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Acyl-CoA:diacylglycerol acyltransferase (DGAT)1 and 
DGAT2 catalyze the final step in triglyceride (TG) biosyn-
thesis (1, 2), and these two enzymes account for nearly all 
TG synthesis in mammals (3, 4). TGs and other neutral 
lipids are stored in cells in cytosolic lipid droplets (5–7). 
The processes of TG synthesis and storage are central to 
energy metabolism and metabolic processes, such as intes-
tinal fat absorption (8), liver TG storage and secretion (9), 
cardiac metabolism (10, 11), and TG storage in adipocytes 
(12) and macrophages of adipose tissue (13, 14).

Complete loss of DGAT1 function yields different phe-
notypes in mice and humans. DGAT1-null mice have a 
favorable phenotype that includes decreased adiposity, 
increased energy expenditure, resistance to diet-induced 
obesity and fatty liver, increased insulin sensitivity, and in-
creased longevity (3, 15, 16). These favorable metabolic ef-
fects motivated the development of numerous DGAT1 
inhibitors as therapeutic agents to treat hypertriglyceridemia 
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or other obesity-related diseases (17). However, admin-
istration of DGAT1 inhibitors in humans resulted in 
dose-related gastrointestinal side effects, most notably diar-
rhea (17).

Concomitantly, we reported that humans with homozy-
gous complete loss-of-function mutations in DGAT1 have a 
severe congenital diarrhea syndrome (18). The first re-
ported mutation, chromosome 8 145541756 A→G, was 
found in the Ashkenazi Jewish population and causes exon 
8 to be skipped in the expressed protein. The mutant pro-
tein is unstable, thus resulting in a complete loss of DGAT1 
activity. Patients with this mutation develop severe diarrhea 
in the neonatal period, with protein-losing enteropathy 
and associated hypoalbuminemia and hypertriglyceride-
mia. These children required periods of parenteral nutri-
tion and intralipid supplementation. One child described 
in the initial report died from complications of malnutri-
tion and sepsis. More recently, a missense mutation in 
DGAT1, p.L295P, was reported (19). This mutation is asso-
ciated with a similar clinical syndrome, decreased DGAT1 
mRNA and protein levels in dermal fibroblasts from pa-
tients when compared with control fibroblasts, presumably 
resulting in decreased TG synthesis activity, although this 
was not directly tested (19). Taken together, these findings 
indicate that mice tolerate complete DGAT1 loss relatively 
well, but humans with complete genetic deficiency or 
pharmacological inactivation of DGAT1 are sensitive to 
decreased DGAT1 activity resulting in moderate to severe 
diarrhea.

In the current study, we identify and characterize a previ-
ously unknown DGAT1 missense mutation that results in a 
partial loss of function and a less severe clinical phenotype, 
expanding the phenotypic spectrum of the human disease. 
We also discuss the therapy for DGAT1-deficient patients 
and describe dietary modification as a successful treatment 
option.

EXPERIMENTAL PROCEDURES

Mutation identification
Genomic DNA was extracted from whole blood of monochori-

onic twins and their parents. Exome sequencing was performed as 
described (20). Briefly, the exome was captured with an Agilent 
SureSelect XT2 All Exon V4 kit (Agilent Technologies, Santa 
Clara, CA) and sequenced by IlluminaHiSeq 2000 platform (Illu-
mina, San Diego, CA). Reads were aligned to the human refer-
ence genome UCSC hg19/GRCh37 (hgdownload.cse.ucsc.edu), 
and known protein-coding RefSeq genes (ncbi.nlm.nih.gov/ref-
seq/). Local realignment around insertion-deletion sites was per-
formed with the Genome Analysis Toolkit (software.broadinstitute.
org/gatk/) and variant calls were generated using SAMtools 
(htslib.org). Variants were annotated by allele frequency using 
1000 Genomes (http://www.internationalgenome.org), National 
Heart, Lung, and Blood Institute GO Exome Sequencing Project 
(esp.gs.washington.edu/drupal/), Exome Aggregation Consortium 
(exac.broadinstitute.org), and the Genome Aggregation Data-
base (gnomad.broadinstitute.org), and by functional predictions 
using PolyPhen-2 (genetics.bwh.harvard.edu/pph2/), sorting in-
tolerant from tolerant (sift.jcvi.org), genome evolutionary rate 

profiling (mendel.stanford.edu/SidowLab/downloads/gerp/), 
and combined annotation-dependent depletion (cadd.gs.washing-
ton.edu). Variants with minor allele frequency greater than 1% 
were filtered out and the remaining variants were separated based 
on predicted inheritance pattern, including de novo changes. 
Candidate genes were prioritized based on functional predictions 
and phenotypic correlation from Human Gene Mutation Data-
base (http://www.hgmd.cf.ac.uk/ac/index.php), National Heart, 
Lung, and Blood Institute Exome Variant Server (evs.gs.washington.
edu/EVS/), Online Mendelian Inheritance of Man (omim.org), 
PubMed (ncbi.nlm.nih.gov/pubmed/), and ClinVar (ncbi.nlm.
nih.gov/clinvar/). Whole-exome sequencing was performed on 
DNA from unaffected siblings, as described (18).

The DGAT1 genetic results for the patients and their parents 
were confirmed by Sanger sequencing. Exon 3 of the DGAT1 gene 
was amplified using the primer pair: forward 5′-AGAGGT-
GTTGGGAGGATCTG-3′ and reverse 5′-GTCTGAGTGGGTG-
GCAGGT-3′. PCR amplification was carried out using Taq DNA 
polymerase (Qiagen, Valencia, CA) and a standard PCR profile. 
PCR products were purified using the QIAquick Multiwell PCR 
purification system (Qiagen) and the purified products were se-
quenced bi-directionally by being labeled with Big Dye Termina-
tor (Applied Biosystems of Thermo Fisher Scientific, Waltham, 
MA) and resolved by capillary electrophoresis on an ABI 3500xL 
genetic analyzer (Applied Biosystems). Positive mutations were 
identified by comparing bi-directional sequence data to a normal 
reference sequence.

Cell lines
Primary dermal fibroblasts from both patients were provided by 

the Manton Center for Orphan Disease Research at Boston Chil-
dren’s Hospital. Primary dermal fibroblasts from three control 
subjects were provided by the Memory and Aging Center at the 
University of California, San Francisco; the control cell lines used 
were CTR2 and V, as described (21, 22), and JJ (unpublished). 
Primary human dermal fibroblasts were cultured in Ham’s F-10 
nutrient mix (Thermo Fisher Scientific) containing FBS (10%), 
penicillin (100 U/ml), and streptomycin (100 mg/ml).

Human breast cancer cells (SUM159 cells) were maintained in 
DMEM/F-12 GlutaMAX (Life Technologies, Carlsbad, CA) contain-
ing FBS (5%), penicillin (100 U/ml), streptomycin (100 mg/ml), 
hydrocortisone (1 mg/ml) (Sigma-Aldrich, St. Louis, MO), insu-
lin (5 mg/ml) (Cell Applications, San Diego, CA), and HEPES 
(10 mM; pH 7.0). Transfection of plasmid was performed using 
Lipofectamine 3000 (Life Technologies) according to the manu-
facturer’s instructions.

DGAT inhibitors
DGAT1 and DGAT2 inhibitors were from Merck & Co., Inc., 

Kenilworth, NJ (23, 24). The inhibitors were suspended in DMSO 
and used at a final concentration of 5 M.

Antibodies
Rabbit polyclonal antibody against human DGAT1 was custom 

generated (GenScript, Piscataway, NJ), affinity purified, and used 
at a 1:1,000 dilution. The peptide sequence used for the epitope 
was “GGGGPAAAEEEVRDAAAGPDVGAAGDAPAP” and corre-
lates to amino acids 20–49 of human DGAT1. Other antibodies 
were anti-flag M2 monoclonal antibody (1:1,000) produced in 
mouse (Sigma-Aldrich) and calnexin polyclonal antibody SPA-
860 (1:1,000) produced in rabbit (Enzo Life Sciences, Farming-
dale, NY). Secondary antibodies were anti-mouse IgG-HRP 
(1:10,000) and anti-rabbit IgG-HRP (1:10,000) (Santa Cruz Bio-
technology, Dallas, TX), and anti-rabbit IgG-HRP (1:5,000) 
(GenScript).

http://www.hgmd.cf.ac.uk/ac/index.php
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cDNA and plasmids
Wild-type DGAT1 with a FLAG tag sequence in a modified 

pMSCV vector with a CMV promoter was used as described (18). 
DGAT1 c.314C>T with a FLAG tag sequence was synthesized  
as a gBlock (Integrated DNA Technologies, Coralville, IA), 
PCR-amplified, and cloned into the same modified pMSCV vec-
tor as the wild-type.

RNA extraction and quantitative real-time PCR
Total RNA from human dermal fibroblasts was isolated using 

the RNeasy kit (Qiagen) according to the manufacturer’s instruc-
tions. cDNA was synthesized using iScript cDNA synthesis kit (Bio-
Rad), and quantitative real-time PCR was performed in triplicates 
using SYBR Green PCR Master Mix kit (Applied Biosystems).

Immunoblotting
Cells were lysed in buffer containing sucrose (250 mM), Tris-

HCl (pH 7.4) (50 mM), and cOmplete Mini EDTA-free protease 
inhibitor cocktail (Sigma-Aldrich), and treated with sonication at 
30 kHz for 1 s 14 times. Protein lysates were separated on a 4–15% 
SDS-PAGE gel (BioRad, Hercules, CA) and transferred to a PVDF 
membrane (BioRad). The membrane was blocked with TBST 
containing 5% milk for 1 h and incubated with primary antibod-
ies at a 1:1,000 dilution at 4°C overnight. The membrane was 
washed with TBST for 5 min three times and then incubated with 
secondary antibody at a 1:5,000 or 1:10,000 dilution at room tem-
perature for 1 h. The membrane was washed again with TBST for 
5 min three times and revealed using SuperSignal West Pico che-
miluminescent substrate kit (Thermo Fisher Scientific) per the 
manufacturer’s instructions.

Protein degradation assay
SUM159 cells were treated with cycloheximide (50 M in cul-

ture medium) 24 h after transfection. Cells were lysed at different 
time points as indicated, and immunoblots were performed using 
anti-FLAG primary antibody as described above.

DGAT1 activity assays
DGAT1 activity was measured in vitro with assay conditions that 

were selective for DGAT1 (2). Total cell lysate (10 g protein) was 
incubated with DGAT inhibitors (5 M) for 30 min where indi-
cated. The lysate was then added to a reaction mixture of Tris-HCl 
(pH 7.5) (100 mM), MgCl2 (25 mM), BSA (0.625 mg/ml), oleoyl-
CoA (25 M) that contained [14C]oleoyl-CoA as a tracer, and 1,2 
diacylglycerol (200 M) in a final volume of 200 l. Reactions 
were carried out at 37°C for 1–20 min as indicated. The reactions 
were stopped by adding chloroform:methanol (2:1). After stop-
ping the reaction, lipids were extracted by adding phosphoric 
acid (2%) and centrifugation. The lipids were dried, resuspended 
in chloroform, and separated by TLC with a hexane:diethyl 
ether:acetic acid (80:20:1) solvent system. TLC plates were  
exposed to phosphor imaging cassette for 48 h and revealed by 
Typhoon FLA 7000 phosphor imager (GE Healthcare Life Sci-
ences, Pittsburgh, PA). Lipids on the TLC plate were stained with 
iodine vapors; TG bands were scraped and quantified by liquid 
scintillation counter.

To measure TG synthesis in cells, cells were pretreated with 
DGAT inhibitor (5 M in culture medium) as indicated for 30 
min, and then treated with oleate (400 M in culture medium) 
and DGAT inhibitor (5 M in culture medium) as indicated for 
4 h. Lipids were extracted directly from 6-well culture plates by 
adding hexane:isopropanol 3:2 with gentle shaking for 10 min. 
These lipids were separated on TLC plates and quantified as above. 
Proteins were extracted with 0.3 N NaOH and 0.1% SDS. The TG 
synthesis results were normalized for total protein in each sample.

Microscopy
Cells were grown on glass bottom dishes and treated with 

oleate (400 M in culture medium) for 4 h. BODIPY 493/503 
(1 l/1 ml) (Thermo Fisher Scientific) was added to stain for neu-
tral lipids just prior to imaging. Images were obtained with a spin-
ning disk confocal (Yokogawa CSU-X1) set up on a Nikon Eclipse 
Ti inverted microscope with a 60× ApoTIRF 1.4 NA objective 
(Nikon, Melville, NY). Images were processed manually using FIJI 
software (fiji.sc), and lipid droplet number was quantified using 
CellProfiler (Cellprofiler.org).

Study approval and consent
The Institutional Review Board at Columbia University Medical 

Center and Massachusetts General Hospital approved this study; 
the genetics were performed at these institutions. The Institu-
tional Review Board at Boston Children’s Hospital approved this 
research (Institutional Review Board protocol number 10-02-
0053, “Manton Center for Orphan Disease Research Gene Discov-
ery Core”). Written informed consent was obtained from adult 
participants and from the parents of the children.

Statistical analysis
Data are presented as means ± standard deviations. Statistical 

significance was evaluated with Wilcoxon rank sum test using IBM 
SPSS Statistics for Windows version 23.0 (IBM Corp., Armonk, 
NY) where indicated, and linear regression using GraphPad Prism 
for Mac OS X version 7.0a (GraphPad Software, La Jolla, CA) 
where indicated.

RESULTS

Case report
Monochorionic male twins were born at 36 weeks gesta-

tional age by scheduled Caesarean section to parents of 
South Asian descent. Shortly after birth, the twins devel-
oped watery diarrhea and failure to thrive that persisted 
despite multiple formula changes. Evaluations for cystic fi-
brosis, immune deficiencies, and mitochondrial disorders 
were nondiagnostic. Hematoxylin and eosin-stained sec-
tions of gastric, duodenal, and colonic biopsies at 19 
months of age were normal (data not shown). Twin A pre-
sented for hospital admission at 26 months with severe fail-
ure to thrive. He was receiving gastrostomy tube feeds with 
a hydrolyzed formula to provide 118 kcal/kg/day. He had 
six to seven episodes of watery nonbloody diarrhea daily. 
His weight was 7 kg (z-score 6.14) and height was 74 cm 
(z-score 4.12). Serum analyses were notable for meta-
bolic acidosis, elevated transaminases, low serum albumin, 
low total protein and immunoglobulin G levels, iron defi-
ciency anemia, vitamin D and E deficiencies, low zinc and 
copper levels, and hypertriglyceridemia with serum TG 
level 112 mg/dl (normal for age is <75 mg/dl). An essen-
tial fatty acid profile showed low linoleic acid of 1,429 
nmol/ml (normal range 1,600–3,500 nmol/ml) and nor-
mal levels of linolenic acid, triene:tetraene ratio, and mead 
acid. Stool studies showed elevated -1 antitrypsin, normal 
24 h fecal fat, normal elastase, and were negative for bacte-
ria, viruses, and parasites. The patient’s growth and ab-
normal laboratory values improved with total parenteral 
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nutrition and intralipid supplementation without enteral 
feeds. He received red blood cell transfusion and intrave-
nous immune globulin. Subsequently, he was successfully 
transitioned to a diet containing no more than 10% calo-
ries from fat and was weaned off parenteral nutritional sup-
port. Selected growth and laboratory parameters for twin A 
are displayed in Table 1.

Twin B, for unclear reasons, was not as severely affected. 
Twin A experienced weight loss during a viral gastroenteri-
tis 2 months prior to his admission, which might have con-
tributed to the more severe symptoms. Twin B did not 
require hospitalization or parenteral nutrition, but he did 
exhibit protein-losing enteropathy with elevated stool -1 
antitrypsin levels and loose stools. His stooling pattern, 
growth, and laboratory serum test values improved on a 
very low fat enteral diet. Figure 1 shows the amount of -1 
antitrypsin in the stool for twin B over time as it related to 
the amount of fat in the diet.

Identification of homozygous DGAT1 p.L105P mutation 
in affected patients

Exome sequencing of the monochorionic twins and 
their parents revealed that the twins were monozygous and 
were homozygous for two autosomal variants: ZNF517, 
c.1342G>A; p.G448S and DGAT1, c.314C>T, p.L105P. 
ZNF517 encodes a C2H2-zinc finger protein that is ex-
pressed mainly in the brain, testis, prostate, thyroid, and 
thymus, with relatively low expression levels in the small 
intestine (25), and missense mutations of ZNF517 have not 
been linked to the observed disease phenotype (ClinVar, 
ncbi.nlm.nih.gov/clinvar/). Because DGAT1 mutations 
cause a congenital diarrhea syndrome (18, 19), we focused 
further characterization on this variant. In addition to the 
parents, one of two sisters was found to be a heterozygous 
carrier for the DGAT1 mutation, while the other sister was 
homozygous for the wild-type allele. The c.314C>T allele is 
rare: analysis of the current Genome Aggregation Database 
(gnomad.broadinstitute.org) revealed that three individu-
als carry this allele out of 165,092 examined alleles and 
no homozygotes have been reported. The ExAc database 

(exac.broadinstitute.org) showed one carrier of 23,030 
examined alleles and no homozygotes. The few individuals 
that carry the DGAT1 p.L105P mutation in these databases 
are of the South Asian population. Analysis of the patient 
haplotypes indicated that this mutation likely arose in com-
mon founder in the parents’ population of origin. Inas-
much as the patients’ clinical syndrome matched that 
previously reported for human DGAT1 deficiency, we con-
cluded that it is highly likely that the rare DGAT1 p.L105P 
variant explains the gastrointestinal symptoms.

DGAT1 p.L105P is a partial loss-of-function allele
We characterized the effects of the DGAT1 c.314C>T, 

p.L105P variant on the levels of DGAT1 mRNA, protein, 
and activity in primary dermal fibroblasts from both pa-
tients. DGAT1 transcript levels were similar to those of con-
trol cells (Fig. 2A). Immunoblotting with a DGAT1-specific 
antisera showed reduced levels of the p.L105P protein in 
protein lysates (Fig. 2B). The comparable transcript, but 
lower DGAT1 protein levels in the mutant cells, suggested 
that the DGAT1 p.L105P protein is degraded more rapidly 
than the wild-type protein. To test for this possibility, we 
measured levels of expressed FLAG-tagged wild-type and 
p.L105P DGAT1 proteins over time in SUM159 cells after 
treatment with cycloheximide. The mutant p.L105P DGAT1 
protein was less abundant than the wild-type at each time 
point and appeared to be degraded slightly faster than the 
wild-type (Fig. 2C, D).

Analysis of in vitro DGAT1 activity in cell lysates from 
patient cells showed that they synthesize TGs, but at lower 
activity levels than those of control lysates (Fig. 3A, B). 
When corrected for reduced protein expression, the in vi-
tro specific activity for the p.L105P protein was roughly 
equivalent to the activity of the wild-type protein. DGAT 
activity in patient lysates was decreased further by adding a 
DGAT1 inhibitor, demonstrating that the mutant protein 
has residual in vitro activity (Fig. 3C).

We also examined TG synthesis in intact cells by measur-
ing the incorporation of [14C]oleate into TG after 4 h of in-
cubation. We found that TG synthesis was markedly reduced 

TABLE 1. Laboratory and clinical parameters for twin A at different times

Age (months)

26 28 31

Laboratory value (normal range)
 Stool -1 antitrypsin (0–0.5 mg/g) >1.13 (H) 0.08 0.23
 Albumin (3–4.6 g/dl) 3.0 4.2 4.3
 IgG (400–1,300 mg/dl) 109 (L) 603 509
 Hemoglobin (11–12.8 g/dl) 7.4 (L) 12.2 12.6
 Iron (50–120 mg/dl) 13 (L) 72
 25-OH vitamin D (30–80 ng/ml) 12.5 (L) 44.9 41.9
  TG (<75 mg/dl) 112 (H) 56
Growth parameter
 Weight (kg) 7.05 8.62 9.63
 Weight z-score 6.14 4.27 3.47
 Height (cm) 74 76 83
 Height z-score 4.12 3.97 2.1

Laboratory results and growth parameters for twin A at 26 months of age while on an extensively hydrolyzed 
formula, at 28 months of age status post parenteral nutrition and on a low-fat enteral diet, and at 31 months of age 
continuing on a low-fat diet. Growth parameter z-scores based on CDC growth chart for boys 2–20 years old. H, high; 
L, low.
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in patient cells to levels similar to those found with treat-
ment of control cells with a DGAT1 (but not a DGAT2) 
inhibitor (Fig. 3D). The discrepancy between the finding 
of residual activity in the in vitro assay, but not in intact 
cells, might relate to the Vmax conditions employed in the 
in vitro assay, providing maximal access of the mutant 
enzyme to substrates.

Because TG is stored in lipid droplets, we evaluated the 
effect of the DGAT1 p.L105P mutation on cellular lipid 
droplets in patient fibroblasts cultured in medium contain-
ing oleate. Cells with the mutation had fewer lipid droplets 

after treatment with oleate under control and DGAT2-
inhibited conditions. With DGAT1 inhibition, mutant and 
control cells had similarly reduced numbers of lipid drop-
lets (Fig. 4A, B).

DISCUSSION

Three homozygous recessive DGAT1 mutations have now 
been reported that are associated with congenital diarrhea 
syndrome (18, 19). The first, a mutation causing deletion of 
exon 8, yields a complete null allele with no expressed 
DGAT1 protein or activity (18). More recently, two missense 
mutations were identified. One of these, DGAT1 p.L295P, 
results in less abundant DGAT1 protein than the wild-type 
protein, although enzymatic activity for the mutant protein 
was not investigated (19). Here, we describe monozygotic 
twin males of South Asian descent with a similar, but less se-
vere, clinical syndrome, who were found to have a different 
p.L105P missense mutation in DGAT1. p.L105P has an allele 
frequency of 0.000018 (http://gnomad.broadinstitute.org), 
suggesting cases due to this mutation are quite rare. DGAT1 
p.L105P protein levels are lower than wild-type DGAT1, but 
our studies reveal DGAT1 p.L105P possesses residual DGAT1 
activity. Thus, in contrast to the exon 8 deletion mutation 
we reported previously, the p.L105P mutation appears to 
result in a partial loss of DGAT1 function and a less severe 
clinical syndrome. The differences in functional DGAT ac-
tivity for these two mutations, along with the variability in 
clinical severity that accompanies these mutations, suggest 
that DGAT1 mutations result in a spectrum of congenital 

Fig. 1. The protein-losing enteropathy associated with DGAT1 
deficiency correlates with levels of dietary fat. Stool -1 antitrypsin 
levels, a possible marker of disease activity, correlates with varying 
amounts of dietary fat over time for twin B.

Fig. 2. DGAT1 p.L105P protein is found at reduced levels in cells. A: DGAT1 transcript levels are similar in control and patient fibroblasts. 
Relative mRNA levels determined by quantitative real-time PCR are shown here. B: Immunoblot shows less endogenous DGAT1 protein in 
mutant fibroblast lysate than in controls. C: FLAG-tagged wild-type and p.L105P DGAT proteins were expressed in SUM159 cells. The cells 
were treated with cycloheximide and lysed at different times. Immunoblot shows wild-type p.L105P DGAT1 protein may be degraded more 
rapidly compared with wild-type. D: Quantification of data shown in (C) and a second independent experiment. Statistical significance was 
determined by linear regression; *P < 0.05.
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diarrheal disease, with symptoms correlating with the 
amount of residual DGAT1 activity.

The molecular structure of DGAT1 is unknown, but the 
proline substitution due to the p.L105P mutation likely 
occurs in the first transmembrane  helix of the hydropho-
bic membrane-embedded enzyme (26). The N terminus of 
DGAT1 is localized in the cytosol and the C terminus is 
localized in the lumen of the endoplasmic reticulum (26). 
Most prediction algorithms suggest that the protein has 
nine transmembrane domains (TMHMM Server v. 2.0, cbs.
dtu.dk/services/TMHMM/ and TOPCONS, topcons.cbr.
su.se), although one study of DGAT1 topology using epit-
ope tags found three transmembrane domains (26). Sup-
plemental Fig. S1 shows a predicted model for DGAT1 with 
nine transmembrane domains and the location of cur-
rently known DGAT1 mutations. Our data from patient 
fibroblasts indicate that the p.L105P mutant protein is 
found in lower abundance than the wild-type protein. The 
p.L105P DGAT1 enzyme had similar activity levels as wild-
type DGAT1 in vitro, but markedly reduced TG synthesis in 
intact cells. Our current model to explain the lower levels 
of the DGAT1 p.L105P protein is that some of the mutant 
protein is misfolded and degraded immediately after trans-
lation, with some of the remaining protein being stable 
and at least partially active. It is unclear why TG synthesis is 
so markedly reduced in intact DGAT1 p.L105P cells. One 
possibility is that the mutation affects substrate availability 
to the enzyme.

Children with DGAT1 deficiency can be very ill, and one 
death was reported from complications of malnutrition 
(18). Some patients have required rehabilitation with 

parenteral nutrition and intralipid, including twin A de-
scribed herein. Currently, there are no therapies to in-
crease or restore intestinal DGAT activity, so therapies are 
aimed at minimizing symptoms by dietary modifications. 
The patients reported here improved on a low-fat enteral 
diet, with resolution of their protein-losing enteropathy 
and normalization of serum immune globulin G and total 
protein levels. The amount of dietary fat tolerated by af-
fected patients appears to be related to the underlying mu-
tation and level of DGAT1 activity. For example, patients 
with loss of exon 8 and no DGAT1 activity tolerate approxi-
mately 4–7% of calories from fat, while patients with the 
p.L105P mutation tolerate up to 10% of calories from fat. 
Dietary fat is best tolerated by these individuals if it is given 
in small amounts at multiple times during the day rather 
than in large boluses. Patients have improved with diets of 
fat-free formulas or foods supplemented with measured 
amounts of canola oil or a mixture of sunflower and flax-
seed oils. Dietary fat can be titrated to tolerance, defined by 
criteria of no diarrhea, normal stool -1 antitrypsin levels, 
normal essential fatty acid profile, and appropriate growth 
for age.

Our study and our limited experience with other pa-
tients with DGAT1 mutations provide some early guidelines 
for clinical management. Most importantly, these patients 
should be managed with a low-fat enteral diet. Patients on 
this regimen must be monitored for essential fatty acid de-
ficiency, and intralipid should be administered as neces-
sary to prevent essential fatty acid deficiencies. Monitoring 
should also include levels of fat-soluble vitamins, serum 
TGs, complete blood counts, immune globulin G and total 

Fig. 3. Cells with DGAT1 p.L105P enzyme have reduced, but not absent, DGAT activity. A: Lysates from DGAT1 p.L105P patient fibroblasts 
exhibit decreased DGAT in vitro activity. Incorporation of [14C]oleoyl CoA into TG in control and patient fibroblasts was measured. Lipids 
were separated by TLC, and the TG band for different reaction times is shown. B: Quantification of data shown in (A). Statistical significance 
was determined by Wilcoxon rank sum test; **P < 0.005; ***P < 0.001. C: Residual DGAT activity in patient fibroblast lysates can be fur-
ther decreased by treatment with a DGAT1 inhibitor (D1i). Statistical significance was determined by Wilcoxon rank sum test; **P < 0.005; 
***P < 0.001. D: TG synthesis is decreased in intact fibroblast cells of patients. The amount of [14C]oleate incorporated into TG in counts per 
minute per milligram protein is shown here. Statistical significance was determined by Wilcoxon rank sum test; ***P < 0.0001; *P < 0.05. D2i, 
DGAT2 inhibitor.



1236 Journal of Lipid Research Volume 58, 2017

protein levels, and stool -1 antitrypsin levels. The latter 
appears to be an excellent marker for disease activity 
(Fig. 1). In our experience, DGAT1-deficient patients on 
this modified diet have shown good catch-up growth and 
normal development. When they are challenged with in-
creased fat intake, they experience diarrhea, and the stool 
-1 antitrypsin level increases. As clinicians become more 
aware of this disease, we expect that patients will be diag-
nosed earlier and treated successfully.

The cause of diarrhea with protein-losing enteropathy, 
and in most cases hypertriglyceridemia, with DGAT1 defi-
ciency is unknown. Hypertriglyceridemia appears to be a 
feature of human DGAT1 deficiency (18, 19) and possibly 
is due to increased hepatic TG secretion mediated by 
DGAT2 and/or to impaired clearance of TG-rich lipopro-
teins. A mechanism for either is currently unclear. For the 
diarrhea, our current hypothesis is that DGAT1 lipid sub-
strates from the diet accumulate at increased levels in the 
intestine and cause lipotoxic stress in enterocytes, resulting 
in cellular dysfunction. The human intestine might be par-
ticularly susceptible to the effects of DGAT1 deficiency, as 
human intestine appears to express DGAT1 exclusively, 
whereas murine intestine expresses both Dgat1 and Dgat2 
(18). Consistent with this, we find that DGAT1 inhibition 
in adipocytes during lipolysis, a condition with sup-
pressed DGAT2 activity, exhibits signs of lipotoxicity and 

endoplasmic reticulum stress (Chitraju et al., unpublished 
observations). The mechanisms underlying the diarrhea with 
DGAT1 deficiency might be better investigated in a murine 
model lacking Dgat2 specifically in the intestine. Under-
standing the pathophysiology that results in diarrhea with 
DGAT1 deficiency may be helpful in developing treatments 
for affected children and possibly for making treatment of 
humans with DGAT1 inhibitors more tolerable.

The authors thank the Manton Center for Orphan Disease 
Research at Boston Children’s Hospital for providing patient 
cells; the Memory and Aging Center at University of California, 
San Francisco for providing control cells; Joel Haas, Michel 
Becuwe, and Andrew Nguyen for helpful discussions; Jin Ye for 
sharing advice about antibody development; and Gary Howard 
for editorial assistance.

REFERENCES

 1. Cases, S., S. J. Smith, Y-W. Zheng, H. M. Myers, S. R. Lear, E. Sande, S. 
Novak, C. Collins, C. B. Welch, A. J. Lusis, et al. 1998. Identification 
of a gene encoding an acyl CoA:diacylglycerol acyltransferase, a key 
enzyme in triacylglycerol synthesis. Proc. Natl. Acad. Sci. USA. 95: 
13018–13023.

 2. Cases, S., S. J. Stone, P. Zhou, E. Yen, and B. Tow. 2001. Cloning 
of DGAT2, a second mammalian diacylglycerol acyltransferase, and 
related family members. J. Biol. Chem. 276: 38870–38876.

Fig. 4. A: Mutant fibroblasts have fewer lipid droplets (LD) under DMSO and DGAT2 inhibitor (D2i) conditions after oleate treatment. 
Cells were stained with BODIPY 493/503 and imaged for neutral lipids. Representative images are shown. Scale bar: 30 m. B: Lipid droplet 
numbers were quantified using CellProfiler. Quantification represents data from six to eight images per cell line (three controls and two 
patients) per condition. Statistical significance was determined by Wilcoxon rank sum test; ***P < 0.0001. D1i, DGAT1 inhibitor, D1iD2i, 
DGAT1 and DGAT2 inhibitors.



Novel DGAT1 mutation associated with congenital diarrhea 1237

 3. Yen, C-L. E., S. J. Stone, S. Koliwad, C. Harris, and R. V. Farese. 
2008. Glycerolipids. DGAT enzymes and triacylglycerol biosynthesis. 
J. Lipid Res. 49: 2283–2301.

 4. Harris, C. A., J. T. Haas, R. S. Streeper, S. J. Stone, M. Kumari, K. 
Yang, X. Han, N. Brownell, R. W. Gross, R. Zechner, et al. 2011. 
DGAT enzymes are required for triacylglycerol synthesis and lipid 
droplets in adipocytes. J. Lipid Res. 52: 657–667.

 5. Farese, R. V., and T. C. Walther. 2009. Lipid droplets finally get a 
little R-E-S-P-E-C-T. Cell. 139: 855–860.

 6. Walther, T. C., and R. V. Farese. 2012. Lipid droplets and cellular 
lipid metabolism. Annu. Rev. Biochem. 81: 687–714.

 7. Fujimoto, T., and R. G. Parton. 2011. Not just fat: the structure 
and function of the lipid droplet. Cold Spring Harb. Perspect. Biol. 3: 
a004838.

 8. Yen, C-L. E., D. W. Nelson, and M-I. Yen. 2015. Intestinal triacylglyc-
erol synthesis in fat absorption and systemic energy metabolism. J. 
Lipid Res. 56: 489–501.

 9. Choi, S. H., and H. N. Ginsberg. 2011. Increased very low density 
lipoprotein (VLDL) secretion, hepatic steatosis, and insulin resis-
tance. Trends Endocrinol. Metab. 22: 353–363.

 10. Park, T-S., H. Yamashita, W. S. Blaner, and I. J. Goldberg. 2007. 
Lipids in the heart: a source of fuel and a source of toxins. Curr. 
Opin. Lipidol. 18: 277–282.

 11. Schulze, P. C., K. Drosatos, and I. J. Goldberg. 2016. Lipid use and 
misuse by the heart. Circ. Res. 118: 1736–1751.

 12. Krahmer, N., R. V. Farese, and T. C. Walther. 2013. Balancing 
the fat: lipid droplets and human disease. EMBO Mol. Med. 5: 
973–983.

 13. Sun, K., C. M. Kusminski, and P. E. Scherer. 2011. Adipose tissue 
remodeling and obesity. J. Clin. Invest. 121: 2094–2101.

 14. Shoelson, S. E., J. Lee, and A. B. Goldfine. 2006. Inflammation and 
insulin resistance. J. Clin. Invest. 116: 1793–1801.

 15. Smith, S. J., S. Cases, D. R. Jensen, H. C. Chen, E. Sande, B. Tow, D. 
A. Sanan, J. Raber, R. H. Eckel, and R. V. Farese. 2000. Obesity re-
sistance and multiple mechanisms of triglyceride synthesis in mice 
lacking Dgat. Nat. Genet. 25: 87–90.

 16. Chen, H. C., S. J. Smith, Z. Ladha, D. R. Jensen, L. D. Ferreira, 
L. K. Pulawa, J. G. McGuire, R. E. Pitas, R. H. Eckel, and R. V. 
Farese, Jr. 2002. Increased insulin and leptin sensitivity in mice 
lacking acyl CoA:diacylglycerol acyltransferase 1. J. Clin. Invest. 
109: 1049–1055.

 17. Denison, H., C. Nilsson, L. Löfgren, A. Himmelmann, G. 
Mårtensson, M. Knutsson, A. Al-Shurbaji, H. Tornqvist, and J. W. 
Eriksson. 2014. Diacylglycerol acyltransferase 1 inhibition with 
AZD7687 alters lipid handling and hormone secretion in the gut 

with intolerable side effects: a randomized clinical trial. Diabetes 
Obes. Metab. 16: 334–343.

 18. Haas, J. T., H. S. Winter, E. Lim, A. Kirby, B. Blumenstiel, M. 
DeFelice, S. Gabriel, C. Jalas, D. Branski, C. A. Grueter, et al. 2012. 
DGAT1 mutation is linked to a congenital diarrheal disorder.  
J. Clin. Invest. 122: 4680–4684.

 19. Stephen, J., T. Vilboux, Y. Haberman, H. Pri-Chen, B. Pode-
Shakked, S. Mazaheri, D. Marek-Yagel, O. Barel, A. Di Segni, E. Eyal, 
et al. 2016. Congenital protein losing enteropathy: an inborn error 
of lipid metabolism due to DGAT1 mutations. Eur. J. Hum. Genet. 24: 
1268–1273. 

 20. Shang, L., M. T. Cho, K. Retterer, L. Folk, J. Humberson, L. Rohena, 
A. Sidhu, S. Saliganan, A. Iglesias, P. Vitazka, et al. 2015. Mutations 
in ARID2 are associated with intellectual disabilities. Neurogenetics. 
16: 307–314.

 21. Almeida, S., Z. Zhang, G. Coppola, W. Mao, K. Futai, A. Karydas, 
M. D. Geschwind, M. C. Tartaglia, F. Gao, D. Gianni, et al. 2012. 
Induced pluripotent stem cell models of progranulin-deficient fron-
totemporal dementia uncover specific reversible neuronal defects. 
Cell Rep. 2: 789–798.

 22. Cenik, B., C. F. Sephton, C. M. Dewey, X. Xian, S. Wei, K. Yu, W. Niu, 
G. Coppola, S. E. Coughlin, S. E. Lee, et al. 2011. Suberoylanilide 
hydroxamic acid (vorinostat) up-regulates progranulin transcrip-
tion: rational therapeutic approach to frontotemporal dementia.  
J. Biol. Chem. 286: 16101–16108.

 23. Imbriglio, J. E., D-M. Shen, R. Liang, K. Marby, M. You, H. W. Youm, 
Z. Feng, C. London, Y. Xiong, J. Tata, et al. 2015. Discovery and 
pharmacology of a novel class of diacylglycerol acyltransferase 2 in-
hibitors. J. Med. Chem. 58: 9345–9353.

 24. Liu, J., J. N. Gorski, S. J. Gold, D. Chen, S. Chen, G. Forrest, Y. Itoh, 
D. J. Marsh, D. G. McLaren, Z. Shen, et al. 2013. Pharmacological in-
hibition of diacylglycerol acyltransferase 1 reduces body weight and 
modulates gut peptide release–potential insight into mechanism of 
action. Obesity (Silver Spring). 21: 1406–1415.

 25. Lorenz, P., S. Dietmann, T. Wilhelm, D. Koczan, S. Autran, S. Gad, 
G. Wen, G. Ding, Y. Li, M-F. Rousseau-Merck, et al. 2010. The an-
cient mammalian KRAB zinc finger gene cluster on human chro-
mosome 8q24.3 illustrates principles of C2H2 zinc finger evolution 
associated with unique expression profiles in human tissues. BMC 
Genomics. 11: 206.

 26. McFie, P. J., S. L. Stone, S. L. Banman, and S. J. Stone. 2010. 
Topological orientation of acyl-CoA:diacylglycerol acyltransferase-1 
(DGAT1) and identification of a putative active site histidine and 
the role of the N terminus in dimer/tetramer formation. J. Biol. 
Chem. 285: 37377–37387.


