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The synthesis of triglycerides is catalyzed by two
known acyl-CoA:diacylglycerol acyltransferase (DGAT)
enzymes. Although they catalyze the same biochemical
reaction, these enzymes share no sequence homology,
and their relative functions are poorly understood.
Gene knockout studies in mice have revealed that
DGAT1 contributes to triglyceride synthesis in tissues
and plays an important role in regulating energy metab-
olism but is not essential for life. Here we show that
DGAT?2 plays a fundamental role in mammalian triglyc-
eride synthesis and is required for survival. DGAT2-
deficient (Dgat2~'~) mice are lipopenic and die soon af-
ter birth, apparently from profound reductions in
substrates for energy metabolism and from impaired
permeability barrier function in the skin. DGAT1 was
unable to compensate for the absence of DGAT2, sup-
porting the hypothesis that the two enzymes play fun-
damentally different roles in mammalian triglyceride
metabolism.

Triglycerides (triacylglycerols) are the major storage form of
energy in eukaryotic organisms. However, excessive deposition
of triglycerides in white adipose tissue (WAT)! leads to obesity
and in non-adipose tissues (such as pancreatic B cells, skeletal
muscle, and liver) is associated with tissue dysfunction referred
to as lipotoxicity (1, 2). Therefore, an understanding of the
processes that mediate triglyceride synthesis is of significant
biomedical importance.

Triglycerides are synthesized from diacylglycerol and acti-
vated forms of fatty acids (fatty acyl-CoAs) in a reaction cata-
lyzed by acyl-CoA:diacylglycerol acyltransferase (DGAT) en-
zymes (3-5). The genes for two DGAT enzymes, DGAT1 and
DGAT2, have been identified (6, 7). Both DGAT1 and DGAT2
are ubiquitously expressed, with the highest levels of expres-
sion found in tissues that are active in triglyceride synthesis,
such as WAT, small intestine, liver, and mammary gland (6, 7).
Both enzymes are intrinsic membrane proteins, although
DGAT1 has 6-12 putative transmembrane domains, whereas
DGAT?2 has one. Both also have similarly broad fatty acyl-CoA
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substrate specificities in in vitro assays (7). However, despite
their ability to catalyze similar reactions, DGAT1 and DGAT2
belong to different gene families that share neither DNA nor
protein sequence similarity. DGAT1 is homologous to the acyl-
CoA:cholesterol acyltransferase enzymes, ACAT1 and ACAT2,
which are involved in cholesterol ester biosynthesis (6),
whereas DGAT2 shares homology with acyl-CoA:monoacylglyc-
erol acyltransferase enzymes (8-13). This raises the question
of why two different types of DGAT enzymes have emerged
from convergent evolution.

Insights into the functions of DGAT1 and DGAT2 in triglyc-
eride metabolism have been provided by studies in yeast.
Through deletion and overexpression studies, several groups
have demonstrated that DGA1, the yeast homologue of DGAT2,
is the major DGAT enzyme contributing to triglyceride synthe-
sis and storage in yeast (14-16). In contrast, ARE2, a yeast
homologue of DGAT1, plays a minor role in triglyceride syn-
thesis. Interestingly, mutant Saccharomyces cerevisiae strains
devoid of DGAT activity and lacking triglycerides are viable
and grow normally, indicating that triglycerides are not essen-
tial for the survival of this yeast. However, a recent study
showed that triglyceride synthesis is essential for viability of
the fission yeast Schizosaccharomyces pombe (17).

To determine the physiological functions of DGAT1 and
DGAT?2 in mammalian triglyceride metabolism, we used gene
knockout approaches in mice. Mice lacking DGAT1 (Dgatl ™'~
mice) are viable and have reduced triglycerides in tissues,
including WAT (18, 19). Dgat1 ™/~ mice are resistant to diet-
induced obesity through a mechanism involving increased en-
ergy expenditure (18) and also exhibit increased sensitivity to
leptin and insulin (19, 20). These findings indicate that DGAT1
plays an important role in the regulation of energy metabolism.
However, the effects of DGAT1 deficiency on triglyceride me-
tabolism in general are not profound. For example, plasma
triglyceride levels in Dgat1 ™'~ mice are normal, and significant
amounts of triglycerides are present in their tissues, including
WAT. These findings suggest that other triglyceride-synthesiz-
ing enzymes participate in energy homeostasis.

To understand the role of DGAT2 in triglyceride synthesis
and energy homeostasis, we generated Dgat2 ™/~ mice. Our
results indicate that DGAT2 is the DGAT responsible for the
majority of triglyceride synthesis in mice and provide signifi-
cant insights into the functional differences between DGAT1
and DGAT2.

MATERIALS AND METHODS

Generation of Stable DGATI1- and DGAT2-expressing Cell Lines—
McArdle rat hepatoma (McA-RH7777) cells from the American Type
Culture Collection were cultured in Dulbecco’s modified Eagle’s me-
dium with 10% fetal bovine serum and 10% horse serum in a 37 °C
incubator with 5% CO,. Mouse DGAT1 and DGAT2 with N-terminal
FLAG epitopes (MGDYKDDDDG, epitope underlined) were cloned into
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TABLE 1
Real-time PCR primer sequences
Gene Sense Antisense
DGAT-2 5'-AGTGGCAATGCTATCATCATCGT-3' 5-AAGGAATAAGTGGGAACCAGATCA-3’
DGAT-1 5'-TTCCGCCTCTGGGCATT-3’ 5'-AGAATCGGCCCACAATCCA-3’
UCP-1 5'-ACACCTGCCTCTCTCGGAAA-3’ 5'-TAGGCTGCCCAATGAACACT-3’
Insulin-like growth factor-binding protein 5'-TGGACAGCTTCCACCTGATG-3’ 5'-TTTCTTGAGGTCGGCGATCT-3’
18 S 5'-AGTCCCTGCCCTTTGTACACA-3’ 5'-GATCCGAGGGCCTCACTAAAC-3'

Phosphoenolpyruvate carboxykinase
Glucose-6-phosphatase
Fructose-1,6-bisphosphatase

Sterol regulatory-binding protein 1lc
Acetyl-CoA carboxylase-1

Fatty acid synthase

Stearoyl-CoA desaturase 1

5'-CCACAGCTGCTGCAGAACA-3’
5'-CCATGCAAAGGACTAGGAACAA-3’
5'-TGGCAGCCGGGTATGC-3’
5'-GGCCCGGGAAGTCACTGT-3’
5'-GAATCCTCATTGGCTTACGATGAG-3’
5'-GCTGCGGAAACTTCAGGAAAT-3’
5'-CCTTCCCCTTCGACTACTCTG-3’

5'-GAAGGGTCGCATGGCAAA-3’
5'-TACCAGGGCCGATGTCAAC-3’
5'-TCCATGGCAAGGACCAACA-3’
5'-GGAGCCATGGATTGCACATT-3'
5'-CAATGGCCCGGCATGT-3’
5'-AGAGACGTGTCACTCCTGGACTT-3’
5'-GCCATGCAGTCGATGAAGAA-3’

eukaryotic expression vector pPCDNA3.1 (Invitrogen, Carlsbad, CA). For
transfections, 1 pug of pcDNA3.1 expression vector containing DGAT1,
DGAT?2, or LacZ was incubated with 3 ul of FUGENE 6 transfection
reagent (Roche Diagnostics) for 20 min, and the mixture was added to
a 60-mm culture dish containing 2 ml of medium and cells at ~50%
confluence. After 48 h, transfected cells were split 1:4 and cultured in
growth medium containing 600 ug/ml G418 to generate G418-resistant
colonies. Cell lines stably expressing DGAT1 and DGAT2 were identi-
fied by immunoblotting of cell lysates with an anti-FLAG M2 mono-
clonal antibody (Sigma) followed by detection with SuperSignal West
Pico Detection kit (Pierce).

Generation of DGAT2-deficient Mice—DGAT2 genomic fragments
were amplified by PCR from 129/SvJae mouse genomic DNA with
primers derived from the mouse DGAT2 ¢cDNA sequence. A replace-
ment type targeting vector was constructed in pNTKloxP (a gift from
Joachim Herz, University of Texas, Dallas, TX) by subcloning a ~1-kb
short arm containing sequences upstream of exon 3 and a ~5-kb long
arm containing sequences downstream of exon 4. This construct was
used to produce DGAT2-targeted 129/SvJae embryonic stem cells,
which were then used to generate mice carrying the mutation. The
disruption of the Dgat2 gene was confirmed by Southern blotting of
genomic DNA digested with EcoRI and a probe located upstream of the
vector sequences (described in Fig. 2a). Dgat2~/~ mice for use in this
study were generated by intercrossing Dgat2*/~ mice of mixed genetic
background (50% C57BL/6J and 129/Svdae). Dgat2™'~ mice were also
crossed with transgenic mice that constitutively express Cre recombi-
nase (21) to remove neo from the allele. Dgat2~'~ mice lacking the neo
gene had the same phenotype as Dgat2 '~ mice with neo.

Mice were housed in a pathogen-free barrier facility (12 h light/12 h
dark cycle) and fed a standard chow diet. All experiments were ap-
proved by the Committee on Animal Research of the University of
California, San Francisco.

Gene Expression Analyses—Total RNA was extracted from tissues
(RNA STAT, Tel-Test, Friendswood, TX), and samples (1 pg) were
reverse-transcribed into ¢cDNA with oligo(dT);, ;5 and Superscript II
reverse transcriptase (Invitrogen). Each 30-ul PCR contained 1 ul of
c¢DNA, 15 ul of 2X QuantiTect SYBR green master mixture (Qiagen,
Valencia, CA), 10 pmol each of forward and reverse primer, and 0.5 ul
of 1 uMm fluorescein. Real-time PCR was performed and analyzed with
the iCycler real-time PCR detection system (Bio-Rad). Expression levels
were normalized to 18 S ribosomal RNA. Primer pairs for specific genes
are listed in Table I.

For skin analysis, full thickness skin was removed, the subcutaneous
fat was scraped away, and the sample was immersed dermis-side down
in 10 mM EDTA in phosphate-buffered saline (PBS) (Ca®?* and Mg?"
free) for 45 min at 37 °C. The skin was then chilled on ice and the
epidermis was quickly peeled away from the dermis. Both tissues were
immediately snap frozen in liquid nitrogen and stored at —80 °C until
RNA was extracted.

DGAT Activity Assays—Liver and brown adipose tissue from new-
born mice were separately homogenized in 50 mm Tris-HCI (pH 7.4) and
250 mM sucrose by 10 strokes of a Potter-Elvehjem tissue homogenizer.
Cell debris and nuclei were pelleted by centrifugation at 600 X g for 5
min. The supernatant (10-50 ug of protein) was used for in vitro DGAT
activity assays, performed as described (7), with either 20 or 100 mm
MgCl, in the assay buffer.

Blood Chemistries—Plasma triglyceride and free fatty acid concen-
trations were measured with colorimetric kit assays (Triglycerides GPO
and Free Fatty Half-Micro Test, Roche Diagnostics). Plasma glucose
levels were determined with a glucometer (Accu-chek, Roche
Diagnostics).
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Fic. 1. Overexpression of DGAT1 and DGAT2 in McArdle RH7777
cells. Cells were transfected with vectors containing LacZ, FLAG-tagged
mouse DGAT1, or FLAG-tagged mouse DGAT2 ¢cDNA. @, immunoblot dem-
onstrating stably transfected clones expressing DGAT1 and DGAT2. Cellu-
lar lysates were analyzed by immunoblotting with an anti-FLAG antibody.
b, increased in vitro DGAT activity in cellular lysates of DGAT1- and
DGAT2-transfected cells. Results are from a representative experiment; the
experiment was repeated twice with similar results. ¢, increased triglyceride
synthesis in intact cells expressing DGAT2. Transfected cells expressing
DGAT1 and DGAT?2 were incubated in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, 10% horse serum, and 10 pCi of
[*Hlglycerol for 6 h. Total lipids were extracted and separated by TLC, and
the radioactivity in the triglyceride band was quantified. Results are from a
representative experiment; the experiment was repeated twice with similar
results. d, increased triglyceride storage in intact cells expressing DGAT2.
Total lipids were extracted from cells expressing DGAT1 and DGAT2 and
separated by TLC, and the triglyceride band was quantified. *, p < 0.05 (n =
3). e, Nile Red staining of neutral lipids in DGAT1- and DGAT2-transfected
cells. Note the small lipid droplets around the cell periphery in DGAT1-
expressing cells and the numerous large cytosolic lipid droplets in DGAT2-
expressing cells.

Lipid Analyses—Lipids were extracted from total carcass or tissue
homogenates in CICH,;:MeOH (2:1) and separated by thin-layer chro-
matography with the solvent system hexane:ethyl ether:acetic acid
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FiG. 2. Generation of Dgat2~'~ mice. a, gene-targeting strategy. Homologous recombination of the targeting vector with Dgat2 replaces ~700
bp of sequences with a neo gene and deletes exons 3 and 4. The targeted allele is identified by a 6-kb decrease in an EcoRI restriction fragment
that is detected by a ~500-bp probe located upstream of the targeting vector. The probe was generated by PCR amplification of genomic DNA
(primers: 5'-TGCTCAGCAGGTAGCTCATTCT-3" and 5'-GCAGATAGTACATTGTTCCGAC-3"). Black diamonds indicate LoxP sites. b, Southern
blot demonstrating the generation of Dgat2*/~ and Dgat2 '~ mice. ¢, decreased DGAT2 mRNA expression in Dgat2 '~ liver and BAT. DGAT2
mRNA was quantified by real-time PCR as described under “Materials and Methods.” d, reduced DGAT activity in tissues of Dgat2 /'~ mice. Tissue
homogenates from liver and BAT of wild-type, Dgat2*'~, and Dgat2 '~ mice (n = 3) were assayed for the incorporation of [**C]oleoyl-CoA into

triglycerides. *, p < 0.05 versus wild-type; **, p < 0.001 versus wild-type. e, gross appearance of Dgat2 '~ mice. Note the smaller size, shiny skin,

absent milk stripe, and necrotic tail (arrow).

(80:20:1) on Silica Gel G-60 TLC plates. Lipids were visualized by
exposure to iodine vapor or charred by dipping the plate into a solution
of 10% cupric sulfate and 8% phosphoric acid and heating to 180 °C.
Triglyceride mass was quantified by the method of Snyder and Ste-
phens (22) with triolein as a standard. To visualize neutral lipid drop-
lets in intact cells, cells were fixed in 1.5% glutaraldehyde in PBS for 5
min and then stained with 0.1 ug/ml Nile Red in acetone for 5 min. Cells
were then washed twice with PBS, and coverslips were mounted with a
drop of PBS. Fluorescence was visualized with fluorescein isothiocya-
nate optics.

For compositional analyses, lipids were extracted from newborn
mouse carcasses, plasma, and skin and from milk produced by DGAT2-
heterzygote females. Methyl esters of milk and carcass triglycerides
and plasma lipids were analyzed by gas-liquid chromatography as de-
scribed (19).

In other experiments, the composition of lipids in the plasma and
liver was determined by high-throughput methods developed by Lipom-
ics. The lipids from plasma (200 ul) and liver (25 mg) were extracted
with chloroform:methanol (2:1, v/v) in the presence of authentic inter-
nal standards by the method of Folch et al. (23). Individual lipid classes
within the extract were separated by preparative TLC as described by
Watkins et al. (24). Isolated lipid classes were trans-esterified in 3 N
methanolic HCl in a sealed vial under a nitrogen atmosphere at 100 °C
for 45 min. The resulting fatty acid methyl esters were extracted with
hexane containing 0.05% butylated hydroxytoluene and prepared for

gas chromatography by sealing the hexane extracts under nitrogen.
Fatty acid methyl esters were separated and quantified by capillary gas
chromatography using a gas chromatograph (Hewlett-Packard model
6890, Wilmington, DE) equipped with a 30-m DB-225MS capillary
column (J&W Scientific, Folsom, CA) and a flame-ionization detector as
described (24).

Acylceramide levels in skin lipids were measured by TLC after lipid
extraction (25). The following one-dimensional, high-performance TLC
systems provided optimal separation and quantification of ceramide
and glucosylceramide species for subsequent scanning densitometry: (i)
chloroform:methanol:water (40:10:1, v/v) to 2 and 5 cm, successively; (ii)
chloroform:methanol:acetic acid (94:4:1.5, v/v) to the top; and (iii) n-
hexane:diethyether:acetic acid (65:35:1, v/v). After final development,
the plates were dried, cooled, dipped in charring solution (1.5% cupric
sulfate in acetic acid:sulfuric acid:orthophosphoric acid:water (50:10:10:
30, v/v)), and charred at 160 °C for 15 min. Lipids were quantified with
a CAMAG scanning densitometer (CAMAG Scientific, Wilmington, NC)
(26).

Triglyceride Synthesis in Intact Liver Cells—Livers were removed
from newborn mice, cut into small pieces, and incubated at 37 °C for 15
min in 5 ml of 2% collagenase (Sigma) and 1% bovine serum albumin in
Krebs-Ringer phosphate buffer. Cells were washed twice with 10 ml of
Dulbecco’s modified Eagle’s medium, 10% fetal bovine serum, resus-
pended in 5 ml of medium, and plated in a 60-mm culture dish. Cell
viability was 80-90% as assessed by staining with trypan blue. After
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TaBLE II
Gene expression in newborn Dgat2~'~ mice

For all measurements, n = 4—8 mice, except UCP-1, where n = 5-7 mice. See text for abbreviations.

Expression relative

Category Gene Tissue to wild-type p
arbitrary units
Fetal nutrition Insulin-like growth factor-binding protein 1 Liver 1.7 <0.05
Gluconeogenesis Phosphoenol pyruvate carboxykinase Liver 1.3 NS
Glu-6-Pase Liver 1.7 NS
Fru-1,6-BP Liver 0.4 NS
Fatty acid synthesis ACC-1 Liver 0.4 NS
Fatty acid synthase Liver 1.0 NS
Stearoyl-CoA desaturase 1 Liver 1.3 NS
ACC-1 BAT 1.2 NS
Stearoyl-CoA desaturase 1 BAT 1.3 NS
Thermogenesis UCP-1 BAT 0.5 0.06
“ NS, not significant.
a DGAT2 b DGATH
| mE9s W E9.5
Fic. 3. Expression of DGAT2 (a) and 100 E E13.5 — O E13.5
DGAT1 (b) in embryonic tissues. c O E185 4 c 20 LE185
mRNA expression levels in placenta, yolk -g °
sac, and embryos at E9.5, E13.5, and 3 sob ] |
E18.5 were quantified by real-time PCR. 5 o
Expression levels were obtained from 3 3
pooled ¢cDNA from three mice, and the L: w 4ol
results were normalized to 18 S ribosomal 2 20 _g
RNA. The experiment was repeated once E ® |
with similar results. [ ©
oc =
ol ij:l — ] [ —
Placenta Yolk Sac Embryo Adult Placenta Yolk Sac Embryo Adult
Liver Liver

2 h, 1 ml of fresh medium containing 10 uCi of [*H]glycerol + 0.5 mMm
oleate, 0.5% bovine serum albumin was added, and cells were incubated
at 37 °C in 5% CO, overnight. Lipids were then extracted from cells and
separated by TLC, and the incorporation of radiolabel into triglyceride
and phospholipid was determined.

Histological Analyses—Newborn mice were fixed in 4% para-
formaldeyde in PBS overnight, embedded in paraffin, cut into sections,
and stained with hematoxylin and eosin. To visualize neutral lipids in
liver and brown adipose tissue (BAT), tissues were snap-frozen in OCT
and isopentane, sectioned, and stained with Oil Red O. For ultrastruc-
tural studies, skin biopsy and scale samples were minced into 1-mm?
pieces and fixed overnight (16 h) at 4 °C in 2% glutaraldehyde and 2%
paraformaldehyde with 0.06% calcium chloride in 0.1 M sodium caco-
dylate buffer (pH 7.3). Specimens were then placed in 0.1 M sodium
cacodylate buffer at 4 °C until further processing. Portions of each
tissue sample were then placed in either 0.2% ruthenium tetroxide or
1.5% osmium tetroxide (Polysciences, Warrington, PA) with 1.5% po-
tassium ferrocyanide in 0.1 M sodium cacodylate (pH 7.4), at room
temperature in the dark for 45 min (27, 28). After rinsing with buffer,
tissue samples were dehydrated in a graded ethanol series, and subse-
quently embedded in a low viscosity, epoxy resin containing DER 736
and Epon 812. Thin sections were stained with lead citrate and/or
uranyl acetate and examined with a Zeiss 10A electron microscope
(Zeiss, Thornville, NY) operating at 60 kV.

Liver Glycogen—Livers were digested with 5 N KOH and treated with
saturated sodium sulfate and ethanol to isolate glycogen granules.
Samples were boiled in 2 N HCI and neutralized with 4 N KOH and 0.1
M triethylamine to release glucose. Glycogen-derived glucose was meas-
ured with a plasma glucose assay kit (Sigma 115-A).

Skin Barrier Function Assays—Newborn mice were rinsed in PBS
and successively dehydrated in 25, 50, 75, and 100% methanol for 1 min
each. Mice were then rehydrated with PBS and stained in 0.1% tolui-
dine blue in PBS for 10 min, destained with PBS for 20 min, and then
photographed. All steps were at room temperature. Transepidermal
water loss was measured with an electrolytic water analyzer (MEECO,
Warrington, PA) (29). Because mice were housed in different locations,
two different instruments were used to measure water loss from new-
born mice and mice that received skin grafts. These instruments had
different sensitivities, providing different ranges of absolute transepi-
dermal water loss measurements. Skin surface temperature was meas-
ured with a digital thermometer (model 4600; Yellow Springs Instru-
ments, Yellow Springs, OH).

Mouse Skin Grafts—Full-thickness skin pieces (~1 cm?) were ob-
tained from newborn wild-type and Dgat2 /" pups and placed in Dul-
becco’s modified Eagle’s medium. Wild-type and Dgat2~'~ skin was
grafted onto the left and right sides of athymic nude mice (Jackson
Laboratory, Bar Harbor, ME), respectively, onto a wound created by
removing a similar-sized piece of full-thickness skin. Wound edges were
sutured and mice were allowed to recover. Mouse chow was supple-
mented with tablets (SCID’s MD, Bio-Serv, Frenchtown, NJ) containing
sulfamethoxazole (60 mg/tablet) and trimethoprim (10 mg/tablet).
Three weeks after transplantation, fur was removed from the grafts and
transepidermal water loss was measured as described above.

Statistical Analyses—Data are presented as mean * S.D. unless
otherwise indicated. For parametric data, means were compared by ¢
test or by analysis of variance followed by the Student-Newman-Keuls
test. For nonparametric data, the Mann-Whitney rank-sum test or
Kruskal-Wallis test was used.

RESULTS

Overexpression of DGAT2 Promotes Triglyceride Storage in
Cultured Cells—To examine the roles of DGAT1 and DGAT2 in
cellular triglyceride metabolism, we overexpressed FLAG-
tagged mouse DGAT1 (~50-kDa) and DGAT2 (~42-kDa) in
McA-RH7777 cells. In these stably transfected cell lines,
DGAT1 protein levels were considerably higher than DGAT2
levels (Fig. 1a). This was reflected by DGAT activity levels, as
measured by in vitro assays, which were 11- and 3-fold higher
in DGAT1- and DGAT2-overexpressing cells, respectively, than
in LacZ-transfected control cells (Fig. 16). However, triglycer-
ide synthesis measured by the incorporation of [*Hl]glycerol
into triglyceride in cells was 2-fold higher in DGAT2- than in
DGAT1-overexpressing cells (Fig. 1¢). Additionally, the intra-
cellular triglyceride mass was 4-fold higher in DGAT2- than in
DGAT1-overexpressing cells (Fig. 1d). In DGAT2-transfected
cells, the intracellular triglyceride accumulated in large cyto-
solic lipid droplets (Fig. 1le). In DGAT1-transfected cells, lipid
droplets were also present but considerably smaller. These
results suggested that DGAT2 activity potently contributes to
the synthesis and storage of intracellular triglycerides.
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Generation of DGATZ2-deficient Mice—To test the role of
DGAT?2 in triglyceride synthesis and storage in vivo, we gen-
erated Dgat2 '~ mice. A gene-targeting vector was designed to
replace exons 3 and 4 of murine Dgat2, regions that are highly
conserved in DGAT2 gene family members, with neo (Fig. 2a).
This vector was used to generate embryonic stem cells and,
subsequently, mice carrying the targeted allele. Homozygous
disruption of Dgat2 in mice was demonstrated by Southern
blotting of mouse genomic DNA (Fig. 2b). DGAT2 mRNA ex-
pression in BAT and livers of newborn Dgat2~/~ mice was
reduced by 80-90% (Fig. 2¢). The residual Dgat2 mRNA in
Dgat2™'~ tissues was nonfunctional. Amplification and se-
quencing of the transcript showed that exons 3 and 4 were
deleted, resulting in the introduction of a premature stop
codon. A protein produced from this allele would be severely
truncated (112 amino acids instead of 387) with 29 novel amino
acids. DGAT activity was reduced by 53 and 35% in Dgat2 ™/~
liver and BAT homogenates, respectively, when the in vitro
assay mixture contained 20 mm MgCl,, (Fig. 2d). The lesser
reduction in DGAT activity in BAT may reflect higher expres-
sion of murine Dgatl in BAT than in liver.? No reduction in
DGAT activity was found in Dgat2 '~ liver and BAT when the
assay mixture contained 100 mm MgCl,, a condition that selec-
tively measures DGAT1 activity (7) (not shown). DGAT activity
levels in tissues of wild-type and Dgat2™~ mice were similar in
assays using 20 mm MgCl,,.

Triglyceride Synthesis by DGAT2 Is Essential for Energy
Homeostasis—Offspring from heterozygote intercrosses were
found in the expected Mendelian distribution (wild-type, n =
14; Dgat2™~, n = 29; Dgat2™'~, n = 14; p = 0.999 by x? test).
Although Dgat2*/~ mice were healthy and indistinguishable
from wild-type mice, Dgat2~/~ mice were smaller (Fig. 2e),
rarely suckled, and died 2—-24 h after birth. Necrosis of the tail
developed in Dgat2™'~ mice that survived for 8-24 h.

Newborn Dgat2 '~ mice weighed 20% less (1.13 = 0.12 ver-
sus 1.41 = 0.14 g, n = 16-18, p < 0.001) and were 15% shorter
(2.5 * 0.11 versus 2.9 = 0.09 mm, n = 3-5, p < 0.001) than
wild-type littermates, suggesting intrauterine growth retarda-
tion. Fetal Dgat2~'~ mice had a 14% reduction in body weight
at embryonic day (E) 18.5 (0.97 = 0.09 versus 1.13 = 0.08 g for
wild-type embryos, n = 4, p = 0.04). At E12.5, there was no
difference in the size of wild-type and Dgat2~/~ embryos, indi-
cating that growth retardation occurred later in development.
Levels of mRNA expression of insulin-like growth factor-bind-
ing protein 1, a marker of intrauterine fetal nutrition whose
levels are inversely correlated with birth weight (30), were
increased 1.7-fold in livers of Dgat2 '~ newborn mice (Table II).

To explore the role of DGAT enzymes in mouse embryonic
development, we examined the expression levels of DGAT2 and
DGAT1 in yolk sac, placenta, and embryos at £9.5, E13.5, and
E18.5. Whereas DGAT1 expression was highest in the pla-
centa, DGAT2 was expressed at the highest level in the yolk sac
(Fig. 3, a and b). At E12.5, Dgat2™/~ embryos had an 86%
reduction in tissue triglycerides (not shown), suggesting that
DGAT2 deficiency results in a defect in the ability of embryos to
synthesize and store triglycerides at or before this stage of fetal
development.

To investigate the early postnatal lethality of Dgat2 ™'~ mice,
we examined their substrates for energy metabolism. The
plasma levels of triglycerides, free fatty acids, and glucose were
70-90% lower in newborn Dgat2 ™'~ mice (Fig. 4, a—c) than in
Dgat2*’~ and wild-type mice. Plasma glucose levels were also
reduced by 68% in E18.5 Dgat2/~ embryos (Fig. 4c). Hepatic
glycogen levels were similar in wild-type and Dgat2™~ em-

2S. Stone, unpublished results.
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Fic. 4. Effects of DGAT2 deficiency on circulating sources of
energy and liver glycogen stores. a, reduced plasma triglyceride
levels in Dgat2 '~ mice (n = 3-9/group). *, p < 0.05 versus wild-type. b,
reduced plasma free fatty acid (FFA) levels in Dgat2/~ mice (n =
3-9/group). *, p < 0.05 versus wild-type. ¢, hypoglycemia in E18.5
embryos and newborn Dgat2~/~ mice (n = 5-14/group). *, p < 0.001
versus newborn wild-type mice. **, p < 0.05 versus fetal wild-type mice.
d, depletion of liver glycogen after birth in Dgat2 '~ newborn mice (n =
3—4/group). *, p < 0.05 versus wild-type mice.

bryos at E18.5, but differed in newborn mice (Fig. 4d). After
birth, hepatic glycogen levels increased in wild-type mice,
likely because of the nutrition provided by suckling, but de-
creased in Dgat2 ™'~ mice after birth and were 67% lower than
those of wild-type mice. We attempted to rescue the Dgat2 ™/~
pups by repeated subcutaneous injections of glucose in saline.
However, this prolonged their lives only for a few hours.

To exclude the possibility that the hypoglycemia in newborn
Dgat2™'~ mice resulted from impaired gluconeogenesis, we ex-
amined the expression levels of three key gluconeogenic en-
zymes (phosphoenolpyruvate carboxykinase, glucose-6-phos-
phatase, and fructose-1,6-bisphosphatase). No significant
differences were found in the expression levels of these genes in
livers from newborn wild-type and Dgat2 ™'~ mice (Table II).

Total carcass triglyceride content of Dgat2™/~ mice was re-
duced by 93% (Fig. 5a) with no change in carcass protein
content (33.7 = 3.4 versus 30.8 + 1.9 mg of protein/g body
weight, p = 0.362). Most of the triglyceride in Dgat2™'~ mice
was present in BAT (~67%), although triglyceride content was
reduced by more than 60% in this tissue (Fig. 56). In livers of
fetal and newborn Dgat2™/~ mice, triglycerides were nearly
undetectable (Fig. 5¢). Cholesterol ester and free fatty acid
levels also were reduced in Dgat2 '~ carcass and liver (Fig. 5,
a and c); the phospholipid content was unchanged. Oil Red O
staining of histological sections revealed a dramatic reduction
in neutral lipid content in Dgat2 /'~ liver and a marked reduc-
tion in BAT (Fig. 6).

There was no difference in the weight of brown fat pads of



11772

a
Dgat2 Genotype

Fic. 5. Reduced triglyceride con-
tent in carcass (a), BAT (b), and liver
(¢) of Dgat2~'~ mice. Lipids were ex-
tracted from tissues and separated by
TLC. Triglyceride content was quantified
and normalized to body or tissue weight.
For carcasses, data are for three wild-type
and two Dgat2 '~ mice; *, p = 0.006 ver-

sus wild-type mice. For BAT, n = 4-7/ PL—
group; **, p < 0.001 versus wild-type
mice. For livers, n = 3—6/group; *** p <
0.05 versus wild-type mice. The TLC plate =
for liver shows lipids for newborn mice. =
The triglyceride content of liver and BAT °
of Dgat2*'~ mice was similar to that of 2
wild-type mice (not shown). CE, choles- z
terol esters; TG, triglycerides; FFA, free 8
fatty acids; DAG, diacylglycerol; PL, o
phospholipids. g
=
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Fic. 6. Reduced content of neutral lipids in liver and BAT of
Dgat2~'~ mice. Sections of liver and BAT were stained with Oil Red O.

newborn wild-type and Dgat2 '~ mice (9.38 *+ 1.8 versus 10.4 +
1.8 mg of BAT/g body weight, p 0.196), and histological
analysis of sections of BAT showed no obvious abnormalities.
The mRNA expression of the uncoupling protein 1 gene was
reduced by 50% in Dgat2 ™'~ mice (Table II). The reductions in
BAT fatty acid content and uncoupling protein 1 gene expres-
sion suggested a reduced capacity for thermogenesis. Indeed,
the surface body temperature was markedly lower in Dgat2 '~
mice than in wild-type mice (24.4 = 0.3 versus 27.3 = 0.7 °C,
n=4-9,p < 0.001).

The profound reductions in tissue and plasma triglycerides
in Dgat2 '~ mice prompted us to examine the expression levels
of genes involved in lipogenesis. The expression levels of sterol
regulatory element binding protein-1c¢, fatty acid synthase, and
acetyl-CoA carboxylase-1 in newborn liver and BAT were not
significantly different in wild-type and Dgat2 '~ mice (Table
II), indicating that the reduced triglyceride levels were unlikely
to be caused by defective expression of genes involved in fatty
acid biosynthesis.

Analysis of the fatty acid composition of liver triglycerides
showed that all fatty acid classes were reduced by >95% in

++
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livers from Dgat2 '~ mice (Fig. 7a).® There were no significant
differences in phospholipid fatty acid composition (not shown).
The content of linoleic acid (18:2), an essential fatty acid pro-
vided in the diet, was virtually undetectable in triglycerides in
the livers and plasma of Dgat2™'~ mice (Fig. 7b). Additionally,
the content of linoleic acid in free fatty acids in both liver and
plasma was greatly reduced (77 and 85%, respectively). Lino-
leic acid was also reduced by ~60% in cholesterol esters in the
liver. In pregnant Dgat2™/~ mice, the linoleic acid content was
not different in fatty acids of plasma and milk triglycerides (not
shown), indicating that the essential fatty acid deficiency of
Dgat2 /'~ mice did not result from insufficient maternal supply.
In addition, phospholipids of livers of wild-type and Dgat2 ™/~
mice had similar levels of linoleic acid, suggesting that the
transfer of essential fatty acids to other lipid classes in the
embryo was normal (Fig. 7b).

The profound reduction in tissue triglycerides in Dgat2 '~
mice indicated that DGAT1 is unable to compensate for DGAT2
deficiency. The mRNA expression level of DGAT1 was similar
in livers of wild-type and Dgat2 '~ mice (Fig. 8a), apparently
accounting for the significant residual DGAT activity observed
in Dgat2™'" liver (Fig. 2d). We hypothesized that DGAT1 was
unable to compensate for DGAT2 because of reduced substrate
availability. Indeed, primary hepatocytes isolated from new-
born Dgat2 '~ mice were capable of incorporating [*Hlglycerol
into triglyceride at levels that were 50—60% of those in wild-
type hepatocytes, and this capacity was stimulated by the
addition of 0.5 mMm oleate to the cell culture medium (Fig. 8b).
The incorporation of [®Hlglycerol into phospholipids by
Dgat2™'~ hepatocytes was similar to that of wild-type hepato-
cytes, whereas incorporation into diacylglycerol was reduced by
37% (not shown).

DGAT?2 Is Essential for Permeability Barrier Function of the
Skin—Newborn Dgat2™'~ mice were easily recognized by the
appearance of their skin, which lacked elasticity and was shin-
ier than that of wild-type mice (Fig. 2¢). Within a few hours
after birth, the skin of Dgat2™/~ mice appeared dry and
cracked. In contrast to newborn wild-type mice that were not
suckling, Dgat2™'~ mice rapidly lost weight, suggesting dehy-
dration because of increased transepidermal water loss (Fig.
9a). Indeed, transepidermal water loss in newborn wild-type
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a b creased permeation of toluidine blue dye (33) (Fig. 96). Subcu-
3r r taneous injections of saline combined with increasing the am-
bient humidity from 50 to 85% prolonged the life of Dgat2 /'~
S L 80 mice for several hours, indicating that the cutaneous barrier
@ 3 = abnormality contributed to the early demise of these animals.
g’g 2t g'% Examination of sections of neonatal Dgat2~'~ skin by light
& g Ls microscopy revealed consistent abnormalities, including com-
<> L § g’ pact orthohyperkeratosis of affected stratum corneum, thin-
ZE G E ning of the epidermis, and effacement of the epidermal rete
c3 O & 40t . . S . .
E< 1k 235 ridges/papillary projections, leading to a flattened dermo-epi-
-< Ox . . . .
[ E7 dermal interface (Fig. 9¢). Evidence of abnormal epidermal
(<5 T2 differentiation was not observed. To further assess the struc-
o 1] . o1 . . — /= .
o = tural basis for the permeability abnormality in Dgat2 ™/~ skin,
ol ol we examined the lamellar secretory system by electron micros-
Dgat2 He - Dgat2 Ht == 4 —- copy (Fig. 10). Although the numbers of lamellar bodies in the
Genotype Genotype Otonte Olonto epidermis were normal, Dgat2™'~ epidermis had reduced num-
- +

Fic. 8. Triglyceride synthesis in primary hepatocytes from
Dgat2~'~ mice. a, normal DGAT1 expression in livers of Dgat2 /'~
mice. DGAT1 mRNA was quantified by real-time PCR as described
under “Materials and Methods” (n = 6-7/genotype). b, primary hepa-
tocytes of Dgat2 '~ mice are capable of synthesizing triglycerides in the
absence or presence of oleate. Primary liver cells were isolated from
collagenase-digested livers of newborn wild-type and Dgat2~/~ mice.
Cells were plated in 60-mm dishes and incubated for 18 h with 10 uCi
of [*H]glycerol and 0.5 mMm oleate, 0.5% bovine serum albumin. The
incorporation of [*H]glycerol into triglyceride was determined by liquid
scintillation counting and normalized to cellular protein. The experi-
ment was repeated once with similar results.

mice was 0.06 mg/cm?*h *+ 0.01 (n = 3), whereas it was 0.24
mg/cm?h in a single Dgat2 ™'~ newborn, indicative of impaired
permeability barrier function in the latter (31, 32). The barrier
abnormality in Dgat2~'~ mice was also demonstrated by in-

bers of lamellar membranes in the stratum corneum extracel-
lular spaces compared with wild-type epidermis (Figs. 10, A
and B). In addition, the individual lamellar bodies often lacked
normal contents (Fig. 10, C and D). Because of the decreased
lamellar contents, secreted material at the stratum granulo-
sum-stratum corneum interface exhibited small amounts of
loosely organized lamellae (Fig. 10E). These results indicate
that the barrier abnormality in the Dgat2 ™'~ epidermis results
from abnormalities in the lamellar body secretory system.

To determine whether DGAT2 is normally expressed in neo-
natal skin, we examined DGAT2 and DGAT1 mRNA expres-
sion in the epidermis and dermis from a 1-day-old wild-type
mouse. DGAT2 mRNA was expressed at much higher levels in
the epidermis than in the dermis (Fig. 11). DGAT1, which is
highly expressed in adult sebaceous glands (34), was nearly
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Fic. 9. Abnormal appearance and skin defects in newborn
Dgat2~'~ mice. a, rapid weight loss in nonsuckling newborn Dgat2 "/~
mice. Newborn mice were isolated from mothers, and body weights were
measured over time. The increased weight loss in Dgat2 /'~ mice is
presumably because of water loss. b, increased toluidine blue staining of
newborn Dgat2 '~ mice. Mice were immersed in toluidine blue for 10
min, rinsed with PBS, and photographed. ¢, sections of skin of newborn
mice stained with hematoxylin and eosin.

undetectable in both the epidermis and dermis of neonatal
skin.

The lipids of Dgat2 '~ neonatal skin exhibited a 96% reduc-
tion in triglyceride content (Fig. 12a). Other lipids in Dgat2 ™/~
skin were similar to those of wild-type skin. Analysis of the
composition of the lipids of Dgat2™/~ skin revealed marked
reductions in the linoleic acid content of triglycerides and free
fatty acids, and a moderate reduction in phosphatidylcholine
(Fig. 12b). Furthermore, the content of acylceramide, a skin
lipid that contains linoleic acid and is thought to be a signifi-
cant determinant of skin permeability (35), was reduced by
more than 60% (1.05 = 0.02 versus 2.89 = 0.11% of total skin
lipids, n = 3 per genotype, p < 0.0001).

To determine whether the barrier abnormality of the
Dgat2~'~ epidermis was because of the absence of DGAT2 in
the skin, wild-type and Dgat2 '~ skin was grafted onto athymic
nude mice. Three weeks after transplantation, both wild-type
and Dgat2™’~ skin grafts developed hair that was normal in
appearance (Fig. 13a). Additionally, transepidermal water loss
from wild-type and Dgat2~'~ transplanted skin was similar
(Fig. 13b), indicating that the skin barrier abnormalities of
Dgat2-deficient mice could be corrected by restoring DGAT2
function to the non-skin tissues.

DISCUSSION

Previous murine gene knockout studies demonstrated that
DGAT1 plays a major role in modulating signals of energy
homeostasis but a lesser role in bulk triglyceride synthesis (19,
20, 36, 37). In this study, we show that DGAT2 plays a com-
paratively greater role in basal triglyceride synthesis and stor-
age and that DGAT2 deficiency is incompatible with survival.
Mice lacking DGAT2 are lipopenic, with severely reduced tri-
glyceride content in their tissues. As a result, they die in the
early postnatal period, apparently from abnormalities in en-
ergy and skin homeostasis. Thus, our results suggest that the
two DGAT enzymes have fundamentally different in vivo
functions.

Severe reductions in energy substrates appear to account in
part for the early postnatal lethality of Dgat2 '~ mice. Plasma

Lipopenia and Skin Abnormalities in DGATZ2-deficient Mice

glucose, triglyceride, and free fatty acid levels were decreased
by 70-90%, liver glycogen was reduced by 67%, and carcass
triglycerides were almost undetectable. Because newborn mice
have virtually no WAT, they are dependent on obtaining en-
ergy supplies from maternal milk. However, Dgat2 '~ mice did
not suckle, probably because of their dehydration, restrictive
skin, hypothermia, and energy deficiency. Therefore, they ap-
pear to be incapable of increasing stores of energy and rapidly
consume their available glycogen and fatty acids.

The energy metabolism aspects of the phenotype resemble
those found in mice lacking CCAAT/enhancer-binding protein
a (C/EBPa) (38). The lack of C/EBPa results in the absence of
WAT and defective gluconeogenesis, because of a defect in the
transcription of genes for gluconeogenic enzymes. As a result,
these mice have reduced hepatic glycogen levels and hypogly-
cemia and die soon after birth. However, there are differences
in the phenotypes of C/EBPa-deficient and Dgat2™’~ mice.
First, genes involved in gluconeogenesis are expressed nor-
mally in Dgat2~/~ mice. Second, skin abnormalities were not
reported for C/EBPa-deficient mice. Finally, whereas C/EBPa-
deficient mice are characterized by lipodystrophy and therefore
reduced ability to store triglycerides in adipose tissue,
Dgat2™'~ mice exhibit a near total absence of triglycerides in
all tissues. This difference is also illustrated in other mouse
models of lipodystrophy (e.g. A-ZIP/F (39) and sterol response
element-binding protein 1c (40) transgenic mice), which are
generally viable, even though they lack triglycerides in WAT.
These lipodystrophic mice accumulate large amounts of tri-
glycerides in their livers, whereas Dgat2~'~ mice do not.

The intrauterine growth defect observed in Dgat2™'~ mice
suggests a role for DGAT2 in mouse embryonic nutrition. The
expression level of insulin-like growth factor-binding protein 1
in the livers of fetal Dgat2 '~ mice (E18.5) was increased,
indicating that their nutritional state had been compromised
(30). Because Dgat2~'~ embryos at E12.5 were normal in size,
growth retardation does not appear to occur until after E12.5.
At E13.5, relatively high levels of DGAT2 expression were
observed in the yolk sac, an organ that plays a major role in the
nutrition of mouse embryos during early developmental stages
(41-43). Thus, triglyceride synthesis by DGAT2 in the yolk sac
may play a role in fetal nutrition in mice.

DGAT1 was unable to compensate for the absence of DGAT2,
despite its presence in Dgat2 ™/~ tissues (such as the liver and
BAT). However, Dgat2™'~ hepatocytes were capable of synthe-
sizing triglycerides when fatty acid substrates were provided.
This result suggests that the lack of compensation by DGAT1
relates to insufficient substrate availability for the enzyme. We
speculate that the utilization of fatty acids for oxidative me-
tabolism precludes them from reaching sufficient concentra-
tions to activate triglyceride synthesis by DGAT1. DGAT1 and
DGAT2 may also play fundamentally different roles in the cell,
and fatty acids in the livers of Dgat2 ™/~ mice may not gain
access to the DGAT1 enzyme. Indeed, intracellular lipid drop-
lets in McArdle cells overexpressing DGAT1 and DGAT2 ap-
peared to have different cellular distributions, suggesting that
DGAT1 and DGAT2 might reside in different subcellular
compartments.

Severe skin abnormalities also contributed to the postnatal
lethality of Dgat2™'~ mice. The skin was abnormal in appear-
ance and exhibited defective permeability barrier function. As
a result, the mice became rapidly dehydrated, which likely
contributed to their demise. The defective cutaneous barrier in
Dgat2~'~ mice was unexpected, and its etiology is incompletely
understood. We suspect that it relates to alterations in skin
lipid metabolism. The epidermal lipids had reduced levels of
acylceramide, a key lipid thought to be involved in barrier
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Fic. 10. Abnormalities in the lamel-
lar body secretory system in Dgat2~/~
epidermis. Dgat2™~ epidermis exhib-
ited reduced numbers of lamellar mem-
branes in the stratum corneum extracel-
lular spaces (A, arrows) compared with
wild-type epidermis (B), reduced lamellar
body contents (C, arrowheads) compared
with wild-type epidermis (D), and abnor-
malities in the secreted contents at the
stratum granulosum-stratum corneum
interface (E, arrow). A, B, D, and E, ru-
thenium tetroxide staining post-fixation;
C, osmium tetroxide staining post-fixa-
tion. Bar is 0.25 um.
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Fic. 11. Expression of DGAT2 mRNA in neonatal skin. Skin
from a wild-type newborn mouse was separated into epidermis and
dermis, and the expression of DGAT2 mRNA was measured by real-
time PCR.

maintenance (35), and ultrastructural analyses revealed ab-
normal lamellar membranes in the stratum corneum. The la-
mellar membranes are derived from lamellar bodies, whose
formation requires the appropriate lipids (fatty acids, choles-
terol, and glucosylceramide) in the stratum granulosum.

Some aspects of the skin phenotype of Dgat2 /™ mice resem-
ble findings seen in essential fatty acid deficiency. Essential
fatty acids are required for normal growth and skin function,
and a deficiency in these fatty acids is characterized by growth
retardation, skin abnormalities, and increased transepidermal
water loss (31, 44, 45). In addition, linoleic acid is a component
of acylceramide, a lipid thought to be involved in epidermal
permeability barrier function (32). Analysis of the triglyceride
fatty acid composition of liver and skin revealed that there
were almost no essential fatty acids in triglycerides from
Dgat2™’~ mice. Thus, DGAT2 appears to be specifically re-
quired to generate and maintain a pool of triglycerides contain-
ing essential fatty acids. Because DGAT2 is expressed in the
neonatal epidermis, the barrier abnormality might be because
of the absence of DGAT?2 in this tissue. However, skin trans-
plantation studies suggest that the barrier abnormality relates
to the systemic lack of DGAT2, rather than DGAT2 deficiency
in the epidermis itself. An alternative explanation is that
DGAT2 expressed in other tissues can generate circulating
lipids that correct the epidermal functional and structural
defects.

Because the tissue expression pattern of DGAT2 in mice is
similar to that observed in humans (7), it is likely that DGAT2
plays a similarly prominent role in triglyceride metabolism in
humans. In humans, DGAT2 is located at chromosome 11q13.3,
and there are no obvious disorders with a phenotype similar to
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Fic. 12. Reduced triglyceride and linoleic acid content in skin
from Dgat2~'~ mice. a, reduced triglyceride (TG) content in skin.
Lipids were extracted from skin homogenates of three newborn mice of
each genotype and analyzed by TLC. *, p < 0.001. b, reduced linoleic
acid content in skin lipids. Lipids were extracted, and the linoleic acid
content of each class was measured by gas-liquid chromatography. n =
3/genotype. *, p < 0.005. ** p < 0.05. PC, phosphatidylcholine; CE,
cholesterol esters; FFA, free fatty acids.

Dgat2™’~ mice that map to this locus. Interestingly, a recent
human study found that decreased DGAT2 expression is a
characteristic of psoriatic skin (46). In humans, the inhibition
of DGAT enzymes and triglyceride synthesis is a potential
pharmaceutical strategy to treat obesity and diabetes mellitus.
DGAT1 inhibition is a promising target, because DGAT1-defi-
cient mice have increased energy expenditure (18) and en-
hanced sensitivity to insulin and leptin (19, 20). The current
study suggests that inhibition of DGAT2 should be approached
cautiously because DGAT2 function appears to be crucial for
survival.
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Fic. 13. Normal hair growth and transepidermal water loss in
grafts of skin from Dgat2~'~ mice. a, normal hair growth in grafts 3
weeks after wild-type and Dgat2 '~ skin was transplanted onto the
backs of athymic nude mice. Similar results were observed for four
transplant experiments. b, similar transepidermal water loss in wild-
type and Dgat2~’'~ skin grafts and in skin of host nude mice, indicating
that Dgat2/~ skin grafts had a functional permeability barrier. The
dashed line indicates a transepidermal water loss of 1 mg/cm?h, which
would be indicative of a defective permeability barrier with the electro-
lytic water analyzer used for this experiment.
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