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INSIG1/2 succination mediated by the
moonlighting function of ADSL promotes
lipogenesis and liver tumorigenesis
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Aerobic glycolysis supports tumor growth, but how tumor cells sense glucose
to coordinate biosynthesis remains largely unclear. Here we show that in
hepatocellular carcinoma cells, glucose-activated PKCε phosphorylates the
purine synthesis enzyme ADSL, triggering its translocation to the endoplasmic
reticulum. ADSL then promotes succination of INSIG1/2, which disrupts the
interaction between INSIG proteins and SCAP, leading to the translocation of
the SCAP-SREBP complex to the Golgi, the activation of SREBP-1 and the
transcription of downstream lipogenesis-related genes, proliferation of tumor
cells, and tumorigenesis in mice. Through virtual screening, we identify
Elsulfavirine, an approved HIV drug, which blocks ADSL-INSIG interaction and
suppresses SREBP-1 activation induced by glucose. Combining Elsulfavirine
with Lenvatinib synergistically inhibits tumor growth. Clinically, ADSL phos-
phorylation and INSIG succination correlate with SREBP-1 activation and poor
prognosis in human HCC. In summary, these findings reveal a repurposing
mechanism by which tumor cells coordinate glucose metabolism and lipo-
genesis via a moonlighting function of ADSL and underscore a repurposing
strategy for liver cancer therapy.

The ability of cancer cells to rewire their metabolism and energy
transduction networks to support rapid proliferation has been well
documented1,2. An increase in lipidmetabolism is a remarkable feature
of cancer metabolism3. Sterol regulatory element-binding proteins
(SREBPs) are the key transcription factors responsible for the expres-
sion of most of enzymes involved in de novo lipogenesis and choles-
terol biosynthesis. In mammals, two SREBP genes exist: SREBF1 and
SREBF24. SREBP-1a and SREBP-1c, derived from SREBF1 with distinct
N-termini (20 amino acids), predominantly regulate genes crucial for
fatty acid biosynthesis. In contrast, SREBP-2, encoded by SREBF2,

orchestrates cholesterol synthesis. SREBP-1 and SREBP-2 are produced
as inactive precursors that are attached to the membrane of the
endoplasmic reticulum (ER), where they bind to two other proteins,
sterol regulatory element-binding protein cleavage-activating protein
(SCAP) and insulin-induced gene (INSIG)5. This complex is stabilized by
the binding of INSIG to oxysterols. When cellular cholesterol and
oxysterol levels are low, the SCAP-SREBP complex separates from
INSIG and moves from the ER to the Golgi apparatus, where SREBP is
cleaved by two membrane-bound proteases5–7. Subsequently, the
released N-terminal segment of SREBP migrates to the nucleus and
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initiates the expression of genes involved in lipogenesis8. A link
between SREBP-1 activation and the glucose supply has been reported
under both physiological and pathophysiological conditions9–12. While
glucose serves as a major resource for de novo lipid synthesis, the
mechanism by which it regulates SREBP-1 activation remains largely
unclear.

Adenylosuccinate lyase (ADSL) is an enzyme involved in de novo
purine synthesis. It catalyzes two reactions: the conversion of suc-
cinylaminoimidazole carboxamide ribotide (SAICAR) to aminoimi-
dazole carboxamide ribotide (AICAR) and fumarate, and the
conversion of adenylosuccinate (also known as succinyladenosine
monophosphate, S-AMP) to adenosine monophosphate (AMP) and
fumarate13,14. Fumarate has been shown to function as an oncome-
tabolite capable of eliciting epigenetic modifications by inhibiting α-
ketoglutarate-dependent dioxygenases responsible for DNA and
histone demethylation15,16. In addition, fumarate acts as an endo-
genous electrophile that undergoes spontaneous Michael addition
reactions with cysteine sulfhydryl groups under physiological
conditions17. This non-enzymatic reaction forms irreversible thioe-
ster linkages, generating S-(2-succino)cysteine (2SC)—a process
termed succination17. Thus, succination represents an irreversible
post-translational modification mediated through Michael addition
chemistry between fumarate and cysteine residues. Fumarate pro-
motes the succination of Kelch-like ECH-associated protein 1
(KEAP1), leading to the disruption of its interaction with nuclear
factor (erythroid-derived 2)-like 2 (NRF2) and subsequent NRF2-
mediated antioxidant gene expression18. In addition, fumarate has
also been identified as an immunomodulator for its succination of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and gasder-
min D19,20. However, whether the fumarate produced by ADSL, a vital
enzyme in de novo purine synthesis, can reprogram tumor metabo-
lism and tumorigenesis through a moonlighting function has not
been determined. Additionally, how cancer cells couple multiple
macromolecular synthetic processes, such as lipogenesis and
nucleotide biosynthesis, to sustain enhanced bioenergetic home-
ostasis vital for cancer cell survival remains poorly understood.

In this report, we show that glucose levels regulate the phos-
phorylation of ADSL via protein kinase C epsilon (PKCε). Phosphory-
lated ADSL binds to INSIG1/2, resulting in INSIG1/2 succination,
disassociation of oxysterols from INSIG1/2, activation of SREBPs, and
subsequently enhanced lipogenesis. Inhibition of the interaction
between ADSL and INSIG1/2 by the HIV non-nucleoside reverse tran-
scriptase inhibitor (NNRTI) Elsulfavirine inhibits liver tumor growth.

Results
ADSL phosphorylated by PKCε translocates to the ER and binds
to INSIG1/2
Tumor cells exhibit high glucose uptake and lactate production regard-
less ofoxygen levels, a phenomenonknownas theWarburgeffect21,22.We
immunoprecipitated INSIG1 (Fig. 1a) and INSIG2 (Supplementary Fig. 1a)
fromHuh7humanhepatocellular carcinoma (HCC)cells cultured inhigh-
glucose medium to determine how tumor cells respond to high glucose
and initiate lipogenesis. Mass spectrometric analyses of the immuno-
precipitates identified ADSL as an associated protein under high-glucose
conditions. This interaction was validated by coimmunoprecipitation
analyses (Fig. 1b), and cell fractionation revealed that high glucose-
induced the translocation of approximately 20%of cytosolic ADSL to the
ER (Supplementary Fig. 1b), indicating the redistribution of ADSL and its
interaction with INSIG1/2 on the ER in response to high glucose. To
determine the underlying mechanism, we pretreated Huh7 cells with
U0126,MK-2206, SU6656, and AEB071, which inhibited glucose-induced
activation of ERK, AKT, c-SRC, and PKC activation, respectively (Sup-
plementary Fig. 1c). The PKC inhibitor AEB071, but not the other inhibi-
tors, effectively blocked the glucose-induced ER translocation of ADSL
(Supplementary Fig. 1d) and its binding to INSIG1/2 (Fig. 1c).

The protein kinase C (PKC) family comprises Ser/Thr kinases
present in various cell types, significantly impacting diverse signal
transduction pathways23. This family includes at least ten members
categorized into classical PKCs (α, β, γ), novel PKCs (δ, ε, η, θ), and
atypical PKCs (ζ, ι/λ)24. AEB071 is a pan-PKC inhibitor that targets PKCα,
PKCβ, PKCε, PKCδ, and PKCθ. Depletion of these PKC family members
with shRNAs showed that only PKCε depletion reduced the accumu-
lation of ADSL in the ER (Supplementary Fig. 1e). In line with previous
reports25,26, high glucose not only dramatically increased intracellular
DAG levels (Supplementary Fig. 1f), but also activate PKCε in a time-
dependentmanner, as reflected by themembrane-distribution of PKCε
and PKCε S729 phosphorylation (Supplementary Fig. 1f, g), suggesting
DAG accumulation and PKCε activation occur simultaneously upon
glucose stimulation. As a key activator of PKC, DAG is mainly catalyzed
by phospholipase C (PLC) or Phosphatidic acid phosphatase (PAP)27,28

(Supplementary Fig. 1h). To figure out whether DAG accumulation is
required for PKCε activation in response to glucose stimulation, we
treated Huh7 cells with Tolrestat (i.e., PLC inhibitor) and Propranolol
(i.e., PAP inhibitor), respectively. Consistently, glucose-induced intra-
cellular DAG accumulation (Supplementary Fig. 1i), PKCε membrane-
translocation and S729 phosphorylation (Supplementary Fig. 1j) could
be dramatically attenuated by Tolrestat (i.e., PLC inhibitor) and slightly
abrogated by Propranolol (i.e., PAP inhibitor). These results suggested
that glucose-induced PKC activation is largely dependent on PLC-
mediated DAG production. Furthermore, PDHA1 (i.e., a key enzyme in
glucose oxidation) depletion significantly eliminate cellular glucose
oxidation (Supplementary Fig. 1k) without significantly altering
glucose-induced PKCε activation (Supplementary Fig. 1l), indicating
glucose oxidation plays only a limited role in PKCε activation.

Consistent results showed that reconstituted expression of the
dominant-negative kinase-dead PKCε (K437R) (Supplementary
Fig. 1m) inhibited high glucose-induced interactions (Fig. 1d) and
colocalization (Supplementary Fig. 1n, o) between ADSL and INSIG1/2
in Huh7 cells. We performed a coimmunoprecipitation assay to
determine whether PKCε binds to and phosphorylates ADSL, and
showed that ADSL interacted with PKCε upon glucose stimulation in
Huh7 and HCCLM3 HCC cells (Supplementary Fig. 1p). An in vitro
protein phosphorylation assay, which was followed by and mass
spectrometric analyses, revealed that PKCε phosphorylated ADSL at
the conserved residue S407 analyses (Fig. 1e and Supplementary
Fig. 2a, b). ADSL S407A mutation abolished this phosphorylation
in vitro (Fig. 1e), and reconstituted expression of RNAi-resistant (r)
ADSL S407A in endogenous ADSL-depleted Huh7 and HCCLM3 cells
(Supplementary Fig. 2c) inhibited glucose-induced colocalization
(Fig. 1f) and interactions (Fig. 1g) between ADSL and INSIG1/2. Corre-
spondingly, an ER fractionation assay revealed that ADSL S407A was
resistant to translocation to the ER upon glucose stimulation, whereas
the phosphorylation-mimicking rADSL S407D mutant accumulated in
the ER (Fig. 1h) even in the absence of glucose stimulation, in which
assay ADSL phosphorylation was validated with a newly generated
anti-ADSL pS407 antibody with confirmed specificity (Supplementary
Fig. 2d–f). In addition, we constructed the Huh7 cells with knock-in
expression of WT ADSL and ADSL S407A by CRISPR/Cas9 system
(Supplementary Fig. 2g, h). Using these genetically engineered cell
lines, we repeated the immunofluorescence and immunoblot experi-
ments with endogenous antibodies to further confirm the co-
localization and interaction of ADSL and INSIG upon glucose treat-
ment (Supplementary Fig. 2i, j). Collectively, these results indicate that
PKCε-mediated phosphorylation of ADSL at S407 is required for its ER
translocation and interaction with INSIG1/2.

ER-localizedADSL activates SREBPs andpromotes lipogenesis in
a manner dependent on its metabolic activity
Dissociation of SCAP from INSIG1/2 facilitates the trafficking of SCAP/
SREBP to the Golgi apparatus and subsequent SREBP activation29. As
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expected, glucose stimulation induced the dissociation of SCAP from
INSIG1/2 (Fig. 2a and Supplementary Fig. 2k) and the ER (Fig. 2b), the
colocalization of SCAP with the Golgi apparatus protein golgin97
(Supplementary Fig. 3a), and the cleavage (Fig. 2c), nuclear accumu-
lation (Fig. 2d), and transcriptional activity (Fig. 2e) of SREBP-1 in Huh7

and HCCLM3 cells. Notably, this induction was attenuated by the
reconstituted expression of rADSL S407A (Fig. 2a–e and Supplemen-
tary Fig. 3a), which does not obviously alter cytosolic fumarate levels
(Supplementary Fig. 3b). Notably, fumarate levels within the ER frac-
tion of ADSL S407D-reconstituted Huh7 cells were much higher than
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Fig. 1 | Glucose-induced and PKCε-phosphorylated ADSL binds to INSIG1/2.
aHuh7 cells with or without expression of Flag-INSIG1were treated with or without
high glucose for 2 h. An immunoprecipitation assay was performed using anti-Flag
antibody, and immunoprecipitates of Flag-INSIG1 were eluted with Flag peptide,
separated using SDS-PAGE and stainedwith Coomassie Brilliant Blue (left). Selected
peptide hits of proteins associated with Flag-INSIG1, identified through mass
spectrometry, are shown (right). b Huh7 cells were treated with high glucose for
2 h. Immunoprecipitation and immunoblotting analyses were performed with the
indicated antibodies. c Huh7 cells transiently transfected with Flag-ADSL were
pretreated with or without U0126 (20μM), MK-2206 (10μM), SU6656 (4μM), or
AEB071 (5μM) for 30min before treatment with or without high glucose for 2 h.
Immunoprecipitation and immunoblotting analyses were performed with the
indicated antibodies. d Huh7 cells stably expressing PKCε shRNA with recon-
stituted expression of Flag-rPKCε WT or DN mutant protein were treated with or
without high glucose for 2 h. Immunoprecipitation and immunoblotting analyses
were performed with the indicated antibodies. e Bacterially purified His-ADSL WT

or S407Aproteinwas incubatedwithorwithout active PKCε in thepresenceof ATP-
γ-S for an in vitro kinase assay. Immunoblotting analyses were performed with the
indicated antibodies. fHuh7 cells stably expressingADSL shRNAwith reconstituted
expressionof Flag-rADSLWTor S407Amutant proteinwere treatedwith orwithout
high glucose for 2 h. Immunofluorescence analyses were performed with the indi-
cated antibodies. Scale bars, 20μm. The regions inwhite boxes are shown at higher
magnification on the right. And the intensity of green (Flag-ADSL) or red (INSIG1)
fluorescent signals along the white oblique line were measured using ImageJ.
g Huh7 cells stably expressing ADSL shRNA with reconstituted expression of Flag-
rADSL WT or S407A mutant protein were treated with or without high glucose for
2 h. Immunoprecipitation and immunoblotting analyses were performed with the
indicated antibodies.hHuh7 andHCCLM3 cells stably expressingADSL shRNAwith
reconstituted expression of Flag-rADSL WT, S407A, or S407D were treated with
high glucose for 2 h. ER fractions and total lysates were isolated for immunopre-
cipitation and immunoblotting analyses.

Article https://doi.org/10.1038/s41467-026-70583-0

Nature Communications |         (2026) 17:4002 3

www.nature.com/naturecommunications


those of Huh7 cells with reconstituted expesssion of ADSL WT, S407A
(i.e., S407 phosphorylation defective with cytosolic localization),
A291V (i.e., catalytically inactive), S407D/A291V (i.e., S407 phosphor-
ylation mimicking with ER localization and catalytically inactive),
respectively (Supplementary Fig. 3c). The ADSL S407A mutant exhib-
ited activity comparable to wild-type ADSL as in vitro enzyme activity
assay showed (Supplementary Fig. 3d). To specify the source of sub-
strates for INSIG-associated ADSL in the ER, we purified equal amount
of ADSL protein from Huh7 cells with reconstituted expression of
ADSL S407A, S407A/A291V, S407D, and S407D/A291V (Supplementary
Fig. 3e), respectively. Consistently, both ADSL S407D and ADSL S407A
exhibited the similar catalytic capacity to generate fumarate fromboth
SAICAR and SAMP. As expected, catalytically inactive A291V-

containing mutants (i.e., S407A/A291V and S407D/A291V) exhibited
severely compromised enzymatic activity (Supplementary Fig. 3f).
These results indicate that ADSL S407 phosphorylation promotes
SCAP dissociation from INSIG1/2 and subsequent SREBP-1 activation,
independent of cytosolic fumarate levels. Moreover, these findings
demonstrate that both cytosolic ADSL and INSIG-associated ADSL in
the ER utilize the same cytosolic substrates and exhibits the similar
enzymatic activity.

To determine whether the metabolic activity of ADSL is involved
in glucose-induced SREBP activation, we expressed rADSL A291V
enzymatically inactivemutant A291V (Supplementary Fig. 3g, h), which
was still phosphorylated by PKCε at S407 (Supplementary Fig. 3g) and
interacted with INSIG1/2 upon glucose stimulation (Supplementary
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Fig. 3i). However, ADSL A291V expression inhibited the glucose-
induced disassociation of SCAP from INSIG1/2 (Supplementary Fig. 3j)
and the ER (Supplementary Fig. 3k), SCAP translocation to the Golgi
apparatus (Supplementary Fig. 3l), and the cleavage (Fig. 2f), nuclear
accumulation (Supplementary Fig. 3m), and transcriptional activity
(Supplementary Fig. 3n) of SREBP-1 inHCC cells. These results indicate
that both ADSL S407 phosphorylation and ADSLmetabolic activity are
indispensable for the dissociation of SCAP from INSIG1/2 and SREBP-1
activation. Consistently, expression Flag-rADSL S407A and Flag-rADSL
A291V decreased glucose-induced expression of mRNAs (Fig. 2g) and
proteins (Supplementary Fig. 3o) of SREBP-1 targeted lipogenesis
genes, including fatty acid synthase (FASN), acetyl-CoA carboxylase
alpha (ACACA), stearoyl-CoA desaturase (SCD), and glycerol-3-
phosphate acyltransferase 1 (GPAM). In addition, the expression of
the ADSLmutants inhibited SREBP-2 cleavage (Supplementary Fig. 3p)
and SREBP-2-mediated transcription of cholesterol biogenesis genes,
including 3-hydroxy-3-methylglutaryl-CoA (HMGC) reductase
(HMGCR), HMGC synthase 1 (HMGCS1), low-density lipoprotein
receptor (LDLR), and squalene synthase (FDFT1) (Supplemen-
tary Fig. 3q).

Enhanced glycolysis leads to increased lipogenesis and lipid
accumulation in lipid droplets (LDs)10,13. The expression of Flag-rADSL
S407A and Flag-rADSL A291V decreased the levels of 14C-glucose-
derived triglycerides and fatty acids, as detected by 14C-glucose tracing
experiments (Fig. 2h) and reduced the total number of cellular lipid
droplets (Fig. 2i) in Huh7 cells. These data indicate that ADSL S407
phosphorylation promotes SREBP1/2 activation and lipogenesis in a
manner dependent on its metabolic activity.

ADSL promotes INSIG1/2 succination and the dissociation of
oxysterols from INSIG1/2
We next investigated the mechanism underlying ADSL-mediated
SREBP activation and examined the potential involvement of protein
succination by ADSL-produced fumarate. We showed that INSIG1
(Fig. 3a) and INSIG2 (Supplementary Fig. 4a) were succinated in HCC
cells uponglucose stimulation, and this effectwas further enhancedby
ectopic expression of HA-ADSL, which was contingent upon its
expression level. In addition, supplementing Huh7 cells with dimethyl
fumarate (DMF) increased INSIG1/2 succination levels in a dose-
dependent manner (Supplementary Fig. 4b, c). LC-MS/MS analyses of
INSIG1 immunoprecipitates revealed that INSIG1 is succinated at the
evolutionarily conserved C167 residue (Supplementary Fig. 4d, e and
Supplementary Data 1–3), which corresponds to the conserved C111
residue in INSIG2. The succination of INSIG1 at C167 (Fig. 3b, c) and
INSIG2 at C111 (Supplementary Fig. 4f, g) in response to ADSL
expression or DMF treatment was detected with a specificity-validated
antibody that recognizes succinated C167 of INSIG1 and C111 of INSIG2
(Supplementary Fig. 4h–l). Following immuno-depletion experiments

using an anti-INSIG1/2 scC167/C111 antibody, subsequent quantifica-
tion revealed that glucose treatment induces succination in approxi-
mately 30% of INSIG1/2 proteins (Supplementary Fig. 4m). Notably,
reconstituted expression of ADSL S407A or A291V mutants abolished
this succination (Fig. 3d); moreover, both glucose-induced ADSL
phosphorylation and INSIG1/2 succination were dramatically abro-
gated by the PKCε inhibitor (i.e., AEB0071), whereas the mTORC1
inhibitor (i.e., Rapamycin) exerted minimal effect on these processes
(Supplementary Fig. 4n). These results strongly indicate that ADSL-
mediated INSIG1/2 succination under high-glucose in a PKCε-
dependent manner.

Oxysterols bind to INSIG1/2, inducing the retention of the SCAP-
SREBP complex within the ER8. We showed that the incubation of
purifiedHis-INSIG1 (Fig. 3e) or His-INSIG2 (Supplementary Fig. 5a) with
WT ADSL, but not with ADSL A291V, in the presence of the ADSL
substrate SAICAR, induced INSIG1/2 succination and markedly
reduced the binding of INSIG1/2 to [3H]25-hydroxycholesterol. Con-
sistently, Flag-streptavidin-binding peptide-tagged INSIG1 (Fig. 3f and
Supplementary Fig. 5b) or INSIG2 (Supplementary Fig. 5c, d) exhibited
a reduced ability to bind [3H]25-hydroxycholesterol in Huh7 cells
expressingWT ADSL, but not ADSL S407A or ADSL A291V. In addition,
in the presence of fumarate, the ability of purified WT His-INSIG1
(Fig. 3g) and His-INSIG2 (Supplementary Fig. 5e), but not His-INSIG1
C167S or His-INSIG2 C111S, to bind [3H]25-hydroxycholesterol
decreased. Consistent with this finding, glucose stimulation decreased
the binding of WT Flag/Strep-INSIG1 (Fig. 3h) and Flag/Strep-INSIG2
(Supplementary Fig. 5f), but not Flag/Strep-INSIG1C167Sor Flag/Strep-
INSIG2 C111S, to [3H]25-hydroxycholesterol.

We conducted molecular dynamic simulations to investigate the
interaction between 25-hydroxycholesterol (i.e., 25HC) and both the
WT-INSIG2-SCAP complex and the scC111-INSIG2-SCAP complex, each
with separate 400 ns long-timescale simulations. Throughout the
simulations, the RMSD of 25HCwithWT-INSIG2-SCAP exhibited stable
oscillation around4.0Å, indicating consistent binding. Conversely, the
average RMSD of 25HC with scC111-INSIG2-SCAP showed a gradual
increase in later stages, suggesting unstable binding (Fig. 3i). Analysis
of the conformations throughout the simulations demonstrated a
consistent binding of 25HC to the active pocket of WT-INSIG2-SCAP.
However, while 25HC initially bound stably to the active pocket of
scC111-INSIG2-SCAP, it gradually dissociated in later stages, suggesting
an unstable binding to the active pocket of scC111-INSIG2-
SCAP (Fig. 3j).

The SREBP pathway maintains cellular sterol homeostasis by
integrating signals from both cholesterol and oxysterols. Oxysterols
(e.g., 25-hydroxycholesterol) bind to INSIG to induce INSIG-SCAP
association, while cholesterol binds to SCAP to promote SCAP-INSIG
interaction. This dual-sensor system ensures precise regulation of
lipogenesis30. To delineate the regulatory interplay between INSIG’s

Fig. 2 | ADSL activates SREBP pathway in an enzymatic dependent manner.
a, bHuh7 cells stably expressing ADSL shRNAwith reconstituted expression of the
indicated ADSL protein were treated with or without high glucose. Immunopreci-
pitation and immunoblotting analyses were performed (a). The statistical analysis
of INSIG1 and INSIG2 grayscale values was derived from 3 independent experi-
ments. Immunofluorescence analyses were performed (b). Scale bars, 20μm. The
white arrows indicate the Calnexin-localized SCAP; The intensity of green (Cal-
nexin) or red (SCAP) fluorescent signals along the white oblique line wasmeasured
using ImageJ. The abbreviation “a.u.” stands for arbitrary units. c,dHCC cells stably
expressing ADSL shRNA with reconstituted expression of the indicated ADSL
protein were treated with high glucose. Immunoblotting analyses (c) and immu-
nofluorescence analyses were performed with the indicated antibodies (d). Scale
bars, 20 μm. The representative images are shown (d, left). The relative nucleus
intensity was quantified over 30 cells by ImageJ (d, right). n = 10microscopic fields.
eHuh7 cells expressingADSL shRNAwith reconstituted expression of the indicated
ADSL protein were subjected to a luciferase reporter assay (n = 6 biological

replicates). f Huh7 and HCCLM3 cells expressing ADSL shRNA with reconstituted
expression of the indicated ADSL protein were treated with high glucose. Immu-
noblotting analyses were performed with the indicated antibodies. g Huh7 cells
expressing ADSL shRNA with reconstituted expression of the indicated ADSL
protein were stimulated with or without high glucose. ThemRNA expression levels
were measured using quantitative PCR (n = 3 biological replicates). h The incor-
poration of 14C-glucose into triglycerides (TGs) (left) and fatty acids (FAs) (right)
was measured (n = 6 biological replicates). i Huh7 cells expressing ADSL shRNA
with reconstituted expression of the indicated ADSL protein were stimulated with
or without high glucose. Fluorescence staining were used with Bodipy and DAPI.
Scale bars, 20μm. The representative images are shown (left). The average number
of lipid droplet was quantified (right). The relative nucleus intensity was quantified
over 30 cells by ImageJ (right). n = 10 microscopic fields. All data are presented as
mean ± SD. Statistical significance was determined by a two-way ANOVA (d, e,
g, and i) and a one-way ANOVA (h).
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oxysterol-sensing capacity and SCAP’s cholesterol-sensing capability
in SREBP pathway modulation, we constructed Huh7 cell with recon-
stituted expression of (i) ADSL WT/ SCAP WT, (ii) ADSL S407D/SCAP
WT (defective in oxysterol binding to INSIG), (iii) ADSLWT/SCAP L315F
(i.e., cholesterol-sensing deficientmutant), and (iv) ADSL S407D/ SCAP
L315F (defective in oxysterol binding to INSIG and cholesterol-sensing
deficient), respectively. Consistently, both reconstituted expression of
SCAP L315F (i.e., cholesterol-sensing deficient mutant) and ADSL
S407D (i.e., defective in oxysterol binding to INSIG) could activate
SREBP pathway in comparison to their WT counterpart (Supplemen-
tary Fig. 5g, h), as reflected by the impaired interaction between
INSIG1/2 and SCAP (Supplementary Fig. 5g), the enhanced SREBP-1

cleavage (Supplementary Fig. 5g), and the increased SRE-driven tran-
scriptional activity (Supplementary Fig. 5h), respectively. Of note, the
aforementioned SREBP-1 activation could be boosted to a greater
extend in response to combinational reconstitution of ADSL S407D/
SCAP L315F (defective in oxysterol binding to INSIG and cholesterol-
sensing deficient) (Supplementary Fig. 5g, h). These data, therefore,
supported that the oxysterol-sensing capacity of INSIG and the
cholesterol-sensing capability of SCAP constitute a cooperative reg-
ulatory mechanism governing SREBP pathway activity. To further
clarify whether ADSL-mediated SREBP activation upon glucose treat-
ment is regulated by SCAP sterol-sensing function, we treated Huh7
cellswith increasing cholesterol concentrations in thepresence of high
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glucose (Supplementary Fig. 5i–l). Consistently, high glucose- or ADSL
S407D-mediated SREBP-1 activation could not be abrogated until
excessive addition of cholesterol (150nM), which is ~tenfold higher
than cholesterol physiological concentration (15–30nM), as reflected
by the enhanced interaction between INSIG1/2 and SCAP (Supple-
mentary Fig. 5i, k), the decreased SREBP-1 cleavage (Supplementary
Fig. 5i, k), and the impaired SRE-driven transcriptional activity (Sup-
plementary Fig. 5j, l), respectively. As expected, the aforementioned
inhibitory effect of supraphysiological cholesterol (150nM) on
glucose-mediated SREBP activation could be eliminated upon recon-
stituted expression of SCAP L315F (i.e., sterol-sensing defective
mutant).Mechanistically, this data illustrated that the regulatory effect
of SREBP results from the combinational inputs from SCAP’s sterol-
sensing function and INSIG’s oxysterol-sensing capacity, which could
be dramatically attenuated by ADSL S407 phosphorylation upon glu-
cose stimulation.

ADSL-mediated INSIG1/2 succination promotes SREBP
activation
The release of oxysterols from INSIG1/2 activates SREBP5. As expec-
ted, knock-in expression of INSIG1 C167S/INSIG2 C111S (Supplemen-
tary Fig. 6a–d) attenuated glucose-induced the disassociation of SCAP
from INSIG1/2 (Fig. 4a) and the ER (Fig. 4b); SCAP translocation to the
Golgi apparatus (Supplementary Fig. 6e); the cleavage (Fig. 4c),
nuclear accumulation (Fig. 4d), and transcriptional activity (Fig. 4e) of
SREBP-1; and the mRNA (Fig. 4f) and protein (Supplementary Fig. 6f)
expression of SREBP-1 target genes, including FASN, ACACA, SCD, and
GPAM, in HCC cells. The expression of these mutants also inhibited
SREBP-2-mediated transcription of genes, including HMGCR,
HMGCS1, LDLR, and FDFT1 (Supplementary Fig. 6g); decreased 14C-
glucose-derived triglyceride and fatty acid production (Fig. 4g); and
reduced the total number of cellular lipid droplets (Fig. 4h) in HCC
cells. To investigate the binding between succinated INSIG proteins
and SCAP, we performed a pull-down assay (Supplementary Fig. 6h).
Consistently, excessive addition of fumarate could trigger INSIG
succination and subsequent INSIG-SCAP complex disruption, which is
similar to INSIG1 W210A (i.e., a well-established SCAP-binding defi-
cient mutant)5. In contrast, INSIG C167S mutant could eliminate the
aforementioned fumarate-induced INSIG succination and its dis-
sociation with SCAP. Crucially, INSIG1 C167S/INSIG2 C111S knock-in
cells abolished ADSL S407D-induced SREBP-1 cleavage (Supplemen-
tary Fig. 6i). Streptavidin pull-down assay further revealed that high
glucose could promote INSIG1/2 succination and attenuate the
binding of INSIG to 25HC in parental Huh7 cells expressing WT
INSIG1/2 but not INSIG1/2 2C/Smutant (Supplementary Fig. 6j). These
data demonstrated that ADSL-mediated INSIG1/2 succination
decreases its binding affinity to 25HC and promotes SREBP-1 activa-
tion upon high glucose stimulation.

To establish the functional significance of ADSL-mediated succi-
nation in regulating INSIG-SREBP pathway, we employed ADSL S407A
and S407D mutants alongside DMF rescue experiments. The results
found that reconstitutedexpressionofADSLS407Dnotonly promotes
INSIG1/2 C167/C111 succination, but also dramatically activates SREBP
pathway, as reflected by the enhanced disruption of SCAP-INSIG
complex (Supplementary Fig. 7a), the increased Golgi-translocation of
SCAP (Supplementary Fig. 7b, c), and the elevated expression of
SREBP-1 downstream target genes (Supplementary Fig. 7d) in com-
parison to ADSL S407A counterpart. Notably, the aforementioned
impaired INSIG1/2 C167/C111 succination and SREBP pathway upon
ADSL S407A reconstitution could be rescued by dimethylfumarate
(DMF) in a dose-dependent manner. These data further supported the
role of ADSL S407 phosphorylation and subsequent INSIG1/2 C167/
C111 succination in glucose-mediated SREBP activation in the HCC cell
line. Notably, DMF supplementation rescued [3H]25-hydro-
xycholesterol dissociation from INSIG1/2 (Supplementary Fig. 7e, f)
and SREBP-1 cleavage (Supplementary Fig. 7g) in S407A- and A291V-
expressing Huh7 cells confirming that ADSL-derived fumarate
orchestrates SREBP pathway regulation through succination-
dependent remodeling of INSIG protein.

To further validate the regulatory effect of INSIG1/2 C167D/C111D
on glucose-induced SREBP activation, we generated Huh7 cells with
knock-in expression of INSIG1/2 C167D/C111D using the CRISPR/
Cas9 system (Supplementary Fig. 7h, i). Surprisingly, INSIG1/2 C167D/
C111D expression partially induced SCAP-INSIG dissociation, SREBP
nuclear translocation, and SREBP-mediated gene expression in the
absence of high glucose stimulation, suggesting that INSIG1/2 C167D/
C111D mutants exhibited a similar SREBP-promoting effect with
INSIG1/2 C167/C111 succination (Supplementary Fig. 7j–l). To this end,
we compared the molecular characteristics of C-succination and
aspartic acid (D) residue and observed their structural similarities
(Supplementary Fig. 7m), which disrupted the SCAP-INSIG complex
formation, as reflected by molecular dynamics (MD) simulation (Sup-
plementary Fig. 7n). Taken together, these data further supported that
glucose-mediated INSIG-SCAP dissociation and subsequent SREBP
activation are largely dependent on INSIG1/2 C167/C111 succination in
HCC cells.

Sequential activation of ADSL-INSIG-SREBP circuitry fuels HCC-
specific metabolic rewiring
Dose-response experiments showed that increasing glucose con-
centrations (1.25mM to 100mM) enhanced PKCε S729 phosphoryla-
tion, ADSL S407 phosphorylation, INSIG1/2 succination, and SREBP-1
cleavage (Supplementary Fig. 8a). To further validate the aforemen-
tioned sequential cascade of ADSL-INSIG-SREBP axis, we treated Huh7
cells with high glucose for different time points, respectively (i.e., 0, 1,
2, 6, 8, 12, 24, 36 h). Consistently, high glucose treatment rapidly

Fig. 3 | ADSL promotes succination of INSIG1/2 C167/C111 to impair its binding
affinity to oxysterols. a–d Huh7 cells transfected with the indicated plasmid were
treated with or without high glucose (a, b). Huh7 cells transfected with Flag-INSIG1
were treated with increased amount of DMF for 4 h (c). Huh7 cells expressing ADSL
shRNA with reconstituted expression of indicated ADSL protein were stimulated
with or without high glucose (d). Total lysates were harvested for immunopreci-
pitation and immunoblotting analyses (a–d). e–g His-INSIG1 purified from Huh7
cells were incubatedwith the bacterially purifiedGST-ADSLWT, S407A, or A291V in
the presence or absence of SAICAR (e). Flag/Strep-INSIG1 purified from the indi-
cated Huh7 cells were treated with or without high glucose (f). His-INSIG1 WT and
C167S were treated with or without fumarate (g). The INSIG proteins on Ni-NTA
agarose beads or Streptavidin beads were washed and incubated with 400 nM [3H]
25-hydroxycholesterol. Specifically bound [3H]25-hydroxycholesterol was mea-
sured (e–g, upper) (n = 4 biological replicates). Pull down assay and immunoblot-
ting analyses were performed (e–g, lower). h Flag/Strep-INISG1 WT or C167S
purified from Huh7 cells were treated with or without high glucose. Streptavidin

pull down and immunoblotting analyses were performed (upper). The INSIG1
proteins on Streptavidin beads were incubated with the indicated concentration of
[3H]25-hydroxycholesterol. Specifically bound [3H]25-hydroxycholesterol was
measured (lower) (n = 3 biological replicates). i Root-mean-square-deviation
(RMSD) of the INSIG2-25HC-SCAP (upper) and INSIG2 scC111 -25HC-SCAP (lower)
from GaMD simulations. Each color represents an independent experimental
replicate. j Interaction profile of the INSIG2 WT-25HC-SCAP and INSIG2 scC111-
25HC-SCAP complex. Different frames of binding modes of INSIG2WT-25HC-SCAP
and INSIG2 scC111-25HC-SCAP complex in 250ns simulations. INSIG2 and SCAP are
shown in cyan and orange, respectively. The red arrow indicates that INSIG2 scC111
moved away from SCAP during the simulation. 25HC is shown in purple; Residues
color such as green, violet, and blue represent hydrophobic, positive charged, and
polar residue, respectively. Images (lower) were prepared using PyMOL. PDB code:
6M49. All data are presented as mean ± SD. Statistical significance was determined
by a two-way ANOVA (e–h).
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induces the robust phosphorylation of PKCε and ADSL within 2 h,
followed by a significant increase in INSIG1/2 succination (i.e., peaks
occur at 2 ~ 6 h post-treatment) (Supplementary Fig. 8b), dissociation
of SCAP from INSIG1/2 (i.e., peaks occur at 6 ~ 8 h post-treatment), and
cleavage of SREBP-1 (i.e., peaks occur at ~12 h post-treatment). These
data, therefore, suggested that high glucose-induced ADSL S407
phosphorylation, INSIG1/2 succination, and subsequent SREBP-1 clea-
vage occur in a time- and dose-dependent manner.

To explore the sequential relationship between INSIG1/2
succination-mediated INSIG-25HC dissociation and INSIG-SCAP dis-
sociation in response to high glucose stimulation, we constructed
Huh7 cell with reconstituted expression of WT SCAP and SCAP D428A

mutant (i.e., defective in the dissociation from INSIG31), respectively
(Supplementary Fig. 8c). Consistently, both glucose-induced INSIG-
SCAP dissociation and SREBP-1 cleavage could be dramatically atte-
nuated by SCAP D428A reconstitution (Supplementary Fig. 8c).
Nevertheless, reconstituted expression of SCAP D428A could not alter
glucose-induced phosphorylation of ADSL S407, succination of
INSIG1/2, and dissociation of INSIG1 to 25HC in comparison to its WT
counterpart (Supplementary Fig. 8c). These data not only suggested
that ADSL-mediated INSIG1/2 succination activates SREBP-1 in a man-
ner dependent on the dissociation of INSIG from SCAP upon glucose
stimulation, but also illustrated that INSIG1/2 succination-mediated
INSIG-25HC dissociation occurs prior to INSIG-SCAP dissociation.
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Taken together, we concluded that high glucose in tumor cells induces
ADSL-mediated INSIG1/2 succination, which impairs its binding to
25HC. The decreased binding affinity of INSIG1/2 to 25HC leads to
SCAP/SREBP dissociation from INSIG1/2, triggering the translocation
of SCAP/SREBP complex from ER to theGolgi apparatus,where SREBP-
1 is sequentially cleaved by S1P and S2P, releasing SREBP-1 N-terminal
fragment into the nucleus to activate downstream target genes tran-
scription. These aforementioned molecular events occur sequentially
(Supplementary Fig. 8d).

To confirmwhether the sequenceofmolecular events for SREBP-1
activation is observed in non-tumoral cells, we have conducted
experiments in primary human hepatocytes (PHH) and normal liver
cell lines (i.e., THLE-2). As expected, high glucose treatment sub-
stantially activated ADSL-INSIG-SREBP axis in HCC cell lines (i.e., Huh7
and HCCLM3), as reflected by the dramatic increase in ADSL S407
phosphorylation, INSIG1/2 C167/C111 succination and subsequent
SREBP-1 activation (Supplementary Fig. 9a). However, the aforemen-
tioned glucose-mediated effects were considerably attenuated in pri-
mary Human Hepatocyte (PHH) and normal liver cell line THLE-2
(Supplementary Fig. 9a), suggesting that the activation of ADSL-INSIG-
SREBP axis in HCC cells is much more robust than that of normal cells
or hepatocytes upon glucose treatment. To investigate whether the
ADSL-INSIG-SREBP axis is a global effect in normal liver cells, we next
expressedADSL S407A in endogenousADSL-depleted normal liver cell
lines HL7702 and THLE-2 (Supplementary Fig. 9b). Of note, the
glucose-induced increases in ADSL S407 phosphorylation, INSIG1/2
C167/C111 succination, SREBP-1 cleavage (Supplementary Fig. 9c),
transcriptional activity (Supplementary Fig. 9d), and the mRNA
expression of SREBP-1 target genes (Supplementary Fig. 9e) were lar-
gely impaired upon reconstituted expression of S407A, supporting
that ADSL-INSIG-SREBP axis exists in normal liver cells.

To further explore whether other mechanisms, such as tran-
scriptional regulation or protein degradation, involved in ADSL-
mediated SREBP activation. We evaluated mRNA levels of SREBF1
(encoding SREBP-1) and monitored key glucose-responsive events in
Huh7 cells with endogenous SCAP knockdown reconstituted with WT
SCAP or the SCAP D428A mutant (i.e., defective in the dissociation
from INSIG). Consistently, high glucose markedly induced SREBF1
transcription, ADSL S407 phosphorylation, and INSIG1/2 C167/
C111 succination, which collectively promoted SREBP-1 proteolytic
activation. Notably, in SCAP D428A-expressing cells, while the afore-
mentioned glucose-mediated effects were completely abolished
(Supplementary Fig. 9f–i). To further confirm whether the positive
regulatory effects of ADSL-INSIG axis on SREBP-1 is cause by the
enhanced protein stability of SREBP, cycloheximide (CHX) chase
assays and found that reconstitution of ADSL S407 (i.e., S407 phos-
phorylation defective mutant), A291V (i.e., enzymatically inactive
mutant), or INSIG1/2 2C/S (i.e., succination deficient munat) exhibited
the comparable SREBP-1 degradation rates in comparison to their WT

counterparts (Supplementary Fig. 9j–m). These data, togetherwith the
main findings in our manuscript, supported ADSL-mediated SREBP-1
activation is largely dependent on INSIG1/2 succination and sub-
sequent dissociation of INSIG from SCAP upon glucose stimulation.

Collectively, these findings demonstrate that the ADSL-INSIG-
SREBP axis functions as an evolutionarily conserved glucose-sensing
cascade in both HCC and normal hepatocytes, operating sequentially
through a mechanism independent of transcriptional regulation or
protein degradation.

The HIV NNRTI Elsulfavirine inhibits SREBP activation by
blocking the ADSL-INSIG1/2 interaction
To further analyze the ADSL-INSIG1/2 interaction, we constructed
ADSL and INSIG1/2 truncation mutants (Fig. 5a, b) and showed that
ADSL domain2 (Fig. 5c and Supplementary Fig. 10a) and C-termini of
INSIG1 (Fig. 5d) and INSIG2 (Supplementary Fig. 10b) are required for
their binding. Subsequent molecular docking analyses revealed three
potential interaction models (Supplementary Fig. 10c). Mutations of
the potential interacting residues showed that mutations of Phe208,
Val324, Trp326, and Phe327 in ADSL (Fig. 5e) and of Leu210 and Tyr213
in INSIG2 (Fig. 5f) diminished the interaction between ADSL and
INSIG2. Consistently, both AlphaFold2 (Supplementary Fig. 10d) and
Chai-1 (Supplementary Fig. 10e) successfully reproduced this struc-
tural model3. Based on these results, the structural interaction
between ADSL and INSIG2 was further defined (Fig. 5g, h), and the
stability of the model was further supported by the RMSD (Fig. 5i) and
RMSF (Fig. 5j) values.

By simulating the amino acid residues involved in the interaction
of ADSL with INSIG2 (Fig. 5k) and performing pharmacophore-based
and docking-based virtual screens of the FDA-approved drug library
for identification of the drugs that bind to the interacting interface of
the ADSL-INSIG2 complex, three drugs with superior docking scores
were selected (Fig. 5l). Treatment of HCC cells with these three drugs
showed that only Elsulfavirine, a nonnucleoside reverse transcriptase
inhibitor (NNRTI) that has been used for the HIV treatment, effectively
blocked the binding of ADSL to INSIG2 in vitro (Fig. 5m) and glucose-
induced the interaction between ADSL and INSIG1/2 in Huh7 cells
(Fig. 5n), aswell as the accumulationof ADSL in the ER (Supplementary
Fig. 10f).

To evaluate the impact of Elsulfavirine to the ADSL-INSIG2 com-
plex, we conducted molecular dynamics (MD) simulation and showed
that Elsulfavirine interacted with INSIG2 (Fig. 6a, b) and increased the
instability of the complex (Fig. 6c), with ADSL moving further away
from INSIG2 over the course of 0–200 ns (Fig. 6d). We further exam-
ined the binding of VM1500A, the active metabolite derived from
Elsulfavirine hydrolysis. Molecular dynamics simulations indicated
that the hydrolyzed acetyl group does not contribute additional pro-
tein interactions, and the overall binding conformation aligns closely
with that of both protonation states of the parent prodrug

Fig. 4 | ADSL mediated succination of INSIG1/2 promotes SREBP activation.
a Parental Huh7 cells and the indicated clones with knock-in expression of INSIG1
C167S/INSIG2 C111S were stimulated with or without high glucose for 4 h. Total
lysateswereharvested for immunoprecipitation and immunoblotting analyses. The
statistical analysis of SCAP grayscale values was derived from 3 independent
experiments. b Parental Huh7 cells and the indicated clones with knock-in
expression of INSIG1 C167S/INSIG2 C111S were stimulated with or without glucose
for 4 h. Immunofluorescence analyses were performed. Scale bars, 20μm. The
white arrows indicate the Calnexin-localized SCAP. The intensity of red (SCAP) or
green (Calnexin) fluorescent signals along the white oblique line was measured
using ImageJ. c, d Parental Huh7 and HCCLM3 cells as well as the indicated clones
with knock-in expression of INSIG1 C167S/INSIG2 C111S were treated with glucose
for 8 h. Total lysates were harvested for immunoblotting analyses as indicated (c).
Immunofluorescence analyses were performed with the indicated antibodies (d).
Scale bars, 20μm. The representative images are shown (left). The relative nucleus

intensity was quantified over 30 cells by ImageJ (right). n = 10 microscopic fields.
e Parental Huh7 cells and the indicated clones of Huh7 cells with knock-in
expression of INSIG1 C167S/INSIG2 C111S were subjected to a luciferase reporter
assay. The relative SRE luciferase activity after normalization to β-galactosidase
activity is shown (n = 6 biological replicates). f The mRNA expression levels of
SREBP-1 target genes were measured using quantitative PCR (n = 3 biological
replicates). g The incorporation of 14C-glucose into TGs (upper) and FAs (lower)
was measured (n = 6 biological replicates). h Parental Huh7 and HCCLM3 cells as
well as the indicated clones with knock-in expression of INSIG1 C167S/INSIG2 C111S
were treated with glucose. Fluorescence staining was used with the Bodipy and
DAPI. Scale bars, 20μm. The representative images are shown (left). The average
number of lipid droplets was quantified by ImageJ (right). n = 10microscopic fields.
All data are presented as mean ± SD. Statistical significance was determined by a
two-way ANOVA (d–f, h) and one-way ANOVA (g).
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antibodies.

Article https://doi.org/10.1038/s41467-026-70583-0

Nature Communications |         (2026) 17:4002 10

www.nature.com/naturecommunications


(Supplementary Fig. 10g, h). Molecular docking analyses showed that
Elsulfavirine, docked within the pocket of the ADSL-INSIG2 complex,
exhibits numerous interactionswith INSIG2 (Supplementary Fig. 10i, j).
In addition, the target engagement assay and thermal shift assay also
showed that Elsulfavirine, rather than tezacaftor or pyrithioxin, inter-
actedwith INSIG1/2with kinetics comparable to 25-hydroxycholesterol
(Fig. 6e, f).

In line with these findings, treatment of HCC cells with Elsulfa-
virine could effectively blocked the glucose-induced SREBP-1 cleavage
(Fig. 6g), nuclear accumulation of SREBP-1 (Fig. 6h), and SRE tran-
scriptional activity (Fig. 6i). Elsulfavirine also inhibited the glucose
stimulation-induced colocalization of ADSL-INSIG (Supplementary
Fig. 10k), disassociation of SCAP from the ER (Fig. 6j), translocation of
SCAP to the Golgi apparatus (Supplementary Fig. 10l), mRNA (Fig. 6k)
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Fig. 6 | Elsulfavirine block SREBP-1 activation through impair ADSL-INSIG1/2
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Elsulfavirine-ADSL complex was built based on the protein-protein model.
b Interactionprofile of the INSIG2-Elsulfavirine-ADSL. Residues color such as green,
violet, and blue represent hydrophobic, positive charged, and polar residue,
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compound Elsulfavirine from GaMD simulations. d Different frames of binding
modes of INSIG2-Elsulfavirine-ADSL complex in 250 ns simulations. e Target
engagement assay using Flag-INSIG1 or Flag-INSIG2 purified from Huh7 cells trea-
ted with or without indicated drugs (left). The relative distribution of each protein
in different fractions was quantified by densitometric analysis of the blots (n = 3
biological replicates) (right), Data are mean ± SD. f The interaction of INSIG2 with
Elsulfavirine detectedby thermal shift assay. RLU, relative light units. The datawere
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cells were pretreatedwith or without Tezacaftor, Elsulfavirine, or Pyrithioxin for 1 h
before treatment with or without high glucose. Immunoblotting analyses were

performed (g). Immunofluorescence analyses were performed (h, left). Scale bars,
20μm. The relative nucleus intensity was quantified over 30 cells by ImageJ
(h, right). n = 10 microscopic fields. i Huh7 cells were treated with or without
Tezacaftor, Elsulfavirine, or Pyrithioxin for 1 h and then subjected to a luciferase
reporter assay (n = 6 biological replicates). j, k Huh7 cells treated with Elsulfavirine
were stimulated with or without high glucose. Immunofluorescence analyses were
performed (j). Scale bars, 20μm. The mRNA expression levels of SREBP-1 target
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ImageJ (lower). n = 10 microscopic fields. All data are presented as mean± SD.
Statistical significancewas determined by a one-way ANOVA (h, i), two-way ANOVA
(k), or two-tailed t-test (l, m).
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and protein (Supplementary Fig. 10m) expression of SREBP-1 target
genes, synthesis of 14C-glucose-derived triglycerides and fatty acids
(Fig. 6l), and lipid droplet accumulation (Fig. 6m) in HCC cells. Taken
together, these findings indicate that Elsulfavirine efficiently inhibits
SREBP activation by disrupting the interaction between ADSL and
INSIG1/2.

ADSL-mediated SREBP activation promotes HCC progression
SREBP activation promotes tumor cell proliferation32. As expected,
reconstituted expression of ADSL S407A and ADSL A291V or knock-in
expression of INSIG1 C167S/INSIG2 C111S in HCC cells inhibited HCC
cell proliferation (Supplementary Fig. 11a, b). Consistently, mouse
studies showed that the expression of these mutants in Huh7 cells,
which were intrahepatically (Fig. 7a, b) or subcutaneously (Supple-
mentary Fig. 11c–f) injected into athymic nude mice, markedly inhib-
ited tumor growth, which accompanied by decreased Ki-67 expression
(Supplementary Fig. 11g, h) and increased cell apoptosis in tumors
(Supplementary Fig. 11i, j). In addition, ADSL S407A expression
decreased the succination of INSIG1 at C167 and INSIG2 at C111 and
reduced the expression and nuclear accumulation of SREBP-1 (Fig. 7c).
Similarly, INSIG1 C167S/INSIG2 C111S expression also decreased the
nuclear level of SREBP-1 (Fig. 7d). These results indicate that ADSL-
mediated INSIG1 succination and SREBP activation promote liver
tumor growth.

Additionally, we employed hydrodynamics-based transfection in
mice to administer plasmids for the expression of active myr-AKT, c-
Met, and the Sleeping Beauty transposase (which induces rapid liver
tumour growth)32,33 along with either wild-type ADSL, ADSL S407A, or
ADSL A291V, respectively. Notably, expression of the ADSL mutants
(S407A and A291V) significantly suppressed tumor growth (Supple-
mentary Fig. 11k, l), accompanied by reduced INSIG1/2 succination and
attenuated of SREBP-1 expression (Supplementary Fig. 11m). Con-
sistently, the inhibitory effects of succination-deficient INSIG1/2
mutants (C167S/C111S) on tumor growth (Supplementary Fig. 11n, o)
and tumoral SREBP-1 expression (Supplementary Fig. 11p) were also
validated by the aforementioned Sleeping Beauty (SB) transposon
system. These data further supported the pro-tumorigenic role of
ADSL-INSIG-SREBP axis in HCC.

We injected luciferase-expressing Huh7 cells expressing WT
INSIG1/2 and INSIG1/22C/Smutant orthotopically into the liver of nude
mice, respectively. Consistently, knock-in expression of INSIG1/2 2C/S
mutant significantly suppressed tumor growth (Supplementary
Fig. 11q, r), accompanied by impaired INSIG1/2 succination and atte-
nuated SREBP-1 expression (Supplementary Fig. 11s). Consistently, the
aforementioned inhibitory effects of succination-deficient INSIG1/2
mutants (C167S/C111S) on tumor growth (Supplementary Fig. 11q, r)
and tumoral SREBP-1 expression (Supplementary Fig. 11s) were largely
eliminated by 2-deoxy-D-glucose (2-DG) (i.e., glucose analog that
mimics glucose deprivation). These data further supported the critical
role of glucose-dependent succination in SREBP activation and tumor
growth.

To assess the clinical implications of ADSL-mediated SREBP acti-
vation, we conducted immunohistochemistry (IHC) analyses on 30
paired samples of primary HCC and adjacent normal tissues. The
phosphorylation of ADSL at S407 and succination of INSIG1 at C167/
INSIG2 at C111, as well as the nuclear expression of SREBP-1, were sig-
nificantly increased in HCC specimens compared to normal tissues
(Supplementary Fig. 12a). Moreover, these markers were strongly
correlatedwith each other in 84 resectedHCC tumors (Supplementary
Fig. 12b). Importantly, elevated levels of ADSL S407 phosphorylation
and INSIG1 C167/INSIG2 C111 succination, as well as increased nuclear
SREBP-1 expression in HCC samples, were associated with reduced
overall survival durations in patients with HCC (Fig. 7e, f). These find-
ings support thefinding that theADSL-mediated succinationof INSIG1/
2 plays a crucial role in the clinical aggressiveness of human HCC.

To investigate the therapeutic potential of Elsulfavirine in HCC
treatment, we evaluated the effects of Elsulfavirine alone and in com-
bination with the first-line liver cancer chemotherapy lenvatinib.
Elsulfavirine and lenvatinib each alone inhibited tumor growth (Fig. 7g,
h), along with decreased Ki-67 expression (Supplementary Fig. 12c),
increased cell apoptosis in tumor tissues (Supplementary Fig. 12d), and
reduced SREBP-1 expression and the levels of lipid synthesis-related
enzymes, such as FASN andACLY, in the tumor tissue (Fig. 7i). Notably,
an additive effect was observed for the combined treatment with the
two drugs. These pivotal in vivo findings were further corroborated in
luciferase-expressing Hepa1-6 tumor-bearing animal models (Supple-
mentary Fig. 12e–i). Collectively, our results propose a promising
combinatorial strategy targeting both proliferative and metabolic
vulnerabilities in HCC, highlighting the translational potential of
Elsulfavirine-lenvatinib synergy.

Discussion
Metabolic alterations are a key hallmark of cancer cells, and increased
lipid biosynthesis is a critical and universal metabolic dependency of
cancer cells across different cancer types34,35. TheWarburg effect fuels
lipid biosynthesis36,37. We demonstrated that glucose stimulation
activated PKCε in hepatocellular carcinoma cells, leading to the
phosphorylation of ADSL at S407 and the ER translocation. In the ER,
phosphorylated ADSL bound to INSIG1/2, and ADSL-produced fuma-
rate promoted the succination of INSIG1 at C167 and INSIG2 at C111.
This succination decreased the binding affinity of oxysterols for INSIG1
and INSIG2 and disrupted the interaction of INSIG1/2 with SCAP.
Consequently, the SCAP-SREBP complex translocated to the Golgi
apparatus,where it promoted SREBP1/2 activation, the transcription of
downstream genes required for de novo lipogenesis, tumor cell pro-
liferation, and tumorigenesis. In addition, the phosphorylation of
ADSL at S407, the succination of INSIG1 at C167, and the succination of
INSIG2 at C111 were not only positively associated with the nuclear
accumulation of SREBP-1 in humanHCC specimens but also correlated
with poor disease prognosis (Fig. 7j). These findings unveil a
mechanism by which tumor cells sense glucose levels and convey a
moonlighting function of ADSL in enhancing lipogenesis for tumor
growth.

Fumarate governs various metabolic and cellular pathways to
drive tumor progression38,39, yet the mechanism by which fumarate
fine-tunes lipid synthesis remains largely elusive. Metabolic enzymes
have the potential to interact with diverse proteins, assuming non-
canonical roles through the localized formation of metabolic bypro-
ducts and thereby influencing the activities of intricate proteins36,40,41.
The binding of ADSL to INSIG1/2 likely augments the availability of
fumarate locally, facilitating INSIG1/2 succination and triggering SREBP
activation by diminishing the binding between INSIG1/2 and oxyster-
ols. These findings underscore the meticulous control of lipogenesis
by integrated metabolite-dependent regulation of key transactional
protein complexes, as reflected by the release of the metabolite oxy-
sterol from INSIG1/2 regulated by the metabolite fumarate.

Modulation of protein‒protein interactions is an approach to
intervene in the function of untargetable transcription factors.
Through structure-based screening, Elsulfavirine, a clinically used HIV
NNRTI, disrupted the ADSL-INSIG1/2 complex and markedly inhibited
SREBP activation. The efficient inhibition of tumor growth by the
combined therapy of Elsulfavirine with lenvatinib represents a readily
available approach with the potential to improve therapy for difficult-
to-treat HCC.

Methods
This work complies with all relevant ethical regulations. Animal studies
were approved by the Research Ethics Committee and complied with
the ethical regulations of Experimental Animal Ethics Committee of
The First Affiliated Hospital, Zhejiang University School of Medicine.

Article https://doi.org/10.1038/s41467-026-70583-0

Nature Communications |         (2026) 17:4002 12

www.nature.com/naturecommunications


The use of human HCC samples and the relevant database was
approved by the Research Ethics Committee of the Second Affiliated
Hospital, Zhejiang University School of Medicine.

Materials
Rabbit antibodies against ADSL (ab154872), INSIG1(ab70784), PKCε
S729 (ab63387), SRC (pY418) (ab4816), Calnexin (ab22595), Ki-67
(ab21700), SREBP-1 (ab28481), SREBP-2 (ab28482), SCAP (ab125186),
SCD1 (ab19862), ATP1A1 (ab7671) and FASN (ab22759) were purchased

from Abcam (Cambridge, United Kingdom). Antibodies against PKCε
(#2683), AKT (#9272), Phospho-p44/42 MAPK (Erk1/2) (Thr202/
Tyr204) (#9106), AKT (pS473) (#4060), c-SRC (#2108), HA-tag
(#50297) (mouse), HA-tag (#3724) (rabbit), PLCγ1 pY783 (#2821)
were purchased fromCell Signaling Technology (Danvers,MA), Rabbit
antibodies against PKCα (A0267), PKCβ (A21241), PKCδ (A7778), PLCγ1
(A7711) were purchased fromABclonal (WuHan, China). Normalmouse
IgG (sc-2025), normal rabbit IgG (sc-2027), mouse ADSL (sc-365623),
PKCθ (sc-81534), ERK1/2 (sc-514302), SREBP-1 (sc-13551), His (sc-8036),

a

b
2 cm

WT S407A A291VFlag-rADSL

2 cm

Tu
m

or
 v

ol
um

e  
(m

m
3 )

WT 2C/S-C1 2C/S-C2INSIG1/2

INSIG1/2

WT S407A A291VFlag-rADSL

INSIG1/2 
scC167/C111

ADSL pS407

SREBP1

50 μm

WT 2C/S-C1 2C/S-C2INSIG1/2

INSIG1/2
 scC167/C111

SREBP1

50 μm

c d

e
Elsulfavirine 
Lenvatinib

g

h

i

Tu
m

or
 v

ol
um

e 
(m

m
3 )

WT
S40

7A
A29

1VFlag-rADSL

WT

2C
/S-C

1

2C
/S-C

2

Tu
m

or
 w

ei
gh

t (
g)

Elsulfavirine
Lenvatinib

High staining 
Low staining 

Survival time (months)

Su
rv

iv
al

 p
ro

po
rti

on 1.0
0.8
0.6
0.4
0.2
0

0 20 40 60 80

P < 0.01
ADSL pS407

High staining 
Low staining 

Survival time (months)

Su
rv

iv
al

 p
ro

p o
rti

on 1.0
0.8
0.6
0.4
0.2
0

0 20 40 60 80

P < 0.01
INSIG1/2 scC167/C111

f

j

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Days after injection

800

600

400

200

0
10 13 2516 2219 28

Mock
Elsulfavirine
Lenvatinib
Elsulfavirine + Lenvatinib

Tumor1 Tumor3 Tumor4Tumor2

50 μm

INSIG1/2 
scC167/C111

ADSL pS407

SREBP1

PKCε pS729

FASN

ACLY

SREBP1

Elsulfavirine
Lenvatinib

50 μm

P < 0.0001 
P < 0.0001 

P < 0.0001 
P < 0.0001 

P 
< 

0.
00

01
 

P 
< 

0.
00

01
 

P 
< 

0.
00

01
 

P < 0.0001 
P < 0.0001 

P = 0.0003 

P = 0.0156 
P = 0.0484 

Fig. 7 | ADSL-INSIG-SREBP axis promotes HCC progression. a Huh7 cells
expressing ADSL shRNA with reconstituted expression of the indicated ADSL
proteins were injected into athymic nude mice (n = 6 mice/group). Tumor growth
was examined 28 days after injection. The arrows indicate tumors. Tumor volumes
were calculated (right).b ParentalHuh7 cells and the indicated clones of Huh7 cells
with knock-in expression of INSIG1 C167S/INSIG2 C111S were injected into athymic
nudemice (n = 6mice/group). Tumor growthwas examined 28 days after injection.
The arrows indicate tumors. Tumor volumes were calculated (right). c–e IHC ana-
lyses of the indicated tumors (n = 6) were performed with the indicated antibodies.
Representative staining images are shown. Scale bars, 50μm. f Kaplan–Meier plots
of the overall survival rates in 84 patients with HCC grouped according to high
(staining score, 4–8) and low (staining score, 0−3) expressionof ADSL pS407 (ADSL
pS407 high, n = 45; low, n = 39) or INSIG1/2 C167/C111 succination (INSIG1/

2 succination high,n = 43; low, n = 41).P valueswere calculated using a log-rank test
(two-tailed). g, h Tumor growth of Huh7 cells in athymic nude mice treated with
control, Elsulfavirine, Lenvatinib, or the combination (n = 6mice/group). On the 7th
day after inoculation, themicewere intraperitoneally injectedwith drugs every day.
The mice were euthanized and examined for tumor growth 28 days after injection.
Tumor volumes were calculated (g). Tumor weights were calculated (h). i IHC
analyses of the indicated xenograft tumors (n = 6) were performed with the indi-
cated antibodies. Representative staining images are shown. jMechanism for ADSL-
promoted activation of SREBP and lipogenesis. HChydroxycholesterol, bHLHbasic
helix-loop-helix protein, Reg regulatory domain of SREBP. This figure was created
using BioRender (Hu, Z. (2025) https://BioRender.com/t3u0tg1). All data are pre-
sented as mean± SD. Statistical significance was determined by a one-way ANOVA
(a, b) or two-way ANOVA (g, h).
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GST (sc-138), and tubulin (sc-8035) antibodies were obtained from
Santa Cruz Biotechnology. ATP-γ-S (ab138911) andDiacylglycerol assay
kit (ab242293) were obtained from Abcam. 2SC (crb2005017) was
purchased from Cambridge Research Biochemicals. [3H]25-hydro-
xycholesterol was obtained from PerkinElmer. U0126, MK-2206,
SU6656, AEB071, SAICAR, Elsulfavirine, Tezacaftor, and Pyrithioxin
were purchased from MedChemExpress. Lenvatinib was purchased
from Selleck Chemicals. Streptavidin magnetic beads, anti-Flag M2
agarose beads, EDTA-free protease inhibitor cocktail, fumarate,
3 × Flag peptides, Recombinant active PKCε (14–518), fumarate assay
kit (MAK060), mouse anti-Flag (F1804), rabbit anti-Flag (F7425) anti-
bodies, and cholesterol (C8667) were purchased from Sigma-Aldrich
(St. Louis, MO). Hygromycin (400053), puromycin (540222), and G418
(345810) were purchased from EMD Biosciences (San Diego, CA).
INSIG2 (PA5-41707), Golgin97 (CDF4) (14-9767-82), BODIPY(D3922),
Calnexin (MA3-027), glutathione agarose, 4′, 6-diamidino-2-
phenylindole (DAPI), Alexa Fluor 488 goat anti-rabbit (A11008), Alexa
Fluor 594 goat anti-rabbit (A11012), Alexa Fluor 488 goat anti-mouse
(A11029), and Alexa Fluor 594 goat anti-mouse antibodies (A11005)
were obtained from Thermo Fisher Scientific. Tolrestat (HY-16500),
Propranolol (HY-B0573B), Ramapycin (HY-10219), and 2-deoxy-D-
glucose (HY-13966) were purchased from MedChemExpress. PDH E1
Alpha (18068-1-AP) and ACLY (15421-1-AP) Polyclonal antibodies were
purchased from Proteintech. Secondary HRP-coupled antibodies were
used at 1:5000. Ni-NTA agarose was obtained from Qiagen. ADSL
pS407 and INSIG1/2 scC167/C111-specific antibodiesweregenerated by
ABclonal Biotechnology. The antibody applications and dilution ratios
are detailed in the reporting summary.

DNA construction and mutagenesis
PCR-amplified human ADSL, PKCε, INSIG1, INSIG2, and SCAP were
cloned into pcDNA3.1/hygro(+)-(Flag, HA, or twin Flag/Streptavidin),
pCDH-CMV-MCS-EF1-Puro/Neo-(Flag, HA), CS2MT (7-Myc), PGEX4T-1
(GST), pColdI (His) or pT3-EF1a vector. His-tagged INSIG1 and INSIG2
were constructed in a pFastBac Dual expression vector as previously
described42. pT3-EF1a-c-Met was a gift fromX. Chen (Addgene plasmid
31784). The following mutations were generated using a QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA): ADSL S407A,
S407D, A291V, F208D, V324F, W326D, F327A, L84G, R188A, INSIG1
C167S, F171A,W210A, INSIG2C111S, Q209A, L210A, Y213A, PKCεK437R
and SCAP L315F, D428A, aswell as short hairpin RNA (shRNA)-resistant
ADSL (human) constructs containing A465G, T468C, C471T and
A474G, shRNA-resistant ADSL (mouse) constructs containing T366C,
T369C and G372T, shRNA-resistant PKCε constructs containing
A2058G, A2061C and C2065A, shRNA-resistant SCAP constructs con-
taining C3078T, T3081C, C3084A and C3087A. The PLKO.1 shRNA
target sequences were as follows: PRKCA, 5′- CGAGGTGAAGGACCA-
CAAATT -3′, PRKCB, 5′- CCTGTCAGATCCCTACGTAAA -3′, PRKCQ, 5′-
CAAGGCCGAATGCTAATGAAT -3′, PRKCD, 5′- CAGAGCCTGTTGGGA-
TATATC -3′, PRKCE, 5′- CCACAAGTTCGGTATCCACAA -3′, ADSL
(human), 5′- GCAGAACATTTCTGAAGGATT -3′, ADSL (mouse), 5′-
CCTGCTATGTCGGAGACAATA -3′, SCAP, 5′′- GCTCAACGGTTCCCTT-
GATTT -3′, PDHA1-shRNA1: 5′- GCCAATCAGTGGATCAAGTTT -3′,
PDHA1-shRNA2: 5′-CGAATGGAGTTGAAAGCAGAT -3′.

Cell culture and transfection
Huh7, HCCLM3, and 293T cells were procured from ATCC. These cell
lines were cultured in complete Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% dialyzed bovine calf serum
(HyClone). Notably, none of the cell lines employed in our study were
listed in the database of commonly misidentified cell lines maintained
by the International Cell Line Authentication Committee and NCBI
Biosample. Transfections were performed using Lipo8000™ Trans-
fection Reagent (Beyotime) according to manufacturer instructions.
Cells were seeded in 60-mm dishes at 4 × 10⁵ cells/dish 18 h before

transfection. For each transfection: 2μg plasmid was diluted in 150μL
serum-free medium, separately mixed with 3.2μL Lipo8000™ diluted
in 150μL serum-free medium. The mixture was gently mixed by
pipetting (no incubation required) and added dropwise to cell cul-
tures. For generating shRNA-depleted stable cell lines, cells were
transfectedwith shRNAplasmids targetingADSLor PKCε, and selected
by puromycin. Forgenerating gene-expressing stable cell lines, shRNA-
depleted cells were transfected with lentivirus carrying shRNA-
resistant (r) WT rADSL, rADSL S407A, rADSL A291V, WT rPKCε, or
rPKCε K437R (DN), and selected by hygromycin. Before high-glucose
(25mM) treatment, the cells were cultured in low-glucose (1.25mM)
medium for 16 h. U0126 (20 μM), MK-2206 (10μM), SU6656 (4μM) or
AEB071 (5μM) was added 30min before treatment with or without
high-glucose.

Purification of recombinant proteins
His-ADSL WT, S407A, and A291V were bacterially expressed and pur-
ified as describedpreviously32. Flag/strep-tagged INSIG1/2 inHuh7 cells
were isolated using anti-Flag agarose beads and eluted with 3 × Flag
peptides. Subsequently, after ultrafiltration and removal of the 3 × Flag
peptides, a secondary streptavidin pull-down was conducted. His-
INSIG1 and His-INSIG2 were purified as previously described43.

In vitro kinase assay
The in vitro kinase assays were conducted following established
protocols32,44. In brief, Active PKCε (14–518, Sigma-Aldrich) at 500ng
was co-incubated with bacterially purified His-ADSL (200ng) in a
kinase buffer (25mM Tris-HCl [pH 7.5], 5mM beta-glycerophosphate,
2mM dithiothreitol [DTT], 0.1mM Na3VO4, and 10mM MgCl2) along
with 50mMATP-γ-S at 30 °C for 30min. Following incubation, samples
were alkylated with 50mM PNBM/5% DMSO, incubated at room tem-
perature for 1 h, and subsequently subjected to analysis via SDS-PAGE
and immunoblotting. Phosphorylated proteins were visualized using
an anti-thiophosphate ester antibody sourced from Abcam (ab92570).

CRISPR-Cas9-mediated genome editing
Genomic mutations in INSIG1(C167S) and INSIG2(C111S) were induced
in cells using the CRISPR-Cas9 system, following established
methods45,46. Custom-designed single-guide RNAs (sgRNAs) targeting
regions adjacent to the mutation sites were integrated into a PX458
vector (Addgene) after BbsI restriction enzyme digestion. Huh7 and
HCCLM3 Cells, initially seeded at 60% confluency, were then co-
transfected with sgRNAs (0.5μg) and single-stranded donor oligonu-
cleotides (10 pmol) to facilitatemutation introduction. After 24 h, cells
were trypsinized, single cells were isolated, and seeded into 96-well
plates. Genomic DNA was then extracted from GFP-positive cells, and
PCR products spanning the mutation sites were sequenced. sgRNA
targeting sequence for INSIG1 (C167S): 5′-CGCTGCA-
TAGCAGTTTTTGT-3′; single-stranded donor oligonucleotide (ssODN)
sequence for INSIG1 (C167S): 5′-TACTGTACCCCTGTATCGACAGTC
ACCTCGGAGAACCCCACAAATTTAAGAGAGAATGGGCCAGTGTCATG
CGCTcCATcGCcGTcTTTGTTGGCATTAACCACGCCAGTGCTGTATCC
TTAATTTTCTGTGCTACGTCCAGAGTATCTTCTTAGGTTATATAT-3′.
sgRNA targeting sequence for INSIG2 (C111S): 5′-CGGTGTGTAG-
CAGTCTTTGT-3′; ssODN sequence for INSIG2 (C111S): 5′- GTTATTA-
TACCCCTGCATTGACAGACATCTAGGAGAACCACATAAATTTAAAA-
GAGAGTGGTCCAGTGTAATGCGGTcTGTcGCcGTaTTTGTTGGTA-
TAAATCATGCCAGTGCTGTATCCTTTACTCTGTAATGAAATGCATAA-
TAACAAAGTGGCTTCCAAC-3′; sgRNA targeting sequence for ADSL
(S407A): 5′-AATCAGAGTGCTTCTCAGC-3′; ssODN sequence for ADSL
(S407A): 5′-ACGCCCTGTTAGTAGGGAACTGACAATACTTCACTGTC
TTCCCAGGATTGCCATGAGAAAATCAGAGTGCTTgCTCAGCAaGCAGC
TTCTGTGGTTAAGCAGGAAGGGGGTGACAATGACCTCATAGAGCG
TATCCAGGTTGATGCCTACTTCAGTCCCATTCACTCCCAGTTGGAT-
CATTTACTGGAT-3′. The lowercase letters in the ssODN sequences
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denote the mutated nucleotides intended to substitute the native
nucleotides in the genomic DNA of parental cells via the CRISPR-Cas9
system. Genotypingwas conducted through sequencing PCRproducts
amplified using the following primers: INSIG1 forward: 5′-
CCCTGCTTGATTCCTTCCTGT-3′, INSIG1 reverse: 5′-CCATCACT-
GAGTCAAAAACTTAACC-3′; INSIG2 forward: 5′-CCTCATTT-
CATTTCCTTTGGAAGGT-3′, INISG2 reverse: 5′-AGCACCTGAAGCTA
CCACAT-3′; ADSL forward: 5′-TCATGGCCACAGAGAACATC-3′, ADSL
reverse: 5′-CTGCTGGGAGGCACGACCAG-3′.

Specific antibodies generation and validation
ADSL pS407 and INSIG1/2 scC167/C111-specific antibodies were gener-
ated byABclonal Biotechnology. For the generation of rabbit polyclonal
antibodies specific to ADSL phosphorylated at S407 and to INSIG1/
2 succinated at C167/C111, the phosphopeptide IRVL-(S-phosphoryla-
tion)-QQAA-C and the succination-mimic peptide SV-Nle-R(C-Succina-
tion)IAVwere synthesized. Thesemodifiedpeptideswere conjugated to
keyhole limpet hemocyanin (KLH) to serve as immunogens. Corre-
sponding control peptides, IRVLSQQAA-C and SV-Nle-RCIAV, were also
synthesized for subsequent antibody purification and detection.
Four specific pathogen-free Japanese White rabbits were immunized.
The immunogen IRVL-(p-S)-QQAA-C, dissolved in 8M urea-PBS buffer,
was thiol-coupled to KLH. The primary immunization administered
700 µg of immunogen per rabbit emulsified with an equal volume of
complete Freund’s adjuvant (CFA) via multiple subcutaneous injections
in the abdominal and dorsal regions. Booster immunizations were
performed at 7, 14, 21, and 21 days post-primary immunization (for a
total of five immunizations), each administering 350 µg of
immunogen per rabbit emulsified with incomplete Freund’s adjuvant
(IFA) via multiple subcutaneous injections. Serum collected one week
after the fifth immunization was evaluated by dot blotting (DB),
revealing detectable antibody titers at a 10,000-fold dilution of serum
against the modified peptide. Rabbits were sacrificed 73 days after the
initial immunization. Terminal serum was collected via carotid artery,
allowed to clot overnight at 4 °C, incubated at 37 °C for 2–3 h, and
clarified by centrifugation (5min, 4 °C, 4500× g). Antibodies were
affinity-purified from the pooled sera using columns prepared with
either the modified peptide or the control peptide. Briefly, serum
was diluted tenfold in PBS, filtered through a 0.22 µm membrane,
and incubated with peptide-coupled resin for 2 h. The resin slurry
was then loaded onto a 1mL column. After washing the resin four times
with PBS, bound antibodies were eluted using pH 3.0 citrate buffer. The
eluate (designated as the antibody fraction) was dialyzed against
PBS (pH 7.3), and the antibody concentration was determined using
a Nanodrop spectrophotometer. Huh7 cells were stimulated with
or without high glucose, and total lysates were harvested for competi-
tion assays. For detection of ADSL S407 phosphorylation, 1 µg/mL anti-
ADSL pS407 antibody was preincubated with 200 µg/mL ADSL
pS395 peptide, ADSL pS407 peptide, ADSL pS412 peptide, or
unmodified ADSL control peptide prior to immunoblotting. For INSIG
succination detection, 1 µg/mL anti-INSIG1/2 scC167/C111 antibody was
preincubated with 200 µg/mL INSIG1 scC146 peptide,
INSIG1 scC167 peptide, or unmodified INSIG1 control peptide to assess
INSIG1 C167 succination; the same antibody was preincubated with
200 µg/mL INSIG2 scC90peptide, INSIG2 scC111 peptide, or unmodified
INSIG2 control peptide for INSIG2 C111 succination analysis.
Peptides were synthesized by Nanjing Yuanpeptide Biotechnology,
with sequences as follows: ADSL pS407 peptide: HEKIRVL(p-S)
QQAA, ADSL pS395 peptide: KAGG(p-S)RQDCHEKIRV, ADSL pS412
peptide: RVLSQQAA(p-S)VVKQEG, ADSL unmodified peptide:
HEKIRVLSQQAA, INSIG1 scC167 peptide: SVMR(sc-C)IAVFV,
INSIG1 scC146 peptide: GLLYP(sc-C)IDSHL, INSIG1 unmodified peptide:
SVMRCIAVFV, INSIG2 scC111 peptide: SVMR(sc-C)VAVFV, INSIG2 scC90
peptide: GLLYP(sc-C)IDRHL, INSIG2 unmodified peptide:
SVMRCVAVFV.

Glucose oxidation assay
Stable PDHA1-knockdown cell lines were generated using lentiviral-
based shRNA vectors targeting PDHA1, followed by puromycin selec-
tion. For glucose oxidation assays, control and PDHA1-depleted Huh7
cells were first incubated in serum-freemedium containing 2.8mM [U-
¹⁴C]-glucose (0.25μCi, representing a low-glucose condition) for 12 h,
and then exposed to serum-free medium with 22.4mM [U-¹⁴C]-glu-
cose (2μCi, representing a high-glucose condition) for 4 h. The reac-
tion was terminated by injecting 70% perchloric acid into themedium,
and the ¹⁴C-labeled CO₂ generated from glucose oxidation was cap-
tured on NaOH-soaked Whatman filter papers and quantified by scin-
tillation counting.

Quantitative RT-PCR
Cellular RNA was isolated using TRIzol following the manufacturer’s
instructions (Invitrogen). In brief, 1μg of RNA per sample underwent
cDNA synthesis employing a TaqMan Reverse Transcription Reagents
kit (Applied Biosystems). Quantitative real-timePCRwas conductedon
the LightCycler® 480 PCR system (Bio-Rad) using the SYBR Premix Ex
Taq kit for Real-Time PCR (Takara). α-Tublin was utilized as the
reference gene for normalization in the experiments. The following
primers were used for qRT-PCR: FASN, 5′-CACAGGGACAACC
TGGAGTT-3′ and 5′-ACTCCACAGGTGGGAACAAG-3′; SCD, 5′-CGAC
GTGGCTT TTTCTTCTC-3′ and 5′-CCTTCTCTTTGACAGCTGGG-3′;
ACACA, 5′-AGTGGGTCACCCCATTGTT-3′ and 5′- TTCTAACAGGA
GCTGGAGCC-3′; GPAM, 5′-TTGTGGCTTGCCTGCTCCTCTA-3′ and 5′-
AATCACGAG CCAGGACTTCCTC-3′; HMGCR, 5′-TCTGGCAGTCAGTGG
GAACTATT-3′ and 5′-CCTCGTCCTTCGATCCAATTT-3′; HMGCS1, 5′-
GATGTG GGAATTGTTGCCCTT-3′ and 5′-ATTGTCTCTGTTCCAACTT
CCAG-3′; LDLR, 5′-AACGGTCATTCACCCAGGTC-3′ and 5′-GGCTGAA-
GAATAGGAGTTGCC-3′; FDFT1, 5′-CGATAGCTGTGTGCAAAGTAACT-3′
and 5′-CCATCTGCTGAGTGCTTTCTG-3′; α-Tubulin, 5′- TATCGAGC
GCCCAACCTACAC-3′ and 5′- CACCAGGTTGGTCTGGAATTCTGT-3′.

[3H]25-hydroxycholesterol binding assay
[3H]25-hydroxycholesterol binding assays were conducted following
established procedures42. In brief, each reaction was carried out in a
100μL final volume of buffer A (50mM Tris-HCl at pH 7.5, 150mM
NaCl, 1mM dithiothreitol, 0.1% Fos-choline 13, 0.005% sodium azide)
comprising 1.2μg of purifiedwild-type ormutant His-INSIG1 or INSIG2,
10–500nM [3H]25-hydroxycholesterol, and 25mM phosphocholine
chloride. Following a 4-h incubation at room temperature, themixture
was passed through a column packed with 0.3mL of Ni-NTA agarose
beads (Qiagen). Subsequently, each column underwent three washes
with 10mL of buffer B (50mM Tris-HCl at pH 7.5, 150mM NaCl, 1mM
dithiothreitol, and 0.1% (w/v) Anapoe-C12E9). The protein-bound [3H]
25-hydroxycholesterol was eluted using 250mM imidazole and quan-
tified via scintillation counting.

Luciferase reporter assay
The SRE luciferase activity in cell lysates was evaluated with the luci-
ferase assay system. Huh7 cells were transfected in 24-well plates with
0.1μg of SRE-driven luciferase reporter and 0.075μg of β-
galactosidase. After a 24-h transfection, the cells were subjected to
high-glucose conditions. Cell lysates were then assessed for luciferase
and β-galactosidase activity according to the manufacturer’s guide-
lines (Promega).

ER fractionation
The Endoplasmic Reticulum Isolation Kit (ER0100, Sigma-Aldrich) was
employed for the isolation of ER fractions from the cells.

Mass spectrometry analysis
For identification of interacting proteins, a protein band visualized via
Coomassie blue staining was excised from an SDS-PAGE gel and

Article https://doi.org/10.1038/s41467-026-70583-0

Nature Communications |         (2026) 17:4002 15

www.nature.com/naturecommunications


digested in gel in 50mM ammonium bicarbonate buffer containing
RapiGest (Waters Corporation) overnight at 37 °C with 200 ng of
modified sequencing grade trypsin (Promega). The digested protein
samples were analyzed using high-sensitivity LC-MS/MS with an Orbi-
trap Elite mass spectrometer (Thermo Fisher Scientific). Proteins were
identified by searching the fragment spectra against the UniProt pro-
tein database (EMBL-EBI) using theMascot search engine (v.2.3;Matrix
Science) with the Proteome Discoverer software program (v.1.4;
Thermo Fisher Scientific). For detection of phosphorylation or succi-
nation sites, in vitro PKCε phosphorylated ADSL and immunoprecipi-
tated Flag-INSIG1 from HCC cells upon glucose stimulation were
subjected to trypsin digestion and analyzed using LC-MS/MS with the
Orbitrap Elite mass spectrometer. All mass spectrometry experiments
were performed with at least two biological replicates.

Immunoprecipitation and immunoblotting analysis
Proteins were extracted from cultured cells using a modified buffer,
followed by immunoprecipitation and immunoblotting with specific
antibodies, as previously detailed32,47. Briefly, cells were harvested,
triple-washed with cold PBS, and then lysed in a buffer comprised of
25mM Tris-HCl (pH 7.4), 150mM NaCl, 1% NP-40, 5mM EDTA, 10%
glycerol, 1mMNaVO3, 50mMNaF, and aprotease inhibitor cocktail for
30min at 4 °C. Following centrifugation at 15,000× g, the supernatant
was carefully transferred to a prechilled microcentrifuge tube. The
protein concentrationwas determined using the BCA Protein Assay Kit
(Pierce) following themanufacturer’s instructions. Approximately 10%
of the supernatant was reserved forWestern analysis as input controls.
The rest of the protein samples were incubated with designated anti-
bodies overnight and then combined with protein A or protein
G-agarose beads for 2 h. The immunoprecipitation beads underwent
five washes with lysis buffer before immunoblotting analysis. Blots
were blocked with 5% non-fat milk, followed by incubation with pri-
mary antibodies and HRP-conjugated secondary antibodies.

Ni-NTA pulldown assay
Equal amounts of His-tagged purified protein (200ng/sample) were
incubatedwithorwithout 100ngofGST fusionproteins, alongwithNi-
NTA agarose beads, in a modified binding buffer (50mM Tris-HCl, pH
7.5, 1% Triton ×-100, 150mM NaCl, 1mM DTT, 0.5mM EDTA, 100μM
PMSF, 100μM leupeptin, 1μM aprotinin, 100μM sodium orthovana-
date, 100μM sodium pyrophosphate, 1mM sodium fluoride). The Ni-
NTA agarose beads were washed four times with the binding buffer
and subsequently analyzed by immunoblotting or [3H]25-hydro-
xycholesterol binding assay as previously described32.

Cytosolic fumarate level detection
Cytosolic fraction was extracted as described previously48. Briefly,
2 × 107 Huh7 Cells were harvested by trypsinization, pelleted at 600× g
for 5min andwashed twicewith cold PBS. The cell pellets are placedon
ice and homogenized by 10 strokes using a Thomas homogenizer with
amotor-driven Teflon pestle in the 2mLof hypotonic homogenization
buffer (3.5mM Tris-HCl, pH 7.8, 2.5mM NaCl, 0.5mM MgCl2). After
homogenization, 200 µl of hypertonic buffer (0.35M Tris-HCl, pH 7.8,
0.25M NaCl, 50mM MgCl2) is added to make the medium isotonic.
This homogenate is centrifuged at 1200 × g for 3min at 4 °C to pellet
unbroken cells, debris, and nuclei. The supernatant is centrifuged
again at 15,000× g for 2min at 4 °C and the supernatant is cytosolic
fraction. Then Fumarate Assay Kit (MAK060; Sigma) were used for
cytosolic fumarate concentration measurement.

Assay of ADSL enzymatic activity and HPLC analyses
ADSL activity was assessed as previously described49. In brief, Ni-NTA
beads conjugated recombinant His-ADSL WT, S407A, and A291V,
incubated with or without active PKCε, were incubated in the reaction
buffer containing 200μM SAICAR in 20mM Tris pH 8.1 in a final

volume of 200 µL for 30min at 37 °C. The reaction was terminated by
the addition of 50 µl ice-cold 10% (w/v)HClO4 and left on ice for 10min.
The sample was than centrifuged at 11,000 × g at 4 °C for 5min. The
supernatant was transferred to a clean vial and neutralized with 8 µl
5M K2CO3. After a further 10-min incubation on ice, the sample
underwent a second centrifugation, and the supernatant was filtered
through a 0.2μmnylon filter at 11,000 × g at 4 °C for 1min. The filtrate
was then transferred to a fresh injection vial, with 10 µL used for sub-
sequent HPLC analysis.

Immunofluorescence analysis
Immunofluorescence analysis was conducted following previously
reported50. Cultured cells were fixed with 4% paraformaldehyde (PFA),
permeabilizedwith 0.1% Triton ×-100 for 5min, and then blocked in 3%
BSA for 1 h. Subsequently, the samples were incubated overnight at
4 °C with primary antibodies targeting specific antigens. Following
incubation with fluorescent-dye-conjugated secondary antibodies and
DAPI, immunofluorescent images of the cells were captured and
visualized using a confocal microscope (Leica TCS-SP8, Germany). Co-
localization analysis was performed using ImageJ, and graphs were
generated using GraphPad Prism 8.

Lipid droplet staining
Huh7 cells were plated at 10,000–20,000 cells/well in 12-well plates
containing 1mL low-glucose (1.25mM) DMEM supplemented with 10%
FBS and incubated overnight at 37 °C. After aspiration, cells were sti-
mulated with high-glucose (25mM) medium for 12 h. Fixation was
performed by adding pre-chilled 5% formaldehyde in PBS directly to
culture medium (1:1 v/v) to achieve 2.5% final concentration, followed
by 15-min incubation at room temperature. Fixed cells were washed
twice with PBS and stained with 500μL/well of a solution containing
10μg/mL BODIPY 493/503 and 1μg/mL DAPI (diluted in PBS) for
30min at room temperature in the dark. Following two PBS washes,
fluorescent images of the cells were captured and visualized using a
confocal microscope (Leica TCS-SP8, Germany). The total number of
lipid droplets in each image was measured using ImageJ and normal-
ized to the number of cells to calculate the average lipid droplets
per cell.

Molecular modeling
Molecular modeling was performed using Schrödinger Software
Release 2021–4. The structure of INSIG2 was derived from the Alpha-
FoldProtein StructureDatabase (AlphaFoldDB: Q9Y5U4) and theADSL
was derived from the Protein Structure Database (PDB code: 4FLC).
The Protein Preparation Wizard tool of Maestro was used to prepare
the protein structure required for subsequent docking calculations, in
which missing hydrogen atoms were added and minimized, and bond
orders and disulfide bonds were calculated. The structure of the pro-
tein was minimized using the OPLS4 force field to optimize the
hydrogen bonding network and converge heavy atoms to an RMSD of
0.3 Å. INSIG2 is defined as the receptor, and the ADSL is defined as the
ligand. The ligand was rotated into a large number of different orien-
tations with respect to the receptor, and each of the ligand orienta-
tions was evaluated to find the best docking score to the receptor. The
top 1000 rotations are clustered using the RMSD between matching
atoms in each pair of rotated structures. The structure that is taken
from each cluster is the one with the most neighbors in the cluster.
After docking, a refinement is performed by default on the side chains
of residues within 5 Å of the interface, to minimize clashes and opti-
mize interactions.

Molecular dynamics simulation
Moleculardynamics simulationswereperformed to further investigate
the dynamic interactions between the INSIG2 and ADSL. The simula-
tions were conducted by using Schrödinger version 2021–4 and
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employed the Desmond module. The previously generated docking
complex was employed as the starting coordinates, which was then
filled into a proper box and solvated with water (TIP3P). The whole
system was then added corresponding Na+ or Cl− to neutralize all
charges of the whole system. 0.15M NaCl was added to the system to
simulate salt concentrations under physiological conditions. The
whole system was relaxed with the default set, and the productive
simulation was then performed for 250nswith a temperature of 300K
and a pressure of 1 bar. The resulting trajectorywas then analyzed, and
the RMSD of the complex was calculated. The trajectory snapshots
were recorded at 1000ps intervals. The Simulation Interaction Dia-
gram of Desmond was used to analyze trajectories to predict the
binding pattern of ADSL and INSIG2. The most abundant binding
conformations were then extracted by the Desmond Trajectory Clus-
tering module. The membrane protein structure was retrieved from
the Orientations of Proteins in Membranes (OPM) database (PDB:
6M49). Following PDB import into CHARMM-GUI, the protein was
subsequently oriented and positioned within a membrane bilayer
composed of a 20% Cholesterol, 50% POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine), and 30% POPE (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine) mixture that mimics the ER mem-
brane. The simulations employed symmetric, neutral membranes,
solvatedwith 0.15MNaCl using TIP3Pwater at 310 K. Furthermore, the
construction of force fields for specific amino acids undergoing post-
translational modifications is accomplished by selecting specific
modification types. Each simulation was conducted using OpenMM,
with input files generated by Membrane Builder. A six-step equilibra-
tion protocol, as definedbyMembraneBuilder,was implemented. This
included 250 ps of NVT (constant particle number, volume, and tem-
perature) dynamics with a 1 fs timestep. Subsequently, the NPT (con-
stant particle number, pressure, and temperature) ensemble was
utilized for 125 ps with a 1 fs timestep, followed by 1.5 ns with a 2 fs
timestep. During the equilibration phase, the positional and con-
formational force constants for lipid and water molecules were pro-
gressively reduced, reaching zero at the conclusion of the
equilibration process. The production was run for GaMD simulations
using Amber.

Binding free energy calculation using MM‑GBSA
Molecularmechanicswas used to calculate thebinding free energies of
the ligand combination and reference complexes. The molecular
mechanics-generalized Born surface area (MM/GBSA) approach was
used to determine the binding free energy of protein-ligand com-
plexes. Because of the precision of quantum mechanical computing,
the number of false-positive findings in molecular docking experi-
ments has decreased. Interaction effects on ligand-protein stability
were investigated using the Prime MM/GBSA component of the
Schrödinger suite. Taking multiple snapshots of the Desmond trajec-
tory file allowed theMM-GBSA to be calculated. Finally, “Schrödinger’s
thermal mmgbsa.py” (https://www.schrodinger.com) was used to cal-
culate the anticipated binding energy’s mean and standard deviation
throughout the 250-ns time period. The script is written in Python.

Virtual screening
For the ligand preparation, initially, FDA-approved compounds were
downloaded from theMCE database in SDF format. The “LigPrep” tool
in Maestro of Schrodinger software suite was utilized for ligand pre-
paration. During ligandpreparation, the following criteria, including (i)
OPLS3 force field, (ii) generation of all possible ionization states at pH
7.0 ± 2.0, (iii) desalt option, (iv) generation of tautomers for all con-
formers, and (v) generation of one low energy conformer per ligand
was implemented. The prepared ligands were subsequently taken
through a structure-based virtual screening process using Glide
module of Schrodinger suite. The HTVS mode was employed for fil-
tering the chemical entities suggested from the library of molecules,

SP mode was applied for further screening, and XP mode was utilized
to obtain more accurate docking scores.

Target engagement assay
Target engagement assay was performed as previously reported51. In
brief, Huh7 cells transfected with Flag-INSIG1 or Flag-INSIG2 were
treated with or without 50μM tezacaftor, 25μM elsulfavirine, 50μM
pyrithioxin, or 25 μM25HC for 1 h. Cells were collected, aliquoted, and
heated at 42, 45, 48, 51, 54, 58, 62, 66, and 70 °C for 3min. Flag-INSIG1
and Flag-INSIG2 in the soluble fraction was quantified by immuno-
blotting analysis.

Thermal shift assay
Thermal shift assay was conducted as previously reported52. Briefly,
0.1mg/ml of His-INSIG2 with or without 250 μM tezacaftor/elsulfavir-
ine/pyrithioxin/25HC in PBS was prepared, and a 1000 dilution of
SYPRO Orange dye (Invitrogen) was added. Fluorescence signals were
recorded as a function of temperature using a Real-Time PCRmachine
(Bio-Rad CFX96) in the FRET mode with fluorescence intensity mea-
sured at Ex/Em: 450–490/560–580 nm. The temperature gradient
ranged from 30 to 95 °C with a ramp rate of 0.5 °C over 15 s. Data
analysis was conducted using the differential scanning fluorimetry
analysis tool.

Conversion of radiolabelled glucose to triglycerides and
fatty acids
The incorporation of radioactive substrates into triglycerides and fatty
acids was assessed as previously described53. Briefly, prior to the
incorporation assay, cells were subjected to low-glucose treatment
(i.e., 1.25mM D-glucose in the culture medium). Cells were washed
twice with PBS and then exposed to 1mL labelling medium (2.5% fatty-
acid-free bovine serum albumin, 1% (v/v) penicillin/streptomycin,
5mM D-glucose, 0.5mM sodium, 2mM sodium pyruvate, 13.8μCi/
μmol 14C-glucose or 10.4μCi/μmol 14C-acetate) at 37 °C in a humidified
incubator (5% CO2) for 8 h before lipid extraction. Metabolic activities
were halted by washing the cells with cold PBS, followed by cell lysis
using amodified Dole’s extractionmixture (80mL isopropanol, 20mL
hexane, 2mL 0.5M H2SO4). Triglycerides were extracted with hexane,
washed, and then evaporated to remove the solvent. The incorpora-
tion of 14C-glucose into fatty acids and triglycerides was determined by
saponifying neutral lipids with KOH-ethanol (20mL 95% ethanol, 1mL
water, 1mL saturated KOH) at 80 °C for 1 h, followed by hydrophobic
separation with hexane. The hydrophilic fraction was evaporated and
quantified using liquid scintillation counting. The incorporation data
were normalized based on cell count.

Animal studies
Male athymic BALB/c nude mice (6-week-old) and C57BL/6 mice (6-
week-old males) were purchased from GemPharmatech (Nanjing,
China). Mice were housed under specific pathogen-free (SPF) condi-
tions in a 14-h light/10-h dark cycle. Mice were kept at ambient tem-
perature (21–23 °C, 50% humidity) with access to water and food ad
libitum. The standard rodent diet (XTI01MY-001 for BALB/c nudemice
and XTI01ZJ-009 for C57BL/6 mice) was obtained from Xietong
(Yangzhou, China). One million Huh7 cells expressing ADSL shRNA
with reconstituted expression of the indicated Flag-rADSL proteins or
parental Huh7 cells and the indicated clones with knock-in expression
of INSIG1/2 C167S/C111S (2C/S) mutants were suspended in 20μL of
DMEMwith 33%Matrigel and intrahepatically injected into the livers of
6-week-old male athymic BALB/c nude mice. The injections were per-
formed as described previously54. Six mice constitute a group in each
experiment. The animals were euthanized 28 days after injection. For
treatment,Micewere subcutaneously inoculated in the right flankwith
Huh7 cells (1 × 106). Theywere then randomlydivided into four groups:
control group, lenvatinib group (10mg/kg, daily), Elsulfavirine group
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(10mg/kg, daily), and combined group (10mg/kg Lenvatinib plus
10mg/kg Elsulfavirine). Treatment of mice included daily gavage with
0.5% methylcellulose (control group) or lenvatinib diluted in 0.5%
methylcellulose by daily gavage administration for 20 days, Elsulfa-
virine diluted in 0.5% methylcellulose by daily gavage administration
for 20 days. After twenty-eight days post-Huh7 cells injection, the
tumors were excised, fixed in 4% formaldehyde, and embedded in
paraffin. Tumor volume was determined using the formula V = 1/2a2 b,
where V represents volume, a denotes the shortest diameter, and b
indicates the longest diameter. The transgenic HCC mouse model
was established by overexpression of activated AKT combined with
c-Met using hydrodynamic transfection33. Wild-type 6-week-old FVB/N
mice were subjected to hydrodynamic injection as previously
described32. In brief, the plasmids pT3-EF1a- Flag-ADSL (wild-type,
S407A or A291V mutant) (20μg), pT3-EF1a-myr-AKT (20μg) and pT3-
EF1a-c-Met (20μg) together with pCMV/sleeping beauty transposase
(SB) (2.4μg), in a ratio of 12.5:12.5:12.5:1.5, were diluted in 2ml saline
(0.9% NaCl), filtered through a 0.22-μm filter and injected into the
lateral tail vein of the male mice in 6 s. After 14 weeks, the mice were
euthanized and liver tumours were extracted. The animals were
treated in accordance with relevant institutional and national guide-
lines and regulations. The maximum tumor burden permitted by the
ethics committee is 1500 cm³, and the tumor burden did not exceed
this limit. The use of the animals was approved by the Institutional
Review Board at The First Affiliated Hospital, Zhejiang University
School of Medicine, Hangzhou, China (Reference number: 20241731).
No specific statistical method was employed to predetermine the
sample size.

TUNEL assay
Mouse tumor tissues were sliced into 5-μm sections. Apoptotic cells
were quantified utilizing the DeadEnd Colorimetric TUNEL System
(Promega) following the manufacturer’s instructions.

IHC analysis and histological evaluation of human HCC
specimens
Human HCC tissue collection and study approval were reported
previously32. Human HCC and adjacent matched nontumor tissue
samples were sourced from The Second Affiliated Hospital, Zhejiang
University School of Medicine, Hangzhou. The utilization of human
HCC samples and associated data was sanctioned by the Research
Ethics Committee of The Second Affiliated Hospital, Zhejiang Uni-
versity School of Medicine, and adhered to pertinent ethical guide-
lines. Collection of all tissue samples was conducted in accordance
with the informed consent policy. Paraffin-embedded sections of
human HCC samples were immunostained with antibodies targeting
PKCε pS729, ADSL pS407, INSIG1/2 scC167/C111, SREBP-1, and non-
specific IgG as a negative control. The staining intensity and percen-
tage of positive cells in the tissue sections were quantitatively eval-
uated as described previously55. The sections were assigned the
followingproportion scores: 0 for0%positive staining, 1 for 0–1%, 2 for
2–10%, 3 for 11–30%, 4 for 31–70%, and 5 for 71–100%. Simultaneously,
staining intensity was graded on a scale of 0–3: 0 for negative, 1 for
weak, 2 formoderate, and 3 for strong. These proportion and intensity
scores were then amalgamated to derive a total score within the range
of 1–8 as described previously32. Subsequently, the acquired scores
were correlated with the overall survival duration, denoting the dura-
tion from the date of diagnosis to the date of death or the last known
follow-up examination. It is noteworthy that all patients had received
standard post-surgery therapies.

Statistics and reproducibility
All statistical data arepresented as themean± standarddeviation (SD).
All experiments, including immunoblotting, immunofluorescence, and
immunoprecipitation, were repeated at least three times

independently and yielded consistent results. Representative images/
blots are presented. The mean values from control and experimental
groups were compared for significance. Two-group comparisons were
assessed using a two-tailed unpaired Student’s t-test. For multiple
groups or conditions, a one-way or two-way analysis of variance
(ANOVA) was conducted without adjustments. For survival analysis,
Kaplan–Meier curves were compared using a log-rank test. P values of
less than 0.05 were considered significant. No statistical method was
used to predetermine sample size. No data were excluded from the
analyses. Data distribution was assumed to be normal, but this was not
formally tested. Unless stated otherwise, the experiments were not
randomized. Data collection and analysis were not performed blind to
the conditions of the experiments. All statistical analysis was per-
formed using GraphPad Prism 8.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Mass spectrometry data have been deposited in ProteomeXchange
under accession codes PXD054753, PXD071572 and PXD074509. The
UniProt protein database (EMBL-EBI) was used for protein identifica-
tion. Source data are provided with this paper. The remaining data are
available within the Article, Supplementary Information, or Source
Data file. Source data are provided with this paper.
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