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The Characterization and Localization of the
Mouse Thymopoietin/Lamina-associated
Polypeptide 2 Gene and its Alternatively

Spliced Products

Raanan Berger,'* Livia Theodor,'* Jacob Shoham,? Ellen Gokkel,'
Frida Brok-Simoni,' Karen B. Avraham,* Neal G. Copeland,?
Nancy A. Jenkins,?> Gideon Rechavi,'-> and Amos J. Simon'

'Institute of Hematology, The Chaim Sheba Medical Center, Tel-Hashomer, affiliated with the Sackler
School of Medicine, Tel-Aviv University, Israel; 2Life Sciences Faculty, Bar-llan University, Ramat-Gan,
Israel; 3Mammalian Genetics Laboratory, ABl-Basic Research Program, National Cancer
Institute—Frederick Cancer Research and Development Center, Frederick, Maryland 21702.

Thymopoietins (Tmpos) are a group of ubiquitously expressed nuclear proteins, with sequence homology to
lamina-associated polypeptide 2 (LAP2). Here we report the isolation and characterization of seven mouse
Tmpo mRNA transcripts named Tmpo o, B, B’y v, € 9, and {. The «, B, and v Tmpo cDNA clones are the
mouse homologs of the previously characterized human o, 8, and vy TMPOs, respectively, whereas Tmpo ¢, 3,
and { are novel cDNAs. Additionally, the mouse Tmpo gene was cloned and characterized. It is a single-copy
gene organized in 10 exons spanning ~22 kb, which encodes all of the described Tmpo ¢DNA sequences,
located in the central region of mouse chromosome 10. The almost identical genomic organization between
the human and mouse genes, and the novel alternatively spliced mouse transcripts, led us to reanalyze the
human TMPO gene. The human B-specific domain was found to be encoded by 3 exons designated éa, éb,
and é&c and not by a single exon as described previously. These findings suggest that there may be more
human transcripts than currently recognized. The possible involvement of the new growing family of Tmpo

proteins in nuclear architecture and cell cycle control is discussed.

Thymopoietin (Tmpo) was originally isolated
from bovine thymic extracts (Goldstein 1974) as
a 49-amino-acid polypeptide (Schlesinger and
Goldstein 1975). The immunomodulating effects
attributed to Tmpo and its putative active do-
main thymopentin (amino acids 32-36, Arg-Lys-
Asp-Val-Tyr) led to clinical trials using thymo-
pentin as a drug in several diseases such as theu-
matoid arthritis (Kantharia et al. 1989) and
human immunodeficiency virus infection (Co-
nant et al. 1992). Characterization of the amino
acid sequence of the polypeptide from a variety
of tissues (Audhya et al. 1981; Audhya and Gold-
stein 1988) revealed several amino acid substitu-
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tions, which suggested a tissue-specific expres-
sion pattern of various isoforms.

Isolation of a bovine thymopoietin cDNA
(Zevin-Sonkin et al. 1992) and subsequently hu-
man c¢DNAs, encoding three related but distinct
TMPOs (TMPO «, B, and ) (Harris et al. 1994),
expanded our knowledge about Tmpo. Human
TMPO «, B, and vy share an identical amino-
terminal domain of 187 amino acids, which is
followed in TMPOa by a specific domain (506
amino acids). TMPOs B and v are closely related
structurally, with TMPOR differing from TMPOvy
only by the insertion of a B-specific domain of
109 amino acids after amino acid 220.

Recently, a single human TMPO gene was
isolated and characterized (Harris et al. 1995).
The gene spans over ~35 kb of genomic DNA,
containing 8 exons that encode the three TMPO-
spliced mRNAs. TMPOR was found to be the hu-
man homolog of the rat lamina-associated poly-
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peptide 2 (LAP2) (Furukawa et al. 1995; Harris et
al. 1995), an integral protein of the inner nuclear
membrane.

In this study we report the isolation and mo-
lecular characterization of seven distinct mouse
Tmpo (locus designation) cDNAs that encode for
six putative mouse Tmpo proteins. In addition,
the genomic structure and chromosomal local-
ization of the mouse Tmpo gene is elucidated.
The differences in genomic organization between
the human and mouse genes, and the novel al-
ternatively spliced mouse transcripts, led us to
reanalyze the human TMPO gene.

RESULTS

Analysis of the Mouse Tmpo o, B, B’ € 9, vy, and
{ Sequences

The mouse Tmpot cDNA clone was isolated from
thymus cDNA library and characterized, using a
126-bp fragment, encoding Tmpo amino acids
1-42, from the bovine clone cDNA 113 (Zevin-
Sonkin et al. 1992), as a probe. The same library
was subsequently screened with a probe derived
from the amino-terminal 790 bp of the Tmpo(
cDNA. One hundred fifty-five positive clones
were obtained. Repetitive screenings and restric-
tion enzyme analysis revealed at least seven dis-
tinct Tmpo transcripts. A representative clone
from each of them was chosen for further se-
quence analysis. The nucleotide and predicted
amino acid sequences of mouse Tmpo «, B, B, €,
8, v, and { are shown in Figure 1. Examination of
mouse Tmpoo sequence (Fig. 1A) reveals a short
region of basic amino acids (amino acids 188-
194) suggestive of a nuclear localization domain
(Kalderon et al. 1984), and a possible tyrosine
phosphorylation site (amino acids 618-625)
(Patschinsky et al. 1982). The sequence S/T-P-X-
X, a potential recognition sequence for cdc2-
related kinases (Nigg 1993) is found 10 times
throughout the Tmpoa sequence. Figure 1B
presents the B, B', € 8, and y Tmpo sequences.
The Tmpo B and B’ clones are identical in their
open reading frame (ORF) sequence but differ in
an additional 3'-untranslated region (3’ UTR) se-
quence starting in A'”1® of the B’ clone, probably
because of an alternative polyadenylation signal.
Hydropathy analysis revealed that similar to the
human isoforms, all of the mouse Tmpo clones
lack an amino-terminal hydrophobic signal se-
quence typical of secreted polypeptides (not
shown). However, this analysis revealed that like
the human TMPO B and vy, Tmpo B, €, 3, and y
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contain a possible hydrophobic transmembrane
domain near their carboxyl termini (amino acids
409-432 of Tmpop), suggesting a possible associa-
tion of these proteins with cellular membranes.
The sequence S/T-P-X-X is found seven times in
the Tmpop sequence. Two of these, T-P-R-K at
residues 255-258 and T-P-K-K at residues 319-
322, are especially likely to be cdc2 kinase sub-
strates because of the basic residues in the X po-
sitions (Nigg 1993). Tmpo( is identical to Tmpo B,
€, 8, and v in its amino-terminal domain through
GIn®'°. Tts ORF, however, stops 5 amino acids
downstream of this point followed by a distinct
1619-bp 3’ UTR domain (Fig. 1C).

Figure 2 demonstrates a schematic presenta-
tion of the different mouse cDNA clones. Mouse
Tmpo «, B, 9, €, v, and { share an identical amino-
terminal 186-amino-acid domain. Like the hu-
man and the bovine Tmpo isoforms, amino acids
1-49 are highly homologous to the originally pu-
rified 49-amino-acid bovine Tmpo (Schlesinger
and Goldstein 1975). After Glu'®®, Tmpoa di-
verges from the other Tmpo. Tmpoe differs from
Tmpop only because it lacks the B-specific resi-
dues 220-259. Tmpod lacks both the B and the
€/B-specific domains contained within residues
220-291 of Tmpof. Tmpovy is missing the B, €/B,
and 8/e/B-specific domains contained within
amino acids 220-328 of Tmpo. RT-PCR analysis
of mouse thymus total RNA confirmed the pres-
ence of the novel Tmpo mRNA transcripts (not
shown). Mouse Tmpo «, B, and y ORF sequences
are 78%, 90%, and 91% identical to the previ-
ously published human TMPO «, B, and v se-
quences (Harris et al. 1994), respectively, suggest-
ing interspecies conserved functions.

Genomic Organization of the Tmpo Gene

Overlapping clones covering the entire Tmpo
gene were isolated from a BALB/c liver A genomic
library (Fig. 3). Restriction mapping and partial
sequencing of the clones suggested that Tmpo «,
B, € 9, v, and { are produced via alternative
mRNA splicing from a single gene. DNA sequence
of the relevant regions was obtained by sequenc-
ing of genomic subclones and by using internal
primers. This made it possible to define the pre-
cise location of all the exons, the sequences of all
the intron-exon junctions, and the 5'-flanking
region of the Tmpo gene. Figure 3 schematically
presents the organization of the Tmpo gene and
the overlapping genomic clones used for map-
ping and sequencing. The gene contains 10 ex-
ons spanning ~22 kb genomic DNA.
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CeGGaaC < SroeneT TTTTGTCE CCGGGT! TTTTGTGE o TTTIGTCG
66T
M [ "
CCGGAGTT TCGGTCCT AGAGCGAGTTGGTC 60 CCGGAGTT TGGTC 60 CCGGAGT TC TGGTC 60
PEFLEDPSVLTKDIKTLE KXSETLV 20rEFLETDTPSYTLTTEKSDIEKTLEKSETLV 2 FPEFLEDPPSTYTILTE KTDTEKLTEKSTSTETLSY 20
GC GGC 120 T 120 120
A NNV T LPAGEG GQRTZKT DV VYV QLY 9 A NNV TLPAGEG QRTIKTDVYVQLY 40 A N NV T L PAGEU QRZE KT DV YVQTLY 10
7 AC CAGCAAAGGG 180 180 180
LQ@HLTARNRPPLAAGANSTEKSG G 61LOQCHLTARNTERTETPLAAGA ANSK®G L @H®HLTARNRSP?PLAAGANSTKG® G 6
cc 240 TT GGCT 240 240
PPDFSSDEERDATTP®VLGSGA 60FPFPODTFSSDETETRTSDATPVTLGSTGA 6 PPDFSSDETERTDATEVLGSGA 80
300T 300 300
S VGRGRGAYGREKEATEKE TDZKSES 1008V 6 RGRGAVGERTEKA EATE KHKTDTEKT 120059V 6 RGRGAYGREKGATTEKTEKTSDTEKE 100
TCTGGAT 360 360 TCTGGAT 360
RLEDXKDDLDVTELSSNEETLLD 120RLEDKDDILDPVTELSNEETLTL®D 120 R LEDEKDDLDVTELSDHNETETLTLD 120
CAGCT CCCATTGTGGGARCAACCAGGAAGCTATAT 420 CAGCT 420 CASCT 420
@ LVRYGVNPGPIVGTTRTI KTLTY 140Q00LVGRYGYVNPGPTIVGTTT RTEKTLTY 140 QLVRYGYNPGE®IVGTTRTE KLY 0
TGA T 480 TGTTGARGE TCTACTCCTCTT 480 TGARGC TCTACTCCTCIT 460
E K KLLKL®REGQGTTES SRS SST?L 160E KXLLKXKLREGOGGTES ST RS SST@PTL 160 KX1LLKLREGQGTEST RSSTPL 16
ccn CTOTT GA 54 CTTCCT! TCTGACAGA 540 CCAACI 540
TV Ss s AENTRONGSHNTD S DR 1805 T Vs s s aAERNTRONGSNDS D & 18 P TVSSsSsSAZNKTRONGSHNDSDR 180
+
GAT 600 TACAGE dhen 600 TACAGC! 00
¥ 5DNDEGEKIKKEHZKEKYKSARTD 20YS5SDNDETDSE KTITETLTE KTLTETEKE RTETGSPTL 20 7YSDNDEDSKTIETLEKTLETKRESPL 200
TGTGTTCCTTTITCTGAACTTGCAT T TTTT TICT 660 GCAAAGA( dhoc 660 e
€ Vv®FsSELRSTPSGATFTFOQGT IS 220KGRAKT?®PYVTLEKGORRTTETHNGS 200X GRAKTER2YVYTLEKSRRTEHNG GV 220
TTCCCTGARATC TCCTTT A TAAGRAR 720 TAT A 720 TTTGTAGITT' 720
EI1STRPPLGRTETLOQARAMK KT K 240Y S QAGVTETETMWTSGSSTGEGTP 280 F VUV L * 224
GTACAA 7 e 780
Ve T T KRD PP RETGCTD T AL P G 2601 6 A b 1 b o a n e e T R CaRaRGEeTe 780 crermaacerr TCATG 760
ar TGTTT 840
AGGGOCAGACCGCALAAGTTAGCCCCTGGACGGAGTT‘IATTTATTCCTTCAGAGCT)\TGC 840 T T 540 ATTGGATT TAGCAT TICTGATT 200
H K A s 20 E T S Q H FRIDGAYVTISES ST ETITA 2807 TICCTCIT 9460
+ TGCTT TIT 1020
TATGATAGAT T1C 900 ARAGGCTTCAAGE: T7c 900 T T TTCCTTTATTTGTAGCTTCTTARCAC 1080
DR C OV E K S S S BS s o R B A AR 300 S ASTRIARAGSCTICAAG N ESLVANRLTGNF 300 TATT TTCCTCTTT 1140
T 1200
TTGGTC’l‘CTGCTGC}\ccT’!‘CTCC‘rTCACTGATMGAGAMCC)\CT}\CT}\CTTACTCTAAG 960 AA T 960 T TTAGCC 1260
P S L IRETTTTZYS 320 Kk HA S S I LPTITETFSTDTITRTERT P 320 T 1 TTGTTGTTCATCTA 1320
. iz TCTTITCCATGTTCTGT T TT TCACAAT 1380
GMCATAGTGAN\ATATT TCAGCCATT G 1020 PAGARACCAT 1020 T TCIGCTTCCIGAG 1440
E H EN 1 CRGGEKSRAQEPTLRATE 380 K K LTRAEVYGEEKTETETRRTYDR 340 Tcc 1500
T 1560
GTCAGAT! 1080 GATATTCT T 1080 c 1620
E PGV S DO SV ESSEREVLGQES 36 I L KEMTFEPYERARSTPTGTISAS 36 T i
TTCTGCT T TTATCTGTT 1740
G}\GA(;GTCSCAGGTGATTTCTC«’.'ACCACTTGCTCAGBCMTTCGAGATT)\TGTCMTTCT 1140 TGCCGC: C 1140 po ool 1800
s e Vv Is e VNS 380 cRRGPFIGKSGEGA R L E s AATAARRAT loee
- A ® b D F R M 380 TTTTAMTG’I‘TMAG’I‘TAGACTATGGACTCCTATCTATT‘I‘AMTMCTATGGAGCTSG 1920
T TAGTCCAGGUTOS66TCGCAS TG CTCSOAGTTCTGATTET CACTG 1200 GAAGAGTCGT 1200 Aty e 2030
LLVQeGGV G S L RS S DSV PTTIL 400EESTFSSZKTYVPKSYAEPLATDTVTEKS S 4007 200
GAATTTCCT “AAARTTAATTAATAGTTCAGCTGTTGGTCTTT 2100
r;.uamc.mm».mmTMGAGACrrmcc;\crccAGcTATcMGMrcTGMchc’re 1260 TGCTGTTTGCCCTT 1260 camis ¢ 2180
@SS YoDsE S UL 40B KTKEKRRSYP MW IKMLLEAL 420 2220
ATCCT TARAGT TGAGA 2290
TCCCCTCCCCGANARGTCCCARGACT TCAGGC 1320 GGTGCGTGTTTTTTGTTITT 2¢ 1320 TGCGGTTICTCTET 2294
R K RLSEKPARGGDSG 440 G A CF L F LV Y QARMETNO QTGN PF 440
TCCTGTGTGGCATT TCAGARTACACC TGGATCCGAACATAGGTCTTCTTT 1380 ACTANTTTTCT AAC
5 C V A F Q N T P G 5 E H R S S F A X 3§ 460 T L DT XTI S N * e " 1::2
STTGICTCTCATICTCTGACTACTT T 1440
v's TLGVEVSSKTPGP P QH 48 T T TGT 1440
reAGCCGICTITICCTCTCCACGAAT 1500 AR TCR AT AN TG T 1560
DK T EASE RS Lo e L KV Vv 500 TTTAGCTCCAGAACTTT CACT 1620
. . 1560 Gaacnmmcmmﬂnamrunsumrmmcmmnwmm‘rnr 1680
T ARA SGA ACGAAAARGAT"
E E E W Q Q 1 DR QLPSVACRTYTZ PV 520 T AATG CAGOTTC GTTeTe :;:lg
TTCCTGT. 716 1860
1620 qea T
S 3 I EAARILS VY P KVDDETILG 540 coneorante 1350
TTTATT TTGTGAT 1680
P 1S5SERATPRARTO QASSTTES D 560
An«.muwmumuuwsnsmcr AGCATTGCAGATT 1740
ML DbLATLSGC Y EAARASALAQT 58
CA TTCGTAGCTAAGTCTC CAGGCTGCACAG 1800
AR HTATFVAKSTLO QADTISGQAAGQ 600
ATTATTAAT TAT 1860
T I NS TIPSDAQORATLTRTILEERTY 620

TCATATCTT TGCCTGTGCC 1920
nAASYLcDAAanvRMsAcA 640

ATGGGGTCTTCTACLATGGGTLGGCGTT)\'rLTGTGGTTGAAG«:MTGTAAGA"AGTCCA 1980
R R L Xk b C 660

GCTTCTMGMT}\AAAJ&:A TGTTGCCCCCTT TATTT 2040
KNKLTV}\PFKGGTLI‘GGB 680

GTAcAcAAAGT'rATTWGTGGAMTAAGLAGTAMGM:GHMGAACMAGGCAG 2100
VI KKRGN Q

AAACTTTGACTTAGAGRAT TTGTGAACCTTTCTAAGACTTTAGTCTCCTAATAGAGCTAA 2160
TTTGGARTTC 2170

Figure 1 Nucleotide and predicted amino acid sequences of mouse Tmpoa (A4), Tmpo B, B’, €, 8, and y (B), and
Tmpol (C). The sequences are numbered so that amino acid +1 is the amino-terminal proline of mature Tmpo and
nucleotide +1 is the first nucleotide of the proline codon. The predicted amino acid (single-letter code) is
depicted under the middle nucleotide of the corresponding codon. (A) The arrow (G'#”) indicates the beinning
of the unique a-domain. The two underlined sequences are a short region of basic amino acids (residues
188-194) suggestlve of a nuclear localization domain and a consensus sequence for tyrosine phosphorylation. (B)
Nucleotide and amino acid numbers are for TmpoB. Arrows above amino acids D87, $22°, V260, 292 and v3%°
indicate the beginning of B/e/d/v/¢, B, B/e, B/e/d, and B/e/d/y domains, respectively. The underlined sequences
are the cdc2 kinase consensus sequences (residues 255-258 and 319-322), a hydrophobic domain in Tmpo 8,
€, 9, and +y (residues 409—432), and one AATAAA (nucleotides 1655-1660) polyadenylation site. The sequence
downstream to G'716 i unique to TmpoB'. (C) The two possible polyadenylation sites are underlined. Nucleotide
sequences for the mouse Tmpo mRNA have been deposited with the GenBank data base under accession nos.
U39073 (Tmpotl), U39074 (Tmpof), U39075 (Tmpoe), U39076 (Tmpod), U39077 (Tmpovy), and U39078
(Tmpoa).
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Figure 2 Schematic diagram of the various mouse Tmpo transcripts.
The numbers above the bars indicate amino acid position, and the num-
bers below indicate the coding exons. The open bar (1-186) depicts the
identical amino-terminal domain. The hatched bar (186-692) in Tmpoa
is the unique a-domain. The solid bar (189-219) is the B, €, §, v, and {
domain. The lightly stippled bar (219-259) is the B-specific domain. The
hatched bar (259-291 of TmpoB) is the €/B-specific domain. The verti-
cally striped bar (291-328 of TmpoB) is the 8/¢/B-specific domain, and
the heavily stippled bar (328-451 of Tmpop) is the y/8/e/B-specific do-
main. The arrow indicates the last 5 amino acids of Tmpo(.

Analysis of sequences of exon borders re-
vealed that exon 1 encodes the 5’-untranslated
region and amino acids 1-91, exon 2 encodes
amino acids 92-133, and exon 3 encodes amino
acids 134-186. These exons are spliced to form
the common sequences present in all seven
mouse Tmpo genes. The a-specific domain (resi-
dues 187-692) and its 3’ UTR are encoded by the
large exon 4. Exon 5 encodes amino acids 187-
219 of Tmpo B, €, 8, v, and {. Exon 5’ is the 3’ UTR
of Tmpo{ and extends downstream from exon 5
without an intron between them. Hence, the
5-5' border region is functioning as a donor-
splicing site for the alternatively spliced Tmpo B,
€, 8, and . Exon 6 is the B-specific domain and
encodes amino acids 220-259 of Tmpop. Exon 7
is the /B-specific domain encoding amino acids
260-291, and exon 8 is the 8/e/B-specific domain

%64 @ GENOME RESEARCH

%083 encoding amino acids 292-328 of

TmpoB. Exons 6, 7, and 8 are rela-
tively close together (Fig. 3), encod-
ing amino acids 220-328, which
are homologous to the human
B-specific domain (residues 221-
329) encoded by exon 6 (Harris et
al. 1995). Exons 9 and 10 are v/d/¢/
B-specific domains. Exon 9 encodes
amino acids 329-358 of TmpoB,
and exon 10 encodes amino acids
359-451 of Tmpof and further en-
codes the 3' UTR of Tmpo 3, B, €, 5,
and .

Exon 6 of the Human TMPO Gene
Contains Two Small Introns

The difference between mouse and
human Tmpo gene organization
regarding the B-specific domain
(residues 220-328), coupled with
the lack of the entire human exon
6 sequence in the GenBank data
base (accession nos. U18269 and
U18271), led us to characterize this
region in the human TMPO gene.
Human genomic DNA was ampli-
fied by PCR (see Methods). A ~750-
bp PCR fragment was cloned and
characterized. Figure 4 presents the
genomic sequence of the human
TMPO exon 6 region. This region
contains two intronic sequences,
dividing exon 6 into three smaller
exons, termed 6a, 6b, and 6c. These
exons are organized in the same pattern as exons
6, 7, and 8 of the mouse Tmpo, respectively.
These data strongly suggest that like the mouse
Tmpo gene, the human TMPO gene contains 10
exons.

Sequence Analysis of Exon/Intron Borders

All splice sites for the distinct mouse Tmpo mR-
NAs contain the canonical GT and AG dinucleo-
tides at the intron borders (Table 1). The splice
sites match consensus splice site sequences to
varying extents. The mouse and the human 3’-
splice sites share a significant homology (Table
2). The polypyrimidine tracts of the mouse exon
4, 6, 7, and 8 3'-splice sites are highly identical to
the polypyrimidine tract of the human exon 4,
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1w scription start site. Recogni-
— tion sequences for the tran-
scription factor Spl (Ka-
donaga et al. 1986) are
found at positions + 65, +
Ny on, 27, —52, —83, —119 and
! —198. Two GCCAAT boxes,
potential binding sites for
members of the CTF/NF-1
family of transcription fac-
tors (Santoro et al. 1988), are
present within direct repeat
sequences in positions + 35

G and + 68. Several potential

- binding sites for the Even-

Figure 3 Physical map of the mouse Tmpo gene. (A) Exons are numbered and ~ skipped (Eve) homeo box
indicated as boxes. Introns are indicated by a thin line. Sites for restriction protein are present at posi-
enzymes BamHI (B), EcoRI (E), Hindlll (H), Pvull (P), and Xhol (X) are shown. The tions —14, —78, —143, and
various depictions in the exon bars (e.g., open, solid, hatched, etc.) correspond 227,

to the encoded regions in Fig. 2. Exons 5’ and 10’ encode TP 3’ UTR and TP’

unique sequence, respectively. (B) Overlapping genomic clones used for map-

ping and sequencing.

6a, 6b, and 6¢ 3’-splice sites, respectively. Inter-
estingly, unlike the other, less conserved 3'-splice
sites, these 3'-splice sites are participants in alter-
native splicing events.

Analysis of the 5’'-flanking Region of the
Tmpo Gene

The TSSG program analysis (Prestridge 1995) of
the 5'-flanking sequence of the Tmpo
gene revealed a predicted transcrip-

TmpopB and LAP2 are
Homologous Proteins

Data base comparison revealed that all human
and mouse Tmpo cDNA sequences share a re-
markable identity and homology with the
nuclear LAP2, isolated from rat. Figure 6 shows
the comparison between the predicted amino
acid sequence of the mouse Tmpop, the LAP2
(GenBank accession no. U18314), and the hu-
man TMPOB (accession no. U09087). The mouse
Tmpop and the rat LAP2 are 96% identical (Fig.

tion start site located 378 Dp UP-  61-AGCTATTCTCARGCTGGAATAACTGAGACTGAATGGACAAGTGGATCTTCARAAGGCGGA

stream of the translation initiation Exon 6a
CCTCTGCAGGCATTAACTAGGGAATCTACAAGAGGGTCAAGAAGAACTCCMGGAAAAGG-780/

codon (Fig. 5). The mouse and the
human Tmpo 5’-flanking regions
share conserved promoter sequences
around the predicted transcription

gtgatgcaaggcttattccttgggttttcagatttgtagggtttagtattatttatattt

attgtttttgttttgtttcaaactaacag/781-GTGGAAACTTCAGAACATTTTCGTAT

Exon 6b

AGATGGTCCAGTAATTTCAGAGAGTACTCCCATAGCTGARACTATAATGGCTTCAAGCAA

start site. Several potential binding
sites for known transcription factors

CGAATCCTTA—B‘lz/gtaaatatgtttcgtaaactatacaagtggtattctttgtaaatt

were analyzed (Fig. 5). Like the hu- . accctttaattggaaatcggggag... ~300 bp of intronic sequence ...

man gene, no obvious TATAAA se-
quence, a known binding site for the

taagtgtctgtgttatgtttggataattctqagt:ctqaataatttgaatcttgqcag/873-

GTTGTCAATAGGGTGACTGGAAATTTCAAGCAT GCATCTCCTATTCTGCCAATCACTGAA

general transcription factor TFIID-
TBP, could be found in the usual po-

Exon 6c¢c
TTCT CAGACATACCCAGAAGAGCACCAAAGAAACCATTGACAAGAGCTGAA-937

sition ~30 bp §’ to the transcription
start sites. This absence is character-

Figure 4 Nucleotide sequence of exon 6 region of the human TMPO
gene. The exonic sequences are underlined and depicted as uppercase,

istic of some other genes expressed in  designated 6a, 6b, and 6c. Nucleotides of the intronic sequences are in
many tissues. However, a closely re-  |owercase. The numbers that flank the exonic sequences correspond to
lated sequence (TTTAAA) is present the numbered base pairs of the human TMPOB gene (Harris et al.

29 bp upstream of the predicted tran-  1994).
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Table 1. Sequences of the exon/intron
boundaries of the mouse Tmpo gene

5 INTRON EXON 3’ INTRON

1 -GGCAGG GTAAGGCGAACCCCCCCGGA

TAATTGTACTTTGTTTGCAG AARGCC- 2 -TTGTGG GTAATGGGTTTTATTTGTTT

GARCTTCTCCCTTAACCCAG GAACAA- 3 -ATGAAG GTAACATTTTAACTGCTCTT

TGCCTCTTTTGCCTCTACAG GAAAGA- 4 x-domain

TTCCTCGATGITATTTCCAG ACTCTA- 5 -AARTCAG GTATTTGTAGTTTTATGATC

ATGTGTCGATGCTTGACTAG AGCTAT- 6 ~-RABAGG GTGACGCAGGGCTTGCCGCT

TTCTGTTTTCAAACTAACAG GTGGAA- 7 -TCCTTA GTAAATATGTCTTATAATCT

GATAATTTGAATCTTGGCAG GTGGCC- 8 -GCTGAA GTAAATGGATACCATTTAGC

GTTTCTTITTTTCTCACTAG GTGGGA- 9 ~AATCAG GTACCTGGATGGATAAAACT

TTCTGTTTCACTTTGAACAG TGCTAG-10

(1) The consensus (AG) and GT) dinucleotides at the in-
tron borders are in boldface type.

(2) The intronic sequence downstream of exon 5 is the
amino-terminal sequence of exon 5'.

6), suggesting that Tmpop is the mouse homolog
of the rat LAP2.

The Tmpo Gene is Located in the Central Region
of Mouse Chromosome 10

The mouse chromosomal location of Tmpo (lo-
cus designation, Tmpo) was determined by in-
terspecific backcross analysis using progeny de-
rived from matings of (C57BL/6] X Mus
spretus)F; X CS7BL/6] mice. This interspecific
backcross mapping panel has been typed for
>2000 loci that are well distributed amoung all
the autosomes as well as the X chromosome
(Copeland and Jenkins 1991). C57BL/6]J and M.
spretus DNAs were digested with several enzymes
and analyzed by Southern blot hybridization for
informative restriction fragment length polymor-
phisms (RFLPs) using a probe derived from the
mouse cDNA. The mapping results indicated that
Tmpo is located in the central region of mouse
chromosome 10 linked to insulin-like growth fac-
tor-1 (Igf1) and mast cell growth factor (Mgf; Fig.
7). Although 178 mice were analyzed for every
marker and are shown in the segregation analysis
(Fig. 7), up to 196 mice were typed for some pairs
of markers. Fach locus was analyzed in pair-wise
combinations for recombination frequencies us-
ing the additional data. The ratios of the total
number of mice exhibiting recombinant chro-
mosomes to the total number of mice analyzed
for each pair of loci and the recombination fre-
quencies between the loci are shown in Figure 7.

Comparative gene mapping in mouse and
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human has revealed numerous regions of homol-
ogy between the two species, and this is clearly
demonstrated between the central to distal por-
tion of mouse chromosome 10 and human chro-
mosome 12. The human homologs of Tmpo and
Mgf map to 12q22, and the human Igfl locus
maps to 12q22-q23.

DISCUSSION

In this study the genomic structure and the vari-
ous alternatively spliced transcripts of mouse
Tmpo are reported. The mouse Tmpo gene, which
gives rise to at least seven alternatively spliced
mRNA transcripts, is encoded by a single gene
containing 10 exons. The novel mouse Tmpo
mRNA, together with the similar genomic orga-
nization between the mouse and the revised hu-
man TMPO gene, and their 3'-splice site homol-
ogy (Table 2), suggest a possible existence of
more human alternatively spliced Tmpo tran-
scripts. This was confirmed by RT-PCR on hu-
man thymic mRNA (not shown). Moreover, Har-
ris et al. (1994) demonstrated the cross-reaction
of their anti-human TMPO antibodies with the
75, 51, and 39 kD, of o, B, and v isoforms, respec-
tively. However, these antibodies also cross-
reacted with another band, of ~43-44 kD [Fig. 2
in Harris et al. (1994)], which we suggest to be the
human TMPOS gene.

The absolute and relative abundances of
Tmpo o, B, and y mRNAs appear to vary in differ-
ent tissues and cell lines (Harris et al. 1994; Berger
et al. 1995), suggesting that both expression and
alternative splicing of Tmpo may be regulated in
a tissue-specific manner. One possible mecha-
nism for control of the formation of Tmpo a and

Table 2. Comparison between the
mouse and the human 3'-splice sites

Mouse 3’ -splice site

Human 3’-splice site

GAACTTCTCCCTTAACCCAG /Exon 3

TRATTGTACTTTGTTTGCAG /Exon 2

TTACTGGACTTTGTTTACAG /Exon 2

CAAGITCTGCCTTAATCCAG /Exon 3

GTTTCTTTTTTTCTCACTAG /Exon 9

IGCCTCTITTGCCTCTACAG /Exon 4
TTCCTCGATGTTATTTCGAG /Exon 5
| ATGTGICGATGCTTGACTAG /Exon 6 |
TTCTGTITTCAAACTAACAG /Exon 7
| SALADTTIGMICTICOCAG /Exon § |

| zecereTTrTGCCTCTACAG /ENOR ¢ |
TTCTCCAATGTTATTTCCAG /Exon 5
ATGTGTTGATGCTTGAATAG /Exon 6a
GTTTTGTTTCAAACTAACAG /Exon 6b
AATAATTTGAATCTTGGCAG /Exon 6¢

GTTTGTCTGTTITCTTATTAG /Exon 7

TTCTGITICACTTTGAACAG /Exon 10

CCTCCITTCACTCCCAACAG /Exon B

Identical sequences between the murine and the human
3'-splice sites are in boldface type and underlined.
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~382 CCGAGGGATTTGACTTCCTGCGCATCCCGCACCACAGCCTGTCTGGTTTT
=332 CRCGCTTCCCCTCCAGGGCCAGCACTCGGAGGGGGCAAGCCAGTCGGCCG
-282 CCATTCTTCAGGGGGGCTCGGTGTCCCGGGAAGGAGCCAGGCCCGGGCAA

sp1
-232 AGGGTCCTCAARGAGAGCTGGCGCAGAACTCCGCCCGTCCGAAGGCGATCG

-182 AGGCCGGGGACGAGGCTTCTCCGGTGCAGGGGGCCAGGAGAGAGGGAAAC

8pl
-132 AGCGTGCRAARCCCAGTACCGCCCATCCCTTATCAGCGTCCGAGGGGARG
sp1 TATA-
- 82 GGCGGAGAGCGAGGAAACAGCGGGCCCCCCAGCTCCCGCCCAGCGCCTTT
like EVE 4
- 32 TAAACTGCGTTTCTGCACCTCTCTGCCCTGCGCCGCGTGCGGCTGGAACC
CTF/NF1 +1 Spl
+ 19 CGCGCGAGCCGCCCAGGCCAATGGGTGGCGCCGCTTCCTCCGGGCGLCCE
CTF/NF1
+ 69 CCAATGGCCGGCGCGCGTTCTTGGGGCGTGCGCGAGCCAGGCTCCCCCCA

+119 CCCCACCCCACGCACTAGCTTGTGTATGGGCTCGGCTCGCTGCGGGCTCC
+169 GGGTTCGGCTGCACTTGCTCCCCAGTCGTGCGCCAGGGGCTTTTTGTGGC
+219 GGGGGCCGGACCTGGGTTTTGTGTCCCGAGTTCTGTGCCGTGCCCGCGGL
+269 CGCCGCTCCGGGGCAGGGATCTCCCGAGGCGGCGGGCGCAGCCCGGGACC
+319 AGCGAGCGAGCGCGCCGGCGTGAGCAGCGGCGGCGGCGACTGTGAGGGGC

+369 CGGGGAGGAGAGAAGGAGGGGGACGAGATGCCGGAGTTCCTAGAGGAC
M P E F L E D

Figure 5 Sequence of the 5’ end of the mouse
Tmpo gene. (1) The transcription initiation site
(nucleotide + 1). The conserved promoter se-
quences between mouse and human are in boldface
type. Sequences identical to binding site sequences
for known transcription factors are underlined, and
the names of the transcription factor are given
above. The sequence has been deposited with Gen-
Bank under accession no. U38185.

{ mRNA is via control of its 3'-end cleavage and
polyadenylation site before splicing occurs (McK-
eown 1992). This would eliminate all of the
downstream exons encoding Tmpo B, €, 5, and vy
sequences and remove them as competitors for
splicing of the exon 3 to the a-specific exon 4.
Harris et al. (1995) demonstrated a conserved se-
quence downstream of the two alternative poly-
adenylation signals for human TMPOa mRNA,
suggesting that this sequence may be a binding
site for a factor that regulates TMPOa mRNA 3'-
end formation, perhaps in a tissue-specific man-
ner (Keller 1992). The mouse Tmpo{ mRNA se-
quence (Fig. 1C) shows two further polyadenyla-
tion sites, but the regulation mechanism of the
Tmpol mRNA 3’-end formation has not yet been
identified.

The 5’ end of the Tmpo gene is GC-rich, a
characteristic feature of many genes with a wide
range of tissue expression. Comparison of mouse
and human Tmpo promoter sequences reveals
several common conserved sequences, around
the predicted transcription start site, in a similar
order. These conserved sequences contain poten-
tial binding sites for known transcription factors,

such as the Sp1, Eve, CTF/NF1, and TTTAAA do-
mains. The functional significance of these mo-
tifs has not yet been studied; however, the sig-
nificant evolutionary conservation further sup-
ports the essential role of Tmpo in diverse cellular
functions.

The Tmpo gene is located in the central re-
gion of mouse chromosome 10. We have com-
pared our chromosome 10 interspecific map with
a composite mouse linkage map that reports the
map location of many uncloned mouse muta-
tions, provided from Mouse Genome Database
(The Jackson Laboratory, Bar Harbor, ME). Al-
though several mutations lie in the region of
Tmpo, none have a phenotype consistent with
what might be predicted for a mutation in Tmpo.

LAP2 is an integral membrane protein of the
inner nuclear membrane, which binds directly to
both lamin B1 and chromosomes in a mitotic
phosphorylation-regulated manner (Foisner and
Gerace 1993). The biochemical and physiological
properties of LAP2 suggest an important role in
nuclear envelope reassembly at the end of mitosis
and/or anchoring of the nuclear lamina and in-

Murine TPp  PEFLEDPSVLTKDKLKSELVANNVTLPAGEQRKDVYVQLYLQHLT 45
Rat LAP2
Human TPB

Murine TPB ARNRPPLAAGANSKGPPDFSSDEERDATPVLGSG. ASVGRGRGAVG 90
Rat LAP2 EP

Human TPB P--T

L A-AA--S-A---

;Aa\u'ine TPB RKATKKTDKPRLEDKDDLDVTEI..SNEELLDQLVRYGVNPGP.IVG'H‘ 136
t LAP2 P E

Human TPB Q

T=-Dmmmmm R

m‘;‘l’ﬂ RKLYEKKLLKLREQGTESRSSTPLPTVSSSAENTRQNGSNDSDRYS 182
t A

Human TP$ I

Murine TPB DNDEDSKIELKLEKREPLKGRAKTPVTLKQRRTEHNQSYSQAGVTE 228
Rat LAP2 I E

Human TPP --E: v I--

Murine TPB  TEWTSGSSTGGPLQALTRESTRGSRRTPRKRVETSQHFRIDGAVIS 274
Rat LAP2 K R---P v

Human TPB K E P

Murine TPB ESTPIAETIKASSNESLVANRLTGNFKHASSILPITEFSDITRRTP 320
Rat LAP2 D

Human TPB --=M V==V P P

A
A

;Ilmu.ﬁnc TPB KKPLTRAEVGEKTEERRVDRDILKEMFPYEASTPTGISASCRRPIK 366
LAP2 E

o
Human TPf E-
Murine TP GAAGRPLELSDFRMEESFSSKYVPKYAPLADVKSEKTKKRRSVPMW 412
Rat LAP2 v G:
Human TPB 22 G--I-V-
Murine TPB IKMLLFALGACFLFLVYQAMETNQGNPFTNFLQ. DTKISN 451
Rat LAP2 V-G .
Human TPB ==I-~-VVV-V: V~--§---HV-PRK-~

Figure 6 Comparison of the full-length predicted
amino acid sequences of the mouse Tmpog, rat
LAP2, and human TMPOR. (Dashes represent iden-
tical amino acids). Numbers represent the mouse
TPB amino acids.
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Figure 7 Chromosomal location of Tmpo in the
mouse genome. The locus was mapped by interspe-
cific backcross analysis. The segregation patterns of
Tmpo and flanking genes are shown at the top. Each
column represents the chromosome identified in
the backcross progeny that was inherited from the
(C57BL/6) x M. spretus) F, parent. The solid boxes
represent the presence of a C57BL/6] allele; open
boxes represent the presence of M. spretus allele.
The number of offspring inheriting each type of
chromosome is listed beneath each column. A par-
tial chromosome 10 linkage map showing the loca-
tion of Tmpo in relation to linked genes is shown at
the bottom. The number of recombinant N, animals
over the total number of N, animals typed plus the
recombination frequencies, expressed as genetic
distance (in ctM) (%1 s. £.) is shown for each pair of
loci (left). The positions of loci in human chromo-
somes are shown at right. References for the human
map positions of loci cited in this study can be ob-
tained from Genome Data Base (GDB), a comput-
erized data base of human linkage information
maintained by the William H. Welch Medical Library
of The Johns Hopkins University (Baltimore, MD).

terphase chromosomes to the nuclear envelope.

The amino acid sequence of the rat LAP2 is 96%
identical to the mouse Tmpop and 91% identical
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to the human TMPOB, indicating that they are
structurally and functionally homologous pro-
teins. Hence, Tmpo «, €, 8, y,and { are the LAP2
gene alternatively spliced forms. That assump-
tion is supported further by Western blot analysis
using LAP2-specific antibodies, which yielded
bands at 53/43/41 kD (Konstantinov et al. 1995).
The 53-kD polypeptide corresponds to the pre-
dicted molecular mass of the TmpoB/LAP2 pro-
tein. Based on the calculated molecular mass of
the various Tmpo isoforms, we suggest that the
43/41-kD bands are the alternatively spliced
and v forms, respectively. Like TmpoB/LAP2, the
¢, 8, and vy Tmpo contain a single putative mem-
brane-spanning sequence (Fig. 1B) (Furakawa et
al. 1995), which suggests that these alternatively
spliced isoforms are three additional integral
membrane proteins of the inner nuclear mem-
brane.

By expressing deletion mutants of LAP2 in
cultured cells, it was found that the smallest nu-
cleoplasmic fragment of LAP2 that can specify
binding to components associated with the
nuclear envelope are residues 244-398 (Furakawa
etal. 1995). However, mouse Tmpo ¢, 3, and vy are
identical to the TmpoB/LAP2 except that they
lack residues 220-259, 220-291, and 221-328, re-
spectively. Therefore, TmpoB/LAP2 and Tmpo ¢,
8, and vy may have different binding potencies to
the various components associated with the
nuclear envelope.

Two of the most favored cdc2 kinase sites in
LAP2 (Tmpop) are found at residues 256-259 and
320-323 (Furakawa et al. 1995). Phosphorylation
of these sites by cdc2 kinase may be involved in
modulating the interactions of LAP2 with chro-
matin and lamin during mitosis. However, Tmpo
e and 3 lack the cdc2 kinase site positioned at
residues 256-259, whereas Tmpo <y is missing
both sites. These findings propose a possible role
for the alternative splicing mechanism in nuclear
events and cell cycle regulation.

METHODS
Isolation of Mouse Tmpo cDNA Clones

A cDNA clone, designated Tmpol was isolated from a
mouse (B6/CBAF] females, 6-8 weeks old) thymic cDNA
library (commercially purchased from Strategene). The ini-
tial probe used was a 126-bp fragment encoding Tmpo
amino acids 1-42 from the bovine cDNA clone 113 (Zevin-
Sonkin et al. 1992). Hybridization was performed with
35% formamide, 5 X SSPE (Sambrook et al. 1989) at 42°C,
with the highest stringency wash in 0.1 x SSPE at 50°C. In
the subsequent round of screening, a probe derived from
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the initial mouse clone was used. The hybridization was in
0.5 M NaHPO, (pH 7.2), 7% SDS, at 65°C, and the highest
stringency wash was in 0.04 M NaHPO, (pH 7.2), 1% SDS,
at 65°C. All sequences reported were determined on both
strands by the Sanger technique using Sequenase version
2.0 kit (Amersham).

Isolation and Analysis of Genomic Clones

Four overlapping partial genomic clones were isolated
from a library, prepared from a BALB/c liver DNA Sau3A-
digested, and cloned into the EMBL 3A vector. The library
was screened with the different cloned mouse Tmpo cD-
NAs. Clones were characterized initially by partial restric-
tion mapping and by hybridization with defined regions
of Tmpo cDNAs. Fragments of interest were subcloned into
pBluescript II SK(+) (Stratagene) for DNA sequencing. The
intron—-exon boundaries were determined by direct com-
parison of the nucleotide sequences of Tmpo cDNAs clones
and genomic sequences, using sense and antisense primers
within the different cDNAs regions. Some of the sequenc-
ing primers were designed considering the alternatively
spliced pattern. The sizes of introns were confirmed by
restriction endonuclease digestion.

Isolation of the Human Exon 6 and its
Intronic Sequences

PCR was performed using a DNA thermal cycler. The fol-
lowing human TMPOR oligonucleotide primers were syn-
thesized: 5'-AGCTATTCTCAAGCTGGAA-3’, sense nucleo-
tides 661-680 and 5'-TTCAGCTCTTGTCAATGG-3’, anti-
sense nucleotides 987-970 (Harris et al. 1994). A 50-ul
reaction mixture containing 500-1000 ng of placental ge-
nomic human DNA in 50 muM KCl, 10 mm Tris-HCI (pH
8.3), 1.5 mmMm MgCl,, 0.001% gelatin, 250 mmM (each) dNTPs:
dATP, dCTP, dGTP, dTTP, 20 pmoles of each of the prim-
ers, and 1 unit of Tag DNA polymerase was subjected to 35
cycles of amplification. PCR conditions was follows: 1 min
at 94°C, 1 min at 50°C, and 1.5 min at 72°C with a final
elongation step at 72°C for 10 min. The human sequences
were obtained using the ALFexpress automatic DNA se-
quencer (Pharmacia Biotech).

Sequence Analysis

Computer analysis of DNA and protein sequences were
done using the Genetics Computer Groups (GCG) soft-
ware package (Genetics computer group 1991). Sequences
were analyzed for homology to nucleic acid and protein
data bases using the Blast program (Altschul et al. 1990) of
the National Center for Biotechnology Information via the
Internet.

Analysis of the 5'-flanking region of the gene for can-
didate sequences similar to known binding sites for tran-
scriptional regulatory proteins, and for the recognition of
the start of transcription site, was done with the TSSG
program (Prestridge 1995) using the TFD transcription fac-
tor data base (Ghosh 1991).

The sequences described here have been deposited in
the GenBank data base (accession nos. U38185 and
U39073-U39078).

Interspecific Mouse Backcross Mapping

Interspecific backcross progeny were generated by mating
(C57BL/6] X M. spretus) F, females and C57BL/6] males as
described (Copeland and Jenkins 1991). A total of 205 N,
mice were used to map the Tmpo locus (see text for details).
Southern blot analysis was performed as described (Jenkins
et al. 1982). All blots were prepared with Hybond-N* mem-
brane (Amersham). The Tmpo probe, a PCR-amplified frag-
ment from the Tmpo mouse cDNA, was labeled with
[«*2P]dCTP using a random priming labeling kit (Strata-
gene); washing was done to a final stringency of
0.5 x SSCP, 0.1% SDS at 65°C. A fragment of 4.8 kb was
detected in Xbal-digested C57BL/6]J DNA and a fragment
of 4.0 kb was detected in Xbal-digested M. spretus DNA.
The presence or absence of the 4.0-kb M. spretus-specific
fragment was followed in the backcross mice.

A description of the probes and RFLPs for the loci
linked to Tmpo, including insulin-like growth factor-1
(Isf1) and mast cell growth factor (Mgf) has been reported
previously (Copeland et al. 1990). Recombination dis-
tances were calculated as described (Green 1981) using the
computer program SPRETUS MADNESS. Gene order was
determined by minimizing the number of recombination
events required to explain the allele distribution patterns.
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