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Abstract
The identification and characterization of human-specific genes and the cellular processes that the
encoded proteins control have the potential to help us understand at the molecular level what
makes humans different from other species. The sequencing of the human genome and the
genomes of closely related primates has revealed the presence of a small number of human- or
human-lineage–specific genes that have no orthologs in lower species. Human-specific and
human-lineage–specific genes are likely to function as regulators of cell signaling events, and by
fine-tuning pathways, the encoded proteins may contribute to human-specific characteristics and
behaviors. In addition, human-specific genes may represent biomarkers for examining human-
specific characteristics of various diseases. Investigation of the gene encoding TBC1D3 is one
example of a search that may lead to understanding the evolution and the function of human-
specific genes, because it is absent in lower species and present in high copy number in the human
genome.

Lack of knowledge about the function of human-specific genes and the proteins or RNAs
that they encode represents a major gap in our understanding of signaling in human cells
and, by extension, in human physiology. We posit that human-specific genes offer an
opportunity to understand the evolution of signaling pathways in humans and to identify
human-specific biomarkers that may open windows into human disease.

From sequencing a range of mammalian genomes, it has been posited that most human
genes have orthologs in the genomes of nonprimates (1). Indeed, this assumption has served
as the rationale for the use of rodent and other model organisms to simulate human cell
signaling and disease. However, the human genome also contains a small number of genes
that are either specific to humans or found only among the hominoids, which include the
great ape lineages and the human lineages. It has been estimated that the human genome has
as many as 168 human-specific genes (2).

Evidence points to segmental duplication and mutation as major mechanisms by which new
genes are created (3, 4). Segmental duplication is often accompanied by increased gene copy
number [that is, copy number variation (CNV)], which may influence gene transcription and
function (5). Up to 12% of human euchromatic sequence is characterized by CNVs (3),
which suggests that there could be scores of uncharacterized genes. The evolution of cell
signaling pathways has taken place over eons, so these genes are unlikely to encode proteins
that create new signaling “hubs” (proteins that interact with multiple partners) (6, 7); rather,
they are more likely to modulate or regulate evolutionarily conserved pathways in a human-
specific manner. Indeed, human-specific genes may include genes that account, at least in
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part, for the signaling events that define or underlie the human condition—for example, the
specific ways that humans think, communicate, and reproduce.

Hominoid-specific genes and the signaling pathways that they influence may serve as
biomarkers to track human physiology and disease. This concept is predicated on the
assumption that among the hundreds of hominoid-specific genes in our genome, some,
perhaps most, will play a role in cellular processes specific to humans or their most closely
related species, the chimps, gorillas, gibbons, and orangutans. The four hominoid-specific
genes for which the encoded proteins are known are definitely or likely involved in cell
signaling and transport. Because this is uncharted territory, human-specific biomarkers may
potentially reveal a number of attributes and variations of human physiology and disease
that have not been detected by medical research or practice—that is to say, we are ignorant
of these variations because there is no human-specific or even hominoid-specific database
that codifies them. The potential medical applications of human-specific biomarkers may
catalyze the study of human-specific genes. Biomarkers (8) have multiple functions in
evaluating and diagnosing disease and predicting outcomes. Human-specific biomarkers
may also permit the investigation of normal human-specific processes.

Terra Incognita—Human-Specific Genes and the Human-Specific
Interactome

One approach to understanding human-specific genes is to employ a top-down systems
strategy by using computational methods similar to those used in yeast. A goal of this
strategy would be to identify all expressed human genes and to create a human
“interactome” map representing physical interactions among the encoded proteins, both
those that are human-specific and those that are evolutionarily conserved (9). Hubs or
proteins that interact with many partners (6, 7) are key components of interactome maps.
Although it is conceivable that human-specific hubs will emerge from this analysis, it seems
more likely that these human-specific proteins will serve modulatory roles in otherwise
conserved processes.

Although a top-down approach provides an initial glimpse into the potential roles of the
human-specific genes and their protein products, a bottom-up reductionist approach that
examines one human-specific gene at a time would reveal the regulation and function of the
gene and its product in detail. The bottom-up approach would provide information about the
regulation of the expression of the gene and production of the encoded protein, such as in
what tissues and during what stages of development or in response to what environmental
cues it is expressed. Cellular localization studies would provide a context for how the
protein operates in living cells. Analysis of the interacting proteins would provide clues
about which signaling or transport pathways the human-specific protein affects. Finally, if
the gene is implicated in a human disease, this would provide, a priori, a rationale for in-
depth cellular and molecular biology studies. The top-down and bottom-up approaches are
complementary and may converge in the development of a comprehensive human
interactome map that would consist of all human genes and their interacting partners. Once a
human-specific gene has been identified, validated, and characterized, its product can be
placed within the interactome (Fig. 1, red lines).

Aside from genes that encode RNAs, such as HAR1 (10), only a small handful of the
encoded proteins of human- or hominoid-specific genes have been studied. Several of these
are proteins with as-yet-uncharacterized functions, such as C1ORF37-DUP, a
transmembrane protein (11). The neuroblastoma breakpoint family (NBPF1) of genes was
initially identified as a translocation breakpoint (12), and CNV in one member (NBPF23) is
associated with neuroblastoma in humans (13). Another member of this family, the
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transcript for DUF1220 is highly expressed in human brain and thought to be involved in
cognitive function (14). Nuclear pore complex–interacting protein (NPIP) is encoded by a
member of the rapidly evolving Morpheus gene family (15), and the mRNA encoding NPIP
has been reported to be overexpressed in the retina of patients with macular degeneration
(16). TBC1D3 (17–22), an oncogene overexpressed in breast and prostate cancers, encodes a
protein with a TBC (Tre-2, Bub2, and CDC16) domain, which alters growth factor receptor
signaling.

TBC1D3: A Hominoid-Specific Gene Implicated in Growth Factor Receptor
Signaling

TBC1D3 was identified two decades ago, in a study in which genomic DNA from human
tumor cells was transfected into NIH3T3 cells that were injected into mice where they
formed tumors (20). Human DNA was carried in these tumors as they were passaged from
animal to animal, and TBC1D3 was among the human genes retained. Pei et al. (22)
identified PRC17 (which is another name for TBC1D3, based on the fact that the gene is
amplified on chromosome 17 in cells derived from patients with prostate and breast cancer)
and reported that it encodes a protein with a “TBC domain” that operates as a Rab5
guanosine triphosphatase–activating protein (GAP). Paulding et al. (21) showed that
TBC1D3 evolved ~25 million years ago by segmental duplication and that multiple copies
are present in the human genome. Sequencing of human chromosome 17 further confirmed
that TBC1D3 underwent intrachromosomal duplication (23), and eight homologous, yet
unique, paralogs of TBC1D3 are transcribed from two clusters at 17q12 (19) and are present
in multiple human tissues. A comparative genomics study with the chimp (Pan troglodytes)
and human genomes (24) revealed that TBC1D3 is present in the chimp genome as a single-
copy gene. Because eight copies are found in humans (19), positive evolutionary pressure
may be enhancing TBC1D3 copy number in humans (24).

Functional studies of TBC1D3 showed that TBC1D3 expression substantially enhances the
cellular response to epidermal growth factor (EGF) (17, 18). EGF has two well-studied
effects on cells—activation of signaling pathways that regulate gene expression and
activation of pathways that alter cell motility and macropinocytosis. The presence of
TBC1D3 enhanced the activity of the kinases Akt and extracellular signal–regulated kinase
(ERK) (both in magnitude and duration) in response to EGF stimulation in (18). EGF
receptor endocytosis and degradation were delayed by TBC1D3; delayed receptor
trafficking correlated with enhanced signaling. Although the TBC domain of TBC1D3
bound Rab5, the protein failed to show Rab5 GAP activity (17). The presence of TBC1D3
enhanced the effect of EGF on macropinocytosis—an effect that required both Rab5 and
Arf6, which are two proteins involved in endocytosis. In sum, TBC1D3 interdicts and
regulates a highly conserved growth factor pathway. How does this hominoid-specific gene
influence the phenotypes associated with EGF signaling? Moreover, are all of the major
signaling pathways in humans subject to similar regulation by newly evolved genes?

Human-specific genes represent uncharted territory with enormous potential to illuminate
what makes humans human. Newly created genes are likely to have evolved by segmental
duplication (4), and evidence suggests that rapidly evolving genes are often associated with
cell proliferation, immunity, and inflammation (24). A new field of inquiry focusing on the
role of human-specific genes in cell signaling may evolve as the functions of these recently
evolved genes and the encoded proteins are revealed.
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Fig. 1.
Hypothetical role of a human-specific gene in signaling. Human-specific genes may
complement the human interactome map by producing proteins with interactions not present
in other species that alter signaling responsiveness through tighter regulation. (Left) A
hypothetical human interactome map of evolutionarily conserved hubs (purple) represents
how a complex human network might operate with multiple protein-protein interactions.
Inputs such as growth factor receptors are shown in light blue. (Right) An interactome
superimposed with a recently evolved human-specific gene (red) might exploit novel
interactions that enhance or attenuate signal quality and amplitude.

Stahl and Wainszelbaum Page 6

Sci Signal. Author manuscript; available in PMC 2013 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


