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Abstract. Hypoxia Inducible Lipid Droplet Associated 
(HILPDA) is frequently overexpressed in tumors and promotes 
neutral lipid storage. The impact of Hilpda on pancreatic 
ductal adenocarcinoma (PDAC) tumor growth is not known. 
In order to evaluate Hilpda‑dependent lipid storage mecha‑
nisms, expression of Hilpda in murine pancreatic cells (KPC) 
was genetically manipulated. Lipid droplet (LD) abundance 
and triglyceride content in vitro were measured, and model 
tumor growth in nu/nu mice was determined. The results 
showed that excess lipid supply increased triglyceride storage 
and LD formation in KPC cells in a HILPDA‑dependent 
manner. Contrary to published results, inhibition of Adipose 
Triglyceride Lipase (ATGL) did not ameliorate the triglyceride 
abundance differences between Hilpda WT and KO cells. 
Hilpda ablation significantly decreased the growth rate of 
model tumors in immunocompromised mice. In conclusion, 
Hilpda is a positive regulator of triglyceride storage and lipid 
droplet formation in murine pancreatic cancer cells in vitro and 
lipid accumulation and tumor growth in vivo. Our data suggest 
that deregulated ATGL is not responsible for the absence of 
LDs in KO cells in this context. 

Introduction

Metabolic changes have been recognized as one of the hall‑
marks of cancer (1). These changes, which can be genetically 
determined by specific oncogenic alterations and be impacted 
by tumor microenvironmental conditions, serve multiple adap‑
tive roles that are incompletely understood. Among them are 
the growing tumors' high anabolic demands, and the defense 
from pathological conditions created by this uncontrolled 
growth. 

Pancreatic cancer is often hypoxic with a poor 8% survival 
rate at 5 years (2), and is immunologically privileged (3).

Mutated KRAS is the most commonly found oncogenic event 
in pancreatic ductal adenocarcinoma (PDAC) and is respon‑
sible for the initiation of tumor metabolic reprograming (4,5). 
Similarly to other Ras‑driven cancers, the metabolic needs of 
PDAC have been shown to depend on scavenging of extracel‑
lular nutrient sources (6). These nutrients, such as proteins, 
nucleotides and lipids enter cells through macropinocytosis, 
a well‑described KRAS‑dependent mechanism of membrane 
budding and subsequent cargo vesicle trafficking (6‑8). Fatty 
acid (FA) synthesis in PDAC may be attenuated and intracel‑
lular pool of FAs derived predominantly from exogenous 
sources, such as serum lysophospholipids (9‑12). Accordingly, 
cholesterol uptake in PDAC has been shown to be indispens‑
able for sustaining proliferative capacity of PDAC. Silencing 
of low‑density lipoprotein receptor (LDLR) that translocates 
cholesterol‑rich LDLs sensitizes PDAC to chemotherapy (13). 
Glucose and glutamine metabolism are also regulated by 
oncogenic Kras, which can change the source of acetyl‑CoA 
production that is being used for fatty acid synthesis (14).

Part of the metabolic rewiring involves the increased 
storage of neutral lipids inside lipid droplets (LDs). The core of 
LDs contains esterified fatty acids and cholesterol species and 
is separated from the hydrophilic cytosol by a phospholipid 
monolayer. On the periphery, associated proteins control the 
access of enzymes in a regulated manner and determine the 
dynamics of LD turnover (15).

HILPDA is a small, evolutionarily young protein that 
was originally identified through its induction by oxygen‑ or 
glucose deprivation (16). It localizes to LDs and the endo‑
plasmic reticulum and promotes lipid storage in a large number 
of cell types tested, including cancer cells, hepatocytes, 
and macrophages  (17‑20). Whole body ablation of Hilpda 
in mice results in a thermoregulatory defect in fasted mice, 
suggesting a systemic role in fuel utilization (21). Various cell 
type‑specific genetic models have identified defects in lipid 
turnover by Hilpda loss, however, the precise molecular target 
of Hilpda's action remained elusive (18,19,22,23). Recently, 
it was demonstrated that Hilpda can promote LD forma‑
tion by binding and inhibiting Adipose Triglyceride Lipase 
(ATGL/PNPLA2), which is the first and rate‑limiting enzyme 
in triglyceride hydrolysis (24,25). Furthermore, we identified 
HILPDA‑dependent inhibition of ATGL during states of high 
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lipid turnover such as fatty acid supplementation or starva‑
tion‑induced LD remodeling (26). This molecular mechanism 
controlling triglyceride accumulation was important for colon 
and lung model tumor growth (24,26).

The aim of the present study was to determine whether 
Hilpda‑dependent regulation of lipid metabolism plays a role 
in the in  vivo growth of model murine pancreatic tumors 
and which biochemical perturbations are caused by Hilpda 
deletion.

Materials and methods

Cell culture and treatments. KPC cells were origi‑
nally established from the Tuveson LSL‑Kras G12D/+; 
LSL‑Trp53R172H/+; Pdx‑1‑Cre model (27) and were grown in 
DMEM + 10% FBS (Gibco) in a humidified incubator at 37˚C. 
ATGListatin (20 µM), drug vehicle control DMSO, docosa‑
hexanoic acid (DHA) (60.7 µM) (all from Sigma‑Aldrich; 
Merck KGaA) were used as indicated for various experiments. 
Western blots were repeated twice, biochemical assays were 
performed in four independent biological replicates. All treat‑
ments were performed at 37˚C.

Molecular cloning and transfections. HILPDA KO cell 
lines were generated using a double nickase strategy. Two 
gRNAs targeting Hilpda: A (5'‑TCT​AAC​AAA​GAT​GGA​
AAG​CA‑3') and B (5'‑GGA​GTC​TCT​GGG​AGG​CTT​
AC‑3') were individually cloned in pX462‑Cas9n backbone 
[pSpCas9n(BB)‑2A‑Puro V2.0, Addgene: 62987] using BbsI 
restriction site. Constructs targeting Hilpda were sequence‑veri‑
fied and used to create Hilpda KO cell lines. Cells were 
transfected with 2 µg DNA using Lipofectamine 2000 (Thermo 
Fisher Scientific). Single clones were selected by antibiotic resis‑
tance for 3 days and further expansion for 2 weeks, screened by 
westerns blotting and 7 successful KO clones were combined to 
generate the KO pool. The pIRES‑neo‑Hilpda‑myc‑flag expres‑
sion vector has been described previously  (26). Cells were 
transfected with pIRES‑neo‑Hilpda‑myc‑flag or empty vector 
pIRES‑neo (Origene) and underwent G418 (Sigma‑Aldrich; 
Merck KGaA) selection at 2 mg/ml for 2 weeks before being 
screened for transgene expression. 

Western blot analysis. KPC cells were lysed in RIPA buffer 
(150  mM  NaCl, 1% NP  40, 0.5% sodium deoxycholate, 
0.1% SDS, 50 mM Tris, pH 8.0) supplemented with 100X Halt 
protease inhibitor cocktail (Thermo Scientific Fisher), 100X 
phosphatase inhibitor cocktail (Cell Signaling Technology) 
and 1 mM PMSF (Thermo Fisher Scientific). Lysates were 
cleared by centrifugation for 5 min at 12,000 x g and at 4˚C. 
Protein concentrations were measured with a bicinchoninic 
acid (BCA) protein kit (Thermo Scientific Fisher). Then, 
20‑30 µg of whole protein lysates were resolved in an 11% 
acrylamide gel and transferred onto PVDF membrane. 
For immunodetection, primary antibodies used were: 
Custom‑made rabbit anti‑Hilpda 1:50 (21), rabbit a‑Perilipin2 
(1:1,000; Origene, cat. no. TA321279), mouse a‑myc (1:1,000; 
Cell Signaling Technology, cat. no. 2276S), and rabbit a‑ATGL 
(1:1,000; Cell Signaling Technology, cat.  no.  2138S), and 
mouse a‑tubulin (1:1,000; Invitrogen; Thermo Fisher Scientific, 
cat. no. PIMA516308). Primary antibodies were detected using 

Licor goat anti‑mouse (1:2,000, Licor, cat. no. 926‑68070) or 
goat anti‑rabbit (1:2,000; Licor, cat. no. 926‑32211) secondary 
antibodies, and visualized using a Licor Odyssey CLx near 
infrared imager.

Fluorescence microscopy. Cells were grown on glass 
coverslips, treated as required and fixed with 4% paraformal‑
dehyde. Lipid droplets were stained with 0.1 µg/ml Nile Red 
(Santa Cruz Biotechnology) for 20 min at room temperature. 
Nuclei were counterstained with 10 µg/ml Hoechst‑33342, 
and samples were mounted with Slowfade Diamond antifade 
mounting media (Life Technologies, cat. no. S36968). The 
slides were imaged on a Zeiss Axioskope widefield micro‑
scope at the OSUCCC microscopy and imaging facility. Lipid 
droplet images were visualized with ImageJ.

Triglyceride quantification. Cells were grown on 10  cm 
culture dishes in regular DMEM media, and fatty acid was 
loaded (using DHA), or starved of FBS for 24  h. Where 
indicated, ATGListatin was added at the beginning of 
treatment. Triglycerides were measured using the colori‑
mentric Triglyceride Quantification Assay Kit (Abcam; 
cat. no. ab65336) as per the manufacturer's recommendation 
(sensitivity >2 µM).

In  vivo xenograft growth. All animal experiments were 
approved by the Ohio State University's Institutional Animal 
Care and Use Committee. Five hundred thousand cells in PBS 
were injected subcutaneously on the back of non‑anesthetized 
7‑ to 9‑week‑old female nu/nu mice (18‑21 g) obtained from 
the OSUCCC Target Validation Shared Resource (n=11/group). 
Groups of 3‑4 animals were housed in autoclaved cages, were 
fed ad libitum, and maintained on a 12‑h light/dark cycle. 
Room temperature was maintained at 22˚C and humidity at 
30%. Cages were randomly assigned to experimental groups. 
Tumor growth was measured using calipers. Tumor volume 
was calculated using the formula: S x S x W x 0.52. Animals 
were euthanized by CO2 asphyxiation followed by cervical 
dislocation according to the approved protocol. Maximal 
tumor dimensions at the time of sacrifice were 12 and 8 mm in 
the WT and KO groups, respectively.

Statistical analysis. Using SPSS v25, data were screened 
for normality and homogeneity of variance using the 
Shapiro‑Wilk and Levene tests, respectively. When normality 
and equal variance was met, a Student's t‑test was used. When 
normality and equal variance was not met, a non‑parametric 
Mann‑Whitney U  test was used. Data were considered to 
be statistically significant if P<0.05. Kaplan‑Meier curves 
were compared by the Xena Browser using the log‑rank test 
(www.xenabrowser.net).

Results

Microenvironmental stresses regulate Hilpda levels in KPC 
cells. We and others have shown that conditions that increase 
lipid flux can induce Hilpda protein (17,24,26). To determine 
whether similar mechanisms exist in murine pancreatic tumor 
cells, we exposed KPC cells to regular normoxic conditions in 
DMEM media, to oxygen deprivation (1% O2) or to exogenous 
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fatty acid (docosahexaenoic acid) for 24  h and examined 
Hilpda protein expression by western blot analysis (Fig. 1A). 
As has been reported in other tumor types, both hypoxia 
and fatty acid loading increased Hilpda levels in KPC cells. 
Expression of ATGL was detectable under all conditions but 
was not stress‑responsive. To evaluate the possible impact of 
HILPDA expression in the clinical behavior of human pancre‑
atic cancers we assessed the TCGA PDAC dataset using the 
Xena functional genomics explorer (xenabrowser.net). PDAC 
tumors with the highest quartile HILPDA expression had a 
significantly shorter overall survival than those with the lowest 
expression (Fig. 1B), suggesting that HILPDA may be associ‑
ated with more aggressive cancers. 

Hilpda promotes LD abundance. We genetically manipulated 
Hilpda in KPC cells and asked whether it is necessary or 
sufficient for LD growth in vitro under different growth condi‑
tions. The impact of Hilpda on the ability of cells to form lipid 
droplets appears to be cell‑type specific. First, Hilpda KO cells 
were generated by CRISPR‑Cas9 gene editing and single clones 
were screened for successful gene deletion (data not shown). A 
pool of 7 KO clones was established and loss of Hilpda protein 
expression was confirmed (Fig. 2A). In parallel, a KPC cell 
line stably overexpressing myc‑Flag tagged Hilpda driven by 
the CMV promoter was generated (Fig. 2B). Next, we deter‑
mined whether the engineered cells have perturbations in LD 
dynamics. Cells were incubated in different nutritional states 
that are known to increase lipid flux: Exogenous fatty acid 
supplementation and lipid deprivation through serum removal. 
After 24 h, cells were fixed with 4% paraformaldehyde and 
lipid droplets were visualized by fluorescence microscopy 
after staining with the neutral lipid dye Nile Red. Hilpda 
overexpression led to an increase in LD abundance compared 
to empty vector cells, under all conditions. Conversely, under 
all environmental conditions, the Hilpda KO cells had smaller 
and fewer lipid droplets, suggesting that Hilpda positively 
regulates lipid droplet abundance.

Hilpda promotes triglyceride storage in KPC cells, inde-
pendently of ATGL inhibition. Qualitative and quantitative 
differences in the constitution of LD's neutral lipid core have 
been identified (28). To ascertain whether the differences in 
LD abundance caused by Hilpda loss in KPC results from 
deregulated triglyceride metabolism, we biochemically quan‑
tified triglyceride levels under basal‑ and fatty acid‑loaded 
conditions  (Fig.  3A). In accordance with the LD staining 
results, the Hilpda KO cells were significantly impaired in 
their maximum triglyceride storage capacity. In basal condi‑
tions there was a trend towards lower triglycerides in the KOs 
but did not reach statistical significance. 

We and others have shown that in certain tissue contexts 
Hilpda promotes triglyceride storage by inhibiting the 
rate‑limiting lipase ATGL/PNPLA2  (24‑26). In order to 
establish if Hilpda functions as a molecular ATGL inhibitor 
in murine pancreatic tumors, we pharmacologically inhibited 
ATGL in Hilpda WT and KO cells with the small molecule 
inhibitor ATGListatin (ATGLi), and quantified triglycer‑
ides (Fig. 3B). Notably, the chemical inhibition of ATGL was 
not able to correct the defect in the KOs and to restore their 
triglyceride content to the level of the Hilpda WT cells. This 

finding suggests that, in KPC cells, decreased lipid storage 
following Hilpda ablation is not caused by elevated ATGL 
activity and enhanced lipolysis.

Hilpda promotes model tumor growth. Loss of Hilpda‑dependent 
ATGL regulation has been shown to be growth inhibitory 
in model tumors  (24,26). Owing to the in  vitro findings of 
ATGL‑independent Hilpda functions in KPC we examined 
whether Hilpda exerts tumor‑promoting properties in pancreatic 
cancer xenografts. WT and KO cells were injected subcutane‑
ously into the backs of nude mice (11 mice per genotype) and 
tumor sizes were measured with calipers. The results showed that 
loss of Hilpda significantly decreased the growth rate of KPC 
tumors, suggesting that Hilpda can positively regulate tumor 
growth, independently of lipolytic control (Fig. 4A and B). At 
the completion of the xenograft growth, we excised the tumors 
and confirmed their Hilpda genotype by western blot analysis 
(Fig.  4C) and measured their triglyceride content (P<0.05) 
(Fig. 4D). The WT tumors contained two times more triglycerides 
than the KOs, indicating that tumor microenvironmental condi‑
tions, such as hypoxia, stimulate Hilpda‑dependent lipid storage. 

Figure 1. Hilpda is stress‑inducible in KPC. (A) Cells were maintained in 
complete media at 21% O2 (normoxia), placed in 1% O2 (hypoxia) or supple‑
mented with 60.7 µM DHA (FA) for 24 h. Protein expression was determined 
by western blotting. (B) Overall survival of the TCGA pancreatic cancer 
(PAAD) dataset according to HILPDA expression. Top quartile: n=44, 
bottom quartile: n=46. P=0.049. 
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Discussion

Rewiring of lipid flux pathways is a common feature of 
malignancies and has important biological and clinical 
implications. In the context of Ras‑driven cancers, inhibition 
of Fatty Acid Synthase (FASN) impaired growth, suggesting 
an active pathway of de novo fatty acid synthesis  (29,30). 
Other reports have shown an increase in exogenous lipid 
uptake, storage, and utilization, as mechanisms that support 
cell growth and malignant progression (9,31). Although the 

source of lipids may depend on many genetic and experi‑
mental factors, hypoxia and nutrient availability in the tumor 
microenvironment can shift the balance towards storage 
of esterified lipids (32), in part through the upregulation of 
LD‑associated proteins.

A key question surrounding the pro‑tumorigenic effects 
of LDs is how they can protect from cell death or promote 
proliferation. Several biological mechanisms that mitigate, 
through LD dynamics, nutrient fluctuations in the tumor 
microenvironment have been identified. These include 

Figure 2. Hilpda regulates LD abundance in KPC. (A) KO cells were generated by CRISPR‑Cas9 gene editing followed by neomycin resistance selection. 
Seven individual KO clones were pooled and Hilpda status in media containing 60.7 µM DHA was verified by western blotting. (B) Establishment of Hilpda 
overexpressing cells. KPC were transfected with a pIRESneo‑Hilpda‑myc‑Flag plasmid and selected by neomycin resistance. Expression of endogenous 
and exogenous Hilpda was confirmed in a pool of antibiotic‑resistant cells prior‑ and after‑supplementation with 60.7 µM DHA (solid arrow: Endogenous 
Hilpda, broken arrow: Hilpda‑myc‑Flag). (C) Hilpda controls neutral lipid storage. Fluorescent microscopy of LDs in genetically manipulated KPC cells 
under different nutritional variations. Wild‑type KPC (WT), Hilpda overexpressor (O), and neomycin‑resistant knockout cells (KO) were grown in complete 
media (CM), supplemented with 60.7 µM DHA (FA) or deprived of lipids in FBS‑free media for 24 h. Fixed cells were stained with Nile Red to detect lipids 
(green) and nuclei counterstained with Hoechst‑33342. Hilpda expression was associated with abundance of detectable LDs. Representative images from one 
of two independent experiments are shown. 
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Figure 3. Quantification of triglycerides in Hilpda‑manipulated KPC cells. Wild‑type and Hilpda knockout KPC cells were kept under basal (full media, 
FM) or fatty acid loaded (FA) conditions for 24 h. Triglyceride levels for wild‑type (WT) and neomycin Hilpda knockout cells (KO), without (A) or with 
(B) ATGListatin treatment (Ai, 20 µM) were measured by a biochemical assay. Hilpda loss decreased the capacity to store triglycerides independently of 
ATGL activity. (n=4, **P<0.01, N.S. not significant by Student's t‑test and Mann Whitney U test).

Figure 4. Hilpda promotes tumor growth. (A) In vivo growth of subcutaneous KPC model tumors in nude mice was monitored by caliper measurements (n=11). 
(B) Final tumor weight of excised tumors. (C) Hilpda protein expression in tumor extracts (D) Triglyceride quantification in tumor extracts (n=3). Hilpda KO tumors 
grew more slowly, maintained their KO status and contained lower amounts of stored lipids. (*P<0.05, **P<0.01, by Student's t‑test and Mann Whitney U test). 
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protection from oxidative stress during reoxygenation after 
hypoxia (33), from membrane disruption and ER stress (34,35), 
protection of mitochondrial integrity and function during star‑
vation (36‑38), and sequestration of death‑inducing fatty acid 
metabolites (39,40). 

In particular, HILPDA expression is regulated by both 
hypoxia and fatty acid supplementation  (41). In turn, that 
determines the biochemical composition of LD content and 
promotes tumor growth in  vivo. In the present study, we 
confirmed that Hilpda expression is induced by hypoxia in 
murine pancreatic cells, as has been shown for other anatomical 
sites (17,24,26). In agreement with previous studies conducted 
by us and others on other model systems, HILPDA ablation 
significantly decreased triglyceride content and retarded KPC 
xenograft tumor growth (24,26,42). Previously, we have shown 
that uncontrolled ATGL activity is responsible for triglyceride 
loss after Hilpda ablation in MEFs and colorectal cancer 
models  (26); however, our data suggest that in pancreatic 
cancer Hilpda's major biological mechanism does not involve 
inhibition of ATGL‑initiated lipolysis. This explanation is 
based on the inability of a specific ATGL inhibitor to restore 
LD abundance in the HILPDA‑deficient cells. Interestingly, 
a recent preprint provides evidence for a novel function of 
Hilpda as a positive regulator of triglyceride synthesis, via 
the stimulation of DGAT1 activity (43). Based on this, it may 
be speculated that, in murine pancreatic cancers, Hilpda is 
involved in the growth of LDs rather than their shrinkage. 
The precise mechanism for Hilpda‑dependent lipid deposition 
may depend on the balance of fatty acid uptake, triglyceride 
biosynthesis and hydrolysis in different cell types and the 
presence of interacting partners and/or of signals that direct 
Hilpda's localization in specific subcellular compartments or 
LD subpopulations.
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