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Figure 3. Characterization of lipid profiles in Lp8 of familial
lecithin:cholesterol acyltransferase deficiency (FLD) and Fish-eye
disease (FED). A, Lipid compositions of Fr. 7 to 10 fractions (Lp8)
were compared among FLD (closed column), FED (gray column),
and normal (open column). *P<0.05. B, Lipid concentrations of
fractions 8, 9, and 10 were compared in FLD (n=5), FED (n=4),
and controls (n=4). *P<0.05. Cholesteryl ester (CE) concentra-
tions in FLD are not shown because levels were undetectable.
C, Size distribution of lipoproteins in Lp8 (Fr. 7-10) was com-
pared among FLD (closed column), FED (gray column), and
normal (open column) based on total cholesterol (TC) and phos-
pholipid (PL) concentrations. *P<0.05. FC indicates free choles-
terol; and TG, triglyceride.
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deficiency (Figures 1 and 4B). Lp8 also differed in composi-
tion between FLD and FED: in FLD, it contained increased
TG and decreased CE in comparison with FED (Figure 3A).
Importantly, although the levels varied with the severity of
renal damage as did those in Lpl, the buoyance of the peak
at Fr. 8 did not vary with severity of renal damage (Figure 2),
strongly suggesting that Lp8§ directly results from a lack of
LCAT and not from metabolic disturbances that occur during
proteinuria and progressive renal failure.

In addition to the above-mentioned characteristics for Lp8
in LCAT-deficiency syndrome, HPLC-GFC analyses clarified
novel unique lipid properties of Lp8 in FLD in comparison
with that in FED; the averaged sizes of Lp8 are smaller in
FLD than those in FED (Figure 3C). The lipid compositions
of Lp8 in FLD were, in part, ameliorated by rLCAT incubation
(Figure 4A). The averaged sizes of the Lp8 increased in FLD,
whereas those in FED decreased (Figure 4C). rLCAT increased
the CE formation in both LDL and HDL fractions in FLD sera.
Thus, these findings indicated that the abnormal compositions
were most likely caused primarily by the dysfunction of LCAT
in the patients, and that the abnormal characteristics of Lp8
were not because of metabolic disturbances that occur during
proteinuria and progressive loss of kidney function.

Previous extensive analyses using electron microscopy
have identified 3 abnormal lipoproteins in the LDL fraction
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Figure 4. Effects of in vitro familial lecithin:cholesterol acyltrans-
ferase (LCAT) supplementation on the lipid profiles of abnor-

mal lipoproteins in LCAT-deficiency syndrome. After analyses
described in Figure Il in the online-only Data Supplement, lipid
composition (A), cholesteryl ester (CE)/TC ratio (B), averaged par-
ticle size based on total cholesterol (TC) and phospholipid (PL)
concentrations (C), in Lp8, and lipid concentrations in Lp12 to 16
(D), were compared between culture media containing recom-
binant LCAT (rLCAT; closed column) and media without rLCAT
(open column). *P<0.05. FC indicates free cholesterol; FED, Fish-
eye disease; and TG, triglyceride.
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of FLD'% TG-rich and CE-poor particles of sizes similar to
normal LDL (FLD-LDL); FC- and PL-containing particles of
sizes distributing from 40 to 60 nm (LpX-like particle)?; par-
ticles with a diameter of 100 nm (designated as LM-LDL)'"*
that were later reported to be identical to LpX." LpX is FC-
and PL-rich but TG-poor lipid particles (30%, 60%, and 2%,
respectively)®? without apolipoproteins, which range from
very low density lipoprotein to large LDL fractions in fast
performance liquid chromatography analysis.?! The abnormal
particles have been shown to be decreased by lipid-lowering
therapy in a patient with FLD.* Lipoproteins in Lp8 were dif-
ferent from LpX in the lipid contents; the fractions were rich
in FC and PL and also rich in TG (13.2x1.3%, 41.4+3.3%,
and 45.8+3.8%, respectively). The composition analyses sug-
gested that Lp8 corresponds to FLD-LDL, but the calculated
sizes of Lp8 were larger than normal LDL using the data
obtained by size fractionation with HPLC-GPC in the present
study. Thus, the identified Lp8 in LCAT-deficiency syndrome
was most likely not identical to LpX in the characteristics.
There is a limitation for the interpretation of the quantita-
tive measurement of LpX in the frozen samples collected in
our study because the abnormal lipoproteins were known to
be labile to freezing-and-thawing treatment. In this context,
fresh sera were collected from patients 2 and 4 and analyzed
by agarose gel electrophoresis. The lipid staining of lipopro-
teins electrophoresed in agarose gel detected the abnormally
slowly migrating TG-poor lipoproteins, LpX, at the expectedly
migrating position, as well as TG-rich abnormal B-lipoproteins
(LDL) in the once-frozen sample, as well as the fresh sample
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in patient 4, although the staining intensity tended to decrease
in comparison with the fresh counterpart. However, LpX was
not detected in either sample with or without freeze-and-
thaw treatment from patient 2. Thus, LpX was indeed labile
to freeze/thawing, and the frozen samples were not adequate
for the quantitative measurement. However, the presence was
still able to be evaluated after once-freezing treatment. On the
basis of background data, HPLC-GFC analysis showed that
lipid contents in Lp8 were not largely affected by once-freez-
ing treatment in both patients 2 and 4: in contrast, the contents
of TG and PL were slightly decreased in lipoproteins with
peak of Fr. 5 (data not shown). Additional studies using fresh
samples of patients with distinct mutations and manifestations
are needed to interpret the significance of novel lipoproteins
in comparison with LpX for the development of renal insuf-
ficiency in LCATOdeficiency syndrome quantitatively.

In FLD but not in FED, Lpl2 to 16 were heterogeneous in
size and rich in PL. rLLCAT decreased PL in these fractions
specifically (Figure 5D; Figure II in the online-only Data
Supplement). This may suggest that the heterogeneous-sized
PL-rich particles in Fr. 12 to 16 converge to normal-sized
HDL (Fr. 16-18) on incubation with rLCAT, with concomi-
tant esterification of FC.

In conclusion, 4 lipoprotein fractions specific to LCAT-
deficiency syndromes were identified by the HPLC-GFC
analysis of samples from genetically diagnosed patients with
different mutations and manifestations. The composition of 2
of these was unique to only FLD; these were not likely com-
patible with the previously reported LpX. These abnormal
lipoproteins may be causal to the renal pathology in FLD,
the main cause of increased morbidity and mortality in this
condition. The regular evaluation of these specific lipid frac-
tions during LCAT enzyme replacement therapy in patients
with LCAT deficiency may provide guidance for success of
the intervention. The value of these lipid fractions for risk of
future renal disease needs to be addressed in prospective fol-
low-up studies in patients with FLD with various mutations in
the LCAT gene before the onset of proteinuria.
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Significance

Lecithin:cholesterol acyltransferase-deficiency syndromes are classified into 2 forms: familial lecithin:cholesterol acyltransferase deficiency
and fish-eye disease. Patients with familial lecithin:cholesterol acyltransferase deficiency develop renal failure, whereas fish-eye disease
patients do not. This study was performed to identify abnormal lipoproteins associated with the renal damage of patients with different
mutations and manifestations. Size fractionation with gel filtration of patients’ sera and in vitro incubation experiments with recombinant
lecithin:cholesterol acyltransferase showed abnormal lipoproteins associated with the renal damage. Thus, our novel analytic approach
identified large low-density lipoprotein and high-density lipoprotein with a composition specific to familial lecithin:cholesterol acyltransferase
deficiency but not to fish-eye disease. The identification of abnormal lipoproteins may shed light on the clarification of renal pathology and
the development of treatment for the patients with familial lecithin:cholesterol acyltransferase deficiency.
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Materials and methods
Identification of FLD and FED patients

Patients were referred because of a clinical suspicion of LCAT deficiency
due to the presence of corneal opacification and HDL deficiency, with or without
proteinuria and/or renal insufficiency (Table 1). Lipid profiles of the patients are
also given in Table 2. In our clinics, the definitive molecular diagnoses were
established for all patients. The renal biopsy analyses were performed to make a
diagnosis for renal damage in some patients. Patient(Pt)s 1 and 3 are Morroccan
sister®®. Other patients are unrelated. Pt.2 was treated with a fat-restricted diet
(1570 kcal; fat 10 g and protein 45 g) during admission, with the prescription of
losartan 50 mg/day for 8 months. Younger sister of Pt. 2 also shows corneal
opacification. Informed consent from her was not obtained for genetic analysis
and current study. Proteinuria for FLD patients were 6g/24h (Pt. 1), 2 g/24h (Pt.
2), 0.45 g/l (Pt. 3), 0.23g/24h (Pt. 4), and 0.5 g/l (Pt. 5).

Analysis of patient samples

This study was approved by the Ethics Committees of Chiba University
School of Medicine and Academic Medical Center, University of Amsterdam, and
informed consent was obtained from the participants including unaffected
normolipidemic controls. Blood samples were obtained from participants, and
serum was prepared and stored at -80 °C until use. LCAT activity (a-activity) was
measured using artificial proteoliposomes as substrate’. Serum lipoproteins
were fractionated by high-performance liquid chromatography with gel filtration
column (HPLC-GFC)Z'3 and analyzed simultaneously by online enzymatic
method to quantify total cholesterol (TC), free cholesterol (FC), triglyceride (TG),
and phospholipid (PL) (Skylight Biotech, Akita, Japan). The resulting raw
chromatograms (elution time versus lipid concentration) were further processed
by computer program with the modified Gaussian curve fitting for resolving the
overlapping peaks by mathematical treatment. Finally, the system subdivided the
lipoprotein particles of normal subjects by size into the following 20 subclasses:
chylomicron (CM, >80 nm, fractions 1-2), very low density lipoprotein (VLDL,
30-80 nm, fractions 3-7), low density lipoprotein (LDL, 16-30 nm, fractions 8-13),
and high density lipoprotein (HDL, 8-16 nm, fractions 14-20). In this fractionation
analysis, standard particle diameters have been reported to be >90, 75, 64, 53.6,
445, 36.8, 31.3, 28.6, 25.5, 23.0, 20.7, 18.6, 16.7, 15.0, 13.5, 12.1, 10.9, 9.8,
8.8, 7.6 nm for fraction 1 through 20, respectively?. Average sizes of lipoprotein
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classes were calculated based on the particle diameter as follows: (sum of
particle diameter x lipid concentration in each fraction)/(sum of lipid
concentration of the fractions of interest). Ultracentrifugation fractionation
followed by determination of lipid contents was performed in Pt. 1, 2 and 5 (Table
| in data supplement). For some FLD sera, representative fractions were
collected, concentrated by Vivaspin (MWCO=3,000, Sartorius, Weender Landstr.,
Germany) and subjected to determine apolipoprotein concentrations by Milliplex
MAP Human Apolipoprotein Panel kit (Millipore, Billerica, MA) using BioPlex
apparatus (BioRad, Hercules, CA).

Preparation of recombinant LCAT and in vitro incubation with patient’s
serum

Human LCAT gene was transduced into human preadipocytes by
retroviral vector as described previously'. The resulting cells were seeded into
T225 flask and grown to confluency in MesenPRO medium (Life Technologies,
Carlsbad, CA). The medium was changed to 30 ml of OPTI MEM | (Life
Technologies) and the cells were further incubated for seven days to collect
culture supernatant. The culture supernatant was concentrated to one-fiftieth of
the original volume by Amicon Ultra (MWCO=50 kDa, Millipore)*. LCAT
concentration was titrated by immunoblotting using commercially available
human rLCAT (Roar Biomedical, Inc., Calverton, NY) as standard. After mixing
with rLCAT-containing culture supernatant at the ratio of 29:71 (v/v), each
patient’'s serum was incubated at 37 °C for 24 hr (final concentration of rLCAT
was 6 ug/ml), and subjected to lipoprotein analysis. Culture supernatant of
human preadipocytes without gene transduction was used as control.

Statistical analysis

Data are presented as means + S.D. Comparisons were assessed for
significant differences by paired Student’s t-test, or by ANOVA followed by Tukey
test, where appropriate. SPSS software was used for statistical analyses. In all
cases, P values of less than 0.05 were considered significant.
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Supplement Table |

Pt. 1 Pt. 2 Pt.5
HDL
Total cholesterol (mg/dl) 18.6 12.0 10.8
Triglyceride (mg/dl) 3.6 3.0 4.2
Phospholipid (mg/dl) 65.4 44 .4 42.0
LDL
Total cholesterol (mg/dl) 62.4 99.0 39.6
Triglyceride (mg/dl) 7.4 151.2 61.8
Phospholipid (mg/dl) 106.2 157.8 73.2
VLDL
Total cholesterol (mg/dl) 62.0 51.0 9.6
Triglyceride (mg/dl) 190.0 157.8 36.0
Phospholipid (mg/dl) 103.4 81.8 21.8

Supplement Table l. Ultracentrifugation analysis of lipoprotein in FLD patients.
Patients’ sera were subjected to ultracentrifugation fractionation, followed by determination of
lipid concentration.
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Supplement Figure |
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Supplement Figure I. Apolipoprotein contents in lipoproteins in FLD patients.
Lipoprotein subfractions were collected and concentrated (MWCO=3,000). Apolipoprotein
concentrations in the concentrated samples were determined by ELISA. N; normolipidemic
control, 1; Pt. 1, 2; Pt. 2, 5; Pt. 5.
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Supplement Figure |l
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Supplement Figure ll. Comparison of lipid concentrations of lipoproteins between FLD

and FED.

According to the distribution of lipoproteins shown in Figure 1, CE (panel A), FC (panel B), TG
(panel C), and PL (panel D) concentrations in Fr. 1, Fr. 7-10, Fr. 12-16 and Fr. 18-20 were
compared between FLD patients (open column, n=5) and FED patients (closed column, n=4).

nd, not detected, *p<0.05.
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Supplement Figure Ill
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Supplement Figure Ill. Response to rLCAT in vitro

0
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2 4

After incubation with culture supernatant of human LCAT gene-transduced preadipocytes
(closed circle) and un-transduced control (open circle), GFC analyses with simultaneous
determination of TC, TG, FC, and PL concentrations were performed. Representative results
of FLD (Pt. 1) and FED (Pt. 7) sera were shown.
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Supplement Figure IV
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Supplement Figure IV. In vitro rLCAT incubation ameliorated HDL composition in FLD
and FED.

After in vitro rLCAT incubation and subsequent GFC analyses of lipoproteins shown in Fig.
S2, changes of core HDL fractions (Fr. 16-18) were analyzed in FLD (n=4) and FED (n=4)
sera (A-C). Lipid concentrations (A), CE/TC ratio (B), and lipid composition (C) were
~compared between rLCAT containing culture media (closed bar) and the culture media
without rLCAT (open bar). *p<0.05.
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Liver-Specific Deletion of 3-Hydroxy-3-Methylglutaryl
Coenzyme A Reductase Causes Hepatic Steatosis and Death

Shuichi Nagashima, Hiroaki Yagyu, Ken Ohashi, Fumiko Tazoe, Manabu Takahashi, Taichi Ohshiro,
Tumenbayar Bayasgalan, Kenta Okada, Motohiro Sekiya, Jun-ichi Osuga, Shun Ishibashi

Objective—3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) catalyzes the rate-limiting step in cholesterol
biosynthesis and has proven to be an effective target of lipid-lowering drugs, statins. The aim of this study was to

understand the role of hepatic HMGCR in vivo.

Methods and Results—To disrupt the HMGCR gene in liver, we generated mice homozygous for a floxed HMGCR allele
and heterozygous for a transgene encoding Cre recombinase under the control of the albumin promoter (liver-specific
HMGCR knockout mice). Ninety-six percent of male and 71% of female mice died by 6 weeks of age, probably as a
result of liver failure or hypoglycemia. At 5 weeks of age, liver-specific HMGCR knockout mice showed severe hepatic
steatosis with apoptotic cells, hypercholesterolemia, and hypoglycemia. The hepatic steatosis and death were completely
reversed by providing the animals with mevalonate, indicating its essential role in normal liver function. There was a
modest decrease in hepatic cholesterol synthesis in liver-specific HMGCR knockout mice. Instead, they showed a robust
increase in the fatty acid synthesis, independent of sterol regulatory element binding protein-ic.

Conclusion—Hepatocyte HMGCR is essential for the survival of mice, and its abrogation elicits hepatic steatosis with
jaundice and hypoglycemia. (Arterioscler Thromb Vasc Biol. 2012;32:1824-1831.)

Key Words: cholesterol m liver m 3-hydroxy-3-methylglutaryl coenzyme A m fatty acids m knockout mouse

he mevalonate pathway produces isoprenoids that are

essential for the diverse cellular functions ranging from
cholesterol synthesis to growth control. The enzyme 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR) (EC
1.1.1.34), which catalyzes the conversion of HMG-coenzyme
A to mevalonate, is the rate-limiting enzyme in the mevalonate
pathway.! Mammalian HMGCR is an integral high-mannose
glycoprotein of the endoplasmic reticulum (ER).? Structurally,
it is divided into 2 major domains: a C-terminal cytosol-
facing domain that tetramerizes to form the active site and an
N-terminal hydrophobic region that spans the ER membrane
8x and bears a single N-glycan. This membrane region is dis-
pensable for the enzymatic activity but necessary for the meta-
bolically controlled stability of the enzyme and sufficient to
cause sterol-accelerated degradation of heterologous proteins.
Within this region, transmembrane spans 2 through 6 bear
significant sequence homology to the corresponding trans-
membrane spans of sterol regulatory element binding protein
(SREBP) cleavage-activating protein (SCAP).?

To ensure a steady supply of mevalonate, the nonsterol and
sterol end products of the mevalonate metabolism exert feed-
back regulatory effects on the activity of this enzyme through
multivalent mechanisms, including inhibition of the transcrip-
tion of its RNA, blocking of translation, and acceleration of the

protein’s degradation by a mechanism called ER-associated
degradation, thereby regulating the amount of protein over
a several hundred-fold range. ER-associated degradation of
HMGCR requires the binding of Insig-1 to the sterol-sensing
domain.* Despite the critical role of HMGCR in cholesterol
biosynthesis, little is known about its relevance to diseases.
Only recently, HMGCR has been identified as a determinant
of plasma cholesterol levels.’

Inhibitors of HMGCR, statins, are potent cholesterol-
lowering agents that have been widely used to prevent the
occurrence of coronary heart disease and other atherosclerotic
diseases.® The atheroprotective properties of statins are pri-
marily because of the potent low-density lipoprotein (LDL)-
cholesterol-lowering effect.” Statins have also been reported to
exert cholesterol-independent, or so-called pleiotropic, effects
that involve improving endothelial function and decreasing
oxidative stress and vascular inflammation.® The benefits of
statins extend beyond cardiovascular diseases and include a
reduction in the risk of dementia, Alzheimer disease, ischemic
stroke, osteoporosis, tumor growth, and viral infection. Most
of these pleiotropic effects are mediated by an ability to block
the synthesis of nonsterol isoprenoid intermediates. Statins
have toxic effects in only a limited number of patients and are
generally considered safe.
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To establish an animal model for investigating the mecha-
nisms behind the effects, including toxicity of statins, we have
generated HMGCR knockout (KO) mice lacking the enzyme
throughout their bodies.” These mice die in a relatively early
stage of embryonic development (ie, before E8.5). Because
mice lacking squalene synthase, the first committed enzyme
in the sterol pathway, die in the embryonic stage with apparent
anomalies of the development of the central nervous system,'°
we took advantage of the tissue-specific gene targeting using
the Cre-loxP system to generate mice lacking HMGCR in a
liver-specific manner.

Materials and Methods

Liver-specific HMGCRKO (L-HMGCRKO) mice were generated
by cross-breeding heterozygous floxed HMGCR (referred to as
HMGCR*"; f denotes floxed) mice with transgenic mice expressing
Cre recombinase under the control of albumin gene promoter (Alb-
Cre).""12 All animal experiments were performed with the approval of
the Institutional Animal Care and Research Advisory Committee at
Jichi Medical University. For detailed protocols for the generation of
L-HMGCRKO mice and other experimental procedures, please refer
to the online-only Data Supplement.

Results
Because there were no differences in growth curves or metabolic
parameters, such as plasma lipid and glucose levels, among
the HMGCR** (wild-type), HMGCR** Alb-Cre (CRE), and
HMGCR¥ (fHMGCR) mice, we used fHMGCR mice as a
control. To determine whether the expression of the HMGCR
gene was abrogated in the liver, we performed a Southern
blot (Figure 1A), Northern blot (Figure 1B), and real-time
polymerase chain reaction (Figure 1C). The Southern blot
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analysis shows that only the 6.3-kb wild-type allele and 7.7-
kb floxed allele were observed in the DNA from liver in wild-
type and fHMGCR mice, respectively. In L-HMGCRKO mice
at 3 weeks, the liver contained predominantly the 12.0-kb
KO allele (70% based on Phosphorlmager analysis [BAS
200, Fujifilm, Tokyo, Japan]) and some residual floxed allele
(30%). The mRNA expression of HMGCR in the liver of
L-HMGCRKO mice was decreased to 30% of the fHMGCR
mice at 3 weeks of age and to <10% at 4 and 5 weeks upon
Northern blot analysis. The time-dependent abrogation of the
mRNA expression of HMGCR was also confirmed by real-
time polymerase chain reaction. Based on this method, the
mRNA levels were decreased to only 2% of the fHMGCR
mice at 4 and 5 weeks, although there were no significant dif-
ferences in other organs (Figure IIA in the online-only Data
Supplement). Immunoblot analysis showed that the amount of
HMGCR protein in the liver of L-HMGCRKO mice was 15%
of that in fHMGCR mice (Figure 1D). Despite the profound
reduction in HMGCR at both the mRNA and protein levels,
the HMGCR activity in the liver of L-HMGCRKO mice was
decreased by only 44% compared with that in fHMGCR mice
(Figure 1E). To determine whether HMGCR is specifically
abrogated in the liver parenchymal cells of L-HMGCRKO
mice, we separated parenchymal and nonparenchymal cells
from the liver at 3 weeks of age by density-gradient centrifuga-
tion after liver perfusion with collagenase. The mRNA expres-
sion of HMGCR in the parenchymal cells of L-HMGCRKO
mice was decreased by 70.6% compared with that in fHMGCR
mice, whereas the mRNA expression of HMGCR in the non-
parenchymal cells was not different between the fHMGCR
and L-HMGCRKO mice at 3 weeks of age (Figure IIC in the

Figure 1. Conditional deletion of the 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR)
gene in mice and their survival. A, Southern blot
analysis of BamHI-digested DNA from the livers
of wild-type (WT) floxed HMGCR (fHMGCR) and
liver-specific HMGCR knockout (L-HMGCRKO)
mice at 3 weeks of age as described in the
online-only Data Supplement. B, Northern

blot analysis of hepatic RNA from the livers of
fHMGCR and L-HMGCRKO mice at 3, 4, and 5
weeks of age. Aliquots (20 pg) of total RNA from
liver were subjected to electrophoresis and blot
hybridization with 3*P-labeled cDNA probes for
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mouse HMGCR as described in the online-only
Data Supplement. C, Quantitative real-time poly-
merase chain reaction of HMGCR mRNA levels
from the livers of mice indicated in B (n=5 in each
group). D, Immunoblot analysis of HMGCR pro-
tein from the livers of control and L-HMGCRKO
mice at 4 weeks of age (n=3 in each group).
Aliquots (50 pg) of liver membrane fractions were
subjected to SDS-PAGE and immunoblot analy-
sis. The membrane protein transferrin receptor
was used as a loading control. E, HMGCR activ-
ity in the liver microsomal fractions of fHMGCR
and L-HMGCRKO mice at 4 weeks of age (n=5 in
each group). F, The survival curves were gener-
ated by the Kaplan-Meier method, and differ-
ences among the survival rates were compared
using the x2 method. Male (n=25) and female
(n=42) L-HMGCRKO mice were followed for >100
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days. Each value represents mean+SD. Signifi-
cant differences compared with control mice:
*P<0.05 and **P<0.001.
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Table. Liver Weight and Plasma Parameters of Control and L-HMGCRKO Mice

Age (wks) 3 4 5

Genotype fHMGCR (n=5) L-HMGCRKO (n=5) fHMGCR (n=9) L-HMGCRKO (n=7)  fHMGCR (n=6) L-HMGCRKO (n=5)
Body weight (g) 10.6+1.3 11.7+1.5 17.2+1.3 15.5+0.8* 21.7x2.0 13.5£0.8"*
Liver weight (g) 0.47+0.11 0.51+0.11 0.78+0.14 0.92+0.13 1.08+0.11 1.17+0.28
Liver/body weight (%) 4.4+0.4 4.2+0.4 4.4+0.4 6.1+0.8* 5.0+0.12 8.7+2.1%
Total cholesterol (mg/dL) 63.6+9.1 47.1£1.0% 66.5+11.1 46.7£13.2 64.6+6.8 282.6£72.6%*
Free cholesterol (mg/dL) 26.2+4.0 20.1x0.5* 33.3£5.5 24.6+13.5 33.1x2.7 263.0£72.6***
Cholesterol ester (mg/dL) 37.4+55 27.0x1.4* 33157 22.1+4.6* 31.5+4.9 19.6+10.3
Triglyceride (mg/dL) 62.5+13.3 51.1£9.9 78.5+25.4 24.9+6.9** 92.5+31.1 27.7£9.4*
Free fatty acids (mmol/L) 0.34+0.10 0.40x0.06 0.63+0.20 0.51+0.19 0.55+0.09 1.70+0.92*
Phospholipids (mg/dL) 132.2x20.2 106+2.7* 143.5+22.8 117.3x31.7 150.9+12.3 601.1+133.5*
Aspartate aminotransferase (IU/L) 76.1+10.2 95.7+45.5 92.7+39.3 343.1£602.8 55.9+18.6 1178.5+182.1%*
Alanine transaminase (IU/L) 35.1x12.1 61.9+46.7 20.7+17.5 54.2+101.7 13.1+4.6 878.8£357.6**
Total bilirubin (mg/dL) 0.31+0.09 0.31x0.09 0.30+0.08 0.36+0.29 0.33+0.19 3.25+1.69*
Blood glucose (mg/dL) 110.6+16.7 123.0+15.5 116.9+13.7 99.6+16.7 135.7+9.4 48.3+23.3*

Blood samples were taken from male mice fed a normal chow diet ad libitum before the study. Each value represents the mean=SD. Significant differences compared
with control mice: *P<0.05, **P<0.01, and ***P<0,001. HMGCR indicates 3-hydroxy-3-methylglutaryl-coenzyme A reductase; L-HMGCRKO, liver-specific HMGCR

knockout mice; THMGCR, floxed HMGCR.

online-only Data Supplement). HMGCR activity in the paren-
chymal cells of L-HMGCRKO mice was decreased by only
47% compared with that in fHMGCR mice (Figure IID in the
online-only Data Supplement). The relative decreases in the
mRNA and activity of HMGCR in the parencymal cells were
similar to those observed in the whole liver of L-HMGCRKO
mice (Figure 1C and E), supporting that HMGCR gene was
specifically abrogated in the parenchymal cells of the liver and
that there was no compensatory upregulation of HMGCR in
the nonparenchymal cells of the L-HMGCRKO mice.
L-HMGCRKO mice were born at a rate in accordance with
the rule of Mendelian inheritance. However, 96% of males died
with a median survival time of 35 days, whereas 71% of females
died with a median survival time of 36 days (Figure 1F), and
the rest of them survived until 12 months of age. Therefore,
the survival rate of females was significantly higher than males
(P=0.025). The mRNA expression levels of HMGCR in the
liver from the surviving HMGCRKO mice were as high as
those from fHMGCR mice (Figure IIB in the online-only Data
Supplement). Next, we compared body weight, liver weight,
plasma lipid levels, liver functions, and blood glucose levels
between fHMGCR and L-HMGCRKO mice (Table). Although
the body weight of L-HMGCRKO mice was not different from
that of fHMGCR mice at 3 weeks of age, it decreased by 10%
at 4 weeks and by 38% at 5 weeks of age. Liver weight did
not differ between the 2 groups. However, the ratio of liver
weight to body weight was increased by 39% and 74% at 4
and 5 weeks of age, respectively. The livers of L-HMGCRKO
mice were enlarged, paler, and whiter than those of fHMGCR
mice at 5 weeks of age (Figure 2A and 2B). Consistent with
the macroscopic abnormalities of the liver, plasma levels of
aspartate aminotransferase, alanine transaminase, and bilirubin
were markedly increased in the L-HMGCRKO mice compared
with fHMGCR mice at 5 weeks of age. Total cholesterol levels in
the plasma were decreased in the L-HMGCRKO mice by 26%
at 3 weeks of age (Table). In parallel, plasma concentrations

of LDL cholesterol and apolipoprotein (apo) B-100 protein
were decreased (Figure ITITA and IIIE in the online-only Data
Supplement). Despite the liver failure of L-HMGCRKO mice at
5 weeks of age, the plasma levels of cholesterol, free cholesterol,
and phospholipids were increased 4.3-, 7.9-, and 4.0-fold,
respectively. On the other hand, plasma cholesterol ester levels
were decreased by 38% (Table). Therefore, calculated ratios
of free cholesterol to cholesterol ester were increased 13-fold.
Most of the increased cholesterol was distributed in the size of
very low-density lipoprotein through LDL (Figure IIIC in the
online-only Data Supplement). Although apoB-100 levels were
decreased, apoB-48 levels were substantially increased in the
plasma of L-HMGCRKO mice at 5 weeks of age (Figure IG
in the online-only Data Supplement). These findings together
with the results of agar gel electrophoresis of the plasma (Figure
HOI-T in the online-only Data Supplement) strongly indicate
that both lipoprotein X and apoB-48—containing lipoproteins
were increased in the L-HMGCRKO mice. Hepatic LDL
receptor protein levels were not altered between fHMGCR and
L-HMGCRKO mice at 3 and 5 weeks of age (Figure IIIF and IITH
in the online-only Data Supplement), despite increased hepatic
LDL receptor mRNA levels (Figure 4A). Plasma lipoprotein
changes in L-HMGCRKO mice may not be influenced by LDL
receptor protein levels. Plasma free fatty acid levels were also
increased 3.1-fold at 5 weeks. In contrast, plasma triglyceride
levels were decreased by 69% and 70% at 4 and 5 weeks of
age, respectively. It is of note that L-HMRCRKO mice were
moderately hypoglycemic at 5 weeks.

To determine the causes of the liver dysfunction associated with
hepatomegaly, we performed a microscopic analysis of the liver
(Figure 2). Hematoxylin and eosin staining revealed moderate to
severe ballooning and unicellular necrosis of parenchymal cells at
S weeks (Figure 2C and 2D). Oil-red O staining showed moderate
to severe microvesicular steatosis of the parenchymal cells (Figure
2E and 2F). TdT-mediated dUTP-nick end labeling—positive
(Figure 2G, 2H, and 2M) and Ki-67—positive parenchymal cells
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(Figure 21, 2J, and 2N) were significantly increased 11- and 2.8~
fold in the liver of L-HMGCRKO mice compared with that in
fHMGCR mice, respectively. The liver of L-HMGCRKO mice
contained increased amounts of type 4 collagen (Figure 2K
and 2L). Caspase 3 activity in the liver of L-HMGCRKO mice
was also increased 1.8-fold compared with that of fHMGCR
(Figure VA in the online-only Data Supplement). The mRNA
levels of C/EBP-homologous protein were also significantly
increased (Figure VD in the online-only Data Supplement).
However, no significant differences were observed in either
caspase 8 activity or H,0, contents in the liver (Figure VB and VC
in the online-only Data Supplement). The pathology of the liver
from L-HMGCRKO mice at 4 weeks was milder (Figure IVB in
the online-only Data Supplement) than that at 5 weeks. The liver
of the mice which survived the lethal period still had hepatocyte
ballooning (Figure IVD in the online-only Data Supplement).

To determine whether the liver-specific abrogation of
HMGCR affected cholesterol metabolism in the liver, we mea-
sured the hepatic levels of cholesterol and triglycerides (Figure
3). The hepatic cholesterol content was decreased by only 22%
in the L-HMGCRKO mice compared with the fHMGCR mice
(Figure 3A). Unexpectedly, the hepatic contents of triglycer-
ide were increased 2-fold (Figure 3B). These results indicate
that the neutral lipids stained with oil-red O in the liver were
primarily triglycerides. The reduction in the cholesterol con-
tents of the liver was smaller than expected. We measured cho-
lesterol synthesis in liver slices in culture (Figure 3C). The
cholesterol synthesis was reduced by 45%. This reduction
paralleled the degree of reduction in HMGCR activity in the
liver (Figure 1E). We also measured the amounts of fatty acids
synthesized in the liver (Figure 3D). Surprisingly, the synthe-
sis of fatty acids from acetate was markedly increased 17-fold
in the liver of L-HMGCRKO mice. Although total amounts of
fatty acids were not different between the 2 mice (Figure 3E),
the following fatty acid species were significantly increased in
the liver of L-HMGCRKO mice: C18:0, C18:1n-9, C20:1n-9,
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Figure 2. Gross appearance and histo-
logical analysis of the livers in male mice

at 5 weeks. Gross appearance of the liver
from control (A) and liver-specific HMGCR
knockout (L-HMGCRKO) mice (B). Hema-
toxylin and eosin-stained liver sections
from control (C) and L-HMGCRKO (D) mice.
Frozen sections of liver stained with oil-red
O from control (E) and L-HMGCRKO (F)
mice. TdT-mediated dUTP-nick end label-
ing (TUNEL)-stained liver sections from
control (G) and L-HMGCRKO (H) mice.
Ki-67-stained liver sections from control

() and L-HMGCRKO (J) mice. Type 4 col-
lagen-stained liver sections from control

(K) and L-HMGCRKO (L) mice. Bar graph
shows the percentages of TUNEL-positive
cells (M) and Ki-67-positive cells (N) relative
to the total number of cells. Each value rep-
resents mean+SD. Significant differences
compared with control mice: *P<0.01 and
**P<0.001.

C20:3n-9, and C22:4n-6 (Figure 3F). Given the increased
production of fatty acids and triglycerides in the liver, we
measured other metabolites of fatty acids such as diglycer-
ides and ceramides. The hepatic levels of diglycerides were
increased 1.8-fold (Figure 3G), but those of ceramides were
not increased significantly (Figure 3H).

To clarify the mechanisms behind the changes in fatty acid
metabolism, we determined the changes in the levels of mRNA
expression in various genes involved in cholesterol or fatty acid
metabolism in the liver at 4 weeks of age by real-time poly-
merase chain reaction (Figure 4A). As to the genes involved
in cholesterol metabolism, the mRNA levels of SREBP2, LDL
receptor, proprotein convertase subtilisin/kexin type 9, and
squalene synthase were increased 1.4-, 1.9-, 2.8-, and 3.9-fold,
respectively. On the other hand, the mRNA levels of cholesterol
Ta-hydroxylase, a rate-limiting enzyme for bile acid synthesis,
were decreased by 60%. With regard to the genes involved in
fatty acid metabolism, the mRNA levels of fatty acid synthase
(FAS), acetyl-CoA carboxylase, and stearoyl-CoA desatu-
rase 2 were increased 2.4-, 1.4-, and 22-fold, respectively. On
the other hand, the mRNA expression of SREBP1c and acyl
CoA:diacylglycerol acyltransferase 2 was decreased by 80%
and 40%, respectively. There were no changes in either the
mRNA expression of SREBP1a, a splice variant of SREBPIc,
or liver X receptor a (LXRa), an important transcriptional acti-
vator of the SREBP1c gene. The mRNA expression of peroxi-
some proliferator—activated receptor o, a transcription regulator
of genes for fatty acid oxidation, was not changed.

HMGCR catalyzes the formation of mevalonate, which is
used as a substrate for the synthesis not only of cholesterol but
also nonsterols such as isoprenoids, ubiquinone, heme A, and
dolichol. To test the notion that death, likely because of severe
liver failure, was caused by the alteration of a nonsterol path-
way, we evaluated the isoprenylation of small GTP-binding
proteins such as H-Ras and Racl by measuring the amount
of membrane-bound forms (Figure 4B). The ratio of the
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Figure 3. Hepatic lipid contents and lipid synthesis in the control and liver-specific HMGCR knockout (L-HMGCRKQO) male mice. Hepatic
total cholesterol (A), triglyceride (B), fatty acid levels (E), and fatty acid composition in total liver lipids (F) were determined in the livers
from control and L-HMGCRKO mice at 4 weeks of age (n=5 in each group). C and D, In vitro hepatic lipid synthesis rate using the liver
slices in culture (n=3 in control and n=4 in L-HMGCRKQO). Liver slices (=100 mg) were incubated with “C-labeled acetate (8 mmol/L, 0.1
uCi/umol) for 90 minutes. After incubation, the slices were removed for measurement of *C-labeled cholesterol (C) and fatty acids (D).
Hepatic diglyceride (G) and ceramide (H) contents were measured in the livers of control and L-HMGCRKO mice at 4 weeks of age (n=5
in each group) by the diglyceride kinase method as described in the online-only Data Supplement. Each value represents mean+SD. Sig-
nificant differences compared with control mice: *P<0.05 and **P<0.01.

membrane-bound form to the cytosolic form of H-Ras or Racl
was decreased to 0.05 to 0.2 compared with control. These
results indicate that the deficiency of HMGCR affected the
nonsterol pathway more severely than the sterol pathway. We
also estimated changes in intracellular signaling molecules
(Figure 4C). p-Akt and c-Met were decreased by 72% and
81%, respectively, whereas phospho-signal transducer and
activator of transcription 3 was increased 7.6-fold.

If the lethal phenotype of HMGCR deficiency is because
of the deficiency of mevalonate, supplementation with meva-
lonate could theoretically rescue the lethal phenotype. In fact,
providing the male mice with water containing mevalonate
significantly attenuated the liver dysfunction and hypercho-
lesterolemia (Figure SA-5C). The pathological abnormalities
observed in the male L-HMGCRKO mice were almost nor-
malized by the supplementation with mevalonate (Figure SD—
5G). Consistently, the amounts of the membrane-bound form
of H-Ras or Rac 1 were restored to normal levels (Figure SH).
Similar improvements were found in female L-HMGCRKO

mice (data not shown). No death occurred until 40 days of age
in L-HMGCRKO mice supplemented with mevalonate.

Because L-HMGCRKO mice were hypoglycemic (Table),
it is possible that hypoglycemia is the direct cause of death. To
test this hypothesis, we allowed mice free access to drinking
water containing 20% (w/v) glucose. Glucose feeding sig-
nificantly increased plasma glucose levels (43.5+16.2mg/dL
[n=10] versus 79.5+40.6mg/dL [n=13] [P=0.01] in males;
36.6+13.3mg/dL. [n=4] versus 65.2x35.6mg/dL [n=11]
[P=0.04] in females). Concurrently, it dramatically improved
the mortality of L-HMGCRKO mice (96% versus 13% in
males and 71% versus 15% in females) (Figure VI in the
online-only Data Supplement).

Discussion
Nearly all the male L-HMGCRKO mice died before 40 days of
age, whereas 30% of females survived until 12 months of age.
Before their death, the mice developed severe hepatic dam-
age with hepatomegaly, steatosis, and hypoglycemia. Thus, we
ascribe the lethal effect of the liver-specific deficiency of HMGCR
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to the hepatic toxicity and hypoglycemia. Unexpectedly, the mice
developed hypercholesterolemia before death, although hepatic
cholesterol synthesis was significantly reduced. This lethal phe-
notype was completely reversed by mevalonate or glucose, indi-
cating that mevalonate is essential for the survival of mice and
that hypoglycemia is the direct cause of lethality.

The mRNA expression of HMGCR was reduced as early as
3 weeks of age and almost undetectable at 4 weeks. This devel-
opmental reduction in the expression is consistent with the
developmental induction of the expression of albumin. Other
MVA -
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*
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liver-specific KO models using Alb-Cre showed abrogation of
the expression of reporter genes at a similar stage.'> However, the
HMGCR activity of the liver was reduced by only 50%. Because
the parenchymal hepatocytes from the liver of the L-HMGCRKO
mice at 3 weeks of age expressed substantial HMGCR activity,
we speculate that most of the activity is derived from upregu-
lated HMGCR expression in a certain subset of hepatocytes that
escaped from HMGCR gene inactivation. Indeed, recombina-
tion efficiency was only 75% at weaning,"* and HMGCR pro-
tein can be increased 25-fold at the posttranscriptional level.!

-+

Figure 5. Supplementation of mevalon-
ate. Male mice were given mevalonate

in drinking water at a concentration of

5 mmol/L from the age of 28 days to 35
days (n=5 in each group). After supple-
mentation, plasma alanaine transaminase
(ALT) (A), total bilirubin (B), and total
cholesterol (C) levels were measured. The
livers were removed from liver-specific
HMGCR knockout (L-HMGCRKO) mice not
supplemented with mevalonate (-; D and F,
respectively) or supplemented with meva-
lonate (+; E and G, respectively) stained
with hematoxylin and eosin or oil-red O. H,
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Immunoblot analyses for small GTP-binding
proteins in membranous and cytosolic frac-
tions of the liver. Each value represents
mean+SD. Significant differences compared
with control mice: *P<0.001.
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Furthermore, there might be time lag between disappearance of
HMGCR protein and cessation of transcription.

Sex dimorphism in lethality is noteworthy. The present
results that male L-HMGCRKO mice were more prone to die
than females are consistent with the general view that females
are more resistant to morbidity and mortality of various liver
diseases than males.'* In addition to protection against liver
injury via vasodilating and anti-inflammatory effects, estro-
gen itself attenuates the development of hepatic steatosis."
The mRNA expression levels of HMGCR in the liver of the
surviving L-HMGCRKO mice were indistinguishable from
those of fHMGCR mice (Figure IIB in the online-only Data
Supplement). It is likely that the hepatocytes with a rela-
tively intact HMGCR gene may be extensively regenerated,
thereby eventually compensating for the KO in the survivors.
In support of this, several Ki-67-positive cells were greatly
increased in the L-HMGCRKO mice (Figure 2L and 2N).

Hepatic cholesterol levels were mildly decreased, and
the decrease in plasma cholesterol levels was modest in the
L-HMGCRKO mice at 3 weeks of age. More surprisingly, the
plasma cholesterol levels even increased immediately before
death. Extrahepatic organs with high cholesterol synthesis, such
as skin, bowels, and muscles, may be a source of cholesterol
in the plasma.'® The hypercholesterolemia before death appears
paradoxical, given the failure of cholesterol synthesis in the hepa-
tocytes. At this stage, the mice develop jaundice. Because the
physicochemical characteristics of the accumulated lipoproteins
were similar to those of lipoprotein X, cholestasis may at least
partly account for hypercholesterolemia. Simultaneous accumu-
lation of both lipoprotein X and apoB48-containing particles has
also been reported in rats with intrahepatic cholestasis.!”

Interestingly, L-HMGCRKO mice showed hepatic steato-
sis. Because hepatic triglyceride levels were increased 2-fold
but hepatic cholesterol ester levels were not increased (data
not shown) most of the neutral lipids stained with oil-red O
are triglycerides. Supporting this, the synthesis of fatty acids
was increased 17-fold. In this context, it is noteworthy that
the expression of enzymes for fatty acid synthesis, FAS and
stearoyl-CoA desaturase 2, was increased. In normal adults,
stearoyl-CoA desaturase 1 is the major enzyme catalyzing
desaturation of oleate, whereas stearoyl-CoA desaturase 2 is
an isozyme that is transiently expressed in the liver in embryos
and neonates and may be involved in lipogenesis at that devel-
opmental stage.'”® Indeed, the amounts of polyunsaturated
fatty acids were increased in the liver (Figure 3F).

The increase in fatty acids synthesis appeared dispropor-
tionately larger than the increase in triglycerides in the liver. In
this context, it is of note that the expression of diacylglycerol
acyltransferase 1 was not increased and that of diacylglycerol
acyltransferase 2 was even decreased. Thus, it is probable that
the newly synthesized fatty acids were not used to produce tri-
glycerides. Generally, the enzymes catalyzing fatty acid syn-
thesis are transcriptionally induced by SREBPlc. However,
the expression of SREBPlc was reduced 5-fold, suggesting
that the increased lipogenesis was not mediated by SREBP1c.
Similar SREBP1c-independent lipogenesis is reported in mice
overexpressing a constitutively active form of Akt in the liver."
Furthermore, the levels of LXRa mRNA, a nuclear receptor that
can stimulate SREBP1c gene expression® and can also directly

stimulate transcription of FAS,*! were not increased in the livers
of L-HMGCRKO mice. We speculate that the lack of choles-
terol reduces the supply of oxysterols, physiological ligands of
LXR, which transactivates SREBP1¢.? This notion is supported
by the decreased expression of cholesterol 7a-hydroxylase and
diacylglycerol acyltransferase 2, also targets of LXR.

In contrastto SREBP1c expression, the expression of SREBP2
was increased, conceivably accounting for the increased expres-
sion of its targets: the LDL receptor and squalene synthase.
The expression of FAS in the face of significant suppression of
SREBPIc or unaltered LXRa suggests a regulatory pathway
independent of SREBPIc or LXRa. Recently, a decrease in
farnesyl pyrophosphate or farneso! has been shown to induce the
expression of FAS independently of SREBP1c.”

The liver of the L-HMGCRKO mice contained increased
numbers of TdT-mediated dUTP-nick end labeling—positive
cells. Consistent with the apoptotic nature of the cell death, the
activity of caspase 3, a final executer of apoptosis which cleaves
to induce the release of cytochrome ¢ from mitochondria, was
increased in the liver of the L-HMGCRKO mice. We have
hypothesized several potential mechanisms for apoptosis:
accumulation of toxic lipid metabolites* and reduction of
survival factors.” However, we failed to obtain evidence for
the involvement of ceramide and survivin in apoptosis.

As predicted, membrane-bound forms of Ras and Racl were
significantly reduced, conceivably as a result of the defect in
their isoprenylation. Several mechanisms linking the defect in
isoprenylation to apoptosis have been proposed. For example,
Racl is reported to protect against apoptosis by stimulating
nicotinamide adenine dinucleotide phosphate-oxidase, thereby
increasing the levels of reactive oxygen species.?s However, we
failed to detect a decrease in H,O, levels in the liver.

During the search for the plausible mechanism of the
hepatocyte apoptosis, we found a significant increase in the
mRNA level of C/EBP-homologous protein, a hallmark of
the ER stress response and inducer of apoptosis, in the liver
of L-HMHCRKO mice. Because hepatic steatosis induces ER
stress, it is reasonable to speculate that the increased synthe-
sis of fatty acids causes hepatic lipoapoptosis via increasing
the C/EBP-homologous protein. The liver of L-HMGCRKO
mice had significantly decreased levels of either p-Akt or
c-met protein. Because hepatocyte growth factor exerts pro-
survival effects mainly through activating phosphatidylinosi-
tol-3 kinase/Akt pathway after binding to its receptor, c-met,”
defective hepatocyte growth factor signaling may play a
salutary role in the induction of hepatocyte apoptosis. The
increase in phospho-signal transducer and activator of tran-
scription 3 might be a compensatory response secondary to
increased apoptosis, but failed to overcome it. Similar failure
to compensate the liver failure by activated signal transducer
and activator of transcription 3 was reported in mice deficient
in phosphoinositide-dependent protein kinase 1.2

These phenotypes of L-HMGCRKO mice should be dis-
cussed in relation to other mouse models of genetic disor-
ders of cholesterol metabolism. Thus far, 2 models have been
reported to survive the perinatal period, despite reduced cho-
lesterol biosynthesis in the liver. Because the global disruption
of SREBP cleavage-activating protein and site 1 protease is
embryonic lethal, as is the case for HMGCR, liver-specific KO
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mice have been generated. In both the liver-specific SREBP
cleavage-activating protein® and site 1 protease KO mice,*
the synthesis of cholesterol as well as fatty acids was signifi-
cantly reduced in the liver. Neither mouse, however, died of
liver toxicity, probably because the reduction in the expression
of HMGCR was not as severe as in L-HMGCRKO mice.

In conclusion, HMGCR is essential for the survival of
mice. Despite the defect in hepatic cholesterol biosynthesis in
L-HMGCRKO mice, the homeostasis of cholesterol in the liver
and plasma is surprisingly well maintained presumably via com-
pensatory changes in the flux of cholesterol and fatty acids. These
results might provide insight for understanding the role of choles-
terol biosynthetic pathway in the normal function of hepatocytes.
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Supplemental material

Supplemental Methods

Generation of mice heterozygéus Jor the floxed HMGCR allele

A conditional targeting vector of a replacement type was produced by inserting a
loxP site into a Xhol site in intron 1 and loxP-flanked (floxed) polll-neo-bpA cassette
into a BamHI site in intron 4 (Supplemental figure I). The transcriptional orientation of
the neo gene was opposite to that of the HMGCR gene. Excision of sequences between
the loxP sites by Cre recombinase deletes exons 2 to 4, which includes the initiator
methionine and residues encoding the first membrane-bound domain of HMHCR. JH1
ES cells (A gift from Dr. J. Herz) were electroporated with the targeting vector as
described'. Recombinant clones containing a single floxed HMGCR allele were
identified by PCR using primers primers P1
(5'-ACGAAAGGGCCTCGTGATACGCCTA-3") and P2
(5-ATGTCTGCAGTCCCAGCACTCAGCT-3"). All targeted clones were confirmed by
Southern blot analysis using a cDNA probe containing exons 7-10. The targeted clones
were injected into the C57BL/6J blastocysts, yielding two lines of chimeric mice which
transmitted the floxed allele through the germ line.

Generation of liver specific HMGCR knockout mice.

78



