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Significance

Lipid droplets (LDs) play emerging 
roles in diabetes, obesity, and 
heart disease. Although LDs are 
implicated in the replication of 
several enteric viral pathogens, 
like rotavirus (RV) that causes 
severe diarrhea, a role for LDs in 
gastrointestinal pathogenesis has 
not been identified. RV induces 
and requires LDs to assemble 
virus replication factories. We 
demonstrate RV infection leads to 
the degradation of diacylglycerol 
O-acyltransferase 1 (DGAT1), the 
enzyme responsible for the 
terminal step in triacylglycerol 
synthesis needed for LD 
formation. Loss of DGAT1 
decreases expression of key 
nutrient and ion transporters and 
junctional proteins required for 
normal enterocyte homeostatic 
function. Our study elucidates a 
pathophysiological mechanism of 
RV-induced malabsorptive 
diarrhea and a role for lipid 
metabolism in the pathogenesis of 
gastroenteritis.
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Gastroenteritis is among the leading causes of mortality globally in infants and young 
children, with rotavirus (RV) causing ~258 million episodes of diarrhea and ~128,000 
deaths annually in infants and children. RV-induced mechanisms that result in diarrhea are 
not completely understood, but malabsorption is a contributing factor. RV alters cellular 
lipid metabolism by inducing lipid droplet (LD) formation as a platform for replication 
factories named viroplasms. A link between LD formation and gastroenteritis has not 
been identified. We found that diacylglycerol O-acyltransferase 1 (DGAT1), the terminal 
step in triacylglycerol synthesis required for LD biogenesis, is degraded in RV-infected 
cells by a proteasome-mediated mechanism. RV-infected DGAT1-silenced cells show 
earlier and increased numbers of LD-associated viroplasms per cell that translate into a 
fourfold-to-fivefold increase in viral yield (P < 0.05). Interestingly, DGAT1 deficiency in 
children is associated with diarrhea due to altered trafficking of key ion transporters to 
the apical brush border of enterocytes. Confocal microscopy and immunoblot analyses 
of RV-infected cells and DGAT1−/− human intestinal enteroids (HIEs) show a decrease 
in expression of nutrient transporters, ion transporters, tight junctional proteins, and 
cytoskeletal proteins. Increased phospho-eIF2α (eukaryotic initiation factor 2 alpha) in 
DGAT1−/− HIEs, and RV-infected cells, indicates a mechanism for malabsorptive diarrhea, 
namely inhibition of translation of cellular proteins critical for nutrient digestion and 
intestinal absorption. Our study elucidates a pathophysiological mechanism of RV-induced 
DGAT1 deficiency by protein degradation that mediates malabsorptive diarrhea, as well 
as a role for lipid metabolism, in the pathogenesis of gastroenteritis.

rotavirus | DGAT1 | lipid droplet | viroplasm | proteasome degradation

Lipid droplets (LDs), previously considered simple storage structures for neutral lipids, 
are now recognized as dynamic intracellular organelles involved in diverse biological pro­
cesses such as membrane trafficking, signal transduction, and modulation of immune and 
inflammatory responses (1). LDs consist of a hydrophobic core of the neutral lipid tria­
cylglycerol (TAG) and cholesterol esters that are surrounded by a phospholipid monolayer 
(2). The phospholipid monolayer contains surface proteins that regulate lipid metabolism. 
Despite the increased number of LD studies in recent years, the mechanism(s) of LD 
biogenesis remain poorly understood. The classic model of LD biogenesis posits that LDs 
arise from the endoplasmic reticulum (ER) in a mechanism that resembles budding (3). 
A complex composed of LD assembly factor 1 protein and the ER-resident protein seipin 
determines the site of LD formation in the ER membrane and facilitates LD biogenesis 
(4). The mechanism of LD biogenesis requires the 1) de novo synthesis and remodeling 
of ER membrane phospholipids and 2) integration of LD-associated proteins (5).

TAGs in the LD are produced by an elaborate biosynthetic pathway (3). The terminal step 
of TAG synthesis is the conversion of diacylglycerol (DAG) and acyl-CoA into TAG catalyzed 
by ER-localized DAG acyltransferases DGAT1 (Diacylglycerol O-acyltransferase 1) and 
DGAT2. Although catalyzing the same reaction, DGAT1 and DGAT2 are substantially 
different. Neither share sequence homology, redundant functions, or cellular expression pat­
terns (6), suggesting distinct roles for each in TAG metabolism. In cultured cell lines, confocal 
microscopy showed that DGAT1 is only detected in the ER, whereas DGAT2 colocalizes 
with the ER, LDs, and mitochondria (7). In mice, both DGAT1 and DGAT2 are expressed 
in the intestine, while in humans, only DGAT1 is expressed in the intestine (8).

Patients with biallelic mutations in DGAT1 manifest with severe chronic diarrhea and/
or vomiting, hypoalbuminemia, and/or (fatal) protein-losing enteropathy with intestinal 
failure (8–10). Duodenal biopsies from patients with DGAT1 deficiency show either loss 
or mislocalization of the apical membrane transporters NHE3, SGLT1, the dipeptidyl 
peptidase IV (DDPIV), and the junctional proteins occludin and claudin 4 in enterocytes 
(10). Similar protein localization defects, as well as increased cellular lipid levels, are 
observed in Caco2-BBe DGAT1 knockdown cells (10). These studies suggest that loss of 
DGAT1 expression elicits global changes in enterocyte apical brush border protein polarized 
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trafficking and lipid metabolism, which may account for enterocyte 
malabsorption and subsequent diarrhea.

Many intracellular pathogens, including viruses, bacteria, and par­
asites, target and require host LDs for replication (11). RV (rotavirus), 
a leading cause of severe dehydrating gastroenteritis in infants and 
children under the age of 5, requires LDs to form viroplasms (12, 
13). Viroplasms are composed of both viral and cellular proteins that 
form in association with components of LDs, within which viral 
replication and immature particle assembly occur. The interaction of 
two RV nonstructural proteins, NSP2 and NSP5, is required for 
viroplasm formation (14, 15). Formation of LDs appears to be vital 
for RV replication as compounds that block LD formation or disperse 
LDs significantly decrease the number and size of viroplasms and the 
production of infectious progeny (13, 16). In addition, the 
LD-associated proteins PLIN1 and PLIN2 and the lipophilic stain 
Nile red colocalize with NSP2 and NSP5 in viroplasms (13). These 
results indicate that viroplasms either form with or on LDs (17). 
However, the mechanisms of LD biogenesis that are exploited by RV 
for viroplasm formation remain to be deciphered.

The epithelial cells of the gastrointestinal tract play key roles in 
the digestion, absorption, and metabolism of nutrients. RV is trans­
mitted via the fecal-oral route and infects enterocytes, tuft, and 
enteroendocrine cells in the intestinal tract (12, 18). RV induces 
diarrhea through a combination of mechanisms including intestinal 
secretion (stimulated by the RV-encoded enterotoxin NSP4), acti­
vation of the enteric nervous system, and destruction of the absorp­
tive enterocytes, which leads to malabsorption (12). A role for 
RV-altered lipid metabolism in RV-induced diarrhea has not been 
identified.

Although a link between RV-mediated epithelial dysfunction 
and the level of DGAT1 expression has not been previously iden­
tified, RV-infected cells show deficits of apically localized proteins 
similar to those seen in human biopsies of DGAT1-deficient chil­
dren with diarrhea and in Caco2-BBe DGAT1 knockdown cells 
(10, 19). Studies in RV-infected mouse pups demonstrated a 
reduction of sodium-dependent glucose cotransporter 1 (SGLT1) 
expression from the brush border of enterocytes along the villi at 
1 d postinfection (20). RV infection of polarized Caco-2 cells 
resulted in disorganization of apical brush border enzymes and 
junctional proteins occludin (21), claudin 1, and ZO-1 (22) rem­
iniscent of DGAT1-deficient duodenal patient biopsies and indic­
ative of loss of barrier integrity. Thus, RV infection–induced 
reduction or mislocalization of these proteins may lead to epithe­
lial dysfunction that results in diarrhea.

The present study was designed to examine whether RV 
exploitation of LD biogenesis and regulation of DGAT1 enhances 
virus replication and pathogenesis. We used the well-established 
monkey kidney cell (MA104) model of RV infection as well as 
stem cell-derived human intestinal enteroids (HIEs) for these 
studies. HIEs have revolutionized the study of enteric viruses like 
RV (23, 24). These multicellular, nontransformed cultures retain 
host genetic properties, cellular organization and polarity, as well 
as recapitulate the physiology of the human gastrointestinal epi­
thelium. Thus, they serve as biologically and physiologically rele­
vant model systems for studying human enteric infections.

Results

RV Viroplasms Colocalize with PLIN1 LDs. LD formation is a 
critical step in viroplasm formation and the subsequent production 
of infectious virus (13). RV viroplasms were previously reported to 
colocalize with components of LDs (13). We used confocal micro­
scopy to visualize viroplasm-dependent nonstructural proteins NSP2 
and NSP5 and the LD-associated protein PLIN1. A previous report 

used Nile Red to detect LDs; however, Nile Red nonspecifically 
labels all lipid-containing organelles and intracellular membranes. 
Therefore, we used LipidTOX™, a neutral lipid-specific stain that 
has an extremely high affinity for neutral lipid, such as that in 
LD cores, to detect LDs. We observed that viroplasms colocalized 
with PLIN1 LDs (SI Appendix, Fig. S1, Top) and neutral lipid 
(SI Appendix, Fig. S1, Bottom) as previously reported (13, 17, 25). 
These results confirm that components of LDs colocalize with 
viroplasms in RV-infected cells.

DGAT1 Interacts with dNSP2 but Not vNSP2. To gain a better 
understanding of viroplasm/LD interactions, we first sought to 
identify cellular proteins that interact with NSP2 and might be 
involved in viroplasm/LD formation. We previously identified 
two distinct forms of NSP2 that differ in temporal appearance, 
localization, and conformation in the RV-infected cell (26). 
These two forms of NSP2: dispersed NSP2 (dNSP2) and 
viroplasm-associated NSP2 (vNSP2) were detected with specific 
monoclonal antibodies (26). Mass spectroscopy of proteins that 
coimmunoprecipitated (IP-MS) with dNSP2, vNSP2, or both 
identified DAG modifying enzymes. Since DGAT1 conversion 
of DAG and acyl-CoA into TAG is the rate-limiting step in the 
TAG synthesis pathway, we evaluated whether DGAT1 interacts 
with either dNSP2 or vNSP2. Immunoprecipitation (IP) of 
DGAT1 and western blot analyses using the dNSP2 or vNSP2 
monoclonal antibodies showed that DGAT1 coprecipitates with 
only dNSP2 and not vNSP2 (Fig. 1A).

We next determined whether the interaction of dNSP2 with 
DGAT1 is specific by investigating whether DGAT1 is in a com­
plex with other ER-localized proteins that were detected in our 
NSP2 IP-MS. IP of acyl-coenzyme A:monoacylglycerol acyltrans­
ferase 3 (MGAT3) that catalyzes the synthesis of DAG from mon­
oacylglycerol (MAG) and inositol 1,4,5-trisphosphate receptor 
(IP3R) one of the three isoforms of the IP3R ion channel that 
releases calcium from the ER, and western blot analyses using the 
dNSP2 monoclonal antibody showed that both MGAT3 and 
IP3R3 coprecipitate dNSP2 (Fig. 1 B, Left panels). We next deter­
mined whether DGAT1 forms a complex with either MGAT3 or 
IP3R3 in mock or RV-infected cells (Fig. 1 B, Right panels). 
Western blot analyses showed that DGAT1 does not interact with 
MGAT3 or IP3R3 in either mock or RV-infected cells indicating 
that dNSP2 can target specific ER-membrane proteins that are 
not associated in a protein complex (Fig. 1 B, Right panels).

Viroplasm Formation Is Accelerated in DGAT1-Silenced Cells. We 
next sought to determine whether dNSP2 interaction with DGAT1 
plays a role in viroplasm/LD formation. Therefore, we silenced 
DGAT1 in RV-infected cells and used confocal microscopy to 
evaluate the kinetics of viroplasm/LD formation. We found that 
viroplasm/LD formation occurs earlier in the DGAT1-silenced 
cells compared to irrelevant siRNA-transfected cells (Fig. 1C), with 
a significant increase in the percent of cells containing viroplasms 
(Fig. 1D) as well as the number of viroplasm/LDs per cell (Fig. 1E). 
This result indicated that our original hypothesis that dNSP2 
interaction with DGAT1 might induce viroplasm/LD formation 
was incorrect. Earlier and increased formation of viroplasms/LDs 
in DGAT1-silenced cells, suggested that the absence of DGAT1 
may regulate LD budding into the cytoplasm.

RV Yield Increases in DGAT1-Silenced or Knockout Cells. To 
determine the effect of DGAT1 on RV replication, we measured 
virus yields from RV-infected, DGAT1-silenced, and irrelevant 
siRNA-transfected MA104 cells. The yield of virus increased 
fourfold in RV-infected, DGAT1-silenced cells compared to 
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irrelevant siRNA-transfected cells (Fig. 1F). This result contrasts 
with a previous report that silencing DGAT1 resulted in a 1.4-fold 
decrease in RV yield (27). To confirm our findings with complete 
loss of DGAT1, we determined the yield of virus from infected 
wild-type DGAT1+/+ (WT) and DGAT1−/− mouse embryo 
fibroblasts (MEFs). Similar to DGAT1-silenced MA104 cells, the 
yield of virus in DGAT1−/− MEFs was ~fivefold higher than in 
WT MEFs (Fig. 1G). Critically, expression of flag-tagged DGAT1 
in DGAT1−/− MEFs reduced the yield of virus similar to levels 
detected in WT MEFs (Fig. 1G). These results show that silencing 
DGAT1 increases RV yield.

We next determined whether knocking out DGAT1 in HIEs 
also resulted in an increase in RV replication. We previously 
demonstrated that HIEs, a new, biologically relevant human model 
system, can be used to study human RV pathophysiology (23, 24). 
Sequencing the genome of the DGAT1−/− HIE line generated from 
a single cell clone confirmed that DGAT1 was knocked out; a 
213-bp fragment was deleted in DGAT1 (SI Appendix, Fig. S2A), 
and western blot analysis showed a complete loss of DGAT1 
expression in DGAT1−/− cells (SI Appendix, Fig. S2B). We also 
observed that the growth of the DGAT1−/− cells was impaired 

compared to the WT HIE line (SI Appendix, Fig. S3). HIE infec­
tions with a human RV, Ito, resulted in a fourfold-to-fivefold 
increase in infectious RV in DGAT1−/− HIEs compared to WT 
HIEs. This verifies that knockout of DGAT1 in HIEs enhances 
RV yield (Fig. 1H).

Viroplasm-Associated Neutral Lipid Accumulates in Cells Prior 
to Infection. DGAT1 catalyzes the terminal and committed step 
in triglyceride synthesis. Therefore, we next examined whether 
the neutral lipids detected in viroplasm/LDs were synthesized 
before or during RV infection. To track the neutral lipids 
destined for incorporation into viroplasms, we performed a 
pulse–chase experiment using fluorescently labeled dodecanoic 
acid, BODIPY™ 558/568 C12, a fatty acid analogue that 
incorporates into neutral lipid molecules. In uninfected MA104 
cells metabolically labeled prior to RV infection and imaged 
at 3 hpi, BODIPY™ 558/568 C12 was distributed within the 
ER, and manifested as red reticular structures (SI  Appendix, 
Fig.  S4A, cells without asterisks), while in the RV-infected 
cells, all viroplasms colocalized with BODIPY™ 558/568 C12 
(SI Appendix, Fig. S4A, cells with asterisks). In contrast, in cells 
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Fig. 1. Silencing DGAT1, which interacts with dNSP2, increases the numbers of viroplasms formed and RV yield. (A) IPs were performed with RV-infected cell 
lysates harvested at 4 hpi using irrelevant (Irr, mCherry) or DGAT1 antibody. Western blots of the precipitated samples were probed with mouse anti-dNSP2, 
mouse anti-vNSP2, or rabbit anti-DGAT1. Input proteins in mock-infected or RV-infected total cell lysates used for the IPs were detected using the antibodies 
indicated to the left of the blots. IP3R3 and GAPDH were detected as loading controls for the input lysates. SDS-PAGE was run in reducing conditions: IP dNSP2, 
IP3R3, GAPDH, or nonreducing conditions: vNSP2, DGAT1. (B, Left panels) IPs were performed with RV-infected cell lysates using Irr, MGAT3, or IP3R3 antibody. 
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were detected with secondary antibodies conjugated to IRDye680RD and IRDye800CW. Infrared images of immunoblots were acquired using the Odyssey CLx 
and analyzed using Image Studio Lite software. Molecular weights are indicated to the right of each blot. (C) MA104 cells transfected with an irrelevant siRNA 
(Upper) or DGAT1 siRNA (Lower) were SA11 RV-infected (MOI 3) and then fixed and permeabilized at the indicated times postinfection. Viroplasms were detected 
using antibody against vNSP2 (red) and nuclei were stained with DAPI (blue). The experiment was performed twice. (Scale bar, 50 µm.) (D) Quantification of 
the number of cells containing viroplasms in C. At least 800 cells from 3 to 6 random fields were counted at each time point and condition. Data represent the 
mean, and error bars represent the SD. (E) Quantification of the number of viroplasm/LDs per cell at 4 hpi. The bar represents the mean. *P < 0.05 and ***P 
< 0.005, Student t test. (F–H) Effect of silencing or knocking out DGAT1 in RV-infected cell lines and HIEs. Cells were infected with RV (MOI 1). Cells and media 
were harvested at 24 hpi, and the progeny virus was quantified by fluorescent focus assay. The virus titer from irrelevant (Irr) siRNA transfected or WT cells is 
shown above the white bar. Each assay was performed twice with three replicates. Error bars represent the SD. *P < 0.05, Student t test. Western blot detection 
of DGAT1 to confirm DGAT1 silencing or knock out and GAPDH loading control in each respective cell type is shown below each graph. Molecular weights are 
indicated to the right of each blot. (F) MA104 cells transfected with Irr or DGAT1 siRNA. (G) Wild-type DGAT+/+ (WT), DGAT deficient (DGAT1−/−), or DGAT1−/− MEFs 
transfected with flag-tagged DGAT1. (H) WT or DGAT1−/− HIEs.

http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials


4 of 9   https://doi.org/10.1073/pnas.2302161120� pnas.org

labeled at 2 to 3 h postinfection and imaged at 3 hpi, most 
of the BODIPY 558/568 C12-labeled LDs did not colocalize 
with NSP5 in viroplasms (SI Appendix, Fig. S4B). These results 
suggest that the TAGs in the viroplasm/LDs were synthesized 
and accumulate in the cell prior to infection and that during RV-
infection, the cells continue to uptake fat and make new LDs that 
do not colocalize with viroplasm/LDs. This result is consistent 
with a previous report showing RV replication is inhibited to a 
greater extent by blocking fatty acid synthesis prior to infection 
rather than during or after infection (28).

DGAT1 Is Degraded in RV-Infected Cells by a Proteasome-
Dependent Mechanism. Our findings that RV infection of 
DGAT1-silenced cells increased virus yield, while overexpression 
of DGAT1 in the DGAT1−/− MEF cells reduced virus yield, raised 
the possibility that the levels of DGAT1 are virus regulated during 
RV infection Therefore, we evaluated DGAT1 protein expression 
in RV-infected MA104 cells using western blot. We found that 
endogenous DGAT1 levels decrease as the RV nonstructural 
protein NSP2 increases during RV infection (Fig. 2 A and B). 
To determine whether DGAT1 loss was proteasome-dependent, 
the cell-permeable proteasome inhibitor MG132 was added to 
the cultures following RV infection. The addition of MG132 
prevented the degradation of DGAT1 in MA104 cells (Fig. 2C) 
indicating that DGAT1 is degraded by a proteasome-dependent 
mechanism in RV-infected MA104 cells.

To determine whether RV-infection of HIEs results in DGAT1 
degradation, we performed western blot analysis for DGAT1 in 

RV-infected HIEs. We found that RV-infection decreased the level 
of DGAT1 in HIEs and that the addition of MG132 prevented 
DGAT1 degradation (Fig. 2D), recapitulating our results in mon­
key kidney cells.

DGAT1 Interacts with Ubiquitinated dNSP2. Proteins destined for 
degradation in the proteasome are tagged with ubiquitin (29). To 
determine the mechanism of DGAT1 proteasomal degradation, 
we assessed whether DGAT1 and/or NSP2 were ubiquitinated 
and might mediate proteasomal degradation. MA104 cells were 
transfected with a plasmid expressing human influenza hemagglutinin 
(HA)-tagged ubiquitin, and then mock- or RV-infected. HA was 
immunoprecipitated to pull down HA-ubiquitinated proteins and 
western blots of the precipitates were probed to detect DGAT1 
or dNSP2. DGAT1 was immunoprecipitated in both the mock- 
and RV-infected cells (Fig. 2E). Detection of HA-ubiquitinated 
DGAT1 in the mock-infected cells suggests that this likely represents 
endogenous DGAT1 undergoing normal turnover (Fig. 2E). We 
also detected dNSP2 from the precipitates of the RV-infected cells 
(Fig. 2E). From these results, we show that one or both proteins 
are ubiquitinated during RV infection.

K48-linked polyubiquitination is a specific ubiquitination that 
functions to mark target proteins for proteasomal degradation 
(29). We examined whether the dNSP2 that interacts with 
DGAT1 is K48 polyubiquitinated to further test whether the 
ubiquitinated dNSP2-DGAT1 complex could be critical to 
DGAT1 degradation. DGAT1 was immunoprecipitated from 
mock- or RV-infected MA104 cell lysates (Input, Fig. 2F).  

- + - +
Mock Ito RV

DGAT1

GAPDH

dNSP2

Mock RV

IP:HA

Mock RV

Input

DGAT1

Tubulin

MA104

DGAT1

GAPDH

NSP2

Time post 
infection (Hrs) 0 6 8 10 12

Mock RV

InputMW
(kDa) Mock RV

IB:K48-ubiquitin
Mock RV

IB:dNSP2

IP:DGAT1

Mock RV

30
38

dNSP2

270 
kDa

270 
kDa

270 
kDa

MG132: - + - +
Mock SA11 RV

DGAT1

Tubulin

MG132: - + - +
Mock Ito RV

DGAT1

GAPDH

dNSP2

Mock RV

IP:HA

Mock RV

Input

D
DGAT1

Tubulin

MA104

C

E

DGAT1

GAPDH

NSP2

Time post 
infection (Hrs) 0 6 8 10 12

A
B

Mock RV

InputMW
(kDa) Mock RV

IB:K48-ubiquitin
Mock RV

IB:dNSP2

IP:DGAT1

Mock RV

30
38

dNSP2

F G

270 
kDa

270 
kDa

270 
kDa

MG132: - + - +
Mock SA11 RV

DGAT1

Tubulin

MG132:

Fig. 2. DGAT1 is degraded in RV-infected cells by a proteasome-dependent mechanism. (A) MA104 cells were mock- or RV-infect by SA11 4F over 12 h. Cells 
were harvested at specific time points. (B) Proteins levels of DGAT1 and NSP2 were quantified, and normalized to GAPDH, at the indicated time points using the 
ImageStudio analysis function. (C) MA104 cells or (D) HIEs were mock- or RV-infected by (C) SA11 4F or (D) the human RV strain Ito in the absence (−) or presence 
(+) of the proteasome inhibitor MG132. Cells were harvested at 4 hpi for MA104 cells or 24 hpi for HIEs and cell lysates were analyzed by western blot to detect 
DGAT1 or GAPDH as a loading control. (E) MA104 cells were transfected with a HA-tagged ubiquitin-expressing plasmid. Cells were mock- or SA11 4F-infected at 
a MOI of 10. Cells were harvested at 4 hpi, and IPs were performed using antibody against HA. The lysates and precipitated samples were analyzed by SDS-PAGE, 
and western blots were probed with antibodies to detect DGAT1, dNSP2, and GAPDH as a loading control for the input. (F) IP input: Mock- and RV-infected MA104 
cell lysates were probed with antibody against dNSP2 (green). (G and H) IP was performed on mock- and RV- infected lysates in (F) using antibody against DGAT1. 
The precipitated samples were analyzed by SDS-PAGE, and the same western blot was probed with antibodies to detect dNSP2 (green) and K48-ubiquitin (red) 
(IB = immunoblot). (H) Merge of the western blots shown in (F). The primary antibodies were detected with secondary antibodies conjugated to IRDye680RD or 
IRDye800CW. Infrared images of immunoblots were acquired using the Odyssey CLx and analyzed using Image Studio Lite software.

http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
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A western blot of the precipitates was probed to detect dNSP2 
and K48 ubiquitin (Fig. 2G) using the LiCor dual-fluorescence 
system; both antibodies detected a high molecular weight band, 
~270 kDa, which suggests that dNSP2 is polyubiquitinated 
(Fig. 2H). These results indicate that DGAT1 interacts with poly­
ubiquitinated dNSP2; however, future experiments are needed to 
confirm that DGAT1 is degraded by interacting with ubiquiti­
nated dNSP2.

DGAT2 Is Expressed in Undifferentiated, but Not Differentiated 
HIEs, and Is Not Up-Regulated Following RV Infection. DGAT2, 
an isoenzyme of DGAT1, has been proposed to compensate for 
DGAT1 in LD formation in human DGAT1-deficient HIEs (30). 
To determine whether RV-mediated DGAT1 degradation in HIEs 
up-regulates Dgat2 for TAG synthesis and LD formation, we used 
RNA-seq to ascertain the levels of Dgat1 and Dgat2 mRNA in 
mock- or human RV-infected HIE cultures established from 
two different individuals from each segment of the small and 
large intestine. Dgat1 was highly expressed in all segments of 
the small intestine, as well as the colon [SI Appendix, Fig. S5A, 
average ~12,000 Fragments Per Kilobase of transcript per Million 
mapped reads (FPKM) in all segments]. In contrast, Dgat2 
expression was less than Dgat1 (SI Appendix, Fig. S5B, average 
~500 FPKM). RV infection did not increase the expression of 
either Dgat1 or Dgat2 (SI Appendix, Fig.  S5 A and B). In the 
current study, differentiated HIEs were used for all experiments 
because RV only infects differentiated HIEs (23). Western blot 
analysis to assess protein expression levels found DGAT2 was 
only expressed in undifferentiated HIEs (SI Appendix, Fig. S5 C, 
Left). Additionally, DGAT2 expression was not up-regulated in 
RV-infected differentiated HIEs (SI Appendix, Fig. S5 C, Right). 
These results indicate that DGAT2 protein expression is down-
regulated in differentiated HIEs and DGAT2 does not compensate 
for DGAT1 in RV-infected cells where DGAT1 is degraded for 
LD formation.

RV-Mediated DGAT1 Degradation Mimics the Phenotype of 
DGAT1 Deficiency Disease. DGAT1 deficiency is included in a 
group of rare inherited congenital intestinal diarrheal disorders 
that are characterized by intractable, sometimes life-threatening, 
diarrhea and nutrient malabsorption. Biopsies from children 
with DGAT1 deficiency show global changes in enterocyte 
polarized protein trafficking that could account for the deficits 
in absorption and the subsequent diarrhea observed in these 
children (10). Therefore, we next determined whether RV-
mediated DGAT1 degradation in HIEs results in phenotypic 
changes similar to those observed in biopsies from DGAT1-
deficient children. Although few histopathological studies of 
samples from patients with RV infection have been carried out, 
villus blunting was observed (31). Since HIEs do not have typical 
villus structures, villus blunting could not be assessed in HIEs. 
However, epithelial thinning was observed in RV-infected HIEs 
(Fig.  3A, quantification of cell height shown in Fig.  3B). In 
addition, similar to DGAT1−/− cells, a previous lipidome analysis 
established that RV infection results in increased levels of DAG 
and phospholipids in HIEs (10, 32).

To determine whether RV-mediated DGAT1 degradation 
results in trafficking defects similar to those observed in DGAT1 
deficiency biopsies, the localization of apical brush border proteins 
[sucrase–isomaltase (SI), sodium-hydrogen exchanger (NHE3), 
and ezrin], the cell adhesion molecule E-cadherin, and the junc­
tional complex proteins JAM-1 (junctional adhesion molecule 1) 
and occludin, were assessed in the DGAT1−/− HIEs. Similar to 
findings in studies of small intestine biopsies from RV-infected or 

DGAT1-deficient patients utilizing immunofluorescence, we 
observed mislocalized, reduced expression, or complete loss of 
NHE3 and ezrin on RV-infected 3D HIEs, and E-cadherin, occlu­
din, JAM-1, and SI from RV-infected HIEs on transwells (Fig. 3 
C and D) (10, 19). Loss of apical SI and NHE3 was observed in 
our 3D DGAT1−/− HIEs (Fig. 3E) similar to the previously pub­
lished report (10).

RV-Mediated DGAT1 Degradation and DGAT1 Deficiency 
Result in Loss or Reduction of Apical Brush Border Enzymes. 
It has been hypothesized that the altered polarized trafficking of 
apical brush border and tight junctional proteins accounts for 
the deficits in absorption and the subsequent diarrhea observed 
in DGAT1-deficient children (10). However, the level of the 
expressed proteins was not assessed. Therefore, we determined 
the level of protein expression in mock and RV-infected HIEs, 
and WT and DGAT1−/− HIEs using western blot analysis. A 
substantial reduction in the expression level of SI, NHE3, villin, 
ezrin, and E-cadherin, but not claudin 4, was observed in RV-
infected and DGAT1−/− HIEs, compared to mock and parental 
HIEs, respectively (Fig. 4A). These western blots, together with 
the confocal microscopy results, reveal that RV-mediated DGAT1 
degradation or DGAT1 knockout leads to the specific loss or lack 
of expression of these proteins rather than a global alteration in 
trafficking. RV-induced malabsorptive diarrhea was thought to be 
attributed to a loss of enterocytes. These results indicate dNSP2-
mediated DGAT1 degradation leads to decreased expression of 
proteins required for normal enterocyte function.

To determine the mechanism for decreased cellular protein 
expression, we assessed whether the eukaryotic translation initiation 
factor 2 alpha (eIF2α), the regulator of global cellular translation, 
is phosphorylated. Phosphorylated eIF2α (P-eIF2α) inhibits global 
cellular translation (33). Compared to WT HIEs, P-eIF2α is 
increased in DGAT1−/− HIEs (Fig. 4B). RV infection also induces 
the phosphorylation of eIF2α and the inhibition of cellular protein 
synthesis (34, 35). Increased P-eIF2α in DGAT1−/− HIEs (observed 
in Fig. 4B) and RV-infected cells may be a mechanism for the 
downregulation of protein expression that leads to the pathophys­
iology of malabsorptive diarrhea.

Discussion

LDs are increasingly recognized as dynamic organelles that not 
only store lipid but are an essential platform for various cellular 
processes, including lipid metabolism, cell signaling, protein stor­
age, autophagy, immunity, and the replication of pathogenic 
viruses (36). Numerous intracellular pathogens (bacterial, para­
sitic, and viral) exploit LDs as an energy source, a replication site, 
and/or a mechanism of immune response evasion (37). RV induces 
and requires LDs as a component of the viroplasm, a cytoplasmic 
virus replication factory (13, 25). As many fundamental features 
of LD biology remain obscure, such as the molecular mechanisms 
that signal LD budding from the ER, we used RV as a tool to 
define how LDs are induced upon infection. We found in RV-
infected cells and HIEs that the dispersed form of RV NSP2 
(dNSP2) interacts with DGAT1, dNSP2 is K48 polyubiquiti­
nated, and DGAT1 is degraded by the proteasome. We propose 
that RV mediates DGAT1 degradation through interaction with 
K48 polyubiquitinated dNSP2, which provides a new function 
for this nonstructural protein. Furthermore, silencing DGAT1 
leads to earlier formation and increased numbers of viroplasm/
LDs as well as increased viral yields. Together, these results indicate 
that DGAT1 degradation may be a trigger for LD formation that 
enhances virus replication. We also found that RV-mediated 

http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
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DGAT1 degradation in HIEs leads to a phenotype that is similar 
to that exhibited in intestinal biopsies from children who have 
genetic DGAT1 deficiency (10). We propose that a global decrease 
in cellular translation, due to increased phosphorylation of the 
initiation factor eIF2α, detected in both RV infection and 
DGAT1−/− HIEs, is responsible for the loss of nutrient and ion 
transporters and junctional proteins required for normal entero­
cyte homeostatic function.

Various intracellular pathogens, such as the bacteria Mycobac­
terium tuberculosis and Chlamydia trachomatis, the protozoan par­
asites Trypanosoma cruzi and Toxoplasma gondii, and viruses induce 
LD biogenesis, but the mechanisms for induction are unknown 
(38). Viruses from the Flaviviridae family, dengue virus, hepatitis 
C virus (HCV), West Nile virus, and Zika virus, interact with 

LDs to usurp the host lipid metabolism for their own viral repli­
cation and pathogenesis (39). DGAT1 plays a critical role in HCV 
replication. DGAT1 forms a complex with the HCV nonstruc­
tural protein NS5A and the capsid core protein and coloads both 
proteins onto the same DGAT1-generated LD, which is critical 
for viral particle production and infectious virion release (40). 
Both HCV-mediated shuttling of DGAT1 out of the ER and 
RV-mediated loss of DGAT1, decrease ER-localized DGAT1. Our 
study suggests that DGAT1 is a regulator of LD biogenesis.

A primary function of DGAT1 is to synthesize TAGs. This 
reaction directly competes with phospholipid synthesis; DGAT1 
and DGAT2 commit DAG to the synthesis of TAGs rather than 
the synthesis of phospholipids (41). DGAT1-overexpressing cells 
show a decrease in the intracellular levels of both DAG and 
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Fig. 3. Epithelial thinning is observed in RV-infected HIEs and RV infection and DGAT−/− results in loss of apical brush border protein localization. (A) Representative 
hematoxylin and eosin–stained paraffin sections of mock- and RV-infected HIE monolayers on a transwell. (B) Epithelial thickness was measured from 5 different 
sections, ~60 measurements, for mock- or RV-infected HIE sections. P < 0.0001, Student t test. (C) Mock- and RV-infected paraffin sections of whole mount 3D 
HIEs, or HIEs on a transwell were probed with antibodies to detect the indicated cellular protein (red; Exception: JAM-1 is in green) or NSP2 (green). (Scale bar, 
25 µm.) SI, sucrase–isomaltase; NHE3, sodium–hydrogen exchanger 3. (D) SI on the apical surface sections of mock and RV-infected HIEs on a transwell. (Scale 
bar, 10 µm.) Magenta, SI; green, RV; blue, DAPI. (E) Parental and DGAT1−/− (KO) whole mount HIEs were probed with antibodies to detect the indicated cellular 
proteins [red, SI; green, NHE3; magenta, E-cadherin; blue (DAPI), nuclei]. Bar, 10 µm.
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phospholipids, suggesting that phospholipid production and TAG 
synthesis share a pool of substrates (41). In the absence of DGAT1, 
where TAG synthesis is decreased, the pool of substrates can be 
diverted to phospholipid production. RV-mediated DGAT1 deg­
radation may be the mechanism responsible for the increased 
synthesis of phospholipids (10, 32) that can then be used either 
for formation or growth of LDs or for membranes required for 
RV morphogenesis (12).

RV-mediated gastroenteritis is a multifactorial disease that in­
cludes malabsorption, which was previously thought to be due to 
destruction of the intestinal absorptive enterocytes. Malabsorption 
refers to decreased intestinal absorption of carbohydrate, protein, 
fat, minerals, or vitamins. We show that in RV-infected and 
DGAT1−/− HIEs, the loss of expression of key proteins involved in 
nutrient absorption such as SI and villin substantiates reports that 
RV infection in children is associated with carbohydrate intolerance 
(42–45). SI aids in digestion of dietary carbohydrates such as starch, 
sucrose, and isomaltose. Villin, a calcium-regulated actin-binding 
protein, modulates the structure and assembly of actin filaments in 
microvilli responsible for nutrient uptake. We also found that 
expression of proteins involved in ion transport (NHE3) and 
cytoskeleton-binding (ezrin and E-cadherin) is drastically reduced. 
NHE3 is responsible for most water and sodium absorption in the 
intestine. Ezrin functions as a general cross-linker between plasma 
membrane proteins and the actin cytoskeleton that collaborate to 
build and maintain the apical domain and tight junctional integrity 
(46). The cell adhesion molecule E-cadherin is involved in trans­
mitting chemical signals within cells and maintaining the normal 
structure of epithelial tissues. Cumulatively, decreased expression of 
these key proteins likely impair the structural integrity of the intes­
tinal epithelium critical for proper gut function and absorption of 
fluid, solutes, and nutrients that can lead to malnutrition.

Symptoms associated with intestinal malabsorption include 
weight loss, diarrhea, greasy stools (due to high fat content), gas 
and abdominal bloating, and protein-losing enteropathy. RV 
infection has been associated with detection of fat in the stool of 

infected children (47–49) and protein-losing enteropathy (50–54). 
While lack of expression of absorptive enzymes and apical ion 
transporters and functional changes in tight junctions between 
enterocytes that lead to paracellular leakage in RV-infected cells 
have been previously reported, the mechanisms that induce these 
changes were not defined (22, 55, 56). Our finding that DGAT1 
degradation leads to the loss of expression of key nutrient and ion 
transporting proteins elucidates a pathophysiological mechanism 
of RV-mediated and DGAT1-deficiency malabsorptive diarrhea, 
with a possible mechanism of eIF2α phosphorylation resulting in 
inhibition of global cellular translation.

A common mechanism for eIF2α phosphorylation is the induc­
tion of the unfolded protein response (UPR), a homeostatic sig­
naling network that orchestrates the recovery of ER stress (57). 
UPR involves signaling between the stress sensors protein kinase 
RNA-like ER kinase (PERK), inositol-requiring protein 1α 
(IRE1α), and activating transcription factor 6 (ATF6) (57). 
Activation of PERK initiates the phosphorylation of eIF2α. RV 
infection activates two of the three arms of the UPR (IRE1 and 
ATF6), but not PERK (58, 59). However, eIF2α is phosphorylated 
early during RV infection and remains phosphorylated throughout 
the replication cycle of the virus. RV-induced eIF2α phosphoryl­
ation is dependent on the expression of three viral proteins, VP2, 
NSP2, and NSP5; silencing the expression of any of these three 
proteins inhibits eIF2α phosphorylation and VI formation (34). 
Interestingly, eIF2α phosphorylation is not required for RV rep­
lication since mutant cells that produce a nonphosphorylatable 
eIF2α support virus replication as efficiently as wild-type cells 
(34). Our current data show that phosphorylation of eIF2α may 
be involved in reduced brush border enzyme expression. Brush 
border enzymes may not be the only proteins with decreased 
expression as P-eIF2α shuts down global cellular translation. 
However, lack of the brush border proteins appears to be respon­
sible for the malabsorptive diarrhea observed in both RV-infected 
and DGAT1-deficient children. Future studies will determine 
whether RV infection-mediated DGAT1 degradation and DGAT1 
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Fig. 4. RV-mediated DGAT1 degradation or DGAT1 deficiency in HIEs leads to loss of expression of apical brush border enzymes, cytoskeleton-binding proteins, 
and tight junctional proteins. (A) 3D HIEs were mock- or Ito-infected at a MOI of 10 and harvested at 24 hpi. Western blots of cell lysates prepared from mock- 
and RV-infected HIEs, and parental and DGAT1−/− HIEs, were probed with antibody to detect the indicated proteins. Tubulin or GAPDH were detected as loading 
controls and NSP2 detected to indicate RV infection. The primary antibodies were detected with secondary antibodies conjugated to IRDye680RD and IRDye800CW. 
Infrared images of immunoblots were acquired using the Odyssey CLx and analyzed using Image Studio Lite software. Quantification of proteins normalized 
to tubulin or GAPDH with mock or WT set at 1 (n = 3) is shown below the respective blots. Molecular weights are indicated to the right of each blot. (B) Western 
blot of lysates from WT and DGAT1−/− HIEs demonstrating a basal increase in P-eIF2α in the DGAT1−/− HIEs.
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deficiency are responsible for the observed eIF2α phosphorylation, 
the mechanism of eIF2α phosphorylation as well as whether 
expression of other cellular proteins are affected.

While it is possible that RV infection mediates the degradation 
of other ER-localized proteins, we propose that RV-mediated 
DGAT1 degradation is responsible for the increase in viroplasm 
formation, RV yield, and eIF2α phosphorylation. We demonstrated 
that dNSP2 interacts with another ER-localized lipid-modifying 
enzyme MGAT3 and the ER calcium release channel IP3R3. Even 
though dNSP2 interacts with each of these ER-localized proteins, 
DGAT1 does not interact with either MGAT3 or IP3R3 in 
RV-infected cells. In addition to DGAT1, DGAT2 also catalyzes 
DAG and acyl-CoA into TAG. Considering that RV only infects 
the mature (differentiated) epithelial cells of the human intestinal 
tract that do not express DGAT2, our results indicate that DGAT2 
does not appear to play a role in RV replication or the reduction of 
expression of the tested cellular proteins. We show that 1) RV yield 
is increased in DGAT1 KO MEFs and overexpression of DGAT1 
reduces virus yield; 2) differentiated HIEs only express DGAT1, 
but not DGAT2; 3) RV infection of differentiated HIEs does not 
induce DGAT2 expression; and 4) biopsies from DGAT1-deficient 
children and our differentiated DGAT1 KO HIE line indicate that 
loss of DGAT1 results in reduced expression or localization of the 
tested cellular proteins. Future studies will determine whether 
RV-mediated DGAT1 degradation alone or interaction with other 
ER-localized proteins is responsible for the increase in viroplasm 
formation, RV yield, and eIF2α phosphorylation.

Based on our results, we propose a model of RV-induced viro­
plasm/LD (VI/LD) complex formation (Fig. 5). In uninfected 
enterocytes (Fig. 5, Left), ER-localized DGAT1 synthesizes TAG 
from DAG and acyl-CoA and stores the TAG in the ER lipid bilayer. 
Following RV entry (Fig. 5, Right, not all steps in the RV replication 
cycle are shown in the figure) and particle uncoating, dsRNA 

transcription and translation occur in the cytoplasm of the infected 
enterocyte. NSP2 is synthesized and expressed initially as dNSP2, 
dispersed throughout the cytoplasm. A subset of dNSP2 interacts 
with endogenous DGAT1, embedded in the ER membrane, and 
mediates the degradation of DGAT1 by the cellular proteasome. 
The degradation of DGAT1 1) induces LD formation, 2) attenuates 
global cellular translation through phosphorylation of eIF2α, and 
3) likely contributes to viral cellular lipid homeostasis alteration. 
The induced LDs associate with NSP2 and NSP5 and become VIs. 
The dsRNA genome is replicated inside the VI and immature viral 
particles are assembled. Once assembled, the DLP participates in a 
second wave of transcriptional expression of viral mRNA. Eventually, 
DLPs bud through viroplasm-adjacent COPII vesicle-derived mem­
branes where they become fully mature triple layer particles. 
Meanwhile, as immature particles assemble, global protein transla­
tion remains shut down. Digestive proteins as well as cellular struc­
ture proteins are not expressed. Therefore, infected villi become 
stunted and unable to digest and absorb luminal contents. Intestinal 
contents remain unabsorbed, contributing to malabsorptive diar­
rhea. Our model suggests that DGAT1 degradation increases RV 
replication through induction of LD formation while also contrib­
uting to RV diarrhea.

Materials and Methods

Details of culturing African green monkey kidney cells (MA104), immortalized 
DGAT1−/− and DGAT1+/+ mouse embryonic fibroblasts [(MEFs) kindly provided by 
Robert V. Farese Jr. (Harvard University, Boston, MA)] (60), HIEs, Simian RV strain 
SA11 4F [G3P6(1)], and human RV strain Ito [G3(P8)] are included in SI Appendix.

Detailed methods and descriptions of antibodies and reagents; IP and western 
blots; immunofluorescence; HIE DGAT1 knockout transduction and single-cell 
cloning; metabolic labeling with BODIPY™ 558/568 C12; sodium dodecyl-sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis; HIE 

Fig. 5. Model of TAG and RV-induced LD biogenesis. (Left cell) The cartoon depicts the apical (lumenal) side of an uninfected small intestinal enterocyte. Several 
homeostatic cellular functions are depicted. DGAT1, an ER transmembrane protein, synthesizes TAGs from ER-resident DAGs and cytoplasmic acyl-CoA. After 
synthesis by DGAT1, TAGs are deposited and accumulate in the ER lipid bilayer where it resides until needed. Under normal conditions, vital intestinal proteins 
are expressed and trafficked within the cell: JAM-1 to the tight junctions, and the sodium hydrogen antiporter 3 (NHE3) and sucrase-isomaltase (SI) to the apical 
surface. Eukaryotic initiation factor subunit 2 alpha (eIF2α) associates with mRNA and ribosomal subunits for global protein translation. Cytoplasmic ubiquitin 
attaches to proteins for degradation in the proteosome. (Right cell) Proposed model of RV-mediated DGAT1 degradation, LD biogenesis, and inhibition of cellular 
protein synthesis. RV infects small intestinal epithelial cells and directs the expression of dNSP2. Cytoplasmic dNSP2 interacts with DGAT1 and is tagged with 
ubiquitin. The ubiquitin-tagged dNSP2/DGAT1 complex is degraded by the proteosome. RV-mediated loss of DGAT1 induces the budding of DGAT1-synthesized 
TAGS into LDs from the ER membrane. These LDs form into viroplasms/LD (VI/LD) complexes, the critical sites for initial virus replication. RV infection mediates 
eIF2α phosphorylation, decreasing global cellular translation, including translation of NHE3 and SI, as well as the mislocalization of JAM-1. The loss or mislocalization 
of those proteins contributes to malabsorptive diarrhea induced by RV infection.

http://www.pnas.org/lookup/doi/10.1073/pnas.2302161120#supplementary-materials
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RNA-seq; and statistical analysis are provided in SI Appendix, SI Materials and 
Methods.

Data, Materials, and Software Availability. The sequencing data has been 
deposited in the National Center for Biotechnology Gene Expression Omnibus, 
https://www.ncbi.nlm.nih.gov/geo/ (accession nos. GSE168005 (61) and GSE183222 
(62)). All other data are included in the article and/or SI Appendix.
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