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Abstract We conducted a genome-wide screen using the
mutagen N-ethyl-N-nitrosourea to identify recessive muta-
tions in genes that lead to altered lipid traits in mice. We
screened 7,546 G3 mice that were of mixed C57BL/6]
(B6)><C3.SW—H2b/ SnJ (C3) genomes and identified three
pedigrees with differences in plasma HDL-cholesterol.
Genome scan analyses mapped three distinct loci to chro-
mosomes 3, 4, and 7. An S1748L missense mutation was
identified in ABCALI in one pedigree with undetectable
levels of HDL-cholesterol and resulted in reduced protein
levels. This phenotype was completely penetrant, semi-
dominant, and cosegregated with high plasma triglycerides.
Mice in a second pedigree had very high levels of plasma
total cholesterol and HDL-cholesterol (up to 800 mg/dl total
cholesterol). Despite a high degree of phenotype lability and
reduced penetrance, an I68N missense mutation was identi-
fied in the transcription factor CCAAT /enhancer binding
protein o (C/EBP«). Finally, a second high HDL-cholesterol
pedigree of mice, again with a highly labile phenotype and
reduced penetrance, was mapped to a 7 Mb locus on chro-
mosome 3.0 These results illustrate the use of a hybrid
background for simultaneous screening and mapping of
mutagenized pedigrees of mice and identification of three
novel alleles of HDL-cholesterol phenotypes.—Juan, T., M. M.
Véniant, J. Helmering, P. Babij, D. M. Baker, M. A. Damore,
M. B. Bass, T. Gyuris, M. Chhoa, C-M. Li, C. Ebeling, ]J.
Amato, G. A. Carlson, and D. J. Lloyd. Identification of three
loci affecting HDL-cholesterol levels in a screen for chemi-
cally induced recessive mutations in mice. J. Lipid Res. 2009.
50: 534-545.
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Cardiovascular disease (CVD) is the leading cause of
death worldwide, and preventing atherosclerosis holds
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the key to reducing the burden of CVD (1). Atherosclero-
sis underpins the pathological basis for CVD, and is an
inflammatory disorder that may be initiated by several fac-
tors. One of the most important factors is the elevation of
LDLs in the circulation that enter the arterial wall to form
a plaque. The buildup of plaque can eventually occlude
the lumen and can prevent blood flow, ultimately leading
to a heart attack. HDL is a protective risk factor for athero-
sclerosis (2). HDL is required to remove cholesterol from
tissues and to effectively transport it to the liver (1). There,
cholesterol is either secreted into bile or used for bile acid
synthesis. This process is known as reverse cholesterol
transport and is thought to be the predominant mecha-
nism by which HDL modulates atherosclerotic plaque
(3). The observations of I) an inverse correlation of high
HDL levels and decreased cardiovascular events (4) and 2)
the regression of atherosclerotic lesions in rabbits infused
with HDL (5) have prompted the search for therapies that
elevate HDL for the prevention of CVD (6).

Genetics has played a significant role in the identifica-
tion of genes that are involved in HDL biology. For exam-
ple, Tangier disease (severe HDL deficiency) was found to
be caused by a mutation in ABCA1 (7). Additionally, many
other HDL genes have been found to be mutated in human
monogenic disorders, including apolipoprotein A-I (apoA-I)
(8), cholesteryl ester transfer protein (CETP) (9), hepatic
lipase (LIPC) (10), lipoprotein lipase (LPL) (11), and
lecithin:cholesterol acyltransferase (LCAT) (12). Mouse re-
verse genetics has also been lucrative with respect to under-
standing HDL function despite marked differences in
human and rodent lipoprotein physiology (HDL being the
most abundant lipoprotein species in mice) (13). Indeed,
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the class B, type I, scavenger receptor (SR-BI) is a hepatic
receptor essential for efficient HDL catabolism, and this
role was revealed by analyzing mice engineered to harbor
a defective SR-BI protein (14). The genetics of common
HDL variation has recently been investigated in human
populations using genome-wide association (GWA) analyses
(15, 16). These studies have confirmed ABCA1, apoA-],
CETP, LIPC, LIPG, LPL, and LCAT as contributors to
HDL variation in the general population (17). Similar stud-
ies have been conducted in mice as quantitative trait loci
(QTL) analyses and have resulted in the identification of
loci concordant with those found in human studies, dem-
onstrating that the mouse is a reliable model for discover-
ing new HDL genes for translation to human lipoprotein
physiology (13, 18).

Few novel HDL genes have been uncovered from for-
ward genetic studies of spontaneous mouse mutants
(19, 20). Mutagenesis using the chemical mutagen N-
ethyl-N-nitrosourea (ENU) is an efficient alternative method
to provide the basis of an unbiased forward genetic screen in
mice (21). The mutation rate using ENU is up to 3,000 times
greater than the spontaneous mutation rate, and has led to
the identification of a multitude of novel mouse alleles
(www.informatics.jax.org) and many mutated genes (22).

Here we describe the results of this screen for recessive
mutations and the mapping of three loci that produce dis-
tinct HDL-cholesterol phenotypes; the underlying muta-
tions were identified for two of these three loci.

MATERIALS AND METHODS

Mouse breeding and mutagenesis

All mice were bred at McLaughlin Research Institute, which
is accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care International. All procedures were
reviewed and approved by the Institutional Animal Care and
Use Committee.

To ensure accurate dosing and reproducible mutation rates,
the concentration of ENU (Sigma-Aldrich, St. Louis, MO) was de-
termined spectrophotometrically (23). B6 male mice were in-
jected intraperitoneally three times with 100 mg ENU/kg body
weight with 1 week between the injections. Fertility testing com-
menced 6 weeks after the last injection; fewer than 10% of the
mice had a sterile period shorter than 8 weeks, and these mice
were discarded. The average return to fertility was approximately
15 weeks after the last ENU injection. B6 mice have the disad-
vantage of being highly susceptible to thymic lymphoma fol-
lowing mutagen treatment, leading to attrition both before and
after regaining fertility. Approximately 40% of the ENU-treated
mice did not sire pups. Fertile ENU-treated B6 males were
mated with C3 females to produce first-generation (G1) C3.
B6F1 male pedigree founders. Each G1 male was mated with
two to four C3 females to produce six to eight G2 daughters that
were backcrossed to their G1 parent with the goal of producing at
least 24 G3 mice from each pedigree for screening as rapidly
as possible.

This outcrossing strategy was developed in a previous study,
where its effectiveness was compared with that of a screen for re-
cessive mutations in inbred B6 mice (M. Appleby, J. Amato, M.
Brunkow, C. Ebeling, F. Ramsdell, K. Staehling-Hampton, R.
Schatzman, and G. Carlson, unpublished observations). In the

inbred screen, approximately 10% of heritable immunological
phenotypes were successfully mapped. In B6 mice, approximately
70% of the phenotypes that were heritable were lost when out-
crossed for mapping. The average interval between identification
of a phenodeviant in inbred B6 mice and determining a chromo-
somal location was approximately 8 months. In contrast, G3 mice
from the outcross strategy described above are used both for
screening and to assess chromosomal location, and their genetic
background averages 62.5% from C3; the time from identifica-
tion of a phenotype to a map location in this earlier study was
1.5 months. Approximately 70% of heritable phenodeviants in
the outcross strategy were mapped because the phenotype was
identified on a mixed background that contained segregating
modifier genes.

Plasma collection and analysis

Blood samples from 9-week-, 11-week-, or 13-week-old animals
were collected in EDTA plasma tubes using submandibular
puncture of nonanesthetized mice following a 4 h fast. Blood
glucose was immediately measured using a OneTouch Profile
glucometer (LifeScan, Milpitas, CA). Plasma was stored at
—80°C until it was thawed and analyzed. Total plasma choles-
terol, HDL-cholesterol, and triglyceride levels were measured in
frozen plasma using an Olympus AU400e Chemistry Analyzer
(Olympus America, Inc., Center Valley, PA). Reagents for cho-
lesterol and triglyceride measurements were purchased from
Boehringer Mannheim Corp. (Indianapolis, IN). Plasma sam-
ples were collected and stored on ice, vortexed, and cleared by
brief centrifugation.

Genome mapping

Genomic DNA was extracted from mouse tails using standard
protocols. Genome-wide scans were performed using either
the Mutation Mapping and Developmental Analysis Project’s
genotyping service at Harvard Medical School with the 768 SNP
Illumina panel (24) or at Amgen with the Illumina Mouse
Medium Density Linkage Panel (Illumina, San Diego, CA) con-
sisting of 1,449 loci distributed at a density of approximately three
single-nucleotide polymorphisms (SNPs) per 5 Mb interval. All
reactions were performed according to the manufacturer’s rec-
ommendations, and fluorescence signal was assayed using the
Illumina BeadArray Reader and BeadScan v3.5. Control samples
(B6 and C3) were included for each Sentrix Array Matrix or
BeadChip hybridized. Loci with the same SNP call between the
two control samples were excluded from analysis, and the remain-
ing 939 informative loci were used to determine the parental line-
age for SNPs in the experimental samples.

Individual marker genotyping

M13-tailed mouse primers for microsatellite loci D7Mit76,
D7Mit294, D7Mit266, D7Mit309, D3Mit212, D3Mit101, D3Mit75,
D3Mit102, D3Mit215, and D3Mit42 were amplified using PCR
and labeled by including M13-29 primer tagged with either
IRD-700 or IRD-800 infrared dyes (LiCor, Lincoln, NE) in the re-
action mixture. The products were resolved on denaturing poly-
acrylamide gels and detected with a LiCor GeneReadIR 4200
Gene Analyzer. Six SNPs were used for fine mapping, four on
mouse chromosome 7 (1531742536, rs4135452, rs13479172, and
rs3142570), and two on mouse chromosome 3 (rs13477318 and
rs13477320). Forward and reverse primers were made based on
the SNP sequences, and PCR reactions were set up using Expand
Long Template PCR System (Roche Diagnostics Corp., Indianapolis,
IN). PCR products were then gel purified and sequenced as de-
scribed below.
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TABLE 1. Plasma characteristics of the ENU screen of 7,546 9-week-old B6XC3 mice

Sex Total Mice Screened Weight” Glucose Cholesterol” Triglyceride” Leptin® Insulin®
g mg/dl ng/ml

Males 3,818
Mean *= SD 273 + 3.5 128.6 £ 23.4 1345 * 34.3 163.6 * 58.3 34 x50 1.4 = 1.1
Median 27.1 128 130 155 2.2 1.2
Median * 3 SD 19.2-38.2 61.3-194.7 64.9-260.5 58.1-415.9 0.1-31.3 0.2-6.6

Females 3,728
Mean * SD 220 =28 115.5 = 19.9 111.8 = 30.6 123.2 = 45.2 22 * 3.0 09 = 1.2
Median 21.9 115 109 115 1.5 0.7
Median * 3 SD 15.6-30.7 55.3-174.7 53.8-220.8 41.0-322.4 0.1-18.7 0.1-4.6

ENU, N-ethyl-N-nitrosourea.

“Statistical analyses and SD were calculated from log-transformed data.

Gene sequencing

Mouse genomic DNA sequences were obtained from the follow-
ing published contigs: NT_039413 for mouse chromosome 7;
NT_109315 for mouse chromosome 4; and NT_039240 for mouse
chromosome 3. Forward and reverse primers for exons of genes of
interest were designed in the intron regions so that sequencing
would cover the entire exon. PCR reactions were set up as de-
scribed above and gel purified. For sequencing, purified PCR
products were used in a cycle sequencing reaction using BigDye
3.1 terminator kit (Applied Biosystems, Foster City, CA) accord-
ing to the manufacturer’s recommendations. Samples were then
sequenced using an ABI3700 or an ABI3730 Genetic Analyzer
(Applied Biosystems). DNA sequence data analysis was performed
using SeQuencher program (Genecodes, Ann Arbor, MI).

Statistical identification of outliers

Measurements were made on each animal, consisting of
weight, blood levels of glucose, total cholesterol, triglycerides, lep-
tin, and insulin. Distributions of these measurements were found
to be log-normal with the exception of glucose, which was nor-
mally distributed. After log-transformation as appropriate, the
mean and standard deviation were estimated using the median
absolute deviation method, which was robust to the presence of
outliers in the data set (25). Each of the measurements was con-
verted to a Z-score based on the mean and standard deviation
estimated from the previous two weeks’ data. Values from male
and female animals were calculated separately. A significant
outlier measurement was identified using a two-tailed test with
an « threshold of 0.00625 (0.05/8 after applying a Bonferroni
correction for multiple testing). Significant pedigrees were iden-
tified as having more than one animal in the analyzed pedigree
with a significant outlier in the same measurement.

Protein analyses

Immunohistochemistry to detect CCAAT/enhancer binding
protein o (C/EBPa) in formalin-fixed liver sections was carried
out on deparaffinized tissue sections following antigen retrieval
(Diva Decloaker RTU, Biocare Medical, Concord, CA). Tissue
sections were blocked with CAS BLOCK (Zymed Laboratories,
San Francisco, CA) and incubated with a rabbit anti-C/EBP«
(14AA, Santa Cruz Biotechnology, Santa Cruz, CA). Tissue sec-
tions were quenched with Peroxidase Blocking Solution (Dako
Corp., Carpenteria, CA) and detected with anti-rabbit-labeled
polymer-HRP (Envision System+, Dako Corp.). Reaction sites
were visualized with DAB+ Substrate-Chromagen System (DAKO
Corp.) and counterstained with hematoxylin.

For Western blot analyses of ABCA1 protein, livers were
homogenized in a glass Dounce homogenizer for 5 min in cold
lysis buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5% Triton
X-100, 0.5% sodium deoxycholate). Lysates were cleared by cen-
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trifuging at 4,400 g for 5 min at 4°C and were stored at —80°C
with complete protease inhibitor (Roche Diagnostics Corp.).
Samples containing 40 ug of protein were run on 12% SDS-PAGE
Tris-glycine gels (Invitrogen, Carlsbad, CA), and Western blotting
was carried out as previously reported (26).

RESULTS

A screen for ENU-induced recessive mutations
affecting plasma biochemistry in G3 mice of mixed
C3XB6 background

Cohorts of G3 mice were produced and bled at 9 weeks
of age, resulting in the analysis of a total of 7,546 mice.
These mice were progeny of 254 Gl-pedigree founders,
with a mean of 29.7 and a median of 29 G3 mice screened
per founder. The phenotypic averages and ranges of body
weight, blood glucose, plasma lipids (cholesterol and tri-
glycerides), and metabolic hormones (insulin and leptin)
are shown in Table 1. As expected, all six parameters were
higher in male mice than in female mice. Using the statisti-
cal approach described in Materials and Methods, those
mice with phenotypic values either below or above the range
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Fig. 1. Total cholesterol cutoffs for phenodeviant identification.
The cholesterol median is shown for males (gray line) and females
(black line) as a continually fluctuating statistic. During the course of
the screen, the median and SD were calculated from phenotypic data
of the 2 week period prior to the assay day (on average 100 mice of
cach sex). The raw cholesterol data were log transformed to generate
normally distributed data, reflected by the log scale of the absolute
cholesterol value of the median and outlier cutoff. Hypercholes-
terolemic and hypocholesterolemic mice were identified if they
were >3 SD above or <3 SD below the median, respectively.
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of the median * 3 SD were considered as phenodeviants
(Table 1). However, the 3 SD cutoffs shown in Table 1
are for all 7,546 analyzed mice; during the course of the
screen, the actual criteria for flagging phenodeviants fluc-
tuated with each weekly cohort. This was attributable to the
statistical exclusion of data greater than 2 weeks prior to the
assay for generating the cohort’s median and SD to account
for assay drift due to seasonal, handling, operator, or genetic
background differences, as illustrated for plasma cholesterol
(Fig. 1A) at 9 weeks. For example, the cutoff for male low-
cholesterol phenodeviants ranged from 47.2 to 87.0 mg/dl
(95% CI) and for high-cholesterol phenodeviants between
151.9 and 365.0 mg/dl (95% CI). Using this methodology,
we observed three pedigrees of mice with low weight, and
one pedigree with high insulin. We did not observe any
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Fig. 2. Identification of three pedigrees of mice with cholesterol
phenotypes. A: The individual cholesterol values of all 7,546 G3
mice screened are shown as separate squares for females (red)
and males (blue). Phenotypic data are separated into pedigrees
(x axis) and show three pedigrees containing mice with altered
cholesterol values. Pedigrees (Ped) 4443 and 4521 exhibit hyper-
cholesterolemic phenotypes, whereas pedigree 4620 exhibits a
hypocholesterolemic phenotype. B: The data presented in A were
converted to Z-scores and plotted similarly.

A
—Marker  Mb O~ o v
rs3695715 HHHH
gnf04.002.008 5.01 HHHH
gnf04,002.599 5.61 HHHH
rs3660863 7.13 HHHH
UT_4_10.84692 10.83 HHHH
rs13477568 13.76 HHHH
rs6287606 18.05 HHHH
CEL-4_19508304 19.51 HHHH
rs13477596 20.67 HHHH
gnf04.019.134 2231 HHHH
rs3701432 29.49 HHHH
rs3663744 31.22 HHHH
rs3674908 32.44 HHHH
rs13477643 35.07 HHHH
rs3684104 38.41 HHHH
rs13477662 39.88 HHHH
CEL-4_40541402 HHHH
rs369828 ; HHH
rs13477681 4542
rs3676423 51.04
rs13477709 52.68
rs3677770 53.96
rs6239799 56.77
rs3712541 59.10
rs3690581 61.03
rs3711477 84.51 H H
156209043 88.27 H H
rs13477838 89.45 H H
rs3659791 94.28 H H
rs13477873 99.78 H H
rs6315002 10140 H H
rs13477883  102.31 H H
rs6324470 104.32 H H
rs6226080 107.06 H H
rs3709486 109.97 H H
rs6381371 114.38 H H
rs3692563 116.74 H H
rs3675629 119.40 H H
rs13477952 121.32 H H
rs13477959 122.57 H H
rs13477965 125.08 H H
gnf04.123.367  126.40 H HH
rs6355837 128.08 HHH
UT_4_132.137715 131.71 H HH
rs13478002 135.13 H HH
rs4224864 136.66 HHH
rs3688566 140.03 H HH
rs3719891 140,96 H HH
rs6230717 145.79 HHH
rs13478089 152.32 H H
rs13478068 153.10 H H
rs6279100 154.07 lal Il
B S1748L
AG G T GG T LG AT CARATEC T
AbcaTtt
AG G T GG T NG ATCATCT
Abca7t/m
'
AG G TG 6 T TG AT CARATC T
Abca1™M/m

Fig. 3. Mapping the hypocholesterolemic phenotype in pedigree
4620. A: Four mice with hypocholesterolemia were used for genome
scan analysis. Haplotypes for chromosome 4 are shown for the in-
dividual mice and for a B6 and C3 mouse to identity informative
SNPs; homozygous C3 (C-blue), heterozygous (H-yellow), and
homozygous B6 (B-red) alleles are shown for each marker. The
minimal inherited B6 locus is shown by the bolded black box. B:
Chromatographs of Abcal in wild-type Abeal*’™, heterozygous
Abeal™™, and hypocholesterolemic AbcaI™™ mice. Mutation at
codon 1,748 results in a serine-to-leucine missense mutation.
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families of mice with either high or low glucose; in fact, only
one mouse with a blood glucose >250 mg/dl was observed
in the entire group of 7,546 mice.

Identification of plasma lipid phenodeviants

We identified three pedigrees of mice with significant
outliers for plasma cholesterol levels (Fig. 2A, B). The out-
liers from the pedigrees were all clearly >5 SD from the
medians of the populations (Fig. 2B). Mice from pedigrees
4443 and 4521 were identified with very high levels of total
plasma cholesterol. Pedigree 4443 mice had higher levels
of cholesterol than those in pedigree 4521. Mice from
pedigree 4620 exhibited very low total cholesterol. We ob-
served that some hypercholesterolemic mice also had high
circulating triglyceride levels (see below). No changes in
the other tested serum parameters were observed in mice
from these three pedigrees nor were any behavioral or
grossly visible phenotypes. Inheritance of the phenotypes
was confirmed in G3 offspring from rematings of relevant
G2XGl1 parents and in subsequent generations for mice of
both sexes in all three pedigrees.

Identification of a mutation in Abcal in the
hypocholesterolemic pedigree 4620

A genome scan on the first four mice with very low levels
of plasma cholesterol from pedigree 4620 revealed a single
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Fig. 4. Phenotypic characterization of Abcal™ ™
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region of homozygosity for B6 on chromosome 4 (Fig. 3A);
this was the only locus that was homozygous in all four af-
fected mice. This region spanned 39.1 Mb, but contained
the strong candidate gene Abcal. In mice with the low-
cholesterol-levels phenotype, sequencing of all the exons
from the Abcal gene revealed a cytosine-to-thymine transi-
tion within exon 10. This transition resulted in a missense
alteration of serine to leucine at residue 1,748 in the pro-
tein (Fig. 3B). Expansion of the pedigree showed that
homozygosity for the mutation and low-cholesterol pheno-
type cosegregated in mice of both sexes. Homozygosity for
Abca 3745t (designated AbcalI™ for simplicity) led to severe
reduction of total plasma cholesterol, and intermediate
cholesterol levels were seen in heterozygous mice (Fig. 4A).
A significant increase in triglycerides was seen in Abcal™
homozygous mice, but not in heterozygous mice (Fig. 4B).
For all three genotypes, a clear correlation was observed be-
tween total cholesterol and HDL-cholesterol levels (Fig. 4C),
demonstrating that the mutation impacted the level of
HDL-cholesterol. Also, the plasma cholesterol levels phe-
notypes were 100% penetrant in Abcal™ ™ mice from both
sexes, confirmed by consecutive bleeds performed at 11
and 13 weeks of age. The semi-dominance for cholesterol
(total and HDL) levels of the Abcal allele was supported
with hepatic ABCA1 protein levels as shown by Western
blots (Fig. 4D).
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mice. Plasma total cholesterol (A) triglyceride (B), and

HDL-cholesterol (C) were analyzed in 11-week-old fasted mice. Mice of both sexes were segregated as

+/+ +/m

wild-type ("7 ), heterozygous (

), and homozygous mutant Abcal (™/™). D: Expression of ABCAI protein

was analyzed in liver homogenates from several mice of each genotype. All data points represent the pheno-
typic value from individual mice; mean and SEM are shown by the bars within a column. Statistical analyses
were carried out by one-way ANOVA using a Tukey posthoc test. *¥* P < 0.0001 versus wild-type sex-

matched mice.
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Identification of a mutation in Cebpa in the
hypercholesterolemic pedigree 4443

Three cholesterol outliers were identified among 31 G3
mice in two of five families from pedigree 4443 (Fig. 2A).
The offspring of these two families yielded additional
affected hypercholesterolemic mice. These animals were
utilized to map the causative gene to chromosome 7 using
SNP analysis as shown in Fig. 5A. This region contained
the Apoe cluster of genes, which automatically became can-
didate genes. Apoc2, Apocd, Apocl, and Apoe genes were
sequenced, but no mutations were found. Microsatellite
markers and SNP analysis were used to screen for mice
containing crossovers within the interval. This analysis al-
lowed us to reduce the region of interest to 11.1 Mb, from
154135452 (26.0 Mb) to D7Mit309 (37.1 Mb), and excluded
the Apoelocus (data not shown). There are total of 185 an-
notated genes within this region, and 46 genes were
chosen and sequenced, revealing a single-nucleotide al-
teration. A thymine-to-adenine transversion was identified
in the single exon of the Cebpa gene (encoding C/EBPa;
Fig. 5B). At the protein level, this results in a missense mu-
tation of isoleucine to asparagine at amino acid 68. Follow-
ing the genotyping of the mutation in 385 mice in the
pedigree, the frequency of affected mice was below the

A

total number of observed homozygous mutant Cebpad™ mice,
indicative of reduced penetrance. In addition, a compli-
cating factor in confirming the mutation in Cebpa as under-
lying the phenotype was the infrequent occurrence of
hypercholesterolemic mice that were heterozygous for the
mutation at this locus. Recombinants between rs142570
and Cebpa were identified (Fig. 5C, top haplotype) and in-
tercrossed to produce 21 mice that were homozygous for
the B6 haplotype, including D7Mit76 and rs142570, and
homozygous for the C3 haplotype, which included wild-
type Cebpa and D7Mit309 (Fig. 5C, bottom haplotype).
None of the mice homozygous for the wild-type C3 Cebpa
allele were affected. Thus, mutation in Cebpa was required
for the hypercholesterolemic phenotype; however, the in-
terval between 753142570 and Cebpa could not be excluded
as a region potentially harboring an additional mutation.
Genotyping for the I68N mutation was carried out in
385 of the 466 mice generated in the pedigree to assess
penetrance. The affected phenotype was extremely vari-
able, and mice were classified as affected when plasma cho-
lesterol levels were outside the range seen in Cepba+/Jr
wild-type mice for any one of the three independent blood
collections (see supplementary Table I). Only 53 of the
84 male mice homozygous for Cebpa™ were affected, lead-
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homozygous C3 (C-blue), heterozygous (H-yellow), and homozygous B6 (B-red) alleles are shown for each marker. The minimal inherited

B6 locus is shown by the bolded black box. B: Chromatographs of Cebpa in wild-type Cebpa

+/+ +/m

, heterozygous Cebpa’ "™, and hypercholes-

terolemic Cebpa™ ™ mice. Mutation at codon 68 results in an isoleucine-to-asparagine missense mutation. C: Recombinant analysis identi-

+/m

fied an affected heterozygous Cebpa

(middle haplotype). Backcrossing of the recombinant haplotype identified in the affected heterozygous Ceb[m”

mouse (top haplotype) and is compared with an affected hypercholesterolemic Cebpa

m/m mouse

™ mouse led to the identi-

fication of 21 mice exhibiting the bottom wild-type Cebpa haplotype, of which none were affected.
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ing to a calculated penetrance of 63.1%; in female mice,
the penetrance was only 41.9% (see supplementary Table I).
Assessing penetrance was further complicated by the ob-
servation that the phenotype was labile in individual mice
sampled at 9, 11, and 13 weeks (see supplementary Table I
and Fig. 6A-F). For example, a Cepba™'™ mouse hyper-
cholesterolemic at 9 weeks could be normal at 11 weeks, or
vice versa. Analysis of plasma from 11-week-old Ceb[)am/ m
mice revealed high triglyceride as well as high cholesterol
levels (Fig. 7A, B). In these mice, lipoprotein analysis
showed strong elevation of HDL-cholesterol levels with a
minimal increase in LDL-cholesterol and no change in
VLDL-cholesterol levels (data not shown). This phenotype
was evident, as shown in Fig. 7C; Cebpa™ ™ mice with high
cholesterol levels also had high HDL-cholesterol levels.
Notably, Cebpam/ "™ mice had slightly reduced body weights
and some were runted (Fig. 7D, body weights <15 g). In-
terestingly, these mice with low body weight did not
have high cholesterol levels. To determine whether the
amino acid change in the pedigree 4443 mice resulted in
altered C/EBPa protein expression, we performed im-

munohistochemistry on liver sections from Cebpa™ ™ mice

and wild-type Cebpa™’™ controls (Fig. 7E). No differences
were detected in the level of expression or the typical
nuclear localization of C/EBPa between Cebjer/Jr and
Cebpa™ ™ mice.

Mapping of the hypercholesterolemic mutation in
pedigree 4521 to chromosome 3

Finally, the second hypercholesterolemic pedigree
(4521) of mice was expanded to produce a large extended
family of 435 animals. A genome scan analysis of the ani-
mals with the affected phenotype revealed a consistently
inherited B6 region on chromosome 3 (Fig. 8A). Geno-
typing of microsatellite markers was carried out to refine
this minimal B6 region to 7 Mb (Fig. 8B) in affected mice.
This interval contained 131 genes (and expressed sequence
tags), of which none were obvious functional candidates.
To segregate the animals for phenotypic characterization,
mice were separated based on the haplotype of the mark-
ers between D3Mit214 and rs13477318, a region that en-
compasses the causative locus (referred to as B6™). When
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Fig. 6. Assessment of the penetrance and labile phenotype in Cebpa

/M mice. Plasma total cholesterol

was assessed in mice at three test ages (9, 11, or 13 weeks). Cebpa mice of both sexes were analyzed. A, D:
Wild-type (*/*); B, E: heterozygote (*/™), and C, F: homozygote mutant Cebpa (/™) mice. Cholesterol

levels in wild-type Cebpa*’™

m/m

mutant Cebpa

mice were stable and not elevated, whereas cholesterol levels in homozygous
mice ranged widely and fluctuated from one time point to another. All data points repre-

sent the phenotypic value from individual mice, and the lines connect the values from the same mouse. In
some cases, values were not gathered for every mouse at every time point.
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Fig. 7. Phenotypic characterization of Cebpa
cholesterol (A), triglyceride (B), HDL-cholesterol levels (C), and
body weight (D) were analyzed in 11-week-old fasted mice. Mice of

mice. Plasma total

both sexes were segregated as wild-type (*/"), heterozygous (*/™),

and homozygous mutant Cebpa ("™/™). All data points represent the
phenotypic value from individual mice; mean and SEM are shown
by the bars within a column. Statistical analyses were carried out by
one-way ANOVA using a Tukey posthoc test. * P << 0.05, ** P<<0.01,
##% P<0.0001 versus wild-type sex-matched mice. E: Expression of
C/EBPa protein was analyzed by immunohistochemistry in liver sec-
tions from wild-type Cebpa™’* and Cebpa™ ™ mice. Immunoreactive
C/EBPa was detected with DAB+ substrate (brown), and slides

were counterstained with hematoxylin (blue).

mice were divided by sex and genotype, their cholesterol
values at the three tested ages (9, 11, and 13 weeks) were
plotted and revealed similarities with the Cebpa™ ™ mice
(Fig. 9A-F). First, hypercholesterolemia was not fully pene-
trant in B6™ ™ mice, and second, the phenotype of affected
mice was labile. The phenotype was most obvious at 9 weeks
of age (particularly in female B6™™ mice), but could re-
turn to normal levels at later tested ages (Fig. 9C). This
trend was slightly different in male B6™™ mice; many
males retained the affected phenotype at 11 and 13 weeks
of age (Fig. 9F). At 9 weeks of age, the calculated pene-
trance was 81.8% for males and 53.7% for females (see sup-
plementary Table II). However, the overall penetrance
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Fig. 8. Mapping of the hypercholesterolemic phenotype in pedi-
gree 4521. A: Twelve mice with hypercholesterolemia were used
for genome scan analysis. Haplotypes for chromosome 3 are shown
for the individual mice and for a B6 and C3 mouse to identify infor-
mative SNPs; homozygous C3 (C-blue), heterozygous (H-yellow),
and homozygous B6 (B-red) alleles are shown for each marker.
The minimal inherited B6 locus identified by genome scan analyses
is shown by the bolded black box. B: Fine mapping of the B6 locus in
three additional mice with hypercholesterolemia. Polymorphic
SNPs and microsatellites were typed in recombinant mice to fine
map the recombination. The refined B6 locus is shown by the dou-
ble arrow. Alleles in lower case are inferred from flanking markers
and/or parental genotypes.
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Fig. 9. Assessment of the penetrance and labile phenotype in pedigree 4521 mice mapped to chromosome 3.
Plasma total cholesterol levels were assessed in mice at three different ages (9, 11, or 13 weeks). Mice from
pedigree 4521 were segregated at the chromosome 3 locus based on the haplotype between markers
D3Mit214 and rs13477318 as homozygous mutants (B6™/™), heterozygotes (B6™/C3), or C3 homozygotes
(C3/C3). Mice from both sexes were analyzed. A, D: C3/C3; B, E: B6™/C3; and C, F: B6™/™, Cholesterol
levels in mice C3 homozygous for the haplotype on chromosome 3 were stable and not elevated (A, D);
whereas cholesterol levels in the mice homozygous B6™™ ranged widely and fluctuated from one age to
another. All data points represent the phenotypic value from individual mice, and the lines connect the
values from the same mouse. In some cases, not all values were gathered for every mouse at every time point.

(animals that had cholesterol levels higher than wild-type
C3/C3 mice at any of the tested ages) for males and females
was 98.56% and 63.0%, respectively. In contrast to the
Cebpzf/ ™ mice, there was no evidence of semi-dominance;
all B6™/C3 mice were unaffected. Only homozygous
B6™ mice exhibited very high levels of total cholesterol
(Figs. 9C, F, 10A), with occasional hypertriglyceridemia
(Fig. 10B). Further, the increase in total cholesterol levels
correlated with an increase in HDL-cholesterol levels
(Fig. 10C). B6™™ mice had slightly lower body weights
(Fig. 10D), but were otherwise healthy and exhibited no
other overt phenotypes.

DISCUSSION

The biochemical screening of plasma from mutagenized
families of mice has permitted the identification of many
pedigrees of mice with either high or low HDL-cholesterol
levels. Eighteen hypocholesterolemic (27-29) and nine

542 Journal of Lipid Research Volume 50, 2009

hypercholesterolemic (30) families of mice from ENU
mutagenesis screens have been described in the literature
to date. However, genetic mapping and the identification
of a causative mutation was only carried out in one family,
revealing a mutation in Leat (29). In light of this, we set out
to identify pedigrees of mice with metabolic plasma bio-
chemical traits, including altered cholesterol phenotypes,
using ENU mutagenesis, and engaged an outcross strategy
aimed at facilitating gene identification. We identified three
inherited alleles of HDL-cholesterol and lipid phenotypes
using a recessive screen. Two of these alleles are linked to
mutations in the Abcal and Cebpa genes with the phenotypes
of low and high HDL-cholesterol, respectively. The third
allele allowed us to identify a novel locus on chromosome
3 that confers a high HDL-cholesterol phenotype.

In the current study, mice heterogeneous for B6 and C3
were screened to select for robust phenotypes and advance
mapping efforts. Surprisingly, no families of mice with
glucose phenotypes were observed, and only one potential
insulin phenotype. Nevertheless, three lipid phenotypes
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Fig. 10. Phenotypic characterization of the pedigree 4521 mice
mapped to chromosome 3. Plasma total cholesterol (A), triglycer-
ide (B), HDL-cholesterol levels (C), and body weight (D) were ana-
lyzed in 9-week-old fasted mice. Mice from pedigree 4521 were
segregated as described in Fig. 8. B6™™ mice had high total and
HDL-cholesterol levels, with rare hypertriglyceridemia. All data
points represent the phenotypic value from individual mice; mean
and SEM are shown by the bars within a column. Statistical analy-
ses were carried out by one-way ANOVA using a Tukey posthoc test.
* P <0.05, ¥ P < 0.01, versus wild-type sex-matched mice.

were identified. Interestingly, other HDL phenotypes pro-
duced by mutagenesis have also been established on either
B6XC3 hybrid or C3 inbred backgrounds, potentially indi-
cating that these genomes and combinations thereof are
well suited for the identification of monogenic lipid traits
(27, 29, 30).

Genetic background can have dramatic effects on lipid
and cholesterol levels and induced phenotypes. For exam-
ple, differences between inbred strains of mice allowed
mapping of QTL affecting HDL-cholesterol levels (31).
Similarly, the effects of a null allele of Apoe varied dramati-
cally when expressed on different genetic backgrounds
(82). Thus, it is not surprising that similar genetic effects
could result in the reduced penetrance seen for two of
the three loci that we identified, given the mixed genetic
background of our G3 mice and subsequent generations.
Crosses to produce congenic strains on the C3 and B6
backgrounds could potentially lead to identification of
modifier loci. Less easy to explain is the curious observa-
tion of extreme fluctuations in HDIL-cholesterol levels in
the affected hypercholesterolemic animals. In contrast to
the stable hypocholesterolemic phenotype in the Abcal
homozygous mutant mice as assessed at the same bleeds at

the three ages (data not shown), the hypercholesterolemic
mice are unpredictable and their phenotype unstable.
The processes underlying these changes are unknown but
could be explained by a compensatory mechanism initiated
by liver cholesterol transporters, for example. High levels
of circulating HDL might lead to SR-BI upregulation in
an attempt to lower cholesterol (33). Alternatively, the ex-
pression of an HDL remodeling factor such as endothelial
lipase (EL) could be altered and could rapidly change
HDL-cholesterol levels. Along these lines, it has been ob-
served that HDL-cholesterol can increase by up to 46%
within only 48 h in mice injected with an anti-EL antibody
(34). These postulated compensatory effects may be differ-
ent between the B6 and C3 strains. Thus, it is possible that
the mixed genetic background not only influences pene-
trance but additionally interferes with phenotype expressiv-
ity. Further studies to monitor these rapid phenotypic
changes alongside possible microarray analyses in congenic
backgrounds are warranted.

The S1748L mutation in Abcal recapitulates the pheno-
type observed in knockout mice (35—37). It results in dra-
matically reduced ABCA1 protein levels (Fig. 4D), and is
expected to impair cholesterol efflux, the first stage of
reverse cholesterol transport. Although three complete
knockouts have been independently generated (35-37),
this is the first identification of either a spontaneous or
an induced mouse mutation in this gene. Although the
phenotype observed in S1748L mutant mice is very similar
to that of the knockouts, we observed a minimal amount of
protein. The mutation itself would not be expected to
cause truncated or mis-spliced protein, but perhaps it
may lead to a misfolded molecule detected and degraded
by the intrinsic cellular quality control process (38). Alter-
natively, the mature protein could be unstable and could
be removed from the cell. The S1748L mutation is pre-
dicted to be located in a transmembrane domain between
the V1704D and N1800H missense mutations identified in
patients with Tangier disease (39). Although 44 missense
mutations have been identified in ABCAI, only 2 (W840R
and V1704D) are expected to lie in the transmembrane
domain. Thus, the mutation we identified here is unique in
location within the polypeptide, and provides a new genetic
mouse model of ABCA1 deficiency, which may be dissimilar
to a complete knockout.

The mutation in C/EBPa is perhaps more intriguing.
C/EBPa is a b-Zip transcription factor and an established
master regulator of many cellular functions (40). In hu-
mans, it leads to acute myeloid leukemia when mutated,
owing to the dominant-negative effect of the mutant pro-
teins, blocking normal granulopoiesis (41). The knockout
mouse dies postnatally, owing to a lack of induction of
gluconeogenic enzymes (42). Furthermore, C/EBPa regu-
lates adipogenesis in vitro (40), and is crucial for normal
adipose tissue development, additionally confirmed in the
knockout mice (42). However, it is not clear how the I68N
mutation in C/EBPa could lead to the hypercholesterolemic
HDL phenotype we observed. None of the expected phe-
notypes found in the knockout mice were seen in mice with
the C/EBPa mutation. For example, granulocytes from
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Cebpa™ ™ mice were not different compared with those
from wild-type mice (data not shown). Also, no hypoglycemia
following an extended 12 h fast was noticed, as might be ex-
pected if gluconeogenesis were perturbed (data not shown).
However, some Cebpa™ ™ mice were very small (Fig. 4D),
and also exhibited very low levels of leptin (data not
shown), suggesting a defect in adipogenesis. Previously,
only two reports have shown minimal differences in plasma
cholesterol following in vivo manipulation of the Cebpa
gene. In the first study, mice were generated that were de-
ficient in hepatic C/EBPa; HDL-cholesterol was reduced
in these animals and was associated with an increase in he-
patic lipoprotein lipase (43). In the second study, postnatal
depletion of C/EBPa led to reduced total cholesterol levels
(44) and reduced expression of 3-hydroxy-3-methyl-glutaryl-
CoA reductase. These two studies demonstrate that a loss-of-
function allele of Cebpa can lead to reduced plasma (HDL)
cholesterol. This contrasts with the phenotype we observed
in Cebpa™ ™ mice, thus suggesting a gain-of-function effect
of the I68N mutation. It is possible that this mutation
has altered expression of a gene(s) that modulates HDL-
cholesterol levels, either through decreased catabolism of
HDL or through increased peripheral cholesterol efflux
into HDL. Because of the lack of a pathogenic mechanism,
we cannot exclude the possibility of an undetected linked
mutation in a neighboring gene that leads to the phenotype
in 4443 mice. If the mutation in Cebpa is indeed causative,
the forward genetics approach that we adopted here would
have revealed a novel role for C/EBP« that would not have
been exposed using conventional approaches to under-
standing gene function (i.e., by knocking out the gene). In-
terestingly, a recent study in human subjects revealed a
positive correlation between the expression level of adipose
C/EBPa and HDL-cholesterol levels, and an association of a
C/EBPoa SNP with triglyceride levels, reinforcing the patho-
genic link of C/EBPa and circulating lipids in both mice
and humans (45).

Finally, the mapping of the second hypercholesterolemic
phenotype identified a novel locus on chromosome 3 for
HDL-cholesterol. To our knowledge, no previous study
has reported linkage or association of this locus to an
HDL phenotype in mice (13). Of the 131 candidate genes
in the 7 Mb locus, none present ready hypotheses to lead to
high HDL levels. Interestingly, recent GWA studies of hu-
mans have identified the corresponding region for plasma
lipid levels (16). Variation in LDIL-cholesterol is associated
with a locus including the genes SORTI, PSRCI, and
CELSR2. These three genes are contained within the mini-
mal locus we identified in these mice. However, it is unclear
whether the underlying genetic factor is responsible for the
cholesterol variations in both these mutant mice and hu-
mans, because the lipoprotein species is different, namely
LDL-cholesterol in the GWA studies, and HDL-cholesterol
in the pedigree 4521 mice.

In summary, we have conducted an ENU mutagenesis
screen and identified and mapped three HDL-cholesterol
phenotypes. We successfully identified mutations in Cebpa
and Abcal and mapped the second high-HDL phenotype
to a small region. This study demonstrates the effectiveness
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of ENU mutagenesis in identifying genes 1) known to be
involved in HDL metabolism (Abcal), 2) known to regu-
late whole-body metabolism but not previously associated
with HDL (Cebpa), and 3) with a potentially novel function
in influencing HDL levels. Future studies will be focused
on identifying the causative mutation in the chromosome
3 hypercholesterolemia locus and establishing a mecha-
nism for the elevation of HDL in both these mice and
the Cebpa mutant mice Bl

The authors would like to thank Dr. Russ Cattley and Efrain
Pacheco for immunohistochemistry help, Silvia Capon for
plasma biochemical analysis, Derek Silvius for mouse colony
maintenance, and Dr. Bill Richards for helpful discussion.
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