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INTRODUCTION 

One of the hallmarks of tumor suppressor genes is that both copies must be 
inactivated for the development of the malignant phenotype. A phenomenon associated 
with this inactivation is that a single recessive mutation is exposed following loss of a 
chromosomal region containing the normal copy of gene. This event is usually 
manifested in tumors as loss of heterozygosity (LOH) when compared to normal tissue 
from the same individual. Genome screening for LOH in breast cancer has identified 
chromosome region lp31 as one commonly (50%) involved in LOH indicating the site of 
a tumor suppressor gene. By comparison of LOH in a large number of tumors the 
minimal region has been defined by two markers which are 500-800 Kb apart. An 
extended region of loss spans 100-1500 Kb. The overall aim of this project is to 
characterize the region of chromosome lp31 which shows consistent loss of 
heterozygosity in breast tumors by constructing a BAC contig across the region, 
searching for genes in this contig and then performing a mutation analysis to determine 
which ones are involved in tumorigenesis. 

RESEARCH SUMMARY 
We had previously established a YAC contig across the region and used this 

collection of large genomic clones as a mapping tool for newly identified genes in the 
region. One of these genes contained the EST marker 16a09, and was shown to map to 
the critical region of LOH. One of the original aims was to characterize this gene further. 
This turned out to be a more complicated procedure than expected. The original cDNA 
contained a 2.7 Kb insert which we sequenced by primer walking. An open reading frame 
was identified within the sequence. However when this gene was used as a probe to 
Northern blots a 2.0 Kb transcript was identified. This discrepancy in size implied that 
the original clone was probably chimeric or contained intronic sequences derived from a 
partially processed cDNA in the original preparation of the RNA used to create the 
library. To determine which part of the cDNA was not from the gene defined by 16a09 
we isolated 3 different Hind III fragments from the largest cDNA clone and probed 
Northern blots containing RNA from a variety of tissues. The two most 3' fragments gave 
a transcript size of 2.0 Kb indicating that they were probably from the same gene. The 5' 
fragment did not identify a transcript on the Northern blot indicating it was not from a 
coding region at all. We therefore needed to isolate new cDNAs in order to establish the 
full-length sequence of this gene. Screening two different cDNA libraries using the two 
fragments which recognized a transcript size of 2.0 Kb, resulted in two further cDNAs 
being isolated which were also sequenced. Comparison with the 16a09 sequence revealed 
that they too were chimeric but allowed us to determine exactly at which point the 
sequence diverged between clones. Although there was sequence homology between the 
several cDNA clones isolated it was only at the 5' end where the sequence diverged. This 
demonstrated that many of the cDNAs we were isolating were chimeric. Since the 5' end 
of this gene was missing we therefore used 5' RACE and generated an approximately 500 
bp fragment which was sequenced. In combination with the known consensus sequence 
this allowed us to identify an initiation codon, an open reading frame and a 3' 
untranslated region. This gene is 2005 bp long that was identical to the transcript seen on 
Northern blots. This somewhat protracted cloning exercise proved to be very time 
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consuming and delayed us in some of our other tasks (see below). From the DNA 
sequence for the 16a09 gene conceptual translation identified a tetratricopeptide repeat 
motif at the C-terminal end and a coiled coil motif at the N-terminal end of the reading 
frame. It has been shown that genes with these motifs are involved in protein-protein 
binding. The 16a09 gene is therefore a novel member of this family and is the fourth 
member of the human gene family. In consultation with the Human Gene Nomenclature 
Committee this gene was named TTC4. The description of the cloning of this gene was 
published recently in Genomics (see attached). 

This family of genes has been associated with regulation of the cell cycle in lower 
organisms and has been associated with the development of liver tumors in rats. This 
observation suggested that TTC4 was a reasonably good candidate for the gene in lp31 
involved in breast cancer. Expression analysis showed that TTC4 is expressed almost in 
all tissues including normal breast. This is not unexpected for tumor suppressor genes. 
We, therefore, performed a preliminary mutation analysis in 8 breast tumor cells lines by 
using RT-PCR followed by an SSCP analysis of the PCR products. We were unable to 
identify band shifts in any of these cell lines indicating that mutant transcripts were not 
present. It was possible, however, that mutant RNAs would be unstable and so would not 
be detected in these types of analyses. In order to make a more detailed mutation analysis, 
the exon/intron structure of the gene was established from the DNA sequence of a BAC 
containing the TTC4 gene. It was shown that TTC4 contains 10 exons which are spread 
over 25 Kb of genomic DNA. All of the exons conformed to the AG.GT rule. Knowing 
the exon/intron boundaries made it possible for us to construct PCR primer pairs which 
could then be used to amplify each of the individual exons from genomic DNA for SSCP 
analysis. Using this approach we were still unable to detect any mutations in the coding 
region for this gene, although polymorphisms outside the coding region were readily 
identified. Although it is still possible that modifications in the promotor of this gene is, 
in some way, connected to an altered expression pattern in breast cancers, this would not 
be consistent with the observation of LOH which is generally thought to result in the 
exposure of a mutation in a recessive oncogene. Thus we feel that we have proven that 
TTC4 is not the target in the LOH region in lp31. Although disappointing, excluding 
genes from involvement in tumorigenesis is still very valuable in the overall effort. 

After the considerable effort expended on the analysis, of what was at first sight 
an excellent candidate gene, we have returned to complete the second task - that of 
completing the BAC contig across the region. For this we have begun with the BAC 
which contains TTC4 (see figure 1). Individual overlapping BACs have been identified 
which span 406 Kb of the region. We are currently using a limited number of other 
markers from the region to identify more BACs in order to construct a skeleton contig. 
End sequencing of these BACs will then provide PCR markers with which to develop a 
contiguous contig across the region that will provide the substrate for further gene 
isolation strategies over the next 12 months. 

KEY RESEARCH ACCOMPLISHMENTS 

- Cloning and characterization of the TTC4 gene from lp31. 
- Exon by exon mutation analysis for the TTC4 gene in 28 breast tumors and cell lines. 
- Construction of a 406 Kb BAC contig from the extended region of LOH in lp31. 



Award Number: DAMD17-98-1-8294 
John K. Cowell, Ph.D. 

REPORTABLE OUTCOMES 
Su G, Roberts T, Cowell JK. (1999) TTC4, a novel human gene containing the 

tetratricopeptide repeat and which maps to the region of chromosome lp31 which is 
frequently deleted in sporadic breast cancer. Genomics 55; 157-163. 

CONCLUSIONS 
We have cloned, characterized, sequenced and performed mutation analysis in 

breast tumors for a novel gene, TTC4, which maps to the regions of chromosome lp31 
frequently deleted in breast cancers. Mutation analysis indicates that mutational 
inactivation of this gene is not involved in the development of these tumors. In order to 
identify more genes from the region we have established a 406 Kb contig of BACs which 
spans approximately 30-40% of the overall critical region. 
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The lp31 region shows loss of heterozygosity in up to 
50% of human breast cancers, indicating the presence 
of a tumor suppressor gene in this location. We have 
mapped six novel ESTs to a 15-Mb contig of yeast ar- 
tificial chromosomes spanning the critical region of 
lp31. One of these ESTs was localized within the con- 
tig to the region most commonly undergoing loss of 
heterozygosity in breast cancer. The corresponding 
gene sequence for this EST was established by cDNA 
cloning and RACE procedures. This gene is 2 kb long 
and contains a tetratricopeptide repeat motif and a 
coiled-coil domain. This family of genes has been im- 
plicated in a wide variety of functions, including tu- 
morigenesis. This is the fourth member of the human 
gene family, and so we have named this gene TTC4. 
Northern blot analysis demonstrates a ubiquitous pat- 
tern of gene expression that includes breast tissue. A 
preliminary screen of human breast cancer cell lines 
shows that TTC4 is expressed in all cases, but SSCP 
analysis of the coding region of this gene following 
RT-PCR failed to reveal any mutations. Clearly, be- 
cause of its map location, a more extensive analysis is 
warranted to establish whether subtle mutations are 
present in breast Cancers.     © 1999 Academic Press 

INTRODUCTION 

The tetratricopeptide repeat (TPR) motif has been 
identified in a wide variety of genes from many differ- 
ent organisms and with very different functions (Mur- 
thy et al, 1996). The TPR motif is a degenerate, 34- 
amino-acid repeat whose function is mostly unknown, 
although there are indications that, through formation 
of helical structures (Das et al., 1998), the motif medi- 
ates protein-protein or protein-membrane interac- 
tions (Goebl and Yanagida, 1991; Sikorski et al, 1991). 
Although the first TPR genes, which were identified in 
bacteria and lower eukaryotes, appeared to be involved 

1 To whom correspondence should be addressed. Telephone: 216 
445 2688; fax: 216 444 7927; e-mail: cowellj@cesmtp.ccf.org. 

in the regulation of cell division and RNA synthesis 
(Hirano et al., 1990; Sikorski et al, 1990), more re- 
cently it has been shown that members of this family 
are clearly related to physiological functions such as 
cellular stress responses (Nicolet and Craig, 1989; 
Honore et al., 1992), the interferon response (Lee et al., 
1994), transport of proteins across both the mitochon- 
drial (Steger et al., 1990) and peroxisomal (Brocard et 
al., 1994; Fransen et al., 1995) membranes, transcrip- 
tion suppression (Tzamarias and Struhl, 1995; Schultz 
and Carlson, 1987), and Drosophila neurogenesis 
(Lamb et al, 1995). Recently, three members of the 
human gene family have been isolated (Murthy et al., 
1996; Tsukahara et al, 1996; Ohira et al, 1996), al- 
though the exact function of these genes is not known. 

The short arm of chromosome 1 has been shown to be 
involved in nonrandom genomic alterations in a vari- 
ety of different human cancers (Schwab et al., 1996). 
Observations of structural chromosome rearrange- 
ments and loss of heterozygosity (LOH) studies involv- 
ing chromosome lp have implied the presence of tumor 
suppressor genes along its length. In particular, LOH 
for the lp31 region has been observed in up to 50% of 
human breast cancers (Hoggard et al, 1995). Although 
the human EST sequencing project has generated 
large numbers of partial gene sequences, only a small 
proportion of these have so far been assigned to specific 
chromosomes, and of those that have a chromosomal 
assignment, many have not been localized to specific 
chromosome bands. We recently described the map- 
ping of EST markers along the length of human chro- 
mosome 1 (Roberts et al, 1996a) using a well-charac- 
terized panel of somatic cell hybrids (Roberts et al, 
1996b). As a result of this analysis we were able to 
assign groups of ESTs to five distinct regions of the 
short arm of chromosome 1. As part of our attempt to 
clone the translocation breakpoint in a patient with 
neuroblastoma (Mead and Cowell, 1995), we generated 
a 6-Mb contig of yeast artificial chromosomes (YACs) in 
the lp22 region (Roberts et al, 1998a, b). This contig 
was shown to link up with the 9-Mb contig described by 
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FIG. 1. Physical map of the lp31 chromosome region frequently deleted in human breast cancer. The extent of the overlapping YACs 
spanning the minimally deleted region is shown by the horizontal shaded bars. Landmark STS markers from the region are shown below. 
The location of the six newly mapped ESTs is shown above. 

Hoggard et al. (1995), which spanned the region of 
lp31 frequently shown to undergo LOH in breast tu- 
mors. In our original mapping project we assigned 38 
novel ESTs, derived from 30 different genes to the 
Ip21-p31 region. Six of these ESTs mapped to the 
6-Mb contig described by Roberts et al. (1998a) in lp22. 
We have now analyzed the YACs from the contig de- 
scribed by Hoggard et al. (1995) with the remaining 
ESTs from the Ip21-p31 region and sublocalized a 
further 6 ESTs within this YAC contig. One of these 
ESTs lay within the minimal region of LOH in breast 
cancer. Here we describe the isolation and character- 
ization of this gene, TTC4, which is a novel member of 
the TPR family. 

MATERIALS AND METHODS 

Molecular analyses. cDNA libraries and Northern blots were 
screened using standard hybridization procedures with 32P-labeled 
probes (Sambrook et al, 1989). Northern blots were obtained from 
Clontech. Filter hybridization was carried out with the ExpressHyb 
procedure (Clontech). 

5' RACE. RACE was carried out with the GIBCO kit as described 
by the manufacturers using 2 jug of total RNA from either normal 
brain or liver (Clontech). Two gene-specific primers (GSP1 and 
GSP2) were designed. The GSP1, 5'-CTTGGCTTGTCTCCAGTCAA- 
3', was 927-947 bp of cDNA 487410 from the 5' end. The GSP2, 
5'-GTGCAGATCCTGATTTGAATGC-3', was homologous to bp 
1077-1198 of cDNA 487410 from the 5' end. Both of the GSPs were 
used in combination with the adapter primer (API) to amplify the 5' 
end of the gene. The PCR reaction was performed in 1.5 mM mag- 
nesium chloride, 0.2 mM each of the four deoxynucleotide triphos- 
phates, 0.3 mM of each primer, 5 p.1 of 10 x PCR reaction buffer, and 
1 U of Tag DNA polymerase (GIBCO BRL) in a volume of 50 /xl. 
RACE products were cloned into pCR2.1 using the TA cloning pro- 
cedure (Invitrogen) and transformed into JM109 competent cells 
(Promega). The sequencing analysis of the 5'-RACE PCR product 
was achieved by using M13 reverse and forward (-20) primers. 

PCR and RT-PCR. RNA was isolated using Trizol reagent. Using 
Superscript II (GIBCO) and random hexamers (Promega), 1-2 /j,g of 
total RNA or 500 ng of mRNA was reverse transcribed. All PCRs 
were performed using Tag polymerase and the buffer supplied by 
GIBCO with 0.2 mM dNTPs and 0.2 /xM primers. PCR products were 
analyzed on 3% agarose gels. SSCP was carried out as described by 
Hogg et al. (1992). After the digested RT-PCR products were dena- 

tured at 80°C for 5 min, the samples were loaded on the SSCP gel 
and separated by electrophoresis for 14 h at 6 W. 

RESULTS 

To map subregionally the Ip22-p32 ESTs identified 
by Roberts et al. (1996a), we selected a minimal set of 
8 YACs that spanned 9 Mb in chromosome region lp31 
(Fig. 1). DNA from these YACs was used as the sub- 
strate for PCR with the ESTs from Ip22-p31 that did 
not map to the lp22 contig described by Roberts et al. 
(1996a). Six of these ESTs were present in the YAC 
contig (Fig. 1). In the latest release of the human 
genome map, none of these ESTs has been previously 
assigned a map location. Of particular interest was the 
fact that one of these ESTs, D1S1859E, mapped to YAC 
879a6, which is central to the overlapping region most 
commonly undergoing LOH in breast cancer (Hoggard 
et al, 1995). Because this EST is a potential candidate 
for the breast cancer gene in lp31, we characterized it 
more fully. 

The D1S1859E marker was derived from cDNA clone 
487410 (ATCC). This clone contains a 2.7-kb insert 
(data not shown). To facilitate sequencing, we digested 
this clone with HinAllllNotl, generating three frag- 
ments, 0.4, 0.9, and 1.4 kb long. These fragments were 
subcloned, and the full 2644-bp sequence was gener- 
ated. A poly(A) tail was identified at the 3' end, and a 
933-bp open reading frame was found between nt 877 
and 1809. When cDNA 487410 was used to probe a 
multiple tissue Northern blot, an approximately 2-kb 
transcript (Fig. 2) was observed in most tissues. Be- 
cause this transcript was 600 bp smaller than the 
cDNA clone insert, the individual subclones were also 
hybridized to Northern blots. Only the 0.9- and 1.4-kb 
fragments generated hybridization signals, both of 
which were 2 kb long. This result indicated that the 
original 487410 clone was probably chimeric. The 0.9- 
and 1.4-kb fragments were then used to screen both 
fetal brain and adult liver cDNA libraries. A 1.7-kb 
clone (FC4) was isolated from the fetal brain library 
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FIG. 2. Northern blot analysis of the distribution of tissue ex- 
pression of the TTC4 gene. The multiple tissue blot was probed with 
cDNA 487410 and detects a 2-kb transcript in all cases. Expression 
in lung was detectable at low levels. 

using the 0.9-kb probe, and a 3.8-kb clone (LC4) was 
isolated from the fetal liver library using the 1.4-kb 
probe. These two new clones were sequenced, and, 
when they were compared with cDNA 487410, it was 
clear that both of these cDNAs were also chimeric; the 
950 bp at the 3' end of FC4 was identical to the 5' end 
of 487410, whereas the 1784 bp at the 3' end of LC4 
was identical to the 3' end of 487410 (Fig. 3). Database 
homology searches with the 5' end of LC4 revealed 
homologies with the 3' untranslated region of a gene on 
chromosome 22. Thus, as a result of this analysis, the 
5' end of the gene that maps to chromosome lp31 was 
still not accounted for. To find the 5' end we used the 
Marathon-ready brain cDNA RACE approach. Two 
gene-specific primers (GSP) were designed from the 5' 
end of 487410 within the region showing homology 
with LC4 and FC4 (Fig. 3). Thus, GSP1 annealed to nt 
928-947 and GSP2 annealed to nt 1077-1098. These 

GSPs were used in combination with the API provided 
in the RACE procedure. The two resultant bands (Fig. 
3), which were 232 and 382 bp long, were subcloned 
into the pCR 2.1 plasmid vector and then these clones 
were sequenced. The 232-bp product showed complete 
homology to the 382-bp fragment at the 5' end (Fig. 3). 
The sequence at the 3' end of each of these clones was 
homologous to 487410 (Fig. 3). When the 382-bp frag- 
ment was used to probe the same Northern blot used 
previously, a 2-kb transcript was identified (data not 
shown). When the 382-bp fragment was incorporated 
into the 3' sequence of the 487410 cDNA a 2005-bp 
gene sequence was generated (Genbank Accession No. 
AF073887). Conceptual translation of this sequence 
identified a 1071-bp (356 amino acid) open reading 
frame spanning nt 34-1104 (Fig. 4). This gene contains 
a tetratricopeptide repeat motif at the 5' end of the 
gene (Fig. 4). When the amino acid sequence of TTC4 
was analyzed using the coiled-coil prediction program 
in the ExPASY-Tools (NCBI), a coiled-coil domain that 
is situated between aa 170 and aa 230 (Fig. 4) was 
identified. 

Homology searches using the SwissProt program re- 
vealed 26-41% identify with several genes in the da- 
tabase (Fig. 5). In all cases, the highest homology was 
within a TPR motif. Amino acid sequence alignment 
over the TPR domains reveals that TTC4 has 16% 
amino acid identity with TPR1 (Murthy et al, 1996), 
26% with TPR2 (Murthy et al, 1996), 19% with the 
transformation-sensitive protein, IEP SSP 3521 
(Honore et al, 1992), and 33% with the yeast STI1 
protein (Wilson et al., 1994). All of the aligned proteins 
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FIG. 3. Construction of the TTC4 gene sequence. (A) The homologous regions between the original clone, 487410, and the newly isolated 
clones from fetal brain (FC4) and adult liver (LC4) are shown. (B) The relationship between the two RACE products (C) derived from 487410 
that allowed the final gene structure to be established is shown. 
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AATATCAGGCTCSCAGAAGCiaXTGTGAG^ 800 
NIRLSEAACEDEDSASEGLGELFLDGL 

CaQCMXSGMOCXXCKI«^^ 880 
STENPHGARL    SLDGQGRLSWPVLFLY 

CAGAGmTGCCCAGfK33GACITCATCIUIX^^ 960 
PEYAQSDFISAFHEDSRFI    DHLMVMFG 

GAAACACCTIUnHGGACCTAGAGCAAAAATATKXnDGAT^ 1040 
ETPSWDLEQKYCLIIWRSTLRMRTGQN 

CTATAC03GGTXXXnX30CAAGAGCACniTGCTACAG3ITC^^^ 1120 
YTGCLPRAPCYRFYSTRGTL* 

ATITnXXTCIGTCTAGGATCCICraZr^^ 1200 
GaaOGGCXXXTIGGATCKX^OXTrAOCCTCX^CIGCIG^^ 1280 
GICCftGIGCTTTCITIQaGTCAOCCTQGGGATAGTCCTI^^ 1360 
CKXAGCICICIQGCEOSrcriaOTICCTXS^^ 1440 
GCTAAftG33ACCÄTCTOCTCXÄGTTACC&CAGCAA^^ 1520 
GIGMÄTCATICraAACITriGTGGAGTnGACACC^^ 1600 
CAATXATOGGATIOaAGGCTITAAAGCTX3AGAGACCCI03C^ 1680 
GGGTIQgiGAAGATGCCTTOAGGlGAAATGGGGGCaGGAft 1V60 
CAGATCCTrGOTACCCCTAAAAAGATraXAATITI^^ 1840 
GGCCICTTCJCTTCCICTGCAGTmGA^ 1920 
GITACÄGAGTATATITITtJICIOCÄGCSGT^^ 2000 
AAAAA 2005 

FIG. 4.   Nucleotide sequence and the deduced amino acid sequence of the TTC4 cDNA. The four potential TRP repeat motifs are 
underlined. 

contain the degenerate 34-amino-acid motif that de- 468, SKBR3, and T47D) using SSCP. Because we do 
fines this structure. TPRs are quite often tandemly not have information about the exonic structure of 
arrayed, and it is also common for single and double TTC4, we analyzed RNA transcripts from these cells. 
TPRs to be found separated from the arrays (Lamb et The coding region of TTC4 (nt 145-945) was amplified 
al, 1995). The TTC4 protein has four separated TPR using RT-PCR. Because conformation changes are 
motifs that are spread throughout the TTC4 protein, more readily detectable by SSCP in smaller fragments 
Coiled-coil domains were also found in TPR1, TPR2, (Hogg et al., 1992), the PCR products were digested 
IEF SSP 3521, and the yeast STI1 protein (Fig. 4). The with Bsml and Bglll to generate fragment sizes below 
location of the coiled-coil domain varies within the 300 bp. When the mobilities of the individual frag- 
proteins. In TPR1 and TPR2 they are found within the ments on the SSCP gel were compared, we were unable 
TPR domain, whereas in the other genes the coiled coil to detect any differences suggesting mutations or poly- 
is located outside the TPR domain toward the carboxy morphisms. DNA samples from the same eight cell 
terminal of the gene (Fig. 6). TTC4 also shows identity lines were also analyzed by Southern blotting, and no 
with some other proteins in the database such as Lm structural rearrangements of this gene were detected. 
STI1, serine/threonine protein phosphatase T, and the Unfortunately, it was not possible to determine which 
heat shock protein STI1 (data not shown). of these tumors had undergone LOH at lp31 because 

the corresponding normal tissue was not available. 
Mutation Analysis in Breast Cancer Cell Lines Given the overall frequency of LOH in breast tumors, 

AT  .xi.       ui x        i    •   J *   *.     4-u + Tvppi • however it might be expected on average that 50% of Northern blot analysis demonstrates that 11C4 is ,       ,    ,       ° .        , -.rAIJ .    .,   Q1 . / ,,  ,        ,   ,        , j them had experienced LOH in lp31. 
expressed in normal breast tissue (data not shown). In 
a preliminary investigation of whether TTC4 is mu- DISCUSSION 
tated in breast cancer cells, we undertook a limited 
mutation  screen  in  eight  breast  cancer  cell  lines The human TTC family of genes previously con- 
(G1C1A, MCF7, MCF7ICI, MDS 435, MDS 453, MDS tained three members, TTC1 from chromosome region 
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FIG. 5. Multiple sequence alignment with a partial amino acid 
sequence with those from human TPR1, TPR2, IEF SSP 1532, and 
yeast STI1. 

5q32-q33, TTC2 from chromosome region 17qll-q23, 
and TTC3 from chromosome region 21q22 (Murthy et 
al, 1996; Tsukahara et al, 1996; Ohira et al, 1996). 
We have now identified the fourth member of this 
family, TTC4, from chromosome region lp31. TTC4 
contains four repeats of the motif and is apparently 
ubiquitously expressed, as are all of the other members 
of the family (Murthy et al, 1996; Tsukahara et al, 
1996; Ohira et al, 1996). A role for the TTC gene family 
in neoplasia has recently been demonstrated in liver 
tumorigenesis (Isfort et al, 1997). The Tg737 gene, 
which contains 10 tetratricopeptide repeats, was iden- 
tified as the gene that was inactivated by insertional 
mutation in a transgenic mouse with a phenotype re- 
sembling autosomal recessive polycystic kidney dis- 
ease (Moyer et al, 1994). These mice also showed liver 

dysplasia. When Isfort et al. (1997) analyzed genetic 
changes in carcinogen-induced liver tumors in rats, 
they detected deletions and rearrangements of Tg737 
in 40% of cases. Similar changes were detected in hu- 
man liver, pancreas, and kidney tumors but not in 
breast cancers. In cells lacking Tg737, overexpression 
of this gene resulted in a decrease in cell growth in 
vitro and a suppression of the ability of these cells to 
form tumors in nude mice. More circumstantial evi- 
dence that TTC1 and TTC2 play a role in tumorigen- 
esis came from a yeast two-hybrid analysis that 
showed that they interact preferentially, via their tet- 
ratricopeptide domains, with a truncated form of the 
GAP-related domain of the NF1 gene, which predis- 
poses to the development of neurofibromatosis. Yeast 
two-hybrid associations do not necessarily reflect intra- 
cellular interactions, however, and to date, these inter- 
actions have not been confirmed by other means. An- 
other member of the TTC family, p58, has been shown 
to inhibit the interferon-inducible PKR gene (Lee et al, 
1994). PKR has been suggested to be a tumor suppres- 
sor gene, and p58 has oncogenic potential. Thus, al- 
though the function of TTC4 is not known, it might be 
predicted to have other interesting functions related to 
tumorigenesis because of its relatedness to other TTC- 
motif genes. In yeast, for example, some of the cell 
division cycle genes, which are essential for the pro- 
gression of the cell cycle, contain TTC repeats (Bo- 
guski, 1990; Sikorski et al, 1990). These genes are also 
homologous to fungal genes that are involved in mito- 
sis (O'Donnell et al, 1991). The human homolog of one 
of the yeast TPR-containing genes was shown to be 
upregulated in SV40-transformed human fibroblasts 
(Honore et al, 1992) compared with their normal coun- 
terparts, again possibly suggesting a role in the trans- 
formation process. TTC4 also shares homology to 
stress-inducible proteins such as STI1 in yeast, a mem- 
ber of a family of genes from various species (Blatch et 
al, 1997) with a common ancestor. STI1 is important 
for growth under suboptimal conditions and can either 
transactivate other genes (Nicolet and Craig, 1989) or, 
as shown for the homologous Ski gene (Toh and Wick- 
ner, 1980), regulate RNA synthesis. All of these func- 

100% 

TPR3 

26% 

33% 

1 ySTIl 

0     Aligned aa region B     Coiled coil motif 

FIG. 6.   Diagrammatic representation of the intragenic location and degree of homology of the TPR domains between TTC4 and other 
TPR-containing genes. The relative locations of the predicted coiled-coil domains within these genes are also indicated. 
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tions are potentially relevant to cancer cell growth and 
survival. 

The function of the TTC3 gene, identified originally 
as the TPRD gene, which was isolated from the Down 
syndrome (DS) critical region in 21q22 (Tsukahara et 
al., 1996; Ohira et al, 1996), is also poorly understood, 
although it is speculated to be responsible for some of 
the developmental abnormalities seen in DS patients, 
based on its pattern of expression in the developing 
mouse (Tsukahara et al., 1998). 

The crystal structure of a TPR-containing gene, PP5, 
was recently reported (Das et al, 1998). This study 
demonstrated that the repeat motif folds into a right- 
handed superhelical structure, creating a continuous 
helical groove that would be suitable for the recogni- 
tion of target proteins. This structure represents a 
novel mechanism of protein recognition and has the 
capacity to interact with many proteins and form a 
multiprotein complex. 

The demonstration that TTC4 maps within the re- 
gion of LOH in breast cancer makes it a potential 
candidate for a role in breast tumorigenesis. One un- 
equivocal way of implicating a candidate gene in tu- 
morigenesis is to identify mutations consistently in a 
specific tumor type. Because LOH is the observation 
for lp31 in breast cancer, the prediction is that these 
would be inactivating mutations, although this is not 
always the case. The WT1 gene, for example, is clearly 
implicated in Wilms tumorigenesis, and, although lo- 
cated within the region of chromosome 11 frequently 
undergoing LOH in Wilms tumors, mutation analysis 
can identify mutations in this gene in only a handful of 
tumors, mostly from patients with specific subtypes of 
tumors and genetic predispositions (Cowell et al, 
1993). At present, we have not established the exon/ 
intron structure of TTC4, which would allow mutation 
analysis at the genomic level. Consequently, in a pre- 
liminary screen, we only analyzed RNA from a series of 
commonly available breast cancer cell lines. The ad- 
vantages of using these cells are that they are not 
contaminated by normal cells and that RNA can be 
prepared from them relatively easily. This is not al- 
ways true for many of the clinical specimens obtained 
from breast tumors. Even though no mutations were 
detected in these experiments, a more extensive screen 
is still warranted because of the implications of the 
TTC genes in a variety of cellular functions potentially 
related to tumorigenesis. Once the structure of the 
TTC4 gene has been characterized, an exon by exon 
analysis would clearly be more informative because 
this analysis would not be influenced by the conse- 
quences of the mutation on gene expression or stability 
(Kratzke et al, 1994). 
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