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Abstract As part of an effort to dissect the genetic factors 
involved in cholesterol homeostasis in the mouse model, we 
report the mapping of 12 new candidate genes using linkage 
analysis. The genes include: cytoplasmic HMG-CoA synthase 
(Hmgcsl, Chr 13), mitochondrial synthase (Hmgcs2, Chr 3), a 
synthase-related sequence (HmgcsZ-rs, Chr 12), mevalonate 
kinase (Mvk, Chr 5), farnesyl diphosphate synthase (Fdps, Chr 
3), squalene synthase (Fdftl, Chr 14), acyl-CoA:cholesterol 
acyltransferase (Acuct, Chr l), sterol regulatory element bind- 
ing protein-I (Srebfl, Chr 8) and -2 (Srebj2, Chr 15), apolipo- 
protein A-I regulatory protein (TCfcoup2, Chr 7), low density 
receptor-related protein-related sequence (Lrp-n, Chr lo), 
and Lrpassociated protein (LrpupZ, Chr 5). In addition, the 
map positions for several lipoprotein receptor genes were 
refined. These genes include: low density lipoprotein recep- 
tor (Ldlr, Chr 9), very low density lipoprotein receptor (Vldlr, 
Chr 19), and glycoprotein 330 (Gp330, Chr 2). Some of these 
candidate genes are located within previously defined chro- 
mosomal regions (quantitative trait loci, QTLs) contributing 
to plasma lipoprotein levels, and Acuct maps near a mouse 
mutation, uld, resulting in depletion of cholesteryl esters 
in the adrenals. NThecombineduseofQTLandcandidate 
gene mapping provides a powerful means of dissecting com- 
plex traits such as cholesterol homeostasis.-Welch, C. L., 
Y-R. Xia, I. Shechter, R. Farese, M. Mehrabian, S. Mehdi- 
zadeh, C. H. Warden, and A. J. Lusis. Genetic regulation of 
cholesterol homeostasis: chromosomal organization of candi- 
date genes.J. Lzpid Res. 1996. 37: 1406-1421. 
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Cholesterol homeostasis is critical for normal cell 
function, and abnormalities of cholesterol metabolism 
can contribute to pathologic processes including 
atherosclerosis. The regulation of cholesterol homeosta- 
sis is complex, involving lipoprotein transport proteins, 
lipoprotein receptors, cholesterol biosynthetic and de- 
gradative enzymes, and transcriptional regulatory pro- 
teins. Rare genetic variations resulting in deficiencies or 
structural alterations of several of these proteins have 

been shown to predispose individuals to dyslipidemias 
and premature atherosclerosis (1). However, dissection 
of the genetic factors involved in common variations in 
plasma cholesterol levels has been hampered by envi- 
ronmental influences, genetic heterogeneity, and poly- 
genic inheritance. 

Animal models have become increasingly useful tools 
for the study of complex traits. The use of animal models 
in genetic studies reduces the interference of environ- 
mental differences and the problem of genetic hetero- 
geneity. In addition, the ability to perform planned 
genetic crosses provides a definitive means of mapping 
chromosomal regions (including quantitative trait loci, 
or QTLs) contributing to complex traits. The availability 
of a dense expression map for the mouse simplifies the 
process of identifying the individual genes underlying 
QTLs (which could contain several hundred genes) by 
providing candidates that can be directly tested. The 
identification of a gene contributing to a trait by coinci- 
dental mapping of the trait and the candidate gene to 
the same genetic locus, has, in fact, been the most 
productive means of identifying disease genes in mice 
and is likely to become the case for humans as well. Some 
recent examples of the usefulness of this approach 
include the identification of Apou2 as a determinant of 
atherogenesis in the mouse (2), Plu2s as a modifier of 
polyp number in colon cancer (3), and Cpe as a deter- 
minant of preproinsulinemia in obesity (4). 

Abbreviations: HMG-Co A, 3-hydroxy-3-methylglutaryl coenzyme A; 
Chr, chromosome; RI, recombinant inbred; SDP, strain distribution 
pattern; LDL, low density lipoprotein; LRP, low density 
lipoprotein-related protein; QTL, quantitative trait locus; RFLV, 
restriction fragment length variant. 

'To whom correspondence should be addressed. 
'Present address: Department of Pediatrics, University OF 

California, Davis, CA 95616. 

1406 Journal of Lipid Research Volume 37,1996 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Our laboratory and others have begun to identify 
QTLs contributing to various traits related to lipid 
metabolism in mice, including plasma lipid levels (2,5, 
6), obesity (6-8), and cholesterol gallstone formation 
(9). Some of these loci fall within regions of candidate 
genes, others do not. While numerous candidate genes 
for lipid metabolism have been mapped in the mouse, 
including genes encoding apolipoproteins, lipoprotein 
receptors, and plasma lipid metabolizing enzymes, few 
of the genes involved in sterol biosynthesis and metabo- 
lism have been mapped. In fact, the localizations of 
Hmgcr ( lo), encoding HMG-CoA reductase, and a family 
of genes encoding presumedly cryptic forms of farnesyl 
diphosphate synthase (11, 12) are the only reported 
mappings of sterol biosynthetic genes in mice. 

As a framework for localizing candidate genes for 
cholesterol homeostasis and other atherosclerosis-re- 
lated traits, we have constructed a complete genetic 
linkage map in an interspecific mouse cross. Portions of 
this linkage map have been previously reported (12). We 
now describe the map, in entirety, and report the map- 
ping of twelve new candidate genes for cholesterol 
homeostasis. We have also refined the map positions of 
several lipoprotein receptor genes. Finally, we have 
compiled a composite map of candidate genes and 
QTLs for sterol and lipid metabolism and discuss the 
current state of this “fat map.” 

MATERIALS AND METHODS 

Interspecific backcross mapping 

(C57BL/6J x Mus spretus)Fl X C57BL/6J interspecific 
backcross (BSB) mice were generated as described (12). 
For the framework map, genomic DNA was extracted 
and mice were genotyped using previously mapped 
anchor clone cDNAs, randomly isolated mouse liver 
cDNAs, simple sequence repeat polymorphisms, and a 
variety of cloned cDNAs obtained from other laborato- 
ries (see Fig. 1 legend for references). For candidate 
gene mapping, genomic DNA from parental and F1 
mice was digested with a panel of restriction enzymes 
(BamHI, BgZII, EcoRI, HindIII, MspI, PstI, PUuII, SstI, 
TuqI, and XbuI) and analyzed by Southern hybridization 
to determine restriction fragment length variants 
(RFLVs). Distinct RFLVs were then selected for scoring 
in 67 BSB mice. The probes used for hybridization are 
described below. All hybridizations were performed at 
65°C as described (12); wash conditions are given in 
Table 1. The blots were then dried and exposed to 
Kodak X-ray film at -70°C for 3-21 days. 

Linkage maps were constructed using Map Manager 
v2.6.5 (13). Exact map locations were confirmed manu- 
ally by the method of minimizing apparent double and 

multiple crossovers. All remaining double crossovers 
were then checked for typing errors. To minimize dis- 
tortion of recombination intervals, loci exhibiting three 
or more double crossovers were eliminated from the 
framework map, The distribution patterns of candidate 
gene RFLVs were then compared to the distribution 
patterns of all other loci in the database and localized in 
a similar manner. Using this mapping strategy, earlier 
typings were repeatedly subject to evaluation as new loci 
were added to the map. 

Probes 

The cDNA probes used for hybridization with BSB 
genomic DNA are described in Table 1 and below. The 
following cDNAs were generous gifts: apolipoprotein 
A-I regulatory protein (S. K. Karathanasis, Wyeth-Ayert, 
Inc.), farnesyl diphosphate synthase (P. A. Edwards, 
University of California, Los Angeles), low density lip0 
protein receptor (H. Hobbs, University of Texas, Dal- 
las), low density lipoprotein receptor-associated protein 
(J. Herz, University of Texas, Dallas), mevalonate kinase 
(S. Krisans, San Diego State University, and R. Gregg, 
Bristol Meyers Squibb), and sterol regulatory element 
binding protein-1 (P. A. Edwards, University of Califor- 
nia, Los Angeles). Cytoplasmic HMG-CoA synthase and 
sterol regulatory element binding protein9 cDNAs 
were obtained from the American Type Culture Collec- 
tion (ATCC, Rockville, MD). 

The mitochondrial HMG-CoA synthase cDNA probe 
was generated by amplification of mouse cDNA using 
mitochondrial-specific oligonucleotides (based on com- 
parison of the rat mitochondrial and cytoplasmic se- 
quences, Genbank accession #M33648 and #X52625, 
respectively). Briefly, mouse total cDNA was prepared 
using oligo(dT)12-18 primers (Gibco BRL, Gaithers- 
burg, MD) and Superscript I1 reverse transcriptase 
(Gibco BRL) according to the manufacturer’s protocol 
for a 20yl reaction. One microliter of cDNA was then 
used as template in 10-p1 PCR reactions containing 0.66 
pM each primer, 1X Taq polymerase buffer, 1.5 mM 
MgC12, 0.2 mM dNTPs, and 0.5 U/ul Taq polymerase 
(Gibco BRL). The oligonucleotides were synthesized on 
an Applied Biosystems 392 synthesizer according to the 
manufacturer’s suggested protocol and had the follow- 
ing sequences: 5’-ACACAGCGACCCCATAGGAT-3’ 
(PmitsynF) and 5’-GCITAmATCAGACTGTGGGCS’ 
(PmitsynR). The amplification reaction was run on a 2% 
agarose gel and a single band corresponding to the 
expected 220 bp product was observed. The product was 
gel-purified and then used in Southern analysis of 
RFLVs as described above and in Table 1. 

The cDNAs used to map the low density lipoprotein 
receptor-related protein (LRP)-related sequences were 
obtained by screening a mouse liver cDNA library using 
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a partial human LRP clone. Briefly, the cDNA clone 
LW5 (14) was labeled with 32P by random priming and 
then hybridized with a hZAP library derived from a 
(C57BL/6J x CBA/J)Fl female mouse (Stratawene). 
Phage DNA from hybridizing plaques was purified; the 
inserts were converted to Bluescript plasmid by in vivo 
excision, according to the manufacturer's protocol, and 
the resulting phage were used to infect E. coli strain 
XL1-Blue. Plasmid DNA was prepared from 50-ml cul- 
tures using Qiagen columns. 

To suppress cross-hybridization to mouse repetitive 
DNA sequences, mouse COT-1 DNA (Gibco BRL) was 
added to hybridizations with sterol regulatory element 
binding protein-1 and -2 cDNAs and the mitochondrial 
synthase probe, according to the manufacturer's proto- 
col. The NdeI, SmaI farnesyl diphosphate synthase pro- 
moter fragment (nt. -736 to - 47) was digested with TuqI 
prior to hybridization to remove an AT-rich repetitive 
sequence. The digestion products were run on a 1% 
agarose gel and the 482 bp fragment (nt. -529 to 47 )  was 
purified and used as a probe. 

RI strain mapping 

NX129, BXD, AKXL, AKXD, and CXB RI strain 
DNAs were obtained from Jackson Laboratory (Bar 
Harbor, ME). Southern analyses of RFLVs were per- 
formed as described above. PuuI-digested NX129 DNA 
was hybridized with a 1.2 kb LDL receptor cDNA and 
washed with 1 x SSC at 50°C for 20 min (as described 
for BSB mapping in Table 1). BXD, AKXL, AKXD, and 
CXB DNA was digested with MspI, PuuII, or HzndIII, as 
indicated in Table 2, and hybridized with a previously 
described rat HMG-CoA synthase cDNA probe (15). 
The filters were then washed in 0.2 x SSC at 60°C for 
20 min. The strain distribution patterns (SDPs) of the 
candidate gene RFLVs were compared to the SDPs in 
the JAX and RWE RI data files provided with Map 
Manager v2.6.5 (13) and the map positions were deter- 
mined by minimizing the number of double and multi- 
ple crossovers. 

Nomenclature and MGD accession numbers 

The gene symbols utilized are consistent with the 
nomenclature for the corresponding human genes. 
Data have been deposited into the Mouse Genome 
Database (16) maintained by the Genome Informatics 
Group at the Jackson Laboratory and have the following 
accession numbers: MGD-CREX-627 (Chr l), 
MGD-CREX-628 (Chr 2), MGD-CREX-629 (Chr 3), 
MGD-CREX-630 (Chr 4), MGD-CREX-631 (Chr 5), 
MGD-CREX-632 (Chr 6), MGD-CREX-633 (Chr 7), 
MGD-CREX-634 (Chr 8), MCD-CREX-635 (Chr 9), 
MGD-CREX-636 (Chr lo), MGD-CREX-637 (Chr 1 l), 

MGD-CREX-638 (Chr 12), MGD-CREX-639 (Chr 13), 
MGD-CREX-640 (Chr 14), MGD-CREX-641 (Chr 15), 
MGD-CREX-642 (Chr 16), MGD-CREX-643 (Chr 17), 
MGD-CREX-644 (Chr 18), MGD-CREX-645 (Chr 19), 
MGD-CREX-646 (Chr X). 

RESULTS 

Framework map 

A complete mouse linkage map was constructed using 
a set of 67 BSB mice and 322 genetic markers that span 
the entire mouse genome (Fig. 1).3 The map was an- 
chored using a combination of 38 cDNA clones and 11 1 
simple sequence repeat markers mapped in other 
crosses (information about specific loci is available on- 
line from the Mammalian Genome Database, ref. 16, or 
in the 1994 Mammalian Genome Supplement, ref. 17). 
The rate of anomalous typings (double recombinations 
that cannot be accounted for by scoring errors) was low 
(2 x 10-3). The resulting map has an average resolution 
of 4.6 cM and an overall genetic length of 1530 cM, 
comparable to the length of the 1994 Chromosome 
Committee composite map (1538 cM) (16, 17) and in 
agreement with other estimates of the mouse genome 
size (1350 cM to 1600 cM) (18-21). 

Candidate gene mapping 

Using our BSB framework map and maps derived 
from several sets of RI strains, we have localized 12 new 
candidate genes for cholesterol homeostasis and refined 
the mapping of 3 previously reported genes. Chromo- 
somal assignments were determined by linkage analysis 
of RFLVs, and genes were ordered by minimizing the 
number of recombinations with framework markers. 
Gene orders are supported by LOD scores >3.6 (most 
locus orders are supported by LOD scores >8; the 
exceptions occur in regions of lower marker density). 
No significant linkages were observed between the can- 
didate genes and markers on other chromosomes. The 
candidate genes are widely dispersed throughout the 
mouse genome; gene orders, recombination distances 
and standard errors are gwen in Fig. 1. 

Cholesterol biosynthetic enzymes 

HMG-CoA synthase catalyzes the first reaction in the 
cholesterol biosynthetic pathway, condensation of ace- 
tyl-coA with acetoacetyl-CoA to form HMGCoA and 

'The map locations of a number of genes have been omitted from 
Fig. 1 pending publication. 
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TABLE 1. Description and source of cDNA probes used to map candidate genes in BSB mice 

cDNA, Species Clone Name Reference Fragment Used RE Wash Restriction Fragment Size (kb) Locus 
as Probe Conditions Map& 

M. spwtur C57BW6 

AwlCoA.cholesterol 
acyltransferase, human pHuACATl.6 56 1.6 kb EcoRI HindIII 0.5 xSSC, 60'C 3.7, 6.0,6.9, 3.9.6.0.3Q Acoct 

25.40 

Apolipoprotein A-I 
regulatory protein, 
human Arp-1 CoZfrag 51 1.74kb PstI 0.5 x SSC, 60'C 1.9, 3.2, 3.9 1.9, 3.2, 3.9, &.& Tc/ccmp2 

Famesyl diphosphate 
synthase, rat pFPPS0.69 28 0.48kb TuqI Tag1 1 xSSC.50'C 3.3 22 Fdps 

HMGCoA synthase, 
cytoplasmic, hamster p53K-312 ATCC 1.2 kb PstI, Psll 0.5xSSC.6O'C 2.0,2.7,3.8 21 Hmgcsl 

HindIII 

HMGGoA synthase, see 220bpPCR 
mitochondrial, mouse none Methods product EcoRI 0.5 x SSC, 65°C 5.7 h.3 Hmp2 

LDL receptor, human pLDLR4 57 1.2 kbHincII h I  1 xSSC, 50'C 1.3, 1.9, 2.1, 3.6 1.3, 1.4, 1.9,l.Q Ldlr 

LRP-related sequence, see 
mouse pLRP 1 Methods 0.8 kb EcoRI EcoRI 1 x SSC, 50'C 10.3, 13.0 L4, 13.0 Vkill 

mouse pLRP2 Methods 1.4 kb EcoRI BgnI 0.1 x SSC, 65'C 1.0, 2.0 1 . o . u  Lrp-rS 
LRP-related sequence, see 

LRP-related sequence, see 
mouse pLRP2 Methods 1.4 kb EcoRI MspI 1 xSSC, 50'C 0.4, 4.3.4.7, 0.4, 4.3, 4.7, 8.0, &8 Gp330 

8.0, 9.6 

LRP-associated protein, 
rat Rap11 145 58 3.3 kb EcoRI HindIII 0.1 x SSC, 60'12 2.8, 8.8 U, 8.8 LrpaPl 

Mevdonate kinase, rat SGBI 171 59 1.73kbEcoRI Taql 0.5xSSC.5O'C 1.8,2.7,4.9,5.2 1.8.2.2.2.7,U,5.2 Mvk 

Squalene synthase, rat pRSS1327 60 1.3 kb EcoRI, HindIII 1 x SSC, 50'C 2.8, 3.2, 3.5. 6.7 2.8. 3.2. 6.7, &Q, S Fdftl 
HindIII 

Sterol regulatory element 
binding protein-], 
human pCMV-CSA unpublished 1.5 kb Sun, h I I  0.5 x SSC, 60'C 1.8.2.7, 3.5, 6.1, 1.8, 2.7, U, 6.1, 8.9 Srebfl 

EcoRI 8.9, 10'0 

Sterol regulatory element 
binding protein-2, 1.65 kb Sun, 
human pSREBP-2 ATCC EcoRI Hind111 0.5 x SSC, 65'C 2.8, 15.0 2 . 8 , U  Srebj2 

The restriction fragment length variants used to score the segregation of M. spretus alleles in the backcross mice are underlined. 

CoA in the cytoplasm. In liver, the condensation reac- 
tion also occurs in mitochondria, as one of the early 
steps of ketogenesis. The cytoplasmic and mitochon- 
drial proteins are encoded by distinct genes; we have 
mapped both loci using probes specific for either the 
cytoplasmic (Hmgcsl) or mitochondrial (Hmgcs2) locus 
(Table 1). Hybridization with the Hmgcsl probe resulted 
in the detection of 2.0, 2.7, and 3.8 kb fragments in 
PstIdigested C57BL/6 (BL/6) DNA, a 2.1 kb fragment 
in Mus spretus (spretus) DNA, and 2.0, 2.1, 2.7, and 3.8 
kb fragments in F1 DNA. The presence or absence of 

the 2.1 kb fragment was followed in the backcross mice 
and the segregation pattern exhibited linkage to Chr 13 
markers. The locus was fine-mapped to the distal end of 
chr 13, 15 cM from the HMG-CoA reductase gene 
(Hmgcr) (Fig. 1). The additional bands detected in BL/6 
DNA may represent linked pseudogenes present in 
BL/6 but not spretus mice; other species-specific pseudo- 
genes have been reported, including Mif(22), Odc (23), 
and Hmg (24) pseudogenes. The Hmgcs2 probe hybrid- 
ized to a single EcoRI fragment in each parental strain 
DNA, 5.7 kb in BL/6 and 6.3 kb in spretus, and both 

Welch et al. Genetic mapping of mouse genes involved in cholesterol homeostasis 141 1 
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TABLE 2. Segregation of Hmgcs restriction fragment length variants in RI strains 

Chr Linkagr RI Strain RE Progenitor Strain Restriction Strain Distribution Patterns 
Set Fragment Size (kb) 

BXD Mspl C57BL/6J u, 1.2, 1.9, 3.5 2, 13, 14, 15, 18, 19, 21, 25, 27, 28, 29, 30 1 3* 

BXD MspI DBA/2J m, 1.2,L8, 1 . Y . U  1,5,6,8,9, 11 ,  12, 16, 20, 22.23, 24, 31, 32 
BXD MspI C57BL/6J 1.0, 1.2, 1.9, 2, 6, 11 ,  12, 14, 16, 21 12" 
BXD MspI DBA/2J m, 1.2, L8, 1, 5, 8, 9, 13, 15, 18, 19, 20, 22, 

1 . 9 , U  23, 24, 25, 27, 28, 29, 30, 31, 32 
AKXD h u l l  AKR/J 0.82, W, 2.6, eY 1,6, 7,8,Y,  11 ,  12, 13, 14, 16,21,23,24,  27,28 1 3" 

AKXD ArulI DBA/2J 0.82, 2.6.53 2, 3, 10, 15, 17, 18, 20, 22,26 

AKXL Hind111 AKR/J 15.0 5, 6, 9, 12, 14, 16, 17, 25, 29, 38 1 2" 

CXB HindIII C57BL/6By U, 15.0 J 126 

AKXL Hind111 C57L/J U, 15.0 7, 8, 13, 19, 21, 24, 28, 37 

CXB HindIII BALB/cBy 15.0 D, E, G, H, 1, K 

The variants used to score the segregation patterns are underlined. 
"Locus is linked to chromosomal markers at the 99.99% confidence level (LOD score > 5.0). 
bLocus is linked to chromosomal markers at the 95% confidence level (LOD score = 2.0). 

fragments in F1 DNA. The segregation pattern of these 
alleles was linked to markers on Chr 3. Conserved 
linkages between these mouse chromosomes and hu- 
man Chrs 5 and 1, which contain the human homo- 
logues of Hmgcsl and Hmgcs2, respectively, support 
these chromosomal assignments (Table 3) (16). In addi- 
tion, Hmgcs2 maps to a conserved syntenic region in rat 
(25). 

In addition to the linkage analyses performed in the 
BSB mice, several sets of RI strains were analyzed using 
a rat cytoplasmic HMG-CoA synthase cDNA (15) and 
various restriction enzymes (Table 2). Hybridization 
with MspI-digested DNA resulted in the detection of 1.0, 
1.2, 1.9, and 3.5 kb fragments in DNA from BL/6 mice 
and 0.75,1.2,1.8,1.9, and 2.5 kb fragments in DNA from 
DBA/2J mice. In a set of BXD RI strains, derived from 
BL/6 and DBA/2J progenitor strains, the 1.0 and 3.5 
kb BL/6-specific fragments segregated independently, 
while the 0.75, 1.8, and 2.5 kb DBA/2J fragments 
cosegregated. The distribution patterns of the 1.0 and 
3.5 kb fragments among the RI strains were used to map 
two distinct loci, one corresponding to the previously 
identified Chr 13 locus and the other to a novel locus 
on Chr 12 (exhibiting no recombination with D12Nyul 
or Pmv3, data not shown). The Chr 13 locus was also 
identified using a PuuII RFLV in AKXD RI strains, and 
the presence of a related locus on Chr 12 was confirmed 
by following the distribution of a 3.1 kb HindIII frag- 
ment among AKXL and CXB RI strains (Table 2). The 
distribution patterns of the PuulI and Hind111 RFLVs 
exhibited linkage to the same regions of Chr 12 and Chr 
13 as the MspI RFLVs in the BXD strains. The absence 
of linkage of an RFLV to Chr 13 markers in the AKXL 
and CXB RI sets, and to Chr 12 markers in the AKXD 
strains, was not unexpected as there are a small number 

of markers mapped to these chromosomes in the respec- 
tive crosses. Also, the inability to detect the Chr 12 locus 
in the BSB mice was most likely explained by the selec- 
tion of the PstI RFLV for typing the backcross mice; 
digestion of genomic DNA with some restriction en- 
zymes will produce allelic variants of the Chr 13 locus, 
digestion with other enzymes will produce variants of 
the Chr 12 locus, and occasionally a single digestion will 
produce variants of both loci. While it is likely that a 
survey of digests in the backcross mice would reveal a 
variant fragment segregating with the Chr 12 locus, the 
RI strain mapping data provides strong evidence for the 
presence of a Hmgcsl-related sequence on Chr 12. We 
have designated the Chr 12 locus Hmgcsl-rs (cytoplasmic 
HMG-CoA synthase-related sequence). 

The genes encoding three other key enzymes in the 
cholesterol biosynthetic pathway were mapped. 
Mevalonate kinase acts just distal to HMG-CoA reduc- 
tase and is one of only two enzymes in the pathway in 
which a defect has been reported to result in a clinical 
disease (26). After digestion of genomic DNA with TuqI 
and hybridization with a mevalonate kinase cDNA 
probe, the BSB mice were typed for the presence or 
absence of a 4.5 kb spretus-specific fragment. The gene 
encoding mevalonate kinase, Mvk, was mapped to 
mouse Chr 5. 

Farnesyl diphosphate synthase and squalene synthase 
both function at a branchpoint in the biosynthetic path- 
way and the expression of the genes encoding these 
enzymes is highly regulated. The product of farnesyl 
diphosphate synthase, farnesyl diphosphate, is a sub- 
strate for both protein prenylation and sterol synthesis. 
Previously, ten loci hybridizing to the farnesyl diphos- 
phate synthase cDNA had been mapped to mouse Chrs 
3, 4, 6, 10, 12, 13, 17, and X (11, 12), designated 
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TABLE 3. Mouse-human synteny for candidate genesa 

Mu Mu Gene Symbol Mu Gene Name Hu Chr Hu Gene Syntenic 
Chr Symbol Relationship 

1 

2 
3 

3 

5 

5 

7 

8 

9 

10 

12 

13 

14 

15 

19 

Acact 

Gp330 

Fdps 

(formerly Fdpsll) 

Hmgcs.2 

Mvk 

L r P W  

TcfCoupP 

SrebJl 

Ldlr 

L 9 - m  

Hmgcsl-rs 

Hmgcsl 

FdJt 1 

Srebj2 

Vldlr 

acyl-CoAcholesterol acyltransferase 

glycoprotein 330 

farnesyl diphosphate synthase 

HMG-CoA synthase, mitochondrial 

mevalonate kinase 

LRP-associated protein 1 

apolipoprotein A-I regulatory protein 1 

sterol regulatory element binding factor-1 

low density lipoprotein receptor 

LRP-related sequence 

HMG-CoA synthase-related sequence 

HMG-CoA synthase, cytoplasmic 

farnesyl diphosphate farnesyl-transferase ]/squalene synthase 

sterol regulatory element binding factor-2 

very low density lipoprotein receptor 

lq25 
2q24-q31 

lq24-q31 

lp13-pI2 

12 

4~16.3 

15 

17~11.2 

19q13.2 

12q13 
- 

5p14-pI3 

8~22-23.1 

22q13 

9p24 

ACACT 

LRP2 

FDPSLl 

HMGCS2 

MVK 

LRPAPI 

TFCOUPP 

SREBFl 

LDLR 

LRP? 
- 

HMGCSl 

FDFII 

SREBFS 

VLDLR 

conserved linkage 

conserved linkage 

conserved linkage 

conserved linkage 

conserved linkage; 
near breakpoint 

conserved linkage; 
near breakpoint 

conserved linkage 

novel segment of 
homology 

conserved linkage 

conserved linkage 
- 

conserved linkage 

novel segment of 
homology 

conserved linkage; 
near breakpoint 

conserved linkage 

aData compiled from the Human Genome Data Base (55) and the Mouse Genome Database (16). 

Fdpsl-1-10, and five homologous human Chrs 1,7, 14, 15, 
and X (27). Most of these loci are thought to represent 
pseudogenes (28). Using a promoter fragment of the 
functional gene (28) as a probe in Southern hybridiza- 
tion, we now report the mapping of a single locus 
presumed to encode an active prenyltransferase. The rat 
promoter contains a 120 nucleotide region homologous 
to RN55REP, a rat repetitive sequence (Genbank acces- 
sion #X13424). After removing this sequence from the 
probe, hybridization with TuqIdigested genomic DNA 
resulted in the detection of a single fragment in each 
parental strain. The segregation pattern of the alleles 
was linked to the same region of Chr 3 as Fdpsl-1. Fdps 
now replaces Fdpsl-I. 

Squalene synthase catalyzes the formation of squalene 
from farnesol diphosphate, committing the pathway to 
sterol synthesis. The presence or absence of cosegregat- 
ing 8.0 and 9.5 kb HindIII-generated spretus fragments 
was followed in the backcross mice; the segregation 
pattern was linked to markers on the proximal end of 
Chr 14. The gene symbol Fdftl (farnesyl diphosphate 
farnesyl-transferase 1) reflects the function of the en- 
coded enzyme. 

Cholesterol esterification 

Acyl-CoA cholesterol acyltransferase catalyzes the in- 
tracellular formation of cholesteryl esters. This enzy- 
matic activity is accompanied by down-regulation of 

both endogenous synthesis of cholesterol and receptor- 
mediated uptake of exogenous cholesterol. Hybridiza- 
tion of HindIII-digested DNA with a human cDNA 
probe resulted in the detection of several variant bands 
between BL/6 and spretus mice. The distribution pat- 
tern of cosegregating 3.9 and 30 kb spretus-specific frag- 
ments among the BSB mice exhibited linkage to Chr 1 
markers. To avoid confusion with Acatl and Acat2 (ace- 
tyl-coA acetyltransferases) on Chrs 9 and 17, the gene 
symbol Acact (acyl-CoA:cholesterol acyltransferase) has 
been assigned. 

Nuclear regulatory proteins 

Two sterol regulatory element binding proteins, 
SREBP-1 and SREBP-2, have been shown to regulate 
transcription of the low density lipoprotein receptor, 
HMG-CoA synthase, and farnesyl diphosphate synthase 
genes (29-31). In addition, there is suggestive evidence 
for the participation of these binding proteins in the 
regulation of the squalene synthase gene (32). A 1.65 kb 
probe corresponding to the 3’ end of the SREBP-2 gene 
was used to map Srebf2. Hybridization of the probe with 
HindIII-digested DNA resulted in the detection of one 
unique fragment in DNA from each parental strain, 15.0 
kb in BL/6 and 6.0 kb in spretus, a common 2.8 kb 
fragment, and all three fragments in the F1 DNA. The 
segregation pattern of the variant fragments was linked 
to markers on Chr 15. Hybridization of PvuII-digested 
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DNA with a full-length SREBP-1 cDNA resulted in the 
detection of several hybridizing fragments in DNA from 
both BL/6 and spretus. The presence or absence of a 3.7 
kb spretus-specific fragment was used to map Srebfl to 
Chr 8. 

Apolipoprotein A-I regulatory protein 1, is a member 
of the steroid hormone receptor gene family and a 
conditional mediator of apolipoprotein A-I gene expres- 
sion (33). The presence or absence of an 8.8 kb PstI 
spretus-specific fragment was followed in the BSB mice. 
The distribution pattern was linked to markers on Chr 
7. The gene symbol Tcfcoup2 (transcription factor 
chicken ovalbumin upstream promoter 2) has been 
assigned to be consistent with the nomenclature for 
other members of the gene family. 

Lipoprotein receptors and related proteins 

The uptake of exogenous cholesterol by lipoprotein 
receptors serves as a signal for down-regulation of the 
cholesterol biosynthetic pathway and up-regulation of 
sterol metabolizing pathways. Frank, Taylor, and Lusis 
(34) previously reported the localization of the gene 
encoding the low density lipoprotein receptor, Ldlr, to 
the proximal region of Chr 9 in several sets of RI strains. 
An apparent error in the reported SDP for NX129 mice 
at the Ldlr locus was recently brought to our attention. 
To address this discrepancy, we retyped the RI set. The 
correct SDP is NX129-1,2,5 = 129/J and NX129-7,10,12 
= NZB/BINJ. We also typed the BSB mice to refine the 
mapping of Ldlr. Thus, Ldlr was mapped to the interval 
(cM * SE): Gria4-7.8 k 3.4-Ldlr-9.8 k 3.8-D9Mit2-4.9 

Several low density lipoprotein receptor-related pro- 
tein (LRP) cDNA clones were isolated and used as 
probes in Southern hybridization. Sequence analysis 
indicated that the clones corresponded to nt. 38 15-7830 
of mouse Lrp (Genbank accession #X67469). Most of 
the clones mapped to a single location on Chr 10. For 
example, hybridization of the LRP2 probe with BglII-di- 
gested DNA resulted in the detection of 1.0 and 2.0 kb 
fragments in BL/6 DNA, 1.0 and 3.0 kb fragments in 
spretus DNA, and all three fragments in F1 DNA. The 
distribution pattern of the 3.0 kb fragment in the BSB 
mice was linked to the Chr 10 marker DIOMit24 with a 
LOD score of 16; the RFLV was not linked to markers 
on any other chromosome. Using less stringent washing 
conditions, two RFLVs were detected which segregated 

_+ 2.8-Otjll. 

family (35). Hybridization of the LRPl probe withEcoRI- 
digested DNA, followed by a final wash at 50"C, resulted 
in the detection of 10.3 and 13.0 kb fragments in BL/6 
DNA, 1.4 and 13.0 kb fragments in spretus DNA, and all 
three fragments in F1 DNA. The presence or absence of 
the 1.4 kb fragment in DNA from the backcross mice 
exhibited linkage to Chr 19 markers and coincided with 
the reported location of Vldlr, the very low density 
lipoprotein receptor locus (36). Based on known se- 
quence homologies between GP330, VLDLR, and LRP 
(37), and the apparent co-localizations of our LRP-re- 
lated loci with these genes, we suggest that the loci 
mapped to Chr 2 and Chr 19 are, in fact, 9330 and 
Vldlr. Thus, the mapping intervals have been refined as 
follows (cM f SE): D2Mit65-3.7 f 2.6-PPI-12.3 ? 
4.1-Gp330-1.5 f: 1.5-Acru-1.5 f 1.5-D2Mit35 and 
Fth-1.5 k 1.5-Vldlr-O.O-D19Uclu2-0.O-D19lJcla3- 3.9 k 
2.7- D I9Mit29. 

Lrpupl, encoding the LRP-associated protein, was 
localized to Chr 5 using a rat cDNA probe. After diges- 
tion with HindIII, genomic DNA from BL/6 mice exhib- 
ited hybridizing bands of 2.8 and 8.8 kb, whereas DNA 
from spretus mice yielded bands of 2.5 and 8.8 kb. The 
RFLV segregated with marker D5Mit54 on proximal 
Chr 5, in a region of conserved homology to human Chr 
4p 16 which contains the human LRP-associated protein 
gene (Table 3). 

DISCUSSION 

We have constructed a complete mouse linkage map 
and have utilized the map to localize candidate genes 
for cholesterol homeostasis (Fig. 1). The framework 
map has a resolution of (5 cM and is anchored with 149 
loci typed in other mouse crosses, facilitating the incor- 
poration of our mapping data into the composite map 
of the mouse genome (16, 17). Using the BSB frame- 
work map, we have localized 14 candidate genes for 
cholesterol homeostasis by linkage analysis of RFLVs. 
The genes encode cholesterol biosynthetic and metabo- 
lic enzymes, nuclear regulatory factors, and lipoprotein 
receptors. In addition, we have mapped a novel locus 
related to HMG-CoA synthase in several sets of RI 
strains. The localization of genes in the mouse provides 
candidates for mapped phenotypes and clues regarding 
evolutionary relationships between loci and conserved 
interspecies synteny. 

- -  
with either Chr 2 or Chr 19 markers. Hybridization of 
LRP2 with MspI-digested DNA, followed by a final wash 
at 50"C, resulted in the detection of several fragments 
in BL/6, spretus, and F1 DNA. The distribution of an 8.8 
kb spretus-specific fragment exhibited linkage with Chr 
2 markers, showing no recombination with the glycopro- 
tein 330 gene (Gp330), another member of the Ldlr gene 

Candidate genes for plasma lipoprotein QTL~ 

Our primary objective in mapping genes involved in 
cholesterol homeostasis is to clarify the nature of genetic 
variations in plasma lipoprotein levels and related traits 
such as gallstone formation, obesity and atherosclerosis 
in the mouse model. Previous studies from our labora- 
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tory and others have resulted in the mapping of regions 
of the genome contributing to quantitative differences 
in these traits (2, 5-9). Several additional putative loci 
for atherosclerosis susceptibility have been proposed on 
the basis of studies with RI strains, although the linkage 
in these cases is only suggestive (reviewed in ref. 38). 
With the exception of a QTL for plasma total cholesterol 
and HDL cholesterol levels on Chr 1, the genes under- 
lying these loci are unknown. A useful strategy for 
identifying these genes is to map candidate genes for 
the traits and then determine whether they coincide 
with any relevant QTLs. Figure 2 shows a composite 
map of published QTLs and candidate genes related to 
sterol and lipid metabolism. The QTLs and candidate 
genes mapped in this study and several recent studies 
have been aligned with candidate genes previously po- 
sitioned on the Chromosome Committee composite 
map of the mouse (16, 17) by interpolating distances 
between common markers. The QTLs are indicated as 
20 cM regions centered around peak LOD scores. With 
the exception of the locus for gallstones on Chr 2 (which 
was detected by ANOVA rather than multipoint linkage 
analysis), all of the QTLs are supported by LOD scores 
greater than 3. A number of the QTLs have been 
confirmed in independent crosses and several have 
been isolated on common genetic backgrounds 
(congenic mouse strains). It should be noted that the 
locations of the QTLs are indicated only apprdximately 
and the underlying genes could be located outside the 
intervals shown. Likewise, confidence intervals for the 
positions of the candidate genes generally range from 1 
to 20 cM. 

As indicated in Fig. 2, several of the candidate genes 
mapped in the current study are located near QTLs for 
plasma lipoprotein levels. The acyl-CoA:cholesterol acyl- 
transferase gene (Acact) maps near loci for total choles- 
terol, HDL cholesterol, and triglycerides on Chr 1. The 
mevalonate kinase gene (Muk) coincides with QTLs for 
HDL cholesterol and total cholesterol on Chr 5. The 
apoA-I regulatory protein-1 gene (Tcfcoup2) is located 
near a locus for plasma HDL cholesterol and total 
cholesterol on Chr 7. The novel HMG-CoA synthase-re- 
lated sequence (Hmgcsl-rs) on Chr 12 is located near a 
locus for LDL/VLDL cholesterol and total cholesterol. 
The genes encoding HMG-CoA reductase (Hmgcr) and 
sterol regulatory element binding factor-2 (Srebp) coin- 
cide with QTLs for LDL/VLDL cholesterol on Chrs 13 
and 15, respectively. 

In some cases, the colocalization of QTLs and candi- 
date genes will occur simply by chance. Detailed testing 
of every colocalizing candidate gene would be both 
expensive and labor-intensive. Thus, a protocol should 
be developed for distinguishing between coincidental 
and real "hits." As a first step, fine mapping of the region 

containing the QTL, to narrow down the region, would 
exclude many of the candidate genes on the basis of 
position alone. The remaining candidates could then be 
screened for qualitative differences at the structural 
locus or quantitative differences in expression between 
mouse strains. For some traits, the differences may be 
observed between the parental strains of the experimen- 
tal cross used to identify the QTL. For complicated 
traits, it may be necessary to examine a subset of the F2 
or backcross progeny which exhibit extremes of the 
trait. Ultimately, identification of a sequence variation 
at the structural locus would provide strong evidence 
for a real "hit." The final test would be expression of the 
trait in transgenic, knockout, or naturally occurring 
mutant strains of mice carrying alterations of the candi- 
date gene. The relevance of candidate genes tested in 
mice to human variations of plasma lipoprotein levels 
can then be determined by linkage analysis. 

A similar strategy was used to test Apoa2 as a genetic 
determinant of plasma HDL cholesterol and total cho- 
lesterol. A QTL was identified on mouse Chr 1, in a 
region containing the apoAII gene (39). The cholesterol 
variations were shown to be due to structural differences 
in Apoa2 affecting apoA-I1 translational efficiency and 
plasma turnover rate (39). Transgenic studies confirmed 
that apoA-I1 expression profoundly affects HDL meta- 
bolism in mice (40). Subsequently, family studies dem- 
onstrated that genetic variations of the apoA-I1 gene 
contributed to differences in human plasma apoA-I1 and 
free fatty acid levels (41). 

Coincidental mapping of Acuct and ald 

Over the years, a number of mouse mutant stocks 
affecting various aspects of lipid metabolism have been 
identified. These include five separate mutations (gene 
designations a, db, ob, tub, and fat)  resulting in obesity 
and diabetes, adrenal lipid depletion (ald) resulting in 
depletion of cholesteryl esters in the adrenal cortex 
combined lipase deficiency (cld) resulting in severe hy- 
pertriglyceridemia, and fatty liver dystrophy Vd) result- 
ing in developmental abnormalities of triglyceride me- 
tabolism (16, 42). The genes underlying four of the 
obesity and diabetes mutations have been identified 
recently (4,43-45), and have led to new insights into the 
regulation of energy balance in mice as well as humans 
(46-49). An attractive candidate gene for the ald muta- 
tion is Acact, which encodes an enzyme responsible for 
the esterification of cellular cholesterol. The map posi- 
tions of ald and Acact coincide within experimental error 
(data not shown), and it seems reasonable that an altera- 
tion in the expression of the enzyme could result in 
varying levels of cholesteryl ester storage. 
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Fig. 2. Composite map of quantitative trait loci (QTLs) and candidate genes for sterol and lipid metabolism. QTLs, represented by colored 
rectangles, are indicated as 20 cM regions centered around the locations of peak LOD scores. With the exception of the locus for gallstones on 
Chr 2, all of the QTLs are supported by a LOD score >3. (A LOD score is a statistical measure of whether a gene contributing to a given trait is 
linked to a particular genetic marker. A LOD score 23 is generally considered to be strong evidence of linkage. However, the precise threshold 
depends on various factors including the nature of the experimental cross and the number of markers typed.) The candidate genes are indicated 
to the right of the chromosomes; recombination distances (cM) relative to the centromere are shown to the left. Brackets indicate uncertain gene 
orders. Genes assigned to chromosomes but not regionally mapped are listed below the corresponding chromosomes. Data from a variety of 
mouse crosses were combined with respect to anchor loci to generate this composite map. Thus, the order of loci between anchors can only be 
inferred on the basis of distances and should be considered provisional. Chromosomes are drawn to scale, based on total recombinational lengths 
taken from the Chromosome Committee composite maps of the mouse (16, 17). The QTLs are described in refs. 5-9. Gene symbols and locations 
are as given in refs. 16, 17 with the following exceptions: Apobecl (71), Fabph-ps, Fabph-rsl, and Fabph-rs2 (72), Hdlbp (64), Hm@ (73), Ph2s (3, 
66), Pon (67). Ppara, Pparg(68), Ppard (69), and Scp2 (70). Complete gene names are as follows: a, agouti; Acact, acyl-CoAcholesterol acyltransferase; 
Acl, apolipoprotein C2 linked; Ad, adipose (adult obesity and diabetes); ald, adrenal lipid depletion; Apoal-4, apolipoprotein A1-4; Apob, 
apolipoprotein B; Apobecl, apolipoprotein B mRNA editing protein 1; Apocl-3, apolipoprotein C1-3; Apod, apolipoprotein D; Apoe, apolipopro- 
tein E Apoh, apolipoprotein H; Tcfcup2, apolipoprotein A-I regulatory protein 1; Athl, 3, susceptibility to atherosclerosis 1,3; Cel, carboxyl ester 
lipase; cld, combined lipase deficiency; Clps, colipase; Clu (Apoj), clusterin (apolipoprotein J); Cpe (Jut), carboxypeptidase E (fat); Fabph-ps, fatty 
acid binding protein heart-pseudogene; Fabph-rsl-2, fatty acid binding protein heart-related sequence 1-2; Fabphl-2, fatty acid binding protein 
heart 1-2; Fabpi, fatty acid binding protein intestinal; Fabpl, fatty acid binding protein liver 1; FdJl, famesyl diphosphate farnesyl-transferase 1 
(squalene synthase); Fdps, farnesyl diphosphate synthase; Fdpsll- 10, farnesyl diphosphate synthase-like 1- 10; Gp330, glycoprotein 330; Hdlbp, 
high density lipoprotein binding protein; Hmgcl, HMG-CoA lyase; H m p ,  HMGCoA reductase; Hmgcsl, HMGCoA synthase cytoplasmic; 
Hmgcsl-rs, HMG-CoA synthase cytoplasmic-related sequence; Hmga2, HMGCoA synthase mitochondrial; Lcat, 1ecithin:cholesterol acyltrans 
ferase; Ldlr, low density lipoprotein receptor; Lepr (db), leptin receptor (diabetes); Lipl, lipase 1 lysosomal acid; Lipc, lipase hepatic; Lipe, lipase 
hormone-sensitive; Lpl, lipoprotein lipase; Lrp-rs, low density lipoprotein-related protein-related sequence; L q ,  low density lipoprotein-related 
protein; L q a p l ,  W-associated protein 1; Mu4 mevalonate kinase; Lep (ob), leptin (obesity); Osbp, oxysterol binding protein; Ph2s, phospholipase 
A2 secretory; Plcal, phospholipase C alpha 1; Plcbl, phospholipase C beta 1; Plcgl, phospholipase C gamma 1; Pnlip, pancreatic lipase; Pnlipql ,  
pancreatic lipase-related protein 1; Pon, paraoxonase; Ppara-g, peroxisome proliferator-activated receptor a-y, Saul-4, serum amyloid A 1 4 ;  Scp2, 
sterol carrier protein 2; Sax, scavenger receptor; Srebfl-2, sterol regulatory element binding factor 1-2; tub, tubby; and Edlr, very low density 
lipoprotein receptor. 

Evolutionary relationships: gene families 

Many of the genes involved in cholesterol homeosta- 
sis are members of gene families exhibiting conserved 
sequence homology. Some of these families are com- 
prised of members involved in diverse processes; other 
families are comprised of members that function spe- 
cifically in pathways of lipid biosynthesis and metabo- 
lism. Acact is part of a family of diverse acyltransferse 
genes (50); Tcfcoup2 is a member of the steroid hormone 
receptor gene family involved in the transcriptional 
regulation of a wide variety of genes (51); and Mvk is 
part of a gene family involved in both lipid and carbo- 
hydrate metabolism (26). Conversely, Srebfl and Srebf2 
are structurally related genes whose protein products 
are all involved in the transcriptional regulation of genes 
encoding lipid biosynthetic enzymes (29,30,52). Hmgcsl 
and Hmgcs2 are homologous genes that encode proteins 
involved in steroidogenesis and ketogenesis, respec- 
tively. We have identified a third member of this family, 
Hmgcsl-rs, whose function is unknown. Analysis of 
Southern blots containing HzndIII-digested BL/6 and 
spretus DNA suggests that there may be other members 
of the this family in mouse. However, as the additional 
bands were detected in BL/6 but not spretus DNA, any 
additional loci would most likely represent pseudo- 
genes, with formation of the pseudogene( s) occurring 
after divergence of the two species of mice. The recent 
identification of a human partial cDNA exhibiting ho- 
mology with the cytoplasmic HMGCoA synthase gene 

indicates that there is also a third member of the human 
synthase gene family (53). 

A variety of human and mouse chromosomes have 
been shown to contain farnesyl diphosphate synthase- 
like sequences (1 1, 12, 27). Characterization of several 
of these sequences suggested that they are pseudogenes 
(28). Using a probe specific for the promoter of a 
functional farnesyl diphosphate synthase gene, we have 
identified a single hybridizing locus on mouse Chr 3. 
This locus is coincident with Fdpsll, one of the ten loci 
previously identified by hybridization with a full-length 
cDNA probe. These results suggest that the Chr 3 locus 
represents the gene encoding a functional prenyltrans- 
ferase, and that the gene symbol Fdpsll should be re- 
placed by Fdps as the designation for this locus. Based 
on conserved synteny, the human homologue of this 
mouse gene would be the previously described locus on 
Chr 1q21-25 (27). Whether or not any of the remaining 
loci encode functional prenyltransferases remains to be 
determined. 

Ldlr, Gp330, Lrp, and Vldlr are members of the low 
density lipoprotein receptor family (37). Using mouse 
Lrp-homologous cDNA clones as probes in Southern 
analysis of RFLVs, we identified an Lrp-homologous 
sequence, Lrp-rs, on Chr 10 near a region of conserved 
synteny with human Chr 12q13-ql4. In other mouse 
crosses, we have detected linkage of a human cDNA 
clone to both Chr 10 and Chr 15 markers, suggesting 
that there are two highly homologous loci present in the 
mouse genome (data not shown). Hilliker, Van Leuven, 
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and Van Den Berghe (54) reported the localization of 
Lrp to mouse Chr 15 band B2-Dl and human Chr 
12q13-ql4 by fluorescent in situ hybridization using 
human clone LRPS. While there is a distal region of 
mouse Chr 15 with known homology to human Chr 
12qll-ql4, the mouse cytogenetic region B2-D1 corre- 
sponds to a -20 cM region of relatively unknown 
mouse-human conserved synteny. Our data suggest 
that Lrp is located on Chr 10, and that a novel, highly 
homologous gene is located on Chr 15. 

Conserved homologies between mouse and human 
chromosomes 

Most of the candidate genes mapped in this study are 
located within linkage groups conserved between 
mouse and human chromosomes (Table 3) (16). One 
pair of genes, Fdps and Hmgcs2, provides an example of 
conservation of synteny across the centromere of a 
human chromosome. Thus, the human homologues of 
Fdps and Hmgcs2 (both located on mouse Chr 3), are 
located on either side of the centromere of human Chr 
1 (lq24-q31 and lp13-pl2, respectively) (55). Likewise, 
the linkage between Hmgcr and Hmgcsl, on mouse Chr 
13, is conserved across the centromere of human Chr 5 
(55). Three of the candidate genes are located near the 
breakpoints of conserved linkage groups, providing fur- 
ther definition of these breakpoints. Thus, Lrpapl and 
Mvk are both located on mouse Chr 5, separated by a 
large region of conserved homology to human Chr 4. 
Lrpapl maps to the proximal end of this conserved 
region, near the breakpoint between Chrs 4p16.3 and 
18~11.3. Mvk is locatedjust distal to the Chr 4 conserved 
region, near the breakpoint of homology to human Chrs 
4q21 and 12q22-qter. Srebf2 maps to the distal end of a 
region of conserved homology between mouse Chr 15 
and human Chr 22q, near the breakpoint of homology 
to human 8q24.2-qter. The map assignments of two of 
the candidate genes represent novel segments of homol- 
ogy between mouse and human. Thus, the localizations 
of Srebfl and Fdftl identify homology between mouse 
Chr 8/human Chr 17~11.2 and proximal mouse Chr 
14/human Chr 8p22-p23.1. 

The conserved homologies between mouse and hu- 
man chromosomes can be utilized to suggest subchro- 
mosomal localizations of genes mapped by methods of 
lower resolution such as somatic cell hybrid or in situ 
hybridization techniques. Thus, the human homologue 
of  Tcfcoup2 (TFCOUPP), previously mapped to human 
Chr 15 (51), is likely to reside on the q arm. Similarly, 
the human mevalonate kinase gene (MVK), which has 
been mapped to Chr 12 (26), is likely to reside within 
the 12q22-qter region. The suggested position of MVK 
is of particular interest because mutations of the gene 
have been shown to cause mevalonic aciduria, a disease 

which results in failure to thrive and early death (26). 
Sequence analysis of the MVK gene from affected indi- 
viduals suggests that the disease may be caused by a 
variety of mutations. Refinement of the map position 
may facilitate the development of genetic markers to be 
used in the diagnosis of mevalonic aciduria, genetic 
counseling of affected individuals, and prenatal screen- 
ing. I 
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