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ABSTRACT

Motivation: The recent release of the draft sequence of the
chimpanzee genome is an invaluable resource for finding
genome-wide genetic differences that might explain pheno-
typic differences between humans and chimpanzees.
Results: In this paper, we describe a simple procedure
to identify potential human-specific frameshift mutations that
occurred after the divergence of human and chimpanzee. The
procedure involves collecting human coding exons bearing
insertions or deletions compared with the chimpanzee genome
and identification of homologs from other species, in support
of the mutations being human-specific. Using this procedure,
we identified nine genes, BASE, DNAJB3, FLJ33674, HEJ1,
NTSR2, RPL13AP, SCGB1D4, WBSCR27 and ZCCHC13,
that show human-specific alterations including truncations of
the C-terminus. In some cases, the frameshift mutation res-
ults in gene inactivation or decay. In other cases, the altered
protein seems to be functional. This study demonstrates that
even the unfinished chimpanzee genome sequence can be
useful in identifying modification of genes that are specific
to the human lineage and, therefore, could potentially be
relevant to the study of the acquisition of human-specific
traits.
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1 INTRODUCTION

Humans have many features that make them distinct from
the great apes, for example, bipedalism, facilitated enceph-
alization and use of complex language. These must be the
result of genetic changes accumulated in the genome dur-
ing evolution of the great apes and/or after the divergence of
human and chimpanzee lineages (Gagneux and Varki, 2001;
Varki, 2004). These include changes in the expression level
(Khaitovich et al., 2004), duplication (Fortna et al., 2004)
and amino acid substitutions (Enard et al., 2002) of exist-
ing genes. Lineage-specific traits can also be achieved by
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gaining new genetic materials through various mechanisms
such as segmental duplication (Bailey et al., 2002) and retro-
transposition (Burki and Kaessmann, 2004). However, the
‘less-issmore’ hypothesis asserts that loss-of-function muta-
tions are also important for the establishment of a species
(Olson, 1999). The most striking example that supports this
hypothesis is the inactivation of the myosin heavy chain
16 (MYH16) gene in human lineage caused by 2 bp dele-
tion within the coding sequence (Stedman et al., 2004). The
frameshift mutation resulted in the loss of the protein and a
marked reduction of masticatory muscle mass, which may
have allowed humans to have bigger brains. Other examples
of human-specific gene inactivations are: complete gene loss
of the sialic acid binding 1g-like lectin 13 (SGLEC13) gene
(Angataetal., 2004), Alurepeat-mediated exon del etion of the
cytidinemonophospho- N -acetylneuraminic acid hydroxylase
(CMAH) gene (Hayakawa et al., 2001), a nonsense muta-
tion of the KRTHAP1 gene in the type | hair keratin gene
cluster (Winter et al., 2001) and a 1 bp deletion of the EGF-
like module-containing mucin-like receptor 4 (EMR4) gene
(Hamann et al., 2003).

The recent release of the chimpanzee (Pan troglodytes)
genome by the Chimpanzee Genome Sequencing Consor-
tium provides an invaluable resource for the identification
of human-specific genetic changes that occurred after human
and chimpanzee divergence (Olson and Varki, 2003). A
genome-wide comparison should disclose sequence differ-
ences between the two genomes. If an insertion or deletion
event occurred in one of thetwo lineages, it will show up asan
alignment gap. When such agap is located within the coding
sequencein agene, it resultsin theinsertion or deletion of one
or more amino acids or in areading frame change. However,
the draft-quality of the chimpanzee genome segquence and the
lack of supporting chimpanzee mRNA seguences hinder iden-
tification of lineage-specific genomic alterations. Since the
current chimpanzee genome assembly (NCBI Build 1 Ver-
sion 1, November 13, 2003 release) isbased on 4 x sequencing
coverage, it isexpected to contain sequencing errorsincluding
gaps. In contrast, the near-perfect ‘finished’ human genome
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sequence is considered to be highly accurate, exceeding the
99.99% accuracy standard (International Human Genome
Sequencing Consortium, 2004; Schmutz et al., 2004). Fur-
thermore, the coding sequences can be crosschecked with
several MRNA sequences isolated from various independent
Sources.

Here, we report the development of a simple and rapid
procedure for identifying putative human-specific frameshift
mutations and the discovery of nine such mutations. The
procedure involves the collection of chimpanzee coding
exons containing an insertion or deletion event com-
pared with orthologous human mRNAs and comparison of
human/chimpanzee protein pairs with corresponding homo-
logs from other species. If a non-human/non-chimpanzee
homolog shows substantial identity with the predicted
chimpanzee protein in its entire length, the chimpanzee
sequence is regarded as reliable and accurate, and, in turn,
the presumed human-specific frameshift mutation is con-
sidered true. The potential functional consequences of the
nine putative human-specific frameshift mutations are dis-
cussed. Owing to the limitations of the chimpanzee genome
sequence mentioned above, the reciprocal approach was not
performed.

2 METHODS

2.1 Data sources and sequence analysis

The human mRNA-to-human genome alignments, the human
mMRNA-to-chimpanzee genome alignments, the human gen-
ome sequence, and the chimpanzee genome sequence were
downloaded from the Genome Browser Database (Karolchik
et al.,, 2003) at the University of California, Santa Cruz
(ftp://hgdownl oad.cse.ucsc.edu) in August 2004. The human
mMRNA-to-human genome alignment data were found in the
tables ‘refSegAli’ and ‘al_mrna of the database ‘hgl7.’ The
human mRNA-to-chimpanzee genome alignment data were
found in the tables ‘xenoRefSegAli’ and ‘xenoMrna of the
database ‘ panTrol’. The non-human vertebrate protein data-
base was prepared from the non-redundant protein database
‘nr’ (ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz) with
the assistance of taxonomy information (ftp://ftp.nchi.nim.
nih.gov/pub/taxonomy/). Domain searches were performed
using Pfam database (Bateman et al., 2004) at Washington
University in St. Louis website (http://pfam.wustl.edu).

2.2 Callection of coding exons containing
insertion or deletion

In order to identify human-specific frameshift mutations, we
first collected GenBank accession numbers of the human
MRNA sequences that were aligned in both the human and
the chimpanzee genomes. The sequences without a complete
coding region were excluded. If a sequence was aligned in
morethan one placein agenome, only the best alignment was
kept to ensure that a sequence was mapped to a single locus.

A total of 75856 human mRNA sequences met the condition
to build the initial dataset.

In the next step, we selected human coding exons bearing
nucleotide insertions or del etions when aligned to the current
chimpanzee genome segquence. Thecodingregioninformation
and the genome alignment datawere used to define the coding
exons of each human mMRNA sequence. For each human cod-
ing exon, a series of human MRNA-to-chimpanzee genome
alignment blocks corresponding to the human coding exon
was searched. |If more than one alignment block was found
for a single human coding exon, the corresponding chimpan-
zee exon was considered to contain insertions or deletions
(see the legend to Figure 1 for an example). A total of 6517
non-redundant coding exons were found to have at least one
insertion or deletion. The coding exonsthat contain morethan
oneinsertions or deletions were then removed. Thiscondition
was applied because multipleinsertion or deletionin asingle
exon could arise from sequencing errors in the chimpanzee
genome. It is possible to miss some rapidly decaying genes
by thisstep, but we assumethat the two speciesdiverged suffi-
ciently recently (5—7 million years ago) so that the probability
of an exon accumul ating multi ple mutations during thisperiod
issmall. Therewere 4628 coding exonswith asingleinsertion
or deletion event.

2.3 Collection of human-specific premature
termination candidates

In order to investigate the consequence of an insertion or
deletion event on a chimpanzee protein, we generated
chimpanzee-like mRNA sequences. These are human
sequences modified by applying insertions or deletions
according to the human mRNA-to-chimpanzee genomealign-
ment data. The coding region of each chimpanzee-like mMRNA
was then re-assigned using the same start codon as the cor-
responding human mRNA. Of the 4628 chimpanzee-like
MRNAS, 3428 sequences contained complete coding regions
from a start codon to a stop codon.

With the aim of finding human-specific frameshift muta-
tions leading to premature termination, we selected cases
where a frameshift made the chimpanzee-like protein longer
than the human counterpart. The chimpanzee-like MRNAs
producing shorter polypeptides were removed. The amino
acid insertion cases where the same open reading frame was
retained after an insertion event were also discarded. A total
of 289 chimpanzee-like MRNAs were identified to encode
longer peptides than did the corresponding human mRNAs as
aresult of the reading frame change.

2.4 ldentification of the non-human/
non-chimpanzee homologs

In order to identify non-human/non-chimpanzee homologs
of each human/chimpanzee protein pair, BLAST searches
of locally prepared non-redundant non-human vertebrate
protein database were carried out by using human and
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chimpanzee-like protein sequences as queries. When the
BLAST outputs were parsed, non-human/non-chimpanzee
homologs were found for 240 of the 289 human/chimpanzee-
like protein pairs. The hit list of each human/chimpanzee-like
protein pair was sorted by the BLAST score between the
chimpanzee-like protein and the non-human/non-chimpanzee
homolog. Assuming that the chimpanzee-like proteins were
‘wild types (without a frameshift mutation), 38 cases where
the chimpanzee-like protein showed ascoreincreaseof at | east
10 bits, compared with the human protein, within the top five
hits were saved for further analysis.

2.5 Collection of the human-specific
frameshift mutations

Each of the 38 potential human-specific frameshift muta-
tions was manually inspected. For each case, all human
MRNAs and all homologous non-human mRNAs were
obtained from BLAST searches at the NCBI website
(http://www.ncbi.nim.nih.gov/BLAST). The human and the
chimpanzee genomic fragments that contained a given gene
were derived from BLAT searches at the Genome Browser
Database (http://genome.ucsc.edu/cgi-bin/hgBlat). Thegenu-
ine chimpanzee MRNA sequence for each case was predicted
from the chimpanzee genome sequence by assembling exons
defined by an alignment of the human mRNA and the chim-
panzee genomic fragment using the SIM4 program (Florea
etal., 1998). Thechimpanzee protein sequenceswere deduced
by translation of the predicted chimpanzee mRNA sequences.
Multiple sequence alignment analyses of human and chim-
panzee protein sequences along with respective homologs
were performed using the T-COFFEE program (Notredame
et al., 2000). To be confirmed as a human-specific frameshift
mutation: (1) the human genomic sequence of a gene
should agree with all of its MRNA segquences and expressed
sequence tags currently available and (2) the genuine chim-
panzee protein should show significant identities with a non-
human/non-chimpanzee homolog in the C-terminal side from
the potential human-specific frameshift mutation site. This
resulted in nine genes, each with a human-specific frameshift
mutation.

3 RESULTS
3.1 Thehuman-specific 1 bp deletion of BASE

A simple procedure for comprehensive identification of
human-specific frameshift mutations was devised after athor-
ough examination of the BASE (breast cancer and salivary
gland expression) gene. BASE was discovered in a search for
genes expressed in breast cancer (Egland et al., 2003). In nor-
mal tissue, its expression was almost exclusively detected in
the salivary gland. BASE, a 179 amino acid protein, shares
sequencesimilarity with horse L atherin, a228 amino acid pro-
tein. Seguence comparison raised the possibility that BASE
is truncated as aresult of a 1 bp deletion in exon 6, creating

a premature stop codon in exon 6. Insertion of a nucleotide
‘restored’ the reading frame to produce a 229 amino acid pro-
tein and led to extended similarity with Latherin. Bingle et al.
also pointed out the single nucleotide deletion and suggested
that BASE represents a‘dying gene' (Bingle et al., 2004).

The chimpanzee draft genome sequence enabled us to
identify the chimpanzee BASE gene. Analysis of the align-
ment of the human BASE mRNA and the chimpanzee genome
obtained from the Genome Browser Database reveaded that
exon 6 that spans from nt 555 to 635 of the BASE mRNA
sequence was split into two alignment blocks, one from 555
to 566 and the other from 567 to 635 (Fig. 1A). This inter-
rupted alignment is because of an extra adenine nucleotide at
position 33233688 of the chimpanzee chromosome 21 (the
position is based on the chimpanzee genome November 13,
2003 release), extending the coding region of chimpanzee
BASE. The single nucleotide del etion between 566 and 567 in
the human BASE mRNA results in a reading frame shift and
truncation of the BASE protein (Fig. 1B). Peptide sequence
alignment of human BASE and predicted chimpanzee BASE
along with horse Latherin (Fig. 1C) clearly indicates that
chimpanzee BASE encodesanintact protein and the 1 bp dele-
tion mutation occurred in the human lineage after divergence
of human and chimpanzee.

3.2 Design and application of a procedure for
identification of the human-specific
frameshift mutations

The human-specific single nucleotide deletion of BASE
provided a clue for designing a procedure for genome-
wide identification of human-specific frameshift mutations.
It involves collection of chimpanzee coding exons bearing
an insertion or a deletion compared with human mRNAs
and identification of non-human/non-chimpanzee homologs,
which confirms that the mutations are human-specific. A
simple procedure was designed to filter the human mRNA-
to-chimpanzee genome alignment data downloaded from
the Genome Browser Database. Starting with 75856 aign-
ment datasets, we identified nine highly plausible human-
specific frameshift mutations. These are BASE, DNAJBS3,
FLJ33674, HEJ1, NTSR2, RPL13AP, SCGB1D4, WBSCR27
and ZCCHC13. Table 1 shows a summary of the res-
ults. Pairwise comparisons of each human and chimpanzee
gene pair around the frameshift mutation are shown in
Figures 1B, 2A and 3. Multiple sequence alignment ana-
lyses of human/chimpanzee protein pairswith their respective
homologs are presented in Figures 1C, 2B and 4.

3.3 DNAJB3

Human DNAJB3 (reported asHCG3) encodes aDnal (Hsp40)
homolog, subfamily B, member 3 protein. It has a single
guanine nucleotide insertion, inducing an open reading frame
shift, when compared with its chimpanzee ortholog (Fig. 2).
Human and chimpanzee DNAJB3 genes are predicted to
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Fig. 1. A 1 bp deletion mutation in the coding region of human BASE gene. (A) A schematic representation showing a sequence comparison
of human and chimpanzee BASE genes. The coordinates of alignment blocks of the human BASE gene mRNA in the human genome (top) and
in the chimpanzee genome (bottom) are shown. Boxes represent alignment blocks or exons. The coding regionisin gray. Human BASE mRNA
exon 6 issplitinto two blocks when aligned to the chimpanzee genome owing to an additional adenine nucleotide, extending the coding region
of chimpanzee BASE. The exon 4 of chimpanzee BASE ismissing owing to a sequencing gap in the chimpanzee genome sequence. Additional
gapsareinintrons 1 and 5. (B) Nucleotide and deduced amino acid sequence of the exon 6 of human and chimpanzee BASE genes. The 1 bp
deletion in human BASE resultsin a premature termination (indicated by an asterisk) of BASE protein (C) A multiple sequence alignment of
human BASE, chimpanzee BASE and horse Latherin protein (GenBank accession nhumber AF491288) sequences. Residues identical in two
or more species are highlighted with black background. Chimpanzee BASE shows similarity with horse Latherin at the C-terminal from the
human-specific mutation position. This position is marked by an open triangle. X denotes an unidentified amino acid.

Table 1. List of human-specific frameshift insertion or deletion mutations

No. Gene Accession Mutation type? Chromosome® Exon® Description

1 BASE NM_173958 de A 20/21 6/9 Breast cancer and salivary gland expression

2 DNAJB3 NM_001001394 insG 2/13 11 DnaJ (Hsp40) homolog, subfamily B, member 3

3 FLJ33674 NM_207351 del A 3/2 3/3 Hypothetical protein FLJ33674

4 HEJ1 AF396440 insAA 1 22 Transcribed pseudogene of DNAJAL

5 NTSR2 NM_012344 del C 2/12 4/4 Neurotensin receptor 2

6 RPL13AP BC067891 insA 14/15 11 Transcribed pseudogene of RPL13A

7 SCGB1D4 NM_206998 del T 11/9 2/3 Secretoglobin family 1D member 4

8 WBSCR27 NM_152559 ins CTGTGGACCGC 716 6/6 Williams Beuren syndrome chromosome region 27
9 ZCCHC13 NM_203303 insC X/IX 11 Zinc finger, CCHC domain containing 13

adel, deletion; ins, insertion.
bChromosome number (human/chimpanzee).
¢Exon number harboring the mutation/total number of exons.

encode 145 and 224 amino acid proteins, respectively. Inter- and chimpanzee after divergence of monkeys and great apes.
estingly, a comparison of human and chimpanzee DNAJB3  Macagque DNAJB3 (reported as MFSJ1) and mouse Dnajb3
with macague and mouse orthologs revealed that deletion  (reported asMSJ-1) arespecifically expressedintestis(Yuand
of a thymine nucleotide near the C-terminus is common  Takenaka, 2003; Berruti and Martegani, 2005). It is unclear
in human and chimpanzee. Macaque and mouse orthologs ~ whether the chimpanzee DNAJB3 that lacks 18 C-terminal
encode 242 amino acid proteins, and share many common residues compared with the macaque ortholog produces a
amino acid residues at the C-terminus. This suggests that  functional protein, whereas the human DNAJB3 is likely to
the mutation occurred in an ancestral species of both human  beinactive as almost half of its residues are missing.
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FREFFGEADPFSFDRIGENPLENTLGGHRNSIGSRSRISAPLF SIF SEF PAF GGRF SSFDTGE S FGSLGSGGLSSFeNS Y GSDGTGSFRSMS TSTETVDREE]
FREFFGGQDPFSFDIJGINPLENT LGERRNERGSRSRGSAPLFS! FSEFPAFGGGFSSFDTGFESFGSLGSGGLSSF SYGSDGTGSFKSMSTSTEIVDESEE]
FREFFGGEDPFSFD ISP LENGIGRRELRGSRSR G PR F REF PEF GGG FSPDIGF RS FGSEGIEIGLS SFIMS| AENYLEVERHVRIN 200
KKITTKRIIENGQERVEVEEDGELS] 224
KKITTKRIIENGQERVEVEEDGE[S) KE;E 242
KKITTKRIFENGOERVEVEEDGELS EEQLLRINT 242

Fig. 2. Multiple sequence alignments of coding sequences (A) and deduced amino acid sequences (B) of DNAJB3 genes from human,
chimpanzee, macague and mouse. Open and closed triangles indicate the positions of human-specific and human/chimpanzee common
insertion and deletion, respectively. Translation start and stop codons are in bold type. Nuclectides conserved in al organisms are marked
by asterisks. Amino acids conserved in two or more organisms are in white on black background. GenBank accession numbers for macaque
DNAJB3 and mouse Dnajb3 are AB095737 and NM_008299, respectively.

34 FLJ33674

FLJ33674 is a hypothetical secreted protein (Clark et al.,
2003). A deetion of an adenine residue occurs near
the C-terminus (Fig. 3A). The deleted adenine residue is
embedded in a short poly guanine tract. The C-terminal
region is relatively less conserved in the mouse homolog,
B230206N24Rik (Fig. 4A). It is possible that the C-terminus
isnot critical for the function of the protein.

35 NTSR2

Comparison of human NTSR2 (neurotensin receptor 2) with
orthologs from chimpanzee and mouse revealed a human-
specific cytosine (C) deletion in a short poly(C) tract near
the C-terminus (Fig. 3B). The deduced C-termina pro-
tein sequence of the chimpanzee NTSR2 shows a high
level of homology to mouse Ntsr2 (Fig. 4B), demonstrat-
ing that the cytosine deletion is unique to human. NTSR2
encodes a levocabastine-sensitive G protein-coupled neuro-
tensin receptor 2 (Chalon et al., 1996). It has seven trans-
membrane domains. The mutation in human NTSR2 occurs
within the cytoplasmic tail after the seventh transmembrane
domain. The frameshift mutation does not seem to exert an

A. FLJ33674

G CM G A EG G E * M

B. NTSR2

R L PP K P Q S

e ORI e e
chimp GGATGTATGAGGGGCAGAGGGTCGEGAATGAATG chimp CGGTTACCCCCCGAAGCCCCAGAGTCCCACCCTA
G C MR GRGWGMN G R L PPEATPESTHPN
C. SCGB1D4 D. WBSCR27
K K R L S L K K S W W P VDRTLTWTAGS W L
B S 1y N N
chimp AAGAAACGACTTCTCATTGAAAAAGTCCTGGTGG chimp CCTGTGGACCGC-----====--" TGGGAGCTGGC
K K R L L I K Vv vV E PV DR W L
E. ZCCHC13 F. HEJ1
P L R QI P T E K K K E
S TS e T
chimp CCAGGTCAA-TGCTACCGCTGCGGCARATCTGEA chimp GAAAAARAA--GGAACAGTACAGTGCTGTCATAA
P GQ CYRCGZK S G E K K G TV QCCHN
G. RPL13AP
VKEKN®* QTIHRGTPOQ
e O T L N
chimp GTGAAGAAAA-CTGACAAATACACAGAGGTCCTC

V K K T DK Y T E V L

Fig. 3. Pair wise comparisons of human and chimpanzee mRNA
sequences. Nucleotide sequences surrounding the putative muta-
tion positions of seven human genes, (A) FLJ33674, (B) NTSR2,
(C) SCGB1D4, (D) WBSCR27, (E) ZCCHC13, (F) HEJ1 and
(G) RPL13AP were aligned with respective chimpanzee counter-
parts. Gaps resulting from insertion or deletion in the human genes
are indicated by horizontal lines. Matched and mismatched bases
are marked by vertical barsand colons, respectively. Deduced amino
acidsare shown above (human) and bel ow (chimpanzee) each mRNA
sequence.

i190



Identification of human-specific frameshift mutations

PLLGTGPALGRGFPRPLENSEI|3MIPGAHPKGSVGSEPQAFDVFPENPRADSHRNSDVRHAPAEEMPEKPVASPLGPALYGP]
MIPGAHPKGSVGSEPQAFDVF_'P;ENPRADSHRNSDVRHAPAEEMPEKPVASPLGPALYGP
F] EKLEY ARA JHKLS4ADP’ A

human-FLJ33674 [MASSPWGCVCGLLLLLLE P

chimp-FLJ33674 MASSPWGCVCGLLLLLLIPLLGTGPALGRGFPRPLENSET

mouse-B230206N24Rik AR S PORCEEIIL L LLLLEPE LG ISEEQ] ;DPQ!
ECHK

LGRGPALGR( MIP| D KLEINERS SWHES AEEE D
human-FLJ33674 [KAAQGAQRERLPVTDDLOMAQGP SSHGWTGPLDSQELLEQEAVAPHPVGHPHLTF IPTTPRROLRVATVPPSLOHEGEOEGOWPPRDEGLEKAKTKSRVPNEY]
chimp-FLJ33674 [KAAQGAQRERLPVTDDLQMAQGPSSHGWTGPLDSQELLEQEAVAPHPVGHPHLTFIPTTPRROLRVATVPPSLOHEGROEGOWPPRDEGLGKAKTK SRVPINEE]
mouse-B230206N24Rik EENIPEVIGEINILRARNRVILIRAF TEQE U P BBIPIIIP Bl AYRAIJRIBILV TinyS SLIFS AT LS TASIK PEGTAS OIZALNSEM IMVIJAETHIT 189

QEAA

E.
human-FLJ33674 PTSPSDHQGPPHTLVEHSGTVKRPVLEGQGGFEEH) \QGP!
chimp-FLJ33674 [PTSPSDHQGPPHTLVPHSGTVKRPVLEGQGGFEEHFQEAAQ!
mouse-B230206N24Rik QARIZWINFESSIUNP\Ay; VL EGI0GGHEMNEFQOEAFO
human-FLJ33674
chimp-FLJ33674
mouse-B230206N24Rik

human-FLJ33674
chimp-FLJ33674
mouse-B230206N24Rik

B. NTSR2

human-NTSR2 METSSPRPPRPSSNPGLSLDARLGVDTRLWAKVLFTALYALIWALGAAGNALSVHVVLKARAGRAGRLRHHVLSLALAGLLLLLVGVPVELYSFVWFHY Pl
chimp-NTSR2 [METSSPRPPRPSSNPGLSLDARLGVDTRLWAKVLFTALYALIWALGAAGNALSVHVVLKARAGRAGRLRHHVLSLALAGLLLLLVGVPVELYSFVWFHY PRl
mouse-Ntsr2 METS SFRTP PRPSEERGLSLEARLGVDTRLWAKVLF TALYEL IALGEAGNALSVHVVLKARAGREGRLRIFHVLS LALERLLLL LISV PT EL YN FVWEHY PNE]
human-NTSR2 'GDLGCRGYYFV;[ELCAYATVLSVAGLSAERCLAVCQPLRARSLLTPRRTRLVALEWAASLGLALPMAVIMGQRKHELETADGEPEPASRVCTVLV SR
chimp-NTSR2 'GDLGCRGYYFVRELCAYATVLSVAGLSAERCLAVCQPLRARSLLTPRRTRRLVALFWAASLGLALPMAVIMGOKHELETADGEPEPASRVCTVLVSRISE]
mouse-Ntsr2 'GDLGCRGYYFVRELCAYATVLSVASLSAERCLAVCOPLRARALLTPRRTRRLIZILUWIA SLGLALPMAV IMGORHET ENADGEPEPASRVCTVL VSRR
human-NTSR2 TALQVFIQVNVLVSFVLPLALTAFLNGVTVSHLLALCSQVPSTSTPGSSTPSRLELLSEEGLLSFIVWKKTFIQGGQVSLVRHKDVRAIRSLORSVQVLR
chimp-NTSR2 I TALQVFIi LVSFVLPLALTAFLNGVTVSHLLALCSEVPSTSTPGSSTPSRLELLSEEGLLSF IVWKKTF IQGGQVSLVRHKDVRQIRSLORSVQVLR
mouse-Ntsr2 FXSLOVFIQVNVLVSFVLPLALTAFLNGET LUALFiSQVP SESEIYSHP SRLELLSEEGLLEF IRWRR TG G OR\SLVRHKDEVSO TRSLOFISFQVLR

human-NTSR2 [ATVVMYVICWLPYHARRLMYCYVPDDAWTDPLYNFYHYFYMVTNTLFYVSSAVTPLLYNAVSSSFRKLFLEAVSSLCGEHHPMKRLPPISIeI) g Tid livsy X-gayole}
chimp-NTSR2 ATVVMYVICWLPYHARRLMYCYVPDDAWTDPLYNFYHYFYMVTNTLFYVSSAVTPLLYNGVSSSFRKLFLEAVS SLCGEHHPMKRLPPEAPESEIZ\( 400
mouse-Ntsr2 ATVINYVICWLPYHARRLMYCYRPDDEWT DEL Y F YHYF YMVTNTLF YVSSAVTPJILYNAVS SSFRKLF LEGI?S SLCGESETRGEL. PREAPE STRERY 400

human-NTSR2 GFGDPIFETRT - - - — - - 410
chimp-NTSR2 [RLWGSPRNP! 416
mouse-Ntsr2 [RLWGSPRNPEIL{&I2 10 416

C. SCGB1D4

human-SCGB1D4 [MRLSVCL! LALCCYQA 83
chimp-SCGB1D4 MRLSVCLLMVELALCCYQA 90
human-SCGB1D2 IMFLSVCL: LALCCYQANARIGCPA Si A AT/AA R ELO) A 90
rabbit-SCGB1D IMRLSVEL: N Hele}| EGNLVAY® J\LLANF G YI#Y FNKD] A PREANA Aca 90
D. WBSCR27

human-WBSCR27 MAQEEGGSLPI2VRARVRAAHGI PDLAQKLHFYDRWAPY]s ODVATLI#YRAPRLAVDCLTQAPGPPHSALILDVACGTGLVAAELRAPGFLQLHGVDGS PJi(]
chimp-WBSCR27 MAQEEGGSLP2VRARVRAAHGI PDLAQNLHF Y DRWAB VIS0 DVATLMVEAPRLAVDCLTQARPGPPHSALILDVACGTGLY. 7 100
mouse-Whscr27 BOEENGELESVIIAR DLASKLEFYDEWAPL Y QDVARLIVRAPRLAVDCLEAGIGEPHAL L AfELBARGFLOING 3 100
Xenopus-MGC80044 |- AT SHKE#Q O\3 AKLHF YDi: WAP#YIA2DVE) YN VIWIASAWASVFHSNQDEQRV A A 99
human-WBSCR27 AVI#TVGALSDGQVPCJA L AW 199
chimp-WBSCR27 AV IVGALSDEQVPCYAIPE. AGH AW 199
mouse-Whscr27 AVHIVGALSEGOVPCEA SNLEYKERLEA' CIRYTQ 200
Xenopus-MGC80044 LIXVCHT! Sify AVEITVGALSDGOVPIE) [GGVCLTTRE! AE!® MSTWKTQELIDCILTQ 199

v

human-WBSCR27 RELLWTACEW#PP SWRWYPASLPRMAS SPALST§TESGRRPRLRK -~ - - - - 245
chimp-WBSCR27 PVDRWELATSELEV|{IGRECAINDGF I SGI| YL YRRV CUNUANpEE) Jo) 3 5Xe) 252
mouse-Whscr27 FVDT'WELATS'AE IDGFISGIIYLYRK/eIUA TR 238
Xenopus-MGC80044 EMEKQEKENS S KIRGTEDg - - - - DYRR e VIR BYQI{EASNC - = = = = = = = = = = = = = 234

E. ZCCHC13

human-ZCCHC13 Di3FIICGHSGHWARE CPRGGAIE GRRGGGIGRG SEEb bbbl IQCGSTTLS] 'I‘C‘IﬂCGESGI' INAKNC)YLLGNICYNCGRSGHIAKDCKEPKRERLIO) 91
chimp-ZCCHC13 ’PﬂCGHSGHW Rie CPRGGA[e GRRGGGLIGRGSH RAEGSTTLS)TC qCGESGﬁNAKI R RIIO! 91
mouse-Cnbp2 S (CGHSGHWAR}2C PIIGGEYIGRIFNIGH VIR GREEE LSttt PlESTANQE DV YRIHEISTeH vTN Q] 'YNCGREGH. A RIZO 91
Xenopus-CNBP CGIlSGHWARIZCPWGGERIGR - RONERGGFSSSRGFEFIFSS] 3CYLCGESG] Im A R RKIIE 99
v
human-2ZCCHC13 RIFGHLARDCDRQKEQKCYSCG##GHIQKDC/IQVKCYRCGEIGHVAINCSKLY 3 Le Ol A3 f {okn 3 y=i{ole) | o LE) 166
chimp-ZCCHC13 RIfGHLARDCDRQKEQKCYSCG##GHIQKDCLIQVKCYRCGEIGHVAINCSKTi3{e OCYRCGIISGHLAECPEETA 170
mouse-Cnbp2 Ee)3GHLARDCIROPEQKC YRCGN3GH I QKD Yy OFKCYRCGENGHUANNC SKTIIAYSC YRCGESGHLARECPTEATA 170
Xenopus-CNBP ZGHLARDCIAEV EQRCY SCGIAIGHI QKDCEY CYRCGEMGHVAINC SKTEIAYCYRCGESGHLARECHTEATA 178

Fig. 4. Multiple sequence alignments of protein sequences showing human-specific frameshift mutations. Six human proteins, (A) FLJ33674,
(B) NTSR2, (C) SCGB1D4, (D) WBSCR27 and (E) ZCCHC13 are aligned with respective homologs. Conserved amino acids in majority
are highlighted with black background. A triangle indicates the location of the human-specific frameshift mutation in each case. GenBank
accession numbersfor the sequences except noted in Table 1 are asfollows: mouse B230206N24Rik, NM _172487; mouse Ntsr2, AB041826;
human SCGB1D2, NM_006551; rabbit SCGB1D, AY 303698; mouse Whscr27, NM_024479; Xenopus MGC80044, BC068654; mouse
Cnbp2, AJ421478; Xenopus CNBP, Y07751.

effect on the functional domains of the neurotensin receptor SCGB1D4 (Fig. 4C). The deletion of athymineresidue at the
2 (Vitaet al., 1998; Martin et al., 2002). 75th codon, CTT, isresponsible for this difference (Fig. 3C).

The frameshift mutation abolishes the last cysteine, which

is conserved in other closely related secretoglobin proteins.
36 SCGBIDA ) ) Although thefunctional consequence of theremoval of thelast
SCGB1D4 (secretoglobinfamily 1D member 4; alsoknownas  cygeine is yet to be elucidated, the resultant SCGB1D4 has
1S for inteferon-y -inducible SCGB) is amember of secreto-  peen reported to be till functional in chemotactic migration

globin superfamily of genes. Its expression is inducible by 504 ininvasion of lymphoblast cells (Choi et al., 2004).
inteferon-y, a cytokine that stimulates the immune system

(Choi et al., 2004). It is expressed in virtually all tissues with

the highest level in lymph nodes, tonsil and ovary. A multiple 3.7 WBSCR27

sequencealignment of human SCGB1D4, predictedchimpan- ~ Comparison of human WBSCR27 coding exons with the
zee SCGB1D4, human SCGB1D2 and rabbit SCGB1D shows  chimpanzee genome uncovered an 11 bp insertion in human
that the differenceinthe C-terminal regionisuniquetohuman ~ WBSCR27 (Fig. 3D). The exact 11 residues are repeated in
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tandem in exon 6 of human WBSCR27. Sequence comparison
of human and chimpanzee WBSCR27 protein with mouse
Whbscr27 and Xenopus hypothetical protein MGC80044 veri-
fied that the insertion occurred specifically in human lineage
(Fig. 4D). WBSCR27 is one of the genes assigned to the
Williams-Beuren syndrome (WBS) critical region. The WBS
is a neurodevelopmenta disorder caused by a chromosomal
microdeletion at 7911.23 (Tassabehji, 2003). The biological
function or the relationship of WBSCR27 genewith WBS has
not been reported.

3.8 ZCCHCI13

ZCCHC13 (aso known as CNBP2) is mapped in the X-
inactivation region in mouse and human (Chureau et al.,
2002). A Pfam search identified 5 CCHC zinc finger domains
for human ZCCHC13, whereasit predicted 6 fingersfor chim-
panzee ZCCHC13. The loss of the 6th finger of the putative
human/chimpanzeeancestral ZCCHC13iscaused by aninser-
tion of cytosine nucleotide between the 150th and the 151st
codons in human (Figs 3E and 4E). The mouse Cnbp2 and
Xenopus CNBP have seven CCHC zinc fingers. The second
finger in these proteins is missing in human and chimpanzee
ZCCHC13 owing to a point mutation that replaces histid-
ine (H) with arginine (R) within the corresponding region
(Fig. 4E). Mouse Cnbp2 was detected only in adult mouse
testis by RT-PCR (Chureau et al., 2002), and all human and
mouse expressed sequence tags with defined tissue source
were isolated from testis (UniGene Clusters Hs.157231 and
Mm.159414), implying its involvement in the reproductive
process. It isinteresting that there is a progressive loss of fin-
gersfrom 7 to 6 to 5 as one moves up the evolutionary ladder
from frog and mouse to chimpanzee and then to human.

39 HEJ1and RPL13AP

Two genes, HEJ1 and RPL13AP, showed two human-specific
and one adenine nucleotides insertions, respectively, within
the predicted coding regions (Fig. 3F and G). Comparison of
HEJ1 and the mouse homolog Dnajal [Dnal (Hsp40) homo-
log, subfamily A, member 1, GenBank accession number
NM _008298] raises the possihility that HEJ1 isa pseudogene
sincethe predicted protein sequencelacksthe Jdomain, ahall-
mark of the DnaJfamily of proteins. Comparison of HEJ1 and
human DNAJA1 (GenBank accession number NM_001539)
verifies that HEJL is a retrotransposed pseudogene derived
from a partially processed DNAJAL mRNA. Similarly, com-
parison of the cDNA clone BC067891, which is named
RPL13AP in this study, with mouse Rpl13a (ribosomal pro-
tein L13a, GenBank accession number NM_009438) and
human RPL13A (GenBank accession number NM_012423),
suggests that it is aso a retrotransposed pseudogene derived
from a fully processed RPL13A mRNA. The retrotranspos-
ition of these two pseudogenes occurred before divergence
of the human and the chimpanzee lineage. It is possible that

these two cases represent ‘ decaying’ pseudogenes and do not
produce functional proteins.

4 DISCUSSION

Many distinct human traits are presumably the results of many
genetic modifications (Gagneux and Varki, 2001). The most
direct way to find human-specific genetic aterations would
be a comparative analysis of the human and the chimpan-
zee genomes, which begins to be possible with the release
of the chimpanzee genome sequence. We have developed a
simple method to collect putative human-specific frameshift
mutations that occurred after the divergence of human and
chimpanzee. The method involves collection of chimpanzee
coding exonsshowinginterrupted alignment with correspond-
ing human coding exons. We focused on human-specific
frameshift mutations because the human genomic sequence
is nearly complete and many mRNA sequences are available
for crosschecking its validity. Chimpanzee genome sequence
could contain more errors but the ancestral nature of a partic-
ular gene sequence can still be discerned if it is conserved in
non-human/non-chimpanzee homologs. By development and
application of sequential computational filtersto sort out pub-
licly available data including human mRNA-to-chimpanzee
genome alignments, we have identified nine human genes
each with a human lineage-specific frameshift mutation.

Two of the genes identified in this study, BASE and
DNAJB3, may represent ‘ dying genes' during human or great
ape evolution. The frameshift mutations in these genes result
in truncation of a substantial portion of their C-termini, pos-
sibly leading to inactivation of the proteins (Figs 1C and 2B).
BASE belongsto the PLUNC (secreted proteins, palate, lung
and nasal epithelium clones) family of proteins, which seemto
mediate host defense functions in the mouth, nose and upper
airways (Bingle and Gorr, 2004). More than 10 evolution-
arily related PLUNC genes, including BASE, are found on
the human chromosomal band 20g11.21 and on the ortholog-
ous chromosomal region in rodents (Bingle et al., 2004). The
DNAJB3 encodes a sperm-specific member of DnaJ protein
family for spermiogenesis in macague and mouse (Yu and
Takenaka, 2003; Berruti and Martegani, 2005). This case is
intriguing in that, besides the human-specific guanine inser-
tion, there is a human/chimpanzee common thymine deletion
near the C-terminus compared with the macaque ortholog
(Fig. 2A). The biological outcome of the loss of the short
C-termina tail in chimpanzee or the half of the protein in
human, and the exact timing of the thymine deletion in the
great ape evolution are yet to be determined.

Two other proteins with altered C-termini, NTSR2 and
SCGB1D4, were experimentally proved to be functional in
human (Vitaet al., 1998; Martin et al., 2002). The biological
functions of the other three proteins with altered C-termini,
FLJ33674, WBSCR27 and ZCCHC13, have not been repor-
ted. Since the mutations occur near the C-termini, they may
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exhibit full or at least limited functionality. The remaining
two genes, HEJ1 and RPL13AP, are likely to be transcribed
pseudogenes produced by retrotransposition. Although they
manifested human-specific frameshift mutations in the pre-
dicted coding region, they may not encode any functional
protein. Retrotransposition and gene decay are common evol-
utionary processes observed in mammalian genomes (Zhang
et al., 2002).

The sequences at the insertion or deletion sites suggest the
molecular mechanism of the frameshift mutations. Six of nine
frameshift mutations reported in this study, 2 in DNAJB3
and 1 in each of NTSR2, SCGB1D4, HEJ1 and RPL13AP,
occurred within mononucleotide runs. The deleted adenine
residuein FLJ33674 isembedded in apoly-guaninetract. The
frameshift mutation in BASE involvesadel etion of an adenine
residue within adoublet of trinucleotide GCAGCA, resulting
in adoublet of dinucleotide GCGC. WBSCR27 has a human-
specific duplicated 11mer within the coding sequence. The
existenceof short monomeric or multimeric nucleotiderepeats
suggests emergence of frameshift mutations by replication
slippage errors (Kunkel and Bebenek, 2000).

Although a handful of human-specific mutations have been
reported previoudly, none of them were found in this study.
Examination of database records of those genes revealed
the reason they were not detected and innate limitations of
the current approach. MYH16 has a 2 bp deletion in exon
18 (Stedman et al., 2004). However, no MYH16 mRNA
sequence has yet been deposited in GenBank. It was iden-
tified as a pseudogene in the human genome. EMR4 has a
1 bp deletion in exon 8 (Hamann et al., 2003) but no cod-
ing region information has been put in the GenBank entry
(AF489700). KRTHAP1 was identified as a pseudogene and
has no mRNA entry in GenBank. Furthermore, it had been
inactivated by anonsense mutation (Winter et al., 2001). Inac-
tivation of CMAH (GenBank accession number BC022302)
occurred by an Alu-mediated exon deletion (Hayakawa
et al., 2001). The procedure developed in this study requires
defined coding sequence information in the database and
is designed to find an insertion or a deletion mutation
within a coding exon. None of the above cases meets these
conditions.

Theprocedure adopted inthisstudy isdesigned to find novel
frameshift mutations based on predicted coding sequences. A
reciprocal study to find chimpanzee-specific frameshift muta-
tions can be made by a dlight modification of the reported
method. However, the current chimpanzee genome sequence
may contain sequence errorsthat impede proper interpretation
of the result. We await the high quality finished chimpan-
zee genome sequence such as that for the chromosome 22
(Watanabe et al., 2004).

Watanabe et al. (2004) reported 32 cases where the start
ATG or the stop codon is different from their human coun-
terparts. When we reviewed alignment data of 24 cases
where the stop codon was changed, we found only 3 cases

showing obvious human-specific mutations. These were
C21orf30, C2lorf 71 and LIPI (GenBank accession num-
bers AL117578, AF086441 and BC028732, respectively).
The first two involved nonsense mutations that were not
considered in thisstudy. Thethird casewasaframeshift muta-
tion. However, the corresponding GenBank record does not
contain coding sequence information. And furthermore, the
record had been removed according to submitter’srequest and
it did not produce alignment data in the Genome Browser
Database.

In summary, we developed a simple method for a genome-
wide detection of human-specific frameshift mutations based
on publicly available databases, and identified nine genesthat
had been specifically modified in the human lineage. The pro-
cedure is readily applicable to any species for which a high
quality genome sequence is available. It is also possible to
collect nonsense mutation-mediated human-specific prema-
ture terminations by a minimal modification of the current
method. This study demonstrates that even the draft-quality
chimpanzee genome sequence delivers useful information for
the study of the human evolution.
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