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ABSTRACT

The Eker rat hereditary renal carcinoma (RC) is an
excellent example of a Mendelian dominant predisposi-
tion to a specific cancer in an experimental animal. We
recently reported that a germline insertion in the rat
homologue of the human tuberous sclerosis gene
(TSC2) gives rise to the dominantly inherited cancer in
the Eker rat model. We now describe the entire cDNA
(5375 bp without exons 25 and 31) and genomic
structure of the rat Tsc2 gene. The deduced amino acid
sequence (1743 amino acids) shows 92% identity to the
human counterpart. Surprisingly, there are a great many
(.41) coding exons with small sized introns spanning
only -35 kb of genomic DNA. Two altemative splicing
events (involving exons 25 (129 bp) and 31 (69 bp)]
make for a complex diversity of the Tsc2 product. The
present determination of the Tsc2 gene and establish-
ment of strong conservation between the rat and man
provide clues for assessing unknown gene functions
apart from that already predicted from the GTPase
activating proteins (GAP3) homologous domain and for
future analysis of intragenic mutations in tumors using
methods such as PCR-SSCP and for insights into
diverse phenotypes between species.

INTRODUCTION

The hereditary renal carcinoma (RC) in the rat, originally reported
by R. Eker in 1954, is an example of a Mendelian dominantly
inherited predisposition to a specific cancer in an experimental
animal (1). Recently, the predisposing gene of the Eker rat was
mapped to the proximal part of rat chromosome 10 (2,3). We have
established a new conserved linkage group on rat 10q and human
16pl3.3 whereby the Eker mutation was found to be tightly linked
to the tuberous sclerosis (Tsc2) gene (4) and finally identified a
germline insertion in the Tsc2 gene (5,6). At the histological level,
RCs develop through multiple stages from early preneoplastic
lesions (phenotypically altered tubules) to adenomas in virtually all
heterozygotes by the age of 1 year (7). We previously reported that
ionizing radiation induces additional tumors (large adenomas and

carcinomas), with a linear dose-response relationship (7). Loss of
heterozygosity (LOH) at chromosome 10, where the predisposing
Tsc2 gene is localized, was found in the RCs which developed from
hybrid Fl rats carrying the Eker mutation (2,8), indicating that in
heterozygotes at least two events (one inherited, one somatic) are
necessary to produce large adenomas and carcinomas. We have
recently detected LOH of the wild-type allele even in the earliest
preneoplastic lesions, e.g., phenotypically altered renal tubules (9),
supporting the hypothesis that a second somatic mutation (second
hit) might be a rate-limiting step for renal carcinogenesis in the
Eker rat model of dominantly inherited cancer, as well as a tumor
suppressor nature for the Tsc2 gene function. Investigation of
extra-renal primary tumors occurring in Eker rats late in life
additionally revealed pituitary adenomas, probable hemangio-
sarcomas of the spleen, and probable leiomyosarcomas of the
uterus (10,1 1). The Eker rat thus bears a single gene mutation with
dominant predisposition and develops tumors in four different
organs, although the predilection for extra-renal tumors is not as
complete as with RCs. The phenotype of tuberous sclerosis in
humans differs from that in the Eker rat, except for the occurrence
of RCs (in man renal angiomyolipomas are more common) (5). At
present, we do not have a good explanation for the variation in
phenotypic manifestations, but the Eker rat model should provide
insights into species-specific differences in tumorigenesis and/or
phenotype-specific mutations.
The function of the TSC2 gene product (called 'tuberin' in the

human case) is not yet understood, although it contains a short
amino acid sequence homology to ras family GTPase activating
proteins (GAP3) (12). To establish gene function(s), it is essential
that we know the primary structure of the rat Tsc2 gene. Therefore,
in the present study, we determined the organization of the entire
rat Tsc2 cDNA and genomic DNA.

MATERIALS AND METHODS

RNA and DNA isolation

Tissue total RNAs were isolated by guanidium-isothiocyanate/
acid phenol method from adult male rats (Long Evans, KIWA
Breeding Laboratory, Japan) (5). Poly(A)+ RNAs were isolated
using oligo (dT) latex beads (Nippon Roche) (5). Genomic DNA
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was isolated from an adult male rat liver by the SDS/proteinase K
method followed by phenol extraction as described earlier (13).

Construction and screening of cDNA libraries

An oligo (dT)-primed, unidirectional adult rat kidney cDNA
library was constructed using a XZAPII cDNA synthesis kit
(Stratagene). For the random-primed cDNA library, first strand
cDNA was synthesized from 2.5 jg of adult rat kidney poly(A)+
RNA using random-hexamers. After second strand synthesis and
adaptor ligation, the cDNAs were cloned into the EcoRI site of
XZAPII (Stratagene). Both of these two libraries consisted of - 106
recombinant clones. Screening of cDNA libraries was carried out
according to a standard procedure (14). A 3' portion of the human
TSC2 cDNA (nucleotides 4651-5371) was used as a probe for
initial screening (4,5).

RT-PCR

First strand cDNAs were synthesized from 4 jg of total RNAs using
random-primers and SuperScript reverse transcriptase (Gibco-
BRL). One ,ul aliquots of the resulting reaction mixtures were
subjected to PCR in 25 ji reactions containing 67mM Tris-HCl (pH
8.8), 16.6 mM (NH4)2SO4, 1 mM MgCl2, 200 jM of each of four
dNTPs, 0.2 mg/ml gelatin, 0.45% Triton X-100, 25 pmol of each
primer and 2 U Tth DNA polymerase (Boehringer Biotech). One
cycle of 93°C for 5 min for initial denaturation, 35 cycles of 93 °C
for 1 min, 55°C for 1 min, 72°C for 1.5 min for amplification, and
one cycle of 720C for 5 min for final extension were performed.
Primers used were RTSC27 (sense, 5'-CCATCACGTCATAGC-
CATGT-3', nucleotides 2667-2686) and RTSC28 (anti-sense,
5'-TGGGCCATAGAGTTCTCATC-3', nucleotides 3010-3029)
for altemative splicing 1, RTSC18 (sense, 5'-GTCTAATGC-
CTFATGGCTG-3', nucleotides 3693-3712) and RTSC21 (anti-
sense, 5'-AGGAGATGGCCCGCTCAAT-3', nucleotides 4081-
4099) for altemative splicing 2. Then, products were separated by
2% low melting point agarose gel electrophoresis and transferred
onto nylon membranes. Southern hybridization using 32P-labelled
intemal oligonucleotide probes was used to detect specific ampli-
fication products. Probes used were RTSC50 (sense,
5'-TCCAATGTCCTCCTGTCCllT-3', nucleotides 2752-277 1)
and ALSP6 (anti-sense, 5'-CCACATGTTCAGATACACTGA-3',
nucleotides 2939-2959 of the alternatively spliced exon) for
alternative splicing 1, RTSC24 (anti-sense, 5'-AATGCTGCCTC-
AAAGTCCTC-3', nucleotides 3952-397 1) and ALSPl (sense,
5'-TCTFllCTCCTCCCTGTACCA-3', nucleotides 3820-3839 of
the altematively spliced exon) for alternative splicing 2. Pre-hybrid-
ization, hybridization and washing were carnied out as described
earlier except for the hybridization and washing temperature (55 °C)
(5). DNA fragments from each band were subcloned into the SmaI
site of pBluescript SK(+) for sequence analysis.

5'-RACE

First strand cDNA was synthesized from 4 jg of adult brain total
RNA using 5 pmol of a sequence-specific primer, RTSC36
(anti-sense, 5'-TCCAAAGTGCCTCCACTGC-3', nucleotides
229-247) in a 20 gl reaction. After dG tailing with terminal
deoxinucleotidil transferase, one tenth of the product was subjected
to PCR using an internal primer, RTSC37 (anti-sense, 5'-CACA-
GATCTGCCCTATCATC-3', nucleotides 177-196), and (dC)12
primer. Conditions of PCR was essentially the same as described

for RT-PCR except for the annealing temperature (50°C) during
the amplification cycles. The PCR product was subcloned into the
SnaI site of pBluescript SK(+) for sequence analysis.

Screening of a rat genomic cosmid library

A rat genomic cosmid DNA library (derived from the Wistar strain)
was obtained from Dr T. Oda (Hamamatsu University School of
Medicine) (15). Colonies (-105) were plated and screened with the
rat Tsc2 cDNA probes. Cosmid DNA was isolated from the positive
colonies and their inserts analyzed by restriction enzyme digestion.

Sequencing reaction and analysis

Nucleotide sequences ofcDNA clones were determined using a T7
sequencing kit (Phannacia) with [32p]- or [35s]dCTp (16).
Nucleotide sequences of the exon-intron boundaries were deter-
mined using cosmid DNAs (100 ng/each reaction) as templates and
a SequiTherm sequencing kit (Epicentre Technologies) according to
the supplier's instructions. To determine sequences of the exon-
intron boundaries, various sequence specific primers were designed
from the cDNA sequence. After obtaining initial sequence informa-
tion, next primers were designed to cover entire coding exons and
exon-intron boundaries. Direct sequencing of PCR products were
performed using a SequiTherm sequencing kit. Sequence analysis
was carried out using the GCG package (17).

Genomic PCR analysis

Cosmid DNAs (2 ng/each reaction) and genomic DNA (100
ng/each reaction) were used for intron amplification PCR with
various combinations ofprimers on the exons. PCR was performed
as described in RT-PCR analysis except for a longer extension
time (2 min) during amplification cycles. Products were separated
in 1% agarose gels to determine their lengths. Sizes of each intron
were estimated by subtraction of the length of the exon portion
from the size of the genomic PCR product (5).

RESULTS

Cloning and primary structure of the rat Tsc2 cDNA

Initially, we screened the oligo (dT)-primed cDNA library from an
adult rat kidney using a fragment covering a 3' portion of the
human TSC2 cDNA as a probe (4,5). Four positive clones were
isolated from -3 x 105 recombinant clones. The sequence of the
longest clone, 7al was established to extend from the nucleotide
corresponding to nucleotide 2428 of the human TSC2 cDNA to the
3' poly(A) tail (Fig. IA). However, it lacks the 126 bp correspond-
ing to that from nucleotides 2856-2981 of the human TSC2 cDNA
(see below). To isolate cDNAs covering the 5' part of the Tsc2
transcript, -2 x 105 recombinant clones from a random-primed
adult rat kidney cDNA library were screened using the 0.7 kb
EcoRI fragment from the 5' part of 7al as a probe. One of three
positive clones, 2a2, had a 3.3 kb fragment covering most of the
5' part of the Tsc2 transcript, but still lacked a putative translational
initiation codon (Fig. 1). Therefore, we cloned the remaining
5' terminal part of the rat Tsc2 cDNA by 5'-RACE. Several
5'-RACE products contained an identical sequence homologous to
the 5'-terminal part of the human TSC2 cDNA and has a putative
translation initiation codon at the identical position to the human
sequence (12). The entire length of the rat Tsc2 cDNA comprising
these clones (7a1, 2a2 and 5'-RACE clones) is 5375 bp (Fig. 1).
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Figure 1. Structure of the rat Tsc2 cDNA. Restriction maps of the two cDNA clones and one 5' RACE clone are shown below the schematic representation of the
rat Tsc2 cDNA structure. The hatched box indicates the coding region deduced from the nucleotide sequence. Two insertions of the alternatively spliced exons found
by RT-RCR are also shown above. Restriction enzymes are NcoI (N), BgmI (Bg), EcoRI (E), BamHI (Ba) and SnaI (S). The entire nucleotide sequence of the rat Tsc2
cDNA clone and two alternative splicing exons was deposited in EMBIJGenBank/DDBJ database (accession no. D50413).

The identity of its sequence to the human TSC2 cDNA is -86%
other th the missing 126 bp described above. The 5'- and
3'-non-coding regions are 35 and 108 bp, respectively. A poly(A)
addition signal (5'-AATAAA-3') is present 24 bp upstream from
the poly(A) tail. A polypeptide consisting of 1743 amino acid (aa)
residues is predicted from this cDNA sequence, with -92% aa
sequence identity to the human TSC2 product other than the 42 aa
residues encoded by the missing 126 bp. The GAP3 homologous
domain (39 aa residues) is conserved between man and the rat with
one conservative amino acid substitution (valine to isoleucine in
the rat) (data not shown) (12). Altiough the presence of a

leucine-zipper like domain in the amino tenninal part ofthe human
TSC2 product was suggested, one of the leucine repeats is
substituted by proline (aa 95) in the rat Tsc2 aa sequence (data not
shown). A direct repeat of nine amino acid residues is completely
identical to that ofthe human TSC2 product (data not shown) (12).
A stretch of 41 aa residues mostly divergent from the human
sequence was found between amino acids 1098 and 1138 (exon 29;
see below) with a total of23 residues showing replacement. In both
human and rat sequences, this region is rich in proline, glycine and
alanine residues (data not shown).

Alternative splicing of the rat Tsc2 gene

As noted above, we obtained cDNA clones which lack the 126 bp
corresponding to the sequence from nucleotides 2856-2981 of
human TSC2 cDNA. To examine the possibility that this 126 bp is
subjected to an altemative splicing event, we performed RT-PCR
analysis using a primer set encompassing this region. As shown in
Figure 2A ('alternative splicing 1'), two bands were obtained from
both brain and kidney RNAs although ratios of upper and lower
bands differed. Subclones from the upper band had a 126 bp
insertion after nucleotide 2837 (Fig. 2B). As expected, this 126 bp
sequence is 94% identical to that from nucleotides 2856-2981 of

the human TSC2 cDNA (12). Among 42 aa residues generated by
insertion of this 126 bp, only two amino acid residues differ from
the human sequence (Fig. 2B). From these observations, we
predicted that this 126 bp might be an alternative splicing exon.

However, analysis ofthe genomic sequence revealed that, together
with this 126 bp, the following 5'-CAG-3' is also derived from an

alternatively spliced exon (thus, exon 25 is 129 bp) and that there
is a differential usage of the 3' exon splicing acceptor sites (Figs 2E
and 3B). To coincide with this, sequences of subclones fiom the
lower band were divided into two groups, one identical to the
cDNA clone and the other lacking three bases (5'-CAG-3';

nucleotides 2967-2969). Without these three bases, a serine
residue is absent from the amino acid sequence (Fig. 2C). Although
we did not observe these acceptor site variants in subclones from
the upper band, direct sequence analysis of the upper band
indicated that there are also two acceptor site variants (Fig. 2D).
Again, a serine residue is absent from the amino acid sequence
without the three bases. Thus, four types ofnucleotide sequence are

generated by these altemative splicing and differential acceptor site
usage events (Fig. 2E).
During our previous study for identification ofthe germ line Tsc2

mutation in the Eker rat, we identified another alternatively spliced
exon by RT-PCR (5). In Figure 2A (' altemative splicing 2'), a

result of RT-PCR analysis to distinguish the two splicing variants
is shown. Subclones from the lower band had a sequence identical
to the cloned cDNA, whereas those from the upper band contained
an additional 69 bp insertion after nucleotide 3814 (Fig. 2B). This
69 bp exon has a novel sequence as no conresponding one has been
described in the human TSC2 gene (12). Furthennore, searching of
the EMBIJGenBank data base showed no homologous sequence
in known DNA and RNA sequences. The insertion site (after
nucleotide 3814) of this 69 bp in the Tsc2cDNA is an exonjunction
site as we described earlier (5). By genomic sequence analysis, we
detected splicing donor (5'-GT-3') and acceptor sites (5'-AG-3')
adjacent to this 69 bp exon (see below).

Exon-intron structure of the rat lbc2 gene

To perform furier analysis of the Tsc2 mutations in Eker rat
tumors ('second hit') at the sequence level, we determined
exon-intron boundaries of the rat Tsc2 gene. We isolated two
overlapping genonic cosmid clones (cosTsc2-1 and cos 2dl)
covering the entie coding region ofthe Tsc2 gene (Fig. 3A). Using
these cosmid DNAs as templates, exon-intron boundaries were
determined by direct sequence analysis with various sequence-
specific primers designed from the Tsc2 cDNA sequence. There are
41 exons, including two altematively spliced exons, in the rat Tsc2
gene (Fig. 3). All introns start with the splicing donor site
consensus, 5'-GT-3', and end with the acceptor site consensus,
5'-AG-3'. The GAP3 homology region is divided into two exons,
36 and 37, at the codon for the second alanine residue. The most
diverged 41 aa stretch described above is located within one exon
(exon 29). The direct repeat of nine amino acid residues is also
encoded by one exon (exon 3). We estimated the size of each
intron by PCR-based assay or sequence analysis (Fig. 3).
Calculating from all these data, the size of the rat Tsc2 gene is
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Figure 2. Alternative splicing of rat Tsc2. (A) RT-PCR using two primer sets, RTSC27/RTSC 28 (alternative splicing 1) and RTSC I 8/RTSC21 (alternative splicing
2). Lanes: B, brain and K, kidney. Probes used for Southern blot are indicated below each panel. ALSP6 and ALSP1 are specific to the alternatively spliced exon.

RTSC50 and RTSC24 are the retained sequences in all variant spliced exons. Long and Short indicate the long exposure and short exposure of autoradiogram,
respectively. Sizes (bp) of each band are shown on the left side. (B) The nucleotide and deduced amino acid sequences of two alternatively spliced sequences. The
nucleotide numbers of insertion sites are shown above each sequence. Underlining denotes the alternatively spliced sequences. Bold underlining CAG is derived from
exon 25, but not exon 26. For alternative splicing I, amino acid (aa) residues different from human counterparts are indicated by italics. (C) The nucleotide and deduced
amino acid sequences of two acceptor site variants from the lower band in RT-PCR for alternative splicing 1. The nucleotide number of the guanine residue before

the exon junction site is shown above the sequence. The underlining denotes the residues subject to alternative acceptor site usage. (D) A result of direct sequence
analysis of the upper band from RT-PCR for alternative splicing 2. Nucleotide and deduced amino acid sequences are shown below. The underlining denotes the

nucleotide subject to alternative acceptor site usage. (E) Exon-intron organization and splicing events for alternative splicing 1. Exon and intron sequences are shown

by upper and lower case letters, respectively. The splicing donor and acceptor sites are marked by underlining.

estimated to be -35 kb without the promoter region. This value DISCUSSION
is similar to that (30-40 kb) estimated from results of genomic
Southern blot analysis with Tsc2 cDNA probes (T. K. et al., In the present study, we analyzed the structure ofcDNAs including
unpublished result). several alternative splicing variants and the exon-intron organization
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Figure 3. The exon-intron organization of rat Tsc2. (A) Schematic representation of the Tsc2 exons. The boxes with numbers denote the coding exons. Two stniped
boxes are alternatively spliced exons. Positions of the translational initiation codon (ATG) and stop codon (TAG) are marked below the first and last exon, respectively.
The 5' and 3' non-coding regions found in the cDNA sequence are shown by filled areas. Lines under the scheme denote the areas covered by two overlapping cosmid
clones. (B) Nucleotide sequences of the exon-intron boundaries of the Tsc2. Each line represents are exon (upper case latters) with the surrounding intron sequences
(lower case letters). On both sides of the parentheses for the number and size of each exon, the first and last five nucleotides are shown. For exon I and exon 41, only
the size of the coding regions is shown. The nucleotide numbers of the first and last residue of each exon, denoting the first 'A' of the initiation codon as 'nt 1', are
shown in parentheses before and after them, respectively. The size of each intron is shown in parentheses on the right side.

of the rat Tsc2 gene. The rat Tsc2 product shows a 92% amino acid 30) of the Tsc2 gene causes structural alteration of the Tsc2
identity to the human counterpart. The GAP3 homologous domain transcripts (5). Such mutant transcripts encode truncated products
is well conserved, suggesting that it might be functionally without one third of the carboxy temiinal part of the nornal Tsc2
important. In the Eker rat, a germ line insertional mutation (intron product (5). The GAP3 homologous domain is missing from the
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coding sequence in the mutant Tsc2 transcripts. We previously
reported allelic loss at the Tsc2 gene locus in RCs and even in the
earliest preneoplastic lesions, e.g. phenotypically altered tubules
developing in hybrid rats carrying the Eker mutation (8,9). One
plausible mechanism of tumor development in the Eker rat is loss
of the GAP3 homologous domain. However, other unknown
functions should also be considered. The observed strong con-
servation between rat and man should provide clues to establishing
unknown gene functions other than that already predicted from the
existence of the GAP3 homologous domain. Currently we are
trying to identify a novel function of the Tsc2 gene. The most
diverged exon 29 might code a 'hinge' or 'spacer' region of the
Tsc2 protein. A germ line insertion occurred at the intron 30 in the
Eker rat.
The rat Tsc2 gene consists of41 exons with relatively small sized

introns and the length of rat Tsc2 gene covering the entire coding
exons is -35 kb, although we can not exclude the possibility of a
few alternative spliced exons or non-coding exons in the 5'
upstream region. It was also suggested that the human TSC2 gene
might be <50 kb (12). Based on the present data, we can design
exon amplification primers for PCR-SSCP analysis. We are now
investigating the second hit (intragenic mutations including point
mutations) in LOH-negative tumors.
We have clearly demonstrated that there are two alternatively

spliced exons (exons 25 and 31) in the rat Tsc2 gene. Although we
observed a discrete band at -5.5 kb a Northern blot analysis using
the Tsc2 cDNA probe, it may be a mixture of several splicing
variants (5). The sequence of exon 25 is conserved in man,
although it is not known whether this homologous exon is also
subjected to alternative splicing. A mouse Tsc2 cDNA clone
without the sequence homologous to exon 25 was reported,
indicating that a similar alternative splicing event might occur in
mice (18). In addition, there is a differential usage of splicing
acceptor sites during the splicing reaction between exons 24 and
26, or exons 25 and 26. The meaning and the importance of this
differential acceptor usage remains for future study. Another
alternatively spliced exon (exon 31) is a novel exon as a
homologous sequence has not been reported in the human TSC2
gene. It is noteworthy that there might be at least four different
types of Tsc2 transcripts in the rat, produced by differential usage
combinations of exons 25 and 31. The function of the Tsc2
products may diverge between splicing variants. As noted from
RT-PCR analysis, both tissue- and cell-type specific expression of
these splicing variants may occur. We are now analyzing such
specificity using antibodies against peptides encoded by each
alternatively spliced exon.
Human tuberous sclerosis is an autosomal dominant genetic

disease characterized by phakomatosis with manifestations that

include mental retardation, seizures and angiofibroma. Thus, the
same gene shows diverse phenotypes between species. Although
human tuberous sclerosis is known to be associated with develop-
ment of RCs, nothing is known to date about the molecular
mechanism. The Eker rat therefore continues to be a valuable
experimental model for elucidating TCS2 gene role in renal
carcinogenesis, as well as studying species-specific phenotypes.
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