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Abstract

Background & Aims: The prevalence of non-alcoholic steatohepatitis (NASH)-driven
hepatocellular carcinoma (HCC) is rising rapidly, yet its underlying mechanisms remain unclear.
Herein, we aim to determine the role of hypoxia-inducible lipid droplet associated protein
(HILPDA)/hypoxia-inducible gene 2 (HIG2), a selective inhibitor of intracellular lipolysis, in
NASH-driven HCC.
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Methods: The clinical significance of HILPDA was assessed in human NASH-driven HCC
specimens by immunohistochemistry and transcriptomics analyses. The oncogenic effect of
HILPDA was assessed in human HCC cells and in 3D epithelial spheroids upon exposure to

free fatty acids and either normoxia or hypoxia. Lipidomics profiling of wild-type and H/LPDA
knockout HCC cells was assessed via shotgun and targeted approaches. Wild-type (HijpaaV™) and
hepatocyte-specific Hilpda knockout (Hilpad2*HeP) mice were fed a Western diet and high sugar in
drinking water while receiving carbon tetrachloride to induce NASH-driven HCC.

Results: In patients with NASH-driven HCC, upregulated HILPDA expression is strongly
associated with poor survival. In oxygen-deprived and lipid-loaded culture conditions, HILPDA
promotes viability of human hepatoma cells and growth of 3D epithelial spheroids. Lack of
HILPDA triggered flux of polyunsaturated fatty acids to membrane phospholipids and of saturated
fatty acids to ceramide synthesis, exacerbating lipid peroxidation and apoptosis in hypoxia. The
apoptosis induced by HILPDA deficiency was reversed by pharmacological inhibition of ceramide
synthesis. In our experimental mouse model of NASH-driven HCC, Hilpad2*HeP exhibited reduced
hepatic steatosis and tumorigenesis but increased oxidative stress in the liver. Single-cell analysis
supports a dual role of hepatic HILPDA in protecting HCC cells and facilitating the establishment
of a pro-tumorigenic immune microenvironment in NASH.

Conclusions: Hepatic HILPDA is a pivotal oncometabolic factor in the NASH liver
microenvironment and represents a potential novel therapeutic target.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic liver
diseases, with a global prevalence of approximately 25% that is continuing to rise rapidly.12
NAFLD is driven by obesity, insulin resistance and hyperlipidemia. At early stages it is
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characterized by simple liver steatosis which has a more benign course.?2 However, NAFLD
frequently progresses to non-alcoholic steatohepatitis (NASH), which is characterized by
persistent liver inflammation, liver injury, fibrosis and eventual cirrhosis.3# Mounting
epidemiological evidence also indicates NASH as a leading cause of hepatocellular
carcinoma (HCC), the most common form of liver cancer®8 and third-leading cause

of cancer-related deaths worldwide.” Compared to other etiologies, NASH-driven HCC
displays a significant enrichment of molecular signatures associated with oxidative stress
and lipid metabolism.8 Despite immense efforts to target a variety of disease pathways over
the years, no effective therapies are currently available for either NASH or NASH-driven
HCC.

Tumor tissues are chronically exposed to low oxygen (hypoxia) owing to aberrant
vascularity and rapid growth of tumor cells away from blood vessels. In various

solid tumors, including HCC, hypoxia induces metabolic alterations, thereby promoting
aggressive carcinogenesis, tumor invasiveness and poor survival, as well as resistance to
chemotherapy.9-11 The hypoxia responsive pathway operates as a metabolic checkpoint

by sensing low oxygen availability and through stabilizing hypoxia inducible factors
(HIFs). Upon nuclear translocation, HIF-1 and -2 activate the expression of a multitude

of genes and their encoded proteins, which act coordinately to maintain oxygen and redox
homeostasis and thereby alleviate hypoxic stress.11-15 While previous efforts largely focused
on adaptive responses mediated by HIFs in glucose and glutamine metabolism, recent
studies have begun to yield important insight into the hypoxic regulation of lipid metabolic
reprogramming in cancer.16

Emerging evidence points to triglyceride lipid droplet (TG-LD) accumulation as a hallmark
of hypoxic cancer cells.17 In this regard, our group previously identified hypoxia-inducible
lipid droplet associated protein (HILPDA, also known as HIG2) as a selective endogenous
inhibitor of adipose triglycerides lipase (ATGL), the rate-limiting enzyme for intracellular
triglyceride (TG) hydrolysis or lipolysis.16:18 Although other lipolysis-independent roles
were suggested for HILPDA, 1920 evidence obtained from various cell types strongly
indicates that ATGL inhibition is the major mechanism underlying the TG-promoting
effect of HILPDA.18.21-23 | response to hypoxia, H/LPDA mRNA expression is activated
upon HIF-1 binding to the functional hypoxia response elements in its promoter.24

In colorectal and renal cancer cells, upregulated HILPDA expression promotes TG-LD
accumulation, attenuates fatty acid (FA) oxidation and reactive oxygen species (ROS)
generation, and thereby enhances cell survival in hypoxia.18 Xenografted tumors derived
from Hilpda-deficient colon cancer cells exhibited impaired growth and increased apoptosis
in immunodeficient mice.1821 However, to date, the functional relevance of HILPDA in
endogenous tumor development has not been established using genetically engineered
mouse models, where the influence of the tissue microenvironment is more properly
maintained.

HCC is recognized as one of the most hypoxic tumors, with median oxygen levels as low as
0.8%.25 Yet, the basic mechanisms underlying the hypoxic regulation of HCC metabolism
are not fully understood. Even less is known about how HCC initiation and progression react
to hypoxia in the lipid-rich NASH microenvironment and whether these processes involve

J Hepatol. Author manuscript; available in PMC 2024 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Povero et al.

Page 4

HILPDA in hepatocytes. In mice, the liver normally expresses low levels of HILPDA.
Hepatocyte-specific Hilpda deletion elicited no significant impact on lipid and energy
metabolism except for a moderately increased rate of hepatic TG turnover.26 Although
treatment with a methionine- and choline-deficient diet increased HILPDA expression in
the liver, HILPDA deletion only led to a modest decrease in hepatic TG content without
noticeable changes in classical NASH-like features, including ballooning, inflammation,
steatosis, and fibrosis.1® Despite these previous efforts to explore its liver-specific role, the
effects of HILPDA on the development of NASH-driven HCC, a setting with more severe
hypoxia, remained undetermined. During the development of NASH, accumulation of lipids
and other lipid-derivatives in the liver affects both hepatocytes and non-parenchymal hepatic
and extrahepatic cells including diverse types of immune cells. Damaged hepatocytes are
known to evoke immune responses by releasing various signals to activate resident and
recruited immune cells. Given the role of HILPDA in regulating intracellular lipid flux

and oxidative stress, it is also worth asking whether HILPDA in hepatocytes plays a role

in reshaping the hepatic immune microenvironment in NASH. In this regard, enrichment

of NASH-associated macrophages (NAMs) and T-cell exhaustion are thought to signify a
tumor-prone microenvironment in NASH.27-29

In the current study, we examined the expression of HILPDA in human NASH-driven

HCC and investigated the metabolic role of HILPDA in established HCC cell lines as well
as in 3D epithelial spheroids upon their exposure to hypoxia and exogenous free FAs.

We also examined the impact of hepatocyte-specific Hilpda deletion in an experimental
mouse model of NASH-driven HCC. Our results provide novel insights into the mechanisms
underlying HILPDA’s action in protecting HCC cells from hypoxia and lipotoxicity as well
as promoting tumorigenesis in NASH.

Materials and methods

Study design

This study was designed to investigate the oncometabolic function of HILPDA in NASH-
driven HCC and to assess the effects of HILPDA loss-of-function /n vitroand in a
pre-clinical mouse model. The clinical impact of HILPDA was assessed in human HCC
and NASH-driven HCC cohorts. All human sample collection and study protocols were
approved by the Mayo Clinic Institutional Review Board (IRB) under protocol number
21-009176. The metabolic function of HILPDA was assessed /7 vitro using hepatoma
and HCC cell lines exposed to free FA-enriched culture media. /n vitro HCC models
included both 2D cells and 3D epithelial spheroids. For /in vivo studies, wild-type and
hepatocyte-specific Hilpdaknockout mice were fed a Western diet plus sugar in water
and were injected with CCl, weekly for 24 weeks to investigate the oncogenic role of
Hilpda during NASH-driven HCC tumorigenesis. For /n vitro studies, three experiments
were performed in triplicates or more. For Hilpda knockout /n vivo studies, 14 male mice
were randomly assigned to the two experimental groups. /n7 vitro and in vivo experiments
were not blinded. For further details regarding the materials and methods used, please refer
to the supplementary information.
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Statistical analysis

Results

All statistical tests were performed using GraphPad Software v9.5.1. Data are presented as
means + SD of three or more replicates. Data reported was replicated in three independent
experiments. Overall survival in relation to expression was evaluated by the Kaplan-Meier
survival curve and the log-rank test. Differences between three or more groups were
compared by a non-parametric Kruskal-Wallis ANOVA test. If a significant effect was
detected, post hoc pair-wise comparisons were performed using Mann-Whitney tests with
Bonferroni correction. Differences between two groups were compared by a two-sided
Student’s ttest if the data were normally distributed or a Mann-Whitney U'test if the

data deviated from the normal distribution. Differences were considered to be statistically
significant at p values of <0.05.

HILPDA expression is upregulated and associated with poor prognosis in human HCC

To determine the clinical significance and prognostic value of HILPDA in human HCC,

we first analyzed the mRNA expression of H/LPDA using TCGA (The Cancer Genome
Atlas datasets. Our results show that expression of HILPDA was significantly upregulated
in HCC tissues compared to adjacent non-cancerous tissues (Fig. 1A). The Kaplan-Meier
survival analysis revealed that expression level of HILPDA is inversely associated with
survival probability in humans with HCC (p =2.12e-07; Fig. 1B). Given that HILPDA is
upregulated during hypoxic conditions, we investigated whether the mMRNA expression of
HILPDA correlates with the level of intratumor hypoxia (modest or severe). We defined the
hypoxia score by extracting the normalized expression values for human hypoxia response
genes using Gene Ontology (n = 330). Specifically, a score of +1 was assigned to all samples
with the top 50% expression and -1 to all the samples with the bottom 50% expression,
with all the scores summed for each sample. Overall, severe intratumoral hypoxia was more
positively associated with upregulation of H/LPDA mRNA compared to the modest level of
intratumoral hypoxia (Fig. 1C). This result indicates that like in other types of solid tumors,
intratumoral hypoxia also enhances HILPDA expression in HCC.

Because HILPDA can be induced by exogenous free FAs, in addition to hypoxic conditions,
and promotes accumulation of intracellular TGs in LDs,1819 we sought to investigate the
oncometabolic role of HILPDA in NASH-driven HCC, which develops in a highly hypoxic
and lipid-rich environment.3%:31 First, we performed a spatial transcriptomics analysis in

a patient with histopathologically proven NASH-driven HCC and adjacent non-cancerous
tissue, which demonstrated that H/LPDA mRNA expression mostly co-localized with the
steatohepatitic HCC marker glutamine synthetase and hypoxia-inducible factor 1a within
the NASH-driven HCC tissue sample (Fig. 1D). Secondly, using immunohistochemistry and
quantitative real-time PCR, we further examined HILPDA expression in NASH-driven HCC,
adjacent non-cancerous tissue and normal liver samples. The clinicopathological features

of the patients included in the study are shown in Table 1. Immunohistochemical staining
showed that while it was at a low level in normal liver tissue (Case 1, Fig. 1E), HILPDA
was particularly circumscribed in tumor compared to adjacent non-cancerous tissues (Cases
2 & 3, Fig. 1E). Relative to that in Case 3, HCC in Case 2 exhibited higher level of HILPDA
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along with an increase in both the size and number of intratumoral fat vacuoles that
resemble lipid droplets (LDs). Moreover, quantitative reverse-transcription PCR analysis
confirmed a significant upregulation of HILPDA expression in HCC compared to adjacent
non-cancerous tissue (Fig. 1F). Taken together, these findings suggest that HILPDA, whose
expression is strongly associated with poor prognosis and survival, is likewise upregulated in
NASH-driven HCC.

HILPDA promotes cell growth and inhibits cell death in HCC cell lines under hypoxic and
FA-rich conditions

HIF-1 was previously shown to mediate A/LPDA mRNA transcription in hypoxia.24 More
recently, it was reported that upregulation of HILPDA can occur post-transcriptionally upon
free FA treatment.21 We determined HILPDA protein expression in three human HCC or
hepatoma cell lines (Huh7, HepG2 and Hep3B) upon exposure to normoxia or hypoxia and
treatment with or without FAs. While HILDPA was upregulated in HepG2 and Hep3B cells
exposed to hypoxia and FAs (Fig. S1A,B), Huh7 cells responded better to FAs and hypoxia
by upregulating HILPDA (Fig. 2A) and are more suitable for 3D cultures. To determine how
conditions mimicking the microenvironment of NASH-driven HCC would impact HILPDA
expression, we treated Huh7 hepatoma cells with or without various free FAs including
oleate, palmitate and linoleate under either normoxic or hypoxic conditions. Hypoxia and
FA treatment increased HILPDA protein expression in Huh7 cells both singly and additively
(Fig. 2A). The additive effects of hypoxia and FAs were most notable when hypoxic cells
were treated with linoleic acid or oleic acid (Fig. 2A). In addition, immunofluorescence
staining revealed a specific localization of HILPDA to the surface of LDs in hypoxic Huh7
cells treated with oleic acid (Fig. 2B).

To assess the oncogenic effect of HILPDA in human hepatoma cells, we knocked out
HILPDA in Huh7 and Hep3B cells using CRISPR/Cas9. No effects of HILPDA deletion
were observed on ATGL expression (Fig. 2C, Fig. S1B). Hypoxia induced the formation
of numerous and large LDs as well as the accumulation of TGs in wild-type cells.
However, in HILPDA knockout (HILPDA KO) cells, the amounts of intracellular LDs and
TGs were dramatically reduced under both normoxic and hypoxic conditions (Fig. 2D,E).
Functional characterization revealed that HILPDA deletion significantly reduced the viable
cell numbers when Huh7 and Hep3B cells were cultured in normoxic or hypoxic conditions
(Fig. 2F,G, Fig. S1C). Compared to the slight decrease in normoxic and hypoxic cell
proliferation (Fig. 2H), intracellular caspase 3/7 activity was enhanced by 50% in hypoxic
HILPDA KO cells treated with the FA mix (Fig. 21). These results suggest that HILPDA
mostly acts to sustain HCC cell survival by protecting against metabolic stress-induced
apoptosis under hypoxia.

Deletion of HILPDA disrupts lipid homeostasis and increases PUFA-enrichment in
membrane phospholipids

To uncover the mechanisms underlying lipid-induced cell death, we performed a lipidomics
analysis to examine whether HILPDA knockdown resulted in derangement of lipid
homeostasis. As shown in Fig. 3A,G, hypoxic treatment upregulated total TG synthesis

as well as enrichment of linoleic acid (C18:2) in TG in the wild-type Huh7 cells. On
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the contrary, in HILPDA KO Huh7 cells exposed to hypoxia, linoleic acid enrichment in

TG was downregulated by 50% compared to wild-type hypoxic cells (Fig. 3A,G). Upon
further investigation, we found that polyunsaturated FA (PUFA)-enriched cardiolipins and
membrane phospholipids, including phosphatidylethanolamine (PE), phosphatidylserine,
phosphatidylglycerol and lysophosphatidylethanolamine (LPE) but not phosphatidylcholine,
were upregulated in hypoxic HILPDA KO Huh7 cells compared to wild-type cells (Fig.
3A). Strikingly under hypoxia, the membrane phospholipids in HILPDA KO Huh7 cells
exhibited enrichments of PUFA moieties, particularly C18:2, C18:3 and C20:4, compared to
wild-type cells (Fig. 3B-F). A recent study suggested that HILPDA promotes enrichment
of PUFAs in both TGs and phospholipids in clear-cell carcinoma.32 To directly determine
whether HILPDA controls PUFA flux from LDs to membrane phospholipids, we treated
wild-type control and HILPDA knockdown Huh7 cells with 14C-labeled linoleic acid
(24C-LA) under normoxic and hypoxic conditions. Thin-layer chromatography analysis
showed that while hypoxia promoted C-LA enrichment in TGs in the control cells,

such an enrichment was significantly decreased upon HILPDA knockdown (Fig. 3H).
Concomitantly, we observed a marked increase of 14C-LA incorporation into PE and to

a lesser extent into phosphatidylcholine, the two most abundant membrane phospholipids, in
the hypoxic HILPDA knockdown cells (Fig. 31,J). These findings seem to point to a role of
HILPDA as a metabolic checkpoint which promotes the sequestration of PUFAs in TG-LDs
away from membrane phospholipids.

HILPDA deficiency disrupts sphingolipid homeostasis, leading to caspase 3-dependent
apoptosis of hepatoma cells

Resistance to mitochondrial apoptosis is a prominent feature of cancer cells. However, in
some cases, ceramides can override such resistance, leading to cancer cell apoptosis.33:34
Strikingly, as revealed by our unbiased lipidomics analysis, total ceramide levels increased
substantially in hypoxic HILPDA KO Huh7 cells compared to wild-type cells (Fig. 4A).
Specifically, we observed a significant accumulation of various major species of ceramides
including C16-, C18- and C24-ceramides (Fig. 4B) and parallel reduction of serine levels,
suggesting a greater consumption of serine via de novo ceramide synthesis by the hypoxic
HILPDA KO cells (Fig. S2A). In comparison, HILPDA deletion did not seem to affect

the low ceramide levels in normoxic cells. These findings were largely corroborated by a
targeted lipidomics analysis when HILPDA in Huh7 cells was transiently knocked down
using small-interfering RNA (Fig. 4C,D). Increased ceramide accumulation in HILPDA
knockdown cells was accompanied by increased accumulation of other sphingolipids such as
sphingosine-1-phosphate, sphingosine and sphinganine (Fig. 4E). Consistently, in HILPDA-
depleted cells under hypoxia, we observed upregulation of palmitoyltransferase long chain
base subunit 1 (SPTLC1I), the rate-limiting enzyme of the de novo ceramide synthesis
pathway, and of ceramide synthase 2 (CERS2) and 6 (CERS6), two enzymes involved in
the synthesis of long acyl chain ceramides in the ceramide salvage pathway (Fig. 4F).
Furthermore, while no effects were observed in normoxic cells, HILPDA deletion led

to a marked increase in intracellular caspase-3/7 activity in hypoxic cells. Importantly,

this increase in caspase-3/7 activity was significantly reversed after hypoxic HILPDA KO
cells were treated with either fumonisin B1 or Myriocin (Fig. 4G,H), two pharmacological
inhibitors of ceramide synthesis. As expected, treatment with fumonisin B1 or myriocin led
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to a drastic reduction in various ceramide species in the hypoxic HILPDA KO cells (Fig.
S2B). Taken together, these results suggest that increased ceramide synthesis is involved in
the apoptotic induction caused by the loss of HILPDA.

HILPDA deletion exacerbates intracellular oxidative stress, membrane phospholipid
peroxidation and mitochondrial damage

In the absence of HILPDA, ATGL-mediated lipolysis is uninhibited, leading to increased
channeling of FAs into the mitochondrial oxidative pathway and overproduction of ROS
under hypoxia.18 Under oxidative stress, high PUFA content renders cellular membranes
more susceptible to lipid peroxidation.3® Indeed, we observed increased ROS production
(Fig. 5A,B) and more pronounced lipid peroxidation (Fig. 5C,D) in HILPDA KO cells
than wild-type controls when cells were treated with the FA mix under hypoxia. Hypoxic
HILPDA KO cells were particularly susceptible to membrane lipid peroxidation following
treatment with linoleic acid, compared to exposure to palmitic and oleic acids (Fig.
S3A,B). Increased lipid peroxidation in the HILPDA KO cells was further confirmed by
increased level of malondialdehyde, the final product of intracellular PUFA peroxidation
(Fig. 5E). In addition, hypoxic HILPDA KO cells exposed to FAs displayed a significant
decrease of mitochondrial membrane potential as revealed by MitoTracker CMXRos
staining (Fig. 5F,G). Under the same conditions, the expression of mitochondrial promoter
of metabolic stress-induced cell death, long-chain acyl-CoA synthetase 5 (ACSL5),36 was
significantly upregulated in the HILPDA KO cells compared to the control cells (Fig.

5H). Taken together, these findings suggest that by sequestering PUFASs in TG-LDs away
from membrane phospholipids, HILPDA prevents lipid peroxidation and reduces oxidative
damage in Huh7 cells under hypoxic and lipid-rich conditions. This occurs in parallel to
HILPDA’s reported role as an inhibitor of ATGL-mediated lipolysis, FA oxidation and ROS
production.

HILPDA depletion impairs anchorage-independent growth and survival of hepatoma
epithelial spheroids

Simple 2D culture models of liver cancer are associated with limitations, including

the lack of a cellular microenvironment, proper cell-cell communication, and 3D tumor
structure. To address these limitations, we generated 3D epithelial spheroids using Huh7
cells (Fig. 6A), which exhibited a progressive spheroid anchorage-independent growth
over a 6-day period (Fig. 6B) and remained viable for up to 2 weeks in culture.
Morphologically, the Huh7 spheroids were capable of reaching ~400 pum in diameter
and displayed liver tissue-like architecture, including the presence of intracellular LDs
(Fig. 6C). To better mimic the lipid-rich tumor microenvironment, we incubated Huh7
spheroids with palmitic:oleic:linoleic acid-enriched medium. Reminiscent of what was
often observed in solid tumors, Huh7 3D spheroids naturally developed heterogenous
core regions of hypoxia and LD accumulation (Fig. 6D,E). Interestingly, when compared
to the wild-type spheroids which exhibit a HILPDA-enriched central core, HILPDA KO
spheroids were significantly smaller in size (Fig. 6F—H). Their anchorage-independent
growth was markedly impaired as early as after 1 day in culture and more dramatically
after 6 days in culture (Fig. 61,J). HILPDA KO spheroids only showed a slight decrease
of proliferation in comparison to the wild-type controls (Fig. 6K), suggesting that the
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difference in spheroid size is attributable to the ability of HILPDA to sustain cell survival

in this lipid-rich, 3D culture setting. Moreover, transmission electron microscopy?3 analysis
revealed severe mitochondrial structural damage in HILPDA KO spheroids, as indicated

by mitochondria fragmentation, rupture of mitochondrial membrane and enlargement of
mitochondrial cristae (Fig. 6L). Immunoblotting analysis further showed an upregulated
expression of pro-caspase-8 (57 kDa), cleaved caspase-8 (43/41 kDa), pro-caspase-3 (35
kDa) and cleaved caspase-3 (17 kDa) in the HILPDA KO spheroids when compared to

the wild-type controls (Fig. 6M). Collectively and consistently with our 2D cell culture
data, these findings suggest that HILPDA deletion impairs Huh7 spheroid survival and
anchorage-independent growth, presumably as a consequence of mitochondrial damage and
metabolic stress-induced apoptosis.

Hepatocyte-specific Hilpda knockout ameliorates NAFLD activity score while leading to
increased hepatic oxidative stress in mice

To determine the relevance of Hilpda knockout in NASH development /n vivo, we generated
unique hepatocyte-specific Hilpda knockout (Hilpda2HeP) mice by crossing Hilpda-floxed
(Hilpdaf/f) mice to an established albumin-Cre driver (Fig. S4A). To evaluate the role

of Hilpda in experimental NASH, we treated Hijpd*HeP mice with a Western diet,

plus fructose and glucose in drinking water, combined with a weekly injection of the
hepatotoxin carbon tetrachloride (CCly) for 24 weeks (Fig. S4B), as previously described.3’
Hilpadd"™ mice were used as the wild-type controls. Longitudinal and terminal body

weight measurements showed no changes between the two groups (Fig. S4C,D). However,
Hilpds*HeP mice displayed a significant reduction of liver weight (Fig. 7A) and liver/body
weight ratio (Fig. 7B) in comparison to the control animals. Further, the smaller liver mass
observed in Hilpda*HeP mice was associated with significantly decreased hepatic TG levels
(Fig. 7C). A blind histopathological assessment of liver tissues revealed that Hijpaa*Her
mice developed less liver steatosis and ballooning than control Hijpdaf! animals. However,
the two groups showed no difference in lobular inflammation (Fig. 7E). Fibrosis was slightly
but not significantly reduced in Hilpda*"eP livers (Fig. 7F). While Hilpda mRNA expression
was reduced in both dysplastic nodules and adjacent parenchyma in the Hijpda®HeP liver
(Fig. S4E), expression of pro-inflammatory markers (//18, 116, /fny) and the pro-fibrogenic
marker Collaremained unchanged between the two groups, with the exception of 7nfa
which was upregulated in Hijpd2*HeP adjacent liver parenchyma but not in dysplastic
nodules (Fig. S4G). Overall, Hilpad#*HeP mice displayed lower NAFLD activity scores (Fig.
7D,E). In addition to reduced macrovesicular and microvesicular steatosis (Fig. 7G, H&E),
Hilpda deletion in hepatocytes resulted in increased accumulation of iron oxidation products,
as demonstrated by Prussian blue staining (Fig. 7G), and increased oxidative stress, as
outlined by immunohistochemistry for the oxidative stress marker 8-hydroxyguanosine (Fig.
7G,H). Despite these histological changes, Hilpda deletion did not appear to affect plasma
liver injury markers (Table S3) and plasma TG (Fig. S4F). Nonetheless, these findings as

a whole suggest that hepatocyte-specific Hilpda deletion ameliorates hepatic steatosis and
ballooning while increasing the overall oxidative stress in the liver of mice fed with the
NASH-inducing diet.
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Hepatocyte-specific Hilpda knockout delays NASH-driven HCC formation in mice

To further evaluate the role of Hilpda in liver tumorigenesis, we examined NASH-driven
HCC formation in Hilpd2*HeP and HilpdaV™ control mice. Gross examination of isolated
liver showed that Hijpd2*HeP mice developed ~3-fold fewer nodules than control mice

(Fig. 71,J). Based on histopathological assessment, the tumors were diagnosed as dysplastic
nodules3? with steatohepatitic features (Fig. 7K). Expression of glypican-3 (Gpc3), a widely
established marker of HCC, was considerably higher in nodules resected from the wild-type
control livers than those resected from the Hijpd2*7P livers (Fig. 7L). In comparison

to the wild-type controls, Hilpaa*HeP nodules exhibited upregulation of tumor-suppressor
and intracellular iron storage promoter ferritin heavy chain (£#41), downregulation of de
novo lipogenesis enzyme FA synthase (Fasn), and upregulation of FA oxidation enzyme
carnitine O-palmitoyltransferase 1 (Cptl) (Fig. 7L). Hilpada®HeP livers and dysplastic
nodules were also associated with downregulation of the HCC cell survival and viability
marker octamer-binding transcription factor 4 (Oct4)*° and the cancer stemness marker
Sox2*! (Fig. 7L). Furthermore, a targeted lipidomics analysis found that various ceramides
including C14-, C16-, C18:1-ceramides as well as sphingosine-1-phosphate trended higher
in Hilpda*HeP dysplastic nodules than in control Hijpaa V! dysplastic nodules (Fig. S4H—
L), though the differences did not reach statistical significance. Nevertheless, to a great
extent, these findings corroborate our results obtained from cell studies, showing that Hilpda
depletion enhances FA oxidation and ROS-induced oxidative stress, resulting in impaired
cancer cell survival and reduced HCC tumor formation. To further investigate the role

of Hilpda in shaping the NASH-driven HCC immune microenvironment, we performed a
single-cell RNA-sequencing analysis of Hijpdd"™ and Hilpda*HeP livers. Uniform manifold
approximation and projection dimensionality reduction analysis identified nine clusters
corresponding to the main cell types of mouse liver, including hepatocytes, hepatic stellate
cells, Kupffer cells, endothelial cells, T cells, B cells and cholangiocytes in addition to

two model-specific clusters: NAMs expressing unique molecular markers (Apoe, Trem2
and C1ga) and dysplastic cells (Fig. 7M). Compared to HilpaddV livers, Hilpd 7P livers
exhibited a lower total cell count and lower relative amount of Kupffer cells, NAMs

and cancer cells (Fig. 7N). NAMs were reported to progressively increase during tumor
formation in NASH and to promote an immunosuppressive liver microenvironment,2’ yet
our data shows that their abundance is significantly reduced upon Hilpda depletion.

Despite no difference in T cell numbers between the two animal groups, mRNA expression
of genes involved in TCR signaling (Cd3g, Lck) and cytokine response (Cc/5, Tnfrsfl18)
were significantly downregulated in T cells from Hijpd2*HeP mice, reflecting an intermittent
rather than a persistent stimulation of T-cell signaling that leads to T-cell exhaustion (Fig.
70). Consistently, genes known to be involved in T-cell exhaustion, including Pdcdl

and 7ox, were significantly downregulated in T cells from Hilpdz*HeP mice (Fig. 70).

In contrast, mMRNA levels of T cell stimulatory factors (Cd44, Tsc22d3, Cd53) were
significantly upregulated in Hiljpad2*HeP livers compared to Hilpdd" livers (Fig. 70).

In addition, T cells isolated from the Hijpda*HeP livers showed a significant enrichment

of pathways associated with T cell activation (PI3K_AKT_MTOR, IL6_JAK_STAT,
IL2_STATS5) and T cell effector functions (IFNvy response, complement, inflammatory
response) (Fig. S5A). An unbiased metabolomics analysis revealed that three metabolic
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pathways associated with antitumor effector T cells were enriched in Hijpda*"eP compared
to HilpaaV™ livers (Fig. S5B,C). Furthermore, dysplastic cells isolated from HiljpadaAHep
livers exhibited upregulation of common tumor suppressor genes (Sfat3, Pten, Tsc2, Axinl,
Aridla, ApoB, Cdk8), compared to those isolated from Hijpda/f livers. Concurrently,
mRNA median expression of common oncogenes (Ctnnbl1, Nfe2l2, Rps6ka3, Wnt2) was
downregulated in dysplastic cells from Hilpda-depleted livers compared to those isolated
from control livers (Fig. S4M). Pathways associated with ferroptosis, iron homeostasis and
oxidative stress response appeared to be enriched in dysplastic cells from Hijpda*HeP livers
(Fig. S4N). Taken together, these findings indicate that metabolic remodeling mediated

by HILPDA in hepatocytes indirectly facilitates the creation of a pro-tumorigenic immune
microenvironment in the NASH liver.

Discussion

Development of HCC in the context of NASH is a complex and gradual process that
encompasses both oncogenic activity and acquisition of unique metabolic features.> In this
context, the current study provides compelling evidence that HILPDA, whose expression
peaks under hypoxic and lipid-rich conditions, is an important switch at the crossroads

of lipid metabolism and hepatotumorigenesis. We show that HILPDA mRNA and protein
levels are upregulated in cancerous compared to non-cancerous tissues in human NASH-
driven HCC. By using HCC cell lines and 3D epithelial spheroids, we demonstrate that by
promoting FA storage in TG-LDs, HILPDA plays a key role in preventing lipolysis-derived
FAs from entering several downstream metabolic pathways, products of which otherwise
would aggravate hypoxic and oxidative stress, lipotoxicity, and apoptosis. In mice where
NASH-related HCC was induced via treatment with a Western diet and CCly, hepatocyte-
specific deletion of Hilpda led to a significant decrease in dysplastic nodule number while
reshaping the liver towards a less tumor-prone immune microenvironment. Prior to this
study, the /n vivo relevance of HILPDA was investigated only in xenografted tumors derived
from colon cancer cell lines. To the best of our knowledge, the current study represents

the first ever effort to establish the pathophysiological relevance of HILPDA in endogenous
tumor development using a preclinical experimental mouse model.

The function of HILPDA as a lipolytic inhibitor has been widely described by our group

and others.18.21-23 By physically interacting with ATGL at the LD surface, HILPDA directly
inhibits ATGL-mediated lipolysis and downstream mitochondrial FA oxidation, as well

as PPARa activation.1842 In hypoxia, HILPDA-mediated accumulation of intracellular TG-
LDs was shown to be a major mechanism employed to prevent ROS generation associated
with FA oxidation and mitigate apoptotic cell death caused by oxidative stress.18 Although
the existing proof of this concept was mostly based upon studies of colorectal and renal
cancer, we reasoned that such a defense mechanism would be even more critical for HCC,
especially when it develops in a lipid-rich NASH context. Several lines of evidence derived
from the current study are in support of this hypothesis. First, ablation of HILPDA decreased
TG accumulation and increased oxidative stress in both FA-enriched 2D adherent and 3D
HCC spheroid culture systems. Compared to the 2D culture exposed to hypoxia, the 3D
spheroids better mimic tumor tissue organization and cell-cell contacts. In particular, they
recapitulate critical aspects of tumor biology such as the formation of oxygen concentration
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gradients with hypoxic regions, especially at the core of the spheroids.*3 Indeed, we found
that wild-type 3D spheroids abundantly express HILPDA even under normoxic conditions.
As in the hypoxia-treated 2D system, HILPDA was required to sustain the time-dependent
gain of viable cell numbers in the 3D spheroids. Growth of the spheroids lacking HILPDA
was severely impaired. In the HCC cells of both culture systems, HILDPA appears to
promote cell survival more than cell proliferation, and HILPDA deletion consistently
triggered caspase-8/caspase-3-dependent apoptosis when the medium was enriched with
FAs. Overall, these findings validate HCC spheroids as a robust model for studying HILPDA
in a 3D tumor-like structure that naturally develops hypoxic regions.

Lipid peroxidation plays a critical role in oxidative stress-induced cell death, /.e. apoptosis
and ferroptosis. Results from the current study provide mechanistic explanations for
previously reported observations that PUFASs incorporated into membrane phospholipids
are especially susceptible to lipid peroxidation. While the liver tissue in NAFLD is
overloaded with a mixture of various saturated, monounsaturated and polyunsaturated

FAs, polyunsaturated phospholipids were actually shown to be markedly decreased in
human HCC.# In this regard, our lipidomics data clearly show that hypoxic treatment
upregulates both the total TG accumulation and the enrichment of PUFAS, especially
linoleic acid in various TG species. This points to activation of a synthetic mechanism

that favors the esterification of PUFAs to TGs in hypoxia. Upon removal of HILPDA,
which presumably activates lipolysis, there appears to be an increased flux of PUFAs

from TGs to various phospholipids such as PE, phosphatidylserine, phosphatidylglycerol
and LPE and cardiolipin. By using 14C-labeled linoleic acid as a PUFA tracer, we were

able to obtain direct evidence that HILPDA acts to modulate the partitioning of PUFAS
between TG-LDs and phospholipids. The data are in strong support of the concept that

by diverting PUFAs away from phospholipids to the TG core of LDs, HILPDA could
render cellular and organelle membranes less vulnerable to ROS-induced peroxidation and
thereby decrease oxidative damage in hypoxic HCC cells. Our finding that HILPDA ablation
caused elevated lipid peroxidation along with severe damage to mitochondrial membrane
structures, including mitochondrial fragmentation, rupture of mitochondrial membranes and
enlargement of mitochondrial cristae, are consistent with the overall protective role of
HILPDA in HCC and other cancer cell types. Mitochondria perform biochemical functions
essential for metabolic homeostasis and are key regulators of cell death and survival.

As a consequence of mitochondrial damage and unabated ROS production, caspase-8-

and caspase-3-mediated cell death was increased in HILPDA-ablated cells. Activation of
caspase-8 is a critical upstream step in FA-induced apoptosis, resulting in downstream
cleavage and activation of caspase-3.#> While ferroptosis is not a focus of the current study,
the increase of ROS-induced lipid peroxidation of PUFA phospholipids and mitochondrial
damage observed in H/LPDA-KO HCC cells, may suggest a co-activation of both apoptosis
and ferroptosis. This result agrees with a recent study that identified HILPDA a HIF-2
downstream effector sensitizing renal cell carcinoma cells to ferroptosis.32 However, in renal
cell carcinoma cells, HILPDA was suggested to enhance PUFA enrichment in both TGs
and phospholipids. In this setting, it remains unclear how a TG-promoting lipolytic inhibitor
would promote specific PUFA incorporation into phospholipids.

J Hepatol. Author manuscript; available in PMC 2024 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Povero et al. Page 13

Compared to PUFAs, saturated FAs such as palmitic acid are known to directly elicit
lipotoxicity and cellular stress. In hepatocytes, de novo synthesis of toxic ceramides

is controlled by the availability of palmitoyl-CoA derived from palmitic acid. The
monounsaturated oleic acid, on the other hand, is a favored substrate for DGAT-catalyzed
TG synthesis and a potent inducer of LD accumulation. In addition, oleic acid is well
documented for its ability to ameliorate palmitic acid-induced lipotoxicity. Induction

of palmitic acid oxidation or its safe esterification into TGs are among the several
mechanisms that have been proposed to underlie this protective effect.46-48 As oxygen
insufficiency impedes mitochondrial FA oxidation, it is conceivable that hypoxic cells
could become more reliant on the storage of saturated FAs in TG-LDs for survival. We
think this creates a perfect context within which HILPDA plays a pivotal role. In hypoxic
HCC cells, HILPDA deficiency led to increased release of saturated FAs and maybe
monounsaturated FAs from LDs along with a substantial build-up of various ceramide
species. Targeted analysis of various intermediate metabolites suggests that increased

de novo and salvage ceramide synthesis are the responsible mechanisms. Accordingly,

the expression of two major ceramide synthases CERSZand CERS6 was found to be
upregulated in the HILPDA-KO cells. That the apoptosis induced by HILPDA deficiency
could be reversed by its pharmacological inhibition further demonstrates the functional
importance of HILPDA in controlling ceramides in HCC cells. Furthermore, ceramides are
emerging as tumor suppressor lipids as they trigger a variety of tumor suppressive programs
such as apoptosis, autophagy and senescence.*9-51 Notably, ceramides were reported to be
markedly reduced in human HCC.# Therefore, we speculate that this HILPDA-mediated
mechanism could also promote tumorous transformation of healthy hepatocytes within

a tissue microenvironment that is characterized by excessive FAs and normoxia/hypoxia
cycles.

In both HCC 2D cell culture and 3D epithelial spheroids, HILPDA depletion dramatically
compromised cell growth and spheroid formation, suggesting that HILPDA may play an
important role during tumorigenesis /in vivo. Indeed, we validated the oncogenic potential

of HILPDA in the context of Western diet- and CCls-induced HCC using mice with
hepatocyte-specific Hilpdaknockout. In our newly developed experimental mouse model,
deletion of Hilpda significantly reduced liver weight and alleviated hepatic steatosis and
ballooning, though without incurring gross changes in liver enzymes, inflammation or
fibrosis. Some of the most notable differences are decreased total nodule count, increased
FA oxidation-associated oxidative stress and increased iron storage in Hijpda™HeP livers.
Despite data obtained from various models that indicated a role for ROS promotion in
driving tumor development, no beneficial effect of antioxidants has been detected in cancer
prevention studies.>2 On the other hand, additional work has shown that activation of
antioxidant defense pathways may instead enhance carcinogenesis.>3 We speculate that this
is especially true with NASH-driven HCC, wherein cells are constantly exposed to excessive
amounts of exogenous lipids and thus inherently carry a high burden of oxidative stress.

The viability of these cells in the harsh NASH liver microenvironment likely depends on the
efficient storage of exogenously acquired FAs in TGs and the HILPDA-mediated inhibition
of TG breakdown. Exactly how HILPDA contributes to HCC initiation remains to be
determined. Given the well-known tumor-suppressive effects of ceramides, one possibility is
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that the tumor-promoting effect of HILPDA, at least in part, is conferred through limiting the
amount of saturated FAs available for ceramide synthesis.

In the context of NASH, several immune cell types have been implicated in orchestrating

a tumor-prone microenvironment. In particular, a recent study identified enrichment of
NAMs with unique molecular markers ( 7remZ2, Apoe, C1qa) as a key feature of the
immune microenvironment of NASH-driven HCC.27 The fact that Hilpda depletion caused
a decreased abundance of NAMs demonstrates an extrinsic role of hepatocyte HILPDA

in shaping NASH livers towards a tumor-prone microenvironment. The NAMSs appear

to exert tumor-promoting activities in NASH, in part by modulating T-cell function.2’
Emerging evidence has linked CD8+ T cell exhaustion to cancer cell evasion of immune
surveillance.>* In this regard, Hilpda deficiency led to increased enrichment of molecular
signatures and pathways associated with effector T cell activation and function, conceivably
downregulating T cell exhaustion. Furthermore, Hilpda deficiency appeared to alter the
liver metabolome landscape, resulting in enrichment of metabolic pathways associated with
effector T cell differentiation, proliferation and bioenergetics. As recently reported, such
pathways promoted anti-tumor T cell responses.>>57 Given that induction of NAMs and
exhaustion of T cells both occur before any noticeable tumors develop in the NASH liver,
our findings raise the possibility that the metabolic remodeling mediated by HILPDA in
hepatocytes promotes creation of an immuno-conducive microenvironment prone to liver
tumorigenesis.

In conclusion, the current study provides novel evidence that HILPDA acts as an
oncometabolic factor in NASH-driven HCC. Our findings unravel mechanistic links between
lipolytic control by HILPDA and intracellular FA flux to downstream mitochondrial FA
oxidation, ceramide production and lipid peroxidation in HCC cells. Functionally, HILPDA
not only promotes survival and growth of HCC cells, but also is critically involved in
shaping the liver immune microenvironment and hepatotumorigenesis during NASH. The
ability of HILPDA to exert effects on multiple aspects of NASH-driven HCC strongly
suggests that identification of future therapeutic strategies targeting HILPDA, in synergy
with existing radiotherapy or immunotherapy, might be worth pursuing to potentiate the
effectiveness of treatments for NASH-driven HCC.
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FA Free fatty acids

IHC Immunohistochemistry

PA Palmitic acid

OA Oleic acid

LA Linoleic acid

NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis
HCC Hepatocellular carcinoma
HILPDA Hypoxia-inducible lipid droplet associated protein
NASH-HCC NASH-driven HCC

HIF Hypoxia inducible factors
ATGL Adipose triglycerides lipase
LD Lipid droplet

TG Triglycerides

PUFA Polyunsaturated fatty acid

PL Phospholipids
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Alanine aminotransferase
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Uniform manifold approximation and projection
Dysplastic nodule

Adjacent liver parenchyma

Real-time quantitative polymerase chain reaction
Lipid-associated macrophages

Hepatic stellate cells

Endothelial cells

Palmitoyltransferase long chain base subunit 1
Ceramide synthase 2 & 6

Glypican-3

Carnitine palmitoyltransferase 1

Fatty acid synthase

Ferritin heavy chain 1

Hypoxanthine-guanine phosphoribosyltransferase
Guide RNA

Silencing RNA

Reactive oxygen species
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MCD Methionine- and choline-deficient diet
IRB Institutional Review Board
CO, Carbon dioxide
(o)} Oxygen
CCly Carbon tetrachloride
WD Western diet
ACSL5 Acyl-CoA synthetase long chain family member 5
MDA Malondialdehyde
80HdG 8-Hydroxyguanosine
H&E Hematoxylin-Eosin
SEM Scanning electron microscope
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Highlights

Hypoxia-mediated HILPDA expression is upregulated and associated with
poor survival in HCC.

HILPDA activation protects HCC cells from cell death under lipid-rich and
hypoxic conditions.

HILPDA deletion dysregulates lipid homeostasis, resulting in ceramide
accumulation and enrichment of PUFA in membrane phospholipids.

Lipid dysregulation resulting from HILPDA deletion leads to apoptosis, lipid
peroxidation and mitochondrial damage.

In vivo hepatocyte-specific HILPDA knockout ameliorates steatosis and plays
a tumor suppressive role.
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Impact and implications

Non-alcoholic steatohepatitis (NASH, chronic metabolic liver disease caused by buildup
of fat, inflammation and damage in the liver) is emerging as the leading risk factor and
the fastest growing cause of hepatocellular carcinoma (HCC), the most common form
of liver cancer. While curative therapeutic options exist for HCC, it frequently presents
at a late stage when such options are no longer effective and only systemic therapies

are available. However, systemic therapies are still associated with poor efficacy and
some side effects. In addition, no approved drugs are available for NASH. Therefore,
understanding the underlying metabolic alterations occurring during NASH-driven HCC
is key to identifying new cancer treatments that target the unigue metabolic needs of
cancer cells.
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Fig. 1. HILPDA is upregulated in human HCC and NASH-driven HCC.
(A) Bioinformatics analysis of HILPDA expression in human HCC tumor tissue and non-

tumor tissues using TCGA’s LIHC cohort from cBioPortal and UCSC Xena browser. (B)
Kaplan-Meier curve of survival of patients with HCC and high- vs. low-expression levels
of HILPDA, as determined by TCGA data sets. (C) Hypoxia boxplot correlating H/LPDA
mMRNA expression with hypoxia levels (moderate or severe) as determined using the Gene
Ontology human response to hypoxia genes (n = 330). (D) 10X Genomics spatial gene
distribution of HCC marker GLUL, HILPDA and HIF1A in human NASH-driven HCC
tissue and paired adjacent non-cancerous tissue. (E) IHC analysis of HILPDA expression
in 8 HCC samples and 4 normal livers. Representative images are shown. (F) RT-gPCR
of HILPDA mRNA expression in human HCC tumor tissue and non-tumor tissues. 18S
was used as a housekeeping gene. Data are presented as mean+SD. (A, C, F) Paired

J Hepatol. Author manuscript; available in PMC 2024 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Povero et al.

Page 24

two-tailed Student’s ftests were used. Kaplan-Meier survival curve and the log-rank

test were used. *p <0.05; **p <0.01; ***p <0.001; ****p<0.0001. GLUL, Glutamine
Synthethase; HCC, Hepatocellular carcinoma; HIF1A, Hypoxia inducible factor 1alpha;
HILPDA, Hypoxia-inducible lipid droplet associated protein; TCGA-LIHC, Cancer Genome
Atlas Liver Hepatocellular Carcinoma; RT-gPCR, quantitative real-time polymerase chain
reaction.
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Fig. 2. HILPDA promotes HCC cell growth and survival.
(A) Western blot analysis of HILPDA in Huh7 cells exposed to normoxia (21% O5) or

hypoxia (0.5% O5) and with or without exogenous free FAs (150 uM) for 16 h. Relative
protein quantification is indicated in red as fold-change for each experimental condition.
[B-actin was used as loading control. (B) Immunofluorescent analysis of HILPDA which
localizes around LDs (red) in Huh7 cells exposed to hypoxia and oleic acid (150 uM) for
16 h. (C) Western blot analysis of HILPDA and ATGL in WT and HILPDA KO Huh7 cells
exposed to normoxia (21% O,) or hypoxia (0.5% O,) and with or without OA (150 uM)
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for 16 h. p-actin was used as loading control. (D) Fluorescent-based imaging of neutral
lipids stored in LDs (red) and identified using LipidTOX in WT and HILPDA KO Huh7
cells exposed to normoxia (21% O,) or hypoxia (0.5% O,) and with or without OA (150
uM) for 16 h. (E) Intracellular TG level (nmol/mg proteins) in WT and HILPDA KO Huh7
cells exposed to normoxia (21% O,) or hypoxia (0.5% O,) and with or without OA (150
uM) for 16 h. (F, G) Cell viability analysis of WT and HILPDA KO Huh7 cells exposed

to normoxia (21% O5) or hypoxia (0.5% O5) for up to 48 h. (H) Proliferation assay in WT
and HILPDA KO Huh7 cells exposed to normoxia (21% O5) or hypoxia (0.5% O5) and with
or without 400 pM of FA mix (palmitic:oleic:linoleic acids) for up to 48 h. (I) Caspase 3/7
activity assay in WT and HILPDA KO Huh?7 cells exposed to hypoxia (0.5% O;) and with
or without 400 uM of FA mix (palmitic:oleic:linoleic acids) for 24 h. Data are means=SD.
Paired two-tailed Student’s t tests were used. (H, I) Nonparametric Kruskal-Wallis ANOVA
test was used. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. FA, fatty acid; KO,
knockout; L, linoleic acid; O, oleic acid; P, palmitic acid; \eh, vehicle (0.5% FA-free BSA);
WT, wild-type.
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Fig. 3. HILPDA deletion disrupts lipid homeostasis and increases PUFA-enrichment in
membrane phospholipids.

(A) Heatmap of lipid species in WT and HILPDA knockout Huh7 cells exposed to
normoxia (21% O,) or hypoxia (0.5% O;) and 200 uM oleic acid for 24 h, analyzed

by multidimensional mass spectrometry (MDMS)-based shotgun lipidomics (MDMS-SL).
Values reported as percentage of total lipids in each species. (B-G) Levels of representative
individual lipid species with polyunsaturated fatty acyl chains (C18:2, C18:3, C20:4) in
WT and HILPDA KO Huh7 cells exposed to normoxia (21% O,) or hypoxia (0.5% O5)
and 200 pM oleic acid for 24 h. (H-J) Levels of 14C-linoleic acid enrichment ratios
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in triglycerides, phosphatidylcholine and phosphatidylethanolamine in Huh7 cells treated
with HILPDA siRNA (siHILPDA) or control siRNA (siControl) and exposed to normoxia
(21% O,) or hypoxia (0.5% O,), 0.2 uCi/ml linoleic acid [1-14C] and 150 uM of cold
linoleic acid for 24 h. Data are presented as meanSD. (B-J) Non-parametric Kruskal-Wallis
ANOVA test was used. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. FA, fatty

acid; KO, knockout; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PS, phosphatidylserine; WT, wild-
type.
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Fig. 4. HILPDA deficiency disrupts sphingolipid homeostasis leading to apoptosis of HCC cells.
(A) Heatmap of ceramide species in WT and HILPDA KO Huh?7 cells exposed to

normoxia (21% O5) or hypoxia (0.5% O5) and 200 uM oleic acid for 24 h, analyzed by
multidimensional mass spectrometry-based shotgun lipidomics. (B) Levels of representative
individual ceramide species in WT and HILPDA KO Huh7 cells exposed to normoxia (21%
O») or hypoxia (0.5% O5) and 200 uM oleic acid for 24 h. (C) Heatmap of sphingolipid
species in Huh7 cells treated with HILPDA siRNA (siHILPDA) or control sSiRNA
(siControl) and exposed to normoxia (21% O,) or hypoxia (0.5% O,) and 200 pM oleic

J Hepatol. Author manuscript; available in PMC 2024 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Povero et al.

Page 30

acid for 24 h, analyzed by liquid chromatography tandem mass spectrometry. (D, E) Levels
of representative individual sphingolipid species in in Huh7 cells treated with HILPDA
SiRNA (siHILPDA) or control siRNA (siControl) and exposed to normoxia (21% O,) or
hypoxia (0.5% O5) and 200 uM oleic acid for 24 h. (F) RT-gPCR analyses of SPTLCI,
CERS2and CERS6in WT and HILPDA KO Huh7 cells exposed to normoxia (21% O5) or
hypoxia (0.5% O5) and 200 puM oleic acid for 24 h. 18S was used as a housekeeping gene.
(G, H) Caspase 3/7 activity assay in WT and HILPDA KO Huh7 cells exposed to hormoxia
(21% Oy) or hypoxia (0.5% O,) and 400 uM FA mix (palmitic:oleic:linoleic acids) for 24

h with or without 10 pM of FB1, 10 uM of Myr or vehicle control (0.1% DMSO). Data

are presented as mean + SD. (B, D-H) Non-parametric Kruskal-Wallis ANOVA test was
used. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. Cer, ceramide; KO, knockout; WT,
wild-type.
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Fig. 5. HILPDA deletion leads to enrichment of PUFAs in cell membranes and leads to oxidative
stress, lipid peroxidation and mitochondrial dysfunction.

(A) Representative fluorescence-based images and (B) quantitation of intracellular ROS
levels detected by DCFDA assay in WT and HILPDA KO Huh7 cells exposed to normoxia
(21% Oy) or hypoxia (0.5% O,) and 300 uM FA mix (palmitic:oleic:linoleic acids) for

72 h. (C) Representative fluorescence-based images and (D) quantitation of membrane
lipid peroxidation levels detected by linoleamide alkyne assay in WT and HILPDA KO
Huh7 cells exposed to normoxia (21% O,) or hypoxia (0.5% O,) and 300 uM FA mix
(palmitic:oleic:linoleic acids) for 72 h. (E) Intracellular levels of MDA in WT and HILPDA
KO Huh7 cells exposed to normoxia (21% O,) or hypoxia (0.5% O,) and 300 uM FA

mix (palmitic:oleic:linoleic acids) for 72 h. (F) Representative fluorescence-based images
and (G) quantitation of mitochondrial membrane potential using MitoTracker Red CMXRos
in WT and HILPDA KO Huh7 cells exposed to normoxia (21% O,) or hypoxia (0.5%

0O5) and 300 uM FA mix (palmitic:oleic:linoleic acids) for 72 h. (H) RT-gPCR analysis of
ACSL5mRNA expression in WT and HILPDA KO Huh7 cells exposed to normoxia (21%
Oy) or hypoxia (0.5% O5) and 300 UM FA mix (palmitic:oleic:linoleic acids) for 24 h.

Data are presented as meanzSD. (B, D, E, G, H) Non-parametric Kruskal-Wallis ANOVA
test was used. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. KO, knockout; MDA,
malondialdehyde; WT, wild-type.

J Hepatol. Author manuscript; available in PMC 2024 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Povero et al.

A

S.E.M. (5,000x)

42> | c— —

70,000 *kkk

o o

2 O

o o

S S

S o
I
O

40,000
30,000
20,000
10,000

Epithelial spheroid area (um?

T
WT HILPDAKO

HILPDA

<B-Actin

Proliferation (RFU)

50,000 -

40,000

30,000 -

20,000 -

10,000 -+

WT HILPDA KO

0

T
WT HILPDA KO

1x10°

8x10%

6x10%

4x104

Epithelial spheroid area (um?)

Page 32

3D Huh7 epithelial
spheroids

FA Image-iT

[ Y 1 hypoxia
&% reagent

O WT
—l- HILPDA KO
@)

o —/./.—/'/.
0

WT HILPDA KO
Untr FFA Untr FFA

57>| W S 898 W8 |<proCasp-8

g 43/41> ) ~4 | <cleCasp-8

42> | s —— w— — | <B-Actin

35> | b Sl st siwm| <proCasp-3

42> |_- —4 <B-Actin

Fig. 6. HILPDA depletion arrests 3D HCC spheroids formation, size growth and survival.
(A) Scanning electron microscope imaging of 3D Huh7 epithelial spheroid. (B) Brightfield

images of 3D Huh?7 epithelial spheroid over 6 days in culture. (C) H&E staining of
longitudinal section of formalin-fixed paraffin-embedded 3D Huh7 epithelial spheroid.
(D) Procedural scheme of 3D Huh7 epithelial spheroid treatment with 400 uM of FA
mix (palmitic:oleic:linoleic acids) and Image-iT hypoxia fluorescence-based reagent. (E)
Fluorescence-based imaging of 3D Huh?7 epithelial spheroid treated with 400 uM of

FA mix (palmitic:oleic:linoleic acids) for 48 h. Hypoxic regions were detected with
Image-iT hypoxia reagent, neutral lipids (red) with LipidTOX and cell nuclei (blue) with
Hoechst33342 and imaged with Zeiss LSM980 with Airyscan 2. (F) Western blot analysis
of HILPDA in wild-type (WT) and HILPDA KO 3D Huh?7 epithelial spheroids. p-actin
was used as loading control. (G) Brightfield images of WT and HILPDA KO 3D Huh?
epithelial spheroids. (H) IHC for HILPDA in wild-type (WT) and HILPDA KO 3D Huh7
epithelial spheroids. (1) Spheroid area (um?) of WT and HILPDA KO 3D Huh7 epithelial
spheroids over 6 days in culture. (J) Spheroid area (um?) of WT and HILPDA KO 3D
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Huh7 epithelial spheroids after 2 weeks in culture. (K) Proliferation assay of WT and
HILPDA KO 3D Huh?7 epithelial spheroids after 72 h. (L) Transmission electron microscopy
images of WT and HILPDA KO 3D Huh7 spheroid sections, where mitochondria have

been pseudocolored. (M) Western blot analyses of pro-/active caspase-8 and pro-/active
caspase3 in WT and HILPDA KO 3D Huh7 spheroids with or without 400 uM of FA

mix (palmitic:oleic:linoleic acids). Relative protein quantification is indicated in red as
fold-change for each experimental condition. p-actin was used as loading control. Data are
means£SD. (J, K) Paired two-tailed Student’s #tests were used. *p <0.05; **p <0.01; ***p
<0.001; ****p <0.0001. KO, knockout; WT, wild-type.
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Fig. 7. Hepatocyte-specific Hilpda knockout ameliorates liver steatosis and impedes NASH-
driven HCC formation in vivo.

Hepatocyte-specific Hilpda knockout (Hijpd2*HeP) and Hilpda-floxed control (Hijpda/f)
C57/B6 mice (n = 14 mice/group) were fed a Western diet plus sugar water and injected
weekly with CCly intraperitoneally for 24 weeks. (A) Liver weight. (B) Liver/BW ratio.
(C) Levels of hepatic triglycerides (mg/g liver). (D) NAFLD activity score and (E)
individual scores for steatosis, ballooning, and inflammation in liver samples of indicated
experimental groups. (F) Quantitation of picrosirius red staining for liver fibrosis in the
indicated experimental groups. (G) H&E, Prussian blue staining (iron accumulation) and
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IHC for 8-OHdG (oxidative stress marker) in liver tissue for indicated experimental

groups. (H) Quantitation of hepatic levels of 8-OHdG for indicated experimental groups.

(I) Gross images of livers highlighting dysplastic nodules (yellow circles) in the indicated
experimental groups. (J) Number of dysplastic nodules in each of the indicated experimental
group.22 (K) Representative H&E staining of liver tissues for the indicated experimental
groups. (L) RT-gPCR analyses of Gpc3, Cptl, Fasn, Fthl, Oct4and Sox2 mRNA expression
in adjacent liver parenchyma38 and dysplastic nodules3? harvested from the indicated
experimental groups. Hprt was used as a housekeeping gene. (M) UMAP plots of liver

cell clusters identified by single-cell RNA-seq analysis in both experimental groups (n =

2 mice/group). (N) Relative cell count normalized on total count of each liver cell cluster

in the indicated experimental groups. (O) Volcano plot of differentially expressed genes

in Hilpda*HeP vs. HilpadaV™ T cells identified by single-cell RNA-seq analysis (n = 2 mice/
group). Data are presented as mean + SD. (A-D, F, G, J) Paired two-tailed Student’s ¢tests
were used. (L) Non-parametric Kruskal-Wallis ANOVA test was used. (N) Two-proportions
z-test was used. *p <0.05; **p <0.01; ***p <0.001; ****p<0.0001. BW, body weight;
NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NK, natural
killer; UMAP, uniform manifold approximation and projection.
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Table 1.

Baseline characteristics of the study population.

Baseline characteristics

Demographics

Age, years 68 (62-75)

Male 75% (6)

BMI, kg/m?2 36 (26-47)
Liver tests

AST 268 (79-663)

ALT 246 (69-492)
Histology

Histology confirmation of HCC 100%

Median tumor size (cm) 5.7 (1.6-11)

Tumor focality (solitary) 87.5%

Cirrhosis 62.5%
Fibrosis stage

F0-2 25%

F3 25%

F3-4 25%

F4 25%
Grading

Gl -

G2 87.5%

G2-3 12.5%
Primary therapy

Resection 100%
Comorbidities

Type 2 diabetes 75%

Hypertension 87.5%

Atherosclerosis 37.5%

Morbid obesity 37.5%

ALT, alanine aminotransferase; AST, aspartate aminotransferase; HCC, hepatocellular carcinoma. A cohort of eight individuals with
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histopathologically proven non-alcoholic steatohepatitis-driven HCC was included in the study. Tumor paired with adjacent non-tumor tissue

samples were used for analyses. All data are presented as the median (interquartile range) or percentage.
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