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Abstract. Instability and polymorphism at several CAG/CTG trinucleotide repeat loci
have been associated with human genetic disorders. In an attempt to identify novel
sites that may be possible loci for expansion of CAG/CTG repeats, we searched all
human sequences in the EMBL nucleotide sequence database for (CAG)s and (CTG)s
repeats. We have identified 121 human DNA sequences of known and unknown
functions that contain stretches of five or more CAG or CTG repeats. Many repeat
stretches were interrupted by variant triplets, a significant number of which differ
from the repeat triplet only by a single base, suggesting that these evolved from the
parent triplet by point mutations. A large number of human transcription factor genes
were found to contain CAG repeats within their coding sequences. Analysis of the
EMBL transcription factors database showed that many transcription factor genes of
other eukaryotes, including genes involved in Drosophila embryo development, possess
these repeats. Interestingly, CAG repeats are absent from prokaryotic transcription
factors. Different sequence entries for the human TATA box binding protein showed
a polymorphism in the length of the CAG repeat in this gene, suggesting that loci
other than those already known to be associated with genetic diseases may be possible
sites for repeat instability related disorders. On the basis of our findings in this
database analysis, we propose a role for CAG repeats as cis-acting regulatory elements
involved in fine-tuning gene expression.
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1. Introduction

Trinucleotide repeat regions in the genome have recently been shown to be unstable
and polymorphic. The expansion of trinucleotide repeats in humans has been
associated with several human genetic diseases (Sutherland and Richards 1995). In
the Fragile X syndrome, there is expansion of a CGG repeat in the 5S'UTR of the
FMR-1 gene (Kremer et al 1991). Myotonic dystrophy (DM) is associated with
the expansion of a CTG repeat in the S'UTR of the myotonin kinase gene
(Mahadevan et al 1992; Fu et al 1992). Six neurodegenerative disorders—Huntington's
disease (HD; Huntington's Disease Collaborative Research Group 1995), spinal and
bulbar muscular atrophy (SBMA; La Spada ef al 1991), spinocerebellar ataxia
type 1 (SCA-1; Orr et al 1995), dentatorubral pallidoluysian atrophy (DRPLA;
Koide ef al 1994), Haw river syndrome (Burke et a/ 1994), and Machado-Joseph
disease (MJD; Kawaguchi et al 1994)—are caused by an amplified CAG repeat
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within the coding sequence of the gene, resulting in an increase in the length of
a polyglutamine tract in the corresponding protein. Despite a variation in the location
of the repeat within the coding region, all these inherited diseases share the
characteristics of increased severity with increasing repeat length. The age of onset
of disease decreases in subsequent generations, thus exhibiting genetic anticipation
(Richards and Sutherland 1992).

With the discovery that trinucleotide repeat expansions are involved in genetic
diseases, attempts have been made to identify other repeat regions that may be
possible sites for similar expansions. The screening of cDNA libraries has revealed
that CAG and CGG repeats are found in close proximity to several gene loci
(Riggins el al 1992; Li et al 1993). By computer aided sequence analysis of
approximately 10 Mb human DNA sequence in GenBank, Han et a/ (1994) have
studied the frequency distribution of all the 64 possible trimers. They found that
the disease associated trimers, GGC and CAG are over-represented in the genome.
They also identified 51 human genes that contain (GGC).4repeats. A search carried
out by Stallings (1994) on approximately 16 Mb GenBank human DNA sequences
for all 10 possible microsatellie motifs with a perfect string of eight or more
trinucleotides, showed that CAG is the most abundant triplet repeat unit in the
human genome.

There are, to date, no composite data available on the location of CAG repeats
in the human genome, except for the loci known to be associated with genetic
diseases- It is possible that there are other regions in the genome containing long
stretches of CAG/CTG repeats that show length polymorphism. The identification
and analysis of genes associated with such regions may provide a clue to understanding
the functional significance of these repetitive DNA sequences in the genome and
perhaps also of the genetic diseases associated with them. In an attempt to identify
other sites in the human genome that may be possible loci for expansion of
CAG/CTG repeats, we carried out a search on the EMBL nucleotide sequence
database. All human sequences in the EMBL database (Release 41, Dec. 1994)
were screened for the presence of a stretch of at least 5 tandem repeats of CAG
or CTG- We observed that a large number of human transcription factor genes
contain (CAG), »s repeats in their coding regions. Analysis of the transcription factors
of other organisms listed in the EMBL transcription factors database showed that
this repeat is present in many eukaryotic transcription factor genes, but is absent
from the genes encoding prokaryotic transcription factors. Based on our analysis,
we have examined the potential role of CAG/CTG repeats as cis-acting regulatory
elements that quantitatively modulate gene expression.

2. Materials and methods

In order to identify human sequences containing CAG or CTG repeats, the FASTA
program was used to search all primate sequences in the EMBL nucleotide sequence
database (Release 41, Dec. 1994) for the strings. (CAG)s and (CTG)s. Since the
FASTA program searches for a string only once in a sequence, the sequences
containing a (CAG)s or (CTG)s repeat were put through the GCG Find program
(Devereux et al 1984) to search for (CAG)s strings elsewhere in the same sequence.

The annotation of each sequence containing a (CAG).s or (CTG)-5s repeat was
then examined to determine whether the repeat occurred in the 5' untranslated
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region (5'UTR), coding DNA sequence (CDS), 3'UTR, or in an intron. If a repeat
was present in the coding sequence, the amino acid coded for by the triplet repeat
was determined by a simple calculation using the start position of the coding
sequence given in the feature table of the EMBL sequence entry. The location of
the repeat region could not be determined for unannotated sequences and sequences
for which the entire CDS was not defined.

The sequence in the vicinity of each stretch of five repeats was then examined.
In several sequences we found clusters of CAG/CTG triplets around the tandem
(CTG/CTG)ss repeat. CAG/CTG triplets in this region, that were separated by not
more than 12 nucleotides, were included in the repeat stretch shown in table 1.
The ends of the repeat were defined by the presence of at least two tandem
CAG/CTG triplets that were separated from the nearest CAG/CTG by not more
than 12 nucleotides. In most cases the CAG/CTG triplets were interrupted by
multiples of three nucleotides. The sequences of variant triplets (T) that interrupted
the perfect repeats were noted and the frequency of occurrence of each interrupting
triplet was determined.

A large number of human transcription factor genes were found to contain
(CAGQG)ss stretches. To examine the transcription factors of other organisms, the
EMBL transcription factors database was searched for (CAG)S stretches using the
GCG Find program. All non human transcription factors containing at least five
tandem CAG/CTG repeats were examined for repeat and non-repeat triplets in that
region, as above.

3. Results

3.1 Distribution of CAG repeats in human DNA sequences

We have screened approximately 54 Mb DNA from 52549 primate sequence entries
in the EMBL nucleotide sequence database and have identified 121 unique sequences
in the human genome that contain (CAG/CTG)ss repeats. The observed number of
repeats is significantly higher than expected [P<< 0-01, based on Poisson distribution,
with mean number of (CAG/CTG)s repeats per sequence = 107°]. Table 1 lists the
human sequences that contain five or more tandem repeats of CAG/CTG. The
subscript denotes the length of CAG(R) and CTG(R') repeats found in these
sequences. For those sequence entries in which the CDS is defined, we have
determined the location of the repeat with respect to the coding sequence. The
repeat CAG codes for Gln, Ser, or Ala in the three reading frames. Similarly, the
repeat CTG codes for Leu, Cys, or Ala. In 22 of the 57 sequences in which the
reading frame of CAG repeats present within the coding region could be determined,
the repeat CAG codes for a stretch of Gin residues. In ten cases, the reading frame
is AGC, coding for Ser, and in five, GCA, encoding Ala. The CTG repeat codes
for Leu in all cases.

From among the 48 (CAG)ss repeats in human sequences for which the location
with respect to the transcribed region could be determined, it was found that none
were located within an intron. However three (CTG)ss repeats (i.e., CAG on the
opposite strand) out of 44 were found within introns. In other words, CAG may
be excluded from introns of human genes in a strand specific manner, with no
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Table 1. Human sequence entries in the EMBL database that contain (CAG/CTG) -5 repeats.
Entry Amino
name Description Repeat Location  acid*
HS02013* Sterol regulatory element binding R, TR, TR, T,RTR, cDs Ser
protein
HS04840 Onconeural ventral antigen-1 (Nova-1) R CDS Ala
HS07857 18 kDa Alu RNA binding protein R,T,R,TRT,R,T,R, TR, CDS Ala
HS89515 T-lymphocyte repeat containing mRNA Rg — —
HSAFoX* AF-9 R,TR TR, ,TR,TR, CDSs Ser
HSAFPEBP* o-fetoprotein  enhancer  binding R,T,RTR, CDSs Gln
protein R,T,R, CDs Gln
HSALMG1 Calmodulin gene exon | (CALM D R7 —_ —_
HSANDREC*#¢  Androgen receptor RN R, CDs Gln
HSASHI1A* Achaete scute homologous protein RN CDS Gln
(ASH 1)
HSAUTANT Auto antigen R,T,R,TR, CDs . Ser
HSBNPA Brain natriuretic peptide R,TR, 5UTR —
HSCDP* CCAAT displacement protein R, — _
HSCEISA CEIS, 3’flank R, 3'UTR _—
HSCOUPII* Chick ovalbumin upstream promoter R, 5'UTR —_
transcription factor II
HSCYT2A Cytokeratin 2 R, CDS Ser
HSDBI11* DB! (IL-3 promoter binding zinc R, CDS Gin
finger protein)
HSDNAPLYC Repeat region DNA (wgld10) R, —_ —_
HSDRPLA DRPLA mRNA R,, CcDS Gln
HSEGR1#*¢ Early growth response protein | RN.R, CDS Ser
—HSEGR2ZA*Y—— Barly growth response protein 2 R, CcDSs Al
HSENKB4 Preproenkephalin B R,TR, 3UTR —
HSEPKER Type I epidermal keratin R, CDS Ser
HSERF2 ERF-2 R, CDS Gln
HSERK! ERK! (protein serine threonine kinase) R4 SUTR —
HSFRI Chromosome 13ql2 DNA fragment R, — —
HSHERM* hbrm (homologue of Drosophila brm) R,TR ,TR,T,RTRT,R, CDS Gln
HSHCCA Splicing factor (CCL.3) R, 5UTR _
HSHSNFA* hSNF2a (estrogen receptor) R,TR .TR,TR, — —
HSI9R Interleukin 9 receptor R,TR, CDS Ser
HSIFNRTF* IEN responsive transcription factor Ry CDS Ser
HSJUNA* c-jun proto-oncogene R, CDS Gln
HSKERI6A| Keratin type 16 gene, exon | Ry — —
HSKERP1 Keratin psuedogene, exon 1 Ry —_ _
HSMEF2* Myocyte-specific enhancer factor 2 Ry, CDS Gln
HSMMDA Human DNA from cosmid MMDA R — —
from chromosome 19qi3
HSMRNAC Human brain ¢cDNA (clone CTG-A4} R,TR,TRTR,T,R, — —
HSMRNADI1 Human brain ¢cDNA (clone CTG- R,TR, — —_
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Table 1. (Contd)

Entry Amino

name Description Repeat Location acid”

HSMYCI* c-myc oncogenc R, CDS Gln

HSNATPEP Natriuretic peptide precursor R, TR, S'UTR —

HSNFYA* CAAT box DNA binding protein R, CDS Gin
subunit A

HSNOCTPOU*  N-Oct3, N-OctSa and N-OciSb RyTRTRTR,TR, TR CDS Gln

HSNOTIC Human chromosome 13q12-specific R, — —
mRNA

HSNUCLEOB*  Nucleobindin R, CDSs Gln

HSOFRIA ORF of a gene expressed in human R, CDs Ser
hypothalamus

HSORFG Human mRNA for randomly sequenced R,TR;TRN,RN R, CDS Ala
product

HSPDEE Phosphodiesterase R, S'UTR —

HSPIMIA pim-1 proto-oncogene R, S'UTR —

HSREPRA Simple repeat region (wgla9) R, T,R,, — o~

HSRNAF Brain cDNA (clone CTG-B37) R, — —

HSRNAG Brain cDNA (clone CTG-B43A) R,TR TR, TR,TR , — —

HSRSRFC49* SRF-related proteins RSRFC4 and R, CDS Gin
RSRFC9

HSRWGIAIO  Simple DNA sequence region (clone R, — -
wglal0)

HSRWG1A4 Simple DNA sequence region (clone R, — —
wglad)

HSRWGIAS Simple DNA sequence region (clone R, —_ —
wglas)

HSRWGIF9 Simple DNA sequence region (clone R, - —
wgll®)

HSSATBIA* MAR/SAR DNA binding protein R,N,RTRTR,TRTR, CDS Gln

HSSATMOIL DNA  sequence  3-flanking  mini- R, —_ —_

g satellite pMSI

HSSCAI Ataxin (SCA-1) R,,TRTR (N(R, CDS Gln

HSSRP14A Signal recognition particle subunit R,T,R,TR,T,R,T,R, TR, CDS Ala
14

HSTFEB* Transcription factor TFEB RTR, CDS Gin

HSTFIID*' TATA binding prowin (TFIID)  R,T,R,TRTR,, TRNRN, CDS Gln
(HeLa cells) RN,RN(R,N,R,

HSTFIIDAA*"  Transcription factor TFID (human R, TR, TRTR , TRNR CDS Gln
hypothalamus) NRN,RNR,N R,

HSTFIIDX*! Transcription factor TFIID (Namalwa R, T,R,TRTR ,;TRNRN,  CDS Gln
cell line) RN,RN.R,N,R,

HSTGFBC Transforming growth lactor-} R,T,R, CDS Gin

HSTRINUC Huntington's disease gene (HD) R, CDs Gin

HSTUPLEI* TUPI-like enhancer of split gene | R, cDSs Gln

HSWGIF4RP Repeat region DNA (clone wglf4) R,NR -- -
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Table 1. (Contd)

Amino
f::: Description Repeat Location acid”
in receptor substrate-1 Ry 5'UTR, —
$62539 Insulin recep! R, eDs Ser
Rq CDS Gln
Repeat region Ry - -
:?222: Mfl{l:erian inhibiting substance R} CDs Leu
HS03398 Receptor 4-1BB ligand Rs CDS Leu
HS04806 FLT3/FLK2 receptor tyrosing kinase R} CDS Leu
ligand ,
HS09510 Glycyl (RNA synthetase Rs i
HS10886 Density enhanced phosphatase- | R, CDS Leu
HS8955 B-spectrin (HSPTBI) R; ‘ Intron —
HSA3NARSP Nicotine acetylcholine receptor o-3 R, TR, CDS Leu
subunit
HSAKI Cytosolic adenylate kinase (AKI) R, Intron -
HSALPP Placental alkaline phosphatase R, CDS Leu
HSAMYBIS5 Amyloid-p protein (APP) R; Intron s
HSAP2* Transcription factor AP2 R;TR; 3'UTR —
HSAPBOI Apolipoprotein B-100 R,TR;TR'T,R, cDS Leu
HSAREB6* Transcription factor AREB6 R, 3'UTR —_
HSARSBX Aryl sulphatase B R CcDS Leu
HSBPGM1 2,3-bisphosphoglycerate mutase Ry 5'UTR —
HSCI1INH2 Cl inhibitor R;T,R; CDS Leu
HSCA1V Collagen a-1 (V) chain R,T,R; CDS Leu
HSCN2 Skin collagenase R; CDSs Leu
HSCP2101 Mutant CYP 21 B (steroid 21 mono- R,TR;T,R; cDS Leu
oxygenase)
HSD9S118 DNA segment containing GT repeat Ry — —_—
(D9S118)
HSDIPEPA Dipeptidyl aminopeptidase like protein R 5'UTR —
HSEFL2 EHK-1 receptor tyrosine kinase R CDS Leu
ligand (EFL-2)
HSENA78 ENA-78 (neutrophil activating peptide) R CcDS Leu
HSEPOHYDD  Epoxide hydrolase R, F'flank —
HSERK1 ERK1 (protein serine threonine R, 3'UTR -
kinase)
HSFLAIA Leucocyte associated molecule-1 R; CDS Leu
o-subunit
HSGAS Growth-arrest-specific protein R CDS Leu
HSGFAP Glial fibrillary acidic protein Rﬁ 5'UTR -
HSGLUTS Glucose transport like 5 (GLUTS) RN R'NGR, CDs Leu
HSHGFAP Hepatocyte growth factor activator Ry CcDS Leu
precursor
HSHNF4 Hepatocyte nuclear factor 4 R; cDS Leu
HSIIP “Y-interferon-inducible protein (IP3) RTR'T,R cDs Len
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Table 1. (Contd)
Entry Amino
name Description Repeat Location  acid”
HSKIAAC ORF R CDS Leu
HSLHHCGR Leutenising RyTR CDS Leu
hormone-choriogonadotropin
receptor
HSLPAP Lymphocyte phosphatase associated R{T,R; CDS Leu
protein
HSMDAPKB' Myotonic dystrophy associated protein R, JUTR e
kinase
HSMYOPK' Myotonin protein kinase associated R; 3'UTR -
triplet repeat region
HSNNAR -3 neuronal nicotinic acetyl-choline R,TR, CDS Leu
receptor subunit
HSNUCPHOF  Processed pseudogene of nucleo- R; - —
phosmin/B23
HSORFM Randomly sequenced product R.T,R, - —
HSPAIV pro-a-1 (V) collagen R,T,R; CDS Leu
HSPPR Protective protein R, CDS Leu
HSPSPBA Pulmonary surfactant associated protein R,T,RN;R'N, R} CDS Leu
PSP-B
HSREPRC Simple repeat region (wgld6) R; - -
HSRNAE Human brain c¢cDNA (clone CTG- R}, = =a
B33)
HSRWGIEI0 Simple DNA sequence region (clone R, — —
wglel0)
HSRWG2A11 Simple DNA sequence region clone R'? — —
(wg2all)
HSRWG2B8 Simple DNA sequence region clone R,T,R;N,R, .
(wg2b8)
HSRWG2DI2 Simple DNA sequence region clone R,T,RT,R'TR'T,R; - -
(wg2d12) TRTR,TR,
HSSIRPOCK Simple repeat polymorphism R, -
HSSUBTDA Subtelomeric DNA sequence R,TR'TR, — —
HSTGFBGI Transforming growth factor-p precursor ~ RiT,R; CDS Leu
HSUVOECAD Uvomorulin (E-cadherin) R‘5 CDS Leu
HSVLDLROI Very low density lipoprotein receptor R, 5'flank -
857777 N-acetyl galactosamine-4-sulphatase R} CDS Leu
857793 Lutenising hormone receptor R,TR CDS ?

R, CAG triplet; R', CTG triplet; T, any triplet; N, single nucleotide-
“The amino acid coded for by the (CAG/CTG)=s repeat is given- The reading frame of neighbouring
CAG/CTG triplets may not be the same-
’Different sequence entries for androgen receptor have number of repeats ranging from 15 to 20.

“Two repeats found within the same sequence are close enough to be located within the same nucleosome-
*Human transcription factor genes-

"Different entries for the same sequence, which differ in the number of triplet repeats-

?, Author given protein sequence is in conflict with the conceptual translation-
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CAG repeats being seen in the sense strand. A similar result was obtained by
Stallings (1994) from a search on the GenBank DNA database, wherein it was
found that none of the 15 (CAG) ¢ repeats found in mouse, human or rat sequences
was located within intronic sequences. It has been suggested that the exclusion of
CAG from introns is possibly because of its similarity to the 3' consensus splice
site, CAGG (Stallings 1994).

In 43 sequences we found a stretch of interrupted CAG or CTG repeats. Long
stretches of interrupted repeats were seen in the Alu RNA binding protein, the
human homologue of Drosophila brm, the signal recognition particle subunit 14,
the transcription factor N-Oct, the human TATA-binding protein, and in apolipoprotein
B-100. A striking feature was that interruptions by multiples of three nucleotides
were significantly higher than expected (y2 =113-9 for interruptions of CAG and
¥2 = 46-4 for CTG; P << 0-001). In most cases, the interruptions were by triplets,
such that the reading frame of successive perfect repeats was maintained. Non-triplet
interruptions were seen only in eight sequences. The number of intervening nucleotides
(N) and triplets (T) within each repeat sequence is shown in table 1.

Table 2 lists the interrupting triplets (T) that were in frame with the (CAG/CTG) s s
repeats, and the number of times each interrupting triplet occurred. By simple
statistical analysis it can be seen that if the interrupting triplets had arisen randomly,
then only 9/63 (i.e., 14%) of them would differ from CAG or CTG by one base.
However, we see that 88% of the interrupting triplets differ from the flanking CAG

Table 2. Frequency distribution of triplets interrupting (CAG/CTG) repeats.

Parent Type of Interrupting Base Frequency
triplet mutation triplet change Occurrence (%)
CAG Point mutation TAG C-oT 8 9:1
(transition) CGG A= G 10 11-4
CAA G— A 41 466
Point mutation AAG C—= A 2 23
(transversion) GAG C-G 3 34
CCG A—=C 5 57
CTG A=T 2 23
CAC G—=C 3 34
CAT G=T 3 34
Two or three 1 12-4

bas¢e changes

CTG Point mutation TTG C—=T 12 21
(transition) CCG T->C 5 88
CTA G= A 4 7
Point mutation ATG C—=A 1 1-8
(transversion) GTG C—=0G 1 1-8
CAG T—=A 1 18
CGG T-G ~ —
CTC G—-C 5 88
CTT G—-T — —
Two or three 28 49

base changes
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triplets by one base change, and in the case of CTG repeats, 51 % of the variant
triplets differ by a single base. Since these values are significantly higher than
expected, the null hypothesis of "random origin" can be rejected. (Expected
frequencies are computed using binomial distribution, X?> = 384-2 for CAG
interruptions and X*= 62-8 for CTG interrupting triplets; P << 0'001). The indication
is that the interrupting triplets are very likely to have arisen by point mutations
in an ancestral CAG or CTG repeat sequence. We also observe that single base
transitions, i.e., A—~G or CeT, are more frequent than transversions. Transitions
were approximately three-fold more common than transversions in the case of CAG
and approximately two-fold for CTG. It has been seen that transitions are two
times more likely than transversional mutations (Kimura 1983). The high frequency
of CAG to CAA mutations may be due to the synonymous nature of this substitution.

3.2 Several transcription factor genes contain CAG repeats

A large number of human transcription factors were found to contain CAG repeats
in their coding sequences. To look for transcription factors in other organisms that
contain CAG repeats, sequences listed in the EMBL transcription factors database
were searched for strings of (CAG)s. Out of 563 transcription factor gene entries
from 86 different species analysed, 48 transcription factors from 12 species were
found to contain (CAG)ss repeats (tables 1 and 3). A number of Drosophila genes
involved in embryo development, such as dorsal, knirps, deformed and hunchback,
possess long CAG stretches in their coding regions. In most cases, CAG repeats
are present in the sense strand of transcription factors. Only in human transcription
factors AP2 and AREBG6 are CTG stretches found in the coding strand. Most
transcription factors monitored contain CAG repeats in the reading frame that codes
for glutamine, but some also contain serine and alanine stretches coded for by this
repeat. An interesting observation was that although CAG repeats were present in
the transcription factors of lower and higher eukaryotes, none of the prokaryotic
transcription factor genes contained CAG repeats.

3.3 Length polymorphism in human TATA binding protein

Human TATA binding protein has a stretch of CAG repeats similar in length to loci
such DRPLA, MJD, and SCA-1 that show dynamic mutations leading to repeat
expansion. It is therefore quite possible that the repeat stretch at the TFIID locus may
similarly undergo dynamic mutation. Figure 1 shows the alignment of the repeat region
of the MJD la and SCA-1 loci with the different sequence entries for human TBP
that are derived from different sources, viz., HeLa cells, Namalwa cells, and human
hypothalamus. It can be seen that h"TBP contains three CAG repeats that are interrupted
by the variant triplet CAA, which also codes for glutamine. Similar variations on the
CAG motif are also seen in the MJD la locus. The 5' end of the CAG repeat in this
locus contains two variant sequences, CAA and AGG, at three positions. The positions
at which the variant CAA triplets occur is conserved in all the sequence entries of
hTBP, except at two positions in the TBP cloned from human hypothalamus.

It is interesting to note that there is a polymorphism in the length of the repeats
in TBP derived from different sources. The number of repeats in the 3' CAG
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Table 3. Non-human transcription factor genes containing (CAG/CTG)ss repeats.

Amino
Entry name Description Species Repeat Location  acid
BTTRFSQA Transéription factor Bos taurus (cattle) R, — —
DM74E 74E D. melanogaster R,TR,TRT,R, CDS Ghn
RN, R CDS  Ser
DMDFD Deformed (Dfd) D. melanogaster R,T,R,TR,TR, TR, CDS Gln
DMDORSAL Dorsal D. melanogaster R,T,R, TR, TRTRT
RTR,T,R, CDS Gin
R,TR, CDS Gln
DMHBG Hunchback D. melanogaster R,TR, CDS Ghn
DMKNIRPS  Knirps D. melanogaster R,
DMTATABF TFIID (TATA binding D. melanogaster R.TR, CDS Gln
factor)
DVHB Hunchback (hb) D. virilis R,TR, CDS Gin
FCFTT Feline proviral (FTT) Felis catus (cat) R, CDS Gin
v-myc
GDCMD1 CMDI1 (mouse myoD! G. domesticus R, CDS Ser
homologue) (chicken}
MAHCRMYC Fused her and myc genes Marmota monax R, CDS Gl
{woodchuck)
MMCIUN ¢-jun oncogene Mus musculus (mouse) R, CDS Gln

MMGRL Gl icoid ” il R,

receptor form A

PTCMYC c-myc proto-oncogens Pan troglodyzes R, CDS Ghn
(chimpanzee)

REFCVMYC v-myc gene Feline leukemia virus R, CDS Gin

RNANDREC Androgen receptor Rattus norvegicus (rat) R, TRTR| TR, CDS Gin

RNCBFB CCAAT binding trans- R. norvegicus Ry CDS Gin
cription factor-B subunit

RNNGFIA Nerve growth factor- R. norvegicus Ry CDS  Ser
induced (NGFI} gene

RNRIGY - RIG-9 gene for c-jun R. norvegicus R, CDS Gin

SCADR6 ADRG6 8. cerevisiae R, CDS Gln

SCHAP2 - HAP2 S. cerevisiae R, CDS Gin

SCINO4X INO4 S. cerevisiae R, CDS  Ser

stretch is 18 in TBP from HeLa cells and 14 in TBP from Namalwa cells (figure 1).
The polymorphism could reflect an instability at this locus in the general population.
Analysis of TBP from 48 unrelated individuals has shown that the PCR products
encompassing the CAG repeat region of this gene are polymorphic in length
(Polymeropoulos et al 1991). Perhaps a narrow range of length variation is allowed
in the TBP gene, but expansion beyond a certain number could be deleterious.
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HSTFIID: GAG CAA CAA AGG|CAG CAG CAG|CAA CAA CAA|CAG CAG CAG CAG CAG
HSTFIIDX: GAG CAA CAA AGG|CAG CAG CAG|CAA CAA CAA|CAG CAG CAG CAG CAG

HSTFIIDAA:GAG CAA CAA AGG|CAG CAG CAG|CAA CAA CAA|CAG CAG CAG CAG CAG

SCA-1: CAG CAG CAG ... ... ... CAG CAG CAG CAG CAG

HSTFIID: CAG CAG CAG CAG|CAA CAG CAR|CAG CAG CAG CAG CAG CAG CAG CAG

BSTFIIDX: CAG CAG CAG CAG|CAA CAG CAA;CAG CAG CAG CAG CAG CAG CAG CAC

HSTFIIDAA:CAG CAG CAG CAG|CAG CAG CAA|CAG CAA CAG CAG CAG CAG CAG CAG

: )
MJDla: ... CAG CAG CAA AAG CAG CAA CAG CAG CAG CAG CAG CAG CAG CAG
- 8CA-1: CAG CAG CAG CAG CAT CAG CAT CAG CAG CAG CAG CAG CAG CAG CaG
HSTFIID CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG|CAA CAG GCA GTG GCa
HSTFIIDX: CAG CAG CAG CAG CAG CAG ... ... ... ...|CAR CAG GCA GTG GCA

HSTFIIDAA:CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG|CAA CAG GCA GTG GCA

MJD1a: CAG CAG CAG CAG CAG CAG CAG CAG CAG .CAG CAG CAG ..

SCA-1: CAG CAG CAG CAG CAG CAG CAG ... ... ... ...

Figure 1. The CAG repeat region of hTBP derived from HeLa cells (HSTFIID), Namalwa
cells (HSTFIIDX), and human hypothalamus (HSTFIIDAA), is compared with the CAG
repeat of the MJDla and SCA-1 loci. Gaps have been introduced to align the sequences.
The three CAG repeat stretches in hTBP are boxed.

4. Discussion

We have identified 121 human DNA sequences that contain a stretch of five or
more CAG or CTG repeats. This list encompasses a variety of different proteins
from different tissues, with diverse functions. Apart from the five loci known to
be associated with triplet repeat expansion related diseases, i.e., androgen receptor,
DRPLA, SCA-1, HD and myotonin kinase, we found 15 loci that have 10 or more
tandem CAG/CTG repeats. Of these, 7 are random DNA sequences identified by
screening of cDNA libraries (Li et al 1995;-Armour et al 1994; Phillips et al
1995). Other than these, several genes of known function, namely, AF-9, achaete-scute
homologous protein, human estrogen receptor, myocyte- specific enhancer factor,
human homologue of Drosophila brm, and human TATA-box binding protein,
contain stretches of (CAG/CTG)sio. There are also some sequences that contain
long stretches of interrupted CAG repeats, which are usually in frame; that is, the
repeats are interrupted, in most cases, by triplets.
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Earlier studies have suggested that interruption of a repeat stretch serves to
stabilize the repeat region. It has been shown that for the SCA-1 locus, 98% of
normal alleles show interruption of the CAG repeat by CAT triplets, while disease
alleles consist of pure CAG repeats (Chung et al 1993). Also, in the case of the
FRAXA locus, the CGG repeat is interrupted, at least in normal alleles, by one
or two AGG triplets. The DNA sequence in the region containing AGG has been
shown to be relatively invariant. Most of the variation at the FRAXA locus occurs
at the 3' end, where the longest tracts of uninterrupted CGG are found (Kunst and
Warren 1994). In the case of MJD, the CAG repeats contain two variations on
the CAG motif at three positions, towards the 5' end of the repeat. CAG expansions
in patients are seen to occur on the 3' side of the variant sequences (Kawaguchi
et al 1994). From figure 1 it can be seen that human TBP has three CAG repeat
stretches that are bordered by CAA triplets. It is possible that the presence of
CAA triplets prevents expansion of the (CAG); repeat located at the 5' end and
the (CAG), stretch in the centre of the repeat region. However, a polymorphism
is evident in the long stretch of CAG triplets at the 3' end. The absence of
intervening CAA triplets within this stretch may allow variation in repeat length
by expansion or contraction during DNA replication. From these observations one
can speculate that intervening triplets may serve to stabilize repeat region DNA
and preclude expansion of the microsatellite.

Our observation is in agreement with the strand slippage model for expansion
of repetitive DNA sequences (Streisinger el al 1966). It has been suggested that
the loss and gain of repeat units occurs because of errors resulting from strand
slippage during DNA replication, which remain uncorrected as a result of defective
post replication heteroduplex repair (Strand et a/ 1993). In this picture, if a stretch
of CAG repeats is interrupted by other triplets, slippage and looping out of this
region would not be allowed, since this would result in extensive mismatch in the
loop region and instability of the loop (Kang ez al 1995). Therefore, expansion
would be allowed only at long uninterrupted CAG repeats. It is also observed that
the intervening triplets differ from the parent triplet repeat usually by a single base
change. A simple explanation for this would be that these interrupting triplets arose
during the course of evolution by mutation of the ancestral CAG/CTG triplet,
perhaps during incorrect repair following strand slippage, and that these mutants
were selected for because they stabilized the length of the repeat region.

Many genes encoding transcription factors have been found to contain long
CAG/CTG repeats. It is known that the transcriptional activation domains of many
transcription factors contain polyglutamine tracts, and that the length of these tracts
may modulate transcription factor activity (Gerber et al 1994). It is postulated that
these amino acid tracts serve as interfaces for intermolecular protein-protein
interactions during transcription activation (Hoffmann et al 1990; Stott et a/ 1995).
However, our finding that the CAG repeat motif occurs in all three reading frames
in transcription factors, implies that stretches of polyserine, and polyalanine are
also encoded by this repeat. Therefore in addition to the involvement of CAG
encoded polyamino acid tracts in protein-protein interactions, the CAG repeat motif
may also play a regulatory role at the DNA level.

It has been hypothesised that tandem repeats may modulate gene expression by
variation in their copy numbers (Trifonov 1989; Tripathi and Brahmachari 1991).
We have observed that CAG repeats are found only in the transcription factors of
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eukaryotes, whose DNA is organized into nucleosomes, and are not found in
prokaryotic transcription factors. This suggests that CAG repeats may play a role
in histone-DNA interactions. Wang et al (1994) have shown that long CTG repeats
may act as strong nucleosome positioning signals. It has been shown that expansion
of a CTG repeat alters the DN Aase I hypersensitivity of the repeat region, perhaps
due to a change in nucleosome positioning (Otten and Tapscott 1995). These
findings suggest that CAG repeats may serve as nucleosome phasing signals, thereby
determining promoter accessibility, and thus regulating transcription of the gene. It
is possible that length polymorphism of the repeat is able to affect gene expression
by changes in nucleosome affinity. Certain genes such as transcription factors
require finely regulated levels of expression. Down regulation of transcription may
be achieved by increased binding to histones due to the presence of CAG repeats
in these genes, and this may be reversed by histone phosphorylation.

Neurodegenerative disorders that are caused by expansion of CAG repeats within
the coding region involve a loss of function, which in some cases has been
correlated with decreased mRNA levels (Fu et al 1993). Experimental work carried
out in our laboratory has shown that the presence of CTG repeats within a reporter
gene results in a decrease in the level of gene expression in Escherichia coli and
yeast, along with a decrease in mRNA level (Brahmachari et al 1995). Duplex
DNA fragments containing the CTG repeat were seen to exhibit enhanced
electrophoretic mobility with increase in repeat length, suggesting that adoption of
a compact structure could be responsible for decreased gene expression in vivo.
Spectroscopic and gel electrophoretic studies carried out in our laboratory on single
stranded CAG and CTG repeat sequences show that these oligonucleotides adopt
a compact structure. Mitas et al (1995) have shown that a single stranded
oligonucleotide containing 15 CTG repeats forms a hairpin structure. In addition,
a number of RNA binding proteins, some of which recognize hairpin structures,
have been identified in eukaryotic systems (Chen and Frankel 1994). Richards et
al (1993) have shown the existence of a protein that specifically binds CGG repeats.
It is quite possible that there may be a similar CAG repeat binding protein
Formation of secondary structure at the DNA and/or mRNA level, and interaction
with specific binding proteins may regulate the efficiency of transcription and/or
translation of genes containing CAG/CTG repeats.

In the light of our findings in this database search, and experimental evidence,
we hypothesise that apart from the involvement of CAG encoded poly amino acid
tracts in protein function, the CAG repeat motifs also play a critical role as
cis-acting regulatory elements at the DNA and the mRNA level. Increased histone
binding of CAG containing regions may serve to autoregulate the expression of
genes in which they are present. We find that long CAG/CTG repeats occur at
many loci, such as the estrogen receptor, myocyte specific enhancer factor, AF-9,
TATA binding protein, and in many sequences of unknown function. In addition,
polymorphism is observed at the TBP locus. This suggests that in addition to the
loci known to be associated with disease, CAG repeats may show polymorphism
at many other loci. Slight variations in repeat length at these regions may lead to
quantitative differences in the level of expression of these genes, which in turn
may be manifested as subtle or overt differences in phenotype. It is possible that
the loci at which we have now shown the existence of triplet repeats may be
associated with repeat length expansion related diseases that are as yet unidentified.
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