGE expressie profiel door drie verschillende tags. Deze tag varianten ontstaan door 

hett op verschillende wijze toevoegen van een polyA-staart aan het einde van een expressie product. Dit 

fenomeenn treedt op in een aanzienlijk aantal humane genen en moet daarom in acht worden genomen 

bijj het analyseren van SAGE expressie profielen. 

Eenn SAGE expressie profiel van een agressieve variant van een schildkliertumor is vergeleken met dat 

vann de normale schildklier (Hoofdstuk 5). Genen die een significant verschillende expressie vertonen zijn 

vervolgenss geanalyseerd met behulp van de Tissue Preferential Expression (TPE) techniek. De TPE is een 

techniekk waarbij een computerprogramma met behulp van een specifiek algoritme een waarde berekent 

140 0 



diee aangeeft of een gen in een bepaald weefsel specifiek tot expressie komt ten opzichte van andere 

(tumor)) weefsels. Extracellular Matrix protein 1 (ECM1) is een gen met een hoge TPE waarde. In een 

panell van schildkliertumoren van verschillend subtype komt ECM1 in 50% van de gevallen significant 

hogerr tot expressie dan in goedaardige tumoren en normaal schildklierweefsel, waar geen expressie van 

ECM11 kan worden aangetoond. 

Hett SAGE expressie profiel van de schildkliertumor in hoofdstuk 5 liet een tag zien die hoger tot expressie 

kwamm dan in normaal schildklierweefsel. Het bij deze tag horende gen was tot nu toe onbekend. 

Mett behulp van deze tag is het bijbehorende gen geïdentificeerd (Hoofdstuk 6). Expressie van dit gen 

vindt,, behalve in de schildklier, ook plaats in hart-, long- en placentaweefsel. Dit nieuwe eiwit, SMAP31, 

speeltt een rol bij de hartspecifieke gen expressie. Waarschijnlijk speelt SMAP31 een zelfde rol in de 

schildklierr waar het de schildklierspecifieke gen expressie reguleert, zowel in normaal als in tumorweefsel. 

Naarr aanleiding van de identificatie van ECM1 als kandidaatgen voor de onderscheiding van goedaardige 

enn kwaadaardige schildkliertumoren is een studie naar de functie van het ECM1 eiwit gedaan (Hoofdstuk 7). 

Inn cellijnen is het ECM1 gen kunstmatig tot expressie gebracht om de effecten van ECM1 overexpressie in 

vitroo te bestuderen. Met behulp van de reeds genoemde SAGE en TPE technieken is een lijst gemaakt van 

genenn die gekoppeld zijn aan de expressie van ECM1. Een aantal van deze genen zijn betrokken bij het 

metabolismee van de extracellulaire matrix. 

Concluderend,, de analyse van gen expressie profielen van normaal schildklierweefsel en schildkliertumor-

weefsell gemaakt met behulp van de nieuwe SAGE techniek en de ontwikkeling en toepassing van de TPE 

computerr analyse hebben een aantal kandidaat markers geïdentificeerd. SMAP31 en ECM1 zijn de meest 

interessantee kandidaten en verdere studies zullen moeten uitwijzen of deze genen in de toekomst de 

problemenn bij de diagnose en behandeling van schildkliertumoren kunnen helpen oplossen. 
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Collega'ss van het Neurozintuigen laboratorium, de onbedwingbare behoefte om langs te blijven komen 

voorr een potje ouwehoeren, maar ook voor vruchtbare samenwerkingen geeft aan wat voor een fijne 

groepp jullie hebben. Jullie zijn nog niet van me af. Als je SAGE bank klaar is zijn de mensen van het 

sequencee lab opeens de belangrijkste mensen in het AMC, want hoe krijg je zo gauw even twee duizend 

cloness gesequenced? Jules en Coby jullie inzet tijdens maar ook buiten kantooruren heb ik altijd zeer 

gewaardeerdd en Nico, ik zal onze stoeipartijen met Kitty nooit vergeten. 

Antoine,, vanaf mijn pogingen jou uit te leggen wat een SAGE tag was, tot jouw pogingen mij de 

finessess van het TPE algoritme uit te leggen, jouw aandeel en dat van je mede-bioinformatici (Barbera, 

Angela,, Raymond, Joost en de rest) in dit proefschrift is aanzienlijk. Ik heb veel geleerd over wat wel en 

watt niet kan met computers in het moleculair biologisch onderzoek. 

Bestee (ex-)kamergenoten van G2-118, na veel aandringen hadden we het eindelijk voor elkaar dat de 

heiligee koffiekamer werd omgebouwd tot heuse AlO-kamer. Dat het er vanaf die tijd altijd te vol, te warm 

oftee koud, te druk en te rumoerig was en er altijd te weinig computers, te weinig planken waren en te 

veell rotzooi stond heeft niet kunnen voorkomen dat er de goede sfeer is ontstaan voor het doen van 

onderzoekk en het houden van borrels, waar het tenslotte om draait in het leven van een AIO (het doen 

vann onderzoek dan...). 

Mijnn geachte paranimfen, zeer bedankt voor al jullie hulp bij het organiseren van mijn promotie. 

Ruud,, hardlopend hebben we aardig wat kilometers samen doorgebracht, tot in Nieuw-Balinge aan toe. 

Onzee samenwerking heeft in ieder geval geleid tot de ontdekking van het werkwoord 'endorfineren'. 

Hanneke,, het zonnetje in de AlO-kamer, jouw onuitputtelijke energie blijft me verbazen en je vermogen 

omm die energie evenwichtig tussen je werk en je privé-leven te verdelen is een voorbeeld voor me. 

Lievee papa en mama, jullie constante stimulans om te leren en te studeren is de belangrijkste drijfveer 

geweestt voor mijn onderzoek. Het is uiteindelijk zo ver uit de hand gelopen dat jullie waarschijnlijk geen 

woordd begrijpen van wat ik in dit boekje heb geschreven, maar troost je, jullie zijn de enige niet Jullie 

interessee en trots is er niet minder om en dat heeft me er op sommige momenten net even doorheen 

geholpen.. Ik hou van jullie. 

Mirjam,, we zijn niet meer samen, maar jouw onvoorwaardelijke steun voor mijn werk die ik altijd heb 

gevoeldd en die je me bent blijven geven is van onschatbare waarde geweest bij het schrijven van dit proef-

schrift.. Ik weet dat er niemand meer trots is dan jij. 

II was just guessing at number and figures 

pullingg the puzzles apart, 

questionss of science, science and progess 

doo not speak as loud as my heart. 

fromm "The Scientist" by Cold play, 
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Stellingenn behorend bij het proefschrift 
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inn Thyroi d 
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Universitei tt  van Amsterda m 

133 mei 2002 

1.. Gebruik makend van een voldoende aantal amplificatiecycli kan in een PCR reactie 
dee expressie van ieder gen in elk willekeurig weefsel worden aangetoond. 
(C.Sarkarr & S.S.Sommer. Science 1989, 244; p331-4) 

2.2. Naamgeving van genen en eiwitten kan een onderzoeker op het verkeerde been zetten: 
Extracellularr matrix protein 1 bevindt zich intracellulair, (dit proefschrift) 

3.. SMAP31 is een kandidaatgen voor CHT-patienten met schildklier dysgenesie en 
eenn congenitale hartafwijking, (dit proefschrift) 

4.. De in silico TPE analyse, hoewel moeilijk te snappen, is simpel uit te voeren, dit in 
tegenstellingg tot de in vitro kwantitatieve RT-PCR techniek, die gemakkelijk te snappen 
enn moeilijk uit te voeren is. (dit proefschrift) 

5.. Het tot expressie brengen van alleen de jodide symporter NIS om tumoren te kunnen 
behandelenn met radioactief jodium is een grove onderschatting van het ingenieuze jodium 
metabolismee in de schildklier. (M.LSchipper et al. Cancer Research 2003, 63; pl333-8) 

6.. Het grote aantal verschillende unieke humane SAGE tags geeft aan dat de huidige 
schattingg van het aantal humane genen op basis van de DNA sequentie van het humane 
genoomm te laag is. (S.Saha & V.Velculescu. Nature Biotechnology 2003,19; p508-12) 

7.. Het 'vergeten' van negatieve resultaten ten gunste van positieve resultaten staat in 
dee weg van goed en realistisch wetenschappelijk onderzoek. 

8.. Het onvermogen van veel wetenschappers om DNA technologie begrijpelijk te maken 
voorr een breed publiek zal het invoeren van veelbelovende technieken ter verbetering 
vann de gezondheidszorg vertragen. 

9.. De opmerking "ik geloof het" is een uiting van onwetendheid. 

10.. Het gebruik van zogenaamde 'slimme bommen' maakt oorlog niet minder dom. 
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