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Seriall Analysis of Gene Expression (SAGE) 
ass a tool to assess the human thyroid expression profile 
andd to identify novel thyroidal genes 

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

Thee Journal of Clinical Endocrinology & Metabolism 85{5):1923-1927 (2000) 

Abstract 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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Introduction 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. 

Materiall & Methods 

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). 

Results 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 sequence 

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#02 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 sequence 

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#03 3 

NoMatch#04 4 

ribosomall protein P2 

ribosomall protein 529 

ribosomall protein Ll l 

ribosomall protein Pl/transcobalamin 1 

NaK-ATPasee 1 

NoMatch#05 5 

PDEA-BP P 

NoMatch#06 6 

NoMatch#07 7 

NoMatch#08 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/transcript 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 sequence 

cggtgaaaaa a 

cggtgaagca a 

cggaaaaaaa a 

gatgaataaa a 

attaacaaag g 

actcaataaa a 

gtaaaacccc c 

gctctggact t 

aaataaaagc c 

gtaacacatc c 

atgctaagag g 

Function 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. 

Discussion 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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