Copyright © 2007 by the Genetics Society of America
DOI: 10.1534/genetics.106.069401

A Novel Type of Sequence Variation: Multiple-Nucleotide Length
Polymorphisms Discovered in the Bovine Genome

Zhihua Jiang,*' Zeping Wang," Tanja Kunej,** Galen A. Williams,*? Jennifer J. Michal,*
Xiao-Lin Wu*? and Nancy S. Magnuson'

*Department of Animal Sciences, Washington State University, Pullman, Washington 99164-6351,
TSchool of Molecular Biosciences, Washington State University, Pullman, Washington
99164-4660 and IDepan‘mmt of Animal Science, University of Ljubljana,

SI-1230 Domzale, Slovenia

Manuscript received December 7, 2006
Accepted for publication February 14, 2007

ABSTRACT

Three types of sequence variations—single-nucleotide polymorphisms (SNPs), insertions and deletions
(indels), and short tandem repeats (STRs)—have been extensively reported in mammalian genomes. In this
study, we discovered a novel type of sequence variation, i.e., multiple-nucleotide length polymorphisms
(MNLPs) in bovine UCN3 (Urocortin 3) and its receptor CRHR2 (corticotropin-releasing hormone receptor
2) genes. Both MNLPs featured involvement of multiple-nucleotide length polymorphisms (5-18 bases),
low sequence identity, and 1.7- to 11-fold changes in promoter activity between two alleles. Therefore, this
novel genetic complexity would contribute significantly to the evolutionary, functional, and phenotypic

complexity of genomes within or among species.

ROCORTIN 3 (UCN3) and corticotropin-releasing
hormone receptor 2 (CRHR2) are members of the
corticotropin-releasing hormone (CRH) family of pep-
tides. Overall, the CRH family of peptides plays diverse
roles in physiological, developmental, and behavioral
events, such as activation of the hypothalamic—pituitary—
adrenal axis, modulation of cardiovascular, immunologi-
cal, and gastrointestinal functions, stimulation of anxiety-
related behavior, control of locomotor activity, and
regulation of food intake and energy balance (RICHARD
et al. 2002; BERNIER 2006). In this study, we discovered a
novel type of sequence variation, multiple-nucleotide
length polymorphisms (MNLPs) in the promoter re-
gions of both bovine UCN3 and CRHRZ2 genes. The
MNLPs involved 5-18 nucleotides in a biallelic manner,
but showed length polymorphisms and low sequence
identity between two alleles. The promoter activity assay
detected the difference in gene expression activity be-
tween two MNLP alleles in each of these two genes. These
results provide evidence that this novel type of sequence
variation aids in the understanding of the evolution-
ary, functional, and phenotypic complexity of genomes
within or among species.

' Corresponding author: Department of Animal Sciences, Washington
State University, E. Wilson Rd., Pullman, WA 99164-6351.
E-mail: jiangz@wsu.edu

*Present address: Devers Eye Institute, Portland, OR 97210.

*Present address: Department of Animal Sciences, University of
Wisconsin, Madison, WI 53706.

Genetics 176: 403-407 (May 2007)

MATERIALS AND METHODS

Promoter determination and MNLP recognition: The ge-
nomic organization of bovine UCN3 and CRHR2 was deter-
mined by aligning a compiled cDNA sequence using three
expressed sequence tags (BC114855, DV838893, and AB240582)
with a genomic DNA contig (AAFC03043460) for the former
gene and aligning the human mRNA sequence (NM_001883)
with a bovine genomic DNA contig (AAFC03056271) for the
latter gene. Partial promoter sequences, primer binding sites,
and amplified regions of both genes are shown in Figures 1A
and 2A, respectively. Initial sequencing of amplified PCR
products on six Wagyu X Limousin F, bulls showed that some
animals had a lead portion of clean and readable sequences
for both products, followed by a region with a series of double
peaks until the sequence end. The currently known bovine se-
quence was used as a reference to deduce the sequence for the
second peak. Interestingly, sequence deduction indicated that
these animals were heterozygous with two alleles of MNLPs:
a5-bp/10-bp heterozygote for the UCN3 gene (Figure 1B) and
a 12-bp/18-bp heterozygote for the CRHR2 gene (Figure 2B),
respectively. We expected that each of these MNLPs should
segregate in a Wagyu X Limousin Fy reference population
(JIANG et al. 2005), which were genotyped by direct sequenc-
ing of the PCR products as described above. In addition
to the MNLPs, a total of nine single-nucleotide polymor-
phisms (SNPs) were also detected in the amplified promoter
regions of both UCN3 and CRHR2 genes, including five
(AAFC03043460.1: g.8208C > T, g.8265C > T, g.8287T > C,
g.8412A > G, and g.8426T > A) in the former gene and four
(AAFC03056271.1: g.33704A > G, g.33803C > T, g.34007C >
A, and g.34017G > C) in the latter gene, respectively (JIANG
et al. 2006).

Characterization of MNLPs in both genes: The Hardy-
Weinberg equilibrium was examined for both MNLPs identi-
fied in the bovine UCN3 and CRHR2 genes using Pearson’s
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FiGure 1.—Characteriza-
tion of MNLPs in the bovine
UCN3 gene. (A) Nucleotide
sequence of the upstream
region of the bovine UCN3
gene. This sequence corre-
sponds to a partial 5'-flank-
ing region and exon 1. The
sequence of noncoding
exon 1 is highlighted in tur-
quoise. The putative tran-
scription site is numbered
as +1. Primer binding sites
are highlighted in pink. The
LINE/L1 element is under-
lined. Two SINE elements—
tRNA-Glu and BovA—are
highlighted in yellow and
bright green, respectively.
The MNLP site is marked
in red. (B) Sequence elec-

5 bp/5 bp

tropherograms for a 10-bp/
10-bp homozygote,a 10-bp/
5-bp heterozygote, and a
5-bp/5-bp homozygote. (C)

Alignments of MNLPs and

flanking sequences among
cattle, macaca, and human.
(D) MNLP effects on pro-

moter activity of the bovine
UCN3 gene.
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chi-square test. The RepeatMasker program was used to screen
both amplified sequences for interspersed repeats (http:/
www.repeatmasker.org/). Each amplified sequence was ini-
tially aligned with the promoter sequence of the orthologous
gene in other species at a pairwise level for detecting con-
served segments using a “BLAST 2 SEQUENCES” tool
developed by the National Center for Biotechnology Infor-
mation. Once sequence similarity exists between cattle and
other species, multiple-species sequence alignment was per-
formed using the MultAlin program (http://prodes.toulouse.
inra.fr/multalin/) for allele conservation characterization.
As both MNLPs occur in the promoter region of the bovine
UCN3 and CRHR2 genes, the MatInspector program (http://
www.gsf.de/) was used to search for gain/loss of binding sites
for transcriptional regulatory elements in both genes.

Promoter activity assay and statistical analysis: The effects
of MNLPs and SNPs on promoter activities were examined
using a Dual-Luciferase Report Assay system (Promega, Mad-
ison, WI). The forward and reverse gene-specific primers
(Figures 1A and 2A) were then engineered witha b’ Bgllland a
3" HindIII site plus a 5" tail of CTTC, respectively, for di-
rectional cloning into the Bglll/HindIlI site of pGL3-basic
(Promega). Three types of haplotypes at all six polymorphic
sites in the UCN3 gene, T-T-5 bp-C-G-A, T-C-10 bp-C-G-A, and
C-C-10 bp-T-A-T, and three types of haplotypes at all five poly-
morphicsites in the CRHR2 gene, A-C-18 bp-C-G, G-C-12 bp-A-C,
and G-C-18 bp-A-C, were prepared for the promoter con-
structs. Mouse myoblast C2C12 and human lung carcinoma
H1299 cells were transfected with each of the recombinant
pGL3 plasmids containing the constructs described above.
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FiGure  2.—Characteri-
zation of MNLPs in the
bovine CRHR2gene. (A) Nu-
cleotide sequence of the up-
stream region of the bovine
CRHRZ2gene. This sequence
corresponds to a partial 5'-
flanking region and exon
1. The sequence of coding
exon 1 is highlighted in
bright green. The putative
transcription/translation site
is numbered as +1. Primer
binding sites are highlighted
in pink. The MNLP site is
marked in red. (B) Sequence
electropherograms for an
18-bp/18-bp homozygote,
an 18-bp/12-bp heterozy-
gote, and a 12-bp/12-bp ho-
mozygote. (C) Alignments
of MNLPs and flanking se-
quences among human,
chimpanzee, olive baboon,
and pig. (D) MNLP effects
on promoter activity of the
bovine CRHR2 gene.

pRL-CMV plasmid was also cotransfected into C2C12 and
H1299 cells as a transfection control. The mouse cells were
harvested after 40 hr, while the human cells were collected 28
hr post-transfection and firefly luciferase and Renilla lucifer-
ase activities were measured with the Dual Luciferase Reporter
Assay system according to the manufacturer’s protocol. Light

emission was quantified with a Multilabel Counter (Wallace
1420 Victor 2, Turku, Finland). Triplicate data were collected
from three independent experiments. The ratios of firefly
luciferase activity to Renilla luciferase activity were calculated
and used to compare the differences in activity among hap-
lotypes. The data were analyzed using the SAS MIXED
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procedure (Version 9.1; SAS Institute, Cary, NC) on the basis
of the linear model

Yigk = hi + P+ e,

where y;; is the ratio of the ith haplotype in the kth replication
of the jth experiments, %; is the fixed effect of the ith hap-
lotype, p; is the random effect of the jth experiment, and ¢, is
the residual. The overall mean is not included in the model, to
ensure identifiability of all unknown parameters in the model
(i.e., all parameters are estimated uniquely).

RESULTS AND DISCUSSION

Population genetics of MNLPs in cattle: Sequenc-
ing of PCR products on 240 Fy progeny clearly demon-
strated segregation of two MNLP alleles in each of these
two genes. Pearson’s chi-square test revealed that the
MNLP genotype distributions in both genes fell into
Hardy-Weinberg equilibrium (for the UCN3 gene, x* =
1.589, P > 0.05; and for the CRHR2 gene, x* = 1.362,
P > 0.05). In addition, the segregation status of these
MNLP alleles in the two genes was also examined in the
Wagyu breed of cattle. Among 25 full-blood Wagyu bulls,
the frequencies were 0.32 for the 5-bp allele and 0.68
for the 10-bp allele in the UCN3gene and 0.42 for the 12-
bp allele and 0.58 for the 18-bp alleles in the CRHR2
gene, respectively. In recent years, DNA sequencing has
emerged as the most sensitive and automated method to
identify genetic variants (NICKERSON et al. 1997). When
detecting SNPs by sequencing on heterozygous individ-
uals, a double peak occurs only at the polymorphic site.
However, when dealing with MNLPs, insertions and
deletions (indels), and short tandem repeats (STRs) by
sequencing on heterozygous individuals, a series of dou-
ble peaks appear from the start of the polymorphicsite to
the end of the sequence. Therefore, much attention
needs to be paid to recognize these three types of poly-
morphisms. In particular, the MNLPs could be interpreted
by many investigators as “noisy” or “messy” sequences and
would therefore be ignored. This could explain why no
groups have previously reported such MNLPs in any
known living organisms.

Common and different features of MNLPs in both
bovine UCN3 and CRHR2 genes: Two homozygous
alleles of AAFC03043460.1, g.8272-8281AATAATAAAT
> GGAGC in the promoter region of the bovine UCN3
gene, and two homozygous alleles of AAFC03056271.1,
2.33947-33964TGAATCCAGCCTGAGTTG > CTTTGTC
TTGAG in the promoter region of the bovine CRHR2
gene, are shown in Figures 1B and 2B, respectively. Both
MNLPs featured involvement of multiple nucleotides
(5-18 bases) and length polymorphisms between two
alleles (a 10-bp allele vs. a 5-bp allele in UCN3 and an
18-bp allele vs. a 12-bp allele in CRHR2, respectively).
The two MNLP alleles in both genes are distant from
each other due to low sequence identity except that both
alleles in the CRHR2 gene share a core motif of TGAG

(Figure 2B). The RepeatMasker program (http:/www.
repeatmasker.org/) revealed that the MNLP site in the
UCN3 gene is located near the end of a SINE/tRNA-Glu
element (FigurelA), while no repetitive sequences were
detected in the promoter region of the CRHR2 gene
(Figure 2A). Due to the nature of the repetitive DNA
sequence, the amplified promoter sequence of bovine
UCN3 had relatively low sequence similarity to the
orthologous promoters in human and macaca (Figure
1C). However, the promoter region of the CRHR2 gene
was relatively conserved with a high sequence similarity
among cattle, humans, chimpanzees, olive baboons, and
pigs (Figure 2C).

Significant impact of haplotypes on promoter
activity: The haplotypes of promoter constructs of the
bovine UCN3 gene significantly affected expression
activity in both C2C12 (/= 15.33, P < 0.0001) and
H1299 cells (F= 10.49, P = 0.0002). Overall, the con-
struct with T-T-5 bp-C-G-A yielded the lowest activity
compared to those with T-C-10 bp-C-G-A and C-C-10 bp-
T-A-T in both cell lines. When the ratio between firefly
and Renilla luciferase activity for the T-T-6 bp-C-G-A
haplotype was normalized to 1, promoter activities in
the T-T-10 bp-C-G-A and C-C-10 bp-T-A-T haplotypes
were 39 and 52% greater in the C2C12 cell line, re-
spectively, and 21 and 43% greater in the H1299 cell
line, respectively (Figure 1D). The haplotype effect on
promoter activity was more pronounced among the
three constructs in the bovine CRHR2 gene (in the
C2C12 cells, F= 243.39, P < 0.0001; and in the H1299
cells, F=29.26, P < 0.001). When the ratio of firefly to
Renilla luciferase activity was normalized to 1 for the A-
C-18 bp-C-G haplotype, promoter activities of the G-C-12
bp-A-C and G-C-18 bp-A-C haplotypes were 113 and
294% higher in C2C12 cells and 101 and 225% greater
in H1299 cells, respectively (Figure 2D).

Gain/loss of potential regulatory binding sites:
Screening of nearly an entire promoter region (5148 bp
for UCN3 and 3319 bp for CRHR?2) using the MatInspec-
tor program (QUANDT et al. 1995) revealed that MNLPs
cause presence/absence of a total of 15 provisional reg-
ulatory binding sites in both genes. These regulatory
binding sites are for autoimmune regulator, avian C-type
LTR TATA box, Brn-3 (POU-IV protein class), glucocor-
ticoid receptor, hepatic nuclear factor 1, homeobox tran-
scription factor Gsh-1, LIM-homeodomain transcription
factor, PBX-HOXA9 binding site, progesterone recep-
tor binding site, prostate-specific homeodomain protein
NKX3.1, and Yin and Yang 1 repressor sites in the UCN3
gene and for cAMP-response element-binding protein,
HepG2-specific P450 2C factor-1, Pax-6 paired domain
binding site, and ribonucleoprotein-associated zinc fin-
ger protein MOK-2 in the CRHRZ2 gene, respectively. In
general, the shortlength MNLP alleles have a higher
chance to lose transcriptional regulatory binding sites
than the long-length MNLP alleles so that they have po-
tentials to reduce promoter activity more significantly.
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Contribution of MNLPs to genome complexity: As
indicated above, two haplotypes, T-C-10 bp-C-G-A and C-
C-10 bp-T-A-T in the UCN3 gene, differed at four poly-
morphic sites, which resulted in 13 and 22% lower
promoter activity or 3.25 and 5.50% activity per SNP for
the former haplotype in the C2C12 and H1299 cells,
respectively. However, the T-T-5 bp-C-G-A had 52 and
43% less activity in both cell lines compared to the C-C-
10 bp-T-A-T construct. If we partition the reductions on
the basis of the average effect per SNP estimated above,
the short-length (5 bp) MNLP allele was estimated to
cause a loss of 35.75% activity in the C2C12 cells and of
15.5% activity in the H1299 cells. In the CRHR2 gene,
the construct G-C-18 bp-A-C produced the highest pro-
moter activity among three haplotypes (Figure 2D). The
short-length (12 bp) MNLP allele caused a loss of 181
and 124% activity (G-C-12 bp-A-C vs. G-C-18 bp-A-C),
while each SNP was estimated to lead to an average re-
duction of activity by 98 and 75% (A-C-18 bp-C-G vs. G-C-
18 bp-A-C) in the C2C12 and H1299 cells, respectively.
These results indicated that MNLP alleles are capable of
causing 1.7-to 11-fold more changes in promoter activity
than SNP alleles. Therefore, MNLPs discovered in this
study contribute to a major source for understanding
the evolutionary, functional, and phenotypic complexity
of genomes within or among species.

Potential mechanisms involved in formation of the
MNLPs: Replication slippage, recombination, and their
interaction have been proposed as mutational mecha-
nisms to explain changes in the number of short tandem
repeats (L1 et al. 2002), while the 5-methylcytosine de-
amination reactions have been widely recognized as
causes of the higher level of C <> T (G <> A) SNPs, par-
ticularly at CpG dinucleotides in mammals (HoLLIDAY
and Gricc 1993). However, these mutational mech-
anisms hardly explain the origin of the MNLPs discov-
ered in this study. Initially, we thought that repetitive
elements would cause the MNLP in the bovine UCN3
promoter region, because itis located between two SINE
elements, tRNA-Glu and BovA (Figure 1A): one allele
might be the ancient flanking sequence attached to
the former element, while the other allele might be the
flanking sequence associated with the latter element, or
vice versa. However, the mechanism would never be ap-

plicable to the MNLP alleles located in the promoter
region of the CRHR2 gene, because the region does not
contain any kind of repetitive elements (Figure 2A). We
observed that the 5-bp allele in UCN3 (Figure 1C) and
the 18-bp allele in CRHR2 (Figure 2C) had a relatively
higher sequence similarity to the sequences in other ex-
isting mammals. Therefore, we assume that the other
two alleles, the 10-bp allele in UCN3 (Figure 1C) and
the 12-bp allele in CRHR2 (Figure 2C), might be relics
of common ancestral alleles or their evolutionary
intermediates.
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