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ABSTRACT The 3;8 chromosomal translocation,
t(3;8)(p14.2;q24.1), was described in a family with classical
features of hereditary renal cell carcinoma. Previous studies
demonstrated that the 3p14.2 breakpoint interrupts the frag-
ile histidine triad gene (FHIT) in its 5’ noncoding region.
However, evidence that FHIT is causally related to renal or
other malignancies is controversial. We now show that the
8q24.1 breakpoint region encodes a 664-aa multiple mem-
brane spanning protein, TRC8, with similarity to the hered-
itary basal cell carcinoma/segment polarity gene, patched.
This similarity involves two regions of patched, the putative
sterol-sensing domain and the second extracellular loop that
participates in the binding of sonic hedgehog. In the 3;8
translocation, TRCS is fused to FHIT and is disrupted within
the sterol-sensing domain. In contrast, the FHIT coding
region is maintained and expressed. In a series of sporadic
renal carcinomas, an acquired 7TRCS mutation was identified.
By analogy to patched, TRC8 might function as a signaling
receptor and other pathway members, to be defined, are
mutation candidates in malignant diseases involving the
kidney and thyroid.

The 3;8 chromosomal translocation, t(3;8)(p14.2;q24.1), was
described in a family with classical features of hereditary renal
cell carcinoma (RCC), i.e., autosomal dominant inheritance,
and early onset and bilateral disease (1). The translocation and
RCC segregated concordantly, and a follow-up analysis re-
ported the occurrence of thyroid cancer in two translocation
carriers with RCC (2). Frequent 3p loss of heterozygosity in
sporadic RCC led to the initial assumption that a critical tumor
suppressor gene (TSG) would be located at 3p14. However,
identification of the von Hippel-Lindau (VHL) gene at 3p25
(3), which frequently is mutated in RCC, provided an alter-
native explanation for at least some observed 3p loss of
heterozygosity. Also, van den Berg and Buys (4) subsequently
have reported that region 3p21 may be a target involved in the
malignant progression of renal tumors.

Within 3p14, Ohta et al. (5) identified the fragile histidine
triad gene (FHIT), which was interrupted in its 5’ untranslated
region by the 3;8 translocation. The human gene, like its yeast
homologue, encodes diadenosine-5',5""'-P!,P3-triphosphate
hydrolase activity (6), an unprecedented TSG function. Al-
though several reports have described FHIT alterations in
diverse carcinomas by using nested reverse transcriptase—-PCR
(RT-PCR) (5, 7-10), other results have been contradictory
(11-17). In fact, most FHIT abnormalities occur in the pres-
ence of wild-type transcripts and result from low-abundance
splicing alterations, similar to those seen for 7SG101 (13, 18).
We described a series of 3p14 homozygous deletions, primarily
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in cervical and colorectal carcinoma cell lines, which coincided
with FRA3B, the most inducible fragile region in the genome
(14). Interestingly, p53 alterations appeared to be a prerequi-
site. The proximity of FHIT exon 5 with FRA3B suggested that
its loss might be primarily related to genomic instability in
contrast to negative selection during tumor development (14).

These results made FHIT an unlikely, or at least suspect,
causative gene in the hereditary t(3;8) family and led us to
continue a search for alternatives. We noted that FHIT, in one
parotid adenoma, underwent fusion with the high mobility
group protein gene (HMGIC), the causative gene in a variety
of benign tumors (19). In fact, other HMGIC translocations
with unrelated genes indicated that FHIT could be a bystander
in this fusion. However, it suggested that the 3;8 translocation
might fuse FHIT to an alternative candidate gene on chromo-
some 8. By using 5' rapid amplification of cDNA ends (RACE)
(20), we were able to identify a gene, TRCS, which was related
to the Drosophila segment polarity gene patched. In addition to
being the receptor for sonic hedgehog (21, 22), patched is
responsible for both hereditary and sporadic basal cell carci-
nomas as well as medulloblastomas (23-25). Together with the
identification of a TRC8 mutation in a sporadic renal carci-
noma, our results indicate that TRCS may define an additional
pathway of mutations leading to the development of renal and
thyroid cancer.

MATERIALS AND METHODS

Tumors, Cell Lines, and Genomic Clones. Tumor cell lines
were obtained from the American Type Culture Collection,
and somatic cell hybrids were generated by us previously (26).
The hybrids TL12-8 and 3;8/4-1 contain the der(3) and der(8)
chromosomes, respectively, from the t(3;8) lymphoblastoid cell
line TL9944 (without either normal 3 or 8 chromosomes). The
human lymphoblastoid line AG4103 served as a normal con-
trol. Isolation of DNA and RNA was performed by using
standard methods. The HD-7 genomic phage clone carrying
the 3;8 translocation breakpoint from the der(8) chromosome
was isolated from a library prepared from the TL9944 cell line
in A FIXII (Stratagene). A chromosome 3 probe (A4040; ref.
27), which maps just distal to the 3;8 breakpoint and detects the
rearrangement, was used for screening this library.

Abbreviations: RCC, renal cell carcinoma; TSG, tumor suppressor
gene; FHIT, fragile histidine triad gene; RACE, rapid amplification of
cDNA ends; TRCS, translocation in renal carcinoma, chromosome 8
gene; TM, transmembrane segment; SSD, sterol-sensing domain;
RT-PCR, reverse transcriptase—PCR; SSCP, single-stranded confor-
mational polymorphism analysis; HMG, hydroxymethylglutaryl; YAC,

yeast artificial chromosome.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. AF064800 and
AF064801).
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RACE. 5" RACE was performed essentially as described
(28). First-strand cDNA synthesis was primed by using a FHIT
exon 4-specific primer R1 (TCAGAAGACTGCTACCTCT-
TCG), followed by dCTP tailing with terminal deoxynucleo-
tidyl transferase. Primary amplification used the AAP 5’
RACE primer together with a nested FHIT exon 4-specific
primer R2 (TCAGTGGCAGGATGCACAG). Second-round
PCR used primer AUAP with a second nested FHIT exon
4-specific primer R3 (GGTCTAAGCAGGCAGGTATTC).
Products were cloned into a T-vector (pBluescript II KS),
analyzed by hybridization with additional internal FHIT oli-
gonucleotides F4 (TGGAAGGGAGAGAAAGAG) and R4
(GGTATTCCTAGGATAC), and sequenced.

Chromosomal Localization and RT-PCR Analysis. PCR
mapping used TRCS-specific primers R-M (GCCCTGCCTT-
TACATCATCGAC) and F-O (AGATCTGGAGCACGAT-
GCAGAAC). PCRs were performed under touch-down an-
nealing conditions with Perkin—Elmer Buffer II and Promega
AmpliTag DNA polymerase. Touch-down annealing temper-
atures started at 70°C and ended at 60°C (AT of —0.5°C per
cycle) for 20 cycles, followed by 15 cycles at 60°C. Products
generated from 10 to 40 ng of template were separated on a
2.0% agarose gel. cDNA synthesis used random hexamer
primers along with Superscript II (Life Technologies, Gaith-
ersburg, MD). Subsequent PCRs were performed as above,
except touch-down annealing temperatures were adjusted to
65°C-55°C. The EMR primer, specific for the 3’ portion of
TRCS, was TCTTGTTAGCCAAAAGACTCG, whereas the
F1 primer specific for FHIT exon 1 was TCCCTCTGCCTT-
TCATTCC.

DNA Sequence Analysis. Sequencing was performed on an
ABI377 through the Colorado Cancer Center DNA Sequenc-
ing Core. Analysis for transmembrane segments (TMs) was
performed by using five prediction programs: PHD_htm at
EMBL (http://www.embl-heidelberg.de/predictprotein/),
TMpred at ISREC (http://ulrec3.unil.ch/software/
TMPRED_form.html), SOSUI at Tokyo University (http://
www.tuat.ac.jp/~mitaku/adv_sosui/), DAS at Stockholm Uni-
versity (http://www.biokemi.su.se/~server/DAS/), and
PSORT at Osaka University (http://psort.nibb.ac.jp/). All 10
TMs that are underlined in Fig. 14 were predicted by at least
four of the five programs, although in most cases the programs
did not agree on the precise boundaries of the segment.

Single-Stranded Conformational Polymorphism Analysis
(SSCP). SSCP was performed by the method of Spritz et al.
(29). Nine primer sets were designed to amplify the entire
coding region in segments averaging 325 bp and that also
would span any intron-exon boundaries. These primer sets
were: set 1 (setlF AGTTGCCCGCCTTAGCC and setlR
CCAAAGACACATACTCGACCC), set 2 (set2F CATA-
ACTCTTAGTGGGGAAACATTC and set2R TGTAACG-
TATCCAATTCCAAATG), set 3 (set3F TGGCACT-
TATCGTTCTACAGC and set3R TCTTGTTAGCCAAAA-
GACTCQG), set 4 (set4dF AGTGTTTGTCCTGGCAGTG and
set4dR ACAGTTAGTGTAGAATCGCACCC), set 5 (set5F
TGGCAAATGAAACTGATTCC and set5SR CATGGATA-
AAATGCAGGACTG), set 6 (setoF AAGACCAGAA-
GAGAGACTTATTCG and set6bR TGCTGTAACTG-
CAAACAACC), set 7 (set7F TCTTTGGCATCACTATG-
CAC and set7R CTTCACAGCAGTCCTACGATTC), set 8
(setS8F CCAAAAATGGCTGGAAGAC and set8R TGTCA-
GATTCAGCAGCAGC), and set 9 (set9F CCACCCAAT-
GAAACTCCAG and set9R AGTAGCACATCACAGTA-
AACGQG). In addition, three primer sets were designed to
amplify the 5’ untranslated region including: set P1 (setP1F
TCCCAGGCAGCTCTGAAC and setPIR ACCATCTT-
GACCTCGCCC), set P2 (setP2F GTTCGCTTGACT-
GACGGC and setP2R ATGAGCCGCTGCCACAC), and set
P3 (setP3F CACCGAAACCCAGAGACC and setP3R
CCAAAGACACATACTCGACCC). These primers were
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FiG. 1. (A) Predicted amino acid sequence of TRCS. The sequence
begins with the first methionine present in the isolated cDNAs. The 3;8
translocation breakpoint occurs between amino acids 60 and 61
(arrowhead). Predicted TMs are underlined, and three potential
N-linked glycosylation sites are indicated by *. Two regions showing
similarity to patched [the SSD and the extracellular loop (ECL)] are
shaded. The RING-H2 motif is boxed. (B) Schematic of the predicted
structure for TRCS compared with patched (PTC). The horizontal line
represents the lipid bilayer that is crossed by 10 putative TMs of TRCS8
and 12 in patched. The divergent loop refers to a region of patched that
is nonconserved among patched homologues (45). The diagram of
patched shows regions that are similar or different from TRCS8 by bold
black or thin shaded lines, respectively. The N-terminal extracellular
loop of patched is absent from TRCS. The predicted intracellular loop
3’ of the SSD is not conserved between either of the two known murine
patched genes (Ptchl and Ptch2) or in TRCS. (C) Amino acid sequence
homology between TRCS and Drosophila patched. The Dm Ptc
sequence (GenBank accession no. M28999) was aligned with TRCS by
gapped BLAST. Identical amino acids are indicated by white letters on
black, and similar amino acids (positive scores in a PAM250 matrix)
are shaded. Two TRCS8 TMs within this homology region are under-
lined. (D) Alignment within the putative SSD. Human sequences for
HMG-CoA reductase (Swissprot accession no. P04035) and Patched
(GenBank accession no. U59464) were aligned with TRCS by gapped
BLAST. Identities and similarities are indicated as in C; TMs within the
putative SSD of TRCS are underlined.

used to amplify genomic DNA (10 ng) under 65°C to 55°C
touch-down conditions, as described above. Because of the
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high GC content present in a 300-bp segment near the amino
terminus of TRC8, PCRs for primer sets 1, P2, and P3
contained 2.5 M betaine (30). Reaction products were mixed
50:50 with denaturing dyes (95% formamide, 10 mM NaOH,
20 mM EDTA, 0.02% bromophenol blue, and 0.02% xylene
cyanol) and heated to 95°C for 5 min immediately before
loading. Samples were separated at 8 W for 16 hr on 0.5X
MDE (FMC) gels containing 0.6 X Tris-borate buffer and 10%
glycerol. Bands were visualized by silver staining.

RESULTS

Identification and Sequence Analysis of TRCS. To test for a
possible fusion gene, RNA was isolated from TL9944 lympho-
blastoid cells carrying the 3;8 translocation and subjected to
RACE. The t(3;8) breakpoint interrupts FHIT between exons
3 and 4. Therefore, 5" RACE products were generated by using
nested primers within exon 4. Although the cloned amplifica-
tion products were identified by hybridization to an internal
FHIT exon 4 oligonucleotide (R4), nearly 80% of these clones
were negative for a FHIT exon 3 oligonucleotide (F4) suggest-
ing they might represent a gene fusion. Twelve such clones
were further examined by DNA sequencing, and nine were
found to contain an identical novel sequence spliced exactly to
the 5" end of FHIT exon 4. Mapping studies confirmed that the
sequences were derived from chromosome 8 (see below). We
refer to this gene as TRCS for translocation in renal cancer
from chromosome 8.

The coding region of TRCS was determined from multiple
c¢DNA clones and PCR products isolated from a human fetal
brain library (Stratagene) plus IMAGE clone 331H8 identified
from dbEST. Additional genomic sequences extending approx-
imately 2.1 kb upstream of the first in-frame methionine were
obtained from phage HD7, which contains both chromosome
3 and 8 material spanning the 3;8 breakpoint. The cDNA
sequence contains a predicted 1,992-bp ORF encoding 664
amino acids (Fig. 14). The upstream cDNA and genomic
sequences are GC-rich, indicative of a CpG island. The 5’ most
cDNA clone extended to position —286 bp, and additional
RACE experiments failed to extend this further. Using a
promoter prediction program (http://www-hgc.lbl.gov/
projects/promoter.html), four transcriptional start sites were
located at —622, —55, —36, and —22 bp of the first methionine.
The —22 site corresponded precisely to the two longest RACE
products. Thus, it appears that multiple transcription start sites
are used.

The ORF is predicted to encode a 664-aa protein of 76 kDa
with 10 membrane-spanning segments (Fig. 1B). TRC8 con-
tains two regions of similarity with patched, the receptor for
sonic hedgehog (SHH) (21, 22). The region from amino acids
344-443 shows the strongest match with 60% similarity and
23% identity (Fig. 1C). The corresponding segment of patched
spans amino acids 883-979 and represents most of the second
predicted extracellular domain involved in the binding of SHH
(21). A second region of patched similarity involves amino
acids 22-179 and encodes a putative sterol-sensing domain
(SSD), Fig. 1D. Such domains have been identified in hydroxy-
methyl glutaryl (HMG)-CoA reductase and the sterol regula-
tory element binding protein (SREBP) cleavage activating
protein (SCAP) (31). Patched contains a putative SSD, of
unknown function, from amino acids 440 to 600 (32, 33). This
region is 53% similar/17% identical to the SSD of HMG-CoA
reductase (34); the corresponding region from TRCS shows
63% similarity/17% identity. We surmise, based on the mul-
tiple TMs and regions of patched similarity, that TRCS encodes
a membrane-bound receptor.

In addition, a perfect match with a ring-finger motif of the
RING-H2 subtype (35) was found between amino acids 547
and 585. The RING-H2 motif (CXzCX9727CXHX2HX2CX(),
17CX,C) differs from the standard RING finger by replace-

Proc. Natl. Acad. Sci. USA 95 (1998)

ment of the fourth cysteine with a histidine. Functionally,
RING-H2 motifs have been suggested to be protein—protein or
protein-lipid interaction domains (35). We also observed that
TRCS is highly conserved among mammals. This finding was
evident from two murine expressed sequence tags (dbEST
clones mu78h12 and vl43c01) found to be 93% and 89%
identical, respectively, at the nucleotide level over 971 bp.
Expression of TRC8. Hybridization of TRCS8 to a Northern
blot (CLONTECH) prepared from adult human tissues and
placenta identified a message of approximately 3.0 kb (Fig.
2A4). Although our longest cDNA clones total 2.5 kb, use of the
—622-bp promoter, as discussed above, would result in a 2.9-kb
message, close to the observed size. Although expression in the
lung and kidney appeared reduced, hybridization with a con-
trol glyceraldehyde-3-phosphate dehydrogenase probe (data
not shown) indicated that there was less RNA present in these
samples. A human RNA dot blot (RNA Master blot, CLON-
TECH) revealed TRCS message in all tissues examined (Fig.
2B) with the highest levels in testis (D1), placenta (F4), and
adrenal (D5). TRCS is expressed in both fetal (G3) and adult
kidney (E1) and in adult thyroid (D6), the suspected target
organs for TRCS aberrations in the 3;8 translocation family.
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F1G. 2. Analysis of TRCS expression by Northern (A4) and dot blot
(B). (A) Gel resolved polyadenylated RNA (2 pg) from adult human
tissues (CLONTECH) was hybridized under recommended conditions
with a 1.5-kb 3" TRC8 cDNA encompassing most of the TMs and the
ring finger (bp 83-1623). A second, largely nonoverlapping probe (bp
1446-2212) yielded essentially the same pattern. The filter was ex-
posed for 18 hr at —80°C. (B) A CLONTECH human RNA master dot
blot was hybridized with the same probe as in 4 under recommended
conditions and exposed for 15 hr. Final wash conditions were 0.1X
standard saline citrate, 0.5% SDS at 55°C for 20 min. Signals were
collected on a Molecular Dynamics PhosphorImager. Blank positions
included B8, F5-F8, and G8. Central nervous system tissues (A1-A8
and B1-B7) included (in order) whole brain, amygdala, caudate
nucleus, cerebellum, cerebral cortex, frontal lobe, hippocampus, me-
dulla oblongata, occipital lobe, putamen, substantia nigra, temporal
lobe, thalamus, sub-thalamic nucleus, and spinal cord. Musculature
and digestive tissues (C1-C8) included heart, aorta, skeletal muscle,
colon, bladder, uterus, prostate, and stomach. Secretory tissues (D1-
D8) included testis, ovary, pancreas, pituitary, adrenal, thyroid, sali-
vary, and mammary glands. Miscellaneous tissues (E1-E8 and F1-F4)
included kidney, liver, small intestine, spleen, thymus, peripheral
leukocytes, lymph node, bone marrow, appendix, lung, trachea, and
placenta. Fetal tissues (G1-G7) included brain, heart, kidney, liver,
spleen, thymus, and lung. All control spots (yeast and Escherichia coli
RNAs, human Cotl, and total human DNAs) were blank (not shown).
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Mapping of TRCS. TRCS sequences were localized to the
immediate region of the breakpoint on chromosome 8 by both
PCR and Southern blot analysis of hybrids, yeast artificial
chromosome (YACs), and phage clones (Fig. 3). Primers
derived from the 5’ coding portion of TRCS yielded the
expected product in the chromosome 8-only hybrid (Fig. 34,
lane 4) but not in a chromosome 3-only hybrid (lane 3). The
same product was also present on the der(8) but not the der(3)
chromosome from the 3;8 translocation. Similarly, the 8q24
YAC 880A9 was positive as was the lambda clone, HD7, which
contained both chromosome 8 and 3 material from the break-
point junction. Southern blot analysis (Fig. 3B) demonstrated
that the remaining 3" portion of TRCS was contained on the
der(3) chromosome (lane 5). Notably, the probe hybridized to
an altered band (arrow) in the der(3) hybrid consistent with the
t(3;8) rearrangement. Together, these data indicate that TRCS
is localized to 8q24 and is interrupted by the 3;8 translocation
and that its 5’ to 3’ orientation is centromere to telomere.

Both Reciprocal Products are Expressed in t(3;8) Lympho-
blastoid Cells. To determine whether both reciprocal products
were expressed, we performed RT-PCR analysis on RNA
isolated from TL9944 lymphoblastoid cells carrying the 3;8
translocation. Primers that flanked the breakpoint and were
specific for the 5’ and 3’ portions of either TRCS or FHIT were
used. As can be seen in Fig. 4, primers specific for wild-type
FHIT and TRCS generated bands of the expected size from
both t(3;8) and control RNAs. In contrast, the 5" TRCS primer
together with the 3" FHIT primer produced a product only
from the (3;8) translocation cell line. Similarly, the reciprocal
5" FHIT/3' TRCS8 product also was observed only in the
translocation line. No products were detected in the absence
of RT. Sequence analysis (Fig. 4B) confirmed that these
unique RT-PCR products contained fusions of TRCS and
FHIT sequences, as expected. Thus, although FHIT is inter-
rupted in its 5’ untranslated region, its complete coding
sequence is contained in the product from the der(8) chro-
mosome. In contrast, TRCS8 is interrupted within the predicted
SSD.

A Tumor-Specific Mutation in Sporadic RCCs. An SSCP
analysis was performed by using 12 primer pairs covering the
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F1G. 3. (A) Localization of 5" TRCS sequences to chromosome 8q.
Primers R-M and F-O amplify an 82-bp fragment specific for the 5’
portion of TRCS. Templates in lanes 1-11 included, respectively,
AG4103 (normal human), CHO glyA~ (hamster), UCTP-2A3 (chro-
mosome 3 only hybrid), 706-B6, clone17 (chromosome 8 only hybrid),
TL12-8 [t(3;8) der(3) hybrid], 3;8/4-1 [t(3;8) der(8) hybrid], YAC
880A9 (chromosome 8-specific YAC spanning 3;8 breakpoint), YAC
850A6 (chromosome 3-specific YAC spanning 3;8 breakpoint), HD-7
(genomic phage clone carrying the 3;8 breakpoint region from chro-
mosome 8), 2A7 (longest 5'RACE clone), water control. Molecular
size standards are indicated in bp. (B) The same hybrid and YAC
DNAs used in A were digested with EcoR1I and Southern-blotted. The
filter was hybridized with a 1.4-kb TRC8 cDNA fragment that derives
from the 3’ end. The normal human TRCS8 fragment is >15 kb, which
is reduced to ~12 kb by the translocation (arrow). The cross-
hybridizing fragment in hamster DNA (lanes 2-6) is 8 kb.
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F1G. 4. (A) RT-PCR analysis of fusion product expression. RNAs
isolated from the t(3;8) lymphoblastoid cell line TL9944 (36) and from
a control breast carcinoma cell line (HTB121) were treated with or
without RT, as indicated (+ or —) and analyzed for expression of FHIT
and TRC8 by PCR. Four primers specific for 5" and 3’ portions of each
gene, F1 and R1 for FHIT and R-M and EMR for TRCS, were used
in combination to detect both wild-type and putative chimeric tran-
scripts. The FHIT primer pair generated a product of the expected size
(231 bp) as did the TRCS primer pair (651 bp). Reciprocal chimeric
products were amplified by using R-M plus R1 for 5" TRC8/3' FHIT
and F1 plus EMR for 5’ FHIT/3' TRCS. Predicted sizes of the chimeric
products are 188 and 694 bp, respectively. (B) Sequences of 3;8
chimeric transcripts. The RT-PCR-amplified cDNAs in lanes 11 and
15, corresponding to the reciprocal chimeric transcripts, were purified
and sequenced on both strands. Forty bp surrounding the boundary
between FHIT exons 3 and 4 are shown with FHIT sequences italicized.
The precise position of the fusion on both TRCS and FHIT transcripts
is indicated.

coding sequence and the 5’ untranslated region in 32 renal
carcinomas. A duplication of 12 nucleotides in the 5" untrans-
lated region was identified in one tumor that was absent in
matched normal DNA and is thus tumor specific (Fig. 54, lane
5). This mutation was verified by multiple separate PCR
amplifications, SSCP analyses and sequencing, as well as by the
use of an alternative primer set, thus eliminating the possibility
of a PCR artifact. The duplication (Fig. 5B) was found to occur
in a consistent RNA stem loop structure predicted by the GCG
program MFOLD in both energetically optimal and all subop-
timal folds.

DISCUSSION

The relationship between the 3;8 translocation and kidney
cancer has been a long-term project of this laboratory (27,
36-38) and the source of considerable interest among inves-
tigators seeking to identify a 3p TSG. Although the 3p14 FHIT
gene was postulated to be a tumor suppressor (5, 39, 40), this
role was questioned (41) based on its biochemical function as
a di-adenosine hydrolase (6) combined with the lack of sub-
stantial mutations in tumors and the fact that most reported
PCR alterations resulted from low-abundance splicing varia-
tions (11, 13-15, 17). Moreover, there is little support for the
involvement of FHIT in renal cancers (16, 42). Similarly, the
reintroduction of FHIT into tumorigenic cell lines was incon-
sistent in suppressing tumors, including the fact that a hydro-
lase “dead” mutant appeared active (39). Otterson et al. (43)
introduced FHIT into six carcinoma cell lines and observed no
effects on proliferation, morphology, cell-cycle kinetics, or
tumorigenesis. Also, there was no correlation between the
presence of truncated RT-PCR products and FHIT protein.
We identified a series of 3p14 deletions, many not involving
FHIT exons, which overlapped FRA3B in various carcinoma
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F1G. 5. (A) Detection of a tumor-specific somatic mutation by
SSCP and heteroduplex analysis. DNA samples were PCR-amplified
by using primers flanking the first coding exon of TRCS. The products
were denatured, separated on a nondenaturing MDE gel and detected
by silver staining. Samples included matched tumor and normal DNAs
from patients 1 and 7 (lanes 5-8, respectively) and an unrelated normal
control (AG4103, lane 9). A separate SSCP gel was used to isolate four
individual SSCP bands from RCC no. 1 (lane 5, marked by an arrow
or arrowheads). The excised bands A-D corresponded to the indicated
bands in lane 5 from top to bottom. These last templates were
reamplified and analyzed by SSCP to determine whether they con-
tained mutant or wild-type sequences. Comparison to lane 5 suggested
that bands A and C contained primarily mutant DNA, band B was a
mixture of mutant and wild-type, and band D was wild-type only.
Results for SSCP (Upper) and heteroduplex (Lower) are shown. (B)
RCC no. 1 contains a 12-bp duplication in the 5" untranslated region.
Purified PCR products shown in 4 (lanes 1-4) were sequenced. The
mutation consisted of a 12-bp direct duplication (underlined) at bp
position —73, which was present in the tumor sample but not in the
corresponding normal DNA.

cell lines (14). However, spontaneous deletions also were
observed in nontumor backgrounds, and we proposed that the
deletions were the result of genomic instability. Although
another 3p14 gene might exist, our sequence data totaling 160
kb from FRA3B (14) (plus GenBank updates AF023460 and
AF023461) together with 135 kb of nonoverlapping sequence
from Inoue et al. (44) did not identify any additional definitive
genes.

The observation that FHIT was involved in a translocation-
derived fusion with HMGIC (19), the causative gene in a
variety of benign tumors, led us to consider that the same event
might have occurred in the 3;8 translocation. By using RACE,
we were able to identify an additional gene, TRCS, from the
8q24 breakpoint. TRCS8 encodes a predicted 664-aa, multi-
transmembrane protein with similarity to patched. This simi-
larity includes the second extracellular domain of patched,
which is involved in binding sonic hedgehog, as well as its
putative SSD. In addition, the first 480 amino acids of TRCS8
and amino acids 440-1100 of patched share an organizational
similarity (Fig. 1B). This similarity begins with the common
SSD, followed by the divergent region that is nonconserved
among patched homologues (45), and finally by the conserved
second extracellular loop. TRCS lacks the first extracellular
loop of patched and likewise shows no similarity after the
second extracellular loop. Therefore, although 7RCS has
similarity to patched and is predicted to be a plasma membrane
protein by PSORT (46), it is not the type of direct homologue
as is the Patched 2 gene, for instance (45).

Proc. Natl. Acad. Sci. USA 95 (1998)

TRCS may be the critical gene in the 3;8 translocation based
on the following: (i) its similarity to patched, which in turn is
responsible for the hereditary basal cell carcinoma syndrome
(23, 25), (ii) the preservation and expression of FHIT coding
sequences in 3;8 translocation containing cells (in contrast to
the disruption of TRCS coding sequences), and (iii) its dem-
onstrated mutation in a sporadic renal carcinoma. How TRCS8
may function in human tumorigenesis is presently unknown. In
human basal cell carcinomas, PATCHED appears to function
as a recessive TSG (reviewed in ref. 47). However, medullo-
blastomas (or perhaps the precursor cell proliferations) oc-
curring in mice heterozygous for a ptc mutation might develop
without the requirement for loss of the remaining allele (24,
47). In tumors from the 3;8 translocation family, we do not
know whether the wild-type allele was lost. A screen of TRCS
in sporadic renal carcinomas by SSCP demonstrated a muta-
tion in one tumor (Fig. 54). In that sample, very little of the
wild-type heteroduplex product can be seen. This rearrange-
ment resulted in an insertion of 12 bp in the tumor, which was
not present in the corresponding normal DNA of that patient.
This insertion occurs in a consistently predicted stem-loop
structure in the 5’ untranslated region. The consequence of
this insertion conceivably affects either transcription or trans-
lation. Although the frequency of TRCS8 mutations in sponta-
neous tumors appears low, it is possible this finding is remi-
niscent of the mutation frequencies observed in BRCA1 and
BRCA2 (48, 49). We believe the most exciting aspect of our
findings is that TRCS appears to define an additional mutation
pathway in renal and thyroid cancers. Whether it functions in
some analogous way to patched or is involved in other devel-
opmental processes remains to be determined.
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