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Table [. The diw/ds ratios in the known CTL epitopes restricted 10 HLA-A*02 and in the regions other than the epitopes
Epitope* Position sN? Cn® sS” Cs? dn (Cn/sN)/ds (Cs/sS)’ p Value®
No epitope 59,979.7 75.3 20,120.3 37.7 0.67 6.2 X 107¢
Tax 11-19 11-19 9.964.7 19 44533 8 1.06 0.800
XN3 21-35 18,149.6 23 5.880.4 6 1.24 0.340
XN4 31-45 16,642.3 20 7,387.7 11 0.81 0.303
XN9 80-95 18,419.9 17 7.212.1 9 0.74 0.167
XNt 101-115 18,152.4 31 5.877.6 9 1.12 0.561
XN12 111-122 14,507.0 7 4.717.0 3 0.76 0.418
All epitopes® 85,871.1 98 31,0749 38 0.93 0.484

“ CTL epitopes in amino acid position 1-133 of HTLV-I Tax have been reported by epitope mapping.

” The total numbers of synonymous (Cs) and nonsynonymous substitutions (Cn) independently occurring in three patients were summed in each codon
site. The total numbers of Cs and Cn were counted in the T cell epitopes and the remaining regions in fax genes. The total numbers of synonymous (sS) and
nonsynonymous sites (sN) were computed in the regions of compared sequences. The dn is a value of Cn divided by sN. The ds is a value of Cs divided by sS.

¢ Given the null hypothesis that ds equals dn, the p value was estimated by the two-tailed x? test.

“No epitope indicates the regions other than the epitopes.

“ All epitopes indicate all positions of epitopes above. The total numbers of synonymous (Cs) and nonsynonymous (Cn) independently occurring in

three patients were summed in each codon site.

gated on forward and side scatter image. Ten thousand CD8™ cells were
further gated and the proportion of TFN-y™ cells in the CD8™ cell popu-
lation was analyzed. The frequency of peptide-specific CD8™ T cells was
obtained by subtracting the percentage of IFN-y* cells without peptide
from that with a peptide. The relative frequency of variant epitope-specific
T cells to the frequency of Tax 11-19-specific T cells was given by the
following formula: (frequency of variant epitope-specific T cells)/(fre-
quency of Tax 11-19-specific T cells) X 100.

Results '
Detection of positive selection pressures to tax gene

We sequenced 146 clones of the tax gene from patient 31, 152
clones from patient 38, and 147 clones from patient 48. The phy-
logenetic tree of all cloned sequences was constructed to examine
the phylogenetic relationship of the tax gene isolated from three
patients. The sequences isolated from a patient would be clustered
if the sequences isolated from a patient evolve in a specific pattern.
However, the sequences isolated from each patient were not clus-
tered in the resulting phylogenetic tree, indicating that there are not
patient-specific variant viruses in the three patients. We depicted
the amino acid replacements in the Tax protein with the previously
reported CTL epitopes in HLA-A*02 HAM/TSP patients in Fig. 1.
The consensus fax sequence in each patient was the same to the
ATK-1 sequence first reported (28), which was referred to as the
prototype amino acid sequence in Fig. 1. The number of amino
acid replacement at each position was 1.36 = 1.53 (mean *
SD). Amino acid replacements over 4.42 (mean + 2 SD) were
observed at amino acid positions 14, 20, 29, 43, and 54. The
replacements at 14, 29, and 43 were within the defined epitopes
Tax 11-19, XN3, and XN4, respectively. However, the replace-
ments at 20 and 54 were not within the epitopes. Overall, it is
unclear whether amino acid replacements significantly occur in
CTL epitope regions in this analysis.

We next compared synonymous changes with nonsynonymous
changes for the epitopes and the remaining (no epitope) regions in
the sequenced rax genes. We used all sequence data for the cal-
culation (Table I). It is generally accepted that the dn/ds ratio over
1 indicates positive selection pressure (11). In the present study,
the dn/ds ratio over | was observed in the epitopes of Tax 11-19,
XN3, and XNI1. It is likely that positive selection pressure oc-
curred in these regions, but these were not significant. In epitopes
XN4, XN9, and XN12, the dn/ds ratios were <1. The ratio of all
the epitope regions was higher (0.93) than that of the non-
epitope regions (0.67); however, the ratio was <1. In contrast,
ds was significantly higher than dn in the nonepitope regions. It
indicated that the nonepitope region preferred synonymous

Co

changes to nonsynonymous changes, and was conservative in a
protein level. Taken together, this suggests the possibility that
positive selection pressures occur on some of the CTL epitope
regions.

To further clarify whether positive selection pressure specifi-
cally occurs at the CTL epitope sites, we examined selective pres-
sures along the rax genes, in which the significant test of biased
synonymous and nonsynonymous substitutions was performed in a
sliding window of five amino acids (Fig. 2). Positive pressures
were demonstrated in four regions with statistical significance
(p < 0.05): aa 11-15, aa 43—-47, aa 56—-64, and aa 105-113. Ex-
cept for the aa 56—64 region, the other three regions were consis-
tent with the epitope regions: Tax 11-19, XN4, and XN1 1, respec-
tively. We found a cluster indicative of positive selection pressures
at aa 56-64, however, we could not find any CTL epitopes re-
stricted to HLA-A*02 in the literature (19-21).

No accumulation of any variant viruses of HTLV-I

Because we found that the three epitopes of Tax 11-19, XN4, and
XN11 were exposed to antiviral pressures by CTL in the patients
with HAM/TSP, we investigated whether some variant epitopes
accumulate during the time course of the disease in these epitopes.
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FIGURE 2. Detection of positive selection pressures on the HTLV-1 tax
gene. The figure indicates the distribution of the value (1-P) for natural
selection. When dn is larger than ds, the value is indicated above the ab-
scissa. whereas in the opposite situation, below the abscissa. Light black
columns that are over the dashed line indicate positively selected sites (p <
0.05 by the Fisher’s exact test). The abscissa indicates the amino acid
positions. This analysis was performed in a sliding window of five amino
acids, and the dn or ds for the sequence is expressed at the middle position
of the five amino acids. The transverse bars indicate all the known CTL
epitopes which can bind to HLA-A*02.
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Table I1. Longitdinal analysis of amino acid replacements in CTL epitopes, Tax 11-19, XN4, and XN11“

5969

Tax 11-19 XN4 XNt
Patient Date Amino acid sequence® Frequency” Amino acid sequence Frequency Amino acid sequence Frequency
31 Jun/91 LLFGYPVYV 48/49 ISGGLCSARLHRHAL 46/49 IPPSFLQAMRKYSPF 48/49
---R--—-- 1/49 Fovommmmm oo 1149 - R--————=- 1/49
——————— T------- 1/49
———————————— R-- 1/49
Mar/97 LLFGYPVYV 45/48 ISGGLCSARLHRHAL 46/47 IPPSFLOAMRKY SPF 45/48
Povmm—— - 1/48 ———-P---mmm - 1/47 Yommm oo m o - 1/48
--Y---—-= 1/48 Rt Rt e ST 1/48
---R----- 2 i initutntatet H----- 1/48
Mar/99 LLFGYPVYV 48/49 ISGGLCSARLHRHAL 46/49 IPPSFLQAMRKYSPF 46/49
---H----- 1/49 --E-—------- R-- 1/49 Tommmmm——————— - 1/49
——————— T------- 1/49 ~===--R-———=--- 1/49
———————————— Y-- 1/49 R ittt S T 1/49
38 May/96 LLFGYPVYV 48/51 ISGGLCSARLHRHAL 48/49 IPPSFLQAMRKYSPF 49/51
—-L------ 1/51 —==—P----m—mmm - 1/49 —— =8 m - 1/51
—————— I-- 2/51 B T 1/51
Feb/97 LLFGYPVYV 52/52 ISGGLCSARLHRHAL 48/51 IPPSFLQAMRKYSPF 47/51
—————————— R---- 1/51 H---X9 3/51
-------------- 0 2/51 —m—mem————----§ 1/51
Jul/99 LLFGYPVYV 39/49 ISGGLCSARLHRHAL 46/49 IPPSFLQAMRKY SPF 46/49
-P------- /49  ----- | 1/49 e i 1/49
--L-——-== 2/49 —e—mmmme-— - Y-- 1149 ——----—- L------ 2/49
-—-R-----— 449 e P 1/49
—==-N---- 1/49
-——-H---- 1/49
——————— H- 1/49
48 May/93 LLFGYPVYV 45/48 ISGGLCSARLHRHAL 45/47 IPPSFLQAMRKYSPF 46/47
---R--A-- 1/48 T-R-------~ X 147 —-e—————- H----- 1/47
-—=-F---- 1/48  ——mmmmemme - P 1/47
——————— c- 1/48
Oct/96 LLFGYPVYV 48/51 ISGGLCSARLHRHAL 49/51 IPPSFLQAMRKYSPF 48/50
-—-R----- /51 ----- R-———====~- 1/51 Temmmmm e m—m oo - 1/50
————— L--- 1/51 e LT S 1/51 ——Lem—mmmm - 1/50
———————— E 1/51
Feb/00 LLFGYPVYV 47/48 ISGGLCSARLHRHAL 47/48 IPPSFLQAMRKYSPF 46/48
Pr-————=- 1/48 —F-mmmm - 1/48 -———-- R---————- 1/48
—————————————— S 1/48

“ At three time points in three HLA-A*0201 HAM/TSP patients, HTLV-I proviral DNA from the PBMC were subcloned and sequenced. The predicted amino acid sequences
from the DNA sequences () and their frequencies (b) are displayed. Tax 11-19, XN4, and XN11 are CTL epitopes restricted to HLA-A*02, in which positive selection pressures
were significantly detected as shown in Fig. 2. The amino acid sequence in the upper row in each sample indicates a prototype. X indicates a deletion or frame shift at the

corresponding DNA sequence (d).

We summarized the frequencies of variant epitopes of Tax 11-19,
XN4, and XN11 in Table IL In the Tax 11-19 epitope, the glycine
to arginine change at position 4 was frequently observed in the
three patients (1.8% in all the clone sequenced). However, no vari-
ant viruses accumulated in the time course. The prototype epitope
(LLFGYPVYV) was predominant throughout the time course in
all patients. In the XN4 epitope, amino acid replacements ran-
domly occurred with little preferential replacements at positions 13
and 15, and the prototype sequence was predominant. In the XN11
epitope, replacements randomly occurred with small clusters
around at positions 1 and 7, and the prototype amino acid sequence
was predominant during the entire time course. Consequently,
there was no accumulation of any variant viruses that escaped from
the immune system in these patients.

Detection of variant epitope-specific CD8" T cells

We questioned whether no accumulation of variant viruses results
from increasing CTL responses to the variant virus. Therefore, we
investigated the frequency of variant virus-specific T cells during
the time course of the disease. We focused on Tax 11-19 replace-
ments, because the Tax 11-19 peptide was reported to be a strong
immunodominant epitope in patients with HAM/TSP, and indeed
in this study we detected the positive selection pressure in this
region (7, 29). We synthesized several variant epitope peptides of

1

9

IFN-y-FITC

CD8-PCS

FIGURE 3. Representative detection of variant epitope-specific CD8*
T cells in patient 31 in March 1999 by flow cytometry. The naturally
occurring variant epitopes derived from Tax 11-19 were synthesized and
used to detect variant epitope-specific CD8™ T cells by intracellular IFN-y
staining. The number in the box is the Ag-specific T cell frequency in
CD8" T cell population. The name of the variant epitope is designated by
the amino acid replacement, i.e., G4R indicates that glycine at position 4 of
the Tax 11-19 is substituted by arginine. NP indicates spontaneous IFN-y
production with APCs without any peptides.
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FIGURE 4. Longitudinal analysis Detected GaR
of variant epitope-specific CD8* T variant
. . . epitopes L1P
cells in the patients. The x- and y-axis G4R F3Y YSH
indicate date and relative frequency of 120 }
variant epitope-specific CD8* T cells,
respectively. The relative frequency 1007 p—t—a—y—4
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Tax 11-19 according to the sequence data. In each patient, the
variant epitopes emerged during the time course was tested to be
recognized by CD8™" T cells. We performed intracellular [FN-y
detection, where variant epitope-specific CD8" T cells were de-
tected by their recognition of the epitopes loaded on APCs. We
used no peptide-loaded APCs to evaluate background IFN-y pro-
duction, and influenza virus M1 peptide as a peptide control. The
background IFN-y-positive cells in CD8™ cells from these patients
were <0.49%, and the positive cells for M1 peptide were 1.61-
5.41% in patient 31, 0.32-0.68% in patient 38, and 0.35-0.57% in
patient 48 (data not shown). As shown in Fig. 3, variant epitope-
specific CD8™ T cells were detected; Ag-specific T cells in the
CD8" T cell population were 10.20% for Tax 11-19 and for F3Y;
to a lesser extent, L1P and YSH were recognized by the T cells,
however, G4R was rarely recognized. According to the formula
described in Materials and Methods, we calculated relative fre-
quency of variant epitope-specific T cells to Tax 11-19-specific T
cells and depicted this in Fig. 4. In patient 31, F3Y peptide was
recognized at the same level as Tax 11-19 as ~100%, L1P and
Y5H were moderately recognized, and G4R was rarely recognized
by the CD8" T cells. The relative frequencies of variant virus-
specific T cells were considerably stable despite the emergence of
variant viruses during the time course. In patient 38, many mutants
emerged in 1999, whereas the relative frequencies of variant virus-
specific T cells were almost the same. Interestingly, G4R was also
rarely recognized by the T cells as in patient 31. Y5H recognition
was different between these patients: ~40% in patient 31, whereas
<10% in patient 38. In patient 48, the relative frequencies fluctu-
ated; recognition of all of the variant viruses was relatively low in
1993, whereas the recognition of all of the variant viruses, except
G4RV7A, was relatively high in 2000. Overall, the apparent in-
crease of variant virus-specific T cells was not observed in asso-
ciation with the appearance of any variant viruses in these patients.

Discussion

We demonstrated that the positive selection pressures were de-
tected in three of six CTL epitopes in HTLV-I Tax and the
amino acid replacements were preferentially observed in these
regions. There was no accumulation of any variant viruses in
the time course and the proportion of variant virus-specific T
cells was stable.

The positive selection pressures detected indicate that the CTL
exert an effect to eliminate the virus in vivo. This is consistent with
the previous report, where mutations in CTL epitope-coding re-
gions occur significantly more frequently in HLA-A2-positive sub-
jects than in HLA-A2-negative subjects, which suggests that HLA-

140

A2-restricted, Tax-specific CTL induce in vivo antiviral pressures
(30). The detection of positive selection pressures in Tax 11-19 is
consistent with previous reports; Tax 11-19 has been demon-
strated as an immunodominant epitope, which induces strong CTL
responses both in HLA-A*02 HAM/TSP patients and the car-
riers (7, 8, 18, 29). In HIV infection, a virus with variant
epitope easily escapes from the host immune system and pre-
dominates during the time course (14-16). This phenomenon
has made it difficult to establish an effective CTL vaccine. How-
ever, in HTLV-I infection, although there were antiviral pres-
sures by CTL in vivo, a virus with variant epitope did not be-
come dominant during the time course. This may be an
advantage in establishing an effective CTL vaccine. The three
epitopes, where positive selection pressure and no escape vari-
ants were observed, could be candidates in designing a CTL
vaccine.

The rate of amino acid replacements in HTLV-I Tax is higher
than previously considered. In patient 38, the rate in Tax 11-19
ranged from 0% (in February 1997 in Table IT) to 20.4% (in July
1999), suggesting that the virus actively replicates in vivo. How-
ever, any variant virus did not become dominant over the prototype
virus during 3-8 years. The relative frequency of T cells specific
for these peptides did not significantly change during the time
course as shown in Fig. 4, and the frequencies of T cells specific
for G4R (in patient 31, 38, and 48), Y5H (in patient 38), and Y5N
(in patient 38) were constantly low. More importantly, the fre-
quency of G4R-specific T cells was <10% and did not increase
during the time course in all patients. These results suggest that
nonaccumulation of variant viruses is not due to CTL responses.
These raise the question of why the variant viruses do not become
predominant, especially variants G4R, Y5H, and Y5N, which were
rarely recognized by CTL (Fig. 4). Tax protein is a viral regulatory
protein, which facilitates viral replication via trans-activator func-
tion that up-regulates the numerous promoter genes including its
long terminal repeat promoter, IL-2R « promoter (31). Niewiesk
et al. (30) explored whether natwrally occurring variants of
HTLV-I Tax impair the transactivation function, and they demon-
strated that most of the amino acid substitutions in Tax protein
severely reduced its ability to transactivate three promoters: the
HTLV-I long terminal repeat, the c-fos promoter, and the TL-2R
a-chain promoter (30). The replacement of the tax gene that codes
for the G4R epitope is frequently observed both in their study and
ours. In their study, the G4R replacement strongly reduces trans-
activator function (30). The reduction of transactivator activity
by a replacement is reported not only in the Tax 11-19 epitope
but also in XN4 and XN11 (30). Furthermore, artificial random
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mutagenesis of the rax gene, which introduces amino acid sub-
stitutions in Tax protein, abolishes the Tax regulatory functions
(32). Therefore, some replacements in the regulatory protein
Tax may impair the transactivator function for viral replication,
which may lead to nonpredominance of the variant viruses,
even if they are rarely recognized by CTL. Recently, reversion
of CTL escape-variant SIV to the original virus is reported in
newly infected animals in the absence of selective pressure by
CTL, which suggests that viral evolution is a result of the equi-
librium between viral fitness for replication and viral escape
from the immune system (33, 34). Our data may support this
hypothesis.

It is reported that the replacement rate is lower in HTLV-1
than in HIV in vivo (35). Retroviruses can replicate by two
ways within infected individuals: mitotic division of virus-in-
fected cells and infectious spread among cells via reverse tran-
scriptase. Although HIV spread mainly by free viral infection
within infected individuals, it has been considered that HTLV-I
mainly spread by mitotic replication, because infectivity of
HTLV-I is extremely low in vitro and there is no evidence that
HTLV-I is transmissible from HTLV-I-infected individuals to
another person by blood component-depleted lymphocytes. Fur-
thermore, inverse PCR analysis, which can distinguish each
HTLV-l-infected T cell clone, reveals that clonal expansion of
several infected cells is a common feature of HTLV-I infection
(36). However, in our study, the proportion of mutant virus
reached up to 20.4% (Table II, patient 38 on Jul/99). Moreover,
viral sequence analysis revealed positive selection pressures,
which is generally detected when retroviruses replicate by re-
verse transcriptase and not by mitosis of the infected cells.
Thus, although HTLV-I may mainly spread via mitotic repli-
cation, replication via reverse transcriptase can play a role in
increasing proviral load at least in some individuals. Quantifi-
cation of the ratio of mitotic replication vs replication via re-
verse transcriptase may be important in using reverse transcrip-
tase inhibitors for therapeutic purposes.

We found positive selection pressure around position 54 in
the Tax protein (Fig. 2); however, HLA-A*02-restricted CTL
epitopes have not been reported in these regions. Although the
reason why the pressure was observed in the region is unclear,
there is a possibility that positive selection pressure by CTL
occurs on these amino acids; another T cell epitope restricted to
an HLA allele other than HLA-A*02 may be found in these
patients.

In conclusion, Tax-specific CTL act as killer cells, which induce
positive selection pressure to HTLV-I in vivo. The naturally oc-
curring variant viruses do not become predominant in the viral
population unlike that seen in HIV infection. Therefore, these
epitopes may be candidate targets for HTLV-I vaccine develop-
ment. A search for a viral protein, which includes CTL epitopes
and is essential for viral replication, may be important in designing
a CTL vaccine for chronic viral infections.
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To elucidate the transcriptional regulation in eukaryotic genome network, it is important to understand coevolution of
transcription factors, transcriptional coactivators, and TATA-box-binding protein (TBP). In this study, coevolution of
transcriptional coactivator multiprotein-bridging factor 1 and its interacting target TBP was first evalnated experimentally
by examining if compensatory amino acid changes took place at interacting sites of both proteins. The experiments were
conducted by identifying interaction sites and comparing the amino acids at these sites among different organisms. Here,
we provide evidence for compensatory changes of transcription coactivator and its interacting target, presenting the Ist
report that transcription coactivator may have undergone coevolution with TBP.

Introduction

Transcription factors are components of the regulatory
network and are involved in multiple interactions with other
proteins. Thus, the evolution of transcription factor families
takes place within a framework defined by these interac-
tions. Because the conserved domains within transcription
factors often contain sites that mediate these interactions,
their conservation most likely reflects the conservation of
classes of interactions that were established early in evolu-
tion and under the limitations of tolerable (i.e., functional)
changes. Many transcription factors have been evolution-
arily conserved (Ge et al. 2002; Stevens et al. 2002; Taatjes
et al. 2004; Bustamante et al. 2005); however, the evolution-
ary mechanism of transcription factors remains unclear.
Multiprotein-bridging factor 1 (MBF1) is a transcriptional
coactivator that mediates transcriptional activation by
bridging a sequence-specific activator and TATA-box—
binding protein (TBP) (Li et al. 1994; Takemaru et al.
1997, 1998; Liu et al. 2003; Jindra et al. 2004). Interaction
between MBF1 and TBP is conserved from Archaea to
humans (Aravind and Koonin 1999; Kabe et al. 1999;
Millership et al. 2004). To understand the evolutionary
mechanism of transcription coactivator, we have analyzed
the evolution of MBF1 and TBP. Here, we examine whether
coevolution can be evaluated by an experimental method in
which we first identified interacting amino acids between 2
proteins and then carried out evolutionary analysis.

Materials and Methods .
Polymerase Chain Reaction Mutagenesis

The thp (TBP gene—containing mutations) library was
made by error-prone polymerase chain reaction (PCR) as
described (Lin-Goerke et al. 1997). In brief, the yeast
TBP (yTBP) gene was amplified by PCR using Taq
DNA polymerase in a reaction mixture containing 0.25
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mM MnCl,. The PCR products were then purified and in-
serted into a YCplac22 vector, TRP/-marked plasmid.

Screening for thp Genes

The Saccharomyces cerevisiae yeast strain used for
screening was NI107-1 (MATa ade2-1 ura3-1 trpi-1
leu2-3,112 canl-100 Athp::LEU2 [Ycplac33-yTBP]). This
strain has chromosomal TBP gene deletion replaced by
an URA3-marked plasmid carrying the TBP gene. The
thp library was transformed into N107-1 and spread onto
plates with synthetic complete (SC) media but did not con-
tain tryptophan. Strains expressing thp were grown on
5-fluoroorotic acid (5-FOA) to remove plasmid-carrying
TBP and then shifted to submaster plates either containing
aminotriazole (AT) or not containing AT. We screened
strains that were AT sensitive but showed normal growth.

Glutathione S-transferase Pull-Down Assay

Q68L and Q681 thp genes were subcloned into 6HisT-
pET11d to produce TBP proteins bearing 6 histidine resi-
dues in Escherichia coli. His-tagged recombinant proteins
were purified using a Ni-column (Novagen, San Diego, CA)
and used for assay. The Glutathione S-transferase (GST)
pull-down assay was performed using GST-MBF1 as de-
scribed (Takemaru et al. 1998). Bound proteins were de-
tected on western blots using an anti-TBP antibody.

Protein Sequence Analysis

All available sequences were obtained using the En-
trez Protein database at National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nim.nih.gov/). Ac-
cession numbers and species were compiled in a supplemen-
tary table S1 (Supplementary Material online). Protein-
coding sequences were aligned using the ClustalX program
(Thompson et al. 1997). All amino acid positions with gaps
were excluded from this analysis. For phylogenetic recon-
struction of TBP (Supplementary fig. 1, Supplementary
Material online), the Neighbor-Joining method was used
(Saitou and Nei 1987) with observed differences as imple-
mented Njplot (Perriere and Gouy 1996). Bootstrap analy-
sis with 1,000 replicates was used to assess the support for
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F16. 1.—Analysis of yTBP mutants. (A) Q68 mutations show AT sensitivity. The Athp strain, containing the wild-type (WT) TBP, Q68L thp, or
Q681 thp gene, was streaked on plates in the presence or absence of 20 mM AT and incubated for 3 days at 30 °C. (B) Q68 is required for binding with
MBF1. Bacterially expressed and purified WT yTBP (lanes S and 6), Q68L (lane 7), or Q681 (lane 8) was incubated with either GST (lane 5) or GST-
MBFI (lanes 6-8). The bound yTBP was electrophoresed by Sodium dodecy! sulfate-polyacrylamide gel electrophoresis and detected with an anti-TBP
antibody. Lanes 1-4 were 1/10 of the input TBP or its mutants. (C) The structure of Bombyx mori MBF1 (residues 67-146) corresponds to 73-151 of
yMBFI (top) and the structure of yTBP (residues 61-240) and DNA (bottom). D112 of yMBF1 and Q68 of yTBP are indicated by arrows. H indicates

the helix motif.

tree nodes (Felsenstein 1985). Phylogenetic distribution of
interaction amino acids between MBF1 and TBP is based
on phylogenetic analysis of full-length TBP sequences and
recent studies (Hedges 2002).

Compensatory Change Analysis

The S. cerevisiae yeast strain used for compensatory
change of interaction amino acid analysis was N1114A
(ade2-1 ura3-1 trp-1 leu2-3, 112 canl-100 Admbfl ::LEU2
Athbp::LEU2 [yCplac33-TBP]). Ycplac22-TBP and Yc-
plac22-tbp mutant plasmids were transformed into N111-
4A and spread onto plates with SC media but do not contain
tryptophan. Strains expressing tbp were grown on 5-FOA
to remove plasmid-carrying TBP. Ycplac33-MBF1 or
Ycplac33-mbfl mutant plasmids were then transformed in-
to strains and spread onto plates with SC media but not con-
tain Uracil. These strains were then shifted to submaster
plates either containing AT or not containing AT. Point mu-
tations of MBF1 and TBP were introduced by site-directed
PCR mutagenesis.

Results
Q68 of yTBP Is Required for yYMBF1 Binding

MBF! and TBP sequences are evolutionarily con-
served from Archaea to humans (supplementary table S1,
Supplementary Material online). To obtain evidence for
the coevolution of MBF1 and TBP, we identified amino
acids involved in the interaction between MBF1 and TBP
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in the yeast S. cerevisiae. It has been shown that D112 of
yMBF! is necessary for the yTBP binding (Takemaru
et al. 1998) although the binding site in yTBP is not known.
To identify the interaction site in yTBP, we constructed
a yTBP mutant library and screened mutants that are defec-
tive in the yYMBF1 binding. The yMBF1 mediated GCN4-
dependent transcriptional activation that is essential for de-
repression of the amino acid biosynthesis genes (Takemaru
et al. 1998). The disruptant of yYMBF1 was sensitive to AT,
an inhibitor of the HIS3 gene product. This sensitivity was
also observed in the D112 yMBFI mutant, indicating that
interaction between yMBF1 and yTBP is required for the
activation of HIS3 gene transcription. We therefore screened
AT-sensitive TBP mutants and obtained 4 candidates,
Q68L, Q68I, R79W, and T215S. Because TBP is a general
transcription factor, mutations in a site involved in a general
function (e.g., DNA binding site) reduce transcription of
many genes, including HIS3 and showing AT sensitivity.
To eliminate such mutations, we compared strain growth
in AT-containing medium (cell requires general control
non-depressible 4[GCN4] activity) and galactose-contain-
ing medium (cell requires galactose 4 activity) and found
that Q68 was a specific site for the GCN4-dependent tran-
scriptional activation (data not shown). Q68L and Q681 mu-
tants were viable in the absence of AT (fig. 1A) and able to
grow on glucose, galactose, sucrose, or inositol-free media
(Supplementary fig. 1, Supplementary Material online),
indicating that these mutants can achieve most TBP func-
tions and have not destructed the TBP structure. To confirm
the interaction via Q68, we performed a GST pull-down
assay using a series of bacterially expressed yTBP and
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GST-yMBF1 fusion proteins. GST pull-down assays with
these purified proteins showed that wild-type yTBP and
yMBF1 bind directly, but TBP harboring Q681 or Q68L mu-
tation showed a significantly reduced capability of the bind-
ing to yMBF1 (fig. 1B). These results demonstrate that the
amino acid Q68 is important for the yMBF1 binding.
Whereas D112 of yMBFI is present in the 3rd helix of
the C-terminal domain, Q68 of yTBP is on top of the sad-
dle-shaped molecule (fig. 1C).

Alignment Analysis of MBF1 and TBP

To understand how interacting amino acids evolve, we
next analyzed the sequences of MBF1 and TBP of various
organisms (figs. 2 and 3). Archaeal MBF1 contains a Zn-
ribbon motif that is absent in their eukaryotic counterparts.
Eukaryotic MBF1 consists of 2 structural domains; a well-
structured C-terminal half that binds to TBP and a flexible
N-terminal half that participates in binding to various acti-
vators (Ozaki et al. 1999). Archaeal MBF1 harbors its own
DNA-binding domain (Zn-ribbon motif, fig. 2) and hence
serves for a single activator. In contrast, eukaryotic MBF1
does not directly bind to DNA but interacts with various
activators. Eukaryotic MBF1 seems to lose a DNA-binding
motif to accommodate a variety of activator partners. In Ar-
chaea, the amino acid of MBF1 corresponding to yMBF1
D112 is lysine, arginine, serine, or asparagine, but it
changes to aspartic acid, glutamine, or glutamic acid in eu-
karyotes (fig. 2). In Archaea, the amino acid of TBP cor-
responding to yTBP Q68 is glutamic acid or glutamine,
whereas it changes to histidine or glutamine in eukaryotes
(fig. 3). Amino acid substitution in MBF]1, therefore, ap-
pears to accompany the compensatory change in TBP to
maintain MBF1-TBP interaction. These results strongly
suggest the coevolution of MBF1 with TBP.

Compensatory Change Analysis In Vivo

To confirm the compensatory change of interacting
amino acids, we did an in vivo analysis of interacting amino
acids of MBF1 and TBP in the yeast S. cerevisiae. We made
mutants of MBF1 and TBP according to the results of the
evolutionary analysis (fig. 4; Supplementary fig. 2, Supple-
mentary Material online). The mutants TBP-68Q, MBF1-
112K and TBP-68E, MBF1-112D were sensitive to 3AT
(fig. 5), indicating that the interactions between MBF1
and TBP were disrupted in these mutants. As expected from
the evolutionary analysis (fig. 4), the mutants TBP-68Q,
MBFI1-112R; TBP-68E, MBFI1-112R; TBP-68E, MBFI-
112N; TBP-68H, MBF1-112E; and TBP-68E, MBFI-
112K were resistant to AT (fig. 5). These results suggest that
the compensatory change occurred and was selected from
the neutral mutations during the evolution of MBF1 and
TBP.

Discussion
Coevolution of MBF1 and TBP

Coevolution is a process in which an inheritable change
in one entity exerts selective pressure for a change in another
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al-04 denotes 4 amphipathic helices. The dot indicates the amino acid
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entity. The coevolution of proteins has been well studied
(Pazos et al. 1997; Goh et al. 2000; Goh and Cohen
2002; Ramani and Marcotte 2003). If the conformation of
one protein is interrupted by a mutation, a compensatory
change may be selected inits interacting partner. When such
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compensatory changes occur, this provides evidence of co-
evolution. In this study, we examined coevolution of tran-
scription factor and coactivator for the first time and found
that MBF1 coevolves with TBP. For Archaea, MBF1 binds
to TBP through lysine, arginine, serine, or asparagine to glu-
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Interacting amino acids

TBP MBF1
Animals Q DorE
I: Fungi Q D
Plants Q E
Protists QorH DorE
Archaea EorQ K.N,SerR

Fig. 4—Phylogenetic distribution of interacting amino acids of
MBF1 and TBP. The cladogram of relationship is based on recent studies
(Hedges 2002).

tamic acid interaction, or arginine—glutamine interaction.
For protists, MBF1 binds to TBP through aspartic acid or
glutamic acid to glutamine interaction, or glutamic acid—
histidine interaction. For fungi, MBF1 binds to TBP through
aspartic acid or glutamine to glutamine interaction. For
plants, MBF1 binds to TBP through glutamic acid to gluta-
mine interaction. For animals, MBF1 binds to TBP through
glutamic acid or aspartic acid to glutamine interaction. As
lysine does not interact with glutamine and aspartic acid
does not interact with glutamic acid (fig. 5), our data indi-
cates that an amino acid substitution in one protein results in
giving selection pressure for a reciprocal change in the in-
teracting partner. These findings suggest that a compensa-
tory change of interacting amino acids were selected
during the coevolution of MBFI and TBP.

Why Is Interaction between MBF1 and TBP Conserved?

MBF1 is conserved among all organisms in which TBP
is used as the general transcription factor. The coactivator is
preserved even in a parasitic protozoan Cryptosporidium
parvum where many essential genes are lost from its genome
and their functions are supplied by the host counterparts
(Abrahamsen et al. 2004). This study demonstrated the co-
evolution of MBF1 and the essential protein TBP. All these
findings suggest the importance of MBF1. Nevertheless,
null mutants of MBF1 are viable in both yeast and Dro-
sophila under laboratory conditions. Does this contradict
the neutral theory of evolution (Kimura 1955), which pre-
dicts the importance of conserved genes? The answer is no.
Recently, studies revealed diverse biological function of
MBF1. Yeast MBF1 supports the GCN4-dependent activa-
tion of the HIS3 gene (Takemaru et al. 1998), and Drosoph-
ila MBF1 serves as a coactivator of basic leucine zipper
protein Tracheae defective during morphogenesis of the tra-
cheal and nervous systems (Liu et al. 2003). Drosophila
MBFT1 also interacts with AP-1 to preserve redox-depen-
dent AP-1 activity during oxidative stress (Jindra et al.
2004). Rat MBF1 has been isolated as a calmodulin-asso-
ciated peptide 19 (Smith et al. 1998), and human MBF1 has
been identified as endothelial differentiation—related factor
| (Mariotti et al. 2000). Tomato MBF1 is induced imme-
diately and transiently in ethylene-treated late immature
fruit (Zegzouti et al. 1999). Potato MBF1 is upregulated
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A

68Q,112K 68E,112D

68E,112K 68Q,112D

68H,112E 68Q,112R

68E,112R

68E,112N

Fic. 5.—Functional analysis of mutants in yeast. (A) Schematic
illustration of mutants using this study, yeast wild type (68Q, 112D) as
a control. (B and C) Growth of yeast strains in a synthetic medium
without histidine in the presence (B) or in the absence (C) of the inhibitor
20 mM 3AT.

during fungal attack, upon wounding, and by treatment with
salicylic acid and the ethylene precursor ethephon (Godoy
et al. 2001). Tobacco MBFT1 is induced by the combined
effect of drought stress and heat shock (Rizhsky et al.

—
-3

2002). Therefore, the interaction between MBFI1 and
TBP appears to be essential in the real world where organ-
isms are subject to nutrient starvation and various kinds of
stresses, and proper differentiation timing is critical for life.

Supplementary Material

Supplementary table S1 and Supplementary figures 1
and 2 are available at Molecular Biology and Evolution on-
line (http://www.mbe.oxfordjournals.org/).
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ABSTRACT

For a significant fraction of mRNAs, their expression is regulated by other RNAs, including c¢is natural
antisense transcripts (cis-NATs) that are complementary mRNAs transcribed from opposite strands of DNA
at the same genomic locus. The regulatory mechanism of mRNA expression by cis-NATs is unknown,
although a few possible explanations have been proposed. To understand this regulatory mechanism, we
conducted a large-scale analysis of the currently available data and examined how the overlapping arrange-
ments of cis-NATs affect their expression level. Here, we show that for both human and mouse the expression
level of cis-NATs decreases as the length of the overlapping region increases. In particular, the proportions of
the highly expressed cis-NATs in all ¢cis-NATs examined were ~36 and 47% for human and mouse, respectively,
when the overlapping region was <200 bp. However, both proportions decreased to virtually zero when the
overlapping regions were >2000 bp in length. Moreover, the distribution of the expression level of cis-NATs
changes according to different types of the overlapping pattern of cis-NATs in the genome. These results
are consistent with the transcriptional collision model for the regulatory mechanism of gene expression by

cis-NATs.

IOLOGICAL processes such as development, me-
tabolism, and response to external stimuli are
conducted by the cooperative activities of many genes.
To understand a biological process, it is essential to
understand the regulatory network of genes composing
the biological process. After genome sequences had
been determined, attempts to reveal regulatory net
works of genes were started (Wyrick and Youne 2002;
ENncoDE ProjecT CONSORTIUM 2004; CARNINCGI et al
2005; LEVINE and DavipsoN 2005). Regulation of gene
expression can be conducted mainly by proteins such
as transcription factors. However, it has been found
that ~20-30% of mammalian transcripts are targets of
microRNAs, which bind to complementary mRNAs and
inhibit their activation (KRrek el al. 2005; LEwis el al.
2005; STARK et al. 2005; CARTHEW 2006). This suggests
that the regulation of gene expression by RNAs is more
ubiquitous and important than we thought (MATTICK
2001, 2004).

Cis natural antisense transcripts (cis-NATs) are com-
posed of a pair of mRNAs that are transcribed from
the opposite strands of DNA at the same genomic locus.
The antisense mRNA regulates the expression level of the
sense mRNA in a pair. As a result, cis-NATs affect the
developmental processes such as neural, eye, and tooth
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formation (PoTTER and BRANFORD 1998; KORNEEV el al.
1999; ALFANO el al. 2005; COUDERT et al. 2005; KORNEEV
and O’SHEA 2005), and various molecular functions
such as X-inactivation, genomic imprinting, DNA meth-
ylation, RNA editing, and alternative splicing (MUNROE
and LAazar 1991 ; KuMAR and CARMICHAEL 1997; MOORE
et al. 1997; LEE et al. 1999; TUFARELLI el al. 2003).

Although the number of experimentally verified cis-
NATs was ~40, >2000 cis-NATs were predicted in the
analyses of the genomic and cDNA sequences in hu-
mans and mice (LEHNER e al 2002; SHENDURE and
CHURCH 2002; Kivosawa el al. 2003; YELIN el al. 2003;
KaTavama et al. 2005). Recently, an analysis of a human
oligo microarray showed that as much as 60% of sur-
veyed loci on human chromosome 10 were predicted to
encode cis-NATs (CHENG et al. 2005). Other chromo-
somes were also expected to encode as many cis-NATS.
In addition, the presence of cis-NATs has been pre-
dicted for other eukaryotes as well as prokaryotes
(WAGNER and SiMoNs 1994; VANHEE-BROSSOLLET and
VAQUERO 1998; MaKaLOWSKA ef al. 2005). These obser-
vations implied that the regulation of gene expression
by c¢is-NATs would occur more frequently than pre-
viously considered. Regulation of gene expression by
RNAs may be evolutionarily advantageous, because it
regulates gene expression quickly and saves energy
and time in synthesizing proteins. CHEN et al. (2005b)
showed that c¢is-NATs were encoded in genes with
shorter intron sequences than other mRNAs.
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Although a large number of ¢is-NATs have been pre-
dicted from various species, the regulatory mechanisms
of gene expression by cis-NATs remain unclear. To under-
stand the regulatory mechanisms, it will be crucial to
know the features of cis-NATs that are important in the
regulation of gene expression. Thus far, three models
have been proposed for the regulation of gene expres-
sion by cis-NATs (LAVORGNA et al. 2004).

The first model asserts that ¢is-NATs form a double
strand through their complementary sequences, which
leads to the inhibition of the function of mRNAs, in-
cluding protein synthesis. In this model, it is expected
that ¢is-NATs are overlapped in at least 6- to 8-bp regions
to form stable double strands of RNA (LLa1 2002; LEwis
et al. 2005).

The second model involves epigenetic regulations
such as the methylation of promoters and the conver-
sion of the chromosome structure (Wutz et al. 1997;
REIk and WALTER 2001; TurarELLIet al. 2003) . Through
unknown mechanisms, the antisense mRNAs methylate
promoters of sense mRNAs and inhibit the transcrip-
tion of sense mRNAs. In addition, the antsense mRNAs
convert the chromosomal structures in which cis-NATs
are located and regulate the expression of the sense
mRNAs. For the model of epigenetic regulations, the
features of cis-NATSs that are essential for the regulations
are unclear.

The third model is transcriptional collisions. In the
transcription of c¢is-NATs, RNA polymerases bind to
the promoters of genes encoding sense and antisense
mRNAs and synthesize mRNAs, moving toward the 3'-
end of the genes. RNA polymerases clash in the over-
lapping region and inhibit their transcription (Figure 4).
This model was implied from the analyses of the expres-
sion levels of ¢is-NATs in yeast (PETERSON and MYERS
1993; Puic et al 1999; PrescoTT and ProunrooT 2002).
In the analyses, the expression level of ¢is-NATs decreased
as the length of the overlapping region of the c¢is-NATs
increased. Moreover, the expression level of adjacent
transcripts in tandem on the same strand of the yeast
genome decreased when the terminator of the upstream
transcript was removed. This suggested that RNA poly-
merases did not stop at the terminator of the upstream
transcript and affected the transcription of the down-
stream transcript. Recently, the collision of Escherichia coli
RNA polymerases was observed by atomic force micros-
copy (CRAMPTON et al. 2006). This observation showed
that RNA polymerases do not pass each other or displace
one another, but instead stall against each other.

Here, we report the effects of length and pattern of
the overlapping regions of cis-NATs for humans and
mice on their expression level. Moreover, human and
mouse adjacent transcripts, in a particular position, af-
fect their expression level. These results are consistent
with the transcriptional collision model, implying that
the regulation of the expression of cis-NATs by tran-
scriptional collisions is common among species.

MATERIALS AND METHODS

Analysis of the expression level of human cis-NATs: To pre-
dict ¢is-NATs from human cDNA sequences, we collected a
total of 46,675 human cDNA sequences, which consisted of
39,530 human Ensembl cDNA sequences (February 2006)
(HusBarD e al. 2005), 6501 human Ensembl non-protein-
coding sequences (February 2006), and 644 non-protein-
coding sequences in RNAdb (PanG ef al. 2005) that were
mapped to the human genome by BLAT software (KEnT 2002).
We predicted 8964 cis-NATS, which had an at least 1-bp-ong
overlapping region, on the basis of their genomic location
using in-house Perl scripts. Redundant cis-NATs were merged
into the same group when c¢is-NATs overlapped in an at least 1-
bp-long region in the genome. The number of the groups of
cis-NATs was 2496. To examine the expression levels of hu-
man ¢is-NATs, we employed 15.5 million Nlalll human serial
analysis of gene expression (SAGE) tags (November 2005) of
all tissues in the NCBI SAGEmap database (LAsH et al. 2000).
Human SAGE tags were searched against a total of 46,675
human cDNA sequences according to the protocol for SAGE
(VeLcurescu et al. 1995) using in-house Perl scripts. When a
SAGE tag matched more than one transcript, these transcripts
were removed from further analyses. As a result, among the
46,675 human cDNA sequences, 28,009 had unique SAGE tag
assignments, and among the 2496 groups of human ¢is-NATS,
728 groups had unique SAGE tag assignments to all transcripts
in each group. Some SAGE tags are supposed to be assigned to
overlapping regions of cis-NATS. Although cDNA microarrays
cannot distinguish the expression of mRNAs encoded in plus
and minus strands of the genome in the same locus, SAGE
tags are strand specific. Therefore, even though SAGE tags
are produced from the overlapping regions of ¢is-NATS, the
expression levels of sense and antisense mRNAs of ¢is-NATs
can be measured separately.

To examine the expression levels of the human ¢is-NATs, we
compared the expression level of human ¢is-NATs with that of
other human transcripts (Z.e., human transcripts excluding cis-
NATs, pseudogenes, and non-proteincoding mRNAs). We
calculated the ratio of the expression level of a human cis-NAT
to that of the other human transcripts. However, the expres-
sion levels of transcripts are known to be affected by the overall
length of the wranscripts (CastiLLo-Davis et al. 2002). Thus,
we compensated the expression level of cis-NATs according to
their overall length. The expression level of a human cis-NAT
was compared with that of the other human transcripts with
almost the same overall length of the ¢is-NAT. We removed hu-
man cis-NATS, pseudogenes, and non-protein-coding mRNAs
from human c¢DNA sequences and selected 2000 human
transcripts of which overall length in the genome was close
to the overall length of a human ¢is-NAT in the genome. We
calculated the median of the expression levels of the selected
2000 human transcripts (supplemental Figure 1A at hutp:/
www.genetics.org/supplemental /). The median of the expres-
sion levels of the selected human transcripts was defined as a
ratio of 1.0, and then the ratio of the expression level of a ¢is-
NAT was calculated as follows:

Reisonat = Teig-nat/ Tiatl—ris-NAT—pseudo—noncoding)

where R .naT is ratio of the expression level of a human
cis-NAT to that of other human protein-coding transcripts,
Ticnat is the expression level of a human c¢is-NAT, and
T(all-cis-NAT-pseudo-noncoding) 18 the median of the expression
level of other human wranscripts (i.e, human wanscripts
excluding c¢is-NATs, pseudogenes, and non-protein-coding
mRNAs) with almost the same overall length of the cis-NAT.
Sense mRNAs of ¢is-NATS are located not only in the plus
or the minus strand of the genome, but also in both strands
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of the genome. Some of the sense mRNAs encode proteins
and others encode non-proteincoding mRNAs that may have
some biological function such as the regulation of mRNA
translation and stability (MaTvICK and MARUNIN 2006). The
antisense mRNA in each group of cis-NATs is known to
decrease the expression level of the sense mRNA in the group
and to inhibit the activation of the sense mRNA (WAGNER
and SiMoONS$ 1994; KuMar and CARMICHAEL 1998; VANHEE-
BrossoLLET and VaQuERO 1998). Therefore, we recognized
the c¢is-NAT with the lowest expression level in each group as
the sense mRNA in the group. In this study, we used the
expression level of the sense mRNA in each group to examine
the expression levels of ¢is-NATSs according to the overlapping
arrangements in the genome. However, there is an assumption
that under some regulatory mechanisms of ¢is-NATs, such as
RNA masking and a double-stranded RNA-dependent mech-
anism, the expression level of a sense mRNA may not be the
lowest in the group of cis-NATs and an inverse correlation of
the expression levels may not be found between a sense and an
antisense MRNA (CHEN ef al. 2005a; KATAYAMA et al 2005;
Laripor and PrLpeL 2006). Therefore, we also examined the
expression level of ¢is-NATs randomly selected (i.e., selected in
a non-expression-level-dependent manner) (see supplemental
material at http: /www.genetics.org/supplemental/).

We examined the expression levels of ¢is-NATs as the over-
lapping regions increased in length. When cis-NATs included
more than two transcripts (i.e., sense and antisense transcripts
on both strands of the genome), the length of the overlapping
region was defined as the distance between the farthest up-
stream and the farthest downstream genomic locations of the
overlapping regions of ¢is-NATs in a group.

Analysis of the expression level of mouse cis-NATs: To pre-
dict the mouse cis-NATs, we collected a total of 35,486 mouse
c¢DNA sequences, which consisted of 33,252 mouse Ensembl
cDNA sequences (April 2006), 1752 mouse Ensembl non-
protein-coding sequences (April 2006), and 482 non-protein-
coding sequences in RNAdb that were mapped to the mouse
genome using BLAT. We predicted 5491 c¢is-NATs from the
mouse cDNA sequences and redundant cis-NATs were merged
into the same group. There were 1868 groups of mouse cis-
NATs. We examined the expression levels of mouse cis-NATs
using 3.6 million Nlalll mouse SAGE tags of all tissues in the
NCBI SAGEmap database (November 2005) to compare them
with the expression levels of human ¢is-NATs. Among the
35,486 mouse cDNA sequences, 21,982 had unique SAGE tag
assignments, and among the 1868 groups of mouse cis-NATS,
704 groups had unique SAGE tag assignments to all tran-
scripts, including alternative forms in each group. We exam-
ined the expression levels of mouse cis-NATSs in the same way
we examined those of humans.

Comparison of cis-NATs of humans and mice at the nucleo-
tide level: To find cis-NATs conserved between humans and
mice, we compared 46,675 human cDNA sequences with
35,486 mouse cDNA sequences and vice versa using the all-
against-all FASTA (PrArsoN and Lipman 1988) procedure. An
expected (E)-value cutoff of 1.0 X 107 was used. We selected
the human and mouse cDNA sequences that matched re-
ciprocally with an Ewvalue less than the square root of the
lowest Evalue as candidates of orthologs. When human cis-
NATs in both strands of the genome are orthologous to mouse
cis-NATs in both strands of the genome, we recognized the cis-
NAT: as conserved between human and mouse.

RESULTS

Length of the overlapping region of human cis-NATs
affects their expression level: To predict cis-NATs from
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Ficure 1.—Distribution of the expression level of human
cis-NATs as the overlapping region in the genome increased
in length. The x-axis shows the length of the overlapping exon
and intron regions of human ¢is-NATs in the genome. The
yaxis shows the ratio of the expression level of a human cis-
NAT to the median of the expression levels of human tran-
scripts of which overall lengths in the genome are close to
the overall length of the human c¢is-NAT in the genome.
The median of the expression levels of human transcripts
is defined as a ratio of 1.0. Because the expression levels of
human transcripts are affected by their overall length, we
compensated for the expression level of a ¢is-NAT according
to its overall length (see MATERIALS AND METHODS).

human cDNA sequences, we searched 46,675 human
c¢DNA sequences. A total of 8964 cis-NATs were predicted
and were clustered into 2496 groups, each of which
consisted of sense and antisense transcripts as well
as their alternative forms. To examine the expression
levels of human cDNA sequences, ~15.5 million Nlalll
SAGE tags were collected from all the human tissues
available in the NCBI SAGEmap database (November
2005) (LasH el al. 2000) and were compared to 46,675
human cDNA sequences. Among the 8964 (2496 groups)
cis-NATs, 2038 (728 groups) had unique SAGE tag as-
signments to all transcripts in each group.

To examine whether the length of overlapping re-
gions in ¢is-NATs affects their expression level, we inves-
tigated the relationship between the expression levels of
cis-NATs and the length of the overlapping region in the
genome. It should be noted that CAsTiLLO-DAVIS ef al.
(2002) found that highly expressed transcripts tended
to have short introns, implying that the short ¢is-NATs
may be expressed at a higher level than the long cis-
NATs. To eliminate the effect of the overall length of a
transcript on its expression level, we selected nonover-
lapping transcripts whose overall lengths in the genome
were almost the same as that of a ¢is-NAT in the genome
and then compared the expression level of the ¢is-NATs
with that of the selected transcripts (see MATERIALS AND
METHODS).

In Figure 1, the yaxis represents the ratio of the ex-
pression level of the human ¢is-NATs to that of the
selected human transcripts. The proportion of highly
expressed cis-NATs (ratio >1.0) in all c¢is-NATs exam-
ined was 36 % when the overlapping region was between
I and 200 bp. However, the proportion decreased to
virtually zero when the overlapping regions were >2000
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bp long (chi-square P < 107'%). This result suggests that
the expression level of cis-NATs decreases as the length
of the overlapping region increases. In addition, the ex-
pression levels of cis-NATs may be influenced by other
factors such as alternative transcripts of cis-NATS, the
difference of the expression levels among SAGE tag
libraries, GC content bias of SAGE tags (MARGULIES
et al. 2001), the experimental methods for the analysis
of gene expression, the ways of selecting sense mRNAs,
the criteria for the length of the overlapping regions,
and a set of human cDNA sequences used in this anal-
ysis. However, these factors did not change the over
all distribution of the expression levels significantly
(see supplemental material at http: /www.genetics.org/
supplemental/).

Overlapping pattern of human cis-NATs affects their
expression level: Cis-NATs are classified into three types
on the basis of overlapping patterns in the genome:
head to head, tail to tail, and full overlap (Figure 2).
“Full overlap” describes ¢is-NATs where the sense mRNA
entirely overlaps within the antisense mRNA. The num-
bers of head-to-head, tail-to-tail, and full-overlap types of
human c¢is-NATs were 254, 476, and 1766 groups of
which 126, 230, and 356 groups had unique SAGE
tag assignments to all transcripts in each group, respec-
tively. To examine whether the overlapping pattern of
cis-NAT: affects their expression level, we analyzed the
expression level of cis-NATs of humans according to
the overlapping patteins in the genome. Figure 3, A-C,
shows the expression levels of human c¢is-NATs in the
head-to-head, tail-to-tail, and full-overlap manners, re-
spectively. The highly expressed cis-NATs decreased in
quantity as the overlapping region increased in length
for all types of cis-NATs. However, highly expressed
cis-NATs in head-to-head and full-overlap manners de-
creased in quantity more than those in a tail-to-tail
manner did. When the length of the overlapping region
was <600 bp, 26.7% of cis-NATs in a head-to-head man-
ner showed high expression (ratio >1.0) and 43.4% of
cis-NATs in a tail-to-tail manner showed high expression.
The proportion of highly expressed ¢is-NATs in a head-
to-head manner (26.7%) was 1.6 times smaller than that
in a tail-to-tail manner (43.4%) (Mann-Whitney Utest:
P <107%). Similarly, when the length of the overlapping
region was <600 bp, 24.5% of cis-NAT: in a full-overlap
manner showed high expression. The proportion of
highly expressed c¢is-NATs in a full-overlap manner
(24.5%) was 1.7 tiimes smaller than that in a tail-to-tail
manner (43.4%) (Mann-Whiwmey UCtest: P < 107%),
Among the 356 cis-NATs in a full-overlap manner, 314
were cis-NATs where a sense transcript overlapped only
in the intron regions of the antisense transcript in the
genome. The mRNAs that overlapped in the intron
regions showed the same feature of expression.

As many as 1450 human transcripts were found to be
located within a distance of <1 kbp in the genome
(ApacHr and LieBer 2002; KovyaNAcl et al. 2005). To
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Ficurk 2.—Classification of ¢isNATs and nearby transcripts
on the basis of their relative positions in the genome. Cis-
NATS are classified on the basis of their relative positions in
the genome: (a) cis-NATs in a head-to-head manner (5'-
end to 5'end), (b) those in a tail-to-tail manner (3’-end to
3'-end), and (c) those in a full-overlap manner. Full overlap
describes the c¢is-NATs where a transcript on a strand of the
genome is overlapped by the entire length of the other tran-
script on the opposite strand of the genome. (d) Nearby wan-
scripts in a head-to-head manner where the 5end of a
transcript is near the 5’-end of another transcript in the ge-
nome. (e) Nearby transcripts in a tail-to-tail manner where
the 3’-end of a transcript is near the 3’-end of another tran-
script in the genome.

examine whether the expression levels of nearby tran-
scripts decreased, we investigated the expression levels
of human nearby transcripts. Figure 3D shows the ex-
pression levels of nearby transcripts where the 5'-end of
a transcript is near the 5’-end of another transcript in
the genome. Here, we call them “nearby transcripts in a
head-to-head manner” (Figure 2). When the distance
between the 5'-ends of transcripts was < ~50 bp, highly
expressed transcripts (a ratio >1.0) were not observed
(chisquare P < 1077).

Figure 3E shows the expression levels of nearby tran-
scripts where the 3'-end of a ranscriptis near the 3'-end
of another transcript in the genome. Here, we call them
“nearby transcripts in a tail-to-tail manner.” Contrary
to nearby transcripts in a head-to-head manner, the ex-
pression levels of nearby transcripts in a tail-to-tail man-
ner did not change, regardless of the distance of the
nearby transcripts in the genome (chisquare P=0.7).

There is a possibility that the length of some hu-
man transcripts registered in a database such as the
Ensembl database may be shorter than natural tran-
scripts (MAKALOWSKA et al. 2005). Nearby transcripts
found in the Ensemb] database may, in fact, overlap in
the genome, such that the expression levels of such
artificial nearby transcripts seemed to decrease. How-
ever, almost all nearby transcripts in a head-to-head
manner were expressed at a low level when the distance
of the transcripts was < ~50 bp. Therefore, the decrease
in the expression level of nearby transcripts will be a
natural phenomenon.

Overlapping arrangements of mouse cis-NATs affect
their expression levels: CisNATs have been predicted
for various species (WAGNER and SIMONS 1994; VANHEE-
BrossoLLET and VAQUERO 1998; WAGNER and FLARDH
2002; MAKALOWSKA et al. 2005). If the regulatory

2
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FicUrr 3.—Distribution of the expression level of human ¢is-NATs according to overlapping patterns in the genome. The x-axis
shows the length of the overlapping exon and intron regions of human ¢is-NATs in the genome. The y-axis shows the ratio of the
expression level of a ¢is-NAT to the median of the expression levels of human transcripts whose overall lengths in the genome are
close to those of the human cis-NAT in the genome. The median of the expression levels of human transcripts is defined as a ratio
of 1.0. Because the expression levels of human wanscripts are affected by their overall length, we compensated the expression level
of a ¢is-NAT according to its overall length (see MATERIALS AND METHODS). (A) ¢is-NATs in a head-to-head manner, (B) those in a
tail-to-tail manner, (C) those in a full-overlap manner, (D) nearby transcripts in a head-to-head manner, and (E) nearby transcripts

in a tail-to-tail manner.

mechanisms of cis-NATs in gene expression are con-
served among species, cis-NATs of another species are
expected to show similar effects on their expression
levels. To evaluate whether the relationship between the
overlapping arrangements and the expression levels of
cis-NATs is conserved among species, we examined the
expression levels of mouse ¢is-NATs. Almost the same
number of ¢is-NATs (1771 groups) as that of humans was
found in mouse cDNA sequences (Kivosawa etal. 2003;
YELIN et al. 2003). Mouse ¢is-NATs were compared to 3.6
million Malll mouse SAGE tags in the NCBI SAGEmap
database. Although the number of mouse SAGE tags
and the number of mouse c¢is-NATs (705 groups) as-
signed to unique SAGE tags was smaller than for hu-
mans, the distribution of the expression levels of mouse
cis-NATs showed the same features as that of humans

1

(9]

(supplemental Figure 2A at http:/www.genetics.org/
supplemental/): highly expressed (ratio >1.0) ¢is-NATs
decreased in quantity when the overlapping regions in
the genome increased in length. The proportion of
highly expressed cis-NATs in all ¢is-NATs examined was
47% when the overlapping region was between 1 and
200 bp, and the proportion decreased virtually to zero
when the overlapping regions were >2000 bp long (chi-
square P < 107'%).

For overlapping patterns in the genome, the distri-
bution of the expression levels in mice changed in the
same way as in humans (Mann-Whitney U-test: P= 0.52
between human and mouse c¢is-NATs in a head-to-head
manner, P = 0.92 between those in a tail-to-tail manner,
and P = 0.17 between those in a full-overlap manner)
(supplemental Figure 2, B-D, at http:/ www.genetics.org/
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supplemental/). When the length of the overlapping re-
gion was <600 bp, 27.6% of cis-NATs in a head-to-head
manner showed high expression (ratio >1.0) and 44.1%
of ¢is-NATS in a tailto-tail manner showed high expres-
sion. The proportion of highly expressed cis-NATs in a
head-to-head manner (27.6%) was 1.6 times smaller than
that of those in a tail-to-tail manner (44.1%) (Mann-
Whitney Urtest: P < 107%). Similarly, 25.9% of cis-NATs in a
full-overlap manner showed high expression (ratio >1.0)
and the proportion of highly expressed cis-NATs in a full-
overlap manner (25.9%) was 1.7 times smaller than that in
a tail-totail manner (44.1%) (Mann-Whitney Utest: P <
0.05). With nearby transcripts, when the distance between
nearby transcripts in a head-to-head manner was < ~50
bp, highly expressed transcripts were not observed as
found in humans (chisquare P < 10~*) (supplemental
Figure 2E at htp:/www.genetics.org/supplemental/).
The expression levels of nearby transcripts in a tail-to-
tail manner did not change, regardless of the distance
of the nearby transcripts in the genome (chisquare P=
0.9) (supplemental Figure 2F at http: /www.genetics.org/
supplemental/). These results suggest that the expression
levels of mouse ¢is-NATs are affected by the overlapping
arrangements in the genome in the same way as those of
humans. This implies that the regulatory mechanisms
of cis-NATS in gene expression are conserved between
humans and mice.

However, there was a possibility that cis-NATs showed
a similar distribution of the expression level between
humans and mice because most human and mouse cis-
NATs were orthologous (L.iao and ZHANG 2006). To ad-
dress this possibility, we compared the distribution of
the expression levels of ¢is-NATs that are not conserved
between human and mouse. First, we compared human
and mouse cDNA sequences by using FASTA (PearsoN
and LirmMaN 1988) and found that only 329 groups
(11.9%) of human cis-NATs were conserved in mouse
cis-NATs, although 34,670 (76.0%) of human cDNA
sequences were conserved in mice. Human and mouse
cis-NATS were supposed to be highly divergent in terms
of cDNA sequences (VEERAMACHANENI et al. 2004;
MARALOWSKA et al. 2005). We removed the 329 groups
of cis-NATs from 2765 groups of human and 1704
groups of mouse ¢is-NATs, which left 710 groups of
human and 605 groups of mouse cis-NATs with SAGE
tags assigned to all transcripts in each group. We ex-
amined the expression level of the human and mouse
cis-NATs according to the length and the pattern of the
overlapping region in the genome. They showed almost
the same distribution of the expression level as those
including ¢is-NATs conserved between humans and
mice (Mann-Whitney Utest: P= 0.22 and P = 0.88 for
humans and mice, respectively). These results sug-
gested that the similarity of the distribution of the ex-
pression level of human and mouse cis-NATs was not
due to the conservation of the cDNA sequences of the
cis-NATs.
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DISCUSSION

We found that the expression level of cis-NATs
changed according to the overlapping arrangements
of ¢is-NATs in the human and mouse genomes. The ex-
pression level of cis-NATs decreased when the over-
lapping regions increased in length. Moreover, the
overlapping pattern of ¢is-NAT: affects their expression
level. Nearby transcripts in a particular position de-
creased their expression levels.

Here, we examined the expression level of cis-NATs
using SAGE tags and oligonucleotide arrays in public
databases. We obtained the same distribution of the
expression level of ¢is-NATS at least in the same tissue or
cell such as fetal brain, embryonic stem cell, and liver
(supplemental material and supplemental Figures 3
and 4 at http: /www.genetics.org/supplemental /). How-
ever, all SAGE libraries and the expression data of oligo-
nucleotide arrays were produced from cells and tissues
of humans and mice, not from a single cell. In addition,
some cis-NATs may be expressed only in some develop-
mental stages or at a specific time. Therefore, some cis-
NATs may not be expressed concurrently in the same
single cell.

Thus far, three models have been proposed for the
regulation of gene expression by ¢is-NATs. Forming dou-
ble strands of c¢is-NATs requires a minimum 6- to 8-bp
overlapping region of cis-NATs. We found that the ex-
pression level of human and mouse cis-NATs decreased
consecutively as the length of the overlapping region
increased. However, currently there is no report that
this result is brought about by this model. In addition,
this model does not intend to explain the change of
the expression levels of nearby transcripts. Epigenetic
regulations are also considered to be involved in the re-
gulation of ¢is-NATs in gene expression. However, cur-
rently there is no report that by this model the expression
level of human and mouse cis-NATs decreases consecu-
tively as the length of the overlapping region increases.

Our results are consistent with the transcriptional
collision model that has been proposed following the
analyses of adjacent transcripts and cis-NATS in yeast
(PUIG et al. 1999; PrEScOTT and ProuDFoOT 2002) and
the observation of the collision of RNA polymerases by
atomic force microscopy (CRAMPTON et al. 2006). RNA
polymerases bind to the upstream regions of genes
and synthesize mRNAs, moving toward the 3'-ends of
the genes. When opposite genomic strands in the same
locus encode complementary mRNAs like cis-NATS, an
RNA polymerase bound on a strand of the genome col-
lides with the RNA polymerase bound on the opposite
strand during the transcription of both strands of
mRNAs (Figure 4). This leads to the inhibition of tran-
scription. From this model, the frequency of the colli-
sions of RNA polymerases is expected to increase when
the overlapping regions increase in length. Moreover,
overlapping patterns in the genome would affect the
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FiGURE 4.—Transcriptional collision model When cis-NATs
are transcribed by RNA polymerases, RNA polymerases bind
to the upstream region of a gene encoding a sense mRNA and
synthesize the complementary mRNA, moving to the 3’-end
of the gene. Similarly, RNA polymerases that are bound to
the upstream region of a gene encoding an antisense mRNA
move to the 3’-end of the gene. Then, RNA polymerases col-
lide with each other in the overlapping region of the genes,
thereby inhibiting the transcription.

frequency of the collisions of RNA polymerases. In the
case of ¢is-NATs in a head-to-head manner, the 5’ -ends
of mRNAs are the start position for the transcription of
mRNAs. Overlapping at the 5’-end would inhibit the
initiation of transcription and decrease the expression
level of the ¢is-NATs (Figure 3A). Contrary to cis-NATs in
a head-to-head manner, overlapping at the 3’-end would
not decrease the expression level significantly when the
overlapping region is short (Figure 3B). In the case
of ¢is-NATs in a full-overlap manner, both the 5'- and
3’-ends of a transcript are overlapped. This would de-
crease the expression level, even when the length of
overlapping regions is short (Figure 3C). For nearby
transcripts, highly expressed nearby transcripts in a
head-to-head manner decreased in quantity when the
distance between the nearby transcripts was <50 bp
(Figure 3D). However, the level of highly expressed near-
by transcripts in a tail-to-tail manner did not decrease
(Figure 3E). These results would occur if the start or end
positions of transcripts were close to each other. In the
initiation of transcription, RNA polymerases bind to
the start position of transcription of mRNAs and cover
the region between 55 bp upstream and 20 bp down-
stream (—55 to 20) of the start position (KORZHEVA et al.
2000; Lee and Young 2000; MURAKAMI et al. 2002).
Therefore, these findings suggest that nearby tran-
scripts in a head-to-head manner inhibited the binding
of RNA polymerases to the upstream regions of the
transcripts, when the distance between the nearby tran-
scripts in a head-to-head manner was <50 bp. In ad-
dition, the model of transcriptional collisions for
¢is-NATs may explain an observation that experiments
of Northern hybridization showed smear bands of
mRNAs at the genomic regions where cis-NATs were
located (Kivosawa etal. 2005). This implies that various
lengths of single-stranded mRNAs may be produced by
the inhibition of the transcription and unusual move-
ments of RNA polymerases.

Among the 2462 groups of human c¢is-NATs, 874
groups did not include alternative forms of sense and
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antisense mRNAs, and among the 874 groups, 542 (62%)
groups consisted of ¢is-NATs where a sense mRNA over-
lapped only the intron regions of the gene encoding
the antisense mRNA in the genome. As shown in Figures
1 and 3, the expression level of cis-NATs overlapping
the intron regions also decreased as the length of the
overlapping region increased. As for the regulatory
mechanisms of gene expression by cis-NATs overlapping
the intron regions, a double-stranded RNA-dependent
mechanism would be difficult to use in explaining the
decrease of the expression level of the cis-NATs, because
they cannot form double strands of mRNAs after trans-
cription and pre-mRNA splicing of mRNAs. Although
double strands of mRNAs may be formed before pre-
mRNA splicing after transcription, it is unclear whether
it occurs. In the meantime, transcriptional collisions
reasonably explain that ¢is-NATs overlapping the intron
regions affected the expression of the cis-NATs.

Our observations are consistent with the transcrip-
tional collision model. However, this does not mean that
they exclude other regulatory mechanisms from the
regulation of ¢cis-NATs in gene expression. In addition to
the regulation by general transcription factors in gene
expression, cis-NATs employ several regulatory mecha-
nisms, including transcriptional collisions (LAVORGNA
et al. 2004). Our findings will be useful for the ex-
amination and understanding of the regulatory mech-
anisms of ¢is-NATs in gene expression and furthermore
will help in elucidating the regulatory network of genes
and their evolution.

We are grateful to members of the Laboratory for DNA Data
Analysis at the National Institute of Genetics for discussion and
comments on the manuscript. This work was supported by a rescarch
grant {rom the Institute for Bioinformatics Rescarch and Develop-
ment, Japan Science and Technology Agency, and by a grant of the
Genome Newwork Project from the Ministy ol Education, Culture,
Sports, Science and Technology, Japan.

LITERATURE CITED

ApacHl, N, and M. R. LiesER, 2002 Bidircctional gene organiza-
tion: a common architectural feature of the human genome. Cell
109: 807-809.

ALFANO, G., C. ViTiELLO, C. CaccrorroLl, T. CAraMIcO, A. CAROLA
et al, 2005 Natural antiscnse transcripts associated with
genes involved in cye development. Hum. Mol. Genet. 14
913-923.

Carningt, P, T. Kasukawa, S. Karavama, J. GoucH, M. C. FriTH
etal, 2005 The transcriptional landscape of the mammalian ge-
nome. Scicnce 309: 1559-1563.

CARTHEW, R. W, 2006 Gene regulation by microRNAs. Curr. Opin.
Genet. Dev. 16: 203-208.

CasTILLO-Davis, C. 1., S. L. Meguebov, D, L. HarTL, E. V. KooNIN
and F. A. KoNDrasHOV, 2002 Sclection for short introns in
highly expressed gencs. Nat. Genet. 31: 415-418.

CHEN, J., M. Sun, L. D. HursT, G. G. CARMICHAEL and J. D. ROWLEY,
2005a Genome-wide analysis of coordinate expression and cvo-
lution of human cis-encoded sensc-antisense transcripts. Trends
Genet. 21: 326-329.

CHEN, J., M. Sun, L. D. HursT, G. G. CARMICHAEL and ]. D. RowLEY,
2005b Human antisense genes have unusually short introns:
cvidence for sclecton for rapid transcription. Trends Genet.
21: 203-207.



1306 N. Osato et al.

CHENG, J., P. Karranov, J. DRENKOW, S. DIKE, S. BRUBAKER &f al,
2005 Transcriptional maps of 10 human chromosomes at 5-
nucleotide resolution. Scicnce 308: 1149-1154.

CoUDERT, A. E., L. PiBouIN, B. VI-FANE, B. L. THOMAS, M. MACDOUGALL
et al, 2005 Expression and regulation of the Msx1 natural anti-
sense transcript during development. Nucleic Acids Res. 33:
5208-5218.

CrampTON, N., W. A Bonass, J. KirkHaMm, C. RiverTt and N, H.
THoMsoN, 2006 Collision events between RNA polymerascs
in convergent wranscription studied by atomic force microscopy.
Nucleic Acids Res. 34: 5416-5425,

Encobk ProJecT CoNsORTIUM, 2004 The ENCODE (ENCyclopedia
Of DNA Elements) Project. Science 306: 636-640.

HugpsarDp, T., D. ANDREWS, M. Caccamo, G. CAMERON, Y. CHEN ¢ al,
2005 Ensembl 2005. Nuclcic Acids Res. 33: D447-D453.

RaTavama, S, Y. Tomary, T. Kasukawa, K. Waki, M. NAKANISHI ef al.,
2005 Antisensc transcription in the mammalian transcriptome.
Science 309: 1564-1566.

Kenr, W. ], 2002 BLAT: the BLAST-like alignment tool. Genome
Res. 12: 656-664.

Kivosawa, H., I. YaMaNaRA, N. OsaT0, S. KoNpo and Y. HAvASHIZAKI,
2003 Antisense transcripts with FANTOM2 clone set and their
implications for gene regulation. Genome Res. 13: 1324-1334.

Kivosawa, H., N. Misk, S. Iwask, Y. HavasHizaki and K. ABk,
2005 Disclosing hidden (ranscripts: mouse natural sense-
antisense transcripts tend to be poly(A) negative and nuclear
localized. Genome Res. 15: 463-474.

KornEEY, S., and M. O’SHEA, 2005 Natural antisensc RNAs in the
nervous system. Rev. Neurosci. 16: 213-222,

Korneev, S. A, J. H. Park and M. O’SHEa, 1999 Neuronal ex-
pression of neural niwric oxide synthase (nNOS) protcin is
suppressed by an antisense RNA transcribed from an NOS pscu-
dogene. J. Neurosci. 19: 7711-7720.

KorzHEvVA, N., A, MusTAEV, M. Koz1.0v, A. MALHOTRA, V. NIKIFOROV
et al, 2000 A suuctural model of wranscription clongation.
Science 289: 619-625.

Kovanact, K. O., M. Haciwara, T. ItoH, T. Gojosori and T.
ImMaNISHI, 2005 Comparative genomics of bidirectional gene
pairs and its implications for the evolution of a transcriptional
regulation system. Gene 353: 169-176.

Kreg, A, D. GruN, M. N. Poy, R. WoLF, L. ROSENBERG ef al,
2005 Combinatorial microRNA target predictions. Nat. Genet.
37: 495-500.

Kumar, M., and G. G. CARMICHAEL, 1997 WNuclear antiscnse RNA
induces extensive adenosine modifications and nuclear reten-
tion of target transcripts. Proc. Nad. Acad. Sci. USA 94: 3542-3547.

KuMAR, M., and G. G. CARMICHAEL, 1998 Antisense RNA: [unction
and fatc of duplex RNA in cells of higher eukaryotes. Microbiol.
Mol. Biol. Rev. 62: 1415-1434,

Lai, E. C, 2002 Micro RNAs arc complementary to 3 UTR
sequence motfs that mediate negative post-transcriptional regu-
lation. Nat. Genet. 30: 363-364.

LapipoT, M., and Y. PiLrer, 2006 Genome-wide natural antisense
transcription: coupling its regulation to its different regulatory
mechanisms. EMBO Rep. 7: 1216-1222.

Lasn, A. E., C. M. TorstosHEY, L. WAGNER, G. D. ScHULER, R. L.
STRAUSBERG ef al., 2000 SAGEmap: a public genc expression re-
source. Genome Res. 10: 1051-1060.

LAVORGNA, G., D. DAHARY, B. LEHNER, R. SOREK, C. M. SANDERSON
el al, 2004 1In search of antisensc. Trends Biochem. Sci. 29: 88-94,

Lg, J. T, L. S. Davipow and D. WaRSHAWSKY, 1999 Tsix, a gene anu-
sense to Xist at the X-inactivation centre. Nat. Genet. 21: 400—404.

Lre, T. I, and R A Younc, 2000 Transcription of cukaryotic
protein-coding genes. Annu. Rev. Genet. 34: 77-137.

LEHNER, B., G. WiLLiams, R. D. CampiELL and C. M. SANDERSON,
2002 Antisense transcripts in the human genome. Trends
Genet. 18: 63-65.

LeviNg, M., and E. H. Davipson, 2005 Gene regulatory nctworks for
development. Proc. Nad. Acad. Sci. USA 102: 49364942,
Lewis, B. P, C. B. BURGE and D. P. BARTEL, 2005 Conserved sced
pairing, oficn flanked by adenosines, indicates that thousands

of human genes are microRNA targets. Cell 120: 15-20.

Liao, B. Y, and J. ZHANG, 2006  Evolutionary conscrvation of expres-
sion profiles between human and mouse orthologous genes.
Mol. Biol. Evol. 23: 530-540.

Makarowska, L, C. F. Lin and W. Makarowski, 2005  Overlapping
gencs in vertebrate genomes. Comput. Biol. Chem. 29: 1-12.

MarcuLiks, E. H., 8. L. Karp1a and J. W, INN1s, 2001 Identification
and prevention of a GC content bias in SAGE librarics. Nuclcic
Acids Res. 29: E60.

MATTICK, ]. §., 2001 Non-<oding RNAs: the architccts of cukaryotic
complexity. EMBO Rep. 2: 986-991.

MATTICK, J. S., 2004 RNA rcgulation: A new genctics? Naw Rev.
Genel. 5: 316-323,

MATTICK, J. S, and 1. V. MAKUNIN, 2006 Non-coding RNA. Hum,
Mol. Genet. 15 (Spec. no. 1): R17-R29.

Moogrg, T., M. CONSTANCIA, M. ZUBAIR, B. BaiLreur, R. Fen. ¢f al.,
1997 Muliiple imprinted sense and antisense transcripts, dif-
ferental methylation and tandem repeats in a putative imprint-
ing control region upstream of mouse Igf2. Proc. Natl. Acad. Sci.
USA 94: 12509-12514.

MUNROE, S. H., and M. A. LAzAR, 1991 Inhibition of c-erbA mRNA
splicing by a naturally occurring antisense RNA. J. Biol. Chem.
266: 22083-22086.

MurakaMmi, Ko 8., 8. Masupa, E. A. CampiiLL, O. MuzzIN and S. A.
DarsT, 2002  Structural basis of transcription initiation: an RNA
polymecrase holocnzyme-DNA complex. Science 296: 1285-1290.

Pang K C., S. STepHEN, P. G. ENGsTROM, K. TAJUI-ARIFIN, W. CHEN
et al, 2005 RNAdb: a comprchensive mammalian noncoding
RNA database. Nucleic Acids Res. 33: D125-D130.

Prarson, W, R, and D. J. LipmaN, 1988 Improved tools for bio-
logical sequence comparison. Proc. Nau. Acad. Sci. USA 85:
24442448,

PETERSON, . A, and A. M. Mvirs, 1993 Functonal analysis of
mRNA 8’ end formation signals in the convergent and overlap-
ping transcription units of the §. cerevisice genes RHOI and
MRP2. Nucleic Acids Res. 21: 5500-5508.

PoTTER S. 8., and W. W. BRANFORD, 1998  Evolutionary conscrvation
and tissuc-spccific processing of Hoxa 11 antiscnse transcripts.
Mamm. Genome 9: 799-806.

PrescoTT, E. M., and N. J. PrRoupFrooT, 2002 Transcriptional colli-
sion bewween convergent genes in budding ycast. Proc. Nail.
Acad. Sci. USA 99: 8796-8801.

Puig S, J. E. PEREZ-ORTIN and E. MATALLANA, 1999 Transcriptional
and structural study of a region of two convergent overlapping
ycast genes. Curr. Microbiol. 39: $69-373.

Ruik, W, and J. WALTER, 2001 Genomic imprinting: parenal in-
fluence on the genome. Nat. Rev. Genet. 2: 21-82,

SHENDURE, J., and G. M. CHURCH, 2002 Compuiational discovery of
sensc-antisensc transcription in the human and mouse genomes.,
Genome Biol. 3: RESEARCH0044,

STARK, A.,]. BRENNECKE, N. BusHATI, R. B. RusskLL and S. M. COHEN,
2005  Animal MicroRNAs confer robustness to gene cxpression
and have a significant impact on 3'UTR cvolution. Cell 123:
1133-1146.

TurareLy, C., J. A, STANLEY, D. GARRICK, J. A. SHARPE, H. AvvUR
el al, 2003 Transcription of antisense RNA lcading o gene
silencing and methylation as a novel cause of human geneltic
discase. Nat. Genet. 34: 157-165.

VanHEE-BrossoLLET, C., and C. VAQUER0O, 1998 Do natural anti-
sensc wranscripis make sense in cukaryotes? Gene 211: 1-9.
VEERAMACHANENT, V., W. MakaLowsKI, M. GaLpzICKI, R. Soop and 1.
MakALOWSKA, 2004  Mammalian overlapping genes: the com-

parative perspective. Genome Res. 14: 280-286.

Vircurescy, V. E., L. ZHANG, B. VocrsTEIN and K W. KINZLER,
1995  Scrial analysis of gene expression. Science 270: 484-487.

WacnER, E. G, and K. FLARDH, 2002  Antiscnse RNAs cverywhere?
Trends Genet. 18: 223-226.

WAGNER, E.G.,and R. W. SimoNs, 1994 Antisense RNA controlin bac-
teria, phages, and plasmids. Annu. Rev. Microbiol. 48: 713-742,

Wutz, A, O. W. SMRZKA, N. SCHWEIFER, K. SCHFLLANDER, E. F.
WAGNER ef al, 1997 Imprinted expression of the Igl2r gene
depends on an inwronic CpG island. Naturc 389: 745-749.

WyRick, . J., and R. A. Young, 2002 Decciphering gene expression
regulatory ncwworks. Curr. Opin. Genet. Dev. 12: 130-136.

YELIN, R., D. DAHARY, R. SOREK, E. Y. LEVANON, O. GOLDSTEIN ef al.,
2003 Widespread occurrence of antisense transcription in the
human genome. Nat. Biotechnol. 21: 379-386.

Communicating cditor: S. YOKovamMa

(o]



D104-D109 Nucleic Acids Research, 2007, Vol. 35, Database issue

doi:10.1093/narlgkl854

Published online 27 November 2006

H-DBAS: Alternative splicing database of completely
sequenced and manually annotated full-length
cDNAs based on H-Invitational

Jun-ichi Takeda'2, Yutaka Suzuki®, Mitsuteru Nakao*®, Tsuyoshi Kuroda®,

Sumio Sugano?®, Takashi Gojobori*>” and Tadashi Imanishi

-2,8,%

‘Integrated Database Group, Japan Biological Information Research Center, Japan Biological Informatics Consortium,
AIST Bio-IT Research Building, Aomi 2-42, Koto-ku, Tokyo 135-0064, Japan, “Biological Information Research Center,
National Institute of Advanced Industrial Science and Technology, AIST Bio-IT Research Building, Aomi 2-42, Koto-ku,
Tokyo 135-0064, Japan, *Department of Medical Genome Sciences, Graduate School of Frontier Sciences,

the University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8562, Japan, “Computational Biology Research
Center, National Institute of Advanced Science and Technology, AIST Bio-IT Research Building, Aomi 2-42, Koto-ku,
Tokyo 135-0064, Japan, >’Kazusa DNA Research Institute, 2-6-7 Kazusa-Kamatari, Kisarazu, Chiba 292-0818, Japan,
5Maze Corporation, TS Building 101, 3-20-2 Hatagaya, Shibuya-ku, Tokyo 151-0072, Japan, Center for Information
Biology and DDBJ, National Institute of Genetics, 1111 Yata, Mishima, Shizuoka 411-8540, Japan and 8Graduate
School of Information Science and Technology, Hokkaido University, North 14, West 9, Kita-ku, Sapporo,

Hokkaido 060-0814, Japan

Received August 15, 2006; Revised October 9, 2006; Accepted October 10, 2006

ABSTRACT

The Human-transcriptome DataBase for Alternative
Splicing (H-DBAS) is a specialized database of
alternatively spliced human transcripts. In this
database, each of the alternative splicing (AS)
variants corresponds to a completely sequenced
and carefully annotated human full-length cDNA,
one of those collected for the H-Invitational human-
transcriptome annotation meeting. H-DBAS con-
tains 38 664 representative alternative splicing vari-
ants (RASVs) in 11744 loci, in total. The data is
retrievable by various features of AS, which were
annotated according to manual annotations, such
as by patterns of ASs, consequently invoked alter-
nations in the encoded amino acids and affected
protein motifs, GO terms, predicted subcellular
localization signals and transmembrane domains.
The database also records recently identified very
complex patterns of AS, in which two distinct
genes seemed to be bridged, nested or degenerated
(multiple CDS): in all three cases, completely
unrelated proteins are encoded by a single locus.
By using AS Viewer, each AS event can be analyzed
in the context of full-length cDNAs, enabling
the user's empirical understanding of the relation
between AS event and the consequent alternations

in the encoded amino acid sequences together with
various kinds of affected protein motifs. H-DBAS
is accessible at http://jbirc.jbic.or.jp/h-dbas/.

INTRODUCTION

Alternative splicing (AS) is a phenomenon in which various
¢ombinations of exons are integrated into different types of
transcripts. By utilizing AS, diverse transcripts can be pro-
duced. Although it might not be always true that all the
variants are translated, this mechanism at least enables a
single locus to encode functionally divergent proteins. Actual
abundant cases have been reported for such diversification
of the gene functions mediated by AS, in which the binding
site of a growth factor receptor or an activation site of
transcription factor are modified. Especially in mammals,
use of AS is widespread [it is reported that 40-60% of entire
human genes have AS variants (1)] and is supposed to pro-
vide a molecular basis for highly fabricated systems, such
as immune systems and neural networks.

Because of the growing interests in AS, a number of data-
bases were launched, such as ASD [http://www.ebi.ac.uk/asd/;
(2)] and ASAP [http://www.bioinformatics.ucla.edw/ASAP/;
(3)]. However, most of these preexisting AS databases are
still incomplete in a sense that they are mainly based on
the fragmented information of partially and imprecisely
sequenced cDNAs (ESTs) or computationally divided
information of the exons. In order to elucidate the functional
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