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Metabolic reprogramming is critical during clear cell renal cell carcinoma (ccRCC)
tumorigenesis, manifested by accumulation of lipid droplets (LDs), organelles that have
emerged as new hallmarks of cancer. Yet, regulation of their biogenesis is still poorly
understood. Here, we demonstrate that MYC inhibition in ¢ccRCC cells lacking the
von Hippel Lindau (VHL) gene leads to increased triglyceride content potentiating LD
formation in a glutamine-dependent manner. Importantly, the concurrent inhibition
of MYC signaling and glutamine metabolism prevented LD accumulation and reduced
tumor burden in vivo. Furthermore, we identified the hypoxia-inducible lipid drop-
let-associated protein (HILPDA) as the key driver for induction of MYC-driven LD
accumulation and demonstrated that conversely, proliferation, LD formation, and tumor
growth are impaired upon its downregulation. Finally, analysis of ccRCC tissue as well
as healthy renal control samples postulated HILPDA as a specific ccRCC biomarker.
Together, these results provide an attractive approach for development of alternative
therapeutic interventions for the treatment of this type of renal cancer.
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Clear cell renal cell carcinoma (ccRCC) is the most common and aggressive subtype of
kidney cancer (1). Current treatment includes kidney resection and targeted therapies, but
tumors often acquire resistance and combination strategies have proved toxic (2). Better
understanding of the mechanisms underlying this malignancy is crucial for the development
of new targeted therapeutic approaches that overcome these limitations.

The wvon Hippel-Lindau (VHL) gene, controlling proteasomal degradation of
hypoxia-inducible factors (HIFs) in the presence of oxygen, is lost in approximately 90%
of all ccRCC cases (3). Silencing of VHL by loss of chromosome 3p, followed by mutation
or methylation of the remaining allele, results in constitutive activation of HIFs, inducing
transcription of genes involved in metabolism, angiogenesis, and metastasis (4). Moreover,
the MYC oncogene is amplified in 5 to 10% and overexpressed in 20% of ccRCC, asso-
ciated with aggressiveness (5, 6), In addition, the majority of ccRCC present with alter-
ations in downstream signaling pathways controlled by MYC (5).

Metabolic reprogramming is a major characteristic of ccRCC (7), in part due to activation
of partially overlapping transcriptional and metabolic programs controlled by HIF and MYC.
Both oncoproteins activate glycolysis and increase glutamine consumption in cancer cells
(8, 9). HIF1-a decreases flux of glucose-derived carbons into the tricarboxylic acid (TCA)
cycle (10), promoting reductive carboxylation of glutamine, resulting in the synthesis of fatty
acids, which can accumulate in lipid droplets (LDs) (11). These are organelles composed of
a core rich in triglycerides (TGs) and sterol esters, surrounded by a phospholipid monolayer
(12). In recent years, they have emerged as regulators of tumorigenesis, controlling lipid
metabolism, signaling and trafficking, as well as redox homeostasis and autophagy, supporting
cancer cell survival (13). The presence of LDs can be considered as a biomarker for aggressive
disease and a potential target for cancer treatment (14). However, the mechanisms and factors
impacting LD accumulation in cancer cells are still poorly understood.

We have previously demonstrated that inhibition of MYCN, one member of the MYC
family, induces LD accumulation in neuroblastoma cells via disruption of fatty acid
B-oxidation (15). Here, using a combination of lipidomics, metabolic tracing, and xenograft
studies, we found that inhibiting MYC in cells with loss of VHL enhanced accumulation
of TGs in LDs. Furthermore, impairing glutamine metabolism using BPTES combined
with MYC inhibition reduced tumor burden and prevented LD accumulation in vivo. This
process is regulated by increased expression of the hypoxia-inducible lipid droplet—associated
protein (HILPDA) under MYC control. Moreover, downregulation of HILPDA resulted
in reduced ccRCC cell proliferation, LD formation, and tumor burden in vivo, while its
overexpression promoted accumulation of lipids. We identified HILPDA as a potential
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Significance

Lipid droplet (LD) accumulation is
common in clear cell renal cell
carcinoma (ccRCC), providing
survival advantage and
association with aggressiveness.
However, the mechanisms
controlling their biogenesis
remain poorly known.
Understanding their formation is
crucial for developing targeted
strategies. We show that MYC
inhibition in ccRCC resulted in
increased triglyceride
accumulationin LDs in a
glutamine-dependent process
driven by enhanced HILPDA
expression. Downregulation of
HILPDA reduced tumor growth,
and it was only highly expressed
in ccRCC in comparison with
other tumors or healthy renal
tissue. Collectively, we highlight
the role of MYC expression and
glutamine metabolism in LD
biogenesis and propose HILPDA
as a specific target for precision
medicine, providing an attractive
therapeutic approach for this
aggressive malignancy.
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vulnerability in ccRCC since it is expressed in tumoral renal tissue
but not in kidney samples from healthy individuals.

Together, these data demonstrate that the metabolic reprogram-
ming induced by HIF and MYC, as manifested by LD formation,
confers ccRCC cells with a pathway for regulating lipid trafficking
for survival. Identification of HILPDA as a specific marker for
ccRCC offers future opportunities to selectively target this renal
cancer.

Results

Lipid Droplet Accumulation in ccRCC Is Dependent on VHL and
Myc status. We previously showed that MYCN inhibition results
in LD accumulation in neuroblastoma (15). To examine whether
other cancer types respond similarly, we performed a comprehensive
screening in around 60 well-established human cancer cell lines
from different tumor types (SI Appendix, Table S1). All cell lines
were treated with three MYC inhibitors (MYCis), 10058-F4 (F4),
10074-G5 (G5), or JQ1, followed by evaluation of the presence
and/or induction of LDs. Many cell lines accumulated LDs
upon MYC inhibition independently of cancer type or inhibitor
(SI Appendix, Fig. S1A). The most striking difference observed was
between the RCC4 subclones: While RCC4 cells lacking VAL
(VHL-) accumulated large amounts of lipids, no LDs were detected
upon MYC inhibition in RCC4 cells with restored VHL expression
(VHL+), indicating that loss of VHL could be a prerequisite for
this phenotype (SI Appendix, Fig. S1B and Table S1). Hence, we
focused on analyzing the molecular mechanism underlying the
effect of MYCis on LD accumulation in ccRCC.

Clear cell renal cell carcinoma cells are characterized by the loss
of VHL, a regulator of HIF stability in the presence of oxygen (3).
An inverse correlation between VHL and HIF1-a and/or HIF2-a
expression was observed in RCC4 VHL+ and VHL- cells
(SI Appendix, Fig. S1C). MYC was strongly down-regulated after
JQ1 treatment in VHL- cells and with G5 and JQ1 in VHL+ cells.
In contrast, no reduction in MYC was observed after treatment
with F4 or in VHL- cells incubated with G5. Both F4 and G5 are
MYC:MAX dimerization inhibitors and their mechanism of action
does not necessarily imply a reduction in MYC levels (16), while
the bromodomain and extraterminal domain inhibitor JQ1
reduces MYC transcription as well as expression of additional genes
(17). Lipid stainings using Oil-red O were validated with Lipid
Droplet—Benzothiadiazole 1 (LD-BTD1) (S/ Appendix, Fig. S1D).
'This fluorophore specifically stains LDs without affecting cell via-
bility (18), or impacting either MYC or HIF1-a expression
(SI Appendix, Fig. S1E).

Inhibition of MYC resulted in a reduction in cell numbers. To
study this effect, RCC4 cells were incubated with MYCis at dif-
ferent concentrations. RCC4 VHL- cells showed a significantly
smaller reduction in proliferation with a correspondingly higher
ICs, value than RCC4 VHL+ cells (SI Appendix, Fig. S1F).
Importantly, the concentrations chosen (60 pM F4, 40 uM G5,
or 5 pM JQ1) were all below their IC; values, except in RCC4
VHL+ cells, where it was slightly higher for JQ1.

Next, we analyzed two additional ccRCC cell pairs, 786-O and
A498 (VHL+ and VHL-), which express HIF2-a but not HIF1-a.
Both 786-O and A498 VHL- cells accumulated LDs after MYC
inhibition (Fig. 14 and SI Appendix, Fig. S2A). Moreover, cells
expressing VHL showed downregulation of HIF2-a, and MYC
levels were robustly decreased upon JQ1 exposure in 786-O VHL+
and VHL- cells, as well as after G5 treatment in A498 VHL+ and
VHL- cells (Fig. 1B and SI Appendix, Fig. S2B). 786-O VHL-
cells also showed a small reduction in proliferation and thus a

higher ICs value than VHL+ cells (SI Appendix, Fig. S2C).

https://doi.org/10.1073/pnas.2310479121

To exclude that the effect on LD accumulation induced by the
MYCis was caused by off-target effects, we silenced MYC by
shRNA. MYC silencing was accompanied by increased LD for-
mation compared to the empty vector control (shEV) in trans-
duced RCC4 VHL- cells, while no effect was observed in VHL+
cells (S Appendix, Fig. S2 D and E). We next induced the expres-
sion of Omomyc, a dominant negative peptide inhibiting the
transcriptional activity of MYC (19). We generated doxycycline
(DOX)-inducible 786-O VHL+ and VHL- Omomyc cells, as well
as control cells (786-O VHL+ and VHL- EV) carrying RFP for
tracing. Induction of Omomyc was confirmed by the presence of
REFP in the nuclei, while RFP was in the cytoplasm in EV control
cells (87 Appendix, Fig. S2F). Omomyc preferably forms inactive
dimers with either MAX or itself, blocking MYC binding sites in
promoters of target genes (19). While Omomyc expression did
not affect MYC levels (S7 Appendix, Fig. S2G), LDs were still
accumulated in 786-O VHL- Omomyc cells (Fig. 1C).

Together, our results showed that LDs accumulated following
pharmacological or genetic MYC inhibition only in ccRCC cells
with VHL loss.

Stabilization of HIF Is essential for Lipid Deposition. Given that
lipid accumulation was only observed in VHL- cells, we asked
whether this would occur when HIF expression was induced in
VHL+ cells. To this end, cells were cultured at 1% O, resulting in
stabilization of HIFs in RCC4 and 786-O VHL+ cells (Fig. 1D
and ST Appendix, Fig. S3A), and correlating with LD formation
upon MYC inhibition (Fig. 1E and S/ Appendix, Fig. S3B). Similar
results were obtained in A498 VHL+ and VHL- cells (S] Appendix,
Fig. S3 Cand D). Furthermore, inhibition of the interaction of
HIFs with their transcriptional coactivators p300 and cAMP
response element binding (CREB) binding protein (CBP) using
chetomin (20), prevented LD formation when combined with
MYCis in RCC4 VHL- cells (Fig. 1F).

Collectively, induction of HIFs in the presence of MYCis led
to increased lipid accumulation in both VHL+ and VHL- ¢ccRCC
cells, a process prevented by HIF inhibition.

Glutamine Deprivation Prevents Lipid Droplet Formation. Fatty
acids stored in LDs can be obtained from the extracellular
milieu or synthesized from glucose or glutamine. To identify
the fuel used for LD formation, cells were cultured with
reduced concentrations of either of these three nutrients. We
first cultured RCC4 and 786-O VHL+ and VHL- cells in either
complete, delipidized, or a mixture of both media in different
proportions. Viability decreased in all cells as the percentage
of delipidized serum increased, with a drastic reduction with
100% delipidized medium (S/ Appendix, Fig. S4A). Thus, we
incubated cells in a 30:70 mixture of complete and delipidized
serum in the presence of MYCis, but decreasing lipid content
did not affect LD accumulation in either RCC4 or 786-O
VHL- cells (8] Appendix, Fig. S4B).

Low glucose medium significantly diminished the viability of
RCC4 and 786-O cells, with a higher impact in RCC4 VHL+
cells, resulting in a 50% decrease. In addition, low glutamine
medium also significantly reduced viability by 20% in VHL+ and
24% in VHL- RCCH4 cells, as well as by 34% in VHL- and 50%
in VHL+ 786-0 cells (8] Appendix, Fig. S4C). Low glucose con-
ditions did not impact LD formation either during normoxia or
hypoxia, while low glutamine prevented LD accumulation in
normoxia in RCC4 and 786-O VHL- cells, as well as in RCC4
VHL+ and VHL- cells during hypoxia. This effect was especially
evident upon JQ1 incubation (Fig. 24 and S/ Appendix, Figs. S4D
and S54).
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Fig. 1. HIF stabilization is required for LD accumulation upon MYC inhibition in ccRCC cells. (A) Lipid droplet staining and (B) western blot of the indicated proteins
in 786-0 VHL+ and VHL- cells after MYC inhibition. (C) Lipid droplet staining in 786-O VHL+ EV, 786-O VHL+ Omomyc, 786-O VHL- EV, or 786-O VHL- Omomyc cells
after vehicle (-DOX) or +DOX treatment. (D) Western blot of the indicated proteins in RCC4 VHL+ and VHL- cells after treatment with MYCis in 1% O, (hypoxia). (E)
Lipid droplet staining in RCC4 VHL+ and VHL- cells after treatment with MYCis in 1% O, (hypoxia). (F) Lipid droplet staining in RCC4 VHL+ and RCC4 VHL- cells after
treatment with MYCis in combination with DMSO (-chetomin) or chetomin. For western blots, p-actin was used as loading control. Molecular weight markers are
shown to the Right. For fluorescence images: blue, DAPI; green, LD-BTD1 (LDs). (Scale bars: 20 um.) All results are representative of three independent replicates.

Together, these data showed that LD formation relied on glu-
tamine availability, while reduced levels of fatty acids or glucose
did not have any significant impact.

Disrupting Glutamine Metabolism Inhibits Lipid Storage. Our
data suggested an important role of glutamine in LD formation,
and consequently, we investigated the effect of impairing its
metabolism. Glutamine is converted to glutamate by glutaminase

PNAS 2024 Vol.121 No.7 e2310479121

(GLS) and is further metabolized to a-ketoglutarate (a-KG),
generating citrate via reductive carboxylation. This results in
production of cytosolic acetyl-CoA, supporting fatty acid synthesis
when HIF is constitutively expressed as well as during hypoxia
(21). We thus employed L-DON and BPTES, two well-known
GLS inhibitors (22, 23). Formation of LDs was significantly
reduced upon combination of MYCis together with either of the
two GLS inhibitors in RCC4 VHL- cells (Fig. 2B and SI Appendix,

https://doi.org/10.1073/pnas.2310479121
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Fig. 2. Low glutamine levels or inhibition of glutaminase prevent LD formation. (A) Lipid droplet staining in RCC4 VHL- cells after culture in complete, low glucose
(Low Glc) or low glutamine (Low GIn) medium treated with MYCis. (B) Lipid droplet staining in RCC4 VHL- cells after treatment with DMSO or MYCi alone or in
combination with BPTES. Blue: DAPI; green: LD-BTD1 (LDs). (C) Bright-field images of live 786-O VHL- EV cells treated with vehicle (-DOX), DOX, or/and BPTES,
and 786-0 VHL- Omomyc cells treated with vehicle (-DOX), DOX (+Omomyc), or/and BPTES. RFP (red) upon DOX induction. (Scale bars: 20 or 100 pm.) Images

are representative of three independent replicates.

Fig. S5B). Since L-DON also can inhibit other amino acid
transporters and transglutaminases (24), we focused on studying
the effect of BPTES. The combination of MYCi and BPTES
during hypoxia prevented LD accumulation in both RCC4 cell
lines (87 Appendix, Fig. S6A). Furthermore, LD formation was
robustly induced by Omomyc in 786-O VHL- Omomyc cells
but blocked by exposure to BPTES (Fig. 2C).

Treatment with BPTES alone or in combination with JQ1
did not impact proliferation significantly either in 786-O VHL+
EV or Omomyec cells. In contrast, BPTES reduced proliferation
in 786-O VHL- EV cells, and the combination with Omomyc
further decreased the number of cycling cells (S7 Appendix,
Fig. S6B).

Since our data suggested that glutamine contributed to fatty
acid synthesis, we assessed LD formation upon treatment with
inhibitors of two key enzymes in the fatty acid synthesis pathway,
TOFA targeting acetyl-CoA carboxylase A (ACACA), and UB006
inhibiting fatty acid synthase (FASN) (25, 26). Neither of these
inhibitors induced LD formation alone, while in combination with
MYCis, both prevented their appearance, indicating that de novo
synthesis of fatty acid was important for LD accumulation
(SI Appendix, Fig. S6C).

Altogether, these data demonstrated that glutamine was essen-
tial for fatty acid synthesis and survival after MYC inhibition.

https://doi.org/10.1073/pnas.2310479121

MYC Inhibition Manifests in Accumulation of Different Lipid
Species in VHL+ Versus VHL- cells. To investigate whether
glutamine-derived carbons were directed to fatty acid synthesis, we
next performed stable isotoge tracing experiments in RCC4 VHL+
and VHL- cells using U-">Cs-glutamine alone or together with
U-"C-glucose following treatment with JQ1. MYC inhibition
reduced the contribution of both glucose and glutamine to the
cytosolic acetyl-CoA and palmitate pools, indicated by a shift
when both substrates were used together. Moreover, glucose was
the preferred substrate to produce palmitate in RCC4 VHL+ cells
(SI Appendix, Fig. S7A). Treatment with JQ1 slightly reduced the
contribution of both glucose and glutamine into acetyl-CoA in
RCC4 VHL- cells. However, no alteration in glutamine-derived
acetyl-CoA occurred upon MYC inhibition, suggesting that JQ1
reduced the contribution of glucose to the acetyl-CoA pool. Notably,
glutamine-derived carbons were used for palmitate synthesis to a far
greater extent in VHL- than in VHL+ cells (Fig. 3A).

Next, we analyzed the effect of MYC on the cellular lipidome and
observed that VHL- compared to VHL+ cells exhibited distinct lipid
composition (Dataset S1). Triglycerides (TGs) and sterol esters are
the most abundant lipids comprising the neutral core of LDs.
Indeed, our analysis revealed that TGs were more abundant in RCC4
VHL- cells treated with JQ1 compared to their control as well as to
JQI-treated or control RCC4 VHL+ cells (Fig. 3B and ST Appendix,
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Fig. 3. Lipidomic analysis reveals different lipid species content in RCC4 VHL+ versus VHL- cells. (A) Mass isotopologue distribution of palmitate using U-'3C,-
glutamine in RCC4 VHL+ and VHL- cells after treatment with JQ1. Data are presented as mean + SD. Statistical analysis: two-way ANOVA with *, ** and ****
indicating P <0.05, <0.01, and <0.0001, respectively. (B) Heatmap with different lipid species in RCC4 VHL+ or VHL- cells after DMSO or JQ1 treatment, with red up-
regulated and blue down-regulated lipid species. DG/DAG: diacylglycerides, PC: phosphatidylcholine, PC-O: phosphatidylcholine-O, PE: phosphatidylethanolamine,
PE-O: phosphatidylethanolamine-O, LPG: lysophosphatidylglycerol, PG: phosphatidylglycerol, LPI: lysophosphatidylinositol, Pl: phosphatidylinositol, LPS:
lipopolysaccharide, PS: phosphatidylserine, TG: triglycerides, LPC: lysophosphatidylcholine, LPE: lysophosphatidylethanolamine, SL: saccharolipids, PA: phosphatidic
acid. (C) Graphical representation of the different lipid species accumulated and the key enzymes in lipid metabolism upon JQ1 treatment in RCC4 VHL+ (blue)
and VHL- (green). Image created with Biorender.com. G3P: glyceraldehyde 3-phosphate, FA-CoA: fatty acyl-CoA, LPAT: lysophosphatidyl acyltransferase, LPA:
lysophosphatidic acid, A/GPAT: acyl/glycerol-3-phosphate acyltransferase, PAP: phosphatidic acid phosphatase, CDP-DAG: cytidine diphosphate-diacylglycerol,
CDS: CDP-DAG synthase, PIS: phosphatidylinositol synthase, IP: inositol phosphate, DGAT: diacylglycerol acyltransferase. Lipidomic experiments were performed

in three independent replicates.

Fig. S7B). In contrast, RCC4 VHL+ cells incubated with JQI
resulted in a higher abundance of glycerophospholipids [phosphati-
dyl inositol (PI), phosphatidylserine (PS), and phosphatidyl-glycerol
(PG)], as well as lysophospholipids [lysophosphatidylinositol (LPI),
lysophosphatidylserine (LPS), and lysophosphatidylglycerol (LPG)],
compared to vehicle-treated or to VHL- cells with any of the treat-
ments (Fig. 3B and S/ Appendix, Fig. S7C). Moreover, the levels of
phosphatidic acid (PA), an intermediate of glycerolipid synthesis,
were increased upon JQ1 exposure compared to controls in both
cell lines (Fig. 3B). These data suggested that MYC inhibition
increased lipid synthesis in both cell types while only VAL~ cells
subsequently converted PA into TGs. Instead, VHL+ cells enhanced
the synthesis of membrane phosphoglycerides, explaining the dif-
ferences in LD accumulation (Fig. 3 B and C and SI Appendix,
Fig. S7 Band C).

Taken together, we found that RCC4 VHL- cells used glutamine
to produce acetyl-CoA for lipid synthesis, while RCC4 VHL+ cells
employed glucose. Importantly, MYC inhibition induced TG accu-
mulation only in VHL- cells, explaining the difference in LD
abundance between VHL+ and VHL- ccRCC cells.

Combined Inhibition of MYC Signaling and Glutamine Metabolism
Reduces Tumor Growth. To analyze the relevance of combined MYC
and GLS inhibition on LD accumulation as well as on tumor growth
in vivo, we injected 786-O VHL- Omomyc cells into the right flank

PNAS 2024 Vol.121 No.7 e2310479121

of NMRI-FoxnI™ mice. Animals were administered water alone
(-Omomyc) or supplemented with 1 mg/mL DOX, (+Omomyc)
and injected daily with either vehicle (-BPTES) or with 12.5 mg/
mL/kg BPTES (+BPTES) (S Appendix, Fig. S8A). Compared to
control-treated mice (-Omomyc -BPTES), tumor growth was
reduced in all three conditions, most evidently in the combination
of +Omomyc +BPTES (Fig. 4 A and B and S/ Appendix, Fig. S8
B and C). Mouse weight was monitored daily, showing a normal
increase throughout the study (S Appendix, Fig. S8D).

In accordance, vehicle-treated mice expressed higher levels of
the proliferation marker Ki67 compared to animals administered
with +BPTES or in which +Omomyc expression was induced
alone, while it barely was detected in tumors from the +Omomyc
+BPTES combination (Fig. 4C and SI Appendix, Fig. S9A).
Tumors expressing Omomyc showed reduced MYC levels,
although interestingly, BPTES treatment slightly up-regulated its
expression. As expected, tumors from PBS or non-treated mice
showed high levels of both Ki67 and MYC, and no Omomyc
expression (S Appendix, Fig. S9B). TUNEL staining for apoptotic
cells did not reveal any differences in cell death between conditions
(81 Appendix, Fig. S9C).

Although LDs were present in tumors from all treatment
groups, these were confined to the edges probably due to the
presence of fat cells surrounding the tumors, or restricted to the
hypoxic inner cores. In contrast, LD accumulation was robust

https://doi.org/10.1073/pnas.2310479121
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(Scale bar: 50 pm.) (D) Tumor sections stained with LD-BTD1 (green) for LD visualization. Blue: DAPI. (Scale bar: 50 pm.) Results in C and D are representative of

at least three tumor sections.

upon MYC inhibition in tumors from the +Omomyc -BPTES
group, where glutamine metabolism was intact (Fig. 4D and
SI Appendix, Fig. S9D). Since corn oil was used as vehicle, we
analyzed whether LD formation was triggered by the added fat.
However, tumors from PBS- or non-treated mice showed a similar
LD content compared to oil-injected mice, demonstrating that
this vehicle did not impact LD accumulation under these condi-
tions (8] Appendix, Fig. S9 E and F).

Collectively, MYC inhibition by Omomyc induced LD forma-
tion in VHL-deficient ccRCC cells also in vivo, while concomitant
Omomyc expression together with inhibition of glutamine metab-
olism prevented their formation and further attenuated tumor
burden.

Lipid Droplet-associated Protein Is Up-regulated in Cells with
VHL Loss. Subsequently, we performed bulk RNA sequencing
(RNA-seq) analyses to identify the molecular mechanism resulting
in LD accumulation after MYC inhibition in HIF-expressing
cells. We detected 515 down-regulated and 308 up-regulated
genes comparing JQ1 versus control in RCC4 VHL- cells, while
RCC4 VHL+ cells displayed 629 down-regulated and 215 up-
regulated genes (for all, log, fold change < -2 or >2, adjusted
P-value < 0.05) in response to JQ1. Using the Reactome database
we identified the processes in which these genes are involved
(Fig. 54 and ST Appendix, Fig. S10A) and found several related
to lipid metabolism (Fig. 5B and SI Appendix, Fig. S10B). For
instance, “lipid particle organization” was altered (Fig. 5B),
and strikingly, the hypoxia-inducible lipid droplet—associated
(HILPDA) gene was one of the most significantly up-regulated

https://doi.org/10.1073/pnas.2310479121

genes when inhibiting MYC in RCC4 VHL- cells (log, fold change
2.31, adjusted P-value 3.09 x 10°%%) (Fig. 5C and ST Appendix,
Fig. S10C). In contrast, no differences in HILPDA or in other
genes participating in lipid accumulation were detected in VHL+
cells. Notably, expression of HILPDA was significantly down-
regulated upon MYC inhibition in RCC4 VHL+ cells whereas
it remained robustly expressed in VHL- cells (Fig. 5D). Next,
we analyzed the presence of HILPDA in the tumors from the
in vivo experiment and observed its expression in all samples,
while only strongly increased in tumors where MYC was inhibited
(+Omomyc -BPTES and +Omomyc +BPTES) (Fig. 5F and
SI Appendix, Fig. S10 D and E). Interestingly, HILPDA levels
were lower in +Omomyc +BPTES compared to +Omomyc -
BPTES tumors, even though MYC was down-regulated in both.
Expression of HILPDA mRNA and protein was also reduced
in vitro in +Omomyc +BPTES compared to +Omomyc -BPTES
conditions (S Appendix, Fig. S10 Fand G), while MYC protein
levels were increased in cells upon BPTES treatment, which could
explain the lower HILPDA levels (SI Appendix, Fig. S10 G and H).

HIF1-a induces expression of HILPDA, inhibiting the release
of fatty acids from LDs via inhibition of adipose triglyceride
lipase (ATGL), promoting their accumulation during hypoxia
(27). We therefore interrogated whether MYC would also regu-
late HILPDA expression. Using the ENCODE database con-
taining public data from chromatin immunoprecipitation
sequencing (ChIP-seq) we found a compelling binding peak for
MYC, indicating a direct interaction at the HILPDA promoter
(ST Appendix, Fig. S101). The expression of HILPDA increased
following MYC inhibition (Fig. 5 C and D), indicating that
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Fig. 5. The HILPDA gene is up-regulated in RCC4 VHL- cells after MYC inhibition. (A) Visualization of functional enrichment maps in JQ1- versus DMSO-treated
RCC4 VHL- cells (n = 3). The nodes represent significantly enriched genes participating in indicated processes. (B) Bar plot of the most significantly changed lipid
metabolic processes in JQ1- versus DMSO-treated RCC4 VHL- cells. (C) Volcano plot (P < 0.05, horizontal dotted line) of the log, fold change (<-2, >+2, vertical
dotted lines) of expression of genes between JQ1- and DMSO-treated RCC4 VHL+ cells (Left plot) and RCC4 VHL- cells (Right plot). The five most down-regulated
(blue) and up-regulated (red) genes in each cell line are boxed. Not significantly changed genes are depicted in gray. (D) RT-qPCR of MYC and HILPDA in RCC4
VHL+ and VHL- cells. B2M was used as housekeeping gene. Data are presented as mean * SD (n = 3). Statistical analysis: one-way ANOVA with *, ** **% and
**** indicating P < 0.05, <0.01, <0.001, and <0.0001, respectively. (F) Immunohistochemistry analysis of tumor sections stained with anti-HILPDA. (Scale bar: 50
pm.) (F) Immunofluorescence staining of HILPDA and (G) lipid droplet staining in RCC4 VHL- negative control (NC) and siHILPDA cells after treatment with DMSO
orJQ1. Green: LD-BTD1; red: HILPDA; blue: DAPI. (Scale bar: 20 um.) (H) Bright-field images of lipid droplet staining with Oil-red O (red) in 786-O VHL- Omomyc
shSCR and shHILPDA cells upon Omomyc induction. (Scale bar: 20 pm.) Images in E-H are representative of three independent replicates/sections.

while HIF1-a induced HILPDA expression, MYC might instead
repress this gene. MYC-mediated repression is frequently
achieved via interaction with the MYC-interacting-zinc finger 1
(MIZ-1) protein forming a ternary repressive complex with

PNAS 2024 Vol.121 No.7 e2310479121

MAX on initiator (INR) sequences at the promoters of target
genes (28). In support, we confirmed MIZ-1, MYC as well as
MAX binding to the HILPDA promoter using ENCODE data
(ST Appendix, Fig. S101).

https://doi.org/10.1073/pnas.2310479121 7 of 11
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Collectively, our results demonstrated that HILPDA is up-
regulated upon combined HIF activation and MYC inhibition
correlating with LD accumulation in VAL~ cells.

Selective Expression Indicates HILPDA As A New Vulnerability in
ccRCC. To investigate whether HILPDA expression was required
for inducing LD accumulation upon MYC inhibition, we
employed siRNA for its downregulation (Fig. 5Fand SI Appendix,
Fig. S11A), and observed that LD formation was prevented, and
proliferation reduced in RCC4, 786-O, and A498 VHL- cells
(Fig. 5G and SI Appendix, Fig. S11 Band C). We further generated
stable 786-O VHL- Omomyc cells with constitutive H/LPDA
knockdown (shHILPDA) or control scramble cells (shSCR).
The levels of HILPDA were down-regulated by 95% in 786-O
VHL- Omomyc shHILPDA cells compared to the corresponding
shSCR cells (SI Appendix, Fig. S11D) and correlated as expected
with the absence of LD accumulation (Fig. 5H). In contrast,
overexpression of H/LPDA did not influence proliferation except
for a small increase in RCC4 VHL+ cells (Fig. 64 and SI Appendix,
Fig. S11E), while promoting LD formation in RCC4 and 786-O
VHL- cells (Fig. 6B and SI Appendix, Fig. S11F).

To examine the impact of HILPDA downregulation on tumor
growth and LD accumulation in vivo, we performed xenograft
experiments using 786-O VHL- Omomyc shHILPDA and shSCR
cells (Fig. 6C). Mice were administered with vehicle (-Omomyc)
or doxycycline (+Omomyc) in the drinking water. Downregulation
of HILPDA decreased tumor index (shH/LPDA -Omomyc) com-
pared to scramble controls (shSCR -Omomyc). Inhibition of MYC
by Omomyc expression robustly reduced tumor burden in control
(shSCR +Omomyc) cells while tumor growth was completely pre-
vented by MYC inhibition in shHILPDA (shHILPDA +Omomyc)
cells. Analysis of tumor sections revealed higher Ki67 levels in
shSCR -Omomyc tumors, and a marked reduction of MYC levels
in tumors with Omomyc expression (shSCR +Omomyc and
shHILPDA +Omomyc) (Fig. 6D and SI Appendix, Fig. S11G).
Notably, HILPDA was highly expressed only in shSCR +Omomyc
tumors, thus correlating with LD presence (Fig. 6Eand S7 Appendix,
Fig. S11H).

To investigate the possibility that our results could translate to
clinical samples, we used publicly available data from The Cancer
Genome Atlas (TCGA) and analyzed the levels of HILPDA and
other genes associated with LD accumulation in different adult
cancers. Indeed, HILPDA was selectively higher in ccRCC (KIRC)
compared to all other tumors including two other RCC subtypes,
papillary (KIRP) and chromophobe RCC (KICH) (Fig. 6F and
SI Appendix, Table S2). This is in accordance with a previous study
demonstrating that RCC cells and patient samples were expressing
high HILPDA levels (29). The genes encoding GLS, ATP citrate
lyase (ACLY), and perilipin 2 (PLIN2) were also highly expressed
in ccRCC. While ACLY regulates fatty acid synthesis, PLIN2 is
located in the membrane of LDs. Notably, the genes encoding
FASN and ACACA had lower expression in ¢ccRCC than in all
other tumor types analyzed, while MYC showed average abun-
dance (SI Appendix, Fig. S12A and Table S2).

Finally, we analyzed single-cell RNA-seq (scRNA-seq) on data
from patient-derived normal renal as well as tumor tissue, reported
by Obradovic et al. (30). Strikingly, while cycling tumor cells as
well as other cells from the tumor stroma revealed high levels of
HILPDA, none of the cells from the healthy renal tissue expressed
this gene (Fig. 6G). Moreover, MYC levels were only observed in
the tumor cells, especially in those with proliferative characteris-
tics. Similar to data from the TCGA database, GLS, ACLY, and
PLINZ2 were elevated in tumors compared to normal tissue while
VHL and genes encoding other enzymes in the fatty acid synthesis

https://doi.org/10.1073/pnas.2310479121

pathway were not detected. Finally, EPAS1, encoding HIF2-a was
mainly expressed in tumors and no major differences in HIF-14
expression between cells in tumor and normal tissue were observed
(Fig. 6G).

Taken together, we have identified HILPDA as a specific bio-
marker for ccRCC as it is expressed in both cancer as well as in
tumor-associated stroma cells but not in normal kidney.

Discussion

Metabolic reprogramming is a major characteristic of ccRCC as
manifested by LD accumulation (31). However, this phenotype is
not limited to this renal cancer as we and others have demonstrated
that several different cancer types accumulate LDs (15, 32, 33).
Indeed, LDs are emerging as a new hallmark of cancer (34). Recent
studies showed that LDs control the levels of polyunsaturated fatty
acids, which could result in lipotoxicity and ferroptosis (35, 36).
Furthermore, LD accumulation in colorectal cancer provided resist-
ance to cell death upon treatment with chemotherapeutic drugs
(37). This suggests that LDs contribute to cancer cell survival, and
inhibiting their formation could be a potential approach to avoid
cancer cell dissemination and metastasis. Thus, understanding the
mechanism underlying LD accumulation is crucial for identifying
new therapeutic targets.

It is well known that LD accumulation occurs during hypoxia
(38, 39); however, the key role of MYC in this process has not been
elucidated. Notably, we observed that VHL-deficient ccRCC cells
induced LD formation upon MYC inhibition using either of four
different inhibitors or MYC silencing. We expected that vehicle-
treated VHL- cells would also accumulate LDs due to their consti-
tutive HIF expression. However, we found that cells in culture have
mostly lost the capacity to accumulate large amounts of LDs, unless
MYC is inhibited. Interestingly, G5 treatment not only induced LD
accumulation but also reduced the levels of HIF in RCC4 and A498
cells. Further studies are needed to determine whether this was due
to off-target effects or by selective modulation of HIF expression.

The use of chemical compounds at high concentrations could
lead to nonspecific effects and toxicity. Yet, downregulation of
MYC using shMYClentiviral transduction or inducing Omomyc
expression validated that MYC inhibition indeed promoted for-
mation of LDs both in vitro and in vivo. Omomyc was recently
in phase I clinical trials for the treatment of different solid tumors,
demonstrating tolerability, minimal side effects, and stabilization
of disease (40). The Omomyc peptide has previously not been
studied in ccRCC nor has its impact on LD accumulation.
Together, our results show that this process is governed by the
metabolic rewiring induced by the concomitant HIF stabilization
and MYC inhibition in ccRCC.

During hypoxia, in situations where HIF is constitutively
expressed, or in cells with disrupted mitochondrial respiration,
reductive carboxylation of glutamine provides the acetyl-CoA
necessary for lipid synthesis (11). We demonstrated that glutamine
was essential for fatty acid synthesis and accumulation in LDs
after MYC inhibition, as glutamine deprivation or treatment with
BPTES both in vitro and invivo prevented this phenotype.
Furthermore, inhibition of fatty acid synthesis also blocked LD
accumulation. Hence, preventing the use of glutamine-derived
carbons for fatty acid synthesis is a promising strategy for impair-
ing LD accumulation, resulting in disrupted metabolic adaptation
and reduced cancer cell survival.

Enzymes regulating the synthesis of diacylglycerol from PA are
controlled by the sterol regulatory element binding protein 1
(SREBP1) and previous results indicate that this enzyme can
cooperate with MYC as well as HIF1-a in the regulation of lipid
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Fig. 6. Identification of HILPDA as a biomarker for ccRCC. (A) RT-gqPCR of HILPDA in RCC4 and 786-O VHL+ and VHL- control or HILPDA overexpressing cells. B2M
was used as housekeeping gene. Data are presented as mean + SD (n = 3). Statistical analysis: t test with **** indicating P < 0.0001. (B) Lipid droplet staining in
RCC4 VHL+ and VHL- control and HILPDA overexpressing cells. Green: LD-BTD1, blue: DAPI. (Scale bar: 20 pm.) Images are representative of three independent
replicates. (C) Tumor index (volume each day/initial volume) in mice with tumors derived from 786-O VHL- Omomyc shSCR or shHILPDA cells divided into two
groups: ~-Omomyc (n =8 and n = 7) or +Omomyc (n = 6 for both cell lines). Data are presented as mean + SD. Statistical analysis: two-way ANOVA with ** and
***%* jndicating P < 0.01 or <0.0001, respectively. (D) Immunohistochemistry analysis of tumor sections stained with anti-Ki67, anti-c-MYC, anti-Omomyc and
anti-HILPDA. (Scale bar: 50 pm.) (E) Tumor sections stained with LD-BTD1 (green) for LD visualization. Blue: DAPI. (Scale bar: 50 um.) Images in D and E are
representative of at least three independent tumors per condition. (F) Relative expression of HILPDA across different tumors, including the three renal cell
carcinomas: clear cell (KIRC) blue, chromophobe (KICH) green, and papillary (KIRP) orange. (G) Single-cell RNA-seq analysis of normal (Left panel) or tumor (Right
panel) renal tissue. The upper graphs represent dimensional reduction plots (UMAP). The lower graphs indicate the levels of different genes of interest in the
cell entities found within the samples. (H) Graphical abstract, created with Biorender.com.
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synthesis (41, 42). Our isotope tracing experiments demon-
strated that VHL+ cells mainly generated cytosolic acetyl-CoA
from glucose while glutamine was a major contributor in VHL-
cells. Furthermore, while VHL- cells treated with JQ1 were
mostly converting PA to TGs, VHL+ cells instead produced high
amounts of PI, PG, and LPI. This could explain why these cells
have lower amounts of LDs, and why inhibition of GLS or
deprivation of glutamine prevented LD accumulation in VHL-
cells upon MYC inhibition. The combination of BPTES and
Omomyc expression further reduced tumor growth and pre-
vented LD accumulation, with no signs of apoptosis, indicating
that the treatment inhibited proliferation, postulating this com-
bination as an attractive approach for preventing LD accumu-
lation induced by MYC inhibition.

We identified HILPDA as one of the most significantly
up-regulated genes in VHL- cells exposed to JQ1. MYC, MAX,
as well as MIZ-1 have been reported to bind the H/ILPDA pro-
moter, suggesting that this ternary complex could inhibit its
expression. In addition, downregulation of HILPDA prevented
LD accumulation and impaired proliferation in vitro and tumor
burden in vivo, while its overexpression supported this process,
confirming previous results on its crucial role in metabolic rewir-
ing. In accordance with our in vitro findings, enhanced HILPDA
expression was indeed observed in tumors upon Omomyc induc-
tion, which was attenuated when combined with BPTES. We
also observed that BPTES increased MYC which could explain
the reduced levels of HILPDA upon treatment with this GLS
inhibitor, although further studies will be needed to fully under-
stand this observation. Importantly, in silico analysis of patient
data demonstrated that H/ILPDA is highly expressed in ccRCC
compared to other tumor types or healthy renal cells. It has
previously been reported that RCC samples have high HILPDA
levels (29). Here, we expanded the analysis to different adult
cancers, postulating HILPDA as a specific biomarker for ccRCC.
In addition, we observed high HILPDA levels only in ¢cRCC
(KIRC), the most aggressive renal cancer type, compared to the
other two subtypes, chromophobe (KICH), or papillary (KIRP).
Importantly, we found that HILPDA is not only highly expressed
in cancer cells but also in the tumor stroma, suggesting that these
cells also could accumulate LDs, possibly induced by cancer
cells, thereby supporting the tumor and promoting its survival.
In fact, heterogeneity in LD accumulation in the same cell pop-
ulation contributes to reduce lipotoxicity and increased survival
during periods of nutrient starvation (43—45). This observation
paves the way for future studies on the role of LDs in the cross
talk between cancer and stroma cells. Moreover, the absence of
HILPDA expression in normal renal tissue opens possibilities
for targeting ccRCC tumors without disrupting the surrounding
healthy tissue.

Collectively, our study identifies the molecular mechanism lead-
ing to robust LD accumulation in ¢cRCC due to enhanced TG
content upon simultaneous HIF expression and MYC inhibition
involving HILPDA (Fig. 6H). As the role of LDs in cancer pro-
gression and survival is gaining more relevance, understanding the
process of LD accumulation, as well as the identification of selective
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targets as HILPDA, could lay the basis for attractive strategies for
precision medicine for ccRCC patients.

Materials and Methods

Detailed description of cell lines, mice, inhibitors and all methods including cell culture,
hypoxia chamber experiments, cell viability and BrdU proliferation assays, western
blot, RT-qPCR, nutrient deprivation experiments,immunofluorescence, siRNA, shRNA
knockdown and protein overexpression experiments, lipidomics, stable isotope tracing,
invivo xenograft studies, bulk and single-cell RNAsequencing, immunohistochemistry,
ENCODE and TCGA database analysis are provided in S/ Appendix.

Statistical Analysis. All in vitro and in vivo data were analyzed by Student's
ttest or one-way or two-way ANOVA test for multiple comparisons with Dunnett's
or Tukey's corrections using GraphPad Prism (version 8.1.1), as indicated in the
Figure legends. All experiments have been performed at least in three independ-
entreplicates, and all data are presented as mean = SD with *, ** *** and ****
indicating P < 0.05, <0.01, <0.001, and <0.0001, respectively.

Data, Materials, and Software Availability. The RNA-sequencing and corre-
sponding metadata have been deposited in NCBI's Gene Expression Omnibus
(46) and are accessible through GEO Series accession number GSE223069
(https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE223069) (47). This
work does not report original code. All other data are included in the manuscript
and/or supporting information.
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