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Abstract

Thiopurine methyltransferase (TPMT) catalyzes S-methyla-
tion of thiopurine drugs such as 6-mercaptopurine. Large
variations in levels of TPMT activity in human tissue can
result from a common genetic polymorphism with a series
of alleles for low activity. This polymorphism is an impor-
tant factor responsible for large individual variations in thio-
purine toxicity and therapeutic efficacy. We now report a
new variant allele, TPMT%*4, that contains a G - A transi-
tion that disrupts the intron/exon acceptor splice junction at
the final 3’ nucleotide of intron 9, the terminal intron of the
TPMT gene. This new allele cosegregated within an ex-
tended kindred with reduced TPMT activity. We attempted
to determine the mechanism(s) by which the presence of
TPMT#*4 might result in low enzyme activity. Although very
few mature transcripts derived from allele TPMT*4 were
detected, the mutation did lead to generation of at least two
aberrant mRNA species. The first resulted from use of a
novel splice site located one nucleotide 3’ downstream from
the original splice junction. That mRNA species contained a
single nucleotide deletion and a frameshift within exon 10,
the terminal exon of the gene. The second novel mRNA spe-
cies resulted from activation of a cryptic splice site located
within intron 9, leading to inclusion of 330 nucleotides of in-
tron sequence. That sequence contained a premature trans-
lation termination codon. TPMT*4 is the first reported al-
lele for low TPMT activity as a result of a mutation within
an intron. These observations also provide insight into
mechanisms of mRNA processing after disruption of a ter-
minal exon splice junction. (J. Clin. Invest. 1998. 101:1036—
1044.) Key words: methyltransferase « pharmacogenetics »
thiopurines « genetic polymorphism « RNA processing

Introduction

Thiopurine methyltransferase (TPMT; EC 2.1.1.67)! is a cyto-
solic enzyme that catalyzes the S-methylation of aromatic and
heterocyclic sulfhydryl compounds, including the thiopurine
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drugs 6-mercaptopurine (6-MP) and 6-thioguanine (1-3). The
immunosuppressant agent azathioprine is converted to 6-MP
in vivo (4), so the active metabolite of azathioprine is also a
substrate for TPMT. Thiopurines are used to treat patients
with neoplasia and autoimmune disease as well as recipients of
transplanted organs (4). Levels of TPMT activity and immu-
noreactive protein in human tissue are controlled by a com-
mon genetic polymorphism that is an important factor respon-
sible for large individual differences in thiopurine toxicity and
therapeutic efficacy (5-9). Allele frequencies for this polymor-
phism are such that ~ 1 in 300 Caucasians is homozygous for
the allele or alleles for the trait of very low activity, ~ 11% of
subjects are heterozygous and have intermediate activity, and
~ 89% are homozygous for the allele or alleles for high en-
zyme activity (5). Patients with genetically very low or unde-
tectable levels of TPMT activity develop severe myelosuppres-
sion when treated with standard doses of thiopurines, while
the same doses may undertreat patients with very high levels
of enzyme activity (10-16). Because of its important clinical
consequences, determination of TPMT phenotype in the red
blood cell (RBC) has become a standard clinical pharmacoge-
netic test in some centers (17). Levels of TPMT activity in the
RBC are highly correlated with relative levels of the enzyme
activity in other human tissues and cells such as the kidney,
liver, and lymphocyte (2, 18, 19).

TPMT cDNAs have been cloned from T84 human colon
carcinoma cells and from human liver (20, 21). A TPMT-pro-
cessed pseudogene with a sequence that is 96 % identical to that
of the open reading frame (ORF) of the TPMT cDNA has also
been cloned and mapped to human chromosome band 18q21.1
(21). The active gene for the enzyme is ~ 34 kb in length, con-
sists of 10 exons, and has been localized to chromosome band
6p22.3 (22). The wild-type allele for high TPMT activity has
been designated TPMT*1 (22), and to date eight variant alleles
for very low TPMT activity, including the allele described
here, have been reported (22-25). The most common of these
in Caucasians, TPMT*3A, represents 55-70% of all variant al-
leles for very low TPMT activity (24, 25). TPMT*3A contains
two point mutations, G460-A and A719- G, resulting in
Alal54 - Thr and Tyr240- Cys amino acid substitutions, re-
spectively (see Fig. 1; 22, 24). When cDNAs containing either
or both of these mutations were transiently expressed in COS-1
cells, the presence of each independently as well as both to-
gether resulted in striking decreases in the expression of both
TPMT enzymatic activity and immunoreactive protein (22).
Each of these two polymorphisms, that involving nucleotide
460 and that involving nucleotide 719, can also occur indepen-
dently (25). The allele that contains only the G460 A poly-
morphism has been designated TPM T*3B, while that with only
the A719- G polymorphism has been designated TPMT*3C
(see Fig. 1; 25, 26). In the course of studies of the molecular
basis for the TPMT genetic polymorphism, we identified a
subject with very low activity who was heterozygous for
TPMT#*3A, and a new variant allele that contained a point mu-
tation located at the final intron/exon 3’ splice junction of the



gene. In this study we set out to determine whether this new
variant allele cosegregated with low TPMT activity within an
extended pedigree, and, if so, to study the mechanism by which
the mutation resulted in decreased enzyme activity.

Methods

Blood sample acquisition and preparation. Blood samples were ob-
tained from ten members of an extended pedigree. Phenotypes for
the TPMT genetic polymorphism had been determined previously in
these subjects by measuring TPMT activity in RBC lysates, and are
listed in the pedigree shown in Fig. 2 (5). All of the subjects were of
Northern European ancestry. Genomic DNA was isolated from
whole blood samples by use of the QIAamp Blood Kit (QIAGEN,
Inc., Chatsworth, CA). This study was approved by the Mayo Clinic
Institutional Review Board, and informed consent was obtained from
all participants.

TPMT enzymatic assay. TPMT activity was measured with the
radiochemical enzymatic assay of Weinshilboum et al. (27), an assay
that is based on methylation of 6-MP with ['*C-methyl]-S-adenosyl-
L-methionine as the methyl donor. One unit of enzyme activity repre-
sented formation of 1 nmole of 6-methylmercaptopurine per hour of
incubation.

TPMT polymorphism detection and characterization. Individual
exons of the TPMT gene were amplified by use of the PCR with in-
tron-based primers to avoid amplification of the TPMT processed
pseudogene (21). PCR amplification products were sequenced using
dye primer cycle-sequencing chemistry to facilitate detection of het-
erozygous samples (28). PCR amplifications and DNA sequencing
were performed exactly as described by Otterness et al. (25). For pur-
poses of this report, the TPMT gene sequence of samples with high
levels of enzyme activity reported by Szumlanski et al. (22) was de-
fined as the wild-type.

TPMT intron 9 sequence. TPMT intron 9 was sequenced from a
pBluescript SK subclone of the Lawrist 4 cosmid human genomic
DNA clone that had been used to determine the TPMT gene se-
quence (22). The subclone was sequenced directly with the ABI
PRISM Dye Terminator Cycle Sequencing Kit (Applied Biosystems,
Inc., Foster City, CA). TPMT GenBank accession no.s U30517 and
U30518 have now been updated to include the 1352-bp sequence of
intron 9. Intron 9 was also sequenced by dye primer chemistry using
DNA isolated from the proband in which the allele TPM T*4 was dis-
covered.

Reverse transcription(RT)-PCR and RFLP analysis. 8 ml of whole
blood was obtained from the index subject, from a homozygous wild-
type control subject, and from a control subject heterozygous for the
nucleotide 719 polymorphism (i.e., a subject with TPMT genotype
*1/*%3C; see Fig. 1). Lymphocytes were isolated from each of these
blood samples by Ficoll-Paque density gradient centrifugation (Phar-
macia LKB Biotechnology Inc., Piscataway, NJ), and total RNA
was isolated from the lymphocytes with the Qiagen RNeasy kit
(QIAGEN Inc.). The RNA samples were treated with DNase I (Boeh-
ringer Mannheim Biochemicals, Indianapolis, IN), and first-strand
cDNA was synthesized with the Pharmacia First Strand cDNA Syn-
thesis kit (Pharmacia LKB Biotechnology Inc.). The primers used to
synthesize cDNA were either a TPM T-specific reverse primer, R971,
a primer that anneals to the 3’ untranslated region of the TPMT
mRNA, or the Not I-d(T),; primer provided with the kit (Table I).
The numbering scheme for all primers, with the exception of those
for introns, was based on the TPMT cDNA sequence. The A in the
ATG translation initiation codon was at position +1. The cDNA syn-
thesized with these primers was then used as template for the PCR.
Initially, primers F515 and R971, primers that anneal to sequence
within TPMT exons 8 and 10, respectively, were used to perform
RT-PCR with first-strand cDNA generated with primer R971. Am-
plification products were subcloned into the vector pCR2.1 (Invitro-
gen Corp., San Diego, CA). DNA was isolated from overnight cul-

tures with the Wizard miniprep DNA isolation kit (Promega Corp.,
Madison, WI) and was digested with 5 U of Acc I (Boehringer Mann-
heim Biochemicals) for 4 h at 37°C. Acc I-resistant subclones were
then sequenced.

A similar RT-PCR amplification was performed with the same
primers, but in this case the first-strand cDNA was generated with the
primer Not I-d(T);;. Amplification products from these reactions
were isolated by agarose gel electrophoresis, extracted from the gel
with the Gene Clean kit (BIO 101, La Jolla, CA), and subjected to
AccI (5 U) digestion for 4 h at 37°C. The DNA fragments were sepa-
rated by electrophoresis on a 3.5% NuSieve Gel (FMC Bioproducts,
Rockland, ME). Undigested product amplified from the index sub-
ject’s cDNA was extracted from the gel, and was subcloned into
pCR2.1 before sequencing.

In a separate series of experiments, TPMT primers F231 and
R523, primers that anneal to sequence within 7PMT exons 5 and 8,
respectively, were used to perform RT-PCR with first-strand cDNA
generated with the Not I-d(T),s primer from the index subject, and
from a homozygous wild-type control subject. A TPMT*3A cDNA
expression construct was also used as template for the PCR to gener-
ate a control amplification product for Mwo I restriction digestion.
These amplification products were isolated by agarose gel electro-
phoresis, extracted with the Gene Clean kit, and subjected to diges-
tion for 4 h at 60°C with 5 U of Mwo I (New England Biolabs Inc.,
Beverly, MA). The DNA was then analyzed on a 3.5% NuSieve Gel.

TPMT primers F231 and I9R977 or I9R1305, primers that anneal
to sequence within exon 5 and intron 9, respectively, as well as
19F1298 and NotI-d(T),s, primers that anneal to TPMT intron 9 se-
quence and to the cDNA poly (A) tract, respectively, were also used
to perform RT-PCR. Products obtained after amplification per-
formed with primer pair F231, and I9R1305 or primer pair 19F1298
and Not I-d(T),s were subcloned into pCR2.1 without prior agarose
gel purification, and positive colonies were analyzed to determine
which might contain appropriate inserts by performing the PCR with
the primers used originally to generate the subcloned inserts. DNA
was then isolated from overnight cultures of positive colonies, and
was sequenced.

Finally, Southern blot analysis (29) was performed with RT-PCR
products that had been generated with primer pair F515 and R971 or
with primer pair F515 and I9R1305 to allow a semiquantitative esti-
mate of the concentration of TPMT*4 mRNA as compared with that
derived from allele *3A. To perform these experiments, primer R625
was 5’ end-labeled with [y-*P]ATP (ICN Biomedicals, Inc., Irvine,
CA) by use of T4 polynucleotide kinase (Promega Corp.). Hybridiza-
tion was performed with ExpressHyb (Clontech, Palo Alto, CA) ac-
cording to the manufacturer’s protocol. Serial dilutions of the RT-
PCR product generated with primer pair F515 and R971 served as a
standard curve that was used to estimate relative quantities of *3A4
and *4 RT-PCR amplification products. The Southern blots were an-
alyzed by densitometry performed with the Ambis optical system
(Scananalytics, Billerica, MA). Exposure times for x-ray film were
then adjusted to obtain a linear standard curve within the concentra-
tion range of interest.

Results

Segregation analysis

The original report of inheritance of levels of RBC TPMT ac-
tivity included two kindreds and one family identified on the
basis of a proband homozygous for the trait of very low RBC
TPMT activity (5). We returned to those pedigrees to deter-
mine the genotypes of proband subjects after DNA sequences
for a series of variant alleles for very low TPMT activity had
been identified (25, 26). The probands in families FA35 and
FA37 were both homozygous for TPMT*3A, the most com-
mon variant allele in Caucasians (22, 25). However, the
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Table 1. Sequences of Primers Used to Perform PCR Amplifications

Primer designation Primer location

Primer sequence

Exon sequence determination

—21M13F —
MI13R —
12F (—-87) Intron 2
I3R153 Intron 3
13F (—179) Intron 3
14R207 Intron 4
I4F (—141) Intron 4
I5R234 Intron 5
I5F (—224) Intron 5
16R110 Intron 6
16F467 Intron 6
17R54 Intron 7
17F (—199) Intron 7
I8R146 Intron 8
18F (—108) Intron 8
I9R38 Intron 9
19F1298 Intron 9
R971 Exon 10
Intron 9 sequence determination
I8F (—108) Intron 8
19F96 Intron 9
19F347 Intron 9
19F463 Intron 9
19F829 Intron 9
19F1087 Intron 9
19R247 Intron 9
I9R503 Intron 9
T9R608 Intron 9
T9R830 Intron 9
I9R1189 Intron 9
T9R1305 Intron 9
R821 Exon 10
RT-PCR

F515 Exon 8
R971 Exon 10
F231* Exon 5
R523* Exon 8
R625% Exon 9
I9R977 Intron 9
T9R1305* Intron 9
19F1298 Intron 9
Not I-d(T)5 Poly (A) tract

TGTAAAACGACGGCCAGT
CAGGAAACAGCTATGACC
ACTGCTAAGAATAATAGGTTTTCATTTAGTTC
GCCACAGATGCACTGTGACTCGGGAG
TACCACTGACTGGGTGTGTGTCTGA
CTCAATCCAGAAAGACTTCATACCTGTT
CCTGCATGTTCTTTGAAACCCTATGAA
GCTTGAGTACAGAGAGGCTTTGACCTC
TGTCCTCTGTGATATTCCTCTGAGTTG
GTGGATGTTACACAGGAGGAAGAGAG
CTCCACACCCAGGTCCACACATT
GTATAGTATACTAAAAAATTAAGACAGCTAAAC
CCCAGCTTAGGCAGGGGCCATAA
TCCAAACTGGAATTATCTCCATGTA
GAGAAGAACATGCCACATCATCACCTA
TTTGTTTAAAAAGTTACAGCATAAGT
AATCCCTGATGTCATTCTTCATAGTATTT
CACATCATAATCTCCTCTCC

GAGAAGAACATGCCACATCATCACCTA
TGGGAGGCCAAGGTGGGCAGATCA
AACCTATTGTGAACTATTAG
TATGCTCTGTATATATGCTATATG
GCCCAGTGGTGTATTTATTTTTACTC
CCTGCCTCAACCTCCCAAGTAGCT
CCATGCCTCAGCCTCTCAAATAGT
ATACCTTTAACATAGAGCATATAG
GAGCTGTGATTGCACTTCTGTACT
GCATGGCGGCTCATGCCTCTAATC
GCCTGGCCAAGATGGTGAAACTCT
CAGGGATTCTTTTAAAAATACTC
CATCCATTACATTTTCAGGCTTTAGCATAAT

CCCTCCTGGGAAAGAAGTTTCAGTATC
CACATCATAATCTCCTCTCC
ATGGTTTGCAGACCGGGGAC
CCAGGAGGGAAAACATTGTATCTG
CAAACAACCTTTCAATTTCAGC
CCTTGAAATTATTTTAAAAACAG
CAGGGATTCTTTTAAAAATACTC
AATCCCTGATGTCATTCTTCATAGTATTT
AACTGGAAGAATTCGCGGCCGCAGGAAT 4

Eighteen nucleotides of the —21M13F or M13R sequences were added to the 5’ ends of each forward and reverse primer, respectively, to make it pos-
sible to use dye primer DNA sequencing chemistry (see Methods). In the abbreviations used to designate primers, /, intron; F, forward; and R, re-

verse. *Indicates those primers that did not contain M13 sequences.

proband in kindred FA45 was heterozygous for the allele *3A
polymorphisms at nucleotides 460 and 719, and had no other
nucleotide polymorphisms within the ORF. Therefore, either
this subject carried a new variant allele that affected nucle-
otides outside of the ORF, or he was a compound heterozy-
gote for TPMT*3B/*3C, i.e., he carried the nucleotide 460 and
719 polymorphisms on separate alleles (Fig. 1). Either of those
situations would result in very low TPMT activity. In an at-
tempt to determine the cause of very low enzyme activity in
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this subject, we sequenced all TPMT exons that encode pro-
tein (exons 3-10) as well as their intron/exon splice junctions
using DNA from the proband and his immediate family mem-
bers. DNA sequencing was performed with dye primer rather
than dye terminator chemistry to facilitate detection of het-
erozygous sequence (28).

Use of this approach led to discovery of a new point muta-
tion located at the intron 9/exon 10 splice junction, which con-
sisted of a G - A transition at the final nucleotide of the intron.
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Figure 1. Selected human TPMT alleles. The figure depicts schemati-
cally the wild-type allele for TPMT (TPMT*I) as well as four variant
alleles for very low enzymatic activity. Black rectangles represent ex-
ons that encode ORF sequence, while white rectangles represent ex-
ons or portions of exons that encode untranslated region sequence.
Numbers above the rectangles represent exon numbers. Exon sizes are
proportional to the relative lengths shown, but introns vary greatly in
length (22) even though they have been depicted here as equal in
length.

Furthermore, this mutation cosegregated within the kindred
with reduced TPMT activity, and it segregated independently
of the two *3A polymorphisms at nucleotides 460 and 719 (Fig.
2), confirming its location on an alternative allele and demon-
strating that the proband was not a compound heterozygote
for alleles *3B/*3C. We designated this new allele TPMT*4.
Both the proband and his brother had very low RBC TPMT
enzymatic activity, and both were compound heterozygotes for
alleles *3A and *4 (Fig. 2). All members of the third genera-
tion of this family had intermediate TPMT enzymatic activity
(< 9.5 U/ml RBC), and all of them were heterozygous for ei-
ther allele *3A or *4 paired with the wild-type allele (Fig. 2).
Because subject I-1, the grandfather in the family, was het-
erozygous for alleles *I and *3A, we concluded that allele *4
had been inherited from subject I-2, the grandmother, a sub-
ject with very low RBC TPMT activity (Fig. 2). Unfortunately
she was deceased, so we were unable to determine her geno-
type, although her level of RBC TPMT activity had been mea-
sured in the course of the original RBC TPMT population and
family studies (5). Both TPMT genotypes and levels of RBC
TPMT activity for members of this kindred are shown in Fig. 2.
The next step in our analysis was to study the molecular conse-
quences of the TPMT*4 allele, i.e., the mechanism(s) by which
it resulted in low TPMT enzymatic activity.

TPMT*4 molecular mechanisms

Exon skipping is the most common consequence of mutations
that disrupt splice sites (30). However, the TPMT*4 mutation
affected the 3’-end of the final intron of the gene, making it
impossible in the usual sense to skip the affected exon and pro-
ceed to the next. Therefore, we set out to study the functional
consequences of this particular splice site mutation. The strat-
egy involved use of RT-PCR performed with mRNA isolated

from peripheral blood mononuclear cells; cells known to ex-
press TPMT, and in which the relative level of enzyme activity
is correlated with that expressed in the RBC (18). However,
since the index subject was a compound heterozygote for al-
leles *4 and *3A, it was necessary to be able to discriminate
mRNA species derived from those two alleles. To make that
possible, we took advantage of the creation or disruption of re-
striction sites by the two polymorphisms present in allele *3A.
The two *3A polymorphisms bracket the location of the *4
mutation, i.e., they are located on either the 3’ or 5’ side of the
*4 mutation. Specifically, the allele *3A nucleotide 719 poly-
morphism creates an Acc I restriction site that is not present in
either the wild-type allele or in allele *4, a restriction site that
is located downstream of the *# mutation. Conversely, the *3A
polymorphism at nucleotide 460 destroys a Mwo I restriction
site that is present in both the wild-type allele and in allele *4,
a restriction site located upstream of the *4 mutation. Since
exon skipping in the usual sense could not take place with the
TPMT*4 splice site mutation, alternative mechanisms had to
be considered. Included among possible functional conse-
quences of the *4 mutation would be use of a novel splice site
created by the mutation itself, use of an alternative polyadenyl-
ation signal located within intron 9 (i.e., skipping of exon 10 by
excluding it from the terminus of the mRNA), or activation of
a cryptic splice site located within TPMT intron 9 that is not
usually used. A series of RT-PCR experiments was then per-
formed to search sequentially for one or a combination of
these possible functional consequences of the TPMT*4 muta-
tion.

TPMT
PEDIGREE FA45

(*1/*3A)

IT

2
(*17*1)
[14.4]

(*3A7*4)

11

1 2 3 4 5
(*1*4)  (*1/'3A) (1°4)  (*1/4)  (*1/3A)
[8.1] [7.5] [6.1] [5.7] [5.9]

. = low TPMT activity
E = intermediate TPMT activity
[ ] = high TPMT activity

Figure2. TPMT*4,*3A, and *] segregation within a pedigree. TPMT
genotypes are indicated in parentheses, and RBC TPMT enzyme ac-
tivities in U/ml packed RBCs are shown in brackets. Circles represent
women, and squares represent men. The proband is indicated with an
arrow.
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Figure 3. TPMT RT-PCR and

TPMT RT-PCR

RFLP analyses. (A) Schematic de-

piction of the RT-PCR and Acc 1

A (Accl) B RFLP analyses of TPMT*4, *3A,
A460 G719 and */. In this and subsequent fig-
Accl Di gesti on ures, numbers within the rectangles
TPMT*3A I 1 I3 I 2 I 5 I 6 I 7 I 8 I9 I 10 I refer to exon numpers. Leng.ths of
exons 1-9 are depicted as being
Fi’i Accl =ass equal, although they differ in length
o (see Fig. 1). Exon 2 is not included
R971 252 because, as a result of alternative
(Mwol) -4—204 splicing, that exon is represented in-
G460 AT19 frequently in mature TPMT mRNA
(22). (B) Acc I endonuclease diges-
TPMT"4 I 1 Iil 4 I 5 I 6 I 7 I 8 I 9 I 10 I (‘\ 5?' '50 tion of RT-PCR products from a
Tf-"aﬂ:;;j'*f F515 e ;.DX ;‘\? wild-type control subject (*1/*1); the
= proband (*4/*3A); and a heterozy-
-~ gous control subject (*1/*3C). See
i, L text for details.

Novel splice site usage. The point mutation present in
TPMT*4 created a novel splice site since the first nucleotide in
exon 10 is a G. Therefore, the mutation created a new AG se-
quence located one nucleotide 3’ of the original AG (Table
II). To determine whether splicing of mRNA occurred at this
point in transcripts derived from TPMT*4, RT-PCR was per-
formed with first-strand cDNA prepared from the proband,
and with primers F515 and R971, primers that annealed to
TPMT exons 8 and 10, respectively. Use of these primers
made it possible to use Acc I digestion of the nucleotide 719
polymorphism within *3A4 exon 10 to differentiate between
mRNA derived from alleles *3A and *4 (Fig. 3 A). The ampli-
fication products obtained from this reaction were subcloned
and analyzed by restriction digestion performed with Accl.
Analysis of 98 subclones revealed only one that contained the
product expected from a *4 transcript, a product in which exon
10 was shortened by a single nucleotide as a result of use of the
novel splice site created by the *4 mutation (Table IT). There-
fore, although use of the novel splice site did occur, it appeared
to be a rare event. We tested that conclusion further by per-
forming a second independent experiment.

The strategy used in the second experiment involved an at-
tempt to enhance the capture of subclones derived from tran-
scripts that used the novel splice site created by the *4 muta-
tion. In this experiment, RT-PCR products generated with

Table II. TPMT Intron 9/Exon 10 Acceptor Splice Sites

primer pair F515 and R971 were subjected to Acc I digestion
before rather than after subcloning. In addition, a sample
homozygous for the wild-type allele that lacks the Acc I re-
striction site, and a sample from a subject heterozygous at
nucleotide 719 (genotype *1/*3C; Fig. 1) and, therefore, het-
erozygous for the Acc I restriction site, were included as con-
trols for the restriction digestion. In this case, the wild-type
control sample, which lacks the Acc I site, would be expected
to generate a DNA fragment 456 bp in length, while the sam-
ples heterozygous for either */ or *4 with *3A would be ex-
pected to have three fragments 456, 252, and 204 bp in length
(Fig. 3 B). Restriction digestion of the RT-PCR amplification
product generated with cDNA from the proband predomi-
nantly yielded two cleavage fragments 252 and 204 bp in
length (Fig. 3 B). However, a faint uncleaved product re-
mained after digestion with Acc I. This 456-bp product was
isolated by agarose gel electrophoresis, and was subcloned to
determine whether it was derived from *4. Sequencing demon-
strated that DNA from these subclones contained only prod-
ucts generated from allele *3A. Therefore, the faint 456-bp
band shown in the lane labeled *4/*3A in Fig. 3 B apparently
resulted from incomplete Acc I digestion of the RT-PCR
product. These observations supported the results obtained
during the initial experiment, and confirmed that use of the
novel splice site generated by the *4 mutation was a rare event.

3’ Splice site consensus sequence

=7 -6 -5 —4 -3 -2 -1 +1 Position
Y Y Y N C A G G Nucleotide
86 91 87 78 100 100 55 Percentage

—14 -13 -12 -1 —-10 -9 -8
Y Y Y Y Y Y Y
3’ Splice sites 78 81 83 89 85 82 81
WT 1339*
Novel 1340*
Cryptic 1009* C T C T T G T

N e S N AN N N PN P

T G C C T A G G

The consensus 3’ splice site sequence (38) is compared with that of the wild-type TPMT*I allele (WT) as well as the novel splice site created by the
TPMT*4 mutation and the cryptic splice site that can be activated within intron 9 in the presence of the TPMT*4 mutation. Y designates a pyrimidine,
and N designates any base. The invariant AG splice site sequence is boxed. Dotted lines connect identical nucleotides, locations of which have been
displaced by the TPM T*4 mutation. * Indicates the location of the initial intron 9 nucleotide for the sequence listed.
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They also indicated that mature transcripts derived from allele
*4, at least transcripts that included sequence extending from
exon 8 to exon 10, were rare. The next functional consequence
of the *4# mutation tested was the possible use of a polyadenyl-
ation signal located within intron 9, resulting in exclusion of
exon 10 from the mature mRNA.

Alternative polyadenylation site usage. Use of a polyade-
nylation signal located within intron 9 would result in termina-
tion of the transcript within intron 9 and, therefore, in exclu-
sion of exon 10 from the transcript. The RT-PCR primers used
to perform the preceding set of experiments, primers that an-
nealed within exons 8 and 10, would fail to detect transcripts
that terminated within intron 9. To determine whether such
mRNA species might be generated, RT-PCR was performed
with cDNA prepared from the proband as well as a control
cDNA sample from a subject homozygous for the wild-type al-
lele and an additional control for allele *3A (see Methods). In
this case, the primers used were F231 and R523, primers that
anneal to exons 5 and 8§, respectively. The template cDNA for
these experiments had been generated with the NotI-d(T);
primer. Mwo I restriction digestion was used to distinguish be-
tween amplification products derived from alleles *1, *3A, and
*4. RT-PCR products generated from allele *4 would be
cleaved by Mwo I. However, products amplified from allele
*3A would not be digested because the *3A polymorphism at
nucleotide 460 disrupts this restriction site (Fig. 4). As antici-
pated, the wild-type control sample was cleaved by Mwo I, and
its digestion generated DNA fragments of the appropriate
sizes. The *3A control, which contained the nucleotide 460
polymorphism that disrupts the Mwo I site, was not cleaved.
The product generated by amplification of DNA isolated from
the proband also showed no evidence of restriction digestion
with Mwo I (Fig. 4 B). Therefore, only RT-PCR products gen-
erated from allele *3A could be detected in the sample from
the proband. These results were compatible with the conclu-
sion that activation of an alternative polyadenylation signal lo-
cated upstream of the *4 splice site mutation is an infrequent
event if it occurs at all. These observations were also compati-
ble with the conclusion that very few mature *4 transcripts, at
least transcripts that included TPMT exons 5-8, were present.
The final possible functional consequence of the *4 mutation

to be tested was activation of a cryptic splice site located within
intron 9.

Cryptic splice site usage. Activation of a cryptic splice site
is the second most frequent consequence of mutations that al-
ter splice junctions (30). Since most cryptic splice sites are lo-
cated relatively near the authentic splice site (30), we first
needed to determine the entire DNA sequence of intron 9 to
know whether it might contain potential 3’ splice site se-
quences. Because the original report of the TPMT gene struc-
ture (22) included only a portion of the sequence of intron 9,
we sequenced the entire intron from both the TPMT genomic
DNA clone used originally to determine the gene structure
(22), and DNA isolated from the TPMT*4 proband. Intron 9
consisted of 1352 nucleotides and included three Alu se-
quences. Other than the TPMT*4 mutation at the 3’ splice
junction, the only variant sequence within the intron of the
proband was located at intron nucleotide 900. At that point,
the proband’s DNA was heterozygous for G/T, while the wild-
type sequence was G. Segregation analysis confirmed that in
this kindred, allele *4 had a T at nucleotide 900, while *3A had
a G at that position. Analysis of the DNA sequence of intron 9
revealed several possible cryptic 3’ splice sites and associated
branch points, one of which was subsequently demonstrated to
be capable of activation in allele *4.

To test for cryptic splice site activation, RT-PCR was per-
formed with cDNA from the proband as template and with
primer F231 (exon 5-specific) paired with either intron 9-spe-
cific primer I9R977 or primer I9R1305 (reverse primers that
began at intron 9 nucleotides 977 and 1305, respectively; Fig.
5). Neither of these intron 9-specific primers annealed to the
Alu sequence. No detectable amplification product was ob-
tained with primer pair F231 and I9R977. However, two am-
plification products ~ 490 and 670 bp in length, respectively,
were obtained when primer F231 was paired with I9R1305
(Fig. 5). These two products were subcloned into pCR2.1, and
125 subclones were tested by performing the PCR with primer
pair F231 and I9R1305 to determine whether they contained
the expected inserts. Only six of the 125 clones were positive,
and these six clones were subjected to restriction digestion
with Eco RI to determine insert length. In all six cases, the in-
sert was ~ 670 bp long. When these clones were sequenced, all

TPMT RT-PCR
A Aflsn Grvo B
TPMT3A  [1]3]afs]e]7|s|o] 10 | Muwol Digestion
F231
—
R523
-+ 292
(g;:sag) AT19 - 229
el 0 3 03 1 0 2 o || S
TPMT*1 Eniy K\
— Mwol
R523

Figure 4. TPMT RT-PCR and
RFLP analyses. (A) Schematic de-
piction of the of RT-PCR and Mwo I
RFLP analyses of TPMT*4, *3A,
and */. (B) Mwo I endonuclease di-
gestion of RT-PCR products from a
wild-type control subject (*1/*1); the
proband (*4/*3A); and a TPMT*3A
sequence control (*3A4). See text for
details.
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Figure 5. RT-PCR analyses performed with TPMT intron 9-specific
primers. See text for details.

six contained TPMT*4 sequence that included exons 5-9, plus
a portion of intron 9 that extended from nucleotide 1023 to the
location of the reverse primer (Fig. 5). Selected clones that had
not tested positive during the analytical PCR performed with
the original primers were also digested with Eco RI to deter-
mine insert size. A majority of those clones contained inserts
that were ~ 490 bp in length, while a minority contained
smaller inserts. DNA sequencing demonstrated that these sub-
cloned products had been generated by nonspecific amplifica-
tion of cDNA by primer F231 and residual Not I-d(T),s primer
that had been carried over from the original first-strand cDNA
synthesis reaction. None of these subclones showed sequence
identity with TPMT. In summary, these experiments demon-
strated activation of a cryptic 3'-acceptor splice site located
within intron 9 of TPMT*4, with splicing between intron nu-
cleotides 1022 and 1023. That location included one of the po-
tential cryptic 3’ splice sites identified when we had sequenced
intron 9 (see Table II for the DNA sequence of this region).
This mRNA contained the 3’ end of TPMT intron 9 from nu-
cleotide 1023 onward in the 3’ direction.

In an effort to confirm and extend these results, RT-PCR
was also performed with an intron 9-specific forward primer,
I9F1298 (i.e., a primer located within that portion of the intron
retained as a result of cryptic splice site activation) paired with
a Not I-d(T);s reverse primer (Fig. 5). This experiment was de-
signed both to determine whether the usual 7TPM T polyadenyl-
ation site(s) was maintained when allele *4 underwent cryptic
splice site activation, and to obtain the 3’ terminus of the
resultant transcript. Performing this experiment would also

confirm retention of intron 9 sequence within this mRNA spe-
cies from nucleotide 1023 to the end of the intron. Two PCR
products ~ 520 and 1075 bp in length (Fig. 5) were amplified
with this set of primers when the template was cDNA pro-
duced from RNA isolated from the proband. We subcloned
and sequenced these amplification products and confirmed
that they contained a portion of intron 9 from nucleotides
1298-1352 (i.e., from the forward primer to the end of the in-
tron), together with exon 10. These products had been derived
from TPMT#*4 because the sequence at nucleotide 719 was
that of *4 and not *3A4, and the original intron 9 nucleotide
1352 was A, not G (i.e., it was the mutant *4 splice site nucle-
otide). The presence of PCR products of two different lengths
resulted from the use of two different polyadenylation signals
located within exon 10, and corresponded to the shorter two of
the three TPMT transcripts that have been observed for the
wild-type allele in most human tissues (21). No subclones that
contained transcripts generated from TPMT*3A were identi-
fied when intron 9-specific primers were used to perform ei-
ther set of RT-PCR experiments, i.e., activation of a cryptic
splice site occurred within intron 9 for allele *4, but not allele
*3A. Finally, in an attempt to quantitate the TPMT*4 tran-
script produced by cryptic splice site activation, we performed
Southern blot analyses using RT-PCR products generated
with either primer pair F515 and R971 or primer pair F515 and
I9R1305. Primers F515 and R971 annealed to exons 8 and 10,
respectively, and would be expected to result in an RT-PCR
product 457 bp in length from normally spliced TPMT RNA.
Primers F515 and I9R1305 annealed to exon 8 and within in-
tron 9, respectively, and would be expected to result in an RT-
PCR product 394 bp in length if the cryptic 3’ splice site within
intron 9 were activated. The amplifications performed with
primer pair F515 and R971 resulted in an RT-PCR product of
the expected size from both the proband (genotype *3A/*4)
and from the wild-type control sample. Primer pair F515 and
I9R1305 resulted in an RT-PCR product 394 bp in length only
with cDNA prepared from the proband. The quantity of this
cryptic splice site product was much less than that obtained
with the other primer pair. As shown in Fig. 6, serial twofold
dilutions (2-0.02 pl) of the product obtained with primer pair
F515 and R971 were used to estimate the quantity of product
obtained with primer pair F515 and I9R1305. Ten times the
amount of the cryptic splice site product, in comparison to the
highest concentration of the standard curve, was analyzed on
the gel. These results demonstrated that mRNA, which con-
tained the 3’ portion of intron 9, accounted for only ~ 4-7% of
all TPMT transcripts (Fig. 6). No mRNA that contained intron
9 sequence was detected in a wild-type control sample (data

Figure 6. Southern analysis of

TPMT RT-PCR

TPMT RT-PCR products. Serial

twofold dilutions (2-0.02 pl) of

457 bp —> SR

TPMT*3A

-~ <«<— 394 bp

TPMT*4

RT-PCR product obtained with the
primer pair F515 and R971 for the
proband subject with genotype
TPMT*3A/*4 are shown on the left.
20 pl (10X the highest dilution
shown on the left) of RT-PCR prod-
uct obtained with primer pair F515
and I9R1305 for the same subject is
shown on the right. See text for de-
tails.
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not shown). Translation of the *# mRNA species that con-
tained the 3’ portion of intron 9 would result in generation of a
truncated protein because of the presence of a translation ter-
mination codon within intron 9 located one codon downstream
of the end of exon 9. Therefore, if this rare mRNA were trans-
lated, the result would be deletion of the terminal 36 amino ac-
ids of the encoded protein as compared with the wild-type
TPMT protein.

Discussion

The TPMT genetic polymorphism represents a striking exam-
ple of the potential clinical importance of pharmacogenetic
variation in expression of a drug-metabolizing enzyme (7-9).
Individuals with genetically very low levels of TPMT activity
are at a greatly increased risk for potentially life-threatening
toxicity when exposed to standard doses of thiopurines, while
those with very high levels of this enzyme activity may be un-
dertreated with the same dosages of these drugs (10-16). A to-
tal of eight different variant alleles for low TPMT activity, in-
cluding the *4 allele described here, have been reported to
date (22-25). The most common variant allele for very low
TPMT activity in Caucasians, TPMT*3A, has two point muta-
tions, both of which alter amino acid sequence (22, 24). All
other known variant alleles, with the exception of *4, involve
mutations within the ORF of TPMT mRNA (23, 25).

We have now characterized the first variant allele for very
low TPMT activity, TPMT*4, that interrupts a splice junction
sequence. This allele segregated within an extended kindred
with low TPMT activity (Fig. 2). We also studied possible
mechanisms by which TPMT*4 might result in very low en-
zyme activity. This allele contains a G- A point mutation at
the intron 9/exon 10 splice junction that disrupts the nearly in-
variant AG 3’ splice site sequence for eukaryotic organisms
(31). Splice site mutations account for ~ 10% of all mutations
listed in the Human Genome Mutation Database (32). How-
ever, mutations at 3" acceptor splice sites are less frequent than
are those at 5’ donor splice sites, and only a few 3’ splice site
mutations involving a terminal exon have been studied mecha-
nistically (30, 32). In the case of TPMT*4, we have demon-
strated that disruption of the 3’ splice site sequence resulted in
either use of a novel splice site located one nucleotide down-
stream of the original splice site, or activation of a cryptic 3'
splice site within the preceding intron, resulting in inclusion of
330 nucleotides of intron sequence within the mature TPMT*4
transcript. Activation of a cryptic splice site is the second most
frequent consequence (after exon skipping) of this type of mu-
tation (30). Obviously, when the 3" acceptor splice site of a ter-
minal exon is involved with a mutation, exon skipping, at least
in the usual sense, cannot occur. The distance between the
original splice site and a cryptic site that is activated is usually
~ 100 bp (30). However, cryptic splice sites have been shown
to occur up to 300400 bp distant from the authentic site (30),
as we found for TPMT*4. Translation of either of the TPMT*4
transcripts that we identified would result in an aberrant
TPMT protein. The transcript with the single nucleotide dele-
tion as a result of creation of a novel splice site would contain a
single nucleotide frameshift (Table IT), and the final 38 amino
acids of the encoded protein would differ from those of the
wild-type protein. TPMT mRNA species that included a por-
tion of intron 9 would contain a premature translation termi-
nation codon, and would encode a truncated protein. How-

ever, it should be emphasized that both of these TPMT*4
transcripts were rare. For example, the mRNA species result-
ing from use of the novel splice site (Table II) was present in
only ~ 1% of the clones studied, and the mRNA species re-
sulting from activation of the cryptic splice site within intron 9
accounted for only ~ 4-7% of all transcripts. One possible ex-
planation for their very low abundance might be instability of
the aberrant mRNA species produced from *4. Aberrant tran-
scripts that contain premature termination codons have been
shown to have decreased stability (33, 34). Obviously, we also
cannot rule out the possibility that the intron 9/exon 10 muta-
tion described here might be linked to another mutation lo-
cated within promoter or enhancer elements that would result
in decreased transcription. Very low levels of aberrantly spliced
transcripts have also been shown to occur naturally for some
wild-type genes (35-37). However, no TPMT*3A transcripts
were detected when intron 9-specific primers were used to per-
form RT-PCR, suggesting that the cryptic splice site activated
in allele *4 is not used during splicing of TPMT*3A RNA.

There are relatively few carefully studied examples of aber-
rant splicing in the presence of mutations which, like that in al-
lele TPMT*4, are located at terminal intron/exon junctions.
These observations also contribute to understanding mecha-
nisms of splicing at the 3'-terminal exons of genes. TPMT*4
has only been observed in this extended family. Therefore, the
frequency of this allele in the population at large, if it is
present outside of this kindred, has not been determined.
However, because of the clinical significance of inherited vari-
ation in levels of TPMT activity, characterization of as many
variant alleles responsible for very low TPMT activity as possi-
ble will be required so that DNA-based diagnostic tests can be
compared with the phenotypic test presently used to individu-
alize therapy with thiopurine drugs. The ultimate goal is to
minimize toxicity and maximize the therapeutic efficacy of this
important group of therapeutic agents.
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