The Tre2 (USP6) oncogene is a hominoid-specific gene
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Gene duplication and domain accretion are thought to be the major
mechanisms for the emergence of novel genes during evolution.
Such events are thought to have occurred at early stages in the
vertebrate lineage, but genomic sequencing has recently revealed
extensive amplification events during the evolution of higher
primates. We report here that the Tre2 (USP6) oncogene is derived
from the chimeric fusion of two genes, USP32 (NY-REN-60), and
TBC1D3. USP32 is an ancient, highly conserved gene, whereas
TBC1D3 is derived from a recent segmental duplication, which is
absent in most other mammals and shows rapid amplification and
dispersal through the primate lineage. Remarkably, the chimeric
gene Tre2 exists only in the hominoid lineage of primates. This
hominoid-specific oncogene arose as recently as 21-33 million
years ago, after proliferation of the TBC1D3 segmental duplication
in the primate lineage. In contrast to the broad expression pattern
of USP32 and TBC1D3, expression of Tre2 is testis-specific, a pattern
proposed for novel genes implicated in the emergence of repro-
ductive barriers. The sudden emergence of chimeric proteins, such
as that encoded by Tre2, may have contributed to hominoid
speciation.

Completion of the sequence for the human genome has
revealed that ~5% of the genome is composed of segmental
duplications (1-4). These duplications appear to have emerged
only during the last 35 million years, within the primate lineage,
and to have rapidly expanded (3). The unexpected finding of
such large-scale genomic rearrangements late in primate evolu-
tion has raised the possibility that new genes may have been
created on a scale that was not previously appreciated. Many of
the duplicated regions in the human genome share extremely
high sequence identity because of their recent divergence, and
their shuffling within the genome is postulated to have played a
role in the formation of novel genes through chimeric fusion and
domain accretion (3). Whereas duplicated genes will diverge
over time, the abrupt creation of a mosaic gene with novel
functions, especially for genes involved in reproduction, could
potentially lead to reproductive barriers and thus play an im-
portant role in speciation (5).

Tre2 was originally isolated in multiple transfection-based
screens for novel oncogenes, by virtue of its potent ability to
transform mouse NIH 3T3 cells (6, 7). It was subsequently shown
to function as a ubiquitin-specific protease (USP) in vitro,
although specific target proteins whose turnover may be mod-
ulated by Tre2 have not been identified (8). In characterizing a
protein family member related to Tre2 that is required for
meiotic division in Caenorhabditis elegans (ZK328.1), we discov-
ered that the Tre2 gene itself is completely absent from mouse
cells, as well as from most other mammals. We therefore
undertook to define the mechanism and timing of its emergence
during primate evolution. Using sequence analysis and Southern
blotting, we found that Tre2 resulted from the chimeric fusion of
two genes, USP32 (NY-REN-60) and TBC1D3. TBC1D3 itself is
derived from a segmental duplication, with multiple copies
present in the human genome. In addition, the TBC1D3 seg-
mental duplication is absent from the mouse and most other
mammalian genomes, and the timing of its amplification is
consistent with the divergence of primates. Phylogenetic analysis
indicates that the chimeric 7re2 itself emerged subsequently as
a hominoid-specific gene. Of note, expression of this novel

www.pnas.org/cgi/doi/10.1073/pnas.0437015100

chimeric gene is restricted to the testis, an observation consistent
with proposed models of speciation.

Materials and Methods

Analysis of Genomic DNA Sequence and Functional Domains. A
full-length clone of USP32 (GenBank accession no. AF533230)
was isolated from a brain cDNA library (OriGene Technologies,
Rockville, MD). Genomic bacterial artificial chromosome
(BAC) (accession no. AC090167.3) was used in the analysis of
USP32. The full coding sequence of Tre2 was determined
(accession no. AY143550) and compared with the originally
reported mRNA sequence (accession nos. X63547 and X63546),
and also with sequences (accession no. XM_165948) from the
National Center for Biotechnology Information (NCBI) Anno-
tation Project. Alternatively spliced transcripts found in the
original report (6) were resolved by RT-PCR. Human genomic
BAC sequence (accession no. AC012146.13) was also used in
the genomic analysis of Tre2. The genomic BAC (accession
no. AC067923) was used in the analysis of TBCID3 (acces-
sion no. AL136860). Genomic sequences were masked by
REPEATMASKER (http://ftp.genome.washington.edu/RM/
RepeatMasker.html) and were compared by BLAST2 sequences
(9) and percent identity plots (10). An analysis of mouse
sequences was performed at publicly available databases [NCBI
(www.ncbi.nlm.nih.gov/genome/guide/mouse/) and Ensembl
(www.ensembl.org/Mus_musculus/)]. Protein domains were
determined by query with the Pfam protein family database
(11). For RT-PCR analysis, a panel of cDNAs from human
tissues (CLONTECH) was amplified by using the following
primer pairs: USP32F CCACATATGGCTTTTCATGGA-
CTCG and USP32R GCACCTTTAAAGCGGGTATTAGCC;
TBCID3F GCACGTTTTTGCAACCGGTTCGTTGATACC
and TBCID3R GCTGTTCGTCCCTAGCTCTGAAGGGGG-
TGC; and Tre2F (USP32F) CCACATATGGCTTTTCATG-
GACTCG and Tre2R AGGGCCTCTACGAAGAAACTAA-
CAAGGAAGC. PCR products amplified from testis cDNA
were sequenced for confirmation. Both 7re2 and USP32 RT-
PCR products span the juncture region. For Southern “zoo” blot
analysis, DNA was isolated from the following cell lines: human,
293T; African green monkey, COS; mouse, 3T3; rat, R-stem;
rabbit, RK-1 and SIRC; dog, MDCK; and chicken, DT-40. For
primate blots, DNA was obtained from Coriell Cell Repositories
(Camden, NJ; primate panel: phylogenetic). DNA was digested
with EcoRI (SIRC DNA, HindIll), electrophoresed on 0.8%
Tris acetate EDTA (TAE) agarose gels, transferred overnight to
Hybond-XL membranes (Amersham Pharmacia), and UV
crosslinked. Membranes were incubated with low-stringency
hybridization solution (30% formamide/1 M NaCl/0.5%
SDS/50 mM Tris, pH 7.5/1X Denhardt’s solution/125 ug/ml
salmon sperm DNA). Probes were generated by RT-PCR of
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Schematic representation of the chimeric Tre2 coding sequence, showing domains derived from the USP32 and TBC1D3 parental genes. These regions

of overlap are conserved in the genomic structure. The full-length Tre2, USP32, and TBC1D3 genes encode proteins of 1,406, 1,604, and 549 aa, respectively.

human testis cDNA. Primer pairs used were as follows: Tre2-A,
forward GCTAGCGCCACCATGGACATGGTAGAGAA-
TGCAGATAGTTTGC and reverse CCTCTCCGCAGTGT-
TCAGCCTGCCAGCAGGTGGC; and Tre2-B, forward CAC-
CTGCTGGCAGGCTGAACACTGCGGAGAGG and reverse
CCAAGCTGTCTAGCAGCCAGAGTGGTAGC. Membranes
were incubated with 2 X 10° cpm/ml radioactive probe
[@-*?P]dCTP (NEN Life Sciences) overnight at 42°C. Mem-
branes were washed once with 2X SSC/0.1% SDS for 45 min at
room temperature and twice at 55°C for 45 min. Washed
membranes were then exposed to autoradiograph film for 1-3
days.

Phylogenetic Tree Analysis. For PCR and sequencing analysis of
USP32, 100 ng of primate genomic DNA was amplified by using
the following primer pair: USP32 G-forward TGGGAACTG-
GAACAAACAATATGAGAACC and USP32 G-reverse GTT-
TCTGAACTTTAATTACTTCTGTAGATGG. PCR anneal-
ing conditions for lane 9, black-handed spider monkey, and lane
10, wooly monkey, were lowered to increase yield. For ampli-
fication of Tre2 the following primer pair was used: Tre2
G-forward (same as USP32 G-forward) and Tre2 G-reverse
(CTGCAGATGGTCCAGTAAACACACACCTGG). Se-
quencing analysis was performed by using three independent
clones for each amplified fragment. For phylogenetic analysis,
DNA sequences were aligned with CLUSTALX (12) and tree
building was performed with PAUP* 4.0b1 (13). Maximum likeli-
hood analysis was used for phylogenetic reconstruction assuming
a transition/transversion ratio of 2 and empirical base frequen-
cies. Gaps were treated as missing data. Maximum parsimony
was also used for tree reconstruction assuming a transition/
transversion ratio of 2, and gaps were treated as missing data.
Three shortest trees were produced by maximum parsimony
analysis, with the consensus tree matching the topology of the
tree produced by maximum likelihood. DNA sequences used for
phylogenetic analysis are available (GenBank accession nos.
AY163314-AY163328).

Results

Chimeric Origin of Tre2 from USP32 and TBC1D3. In analyzing the
sequence of the Tre2 oncogene, we observed an extremely high
degree of nucleotide similarity (97% identity) with the USP32
gene, previously isolated as a tumor-specific antigen in renal cell
carcinomas (14). Whereas this high degree of similarity suggests
that the two genes have only recently diverged, it is remarkable
in that the region of similarity spans only nucleotides 3194—6063
of the Tre2 mRNA and does not extend over the entire transcript
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(Fig. 1). Instead, nucleotides 1-3193 of Tre2 show strong se-
quence similarity (89% identity) to another gene, TBCID3,
encoding a TBC domain that functions in Rab GTPase signaling
(15). Tre2 is therefore likely to have resulted from the duplica-
tion and subsequent fusion of the USP32 and TBCID3 genes.
Analysis of the genomic structure of 7re2 confirmed its chimeric
origin from USP32 and TBCID3. BLAST analysis and percent
identity plots (10) using genomic BAC sequences demonstrate
extensive homology between TBC1D3 and Tre2, beginning 3.6 kb
upstream of the transcriptional start site and extending into
intron 14 (total overlap ~16 kb; see Fig. 5, which is published as
supporting information on the PNAS web site, www.pnas.org).
Conversely, the last 15 exons of Tre2, spanning 36 kb of genomic
sequence (from intron 14 and extending through the 3’ UTR),
are shared with USP32, with identical intron-exon structure.
Thus, Tre2 exons 1-14 are derived from the TBCID3 parental
gene, whereas exons 15-30 are derived from the USP32 gene.
Analysis of the protein domains encoded by USP32 and
TBCI1D3 reveals that Tre2 acquired separate functional domains
from each parental gene, a process known as domain accretion
(ref. 3; Fig. 1). Amino acids 1-496 of Tre2, derived from
TBC1D3, encompass a TBC domain, shared by proteins impli-
cated in Rab GTPase signaling and vesicle trafficking (16).
Amino acids 501-1406 are derived from USP32 and encode a
USP. The chimeric fusion omits two calcium-binding EF-hand
domains and a myristoylation site, which are present in USP32.

USP32
Tre2
TBCI1D3
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Fig.2. Human tissue expression pattern of Tre2, USP32, and TBC1D3. cDNA
panels (CLONTECH) were screened by semiquantitative RT-PCR and are as
follows: 1, heart; 2, brain; 3, placenta; 4, lung; 5, liver; 6, skeletal muscle; 7,
kidney; 8, pancreas; 9, spleen; 10, thymus; 11, prostate; 12, testis; 13, ovary; 14,
small intestine; 15, peripheral blood leukocyte; and 16, negative control.
Specific RT-PCR products for Tre2, USP32, and TBC1D3 are designed by am-
plification across the unique juncture for the respective transcripts. Glyceral-
dehyde-3-phosphate dehydrogenase (G3PDH) amplification was used as a
control.
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Whereas USP32 and TBC1D3 are expressed in a broad range of
human tissues, Tre2 is most highly expressed in testis (Fig. 2).
Taken together, these observations suggest that 7re2 may encode
a novel gene with predominant expression in testis, regulating
turnover of proteins involved in vesicle trafficking.

Emergence of TBC1D3 in the Primate Lineage. USP32 encodes an
ancient and unique gene, with highly conserved orthologs
readily apparent in all of the completed metazoan genomes,
including C. elegans (ZK328.1), Drosophila melanogaster
(CG8334), and mouse (LOC194927). Surprisingly, no signifi-
cant matches are found in publicly available mouse genomic
databases for either TBCI1D3 or its homologous region of Tre2.
Southern zoo blotting confirms the absence of hybridization to
the 5’ (TBC) domain of Tre2 (Tre2-A) in mouse, rat, dog, and
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chicken, whereas hybridization to the 3’ (protease) domain
(Tre2-B) is readily apparent (Fig. 3). These data suggest that
the ubiquitin protease domain present in Tre2 and USP32 is
ancient and highly conserved, whereas the TBC domain shared
with TBC1D3 arose within the primate lineage. Of note, faint
but consistent bands are detectable in rabbit (Fig. 34, lanes 5
and 8), an observation that is of interest, given the controversy
as to the placement of the rabbit order, Lagomorpha, relative
to primates and rodents (17). Within a representative phylo-
genetic panel of primate DNA samples (Fig. 3C), hybridization
to the Tre2 TBC domain (7re2-A) is observed in New World
monkeys, Old World monkeys, and hominoids, but no signal is
detectable in lemur (Strepsirhini), the primate most divergent
from human tested here (Fig. 3C, lane 11). The TBC domain
shared by Tre2 and TBC1D3, therefore, arose after the initial
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Hybridization of Tre2 domains to DNA from diverse species. (A) Probe derived from human Tre2 (Tre2-A) (nucleotides 1697-3193) containing the TBC

domain homologous to TBC1D3. Rabbit DNA in lane 8 was obtained from a different cell line than the DNA in lane 5. (B) Probe derived from human Tre2 (Tre2-B)
(nucleotides 3163-5947) containing the ubiquitin protease domain homologous to USP32. Hybridization of Tre2-A probe (C) and Tre2-B probe (D) using a panel
of primate DNA samples. Lanes and designations are as follows: 1, human; 2, chimpanzee (Pan troglodyte); 3, bonobo (Pan paniscus); 4, lowland gorilla (Gorilla
gorilla); 5, orangutan (Pongo pygmaeus; overloaded); 6, rhesus monkey (Macaca mulatta); 7, pigtailed macaque (Macaca nemestrina); 8, red-bellied tamarin
(Saguinus labiatus); 9, black-handed spider monkey (Ateles geoffroyi); 10, wooly monkey (Lagothrix lagotricha); 11, ring-tailed lemur (Lemur catta); and 12,
mouse (Mus musculus; negative control).
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Fig.4. (A) Schematic representation of PCR fragments amplified for specific analysis of the Tre2 and USP32 sequences. Homologous exons were amplified in

the PCRs (Tre2, exon 15 and USP32, exon 19). (B) PCR amplification of genomic DNA used to test for the presence of junctures specific to Tre2 and USP32. Lanes
and designations are as follows: 1, human; 2, chimpanzee; 3, bonobo; 4, lowland gorilla; 5, orangutan; 6, rhesus monkey; 7, pigtailed macaque; 8, red-bellied
tamarin; 9, black-handed spider monkey; 10, wooly monkey; 11, no template control. The 3.2-kb band seen in lane 8 occurs because of an insertion of a
nonfunctional pseudogene within the intronicsequence of USP32. (C) Phylogenetic (maximum likelihood) tree of Tre2 and USP32 shared DNA sequences. Analysis
was performed on =940 bp. Analysis included intron and exon sequences. The tree was rooted with New World monkeys as an outgroup. Arrows indicate the
formation of the novel gene Tre2 in hominoids and the expansion of the segmental duplication. hum, human; bono, bonobo; chimp, chimpanzee; gor, lowland
gorilla; orang, orangutan; mac, pigtailed macaque; rhes, rhesus monkey; tam, red-bellied tamarin; spid, black-handed spider monkey; wool, wooly monkey.

primate radiation in the common ancestor of the anthropoid
primates.

In addition to its emergence in primates, the TBC domain
shows increasing complexity in its hybridization pattern to New
World monkeys (Fig. 3C, lanes 8-10), Old World monkeys (Fig.
3C, lanes 6 and 7), and hominoids (Fig. 3C, lanes 1-5), suggesting
multiple duplications and rapid expansion throughout the an-
thropoid primates. In humans, BLAST analysis indicates multiple
loci mapping to >10 independent contigs, with ~88-95% iden-
tity to the Tre2 coding sequence (data not shown). Most of these
segmental duplications are located on chromosome 17, which is
also the location of Tre2 (17p13), USP32 (17q22), and TBCID3
(17q12). Despite this large-scale duplication, searches of EST
databases suggest that only 7re2 and TBCID3 encode tran-
scribed genes (data not shown). These results are consistent with
recent findings that ~5% of the human genome appears to be
composed of segmental duplications (duplicons), many of which
are chromosome-specific and have expanded through the pri-
mate lineage (3, 4). The sudden origin of the Tre2-TBC1D3 TBC
segmental duplication itself is remarkable. Whereas TBC do-
mains are found in many other proteins, their low homology to
Tre2 and TBC1D3 suggests a distant relationship (18). USP32
itself shows partial 3’ duplications, although none of them
appear to encode functional protein domains (data not shown).

The presence of the duplicon in anthropoid primates and in
rabbit, but its absence from lemur, mouse, rat, and dog, suggests
several molecular evolutionary scenarios: (i) independent and
convergent evolution of the duplicon in anthropoid primates and
in lagomorphs; (if) duplicon origination in the common ancestor
of primates and lagomorphs followed by duplicon loss in the
strepsirhine primates; (iii) duplicon origination in the mamma-
lian common ancestor followed by duplicon loss in all mamma-
lian lineages except anthropoid primates and lagomorphs; or (iv)
duplicon origination in the anthropoid primate common ances-
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tor with horizontal transfer to lagomorphs (or vice versa).
Resolving the different possibilities may shed light on the
evolutionary distance between hominoids and lagomorphs (17).

Tre2 as a Hominoid-Specific Gene. Few genes have been reported to
be novel in humans or in hominoids and not present in other
primates (3, 19). We sought to determine more precisely the
timing of Tre2 emergence during primate evolution by testing for
the presence of the fused gene using a PCR-based strategy to
amplify the juncture between the USP32- and TBCI1D3-derived
sequences in the chimeric Tre2 gene (Fig. 44). Amplification of
unique 7re2 DNA sequences, using multiple sets of PCR prim-
ers, is restricted to hominoid samples (Fig. 4B). In contrast, the
corresponding unique sequence of USP32 is readily identified in
New and Old World monkeys, as well as in hominoids. We used
the nucleotide sequence of the PCR-generated DNA fragments
to trace the origin of the overlapping region (=940 nucleotides)
shared by USP32 and Tre2. The resulting phylogenetic tree
indicates that all of the Tre2 sequences are monophyletic, having
originated from a single duplication event of USP32 some time
after hominoids diverged from Old World monkeys (Fig. 4C).
We estimate the formation of 7re2 to have occurred between 21
and 33 million years ago (20, 21).

Discussion

Our findings have potential implications for understanding
genetic differences between humans and other primates.
Whereas most studies have focused on the accumulation of
genetic variation within the coding and regulatory regions of
conserved genes, the emergence of novel genes this late in
evolutionary history has not been appreciated. Quantifying the
contribution of such new genes to the generation of human-
specific features will require comprehensive comparison of
primate genomes. However, the documented amplification of
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multiple domain-specific sequences within the primate lineage
indicates that domain accretion and gene-fusion events may not
be uncommon (3, 4, 22-25). In this regard, it is of particular
interest that the chimeric 7re2 gene is specifically expressed in
testis, where the sudden emergence of a novel mosaic gene could
potentially lead to reproductive barriers and thus play a role in
speciation (5, 26, 27). The emergence of the Tre2 chimeric gene
during primate evolution may also be analogous to genetic events
leading to the generation of novel chromosomal fusion products
during tumorigenesis. 7re2 is unique among oncogenes in that it
encodes a normal human gene capable of transforming rodent
cells, which themselves lack the gene. The ubiquitin protease
domain encoded by Tre2 is enzymatically active in vitro (8), and
the C. elegans USP32 ortholog (ZK328.1) is essential for early
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embryonic cell divisions (28). The fusion of this conserved
enzymatic domain with the novel TBC domain presumably
results in altered regulation of critical cellular constituents,
leading to neoplastic transformation. Thus, the origin of 7re2
points to recent evolutionary events through which recombina-
tion of protein domains has resulted in the generation of novel
genes that regulate cell proliferation and may contribute to
speciation.
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