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Hypoxia upregulating ACSS2 enhances lipid 1)

metabolism reprogramming through HMGCS1
mediated PI3K/AKT/mTOR pathway to promote
the progression of pancreatic neuroendocrine
neoplasms

Danyang Gu'", Mujie Ye'", Guogin Zhu'", Jianan Bai', Jinhao Chen', Lijun Yan', Ping Yu', Feiyu Lu’,
Chunhua Hu', Yuan Zhong', Pengfei Liu?’, Qibin He*" and Qiyun Tang'”

Abstract

Background Pancreatic neuroendocrine neoplasms (pNENS) are relatively rare. Hypoxia and lipid metabolism-related
gene acetyl-CoA synthetase 2 (ACSS2) is involved in tumor progression, but its role in pNENSs is not revealed. This
study showed that hypoxia can upregulate ACSS2, which plays an important role in the occurrence and development
of pNENs through lipid metabolism reprogramming. However, the precise role and mechanisms of ACSS2 in pNENs
remain unknown.

Methods mRNA and protein levels of ACSS2 and 3-hydroxy-3-methylglutaryl-CoA synthasel (HMGCS1) were
detected using quantitative real-time PCR (qRT-PCR) and Western blotting (WB). The effects of ACSS2 and HMGCS1
on cell proliferation were examined using CCK-8, colony formation assay and EdU assay, and their effects on cell
migration and invasion were examined using transwell assay. The interaction between ACSS2 and HMGCS1 was veri-
fied by Co-immunoprecipitation (Co-IP) experiments, and the functions of ACSS2 and HMGCST in vivo were deter-
mined by nude mouse xenografts.

Results We demonstrated that hypoxia can upregulate ACSS2 while hypoxia also promoted the progression

of pNENs. ACSS2 was significantly upregulated in pNENSs, and overexpression of ACSS2 promoted the progression

of pNENs and knockdown of ACSS2 and ACSS2 inhibitor (ACSS2i) treatment inhibited the progression of pNENSs.
ACSS2 regulated lipid reprogramming and the PI3K/AKT/mTOR pathway in pNENs, and ACSS2 regulated lipid metab-
olism reprogramming through the PI3K/AKT/mTOR pathway. Co-IP experiments indicated that HMGCS1 interacted
with ACSS2 in pNENSs. Overexpression of HMGCS1 can reverse the enhanced lipid metabolism reprogramming
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and tumor-promoting effects of knockdown of ACSS2. Moreover, overexpression of HMGCS1 reversed the inhibitory
effect of knockdown of ACSS2 on the PI3K/AKT/mTOR pathway.

Conclusion Our study revealed that hypoxia can upregulate the lipid metabolism-related gene ACSS2, which plays
a tumorigenic effect by regulating lipid metabolism through activating the PI3K/AKT/mTOR pathway. In addition,
HMGCST can reverse the oncogenic effects of ACSS2, providing a new option for therapeutic strategy.

Keywords Hypoxia, ACSS2, Lipid metabolism reprogramming, HMGCST1, PI3K/AKT/mTOR pathway, Pancreatic

neuroendocrine neoplasms

Introduction
Neuroendocrine neoplasms (NENs) are a group of
tumors that originate from neuroendocrine cells and
are prevalent in the gastrointestinal tract and pan-
creas [1]. In the pancreas, NENs were first identified
by Langerhans in 1869 [2], and although the incidence
of pNENsSs is relatively low, accounting for only 1-2% of
pancreatic tumors, their incidence is increasing yearly
[3]. pNENs have been classified as functional or non-
functional based on whether or not they release symp-
tom-producing hormones, and the majority of pNENs
are nonfunctional. Functional pNENs are uncommon
and can release different hormones, such as insu-
lin, glucagon, gastrin, vasoactive intestinal peptide,
and growth inhibitors and so on [4]. So far, more and
more studies have focused on the clinical and basic
research on pNENS, and their treatment also tends to
be comprehensive [5]. Current studies have shown
that pNENs are mainly affected by 3 molecular path-
ways, namely MENT1 inactivation, DAXX/ATRX muta-
tions, and alterations in the mammalian target protein
pathway of rapamycin(mTOR), and that patients with
pNENs with MEN1 and DAXX/ATRX mutations have
a better prognosis, whereas patients with pNENs with
mTOR mutations have a worse prognosis [6]. Although
the exploration of pNENs has made some progress, the
research on pNENSs needs to be further improved.
Hypoxia is a common and important feature of
tumors and is closely associated with tumor progres-
sion, increased tumor aggressiveness, and low tumor sur-
vival [7]. When a cell is deprived of oxygen, it adapts to
hypoxia by reprogramming many of its genes for energy
metabolism, as do tumor cells. Although a large number
of studies have emerged on the regulation of metabolism
by hypoxia-inducible factors (HIF), it is only in recent
years that the effects of hypoxia and HIF on lipid metabo-
lism have come to the forefront of research [8]. Lipids are
energy-rich compounds that can be degraded to provide
ATP and play a role in cellular bioenergetics. Therefore,
the regulation of lipid synthesis, uptake and degrada-
tion is essential for the maintenance of cellular physiol-
ogy, and lipid metabolism is increasingly recognized as a
potential therapeutic target for tumors [9].

The only carbon source and precursor for fatty acid
biosynthesis in mammalian cells is acetyl coenzyme A
(acetyl-CoA). The synthetic precursors of acetyl-CoA
are mainly citrate and acetate. Citrate generates acetyl-
CoA under the action of ATP citrate lyase (ACLY), while
acetate generates acetyl-CoA under the action of acetyl-
CoA synthetase (ACSS) [10]. There have been more stud-
ies to prove the role of ACLY in inhibiting the growth of
tumors and only a few studies have explored the poten-
tial role of ACSS in tumors, while its study in NENs has
not been reported. ACSS includes three family members:
ACSS1, ACSS2, ACSS3, among which ACSS2 has been
studied more in tumors, and it plays different roles in dif-
ferent tumors.

In our study, the aim is to investigate the effect of
hypoxia conditions on the lipid metabolism related gene
ACSS2, and the role it plays in the growth and survival
of pNEN:Ss cells, for exploring potential therapeutic strate-
gies for pNENSs.

Materials and methods

Cell culture

The Human Pancreatic Nestin-Expressing ductal cells
line (HPNE) was purchased from the ATCC (CBP60857).
The human pNENs were obtained from the JCRB cell
band (JCRB0183), and the other pNENSs cell is named
PNET that we isolated primary human pNENSs cell from
the pNENSs tissues of patients diagnosed with pNENs
[11]. HPNE and QGP-1 cells were cultured in RPMI-
1640 medium (Gibco) and PNET cells were cultured in
McCoy’s 5A medium (Gibco). All cells were maintained
in a humidified incubator with 21% O,, 5% CO, at 37 °C,
and cells under hypoxia were cultured in a humidified
incubator with1% O,, 5% CO, at 37 °C.

Construction of stable transmissible cells

ACSS2 knockdown lentiviral and HMGCS]1 overexpres-
sion (OE) lentiviral were designed and synthesized by
GenePharma (Suzhou, China). HIF-1a, ACSS2 overex-
pression plasmids were constructed in the PLVX vec-
tor by Genomeditech. HIF-1a and ACSS2 knockdown
plasmids were constructed in the PLKOI1 vector by
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Genomeditech, 293 T cells were used for lentivirus pack-
aging. Stable transmissible cells were screened with puro-
mycin and verified by qRT-PCR and WB.

qRT-PCR

Total RNA was extracted by Trizol reagent (Life), and
genomic DNA was removed with 5 X g DNA digester
(Yeasen) with the reaction carried out at 42 C for 2 min,
and then adding 4xHifair® III SuperMix plus (Yeasen) at
37 °C for 15 min and 85 C for 5 s for reverse transcrip-
tion to synthesize ¢cDNA. qRT-PCR was performed
using a Roche instrument and a SYBR Green PCR mas-
ter mix(Yeasen) with the following steps:95 °C for 5 min,
35 cycles at 95 C for 30 s, 58 C for 30 s, 72 °C for 30 s,
ACTIN was used as an internal control. The primer
sequences are shown in Additional file 2: Table S1.

WB

Cells were lysed in NP40 buffer (Beyotime) contain-
ing 1% 100 mM PMSF (Beyotime) for 30 min, and then
boiled under 1Xloading buffer at 105 ‘C for 10 min. An
equal amount of protein was loaded on 10% SDS-PAGE
gels and electrically transferred to a nitrocellulose filter
membrane after separation. The membrane was blocked
with 8% de-skimmed milk (4 g milk powder with 50 ml
TBS Tween-20 buffer) for 1-2 h and then incubated with
primary antibodies at 4 °C overnight. Then, after using
TBS-Tween washing membrane three times for 10 min
each time, the band was incubated with anti-rabbit IgG
or anti-mouse IgG at room temperature for 60 min. All
antibodies used are shown in Additional file 2: Table S2.
The images were created by adding enhanced chemilumi-
nescence (NCM Biotech) with image laboratory software.

CUT-RUN

The CUT&RUN assay was conducted using Hyperactive
pG-MNase CUT&RUN Assay Kit for qPCR (Vazyme,
HD101). Briefly, 1 x 10° primary hypoxia and normoxia
PNENS cells were collected and washed once with 500 pl
wash buffer before they were bound to ConA beads for
10 min at room temperature. After that, cells were incu-
bated with 1 pg HIF-1a antibody at 4 °C overnight. Anti-
mouse IgG was added and incubated for 1 h at 25 °C
the next day. Then cells were washed three times with
DIG-wash buffer (Vazyme, HD101) and incubated with
100 ul pG-MNase Enzyme premix (Vazyme, HD101)
for 1 h at 4 °C. Similarly, cells were washed three times
with DIG-wash buffer, resuspended in fragmentation
buffer and incubated at 37 °C for 30 min. Add 100 ul of
stop buffer to stop fragmentation and DNA was extracted
by using column-based extraction reagents. DNA was
eluted with double-distilled water. qPCR amplifications
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were performed on the ABI 7500Thermocycler (Applied
Biosystems) in 20ul reaction volumes containing DNA,
primers, and ChamQ Universal SYBR qPCR Master Mix.
The expression of ACSS2 was calculated by a standard
curve method. The sequence of ACSS2 primers was as
follows: Forward 5-TCTGGTAGGGTCCACGTCTC-3/,
Reverse 5-TGGACTCCACTAAGGGAGCA-3".

Immunofluorescence

A total of 2x 104 cells were plated in 24-well plates and
incubated with 200 pl hybrid solution overnight, Next,
cells were washed with PBS-Tween (PBST) threes times
and fixed at 4% paraformaldehyde. Cells were incubated
with 0.5% Triton X-100 for 15 min and then blocked
with goat serum for 30 min. After blocking, using pri-
mary antibody against ACSS2 incubated for 1-h.After
cells were washed by PBST three times and then coupled
with 1-h incubation with Coralite488-conjugated goat
anti-Rabbit IgG (Proteintech) at room temperature. Next,
cells were stasinedwith Hoechst33342 for 30 min, the
images were rinsed randomly using a fluorescence micro-
scope (Olympus Optics).

Cell proliferation

For the cell counting kit 8 (CCK-8) assay(Yeason), 5 x 10
pPNENSs cells were inoculated into 96-well plates con-
taining 100 pl of CCK8 reagent and treated with 10ul
of CCKS8 reagent for 2 h, the cell quantity was detected
using a microplate reader. For the colony formation
assay, 1 x 10° cells were inoculated in 6-well plates and
cultured in complete medium for 2 weeks, fixed with 4%
paraformaldehyde for 20 min, 0.25% crystal violet stain-
ing for 30 min. For the EdU assays, cells were inoculated
in 96-well plates and treated with 50 uM EdU for 2 h at
37 °C, and then cells were fixed in 4% paraformaldehyde.
The cells were incubated with 1XApollo reaction cocktail
(RiboBo) for 30 min after being permeabilized with 0.5%
Triton-X, then DNA was stained with Hoechst33342,
and finally the images were observed by fluorescence
microscopy.

Cell migration and invasion assay

In total, 5 X 10° QGP-1, 2 x 10* PNET cells were inocu-
lated in the transwell chambers (Corning) for migration
experiments and 1 X 10° QGP-1, 4 x 10* PNET cells were
inoculated in the chambers for invasion experiments.
Cells were inoculated in the upper chamber contain-
ing 200 pl of serum-free medium and 600 pl of 30% fetal
bovine serum. The cells were cultured for 48 h and then
fixed with 4% paraformaldehyde for 30 min, then stained
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with 2% crystal violet for 30 min. Cells on the upper sides
were wiped with a swab, while cells on the lower sides
were randomly imaged under a microscope.

Co-IP

Incubate an equal amount of QGP-1 cell lysate with
either plain IgG antibody or anti-ACSS2 antibody or
anti-HMSCS1 antibody and then rotate at 4 °C for 2 h.
Then add 50 pl of Protein A/G agarose beads (Beyo-
time) to each tube and rotate at 4 °C overnight. The
beads were then rinsed 5 times with RIPA and boiled
for 5 min. The ACSS2 or HMGCS1 bands were then
detected by WB.

Nile red staining assay

Nile red staining was used to detect cell lipid droplet.
Transgenic QGP-1 and PNET cells were inoculated
into 96-well plates. After cells were adhered to the
wall, they were fixed with 4% paraformaldehyde for 30
minutes and then stained with Nile red (1 mg/ml) and
Hoechst33342 for 20 min of incubation at room tem-
perature. Images were randomly captured under the
microscope.

Quantitation of triglyceride, free fatty acids and total
cholesterol

Triglyceride concentration was measured using the
Adipogenesis Detection Assay (Abcam). Free fatty
acids concentration was measured using the Free Fatty
Acid Assay Kit (Abbkine) and total cholesterol concen-
tration was measured using the Total Cholesterol Assay
Kit (Abbkine).

Animal experiments

In a mouse xenotransplantation model, QGP-1 cells
(2 x 106) with ACSS2 knockdown group, overexpres-
sion of HMGCS1 in ACSS2 knocked down group, and
PLKO1l group were subcutively injected into male
BALB/c nude mice (4-5 weeks old). After 5 weeks,
the mice were killed by euthanasia, the tumors were
removed, and then the tumors were weighed, measured
in size (width and length), photographed, and fixed or
frozen in 4% paraformaldehyde for further analysis.
The tumor volume (V) was calculated by the formula :V
= width? x length/2. The obtained tumors were accu-
rately weighed to calculate the inhibition rate (TIR) by
the following formula: TIR (%) =(W ontro1 = Wample)/
W ontrol X 100. The animal experiment procedures were
approved by the Animal care and Use Committee of
Nanjing Medical University.
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Immunohistochemistry

Tumor tissues were fixed with 4% formaldehyde and
embedded with paraffin. After cutting and dewax-
ing, the slices were incubated in citrate antigen repair
buffer, closed with 3% bovine serum albumin blocking
buffer, and then incubated with primary antibody at
4 °C overnight. Then, the slices were washed three times
and incubated with secondary antibody at room tem-
perature for 1 h. DAB color development solution was
added and hematoxylin staining was performed. Finally,
the slices were dehydrated and images were taken ran-
domly by Optical microscope (CIC: XSP-C204)

Statistical analysis

All experiments were independently repeated at least
three times. All data are expressed as mean + standard
deviation. The means between groups were compared
using the unpaired or paired student’s t test. All statistical
analysis and experimental charts were performed using
GraphPad software and p-value < 0.05 was significant.

Results

Hypoxia upregulated ACSS2 in pNENs and ACSS2

was highly expressed in pNENs

To investigate the role of hypoxia on the lipid metab-
olism-related gene ACSS2, we subjected pNENs cells
QGP-1 and PNET to hypoxia treatment, and the results
showed that the expression of ACSS2 in pNENSs cells
after hypoxia was higher than that in pNENs cells cul-
tured in normoxia (Fig. 1A—C). Meanwhile, the binding
of ACSS2 to HIF-1a was elevated after hypoxia in pNENs
cells as demonstrated by CUT-RUN assay (Fig. 1D). After
PNENSs cells were hypoxic, CCK8 assay and colony for-
mation assay showed that hypoxia promoted the prolif-
eration of pNENs cells (Additional file 1: Fig. SIA-D),
and EdU assay also confirmed the promotional effect
of hypoxia on the proliferation of pNENs cells (Addi-
tional file 1: Fig. S1E, F), and transwell assay showed
that hypoxia could promote the migration and invasion
of pNENSs cells (Additional file 1: Fig. S1G, H). To fur-
ther investigate the role of hypoxia in pNENSs cells, sta-
ble overexpression of HIF-1a and knockdown of HIF-1a
QGP-1, PNET cell lines were constructed with lentivi-
ruses and the transfection efficiency was confirmed, and
we also found that the expression of ACSS2 was elevated
after HIF-1a overexpressed and decreased after HIF-1a
knocked down (Additional file 1: Figs. S2A-C, S3A-C).
Cell proliferation assay and transwell assay found that
overexpression of HIF-la promoted the proliferation,
migration and invasion of pNENSs cells (Additional file 1:
Fig. S2D-K). Meanwhile, knockdown of HIF-1a inhib-
ited the proliferation, migration and invasion of pNENs
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cells (Additional file 1: Fig. S3D-K). Since pNENs are
relatively rare tumors with small sample size, we analyzed
the mRNA expression of ACSS2 using the European
Genome- phenome Archive (EGA) database. The results
surfaced that ACSS2 expression was higher in pNENs
tumor tissues than in paraneoplastic tissues (Fig. 1E). To
better explore the role of ACSS2 in pNENSs, the expres-
sion of ACSS2 in pNENS cell lines was found to be higher
than that in normal human pancreatic cell lines by qRT-
PCR and WB (Fig. 1F, G), and immunofluorescence also
showed the location of ACSS2 in each cell line (Fig. 1H).

Overexpression of ACSS2 promoted proliferation,
migration and invasion of pNENs cells

To investigate the role of ACSS2 in pNENs, we estab-
lished QGP-1, PNET cell lines stably overexpressing of
ACSS2 and examined their transfection efficiency by
qRT-PCR and WB (Fig. 2A—C). CCK-8 assay and colony
formation assay and EdU assay showed that overexpres-
sion of ACSS2 promoted the proliferation of pNENS cells
(Fig. 2D-I). Transwell assay showed that overexpression
of ACSS2 promoted the migration and invasion ability of
pNENS cells (Fig. 2], K). Overall, these results confirmed
that overexpression of ACSS2 facilitated pNENS cell pro-
liferation, migration and invasion.

Knockdown of ACSS2 and ACSS2i suppressed proliferation,
migration and invasion of pNENs cells

To further investigate the function of ACSS2 in pNENSs,
we constructed stably knockdown of ACSS2 QGP-1,
PNET cell lines with lentivirus and confirmed the trans-
fection efficiency by qRT-PCR and WB (Fig. 3A-C).
CCK8 assay and colony formation assay showed that
knockdown of ACSS2 inhibited the proliferation of
pPNENSs cells (Fig. 3D-G). EdU assay also confirmed the
inhibitory effect of knockdown of ACSS2 in pNENSs cells
(Fig. 3H, I). Transwell assay demonstrated that knock-
down of ACSS2 suppressed the migration and invasion
of pNENSs cells (Fig. 3], K). Further, we treated pNENs
cells with ACSS2i and detected the IC50 of the action
of ACSS2i in pNENs cells (Additional file 1: Fig. S4A,
B). pNENs cells QGP-1 and PNET were treated sepa-
rately according to the calculated IC50, and it was found
that after ACSS2i treatment, the expression of ACSS2
was reduced (Additional file 1: Fig. S4C—E). Meanwhile,
ACSS2i inhibited the proliferation, migration and inva-
sion of pNENs cells (Additional file 1: Fig. S4F-M). In
summary, the above results indicated that knockdown of
ACSS2 and ACSS2i treatment significantly inhibited the
proliferation, migration and invasion of pNENS cells.
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ACSS2 regulated lipid metabolism reprogramming

in pNENs cells

ACSS2 is a lipid metabolism-related gene, so we per-
formed metabolomics analysis on pNENs cells. We
found that ACSS2 can regulate lipid metabolism repro-
gramming in pNENSs cells (Additional file 1: Fig. S5A,
B). Immediately we performed relevant in vitro experi-
ments on lipid metabolism and found that lipid droplets
increased with overexpression of ACSS2 and decreased
with knockdown of ACSS2 and ACSS2i treatment in
pNENSs cells by Nile Red staining assay (Fig. 4A—-C). We
also examined the triglyceride and total cholesterol con-
tents of different pNENSs cells, and found that the tri-
glyceride and total cholesterol contents were increased
after overexpression of ACSS2, while the triglyceride and
total cholesterol contents were decreased after knock-
down of ACSS2 (Fig. 4D-E). Finally, it was found that
after overexpression of ACSS2, the free fatty acid content
of pNENSs cells was reduced, whereas after knockdown
of ACSS2, the free fatty acid content was increased in
pNENSs cells, which may be caused by ACSS2 promoting
lipid metabolism and decreasing free fatty acid (Fig. 4F).
Overall, ACSS2 can modulate lipid metabolism repro-
gramming in pNENSs cells.

ACSS2 regulated the PI3K/AKT/mTOR pathway and then
enhanced lipid metabolism reprogramming in pNENs
RNA- seq assays were used to study the molecular mech-
anism of ACSS2 in pNENSs, and KEGG pathway analysis
demonstrated that ACSS2 was connected to the PI3K/
AKT/mTOR pathway (Additional file 1: Fig. S5C, D).
Then we confirmed that ACSS2 could activate the PI3K/
AKT/mTOR pathway by regulating related biomarkers
PI3K » pAKT » pmTOR. The results revealed that the
PI3K/AKT/mTOR pathway was activated when ACSS2
was overexpressed (Fig. 5A), and a reverse tendency
showed when ACSS2 was knocked down (Fig. 5B). To
further verify whether ACSS2 inhibited lipid metabolism
reprogramming through the PI3K/AKT/mTOR pathway,
we chose to treat overexpression of ACSS2 pNENs cells
with rapamycin, an inhibitor of mTOR, and found that
compared with overexpression of ACSS2 pNENs cells,
rapamycin treatment pNENSs cells showed a decrease in
lipid droplets (Fig. 5C), as well as a decrease in triglyc-
eride and total cholesterol (Fig. 5D, E), and an increase
in free fatty acids (Fig. 5F). These results clearly indicated
that ACSS2 regulated the PI3K/AKT/mTOR pathway
and then enhanced lipid metabolism reprogramming in
PNEN:S.
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HMGCST1 reverses the oncogenic effects of ACSS2 in vitro
and in vivo

To further explore through which relevant lipid metab-
olism molecules ACSS2 facilitated the progression of
pNENSs, we performed IP experiments and sequencing
results revealed that HMGCSI1 is a lipid metabolism-
related protein that interacted with ACSS2 in pNENs
cells. To verify the relationship between HMGCS1 and
ACSS2 in pNENs cells, qRT-PCR and WB indicated
that overexpression of ACSS2 in pNENs cells was fol-
lowed by elevated expression of HMGCS1, and at
the same time, knockdown of ACSS2 in pNENs cells
was followed by decreased expression of HMGCS1
(Fig. 6A-D). Similarly, the results of Co-IP assay
showed that the HMGCSI protein interacted with the
ACSS2 protein (Fig. 6E). CCK8 assay, colony forma-
tion assay, EAU assay and transwell assay showed that
overexpression of HMGCS1 in ACSS2 knocked down
PNENSs cells promotes the proliferation and migratory
invasion of pNENs cells (Figs 6F-K, 7A-C). Overex-
pression of HMGCS1 in ACSS2 knocked down pNENs
cells was further found to activate the PI3K/AKT/
mTOR pathway by WB experiments (Fig. 7D). We also
explored the potential effects of HMGCS1 on lipid
metabolism and found that overexpression of HMGCS1
in ACSS2 knocked down pNENs cells resulted in
increased lipid droplets, as well as an increase in tri-
glycerides and total cholesterol, and fewer free fatty
acids (Figs. 7E, F, 8A, B). To further evaluate the effect
of ACSS2 on tumors in vivo, we constructed a nude
mouse xenograft model. Nude mice were injected
subcutaneously with 5 X 10° QGP-1 cells in the axilla,
and three groups of mice were injected: (1)wild-type
QGP-1 cells; (2) knockdown of ACSS2 QGP-1 cells;
(3) overexpression of HMGCS1 in ACSS2 knocked
down QGP-1 cells, and the nude mice were eutha-
nized after 5 weeks. Tumor weight and volume were
smaller in the knockdown of ACSS2 group compared to
the wild-type group, and further larger in the overex-
pression of HMGCS1 in ACSS2 knocked down group
compared to the knockdown of ACSS2 group. Mean-
while, the average TIR of ACSS2 Knocked down group

(See figure on next page.)
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reached 63.78% (Fig. 8C-E). Immunohistochemical
determined that ACSS2 was successfully knocked down
in the knockdown of ACSS2 group and HMGCS1 was
successfully overexpressed in the overexpression of
HMGCSI1 in ACSS2 knocked down group. Knockdown
of ACSS2 inhibited the expression of proliferative index
Ki67, while overexpression of HMGCS1 promoted the
expression of proliferative index Ki67 (Fig. 8F). In con-
clusion, these results established that ACSS2 affects the
PIBK/AKT/mTOR pathway through the downstream
molecule HMGCSI1 thereby promoting the progression
of pNENS.

Discussion

Hypoxia is a common feature of tumors with poor
clinical prognosis that have aggressive features such as
increased metabolic and migratory potential. Previous
studies have shown that lipid metabolism is drastically
altered under hypoxic conditions [12]. Hypoxia has been
shown to upregulate the lipid metabolism-related gene
ACSS2 in prostate and breast cancers [13]. When oxygen
is scarce, cells adapt to the lack of oxygen by reprogram-
ming the expression of some genes involved in energy
metabolism. The role of HIF-1 in the activation of pro-
tein-coding genes involved in carbohydrate metabolism
has long been established [14, 15]. The role of hypoxia in
pNENs has not yet been revealed. Therefore, our study
first revealed the role played by hypoxia in pNENS, and it
was found that hypoxia could promote the progression of
pNEN:S. In order to explore the role played by hypoxia on
lipid metabolism in pNENSs, we found that hypoxia could
up-regulate lipid metabolism-related gene ACSS2 and
both of them were regulated by each other at the tran-
scriptional level.

Studies over the past two decades have clearly estab-
lished that altered lipid metabolism is an important met-
abolic phenotype in cancer cells. Therefore, blocking the
lipid supply to cancer cells would have a dramatic impact
on cancer cell bioenergetics, membrane biosynthesis and
intracellular signaling processes [9]. ACSS2 is a key factor
in lipid metabolism that functions differently in different
tumors. ACSS2 is expressed in many tumors, localized in

Fig. 6 HMGCS1 reversed the oncogenic effects of ACSS2 in vitro. A-D Overexpression of ACSS2 upregulated the expression of HMGCS1

and knockdown of ACSS2 downregulated the expression of HMGCS1 by gRT-PCR and WB. E Co-IP demonstrated ACSS2 and HMGCS1 interaction.
F, G CCK-8 assay indicated that overexpression of HMGCS1 reversed the tumor-suppressive effect of ACSS2 knocked down. H, I The colony
formation suggested that overexpression of HMGCS1 reversed the tumor-suppressive effect of ACSS2 knocked down. J, K EdU assay indicated
that overexpression of HMGCS1 reversed the DNA synthesis suppressed effect of ACSS2 knocked down. *p <0.05, **p <0.01, ***p <0.001,

***%p <0.0001
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the mammalian cytoplasm and nucleus, and is responsi-
ble for catalyzing the generation of acetyl coenzyme A,
an intermediate product of metabolism from acetate [16].
Under metabolic stress conditions, ACSS2 promotes the
growth of cancer cells [13], and ACSS2 deficiency inhib-
its the growth of tumor cells and tumor formation in
mice [17]. Moreover, ACSS2 is upregulated in renal cell
carcinoma and promotes migration and invasion of renal
cancer cells [18]. Our research indicated that ACSS2
was highly expressed in pNENSs, and overexpression of
ACSS2 promoted the proliferation, migration and inva-
sion of pNENSs, while knockdown of ACSS2 and ACSS2i
treatment inhibited the proliferation of pNENs after
intervention. We also found that ACSS2 regulated lipid
metabolism. Therefore, ACSS2 may promote the progres-
sion of pNENSs by regulating lipid metabolism.

Our study found a protein molecule HMGCS1 inter-
acts with ACSS2by IP assay. Moreover, WB and Co-IP
analysis showed that ACSS2 interacted with HMGCS1
and that ACSS2 regulated the expression of HMGCSI.
ACSS2 is the key enzyme for the synthesis of acetyl-CoA,
which is the substrate for the acetoacetyl-CoA. HMGCS1
is the first key enzyme of the mevalonate pathway that
converts acetoacetyl-CoA to HMG-CoA [19]. Previous
studies have demonstrated that HMGCS]1 expression is
associated with malignant progression in colon cancer,
gastric cancer, hepatocellular carcinoma, cervical cancer
and cutaneous squamous cell carcinomas [20]. Recent
studies demonstrated that HMGCS] is a potential meta-
bolic target for the treatment of cancer [21]. HMGCS1
expression is upregulated in many tumors and can pro-
mote tumor progression through both metabolic and
non-metabolic pathways [22]. Our study indicated that
overexpression of ACSS2 in pNENs promoted HMGCS1
expression, and knockdown of ACSS2 gave the oppo-
site result. More recently, we found in vivo and in vitro
that overexpression of HMGCSI reversed the oncogenic
effect of ACSS2 knockdown on pNENs. Meanwhile,
overexpression of HMGCSL1 can reverse the regulation
of lipid metabolism by ACSS2 knockdown. Our results
revealed that HMGCS1 may alter the progression of
pNENs through metabolic pathway. Currently, there
are no reports on the roles of ACSS2 and HMGCSI in
pNENS, and only early clinical trials of ACSS2i in tumors

(See figure on next page.)
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are underway. In our study, we revealed that the down-
stream molecule of ACSS2 regulating the progression
of pNENs is HMGCS]1, and ACCS2 affects the prolif-
eration of pNENs by interfering with the expression of
HMGCS]. Therefore, our findings provide a new thera-
peutic targets for pNENS, and intervention with ACSS2
or HMGCS1 may become a new potential therapeutic
target for pNENS.

In addition, we performed RNA-seq analysis to inves-
tigate knockdown of ACSS2 for relative biological differ-
ence analysis. The results revealed that ACSS2 may be
associated with the PIBK/AKT/mTOR pathway, which
was further verified by WB detection of the expres-
sion of biomarker proteins(such as PI3K » pAKT and
pmTOR) related to the PI3K/AKT/mTOR pathway. The
PI3K/AKT/mTOR pathway is one of the intracellular
signaling pathways, which has an impact on cell metabo-
lism, proliferation and survival [23]. Numerous studies
have shown it to be associated with a growing number
of tumors, including colorectal, breast, prostate and
ovarian cancers [24]. Abnormal activation of the PI3K/
AKT/mTOR signaling pathway plays an important role
in tumor cell proliferation, survival, angiogenesis, inva-
sion and migration [25]. The PI3K/AKT/mTOR signal-
ing pathway is an important coordinator of pNET cell
growth, proliferation, angiogenesis and metabolism.
Based on the efficacy shown in the phase III randomized
Radiant-3 trial, the mTOR inhibitor everolimus has
become a standard treatment option for advanced pNETSs
[26]. Our study expressed that overexpression of ACSS2
activated the PI3BK/AKT/mTOR pathway, whereas knock-
down of ACSS2 inhibited the PI3K/AKT/mTOR pathway.
Meanwhile, ACSS2 regulation of lipid metabolism can be
inhibited by the mTOR inhibitor rapamycin. Moreover,
HMGCS]1 can reverse the inhibitory effect of knockdown
of ACSS2 on the PI3K/AKT/mTOR pathway.

In conclusion, our findings indicated that hypoxia can
upregulate a lipid metabolism-related gene ACSS2 in
pNENS, and the upregulated ACSS2 gene in pNENs can
enhance lipid metabolism reprogramming, which further
regulated the expression of HMGCSL to affect the PI3K/
AKT/mTOR pathway to promote the progression of
pNENSs. In addition, we found that HMGCS1 can reverse
the regulation of lipid metabolism exerted by ACSS2, as

Fig. 8 HMGCST1 regulated lipid metabolism and reversed the oncogenic effects of ACSS2 in vivo. A Overexpression of HMGCS1 in ACSS2
knocked down pNENSs cells increased the cholesterol. B Overexpression of HMGCS1 in ACSS2 knocked down pNENs cells reduced the free fatty
acids. C-E Tumor weight and volume were smaller in the ACSS2 knocked down group and further larger in the overexpression of HMGCS1

of ACSS2 knocked down group, The average TIR of ACSS2-sh group was 63.78%. F Knockdown of ACSS2 and overexpression of HMGCS1 of ACSS2
Knocked down successfully, Knockdown of ACSS2 inhibited the expression of proliferative index Ki67, while overexpression of HMGCS1 promotes
the expression of proliferative index Ki67. *p < 0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig.9 Schematic diagram showing that hypoxia can upregulate a lipid metabolism-related gene ACSS2 in pNENSs, and the upregulated ACSS2
gene in pNENs can enhance lipid metabolism reprogramming, which further regulated the expression of HMGCS1 to affect the PI3K/AKT/mTOR
pathway to promote the progression of pNENSs. In addition, we found that HMGCS1 can reverse the regulation of lipid metabolism exerted

by ACSS2, as well as the pro-tumorigenic role of ACSS2 in pNENSs, which has also been detected in vitro and in vivo

well as the pro-tumorigenic role of ACSS2 in pNENS,
which has also been detected in vitro and in vivo (Fig. 9).
Our study not only identified a potential early diagnostic
biomarker for pNENSs but also provided a potential thera-
peutic target of pNENSs.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512967-024-04870-z.

Additional file 1: Figure S1. Hypoxia promoted pNENs cells viability. (A,
B)CCK-8 assay indicated that hypoxia can promote pNENSs cells prolifera-
tion rate. (C, D)Hypoxia facilitated pNENS cells colony formation ability. (E,
F) Hypoxia significantly promoted DNA synthesis. (G, H)Hypoxia success-
fully promoted the migration and invasion ability of pNENs cells. *p < 0.05,
**p <0071, ***p <0.001, ***p <0.0001. Figure S2. Overexpression of
HIF-1a promoted pNENSs cells viability. (A, B, C) pNENSs cell lines stably over-
expression of HIF-1a was constructed and assayed by gRT-PCR and WB. (D,
E)CCK-8 assay showed that overexpression of HIF-1a promoted pNENSs cell
proliferation rate. (F, G)The colony formation indicated that overexpres-
sion of HIF-1a promoted pNENSs cells proliferation. (H, [)Overexpression

of HIF-1a significantly stimulated DNA synthesis. (J, K)Overexpression

of HIF-1a successfully promoted the migration and invasion of pNENs
cells. **p <0.01, **p <0.001, ****p < 0.0001. Figure S3. Knockdown of
HIF-1a suppressed pNENs cells viability. (A, B, C) pNENs cell lines stably
knockdown of HIF-1a was constructed and assayed by qRT-PCR and WB.
(D, E)CCK-8 assay indicated that knockdown of HIF-1a inhibited pNENs
cells proliferation. (F, G) The colony formation indicated that knockdown
of HIF-1a suppressed pNENs cells proliferation. (H, I) Knockdown of

HIF-1a significantly inhibited DNA synthesis. (J, K) Knockdown of HIF-1a

successfully inhibited the migration and invasion of pNENSs cells. *p <0.05,
*p<0.01,***p <0.001, ***p<0.0001. Figure S4. ACSS2i suppressed
PNENSs cells viability. (A, B) The IC50 of ACSS2i action in pNENSs cell. (C, D, E)
ACSS2i treatment pNENs downregulates ACSS2 expression in pNENs cells
and assayed by qRT-PCR and WB. (F, G) CCK-8 assay indicated that ACSS2i
inhibited pNENSs cells proliferation. (H, ) The colony formation indicated
that ACSS2i suppressed pNENSs cells proliferation. (J, K) ACSS2i significantly
inhibited DNA synthesis. (L, M) ACSS2i successfully inhibited the migration
and invasion of pNENs cells. **p <0.01, ***p <0.001, ****p < 0.0001. Figure
S5. Metabolomics analysis and RNA-seq assays regulated lipid metabolism
and PI3K/AKT/mTOR pathyway. (A, B) Metabolomics analysis suggested
that ACSS2 regulated lipid metabolism in pNENSs. (C, D) RNA-seq assays
indicated that ACSS2 regulated PI3K/AKT/mTOR pathway.

Additional file 2: Table S1. Primers and shRNA used in the study.
Table S2. Antibodies used in the study.
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