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Large-Scale Comparative Sequence Analysis of
the Human and Murine Bruton’s Tyrosine
Kinase Loci Reveals Conserved Regulatory

Domains

John C. Oeltjen,* Tracy M. Malley,* Donna M. Muzny,* Webb Miller,?
Richard A. Gibbs,* and John W. Belmont*=

1Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, Texas 77030;
2Department of Computer Science and Engineering, Penn State University, University Park,
Pennsylania 16802

Large-scale genomic DNA sequencing of orthologous and paralogous loci in different species should contribute
to a basic understanding of the evolution of both the protein-coding regions and noncoding regulatory
elements. We compared 93 kb of human sequence to 89 kb of mouse sequence in the Bruton’s tyrosine kinase
(BTK) region. In addition to showing the conservation of both position and orientation of the five functionally
unrelated genes in the region (BTK, a-p-galactosidase A, L44L, FTP-3, and FCI-12), the comparison revealed
conservation of clusters of noncoding sequence flanking the first exon of each gene. Furthermore, in the
sequence comparison at the BTK locus, the conservation of clusters of noncoding sequence extends throughout
the locus; the noncoding sequence is more highly conserved in the BTK locus in comparison to the flanking loci.
This suggests a correlation with the complex developmental regulation of expression of btk. To determine
whether a highly conserved 3.5-kb segment flanking the first exon of BTK contains transcriptional regulatory
signals, we tested various portions of the segment for promoter and expression activity in several appropriate
cell lines. The results demonstrate the contribution of the conserved region flanking the first exon to the cell
lineage-specific expression pattern of btk. These data show the usefulness of large scale sequence comparisons to
focus investigation on regions of noncoding sequence that play essential roles in complex gene regulation.

[The sequence data described in this paper have been submitted to GenBank under accession nos. U78027 and

U58105.]

One analytical approach to functional characteriza-
tion of both coding and noncoding DNA sequences
is through comparison of sequence of syntenic re-
gions in multiple species. Conserved noncoding se-
quence has been hypothesized to be important in
regulating gene expression, maintaining the struc-
tural organization of the genome, and contributing
to yet unknown functions of the chromosome
(Koop and Hood 1994).

Sequence data from murine and human 5’
flanking or promoter regions is available for a sub-
stantial number of loci but no systematic compari-
son has yet been performed. Little data are available
for sequence comparisons of intronic regions, as a
relatively small number of genes have been se-
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quenced in their entirety from more than one spe-
cies. The few comparative sequence studies initiated
between human and various species have revealed
varying degrees of conservation. Comparisons of
the B-globin gene cluster in both human and mouse
(Collins and Weissman 1984; Sheehee et al. 1989)
and the excision repair cross-complementing ro-
dent repair group 2 (ERCC2) region in human,
mouse, and hamster (Lamerdin et al. 1996) revealed
little sequence conservation in the intergenic re-
gions. A comparison of the X-ray repair cross-
complementing rodent repair group 1 (XRCC1) be-
tween human and mouse revealed 22 individual
conserved segments, some of which were as highly
conserved as exons (Lamerdin et al. 1995). Most
striking, however, was the alignment of nearly 100
kb of contiguous sequence from the o/3 T-cell re-
ceptor loci in human and mouse. Approximately
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94% of the intergenic sequence was conserved al-
lowing for the overall alignment of the entire two
sequences. This alignment showed 71% similarity
between the two sequences. In focusing on known
regulatory elements the researchers concluded that
these sequence comparisons will sometimes illumi-
nate the existence of regulatory elements through
the identification of highly conserved regions
(Koop and Hood 1994).

X-linked agammaglobulinemia (XLA) was first
described by Bruton in 1952 and is characterized by
a severe deficiency of circulating mature B cells and
serum immunoglobulins. Patients suffer from recur-
rent infections but can be maintained with immu-
noglobulin therapy (Bruton 1952; Rosen et al.
1984). The mutated gene in XLA, Bruton’s tyrosine
kinase (BTK), was identified by a combination of
positional cloning (Vetrie et al. 1993) and candidate
gene approaches (Tsukada et al. 1993) and is a mem-
ber of a subfamily of src-related nonreceptor tyro-
sine kinases (for review, see Rawlings and Witte
1995).

The BTK locus consists of 19 exons (Hagemann
et al. 1994; Ohta et al. 1994; Rohrer et al. 1994)
covering (40 kb. Sixty-nine kilobases of contiguous
genomic sequence in the region reveals three genes
within the 35-kb 5’ to BTK and an average of 0.7 Alu
repeat elements per kilobase (Oeltjen et al. 1995).
The availability of the genomic structure has per-
mitted extensive mutation analysis. One hundred
seventy-five unique mutations distributed through-
out the BTK gene have been identified (Vihinen et
al. 1995).

The expression of btk has been investigated us-
ing Northern analysis, Western blotting, and immu-
noprecipitation in a variety of lymphoid cell lines.
btk is expressed in very early stages of B-cell differ-
entiation before immunoglobulin heavy- or light-
chain rearrangements and continues throughout B-
cell maturation. Upon maturation to a plasma cell,
btk expression is down-regulated. btk is also ex-
pressed in several different myeloid lines including
myeloblast and mast cells, but is not expressed in T
cells (deWeers et al. 1993; Smith et al. 1994). Al-
though btk is expressed in various myeloid cell
lines, the skewing of X-inactivation exclusively in
the B-cell lineage found in female carriers of XLA
(Allen et al. 1994) provides strong evidence that dys-
function of btk only affects the growth of early B-
cell precursors.

Recently two different studies began to delin-
eate the promoter, enhancer, and silencer elements
important in this specific expression pattern of btk.
In the first study, 310 bp of sequence 5’ to the tran-
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scription start site were shown to contain promoter
activity in DG75 (B cell) and K562 (erythroleuke-
mia) cell lines (Sideras et al. 1994). The second study
examined promoter activity of a series of constructs
from 50 to 910 bp 5’ to the transcription site in the
HS Sultan plasmacytoma cell line. Expression of the
most active construct, —450 bp, was also observed
in the K-562 erythroleukemia cell line, but was
down-regulated in the Jurkat T-cell line. Further
analysis revealed the importance of the specific
binding sites for transcription factors Spl and PU.1
within the 200-bp upstream of BTK for the expres-
sion activity of the —450 bp construct (Himmel-
mann et al. 1996).

The data reported here illustrate the use of large-
scale interspecies sequence comparison whose pri-
mary aim is the identification of required regulatory
elements. In principle, highly conserved noncoding
DNA should contain elements important to the nor-
mal function of the locus. A direct comparison of 93
kb of human and 89 kb of mouse genomic sequence
flanking the BTK locus reveals areas of high intronic
or noncoding sequence conservation in all five loci
in the region including BTK. Concentrating on a
region of conservation extending 0.9 kb upstream
and 2.6 kb downstream of the first exon of BTK, we
demonstrate that these sequences function in lin-
eage-specific transcriptional control of expression.

RESULTS

Sequencing of the Human and Murine Loci

Human genomic sequence of the region flanking
BTK was obtained through random shotgun se-
quencing of an additional cosmid that overlapped
the sequence reported previously from two other
cosmids (Oeltjen et al. 1995). Sequencing of the
three cosmids resulted in nearly 93 kb of contiguous
human genomic sequence, which includes the en-
tire BTK genomic locus (GenBank accession no.
U78027). In sequencing the murine genomic Btk
locus, we applied the same methods of random
shotgun sequencing to sequence a single P1 clone
spanning the same distance. Sequencing of the
larger clone was accomplished through increases in
the number of “random” sequencing reactions per-
formed to gain sufficient coverage of the P1 before
the “directed” phase of sequencing, and smaller ad-
justments to account for the increased data manage-
ment and assembly. In a comparison of the number
of reads required to complete the human sequence,
the increase in clone size decreased the number of
sequencing reactions needed to sequence com-
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pletely the murine Btk locus by nearly one-third.
This increase in efficiency is primarily attributable
to a reduction in redundancy; >14 kb of human ge-
nomic sequence was resequenced as overlap be-
tween the two cosmids. Sequencing of the single P1
clone resulted in nearly 89 kb of contiguous murine
genomic sequence including the entire Btk genomic
locus (GenBank accession no. U58105).

Comparison of Coding Regions

Mapping of a murine P1 clone by hybridization
showed the presence of three of the four genes pre-
viously mapped to the BTK region by sequencing
the human region (Oeltjen et al. 1995). Sequencing
demonstrated the presence of all four of these genes
in the mouse, and another gene immediately 3’ of
BTK, which was also revealed by further sequencing
of a human-derived cosmid. All five genes are con-
served between the two species in both orientation
and exon organization (see Fig. 1A) of intergenic and
intronic distances showed no gross (>5 kb) differ-
ences; however, in general, the murine locus has
larger introns and greater intergenic distances than
the human locus. Repeats in the region (as detailed
below) did not fully account for the observed differ-
ences in intron and intergenic lengths between hu-
man and mouse.

Comparisons of the nucleic acid and predicted
amino acid sequence of the five genes in the region
are summarized in Table 1. As expected, the amino
acid sequence of the five genes is more highly con-
served than the nucleic acid sequence. Further da-
tabase analysis of the two genes in the region with
unknown function, FTP-3 and FCI-12, revealed sev-
eral points. In a BLAST (Altschul et al. 1990) search,
FTP-3 matched expressed sequence tags (ESTs) from
several different libraries including pancreas, para-
thyroid, melanocyte, retina, fetal heart, fetal brain,
and aorta. This supports previous Northern blot
analysis showing widespread expression (Vorecho-
vsky et al. 1994). Because of the high similarity with
an hnRNA-binding protein F, FTP-3 has been hy-
pothesized previously to be an RNA-binding protein
(Vorechovsky et al. 1994). This proposed function is
further suggested in extensive database analyses
with BEAUTY (Worely et al. 1995) which show 83%
amino acid identity with the hnRNA-binding pro-
tein H (GenBank accession no. L22009) and identity
with annotated RNA-binding domains in several
other proteins from different species. In a BLAST
search of the EST database, FCI-12 matched several
clones from several different libraries. Predicted

translation of the cDNA in the orientation pub-
lished previously (Vorechovsky et al. 1994) revealed
no extensive open reading frame that was conserved
between the two species. Translation in the reverse
direction, however, revealed a reading frame of 97
amino acids that spanned the two predicted exons
in both mouse and human. Furthermore, AG/GT
exon/intron borders were only found in the reverse
complement of the FCI-12 cDNA in both species.
Last, in BEAUTY (Worely et al. 1995) analysis, the
reverse complement of FCI-12 showed similarity to
a Schizosaccaromyces pombe hypothetical 11.4-kD
protein on Chromosome 1 (GenBank accession no.
Q09783).

Database searches further downstream from
FCI-12 in the human sequence revealed a region
with identity to an L21 human ribosomal protein
cDNA (GenBank accession no. U14967). Searches
also showed two Alu repetitive elements in the re-
gion; a more detailed analysis showing that the re-
petitive elements had interrupted predicted exon/
intron boundaries. Comparisons between the L21
sequence and the sequence downstream of BTK
demonstrated 89.7% identity with several insertions
and deletions. Predicted translations showed termi-
nation codons in the sequence. From this we con-
clude that this sequence downstream of BTK likely
represents an archaic copy of L21 that has been ren-
dered nonfunctional by Alu insertions.

Comparison of Repetitive Elements

Repetitive elements in both the murine and human
sequence were localized and identified using CEN-
SOR (Jurka et al. 1996). Both human and mouse
show a high density of short interspersed repetitive
elements (SINEs). In human, the average of 0.86 Alu
repetitive elements per kilobases is fourfold higher
than the estimated genome average of 0.2 Alu re-
petitive elements per kilobase (Deininger 1989; Ju-
rka et al. 1993). In mouse, the average of 1.1 B1/B2
repetitive elements per kilobase is about 20-fold
higher than that expected from estimates of the to-
tal number of such elements in mouse (Deininger
1989). Although the Alu repetitive element density
is lower than corresponding B1/B2 repetitive ele-
ment density, the total number of elements is simi-
lar in both human and mouse, 124 and 116, respec-
tively. A comparison of the percentage of sequence
occupied by repetitive elements in the human and
mouse, 31.22% and 16.49%, respectively, demon-
strates a substantial difference between the two spe-
cies. This is accounted for, in part, by the shorter
average length of the B1/B2 repetitive elements in
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comparison to Alu repetitive elements. The human
sequence proceeds further downstream of BTK into
aregion of [B kb in length composed nearly entirely
of long interspersed nuclear repetitive elements
LINEs.

Direct Comparison of the BTK Region in Human
and Mouse

As shown in Figure 1A, a direct comparison of the
sequence represented by a DOTTER dot plot analysis

=]

reveals high conservation in the region. Although
the coding sequence in the region is conserved,
much of the noncoding sequence flanking indi-
vidual coding regions is also conserved. Straying of
the diagonal corresponds with the location of inter-
spersed repetitive elements in the sequence. These
elements also account for the high background at-
tributable to matching of the poly(A) tracts. A com-
parison of each genomic sequence to itself [which
revealed several internal repeats in the human T-cell
receptor B-chain locus (Rowen et al. 1996)] did not

Human Sequence

3
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Mouse Sequence
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Figure 1 (See facing page for legend.)
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reveal any internal repeats in either the human or
mouse sequence (data not shown).

As accommodated by DOTTER (Sonnhammer
and Durbin 1995) and illustrated in Figure 1B, an
expanded visualization of the “identity line” that
extends through the sequence comparison reveals
clustering of smaller individual stretches of con-
served sequence. To visualize better both the pat-
terns of and sequence contained within the smaller

regions of conserved sequence, the entire two se-
quences were aligned. Alignments of the sequences
were prepared using the program SIM (“similar’™)
(Huang et al. 1990) with default parameters and
with SINE and LINE elements masked (see Meth-
ods). Visualization of the patterns of sequence con-
servation throughout the loci was accomplished by
transforming the alignments into percent identity
plots relative to positions in human sequence. The

Human Sequence

roao RO

2000

Mlouse Sequence
]
E

L‘
3

H
==
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Figure 1 DOTTER dot matrix comparisons of human and mouse seq

uence in the.BTK reé'ion. (A) Comparison of

the entire genomic sequence in the region. Conservation in the dot blot is represented on a gray scale with black

dots representing the highest conservation. Each axis has a

graphical representation of the corresponding sequence

in which all sizes are relative to each other and between species. Black bars represent all repeat sequences found.

Individual exons are represented by coloration. Fuchsia

represents FTP-3, blue represents «-p-galactosidase A,

orange represents the L44L ribosomal gene, green represents BTK, red represents FCI-12, and purple represents the
sequence with similarity to the L21 ribosomal gene. Direction of transcription is indicated by arrows on the mouse
sequence and is the same for the human sequence. The region boxed in light blue is expanded in B and represents

the conserved region flanking the first exon of BTK (green)
mouse and human.

complete with repetitive elements (black boxes) in both
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Table 1. Gene Comparisons
Length (bp/aa)?
Percent Percent

Gene human mouse identity® similarity®
FTP-3 cDNA 2197/ 2150/ 91.7

protein 449 449 99.1 99.1
GLA cDNA 1349/ 1378/ 82.2

protein 429 419 78.0 86.9
L44L cDNA 408/ 392/ 91.2

protein 106 106 100 100
BTK cDNA 2560/ 2468/ 87.8

protein 659 659 98.3 99.4
FCI-12 cDNA 1000/ 832/ 81.3

protein 97 97 94.9 97.9
@Both the 5’ and 3’ untranslated regions (UTR) are included in cDNA comparisons. (aa) Amino acids.
bSimilarity accounts for conservative physical property changes in the amino acids.

resulting data were drawn with a modified version
of the local alignment to postscript (LAPS) program
(Schwartz et al. 1991). To further analyze the se-
quence contained within the conserved segments of
the SIM alignment, we wrote a program called CON-
SERVED to extract individual gap-free alignments.
Parameters were set to limit the extracted sequence
segments to a minimum of 50 bp with 60% se-
quence identity.

The resulting identity plot from the sequence
alignment is shown in Figure 2. In examining the
plot, several different features are evident. First, the
2.5-kb gap-free alignment has a 92% identity at the
FTP-3 locus. This is consistent with the putative
coding region of 449 amino acids within the single
exon; however, when compared to the remainder of
the coding regions in the locus and their associated
conservation, the conservation at the FTP-3 locus is
striking. Throughout the remainder of the locus, the
conservation of the coding sequence, as individual
exons, is variable.

The most interesting feature illustrated by the
identity plot is the patterns of conservation of non-
coding sequence in the region. In comparing the
seguence conservation between the two ubiqui-
tously expressed genes L44L and «-D-galactosidaseA
(GLA) to the more specifically expressed BTK locus,
the noncoding sequence is apparently more con-
served within the BTK locus than within the L44L
locus and especially within the GLA locus. Noncod-
ing sequence conservation in both the L44L and
GLA loci is confined primarily to the region flank-
ing the first exons. Specifically within the GLA lo-
cus, the sequence from 15018 to 15318, which cor-
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responds with a CpG island, aligns as a gap-free
match with 87% identity. This 300-bp region is as
conserved as the exons within GLA. Within the BTK
locus, there are strong matches throughout the lo-
cus, particularly in the regions upstream of the first
exon, at both ends of the first intron, within the
fourth and fifth introns, between the eighth and
tenth exons, and between the thirteenth through
sixteenth exons.

In extracting the smaller individual alignments
from the overall alignment using CONSERVED,
other trends in the conservation are apparent. In
the alignment presented here, a total of 179 indi-
vidual alignments were localized with >60% se-
quence identity, including the 34 coding exons
mentioned previously (see Fig. 2). These alignments
vary in size from 50 to 2199 bp and demonstrate
identities ranging from 60% to 95% between the
human and mouse sequence. In the human se-
quence, a total of 18,634 bp of conserved sequence
was identified representing 25% of the total se-
quence compared.

Further distinctions can be made between the
coding and noncoding sequence that is conserved
(see Table 2). In the human sequence, a total of
11,193 bp of noncoding sequence is conserved rep-
resenting 16% of the total human noncoding se-
quence compared. In comparing the percent iden-
tity of the conserved noncoding sequence with the
percent identity of the conserved coding sequence,
the coding sequence is more conserved than the
noncoding sequence. A weighted percent identity
can be calculated by XC; Fi/N, where C; is the length
in base pairs of each individual aligned sequence of
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either mRNA coding or noncoding sequence, F; is
the percent identity of the aligned sequence, and N
is the total number in base pairs of compared coding
or noncoding sequence. The weighted percent iden-
tity yields an average of 87% identity for the human
coding sequence and an average of 73% identity for
the human conserved noncoding sequence.

The percent identity plot shows that of the four
loci in the BTK region that contain introns, there are
differences in the amount of conserved noncoding
sequence. When the total amount of conserved
noncoding sequence for each locus is calculated, the
human BTK locus has 22% of the total noncoding
sequence conserved, the human GLA locus has 12%
of the noncoding sequence conserved, the human
FCI-12 locus has 16% of the noncoding sequence
conserved, and the human L44L locus has 5% of the

total noncoding sequence conserved. Thus, the BTK
locus has the highest amount of noncoding se-
quence conserved of all five loci in the region. In
particular, the BTK locus has nearly 10% more of its
noncoding sequence conserved as compared to the
other disease-related gene in the region, the GLA
locus.

Conservation of the noncoding sequence in the
GLA locus is restricted primarily to upstream and
downstream of the first exon. The conservation of
several regions downstream of the first exon is com-
parable to the conservation of the first exon of GLA.
The restriction of noncoding sequence conservation
between human and mouse to upstream and down-
stream of the first exon is more apparent in the L44L
locus. A 133-bp region within the first intron of
L44L is conserved with 62% identity. Within the
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Figure 2 Identity plot of the sequence in the BTK region. The mouse and human genomic sequence were aligned

with SIM and the identity between the conserved segments are displayed in relation to the human sequence by a
modified version of LAPS. As in Fig. 1, individual exons are represented by coloration. Exon numbers are displayed
above the exon blocks. Triangles represent the location and orientation of the human Alu repetitive elements in the

region.
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FCI-12 locus, sequence is also conserved between
human and mouse upstream and downstream of
the first exon. Within the first intron, a 58-bp re-
gion is 83% identical, as conserved as the entire
cDNA between the two species. In addition, a 226-
bp region downstream of the second exon is 78%
identical.

Upstream of the BTK locus, four different re-
gions totaling 377 bp are conserved between the
two species. Within this region, a 94-bp region of
human sequence is conserved with 90% identity,
again as conserved as the coding exons. Three re-
gions downstream of the first exon also demon-
strate this trend, a 62-bp region with 85% identity,
a 59-bp region with 86% identity, and a 53-bp re-
gion with 87% identity. Within the first intron, a
total of 2836 bp of sequence is conserved that can be
divided into 35 individual alignments. As with the
remainder of the conserved regions in the BTK lo-
cus, breaks between these individually aligned re-
gions often correspond with the insertion of repeti-
tive elements in either or both of the species.

The second cluster of noncoding sequence con-
servation in the BTK locus spans the fourth and fifth
introns encompassing a total of 1824 bp in human.
As with the region flanking the first exon of BTK,
this region can be subdivided further into 23 indi-
vidual alignments. These alignments range in size
from 50 to 229 bp and in identity from 63% to 90%.
Of note, within the fifth intron is a 229-bp region
with 90% identity between human and mouse.
With conservation similar to that of surrounding
exons, this region could be hypothesized to contain
coding sequence. Attempts to translate the se-
quence, however, identify at least two stop codons

in all six potential reading frames, and BLAST
searches against protein and EST databases do not
show any matches.

In introns 9 and 10, a total of 417 bp of se-
quence is conserved and can be divided into five
individual alignments ranging in size from 72 to 91
bp and in identity from 64% to 75%. In introns
13-15, a total of 1126 bp of sequence is conserved
between human and mouse and can be divided into
15 individual alignments ranging in size from 50 to
156 bp and in identity from 65% to 81%.

Nucleotide Divergence Rates in the Region

In reviewing the human and rodent DNA sequence
comparisons available to date, Koop (1995) hypoth-
esized that large portions of the genome evolve at
different rates. This conjecture was based on differ-
ences seen in the conservation between several dif-
ferent human and mouse loci. The wide variation
suggests that not all coding sequence diverges at the
same rate (Koop 1995).

Because the noncoding sequence in the BTK re-
gion appears to be conserved differentially, a con-
stant that could be used to compare the evolution-
ary divergence across the region was sought. Syn-
onymous nucleotide substitution rates in coding
sequence should provide insight into the rates of
evolutionary divergence, (i.e., mutation rates) in
this segment of the X chromosome. If the nucleo-
tide mutation rates across the region are constant
and not mosaic, synonymous nucleotide substitu-
tion rates within all five loci should be similar.

Several methods of nucleotide distances in syn-
onymous and nonsynonymous substitutions

Table 2. Summary of Sequence Conservation in the BTK Region

Total human sequence
conserved (bp)?

Percent of total sequence
in the region or locus

Coding and noncoding sequence
entire region 18,634
BTK locus 9,905
Noncoding Sequence

entire region 11,193
BTK locus 7,405
GLA locus 1,089
L44L locus 133
FCI-12 locus 306

Average percent conservation of coding sequence 87.0 Average percent conservation of noncoding sequence® 72.7

245
27.0

16.3
21.7
12.4

5.4
16.3

2As aligned by SIM and extracted with CONSERVED.
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within coding regions have been derived that at-
tempt to estimate the different variables affecting
nucleotide substitutions including transition and
transversion rate differences and species-specific
codon usage preferences. The most recent methods
of Ina (1995), as shown through computer simula-
tion comparisons with previously proposed meth-
ods of calculation, appear to be the most robust.
Nucleotide substitution rates were calculated
using both methods for estimating the numbers of
synonymous and nonsynonymous substitutions for
all five loci in the BTK region (Ina 1995) and the
estimate of human and rodent divergence of 80 mil-
lion years (Li and Graur 1991). As shown in Table 3,
the nonsynonymous substitutions differ greatly be-
tween the different genes, from 0.00 for the L44L
protein, which is 100% identical, to 8.17 x 10~ 1°
substitutions per nucleotide per year for the GLA
gene. These figures parallel the conservation shown
in comparing the percent identity between human
and mouse for all five loci. In contrast, the synony-
mous substitution rate is not nearly as variable. Al-
though these values are very similar, the outlying
values calculated by Ina’s method 1 (and nearly by
method 2) are more than two standard deviations
apart from each other. This would suggest that the
mutation rate, even across such a small region, is
variable. Statistically substantiating this conclusion,
however, is difficult because of both the small num-
ber of loci and the small number of individual
codons examined. If, however, the synonymous

nucleotide substitution rates can be considered as
indications of the rates of divergence across the lo-
cus, the substitution rates do not correlate with the
observed patterns of noncoding sequence conserva-
tion. The locus that demonstrates the highest
amount of noncoding sequence conservation, BTK,
does not have the lowest synonymous nucleotide
substitution rate in the region.

Conservation of Potential Transcription
Factor-Binding Sites

The conserved sequences mentioned above that cor-
respond with the first exons of each of the five loci
and with the fifth exon of BTK were analyzed for the
presence of potential transcription factor-binding
sites using TFSEARCH. TFSEARCH uses the TFMA-
TRIX matrix table of the TRANSFAC database. The
searches were performed on both human and
mouse sequence and then compared manually.
Conservation of sequence, orientation, and location
were accounted for.

Four different clusters of potential transcription
factor-binding sequences are observed. The first is
upstream of GLA and the other three are within the
BTK locus: one upstream of the first exon, one
downstream of the first exon, and the third down-
stream of the fifth exon.

The identities of the transcription factors asso-
ciated with the conserved potential-binding sites,
although varied, provide some possible insight into
the regulation of btk. Of the different potential tran-

Table 3. Nonsynonymous and Synonymous Mutation Rates of the Five Loci in

the BTK Region

Gene Nonsynonymous (X 10°) Synonymous (X 10°)
Method 12

BTK 0.49 = 0.15 222 £ 0.21

FCI-12 1.51 + 0.68 2.42 = 0.59

FTP-3 0.27 = 0.13 1.53 = 0.19

GLA 8.17 = 0.81 2.58 = 0.30

L44L 0.00 2.06 = 0.48
Method 22

BTK 0.48 = 0.14 253 = 0.24

FCI-12 1.46 + 0.66 2.82 = 0.71

FTP-3 0.26 + 0.13 1.66 = 0.21

GLA 8.01 = 0.79 2.76 = 0.33

L44L 0.00 2.37 = 0.59

Average substitution rate/nucleotide * s.p.

AMethods 1 and 2 differ only in their estimation of the o/ ratio, a measurement of transitional and trans-

versional substitution rates (see Ina 1995).
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scription factor-binding sites conserved in the re-
gions flanking the first and fifth exons of BTK, sev-
eral are associated with transcription factors that
have been shown previously to be either expressed
in or to be important in the development of the
hematopoietic lineages and, more specifically, the
lymphoid lineages. These include Apl-b, CCAAT/
enhancer-binding protein g (C/EBPB), c-ETS-1, c-
Rel, GATAL, GATA2, GATAS3, necrosis factor-E2 (NF-
E2), and, NF-«B (for review, see Kerhl 1995). Fur-
thermore, both the PU.1 and Spl sites that were
shown previously to be important in btk expression
(Scott et al. 1994) were also conserved between the
two species. The previously noted inverted CCAAT
box (Scott et al. 1994) and potential retinoic acid
receptor-binding sites (Rohrer et al. 1994) in the up-
stream region of BTK were not conserved between
the two species.

Promoter and Enhancer Activity of the Conserved
Region Flanking the First Exon of BTK

As the main goal of this comparative analysis was to

S0

SE ‘

300 -3

Relative Luciferase

LU0 —

000

1
z

360 4+ 2540
RUH 2540

Constructs
Figure 3 Luciferase assay of the promoter and en-
hancer activity of the conserved sequence flanking the
first exon of BTK. Pictured is the luciferase expression
observed in K562 myeloid cells (light shaded bar), HS
Sultan B cells (dark shaded bar), and CEM T cells (open
bar), with four different constructs containing portions
of the sequence flanking the first exon of BTK as stated
in base pairs. Each construct was coelectroporated a
total of nine times (three sets of three) with CMVpgal
and results were pooled and compared directly using
B-galactosidase expression as a control.
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illuminate conserved regions that might function as
regulatory elements of BTK, we focused on the con-
served sequence flanking the first exon of BTK.
Shown in the direct comparison in Figure 1B, the
sequence 900 bp upstream and [2.5 kb downstream
of the first exon is highly conserved. At the se-
quence level, the dark box in the middle of the dot
matrix represents a GA-rich simple repeat region
that is present in both species. A direct alignment of
the sequence over the entire region represented in
Figure 1B demonstrates a 70.89% identity (data not
shown).

To investigate the potential biological activity
of this conserved region in the expression of btk, we
analyzed its ability to act as a promoter and en-
hancer in cell lines representing three relevant de-
velopmental lineages (deWeers et al. 1993; Smith et
al. 1994). We examined the interaction of the pre-
viously determined promoter (— 350 bp) (Sideras et
al. 1994; Himmelmann et al. 1996) to interact with
the 2.5 kb of conserved intron sequence. Four con-
structs were generated to compare the promoter and
enhancer activity of this conserved region that used
the splicing of the first exon to the second exon of
BTK with luciferase inserted into the second exon
before the start translation signal. These constructs
were transfected into the K-562 (myeloid), HS Sul-
tan (B), and CEM (T) cell lines.

The results of transient transfection assays with
these constructs are represented in Figure 3. Each
construct showed differing expression both within
and between each cell line. In the K-562 cell line,
promoter activity within the first 360 bp upstream
of the first exon was enhanced by the addition of
530 bp further upstream of the first exon. Addition
of the conserved 2540 bp of the first intron acted as
a silencer in both constructs in the K-562 cell line.
In the HS Sultan cell line, the promoter activity
within the first 360 bp upstream of the first exon
was attenuated partially by the addition of an addi-
tional 530 bp upstream of the first exon and no
similar activity was observed with the first intron
segment. In the CEM cell line, promoter activity of
360 and 890 bp upstream of the first exon was ob-
served. This promoter activity was silenced to levels
equivalent to the negative control construct (data
not shown) by the addition of the 2540 bp of the
first intron. In summary, the conserved sequence in
the first intron of BTK represses the expression from
the BTK promoter in both myeloid and T cells but
not in B cells. We conclude that elements within the
first intron contribute to the lineage specific down-
regulation of btk expression in T cells and myeloid
cells.
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DISCUSSION

We undertook the comparison of the human and
mouse genomic sequence flanking BTK to investi-
gate conserved elements that could be responsible
for the specific expression patterns of btk. The study
revealed a markedly conserved region containing
five different genes. In addition to conserved exons
lengths and orientation of the five genes, intronic
and intergenic lengths are also conserved, and both
the human and mouse sequences are rich in repeats.
At the DNA level, sequence conservation extends
beyond the exon/intron borders in all five genes in
clusters interrupted primarily by repetitive element
insertions.

A more detailed examination of the conserva-
tion reveals 179 individual conserved regions in-
cluding the 34 coding exons. Between the amount
of human sequence comprised of repetitive (34%)
and conserved (25%) sequence, nearly 60% of the
entire human sequence in the region is accounted
for. Although less conserved than the 34 coding ex-
ons, the 145 noncoding aligned segments are sub-
stantially more conserved than the flanking se-
quence, as illustrated by the weighted percent iden-
tity. These aligned segments are nonrandomly
distributed being clustered around the first exon of
each gene and within the fourth through fifth,
eighth through ninth, and thirteenth through six-
teenth introns of BTK. Transcription factor-binding
site database searches revealed several different
conserved sites in sequence, orientation, and loca-
tion within these aligned regions. Specifically
within the BTK locus, several potential transcription
factor-binding sites of these factors, which have
been demonstrated previously to be important in
hematopoietic cell lineage development, are con-
served.

Within the BTK locus, conservation of noncod-
ing sequence points to several different regions that
are highly conserved and are hypothesized to be
important in the expression and structural organi-
zation of BTK. Focusing on the region flanking the
first exon of BTK reveals a 3.5-kb region of 71%
identity. Transient expression analysis in relevant
cell lines indicates that this 3.5-kb region contrib-
utes to the lineage-specific expression pattern of
btk. The specific expression pattern mimics that ob-
served for the expression of btk in which expression
is silenced in T cells (Tsukada et al. 1993).

Numerous precedents for control elements
within the first intron of genes have been described,
but comparative sequence data are rare. One ex-
ample is provided by another gene important in he-

matopoietic development, adenosine deaminase
(ADA). ADA is essential for purine catabolism and
mutations in ADA result in a failure to develop cor-
tical thymocytes. A 2.3-kb human intronic thymic
locus-controlling region (LCR) has been shown to
include a 200 bp DNase | hypersensitive region
flanked by extended segments, which are required
for insertion site-independent and copy number-
proportional transgene expression (Aronow et al.
1989, 1992, 1995). Further analysis revealed a 28-bp
core within the 200-bp region, which specifically
binds the transcription factor c-Myb (Ess et al.
1995). In comparison to the murine sequence, a
236-bp first intron segment with 71.1% identity to
the human ADA thymic enhancer was found. Four
highly conserved regions within this segment were
further delineated, including a 72-bp region with
83.6% identity to the 28-bp human core enhancer
sequence. The conserved 236-bp region demon-
strated only weak activation as compared to corre-
sponding human sequence (Brickner et al. 1995)
suggesting that other elements outside of the
smaller controlling region are important. Further
investigation of the conserved first intron sequence
in BTK is also expected to reveal both the binding of
specific transcription factors and flanking sequence
that contribute to the expression of BTK.

In an overview of the conservation observed in
the BTK region, one general theme arises. As com-
pared to the other genes in the region, the noncod-
ing sequence within the BTK locus is more con-
served and contains more conserved potential tran-
scription factor-binding sites. This suggests the
hypothesis that the special regulation of expression
of btk, as compared to the other ubiquitously ex-
pressed genes in the region, simply requires more
regulatory elements. In both human and mouse this
region of the genome has been invaded extensively
by repetitive elements serving as a manner of natu-
rally saturating insertional mutagenesis. The posi-
tions of the insertion of these elements are nearly
identical between the two species suggesting per-
missive and nonpermissive segments. In addition,
other mutational mechanisms have caused essen-
tially complete divergence of more than half of the
remaining noncoding sequence. It is interesting,
however, that conservation in the BTK locus of up
to several kilobases of sequence flanks the 10- to
20-bp consensus sequence for the transcription fac-
tor-binding sites. Although the binding of transcrip-
tion factors represents a fundamental mechanism
for controlling transcription, the conservation of
large regions flanking these binding sites suggests
that a higher order DNA structure needs to be pre-
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served. This preserved structure must be dependent
on the specific sequence rather than on spacing
alone. Whether this structure is preserved for the
binding of transcription factors, transcription of the
region by RNA polymerase, or even splicing of the
transcript is still speculative. Although it has been
suggested that some sequence conservation can be
attributed to pure chance (Koop and Hood 1994),
including variations in the evolutionary divergence
of the sequence (Koop 1995), the length of the con-
served segments and the differences in conservation
noted between the different loci in the BTK region
suggest that apparent conservation of sequence (ho-
moplasy) attributable to stochastic effects or even
convergence play little role in the conservation ob-
served. This is further substantiated by an inability
to demonstrate a correlation between coding
nucleotide substitution rates and the conservation
of flanking noncoding sequence. It would appear
that the conserved blocks of sequences are con-
strained by functional selection. The inability to
measure a functional activity of one or more of
these conserved segments by conventional trans-
genic or targeted mutagenesis experiments would
more likely reflect a limitation of analytical method.
Therefore, we hypothesize that all of the conserved
noncoding segments are (or were) required func-
tionally for the proper expression of the btk locus.

This analysis represents the second largest com-
parison of human and mouse DNA sequence and the
largest representing a region of diversely expressed
and functionally unique genes. We believe that evo-
lutionary sequence comparison will prove to be both
the most robust and the fastest way to identify func-
tional noncoding sequence, especially in very large
loci, with complex developmental regulation as with
BTK. In using the large-scale sequence comparison as
the primary means of identifying gene regulatory el-
ements, we revealed the contribution of the intronic
sequence downstream of the first exon to the expres-
sion pattern of btk. Future work will focus on both
further delineating the sequences flanking the first
exon that control btk expression and examining the
contribution of other conserved sequences in the lo-
cus to btk expression.

METHODS

Isolation of Cosmid and P! Clones

The human genomic sequence was obtained through se-
quencing three different cosmids from the Lawrence Liver-
more X-chromosome specific library. Isolation and sequenc-
ing of the first two cosmids, U230D1 and U237D10, was re-
ported previously (Oeltjen et al. 1995). The third cosmid,
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U166B1, was isolated using a BTK exon 19-specific probe gen-
erated by PCR to probe the X-chromosome library. Positive
clones were further mapped by PCR to obtain a single clone
with minimal overlap. Cosmid DNA was isolated using a com-
bination of Qiagen maxiprep purification protocols (Qiagen
Inc., Chatsworth, CA) and equilibrium centrifugation in CsClI
gradients (Sambrook et al. 1989).

The mouse genomic sequence was obtained through se-
quencing a single P1 clone isolated from the Genome Systems
Inc. (St. Louis, MO) C-129 murine P1 library. The library was
screened by Genome Systems with two sets of PCR primers.
The first set was specific for the second exon of murine a-ga-
lactosidase A (CgggATgCAggTTATgACTA, ggACgTAATTTgC-
gAggTgT). Positive clones were rescreened with a set of prim-
ers that amplify intron 11 of BTK sequence (CCgTgTCTgT-
gTTTgCTAA, ggTAATACTggCTCTgTgg). The single positive
clone P1-6186 was then mapped further by hybridization and
found to span the entire BTK locus through the FTP-3 gene 5’
of BTK. P1 DNA was isolated using a modified Qiagen proto-
col (Cheryl Ericsson, Dr. Martin’s Laboratory, Humane Ge-
nome Center, Lawrence Berkeley Laboratory, pers. comm.) in
combination with equilibrium centrifugation in CsCl gradi-
ents (Sambrook et al. 1989).

Sequencing of Cosmid and P! Clones

A random shotgun sequencing library was generated for both
the cosmid and P1 clones using the AM13 adaptor-based strat-
egy described (Andersson et al. 1994). Sequencing templates
were prepared by a modified glass fiber filter (GFC) capture
method as described (Kristensen et al. 1987). Clones were se-
quenced using both random and directed sequencing proto-
cols as described (Civitello et al. 1993). Reverse templates were
generated from M13 supernatants using a modified asymmet-
ric PCR protocol (Muzny et al. 1994). Dye primer sequencing
reactions were assembled using a Biomek 2000 workstation
(Beckman Instruments Inc., Fullerton, CA) and cycled on Per-
kin Elmer Cetus (PEC) 9600 thermocyclers. For sequencing
reagents, Perkin Elmer Taq FS was used with a combination of
standard fluorescein- and rhodamine-labeled dye terminator
and dye primers purchased from Perkin Elmer and dipyrro-
metheneboron difluoride (BODIPY) labeled dye primers
(Metzker et al. 1996). Sequencing reactions were electropho-
resed on Applied Biosystems (ABI) 370, 373, 373A, or 377
sequencers.

Sequence Assembly and Gap Closure

Raw sequence data were transferred to a UNIX platform for
editing and assembly. Vector and low-quality data were re-
moved using SEQPREP software developed by the Molecular
Biology Computational Resource Center at Baylor College of
Medicine. Cosmid and P1 clone sequence assemblies were
performed using Staden XGAP software (Dear and Staden
1991). Gap closure was achieved through a mapgap strategy
as described (Richards et al. 1994). Regions resilient to cloning
in M13 vectors were amplified by PCR, cloned into pGEMT-
vector (Promega Corp., Madison, WI), and sequenced with
dye-terminator chemistry. Sequencing was completed on
both strands except within the human regions of high repeat
density in cosmid U166B1 where at least four reads in a single
direction using both dye terminator and dye primer chemis-
try were used to resolve the sequence.

The random shotgun strategy used in sequencing cos-
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mids was adapted to the sequencing of a single P1 clone sim-
ply by increasing the number of “random” forward and re-
verse sequencing reactions (Richards et al. 1994). In compar-
ing the final sequencing read statistics, a greater efficiency
was accomplished in sequencing the larger clone primarily
attributable to elimination of overlapping sequence. If the
overlap between the cosmids is accounted for (the total length
of sequence generated from three different cosmids is divided
by the total number of reads for all three cosmids), an average
of 26.21 reads per kilobase of sequence were required to ob-
tain the same sequence at a cost of 16.41 reads per kilobase of
sequence using the P1 as a template. This decrease in number
of reads per kilobase is accompanied by an overall decrease in
the number of primers generated to finish the double-
stranded sequence.

Sequence Analysis and Comparison

The sequences were analyzed with a variety of computer soft-
ware programs including BLAST (Altschul et al. 1994),
XGRAIL 1.2 (Uberbacher and Mural 1991), BEAUTY (Worely
et al. 1995), and GCG (sequence analysis software package, v.
8, Genetics Computer Group, Madison, WI). Repetitive ele-
ments in both human and mouse were localized and identi-
fied by CENSOR (Jurka et al. 1996). Comparative sequence
analysis was dependent primarily on the June 1996 update of
DOTTER (Sonnhammer and Durbin 1995). DOTTER window
size was set at 100. For Figure 1A, the gray amp tool was set at
a minimum of 3 and a maximum of 24. For Figure 1B, the gray
amp tool was set at a minimum of 26 and a maximum of 39.
These programs were accessed through the Baylor College of
Medicine genome informatics core (http://kiwi.imgen.bcm.t-
mc.eud:8088/search-launcher/launcher.html).

Entire sequence alignments with the SINE and LINE re-
peats masked were prepared using the program SIM (Huang et
al. 1990) with default parameters. That is, matching nucleo-
tides scored 1, mismatches scored —1, a gap of length k was
penalized 6 + 0.2 k, and we retained only the alignments scor-
ing above the 95% significance level, as described in Schwartz
etal. (1991). A few high-scoring but spurious alignments (e.g.,
involving dinucleotide repeats) were discarded. The remain-
ing alignments were transformed into percent-identity infor-
mation relative to positions in the human sequence. To do
this, the mouse coordinates of each gap-free segment of an
alignment were replaced by the percent of identical nucleo-
tides in that segment. The resulting data were drawn with a
modified version of the LAPS program (Schwartz et al. 1991).
Individual noncoding gap-free alignments with >60% iden-
tity for longer than 50 bp were extracted from the SIM align-
ment with the CONSERVED program. All 34 coding exons
were isolated manually from both genomic sequences and
aligned using the GCG BESTFIT program.

Synonymous and nonsynonymous substitution rates
were calculated using the two methods DISTS1 and DISTS2
from Ina (1995).

Transcription factor-binding sites were located using TF-
SEARCH (1995, Yutaka Akiyama, Kyoto University, Japan) ac-
cessed through the World Wide Web site http://
www.genome.ad.jp/SIT/TFSEARCH.html. TFSEARCH searches
highly correlated sequence fragments versus TFMATRIX tran-
scription factor-binding site profile database, TRANSFAC MA-
TRIX TABLE (Rel.2.5 17-11-1995). Searches were restricted to
the vertebrate database.

Construction of Promoter Constructs

Four different constructs were generated containing the base
pairs —360/+16, —360/+2537, —887/+16, and —887/+2537
in respect to the first exon of BTK. All four fragments were
isolated using combination of long PCR (Cheng et al. 1994)
Perkin EImer XL PCR kit (Perkin EImer Corp.) and restriction
enzyme digests. All four fragments were cloned by blunt liga-
tion into the BamHI site of a modified Bluescript (BS) SK—
vector (Stratagene). The modified BS vector contained lucif-
erase excised from RSVLuc2 (deWet et al. 1987) and blunt
ligated into the EcoRI site downstream of a fragment, which
contained 311 bp of genomic sequence upstream and the first
19 bp of the second exon of BTK, blunt ligated into the Smal
site of BS. This second BTK fragment was also isolated by a
combination of PCR and restriction digest to generate a frag-
ment containing the splice acceptor of exon 2 without the
start translation codon of BTK. All PCRs generating genomic
fragments from the BTK locus used cosmid U237D10 DNA as
a template. Control constructs cytomegalovirus (CMV) B-ga-
lactosidase (CMVBgal) and CMV luciferase (CMVLuc) were
kindly provided by Dr. Gretchen Darlington’s laboratory
(Baylor College of Medicine, Houston, TX). Constructs were
verified by sequencing and were isolated for electroporation
by a combination of Wizard maxiprep purification protocols
(Promega Corp., Madison, WI) and equilibrium centrifuga-
tion in CsCl gradients (Sambrook et al. 1989).

Transient Transfection and Luciferase Assays

HS Sultan, K562, and CEM cells were maintained in RPMI-1640
medium supplemented with 10% fetal calf serum (FCS) at 37°C
in 5% CO, and synchronized by replating at recommended den-
sities 24 hr before electroporation. For electroporation, cells
were harvested and resuspended in either PBS (K-562) or RPMI-
1640 (HS Sultan and CEM) medium supplemented with 10%
FCS and 10 mm HEPES buffer (pH 7.5). Six micrograms (HS Sul-
tan and K-562) or 24 pg (CEM) of luciferase reporter construct
and 1 pg of CMVpgal control construct were added to 2.5 x 10°
cells in 125 pl of medium and incubated 5 min at room tem-
perature. The DNA was transfected into the cells through elec-
troporation using Bio-Rad (Hercules, CA) Gene Pulser cuvettes
(0.2 cm) and a BTX Electrocell Manipulator 600 (San Diego, CA)
at 200 V/1000 pF (K-562) and 125 V/3000 pF (HS Sultan and
CEM). Transfected cells were incubated for 24 hr, harvested, and
lysed with Promega Reporter Lysis Buffer. Aliquots of the cell
lysate were assayed for B-galactosidase activity, with Clonetech
(Palo Alto, CA) Luminescent B-galactosidase Genetic Detection
Kit 11, and luciferase activity, with Promega Luciferase Assay Sys-
tems, in a Turner Designs TD-20e Luminometer (Mt. View, CA).
Comparisons between different cell lines and electroporations
used CMVBgal expression as the constant.
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