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Abstract The complete gene for human thrombopoietin (‘I’PO) has been cloned by screening a human genomic library using human TPO cDNA 
as a probe. This gene is 6.2 kb in length and contains six exons and five introns. It is shown that the human genome contains a single copy of the 
human TPO gene according to Southern blotting analysis. The transcription initiation site was determined by Sl nuclease mapping. The human TPO 
gene expressed TFQ activity when transfected into COS-1 cells. The human TPO gene has been mapped to chromosome 3q27 by in situ hybridization 
using a biotin-labeled probe. 
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1. Introduction 

It has long been suggested that platelet production is regu- 
lated by a lineage-specific factor(s) which has been broadly 
defined as a thrombopoietin (TPO) [l]. Recently, the authors 
[2] and others [3,4] have individually isolated the cDNA for 
human TPO, the ligand for the proto-oncogene c-mpl product. 
The human TPO cDNA contains an open reading frame encod- 
ing 353 amino acids including a 21 amino acid signal peptide. 
The human TPO protein comprises an amino-terminal domain 
including 4 cysteine residues and a carboxyl-terminal domain 
including 6 potential N-glycosylation sites. The truncated TPO 
proteins, lacking their carboxyl-terminal regions, were purified 
from plasma of irradiated animals and were shown to retain 
their in vitro activity. Biological data showed that human TPO 
stimulates both megakaryocyte colony formation in vitro and 
platelet production in vivo [2]. 

Cytogenetic studies have revealed that the association of 
several cases of acute nonlymphocytic leukemia (ANLL) and 
chronic myelogenous leukemia (CML) with defects of the long 
arm of chromosome 3 were related to abnormal thrombopoi- 
esis [5-71. As TPO plays an important role in thrombopoisis, 
there is a possibility that the abnormal thrombopoisis is related 
to the TPO gene. To evaluate this, we have isolated and ana- 
lyzed the human TPO gene. Here we report the primary struc- 
ture, the transcription initiation site, and the chromosomal 
localization of the human TPO gene. 

2. Materials and methuds 

2. I. Library screening 
Standard molecular biology protocols [8] were used throughout this 
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study unless specifically indicated. Approximately 5 x lo5 plaques of a 
human genomic library (a generous gift from Dr. Tokuo Yamamoto 
of the Tohoku University Gene Research Center) [9] constructed using 
a ilEMBL3 vector were screened using the human TPG cDNA as a 
probe [2]. Positive clones were checked for the presence of the entire 
amino acid coding region of human TPO by PCR using two sets of 
primers. One set of primers (L: S-GGCCAGCCAGACACCCCGGC- 
C-3’; and F: 5’-ATGGGAGTCACGAAGCAGTTT-31 was used for 
the detection of the 5’ end of the amino acid coding region. Another 
set of primers (P: 5’-TGCGTTTCCTGATGCTTGTAC-3’; and V 
5’-AACCTTACCCTTCCTGAGACA- 3’) was used for the detection 
of the 3’ end of the amino acid coding region. 

2.2. DNA Sequencing 
Multiple restriction endonuclease digests of a positive clone were 

analyzed by Southern blotting using human TPO cDNA as a probe. 
The 1 I-kb Hind111 fragment containing the entire coding region and the 
neighboring 2.4-kb Hind111 fragment were subcloned into pUC13 
(Pharmacia) (pHGT1 and pHGT2, respectively; Fig. 1C) and both 
strands of insert DNAs were sequenced using an Applied Biosystems 
Model 373A DNA sequencer using Ml3 primers or specific internal 
primers. 

2.3. Expression of the human TPO gene in CO91 cells 
The EcoRI-Hind111 fragment of the human TPO genomic DNA was 

subcloned into pEF-18s [lo] (pEFHGTE1; Fig.lC). This plasmid and 
the human TPO cDNA expression vector @HTFl) [2] were transfected 
to COS-1 cells using the DEAE-dextran method [l 11. TPO activity in 
the culture supematants was examined using the rat colony forming 
unit-megakaryocyte (CFU-MK) assay [2]. 

2.4. Southern blot analysts 
Southern blots of 8 pg genomic DNA digested with various restric- 

tion enzymes were purchased from Clontech. The membrane was hy- 
bridized with 32P-labeled human TPO cDNA under highly stringent 
conditions. Autoradiograms were analyzed on a BAS 2000 Bio- 
Imageanalyzer (Fuji Film, Tokyo, Japan). 

2.5. SI nuclease mapping 
An antisense DNA probe was prepared as described by Ausubel et 

al. [12]. A 5’-end labeled oligonucleotide (PE3: S-AGGGCTCCAG- 
GACCCAAGTGC-3’) was used to prime a denaturing double-strand 
plasmid pHGT1. The primer was extended with Klenow fragment and 
the products were digested with AluI. The probe, which was purified 
on a denaturing gel, covered the region -2499 to - 1826 (Fig. 2) and 
was complementary to the mRNA. A fraction of this probe 
(3 x lO%pm) and 20 pg of poly(A)+ RNA from normal human liver 

0014-5793/94/%7.00 0 1994 Federation of European Biochemical Societies. All rights reserved. 
SSDZ 0014-5793(94)01008-O 



58 

(Clontech) were mixed, heated at 80°C for 10 mm, and hybridized at 
60°C for 3 h. The mixture was digested with Sl nuclease as described 
by Sambrook et al. [8] and analyzed on a sequencing gel. 

2.6. Fluorescence in situ chromosomal hybridization 
The plasmid pHGT1, carrying human TIQ genomic DNA, was 

labeled with biotm and used as a probe. Direct R-banding fluorescence 
in situ hybridization (FISH), which is FISH combined with replication 
R-band;, has been applied to metaphase cells prepared from human 
peripheral lymphocytes [13,14]. For the amplification of fluorescent 
signals, the goat anti-biotin antibody-FITC anti-goat IgG system was 
used [15] with slight modifications [16,17J 

3. Resultsanddiscussion 

3.1. Isolation of the human TPO gene 
A human genomic library was screened with the human TPO 

cDNA as a probe. After screening 5 x 10’ phages, we obtained 
13 positive clones. Five of the 13 clones were observed to 
contain the entire amino acid coding region of the cDNA ac- 
cording to PCR analysis. All these 5 clones exhibited similar 
restriction fragment patterns (data not shown). Therefore, only 
one of these clones with the longest insert (designated 1 HGTl; 
Fig. 1B) was characterized. dHGT1 was analyzed by Southern 
blotting using human TPO cDNA as a probe, and the 11-kb 
Hind111 fragment was identified to contain the entire coding 
region. This and the neighboring Hind111 fragments were sub- 
cloned into pUC13 @HGTl and pHGT2, respectively; Fig. 1C) 
and the nucleotide sequence of the insert was determined. Com- 
pared to human TPO cDNA, it was shown that the human TPO 
gene spans approximately 6.2 kb and contains 6 exons (Fig. 
1B). The sequence of the human TPO gene is shown in Fig. 2. 
All exon-intron junctions conformed to the GT/AG rule [18]. 
The exon sequence of the human TPO gene perfectly matched 
its cDNA sequence [4]. Recently, the authors have isolated two 
types of rat TPO cDNAs containing intron sequences in their 
coding region. The positions where these intron sequences were 
inserted were precisely conserved in the human gene. These 
correspond to introns 2 and 5. Analysis of genomic DNA of 
rat and/or mouse TPO should demonstrate the evolutionary 
conservation of TPO gene. 

3.2. Expression of the human TPO gene in COS-I cells 
COS-1 cells transfected with pEFHGTE1 clone were cul- 

tured for 3 days and TPO activity in the supernatants was 
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examined using the rat colony-forming unit megakaryocyte 
(CFU-MK) assay. The results showed that the pEFHGTE1 
clone expressed TPO activity (Fig. 3) suggesting that the clone 
may contain a functional gene. 

3.3. Southern blot analysis 
Southern blot analysis of human genomic DNA with the 

human TPO cDNA as a probe is shown in Fig. 4. One strong 
and one faint band were detected in an EcoRI digest, one strong 
band was seen in a Hind111 digest, two strong bands were seen 
in a BarnHI digest, two strong bands were seen in a PstI digest, 
and one strong band and one faint band were seen in a BglII 
digest. These bands exactly coincided with those expected from 
the sequence of the gene, indicating that the human TPO gene 
is present as a single copy gene. 

3.4. Transcription initiation site 
The transcription initiation site was determined by Sl nucle- 

ase protection mapping with poly(A)+ RNA from normal 
human liver. We obtained only one signal (Fig. 5) which was 
assigned to the cytosine residue at the position - 1949 in Fig. 
2. This position was thought to be a transcription initiation site. 

About 1.4-kb sequence upstream of the transcription start 
site were determined. In this region, no common motifs for 
mammalian promoters such as TATA-, GC-, and CAAT-boxes 
appear to be present. Further sequence analysis and promoter 
characterizations are needed to define the transcriptional regu- 
lation of the TPO gene. 

3.5. Chromosomal localization 
To localize the TPO gene, fluorescence in situ hybridization 

of a biotin-labeled TPO probe to normal human metaphase 
chromosomes was carried out. Hybridization of the TPO gene 
probe resulted in specific labeling only on chromosome 3, as 
shown in Fig. 6. A total of 100 typical R-banded metaphase 
spreads for human chromosomes was examined. As a result, 
18% exhibited complete twin spots on both homologs and 46% 
had incomplete single and/or twin spots on either and both 
homologs. No twin spots were observed on other chromo- 
somes. These fluorescent signals were localized to the R-posi- 
tive q27 band of chromosome 3 (Fig. 6). Thus, the human TPO 
gene was assigned to band 3q27. 

It has been reported that several cases of acute nonlympho- 
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Fig. 1. Structural organization of the human TPO gene. (A) Hind111 (H) and EcoRI (E) restriction sites are indicated. (B) The structure of 1 HGTl 
containing all exons of the human TPO gene is shown. Exons are represented by boxes (solid for coding, hatched for 5’ and 3’ untranslated regions) 
and are numbered in order. (C) Subclones of the human TFO gene are indicated. The 1 I-kb Hind111 fragment and the 2.4kb Hind111 fragment are 
subcloned to pUCl3 and sequenced (pHGT1 and pHGT2). The 4.5-kb EcoRI-Hind111 fragment is subcloned to pEF-18s and expressed in COS-1 
cells @EFHGTEl). 
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Fig. 2. Nucleotide sequenced of the human TPO gene. Nucle&ide 1 corresponds to A in the initiator ATG codon. Exon sequences are in uppercase 
letters; intron and &king sequences are in lowercase letters. The amino acid sequence is shown under the nucleotide sequence. A stop codon is 
indicated by an asterisk. The putative transcription start site is indicated by an inverted triangle. The consensus polyadenylation signal is underlined. 
Intron sizei are indicated in parentheses. 

cytic leukemia (ANLL) and chronic myelogenous leuke- 
mia (CML) with defects of the long arm of chromosome 
3 were related to abnormal thrombopoiesis [S-7]. In some 
patients, elevated serum thrombopoietin level was associa- 
ted with the inversion of chromosome 3 (q21q26) [19]. In other 
cases, the duplication of chromosome 3 from bands q24+q26 
may be linked with megakaryocytic thrombocytopenia [20]. 
These data suggest that chromosomal region 3 (q21q26) con- 

tains the locus of a gene(s) regulating and/or affecting throm- 
bopoiesis. 

In the present paper, We have assigned the human TPO gene 
to chromosome 3q27, which is just adjacent to the chromosome 
breakpoint, 3q26. Our data suggest that the locus 3q26 may be 
related to the TPO gene in the regulation of its expression. 
Further analysis of these loci will clearly explain the relation- 
ship between TPO expression and abnormal thrombopoiesis. 
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Fig. 3. TPO activity of the human TPO gene. 1: 10 dilution of culture 
supernatants from COS-I cells transfected with (A) Mock (pEF-18S 
alone), (B) pEFHGTE1 and (C) pHTF1 were assayed using the rat 
colony-forming unit megakaryocyte (CFU-MK) assay. The assay was 
carried out in duplicate and the means are shown. Each deviation was 
less than 5%. 
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Fig. 5. Determination of the transcription initiation site of the human 
TPO gene by Sl nuclease mapping. The Sl probe (see section 2) was 
annealed with poly(A)+ RNA from normal human liver (lane 1) or yeast 
tRNA as a negative control (lane 2). The Sl nucleate protected frag- 
ment was compared with an adjacent sequence ladder obtained with the 
same primer and template plasmid used to generate the probe. Numbers 
on the right denote the estimated position corresponding to the 5’-end 
of the protected fragment, according to the numbering scheme in Fig. 
2. The sequence in the - 1939 to - 1957 region is shown on the left, An 
asterisk indicates the site of transcription as determined by Sl mapping. 

Fig. 4. Southern blot analysis of human genomic DNA. The restriction 
endonucleases used for digestion are indicated and the molecular sizes 
of DNA standards are shown to the left. 

Fig. 6. Partial R-banded metaphases after fluorescence in situ hybridi- 
zation with the biotinylated TPO gene. Arrows indicate twin spots of 
hybridization signals on single chromosome 3 (a) and on both homol- 
ogs (b). 

Acknowledgements: We are grateful to Dr. Tokuo Yamamoto for the 
gift of a human genomic library and for helpful technical advice. We 
also thank Drs. Akihiro Shimosaka and Tadashi Sudo for their sup- 
port. 

References 

[l] Levin, J. and Hill, R.J. (1989) Blood Cells 15, 141-166. 
[2] Kato, T., Ogami, K., Shimada, Y., Iwamatsu, A., Sohma, Y., 

Akahori, H., Horie, K., Kokubo, A., Kudo, Y., Maeda, E., 



I: Sohma et al. IFEBS Letters 353 (1994) 5761 61 

[31 

[41 

Kobayashi, K., Ohashi, H., Ozawa, T., Inoue, H., Kawamura, K. 
and Miyazaki, H. (in preparation). 
de Sauvage, F.J., Hass, P.E., Spencer, SD., Malloy, B.E., Gurney, 
A.L., Soencer, S.A., Darbonne, W.C., Henzel, W.J., Wong, SC., 
Kuang,-W.-J., Oles,X.J., Hultgren, B., Solberg Jr., L.A., Goeddel, 
D.V. and Eaton. D.L. (1994) Nature 369. 533-538. 
Bartley, T.D., Bogenbkrger; J., Hunt, P., Li, Y.-S., Lu, H.S., 
Martin, F., Chang, M.-S., Samal, B., Nichol, J.L., Swift, S., 
Johnson, M.J., Hsu, R.-Y., Parker, VP., Suggs, S., Skrine, J.D., 
Merewether, L.A., Clogston, C., Hsu, E., Hokom, M.M., 
Homkohl, A., Choi, E., Pangelinan, M., Sun, Y., Mar, V., 
McNinch, J., Simonet, L., Jacobson, R., Xie, C., Shutter, H., 
Chute. H.. Basu. R.. Selander. L.. Trollinaer. D.. Sieu. L.. Padilla. 
D., Trail, G., Elliott, G., Izumi, R., Covey, T., drousd, 5.1 Garcia: 
A., Xu, W., Del Castillo, J., Biron, J.,-Cole, S., Hu, M.C.-T.; 
Pacifici. R.. Pontina. I.. Saris. C.. Wen. D.. Yune. Y.P.. Lin. H. 
and Bosselman, R.X. (1994) Cell 77, 1117-l 124. _’ ’ ’ 
Mecucci, C. and Van Den Berghe, H. (1983) Blood 61, 1027. 
Carbonell, F., Hoelzer, D., Thiel, E. and Bartl, R. (1982) Cancer 
Genet. Cytogenet. 6, 153161. 
Bernstein, R., Bagg, A., Pinto, M., Lewis, D. and Mendelow, B. 
(1986) Blood 68, 652657. 
Sambrook, J., Fritsh, E.F. and Maniatis, T. (1989) Molecular 
Cloning: A Laboratory Manual, Cold Spring Harbor Lab. Press, 
Plainview, NY. 

191 Sakai, J., Hoshino, A., Takahashi, S., Miura, Y., Ishii, H., Suzuki, 

WI 

Vll 

P21 

1131 

1141 

1151 

wl 

1171 

WI 

1191 

PO1 

H., Kawarabayasi, Y. and Yamamoto, T. (1994) J. Biol. Chem. 
269, 2173-2182. 
Ohashi, H., Maruyama, K., Liu, Y. and Yoshimura, A. (1994) 
Proc. Natl. Acad. Sci. USA 91, 158-162. 
Luthman, H. and Magnusson, G. (1983) Nucleic Acids Res. 11, 
1295-1308. 
Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Smith, 
J.A., Seidman, J.G. and Struhl, K. (1987) Current Protocols in 
Molecular Biology, John Wiley and Sons, New York. 
Takahashi, E., Hori, T., O’Connell, P., Leppert, M. and White, R. 
(1990) Hum. Genet.86, 14-16. 
Takahashi, E., Yamauchi, M., Tsuji, H., Hitomi, A., Meuth, M. 
and Ho&T. (1991) Hum. Genet. 88. 119-121. 
Viegas-P&&not, ‘E., Lin, L.Z., Dutrillaux, B., Apiou, F. and 
Panliu, D. (1989) Hum. Genet. 83, 33-36. 
Hori, T., Takahashi, E., Ayusawa, D., Takeishi, K., Kaneda, S. 
and Seno, T. (1990) Hum. Genet. 85, 576580. 
Matsuda, Y., Harada, Y.N., Natsuume-Sakai, S., Lee, K., Shiomi, 
T. and Chapman, V.M. (1992) Cytogenet. Cell Genet. 61,282-285. 
Breathnach, R., Benoist, C., O’Hare, K., Gannon, F. and 
Chambon, P. (1978) Proc. Natl. Acad. Sci. USA 75,4853-4857. 
Pinto, M.R., King, M.A., Goss, G.D., Bezwoda, W.R., Feman- 
des-Costa, F., Mendelow, B., McDonald, T.P., Dowdle, E. and 
Bernstein, R. (1985) Br. J. Haematol. 61, 687694. 
Hallett, J.M., Martell, R.W., Sher, C. and Jacobs, P. (1989) Br. J. 
Haematol. 71, 291-292. 


