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Abstract

Hepatocellular carcinoma (HCC) is a leading cause of cancer-related death that develops as a 

consequence of obesity, cirrhosis and chronic hepatitis. However, the pathways along which these 

changes occur remain incompletely understood. In this study, we show that the deubiquitinase 

USP30 is abundant in HCCs that arise in mice maintained on high fat diets (HFDs). IKKβ 

phosphorylated and stabilized USP30, which promoted USP30 to deubiquitinate ATP citrate lyase 

(ACLY) and fatty acid synthase (FASN). IKKβ also directly phosphorylated ACLY and facilitated 

the interaction between USP30 and ACLY and the latter’s deubiquitination. In HCCs arising in 

DEN/CCl4-treated mice, USP30 deletion attenuated lipogenesis, inflammation and tumorigenesis 

irrespective of diet. The combination of ACLY inhibitor and PD-L1 antibody largely suppressed 

chemical-induced hepatocarcinogenesis. The IKKβ-USP30-ACLY axis was also found to be 

upregulated in human HCCs. Conclusion: This study identifies a new IKKβ-USP30-ACLY axis 

that plays an essential and wide-spread role in tumor metabolism and may be a potential 

therapeutic target in HCC.
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Introduction

HCC, the fifth most common cancer world-wide and the second cause of tumor-associated 

death, progresses through a series of steps, including the re-programming of cellular 

metabolism.(1,2) Accumulating evidence has demonstrated that lipid metabolism is substantially 

reprogrammed in tumorigenesis.(3) Lipid synthesis, uptake and storage are usually up-regulated in 

hepatocarcinogenesis, thus suggesting that targeting lipid metabolism might be a promising cancer 

therapy.(4, 5)

    Nonalcoholic fatty liver disease (NAFLD), which is associated with the widespread 

production of inflammatory cytokines such as TNF-α and IL-6, plays an important role in HCC 

progression.(6) In addition to affecting tumor cells directly, these can also influence the tumor 

microenvironment which contains a variety of immunologically active cells, including Kupffer 

cells, T cells, antigen-presenting cells and hepatic stellate cells (HSCs).(7)

  Ubiquitin-specific peptidase 30 (USP30), which mainly localizes to mitochondria, antagonizes 

mitophagy driven by Parkin and Pink1 and regulates mitochondrial morphology.(8) USP30 opposes 

Parkin-dependent ubiquitylation of TOM20 and restricts BAX/BAK-induced cell apoptosis.(9) 

Hence USP30 inhibition might be beneficial for the treatment of certain mitochondrial 

disorders.(8,10) USP30 is a deubiquitinase that preferentially removes Lys6- and Lys11-(K6/11) 

linked as well as Lys48 and Lys63-linked ubiquitination (Ub) chains.(11) The crystal structure of 

Lys6-linked diubiquitin of USP30 has been used to generate a model to explain the preference in 

K6-linkage deubiquitination of USP30.(12) However, no known role for USP30 in lipogenesis 

and/or tumorigenesis has been previously identified.

   The IκB kinase β (IKKβ) is a central element of the canonical NF-κB signaling pathway that 

mediates inflammation and oncogenesis.(13) Upon stimulation, IκB is phosphorylated by the IKK 

complex (IKKα, IKKβ, IKKγ) and degraded. This allows NF-κB to translocate into the nucleus 

where it activates its transcriptional program.(14) In addition to IκB, IKKβ directly phosphorylates 

numerous other substrates that either promote or repress tumorigenesis. The tumor suppressor 

TP53 restricts the activation of the IKKβ-NF-κB pathway by repressing glycolysis.(15) Prolonged 

IKKβ inhibition also depletes circulating T-regs and enhances antitumor responses.(16) In contrast, A
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IKKβ phosphorylates FOXO3a and TSC1, respectively, which leads to FOXO3a degradation, 

enhanced angiogenesis, mTORC1 activation and the promotion of breast cancer growth.(17, 18) 

Finally, in the DEN/CCL4 model of HCC, IKKβ orchestrates an antagonistic proliferative 

cross-talk that is notable for a marked inhibition in hepatocarcinogenesis but an increased tumor 

burden that is largely the result of hepatocyte and hematopoietic-derived Kupffer cell 

expansion.(19)

  ATP-citrate lyase (ACLY) is a cytosolic protein that catalyzes the formation of acetyl-CoA and 

oxaloacetate from citrate and coenzyme A in the presence of ATP.(20) It is thus a critical enzyme 

that links glucose catabolism, oxidative phosphorylation and lipogenesis and furnishes the initial 

substrate for fatty acid and cholesterol biosynthesis.(21) ACLY is highly expressed in many tumors, 

such as lung cancer, breast cancer, liver cancer and colon cancer.(22) ACLY knockout mice are 

embryonic lethal while heterozygous mice are healthy and demonstrate no difference in lipid 

synthesis compared to wild type (WT) mice.(23) ACLY is transcriptionally regulated by SREBP1a 

and can undergo many post-translational modifications,(24) including phosphorylation by AKT, 

nucleoside diphosphate kinase, cAMP-dependent protein kinase and Cyclin E;(25,26) acetylation by 

P300/Calcium-Binding Protein (CBP)-associated factor (PCAF) and deacetylation by Sirtuin 2 

(SIRT2). Many of these modifications promote lipid synthesis and tumor growth.(27) In contrast, 

degradation of ACLY by Cullin 3-KLHL25 and UBR4 ubiquitination leads to tumor 

suppression.(27, 28) However, a functional role for ACLY deubiquitination has not been previously 

described.

  In this study, we demonstrate that the mitochondrial deubiquitylase USP30 plays important 

roles in the lipogenesis and HFD-driven HCC. We identify that IKKβ phosphorylates USP30 and 

ACLY and that, as a result, USP30 promotes deubiquitination of ACLY. In mice, Usp30 knockout 

largely attenuates DEN-induced mouse hepatocarcinogenesis and inflammation in a manner that is 

uninfluenced by HFDs. Targeting ACLY using the inhibitor ETC1002 (Bempedoic Acid) and 

tumor immunology on PD-L1 abundantly represses liver tumorigenesis. 
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Materials and Methods

PLASMIDS AND CONSTRUCTS 

The open reading frames of human IKKβ, USP30 and ACLY were amplified by PCR and 

cloned into pHAGE-CMV-MCS-PGK-3×Flag and pCMV-HA vectors. Mutations in the ubiquitin, 

USP30 and ACLY cDNA sequences were generated by overlap extension PCR. Human IKKβ, 

ACLY and FASN shRNA vectors were obtained from GENECHEM (Shanghai, China). 

Adeno-associated virus (AAV) vectors were obtained from Yan Wang (College of Life Science, 

Wuhan University). Primers used in this study are listed in Supplementary Table S1. Transfection 

and the establishment of stable cell lines were performed as previously described.(29)

Cycloheximide (R750107), Glutaraldehyde (G7651), proteasome inhibitor MG132 (M8699) 

and autophagy inhibitor 3-methyladenine (3-MA) (M9281) were purchased from Sigma-Aldrich. 

Mouse anti-PD-L1 antibody (BP0101) was purchased from Bio X Cell. ETC1002 (HY-12357) and 

phosphatase inhibitor cocktail (HY-K0021) were purchased from Med Chem Express (MCE). 

SC-514 (S4907), Anti-HA and anti-FLAG affinity agarose beads were purchased from Selleck 

(Houston, USA).

METABOLIC ASSAYS

Serum TG levels were measured using the Infinity Triglycerides Reagent (Thermo Scientific). 

Fatty acids levels were determined with a Biovision ELISA kit (BioVision, Milpitas, CA, USA) 

according to the manufacturer’s instruction. 

Isotope experiments were performed as previously described.(30) Briefly, 3H-acetic acid (1.59 

Ci/mmol, Perkin Elmer, 37 KBq/ml) was added to the wells and incubated at 37°C overnight. 

Then cells were disrupted with lysis buffer (see above) and incubated at 37°C for 30 min. Organic 

extraction was performed in chloroform following the protocol of Bligh and Dyer and 

lipid-soluble products were measured by scintillation counting (Tri-Carb 2910 TR, Perkin 

Elmer).(31)

For ATP analysis, 5×105 cells were collected and extracted in 100μl of the ATP Assay Buffer A
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(Biovision). Particulate matter was pelleted at 12,000 rpm for 5 min and the supernatant was used 

for ATP assay. The reaction mixture was incubated for 30 min at room temperature, protected 

from light, and measured at 570 nm in a microplate reader. Values were normalized to cell 

number.

ANIMAL EXPERIMENTS 

All animal studies were approved by the Animal Care Committee of Wuhan University. USP30 

KO mice were generated from the Model Animal Research Center, Nanjing University with 

CRISPR/Cas9 technology as a 64bp deletion in exon 4. For xenograft experiments, four-week-old 

male BALB/c nude mice were purchased from Model Animal Research Center (Nanjing, China) 

and maintained in microisolator cages. Detailed procedures were described previously.(30)

For the DEN/HFD-induced HCC model, C57/B6 mice were intraperitoneally administrated 25 

mg/kg of diethylnitrosamine (DEN) (Sigma) on Day 15 of life. After 8-12 weeks, mice were fed a 

high-fat diet (HFD) (60% fat in calories; Research Diets, #D12492, New Brunswick, NJ) for the 

desired periods of time until being sacrificed.

For the DEN/CCl4-induced HCC model, DEN injections were performed as described above 

and CCl4 (Sigma) was then injected weekly for 12 weeks (n=10 per group). Concentrated 

adeno-associated virus 8 (AAV8) encoding USP30 phosphorylation mutants or ACLY mutants 

were delivered by tail vein injections. Mice were sacrificed for analysis at 30 weeks.

Drug treatment protocols included intraperitoneal injection with phosphate-buffered saline 

(control group), anti-PD-L1 antibody at dose of 10 mg/kg every two weeks for 12 weeks, 

ETC1002 (30mg/kg per two days for 12 weeks) or anti-PD-L1 (10 mg/kg) with ETC1002 

(30mg/kg) together for 12 weeks. 

HUMAN HCC SAMPLES 

HCC samples were used as previously described.(29) Written-informed consent was obtained at 

the Union Hospital in Wuhan, China. The diagnoses of all samples were confirmed by histological A
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Results

USP30 DEFICIENCY ATTENUATES LIPOGENESIS AND TUMORIGENESIS

To identify the candidate deubiquitinases (deUbs) that participate in DEN-induced HCC 

development in mice maintained on normal control diets (NCDs) or HFDs, we analyzed the 

expression of 74 deUBs by qRT-PCR in liver and tumor tissues. Surprisingly, USP30 was the 

most up-regulated of all deUbs in the HFD-fed mice treated with DEN (Fig. 1A). USP7, USP21 

and CYLD were also highly expressed and USP10 was repressed by DEN treatment as 

reported.(32-35) Western blot confirmed that USP30 protein was highly expressed in HFD-fed mice 

treated with DEN (Supporting Fig. S1A).  

Usp30 Knockout (KO) mice (Supporting Fig. S1B, C) were then used to study the role of 

endogenous USP30 in vivo tumorigenesis. After confirming the absence of USP30 protein 

expression in their livers (Supporting Fig. S1D), WT and KO mice were placed on NCD and HFD 

with concurrent DEN treatment. Relative to WT mice, Usp30 KO mice had fewer tumor nodules 

and reduced tumor burden (Fig.1B, C and Supporting Fig. S1E-G). DEN/HFD mice showed the 

severe lesion in Hematoxylin and eosin (H&E) staining, enhanced tumor with Ki67 and 

lipogenesis in Oil Red O staining compared with DEN-induced mice (Fig. 1D). Usp30 KO mice 

reduced the tissue lesion and lipogenesis in both NCD and HFD-fed mice (Fig. 1D). 

Using tumor hepatocytes from DEN-induced HCC of KO and WT mice, we analyzed 

extracellular acidification rates (ECAR) and oxygen consumption rates (OCR) levels. Relative to 

WT cells, KO HCC cells showed reduced ECAR and OCR levels that were modestly increased by 

HFDs (Fig. 1E). These results indicated that USP30 promotes mitochondrial function by 

sustaining tumor metabolism especially in HFD diet in DEN-induced HCC. 

Lipid enrichment analyses revealed that WT+HFD HCC contained larger amounts of free fatty 

acids (FFA), TGs and other lipids than Usp30 KO tumors (Fig. 1F). HCC from NCD Usp30 KO 

also contained lower levels of ATP and increased ROS (Supporting Fig. S1H-K). DEN/HFD WT 

tumors also contained higher levels of FFA, TG, FA and ATP and lower ROS levels compared A
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with DEN-WT and Usp30 KO mice (Fig. 1F and Supporting Fig. S1H-K).

Obesity has been associated with IL-6- and TNFα-induced inflammation.(6) ELISA and 

qRT-PCR indicated that Usp30 KO serum and tumors contained lower levels of TNFα, IL-6 and 

IL-1β (Fig. 1G-J and Supporting Fig. S1L-N). Thus the reduced overall lipid metabolism and 

inflammation of Usp30 KO tumors were associated with retarded liver tumor growth in both NCD 

and HFD mice.

IKKβ PHOSPHORYLATES AND STABILIZES USP30

To investigate the function of USP30 in liver tumorigenesis, SDS-PAGE and Mass 

Spectrometry (MS) were conducted following ectopic expression of Flag-USP30 and 

immunoprecipitation. Interestingly, we discovered that several proteins related to lipogenesis such 

as ACLY and FASN and the NF-κB pathway members IKKβ and IKKα were co-purified with 

Flag-USP30 (Fig. 2A and Supporting Fig. S2A). As IKKβ was more abundant than IKKα in 

immuno-precipitates, we focused on our study on the former protein.

To verify the interaction between USP30 and IKKβ, endogenous co-immunoprecipitation 

(co-IP) experiments were conducted in HepG2 and Hep3B cell lines (Fig. 2B and Supporting Fig. 

S2B). Interaction with IKKβ truncation mutations indicated the N-terminal Kinase Domain (KD) 

to be responsible for the interaction (Fig. 2C). IP assay indicated that USP30 could be 

phosphorylated on serine sites by IKKβ (Supporting Fig. S2C). IKKβ overexpression promoted 

USP30 phosphorylation that was further increased by a constitutively active (CA) IKKβ construct 

rather than a kinase dead IKKβ (KD) mutant (Fig. 2D). The lack of USP30 phosphorylation by the 

IKKβ knock down was rescued by IKKβ (CA) mutant overexpression but not by the IKKβ (KD) 

mutant (Fig. 2E and Supporting Fig. S2D). SC-514, a selective IKKβ inhibitor, inhibits 

NF-κB-dependent gene expression in IL-1β stimulated synovial fibroblasts.(36) Serine 

phosphorylation of USP30 was abrogated in the presence of SC-514 (Supporting Fig. S2E). 

Next we sought to identify the IKKβ phosphorylation sites on USP30. We searched for the 

predicted sites and mutated the two most likely of these, S210A and S364A. We determined that 

each one alone decreased the USP30 phosphorylation, and the effect was most pronounced when A
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the two mutations were combined (Fig. 2F). Moreover, the double S210/S364A mutation 

abolished its serine phosphorylation (Fig. 2G).

We next sought to determine whether IKKβ-mediated USP30 phosphorylation influenced its 

stabilization. ShRNA-mediated IKKβ inhibition reduced USP30 protein expression without 

affecting its mRNA levels (Supporting Fig. S2F, G) and this was rescued by the IKKβ CA but not 

the KD mutant (Fig. 2E and Supporting Fig. S2D). Following cycloheximide (CHX) chase, we 

found that IKKβ suppression shortened USP30 half-life whereas IKKβ overexpression extended it 

(Fig. 2H and Supporting Fig. S2H). Conversely, a USP30 phosphorylation dead mutant 

(S210/364A, 2SA) was destabilized while the S210/364D (2SD) mutant was stabilized (Fig. 2I). 

The similar results were found following overexpression of USP30 phosphorylation site mutants 

in Usp30 knockout MEF cells (Supporting Fig. S2I). 

To investigate the role of USP30 phosphorylation in tumorigenesis, we stably expressed USP30 

WT, 2SA and 2SD mutants in USP30 knockout HepG2 and Hep3B cells that were generated with 

CRISPR/Cas9 technology. These cell lines were then injected subcutaneously into nude mice and 

tumor xenografts were examined 35 days later. Western blot analysis confirmed the expression of 

each mutant (Supporting Fig. S3A). USP30 (2SD) promoted xenograft growth while USP30 

(2SA) almost had no effect (Supporting Fig. S3B-D).

We next examined the consequences of each USP30 mutant on lipid metabolism. The USP30 

phosphorylation mimetic 2SD but not 2SA increased lipogenesis, fatty acids (FA) and 

Triglyceride (TG) levels (Supporting Fig. S3E-G). Meanwhile, we found increased levels ATP in 

USP30 (2SD) tumors rather than 2SA mutant (Supporting Fig. S3H), suggesting that these were 

needed to support more rapid tumor growth.

USP30 DEUBIQUITINATES AND STABILIZES ACLY AND FASN

IP indicated that USP30 interacted with both ACLY and FASN (Fig. 3A and Supporting Fig. 

S4A), and domain mapping demonstrated that the CoA ligase domain of ACLY and the Enoyl 

reductase domain of FASN interacted with USP30 (Supporting Fig. S4B, C). Previous data reveal 

that the ACLY and FASN protein levels dramatically decrease in Usp30 knockout mouse liver A
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cancer (Fig. 1C). Next, we check whether USP30 regulates ACLY and FASN protein stability in 

liver cancer cells. The result showed that shRNA-mediated USP30 inhibition reduced ACLY and 

FASN protein levels in HepG2 and Hep3B cells and this was rescued by the USP30 WT protein 

but not the catalytically inactive mutant (C77S) (Fig. 3B). Moreover, USP30 depletion repressed 

ACLY activity and this was rescued by WT USP30 but not by USP30 (C77S) overexpression (Fig. 

3C). USP30 phosphorylation mutants largely abrogated the interaction between USP30 and ACLY 

or FASN (Fig. 3D and Supporting Fig. S4D). CHX chase studies indicated that USP30 inhibition 

attenuated ACLY and FASN half-life, while USP30 overexpression promoted ACLY and FASN 

stabilization (Fig. 3E and Supporting Fig. S4E, F). Moreover, we found that the proteasome 

inhibitor MG132 largely stabilized ACLY and FASN rather than NH4Cl or 3-MA (Fig. 3F).

We next asked whether USP30 stabilized ACLY and FASN by altering their ubiquitination 

status. IP experiments indicated that WT USP30 but not USP30 C77S decreased ACLY 

ubiquitination (Fig. 3G) and that USP30 inhibition increased ACLY ubiquitination (Supporting 

Fig. S5A). More specifically, USP30 inhibited K48-linked ubiquitination of ACLY (Fig. 3H). In 

turn, only K48R-linked ubiquitin had no effect on ACLY ubiquitination (Supporting Fig. S5B), 

suggesting that USP30 deubiquitinated ACLY mainly through K48. Using predicted 

ubiquitination sites as a guide, we discovered that USP30 deubiquitinated ACLY on K540, K546 

and K554 (Fig. 3I). IKKβ overexpression inhibited ACLY ubiquitination whereas the reverse was 

true when IKKβ was inhibited (Supporting Fig. S5C, D). Consistent with this, the USP30 

phosphorylation inactive mutant 2SA promoted ACLY ubiquitination whereas the 

phosphorylation mimic 2SD mutant had the opposite effect (Fig. 3J). 

CUL3, a core component of the cullin-RING-based BCR (BTB-CUL3-RBX1) E3 

ubiquitin-protein ligase complex, has been reported to promote ACLY ubiquitination. We 

therefore explored whether this activity might proceed via USP30. Indeed, ectopic USP30 

expression repressed CUL3-medicated ACLY ubiquitination, whereas USP30 depletion rescued 

the reduction in ubiquitination caused by CUL3 inhibition (Fig. 3K and Supporting Fig. S5E). 

Thus the deubiquitination of ACLY appears to proceed via the BCR E3 ubiquitin-protein ligase 

complex.A
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WT USP30 but not its C77S mutant also deubiquitinated FASN whereas USP30 inhibition 

facilitated this (Supporting Fig. S5F, G). FASN modification appeared to proceed mainly through 

K6O- and K48O-linked ubiquitin and K6/48R-linked ubiquitin abrogated FASN ubiquitination 

(Supporting Fig. S5H, I). Taken together, these results indicate that USP30 stabilizes ACLY and 

FASN through K48 and K6/48-linked deubiquitination respectively.

ACLY MEDIATES USP30’S ENHANCEMENT OF THE ONCOGENIC PHENOTYPES 

To investigate whether USP30-mediated tumorigenesis was dependent on ACLY, we 

overexpressed USP30 and then inhibited ACLY in HepG2 and Hep3B cells. Xenograft experiment 

showed that USP30 overexpression and ACLY depletion respectively enhanced and reduced 

tumorigenesis (Supporting Fig. S6A-C) and that ACLY inhibition countered the effects of USP30 

overexpression (Supporting Fig. S6A-C). 

Ectopic USP30 expression promoted the accumulation of TGs and fatty acids in tumors, 

enhanced lipogeneses, ACLY activity and increased tumor ATP levels (Supporting Fig. S6D-H). 

USP30 overexpression as well as ACLY inhibition moderately reduced the TG, FA levels, 

lipogenesis, ACLY activity and ATP levels (Supporting Fig. S6D-H). 

In contrast to the findings made in tumors overexpressing USP30, its depletion inhibited tumor 

growth in a manner that was rescued by ACLY overexpression (Supporting Fig. S7A-C). 

Moreover, the effects on metabolic parameters were the opposite of those seen in response to 

USP30 overexpression (Supporting Fig. S7D-H). Collectively, these and the foregoing findings 

indicated that the tumor-altering properties of USP30 were mediated at least in part by ACLY. 

IKKΒ PHOSPHORYLATES AND STABILIZES ACLY

Further investigation of the consequences of the IKKβ-ACLY interaction indicated that IKKβ 

promoted ACLY serine phosphorylation and that IKKβ inhibition had the opposite effect (Fig. 

4A-E and Supporting Fig. S8A). Additionally, IKKβ depletion suppressed ACLY protein levels 

and activity, while the IKKβ CA but not the KD mutant overexpression rescued these defects in A
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both HepG2 and Hep3B cells (Fig. 4F and Supporting Fig. S8B). Both ACLY phosphorylation 

and expression were responsive to IKKβ inhibitor in a dose-dependent manner (Supporting Fig. 

S8C).

ACLY S451, S455 and S457 were all determined to be sites of phosphorylation for IKKβ 

(Fig. 4G). This was further supported by the fact that three point mutations in these residues 

completely abrogated IKKβ–mediated ACLY phosphorylation (Supporting Fig. S8D-F). We then 

found that ACLY S451/455/457A (3SA) triple failed to interact with USP30 whereas the ACLY 

S451/455/457D (3SD) mutant enhanced the interaction (Fig. 4H). The ACLY 

phosphorylation-inactive mutant 3SA also facilitated ACLY ubiquitination whereas the active 

mutant 3SD repressed ACLY ubiquitination (Fig. 4I and Supporting Fig. S8G). USP30 repression 

further increased ACLY ubiquitination (Supporting Fig. S8H). IKKβ inhibition also reduced 

ACLY’s half-life and IKKβ repressed ACLY degradation through the proteasome pathway (Fig. 

4J and Supporting Fig. S8I). Finally, the IKKβ inhibitor SC-514 promoted rapid ACLY 

degradation in both HepG2 and Hep3B cells (Fig. 4K). Collectively, these findings establish that, 

in addition to its effects on USP30, IKKβ directly phosphorylates ACLY at multiple sites and 

stabilizes the latter protein.

USP30 AND ACLY PHOSPHORYLATION PROMOTE TUMOR GROWTH IN 

DEN/CCL4 INDUCED HCC

To determine whether USP30 and ACLY phosphorylation influenced tumor growth, 

adeno-associated virus 8 (AAV8) expressing USP30 or the USP30 phosphorylation mutant 

(2SA/2SD, S210/364A/D) was administered to DEN/CCl4-treated mice and tumor burdens were 

assessed at week 30. Western blots showed the expression of each protein in different tumors (Fig. 

5A). Tumors from Usp30 KO as well as USP30 (2SA) overexpression were smaller and contained 

fewer nodules, whereas the reverse was true for USP30 WT and 2SD overexpression in Usp30 KO 

mice (Fig. 5B-F). USP30 WT and 2SD mice also contained higher levels of FFAs, TGs, lipid 

synthesis and ATP (Fig. 5G-I). Conversely, USP30 WT and 2SD overexpression showed lower 

levels of ROS (Fig. 5J). Usp30 KO tumors also contained lower levels of TNFα, IL-6 and IL-1β A
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relative to USP30 WT and 2SD HCCs (Fig. 5K-M).

Our data also show that the ACLY phosphorylation and total protein also dramatically 

increased in DEN and HFD induced HCC compared with normal liver in mice (Supporting Fig. 

S1A). Therefore, we also overexpressed the ACLY WT and ACLY phosphorylation mutant 

(3SA/3SD, S451/455/457 A/D) in Usp30 KO mice (Supporting Fig. S9A, B). H&E and Ki-67 

staining revealed more severe liver damage and proliferation in ACLY WT and 3SD 

overexpression livers (Supporting Fig. S9C). ACLY WT and 3SD were associated with increased 

nodule numbers, volumes, liver weights, FFAs, TGs, ATP levels and reduced ROS levels 

(Supporting Fig. S9G-J). ACLY 3SA had no obvious effect on nodule numbers, volumes, tumor 

weights, and their above biochemical parameters (Supporting Fig. S9B-J). Additionally, tumors 

with ACLY WT and 3SD overexpression were associated with high cytokine levels (Supporting 

Fig. S9K-M). Collectively, these findings indicate that IKKβ–mediated ACLY phosphorylation 

promoted lipogenesis, inflammation and tumor growth.

SUPPRESSION OF DEN/CCL4 HEPATOCARCINOGENESIS BY THE TARGETING OF 

ACLY AND PD-L1

ETC1002, an ACLY inhibitor and adenosine monophosphate-activated protein kinase 

(AMPK) activator, is a promising therapeutic strategy to lower LDL-C levels in 

hypercholesterolemic patients.(37) PD-L1 is transcriptionally activated by NF-κB and expressed at 

high levels in many HCCs.(38) We therefore determined the efficacy of targeting ACLY and 

PD-L1 with ETC1002 and anti-PD-L1, respectively. Surprisingly, this combination markedly 

inhibited DEN/HFD induced HCC (Fig. 6A). Staining with H&E, Ki-67 and Oil Red O and 

assessments of other biological and biochemical parameters showed modest effects of ETC1002 

when administered individually but marked synergy when combination with anti-PD-L1 (Fig. 

6B-L). Similar findings were made in mice that had been maintained on DEN/CCl4’s (Supporting 

Fig. S10A-L). Thus combination therapy with an ACLY inhibitor and anti-PD-L1 markedly 

suppressed DEN/HFD and DEN/CCl4-induced HCC.

THE IKKΒ-USP30-ACLY AXIS IS UPREGULATED IN HUMAN HCCSA
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We analyzed the TCGA and Human Protein Atlas databases and found that USP30 levels were 

elevated in a variety of tumor subsets (Supporting Fig. S11A, B). Previous data show that USP30, 

IKKβ, P-ACLY, ACLY and FASN were robustly increased in DEN/HFD induced mouse liver 

cancer compared with normal liver (Supporting Fig. S1A). Western blotting verified the 

upregulation of IKKβ, P-Ser USP30, USP30, P-ACLY, ACLY and FASN in human HCC patient 

samples (Fig. 7A, B and Supporting Fig. S11C, D). The metabolic levels of fatty acids were also 

upregulated in the tumor patients compared with adjacent normal tissues (Fig. 7C). Also the IKKβ 

levels were positive correlated with the levels of USP30, ACLY, P-ACLY, FASN, and the USP30 

levels were positive correlated with the levels of ACLY, P-ACLY and FASN (Fig. 7D, E and 

Supporting Fig. S11E-G). Moreover, the expression of IKKβ and USP30 were positive correlated 

with fatty acids levels (Fig. 7F, G). Altogether, these findings indicate that up-regulation of the 

IKKβ-USP30-ACLY axis in experimental murine HCCs extended to human HCCs and certain 

other cancers as well.
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Discussion

Cancer cells often show dysregulated lipid metabolism and inflammation.(3) Intracellular FAs 

serve as biosynthetic precursors of membrane lipids, signaling molecules and modifying groups 

and provide an alternate energy storage for tumor growth.(39) In this work, we discovered that 

IKKβ phosphorylates USP30 and ACLY, which in turn promotes ACLY deubiquitination. In the 

absence of USP30, lipid synthesis, inflammation and hepatocarcinogenesis are markedly inhibited. 

The simultaneous inhibition of ACLY and PD-L1, the latter of which is upregulated by IKKβ as 

well, dramatically suppresses hepatocarcinogenesis (Fig. 7J). Together, these findings identify a 

previously unappreciated set of relationships, i.e. the IKKβ-USP30-ACLY axis, that play 

important roles in lipid metabolism, inflammation and tumorigenesis. These also provide reason to 

believe and targeting this pathway could provide a novel therapeutic approach for HCC and 

possibly other cancers as well.

   IKKβ has been demonstrated to promote HCC progression with or without NF-κB activation. 

It was reported that CPAP is essential for the interaction between IKKβ and NF-κB. SUMOylated 

CPAP enhances HBX-induced NF-κB activation and HCC development.(40) Inactivation of the 

BH3-only protein BAD by IKKβ independently of NF-κB activation suppresses TNF-α induced 

apoptosis.(41) IKKα and IKKβ directly phosphorylate RIPK1 to regulate hepatocarinogenesis and 

cholestasis.(42) In our study, we identified that IKKβ directly phosphorylated USP30 and stabilized 

USP30, which promoted USP30 deubiquitination and HCC development.

Moreover, we demonstrated that IKKβ also phosphorylated ACLY and enhanced its 

deubiquitination, lipid metabolism and inflammation. We discovered IKKβ-mediated 

phosphorylation of USP30 decreased ROS production. ROS are involved in physiological 

processes as a messenger in cellular signaling. Many studies have shown the tumor repressing 

properties of endogenous and exogenous antioxidants.(43) ACLY inhibition has showed an 

anticancer effect via increased ROS and AMPK phosphorylation.(44) In our study, the increased 

ROS production and reduced ATP in DEN-induced HCC from USP30 KO mice may due to the 

ACLY deficiency, thus preventing HCC development.A
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Under inflammation conditions, cells have an acute need to generate sufficient energy and 

biomolecules to support growth and proliferation. TLR4 and IKKβ dependent inflammatory 

events were required for saturated fatty acid-induced ceramide biosynthesis in response to 

obesity.(45) In this work, we suggested that IKKβ-induced inflammation activation may promote 

lipid synthesis through ACLY phosphorylation and then promote HCC. Conversely, lipid 

metabolism can also affect inflammation, tumor microenvironment and then hepatocarcinogenesis. 

ACLY depletion compromised IL-2-mediated CD4+ T lymphocytes growth.(46) Recently, Karin’s 

group discovered that inhibition of CTL1 expression or choline phosphorylation attenuated 

NLRP3 inflammasome activation and IL-1β, IL-18 production in stimulated macrophages.(47) In 

our work, IKKβ-mediated ACLY phosphorylation induces lipogenesis and promotes production of 

inflammatory cytokines such as TNF-α, IL-6 and IL-1β, indicating the reciprocal links between 

inflammation, lipid metabolism and tumorigenesis.

   Combination therapy is currently emerging as a promising treatment. Targeting inflammation 

and lipid metabolism might be a new potential therapy in HCC treatment. Programmed cell 

death-ligand 1 (PD-L1) is known to be transcriptionally activated by NF-κB in various cancer 

types.(38) PD-L1 generates an immunosuppressive tumor microenvironment by suppressing T cell 

activation and allowing the expansion of otherwise immuno-reactive tumor cells.(48) In HCC 

patients, increased PD-L1 expression is associated with tumor aggressiveness, macrovascular 

invasion and poor differentiation.(49) In the current study, we found there to be only a modest 

effect of anti-PD-L1 inhibition on HCC development. However, in combination with bempedoic 

acid (ETC1002), dramatic synergy was attained. ETC1002 is a novel ACLY inhibitor that is 

currently being evaluated in phase 3 clinical trials as a cholesterol-reducing agent.(50) 

In summary, we identified a new IKKβ-USP30-ACLY axis that plays an essential role in the 

lipogenesis and liver cancer. USP30 deficiency largely abrogated lipid metabolism, inflammation 

and DEN/HFD-induced HCC. And targeting ACLY as well as PD-L1 offers a new possibility for 

HCC therapy.
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Figure Legends

Fig. 1. Usp30 deficiency attenuates lipogenesis and tumorigenesis. (A) Heatmap showing mRNA 

expression levels of 74 deubiquitinases in the livers of NCD- and HFD-fed mice treated with DEN 

(n=5). (B) Typical appearance of livers from the indicated mice. DEN (25 mg/ml) was injected 15 

days after birth (n=10). After 12 weeks, mice were provided with HFDs or NCDs for the desired 

periods of time until being sacrificed. (C) Expression of the indicated proteins from the livers 

described in (B). (D) Representative images of tumor sections stained for H&E, Ki-67 and ORO. 

Scale bars, 50 μm. (E) ECAR and OCR analyses of primary hepatocytes from 8-week-old Usp30 

KO or WT mice. (F) Summary of all significantly different lipid metabolites from WT, Usp30 

KO, WT+HFD and Usp30 KO+HFD mice. FFA, free fatty acids; PA, phosphatidic acids; PC, 

phosphatidylcholines; PE, phosphatidyl ethanolamines; LPE, lyso-PE; PG, phosphatidyl glycerols; 

PI, phosphatidylinositols; PS, phosphatidylserines; CAR, carnitine; DG, diacylglyceroles; LPC, 

lyso-PC; PC-O, alkylphosphatidylcholine; Cer, Ceramide; SM, sphingomyelin; TG, 

triacylglycerols. (G-J) Serum and tumor levels of TNFα (G, H) and IL-6 (I, J) in mice from 1B. 

Data are presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***; P < 0.001.

Fig. 2. IKKβ phosphorylates and stabilizes USP30. (A) Scatterplots showing MS results of IPs 

from HEK293 cells expressing Flag-USP30 after subtracting background of mock-transfected cell 

IPs. (B) Endogenous interaction between IKKβ and USP30. Whole cell lysates from HepG2 and 

Hep3B cells were prepared and Co-IPs were performed with antibodies against the indicated 

proteins. IP and IB were performed using antibodies against USP30 and IKKβ. (C) Schematic 

diagram showed the structure of IKKβ (left) and the truncation mutants that were co-expressed 

with HA-USP30 in HEK293. Extracts were immunoprecipitated with Flag antibody and the 

precipitates were then probed with HA antibodies (right). (D) IKKβ and its constitutive activation 

(CA) mutant promote USP30 Serine phosphorylation. HEK293 cells were transfected with IKKβ, 

IKKβ (CA) or IKKβ (KD) and HA-USP30. IP and IB were performed with the indicated 

antibodies. (E) IKKβ (CA) but not KD promotes IKKβ phosphorylation and stabilization in A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

HepG2 cells. (F) IKKβ phosphorylates USP30 at S210 and S364. HEK293 cells were transfected 

with the indicated vectors. IP and IB were performed with indicated the antibodies. (G) IKKβ 

inhibitor (SC-514) affects the phosphorylation of USP30 WT and USP30 S210/364 mutant. IP and 

IB were performed with indicated the antibodies. (H) USP30 phosphorylation by IKKβ affects its 

turnover. HEK293 cells were transfected with the indicated vectors. Cells were treated with CHX 

(50 μg/ml) for the indicated time and the expression of USP30 and IKKβ were the analyzed by 

western blotting (left). The intensity of USP30 expression for each time point was quantified by 

densitometry and normalized to the β-actin loading control (right). (I) USP30 phosphorylation 

prolongs its half-life. The intensity of USP30 expression for each time point was quantified by 

densitometry with β-actin as described in (I). Data are presented as mean ± SD. *, P < 0.05; **, P 

< 0.01. 

Fig. 3. USP30 deubiquitinates and stabilizes ACLY and FASN. (A) Endogenous interaction 

between ACLY and USP30 in HepG2 and Hep3B cells. Whole cell lysates were prepared and IPs 

were performed with antibodies against the indicated proteins. Immunocomplexes were then 

immuno-blotted using antibodies against ACLY and USP30. (B) Western blot assay of ACLY and 

FASN levels in USP30-depleted HepG2 and Hep3B cells. (C) ACLY activity of the cells from (B) 

were analyzed. (D) USP30 phosphorylation mutation abrogates its interaction with ACLY. (E) 

USP30 knockdown reduces the half-lives of ACLY and FASN. (F) USP30 inhibits ACLY and 

FASN degradation via the protease pathway. ACLY and FASN immunoblots of lysates from 

HEK293 cells transfected with shUSP30 after treatment with NH4Cl (25 mM), MG132 (100 µM) 

or 3-MA (500 ng/ml) for 6 h. (G) WT USP30 but not its C77S mutant inhibits ACLY 

ubiquitination. (H) USP30 reduces the K48-linked ubiquitination of ACLY. (I) USP30 

deubiquitinates ACLY at K540/546/554 sites. (J) The phosphorylation defective USP30 mutant 

promotes ACLY ubiquitination while the phospho-mimetic mutant USP30 S2D has the reverse 

effect. (K) USP30 reverses CUL3-mediated ACLY ubiquitination. (G-K) Expression of the 

indicated proteins following their transient over-expression in HEK293. MG132 (100 µM) was 

added to the cells 6h before harvested. Then IPs and IBs were performed with the indicated A
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antibodies. Data are presented as mean ± SD. *, P < 0.05; **, P < 0.01.

Fig. 4. IKKβ phosphorylates and stabilizes ACLY. (A) Endogenous interaction between ACLY 

and IKKβ in HepG2 and Hep3B cells. (B and C) Exogenous interaction between ACLY and IKKβ. 

Flag-tagged ACLY or truncation mutants were co-expressed with HA-IKKβ (B). Flag-tagged WT 

IKKβ or the indicated truncation mutants were co-expressed with HA-ACLY in HEK293 (C). 

Extracts were immunoprecipitated with Flag antibody and examined by western blotting. (D) Pan 

phospho-serine levels of ACLY were upregulated in cells treated with phosphatase inhibitor 

cocktail. (E) IKKβ knockdown reduces serine phosphorylation of ACLY. (F) Western blot assay 

of ACLY phosphorylation and total protein levels in IKKβ-depleted HepG2 cells. (G) IKKβ 

phosphorylates ACLY at S451/455/457 sites. HEK293 were transfected with Flag-ACLY +/- 

HA-IKKβ and the indicated mutants. Total lysates were IP with Flag antibody and 

immune-blotted with the indicated antibodies. (H) ACLY 3SA depletes its interaction with USP30 

while USP30 3SD enhances the interaction of ACLY and USP30. (I) HEK293 cells were 

transfected with Myc-Ub, HA-USP30 and Flag-ACLY (WT), or Flag-ACLY (3SA), Flag- ACLY 

(3SD) and treated with MG132 for 6h. Cell lysates were IP with Flag-beads and then IB with 

indicated antibodies. (J) CHX chase of ACLY protein level with or without shRNA-mediated 

IKKβ inhibition. The intensity of ACLY expression for each time point was quantified by 

densitometry using β-actin as a control for protein loading. The results of three identical 

experiments are shown in the graph. (K) HepG2 cells were treated with SC-514 (100 μM) for 1 

hour followed by CHX chase for the indicated times. Normalization was as described in (J). The 

results of three identical experiments are shown in the graph. Data were presented as mean ± SD. 

*P < 0.05, **P < 0.01.

Fig. 5. USP30 phosphorylation promotes lipogenesis and tumorigenesis. (A) Western blot analysis 

of the indicated proteins following injection of AAV8-WT USP30 or AAV8-USP30 2SA or 2SD 

in DEN/CCl4 induced Usp30 KO mouse HCCs. (B) Typical appearance of the HCCs arising in the 

livers described in (A). (C) Tumors from (B) stained with H&E or Ki-67. Scale bars, 50 μm. (D-J) 

tumor nodule number (D), tumor volumes (E), Liver weights (F), fatty acids levels (G), TG levels A
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(H), ATP levels (I) and ROS levels (J) in the HCCs described in (A) and (B). (K) TNFα, IL-1β, 

and IL-6 transcript levels in mice from 5B. (L and M) The TNFα and IL-6 levels of serum (L) and 

liver (M) from Figure 5B. Data are presented as mean ± SD. *P, < 0.05; **, P < 0.01; ***, P < 

0.001.

Fig. 6. Suppression of DEN/HFD-induced hepatocarcinogenesis by combination of targeting 

ACLY and PD-L1. (A) Typical appearance of DEN/HFD-induced HCCs subjected to the 

indicated treatments. (B) Representative tumor sections stained with H&E or immunostained with 

Ki-67 antibody or oil red O staining. Scale bars, 50 μm. (C-I) tumor nodule number (C), tumor 

volumes (D), Liver weights (E), fatty acids levels (F), TG levels (G), ATP levels (H) and ROS 

levels (I) from Figure 6A. (J) Expression of TNFα, IL-1β, and IL-6 transcripts in tumors with 

ETC1002 and ETC1002 synergy with anti-PD-L1 therapy. (K and L) The TNFα and IL-6 levels of 

Serum (K) and liver (L) in mice with ETC1002 and ETC1002 synergy with anti-PD-L1 therapy. 

Data were presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 7. The IKKβ-USP30-ACLY axis is upregulated in human HCCs. (A and B) Relative protein 

levels of IKKβ, USP30, P-ACLY and ACLY in HCC and their adjacent normal liver tissues from 

HCC patient samples. (C) Fatty acids levels in HCC and their adjacent normal liver tissues from 

HCC patient samples. A-C: The horizontal lines in the box plots represent the median, the boxes 

represent the interquartile range, and the whiskers represent the minimal and maximal values. 

Significance was performed using Wilcoxon signed rank test. (D and E) Correlation of different 

protein levels in HCC tissues. (F) Correlation of IKKβ protein levels with fatty acids levels. (G) 

Correlation of USP30 protein levels with fatty acids levels. D-G: Each point is an individual 

sample. R, Spearman correlation coefficient. (H) Schematic diagram of the IKKβ-USP30-ACLY 

axis in HCC. IKKβ phosphorylates USP30 and ACLY. This stabilizes the former protein and 

promotes the deubiquitination of the latter. USP30 promotes lipid synthesis and inflammation 

thereby leading to and supporting hepatocarcinogenesis. The combined pharmacologic inhibition 

of ACLY and PD-L1 inhibits tumor formation.A
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Figure 7
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