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Sphingosine kinase 2 and p62 regulation are
determinants of sexual dimorphism in
hepatocellular carcinoma
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Makoto Kurano2,3, Yutaka Yatomi2,3, Sarah Spiegel1
ABSTRACT

Objective: Hepatocellular carcinoma (HCC) is the third leading cause of cancer mortality, and its incidence is increasing due to endemic obesity.
HCC is sexually dimorphic in both humans and rodents with higher incidence in males, although the mechanisms contributing to these cor-
relations remain unclear. Here, we examined the role of sphingosine kinase 2 (SphK2), the enzyme that regulates the balance of bioactive
sphingolipid metabolites, sphingosine-1-phosphate (S1P) and ceramide, in gender specific MASH-driven HCC.
Methods: Male and female mice were fed a high fat diet with sugar water, a clinically relevant model that recapitulates MASH-driven HCC in
humans followed by physiological, biochemical cellular and molecular analyses. In addition, correlations with increased risk of HCC recurrence
were determined in patients.
Results: Here, we report that deletion of SphK2 protects both male and female mice from Western diet-induced weight gain and metabolic
dysfunction without affecting hepatic lipid accumulation or fibrosis. However, SphK2 deficiency decreases chronic diet-induced hepatocyte
proliferation in males but increases it in females. Remarkably, SphK2 deficiency reverses the sexual dimorphism of HCC, as SphK2�/� male mice
are protected whereas the females develop liver cancer. Only in male mice, chronic western diet induced accumulation of the autophagy receptor
p62 and its downstream mediators, the antioxidant response target NQO1, and the oncogene c-Myc. SphK2 deletion repressed these known
drivers of HCC development. Moreover, high p62 expression correlates with poor survival in male HCC patients but not in females. In hepatocytes,
lipotoxicity-induced p62 accumulation is regulated by sex hormones and prevented by SphK2 deletion. Importantly, high SphK2 expression in
male but not female HCC patients is associated with a more aggressive HCC differentiation status and increased risk of cancer recurrence.
Conclusions: This work identifies SphK2 as a potential regulator of HCC sexual dimorphism and suggests SphK2 inhibitors now in clinical trials
could have opposing, gender-specific effects in patients.
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1. INTRODUCTION

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-
related deaths worldwide and its incidence is increasing due to the
global obesity crisis [1]. Sexual dimorphism exists in HCC incidence
as women have a significantly lower risk for developing HCC than
men [1,2]. Similarly, female rodents are resistant to carcinogen- and
diet-induced liver cancer [3]. This disparity in HCC incidence in
humans and mice has been linked to sex-specific factors including
differential hepatocyte transcription, regulation of cell cycle/prolifer-
ation and detoxification genes by sex hormones, mitochondrial
function, and inflammatory responses [2,4]. Moreover, genetic al-
terations of chromosomes X and Y are frequently observed in patients
with HCC [2]. Nevertheless, the mechanism for sexual dimorphism in
HCC remains unclear and may be dependent on specific etiologies of
liver cancer.
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The main etiologies of HCC include hepatitis B virus (HBV) and hepatitis
C virus (HCV) infections, excessive alcohol consumption, and a pro-
gressive form of Metabolic-Associated Fatty Liver Disease (MAFLD)
termed Metabolic-Associated Steatohepatitis (MASH). While mortality
rates caused by HBV and HCV are decreasing, the growing prevalence
of MAFLD, often linked with metabolic syndrome and obesity, is
emerging as a prominent contributor to liver cancer in the Western
world [1].
Obesity-related MASH is characterized by gradual progression from
liver steatosis to hepatocellular injury/ballooning, inflammatory cell
infiltration, and pericellular fibrosis that predisposes individuals to
developing HCC [5]. In preclinical models of MASH-driven HCC, mo-
lecular analyses have identified key genes and pathways related to
inflammation, endoplasmic reticulum and oxidative stress, and accu-
mulation of the autophagy receptor p62 that permits transition of
premalignant hepatocytes to liver cancer that are involved in the
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pathogenesis of this disease [3,6]. Recently, Western diet (WD) based
mouse models were developed that mimic the gradual progression of
steatosis to MASH and HCC as well as the key physiological, metabolic,
and histologic changes and sexual dimorphism observed in the human
disease [3,7]. Despite these advances, the mechanisms of sex dif-
ferences for this etiology are still not understood.
The bioactive sphingolipid metabolites sphingosine-1-phosphate (S1P)
and ceramide accumulate with overnutrition and have been implicated
in MAFLD/MASH [8] and HCC [9]. S1P generated by one of the
sphingosine kinases, SphK1, correlates with poor prognosis in patients
[10] and contributes to hepatocarcinogenesis in mice [9]. Moreover,
loss of SphK1 in hepatocytes exacerbated deposition of liver collagen
in a mouse model of MAFLD in a sex-dependent manner [11]. Very
little is known about the role of the other isoenzyme SphK2 in HCC, and
reports of SphK2 involvement in liver function have been inconsistent
[12e18]. SphK2�/� knockout mice were shown to be protected from
HFD-induced diabetes and age-related obesity and development of
fatty liver [14,15]. Conversely, another report showed that short term
HFD feeding enhanced steatosis in SphK2�/� mice [12], and hepatic
overexpression of SphK2 improved steatosis and insulin resistance in
male mice [13]. Moreover, previous SphK2 studies used mouse diet
models [12,14e16] that do not develop the known hallmarks of the
progression of MASH to HCC in humans. As only male mice were used
in these studies, the potential contribution of SphK2 to the sexual
dimorphism of MASH-driven HCC has not yet been explored. Although
the SphK2 inhibitor ABC294640 (Opaganib/Yeliva) reduced growth of
HCC xenografts [19], and was tested in a phase I clinical trial for
treatment of HCC patients (NCT01488513), its gender-specific anti-
tumor efficacy has not been evaluated. Furthermore, it was reported
that ABC294640 has antiestrogenic effects [20] and metabolic profiling
revealed SphK2 as a key target of (phyto)estrogen action [21].
Here, to examine the role of SphK2 in gender-specific MASH-driven
HCC, male and female mice were fed western diet (WD), a clinically
relevant model that we have shown mimics the gradual progression,
histopathology, and molecular signatures of the human disease [7]. We
found that SphK2 deletion improved WD-mediated metabolic
dysfunction in both males and females. Strikingly, SphK2�/� males
had reduced tumor incidence, whereas in females, liver cancer
developed only in SphK2�/� mice. We further showed that only in
males SphK2 regulates p62, a known driver of HCC [6]. In human
patients, we found increased expression of SphK2 in hepatic tumors
and that higher SphK2 expression was associated with increased risk
for recurrence of cancer after resection in males, but not in females.
Our findings suggest that sexually dimorphic HCC is dependent on
SphK2, which could affect treatment regimens with SphK2 inhibitors in
the clinic.

2. MATERIALS AND METHODS

2.1. Animals
All animal procedures conducted were approved by the Institutional
Animal Care and Use Committee of Virginia Commonwealth University.
Wild-type (WT) and SphK2�/� mice on the C57BL/6NJ background
were purchased from Jackson Laboratory (Bar Harbor) and maintained
by heterozygous SphK2þ/� inbreeding. Mice were housed in a 12 h
light/dark cycle in a 21e23 �C animal care facility at Virginia
Commonwealth University and maintained on standard chow diet
(Harlan TD.7912; Envigo). Mice aged 8e9 weeks were randomly
assigned to be fed ad libitum chow diet (CD) and provided normal
drinking water or fed a Western diet (WD) high in fat (42% kcal from
milk fat), cholesterol (0.2%), and sucrose-enriched carbohydrates
2 MOLECULAR METABOLISM 86 (2024) 101971 Published by Elsevier GmbH. This is
(42.7% kcal) (Harlan TD.88137; Envigo) plus drinking water supple-
mented with high D-fructose (23.1 g/L) and D-glucose (18.9 g/L).

2.2. Human autophagy-related gene analysis
Tumor mRNA expression values for 62 autophagy-related genes pre-
viously found differentially expressed in tumors compared to non-
tumors [22] and NQO1 were obtained from cBioPortal analysis [23]
of The Cancer Genome Atlas (TCGA) PanCancer Atlas data for 120
female and 246 male patients with HCC. Values are expressed as z-
score normalized mRNA expression of tumor samples relative to the
expression distribution of all log-transformed mRNA expression of
adjacent normal samples.

2.3. KaplaneMeier survival curve analysis
Ten-year overall survival data for male and female patients with HCC
were obtained from cBioPortal. Patients were stratified by SQSTM1 or
NQO1 tumor mRNA levels (z-score normalized relative to adjacent
normal samples) from the TCGA PanCancer Atlas, comparing patients
with mRNA z-scores >2 (males and females) for SQSTM1 and z-
scores >3.5 (males) or 2.5 (females) for NQO1 relative to the
remaining patients. Similarly, KaplaneMeier curve analyses were
performed for the cumulative incidence of intra- and extra-hepatic
recurrence. Survival data for the respective groups was plotted with
GraphPad Prism and analyzed by the logrank test.

2.4. Human SPHK2 expression from TCGA
Human SphK2 expression from non-tumor and tumor samples in the
TCGA was analyzed using the University of ALabama at Birmingham
CANcer data analysis Portal (UALCAN) [24,25].

2.5. Human patient samples
Tumor and adjacent non-tumor samples were obtained from 148
patients with HCC and treated at the Hepatobiliary Pancreatic Surgery
Division, Department of Surgery, at the University of Tokyo Hospital.
Liver resection was performed on all the enrolled patients [26]. Pa-
tients with primary HCC were followed-up to evaluate intra- and extra-
hepatic HCC recurrence after surgical treatment. This study was
conducted with the approval of the Institutional Research Ethics
Committee of the University of Tokyo (Approval number 1143-2).
Written informed consent was obtained from the patients for the use of
their clinical samples [26].

2.6. Tissue and blood analysis
Mice at the indicated timepoints of dietary treatments were weighed
and euthanized with 5% isoflurane. Whole blood was collected by
cardiac puncture, transferred to BD Microtaine Capillary Blood Col-
lector tubes (Thermo Fisher, 02-675-185) and centrifuged after 30 min
to collect serum. Livers and gonadal epididymal white adipose tissues
(eWAT) were removed. Tumors were measured using a caliper and
tumor volumes determined using formula V ¼ (W2 x L)/2, where V is
the tumor volume, W is the tumor width, and L is the tumor length.
Tissues were snap frozen in liquid nitrogen or in Tissue-Tek optimal
cutting temperature solution or fixed in 10% neutral buffered formalin
(Thermo Fisher, #245684) and embedded in paraffin. Alanine
aminotransferase (ALT) and Aspartate aminotransferase (AST) levels
were measured using the Cobas ALTL and ASTL kits with a Cobas
c311 Analyzer (Roche Diagnostics).

2.7. Glucose tolerance test
After an overnight fast, baseline blood glucose levels were determined
from tail-vein blood using a TRUEtrack Blood Glucose meter (Nipro
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Diagnostics, B0727V3XQX) and test strips (Amazon, B01M8KJG0A).
Glucose (2 mg dextrose/g body weight) was dissolved in sterile PBS
and injected intraperitoneally. Blood glucose levels were measured at
15, 30, 60, 90, and 120 min after glucose injection, and areas under
the curve were determined.

2.8. Histology
Paraffin-embedded liver sections were stained with H&E. Frozen liver
sections were stained with Oil red O (SigmaeAldrich) to assess liver
steatosis. Sections were rinsed in distilled water and 70% isopropyl
alcohol, stained with Oil red O for 10 min, rinsed again in 70% isopropyl
alcohol followed by washing in distilled water 3 times for 5 min and
counterstaining with hematoxylin (Vector Laboratories). Fibrosis was
determined by staining collagen content with Sirius Red. Formalin-fixed
paraffin-embedded liver sections were deparaffinized, rehydrated,
stained for 30 min with Sirius Red/Fast Green collagen kit (Chondrex,
#9046), dehydrated, and mounted with Permount (SigmaeAldrich,
#SP15-100) [27]. Sirius Red and Oil-Red-O positive staining were
quantified using ImageJ as percentage area stained per 20� field. Liver
histology was assessed by an expert liver pathologist in a blinded
manner.
Cell proliferation was determined by staining paraffin-embedded liver
sections with an antibody for Ki67 (1:400; #CST12202) and imagedwith
the Leica Biosystems Bond RX staining system. For a-fetoprotein (AFP)
staining, the formalin-fixed/paraffin-embedded sections were depar-
affinated with Histoclear (National Diagnostics; #HS-200) and rehy-
drated by a series of ethanol solutions (100%, 90%, 80%, and 70%),
and then with 100% PBS. The sections were then placed in an antigen
retrieval buffer (containing 10 mM sodium citrate, 0.05% Tween-20, pH
6.0) and heated at 95 �C for 20 min, rinsed in PBS and treated with 2%
hydrogen peroxide for 20 min to quench endogenous peroxidase ac-
tivity. The sections were rinsed in PBS and then blocked with 1.5% goat
serum in PBS containing 0.1% Tween-20 (PBST) for 1 h at room
temperature. Sections were incubated overnight with an anti-AFP
antibody (diluted at 1:300, Proteintech #14550-1-AP) in blocking
buffer and then thoroughly washed five times with PBST. Subsequently,
they were treated with anti-rabbit biotinylated secondary antibody,
followed by incubation with avidin and biotinylated-horseradish
peroxidase (Vectastain Elite ABC kit from Vector Laboratories). Sec-
tions were exposed to peroxidase substrate diaminobenzidine [7].
Nuclei were counterstained with hematoxylin (Vector Laboratories #H-
3401-500).

2.9. Immunoblotting
Frozen liver tissue (20 mg) was ground to powder and proteins
extracted with sonication using a modified RIPA buffer (50 mM Tris
base; pH 7.4, 1 mM EDTA, 150 mM NaCl, 0.1% sodium dodecyl
sulphate, 1% Triton X-100, 1% sodium deoxycholate) containing HALT
protease/phosphatase inhibitors (Thermo Fisher #78440. Liver ho-
mogenates were then centrifuged at 12,000 xG for 15 min at 4 �C and
the supernatant collected. For nuclear extracts, 20 mg of frozen tissue
was dounce homogenized and processed as described using the
Nuclear Extraction Kit (#ab113474). Proteins were measured with the
Pierce BCA Protein Assay Kit (Thermo Fisher #23227). Equal amounts
of protein were separated by 10% SDS-PAGE and transferred to
0.2 mm pore-size nitrocellulose (#1620112, BioRad) using the Pier-
ceG2 Fast Blotter (Thermo Fisher #62287). Blots were incubated with
the following primary antibodies: Anti-p62 (#CST5114), anti-NQO1
(Abcam, #ab80588), anti-phospho-p62 S403 (#MABC186-I), anti-
phospho-p62 S349 (#CST16177), anti-MYC (#CST13987), anti-
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CCND1 (#CST2978), anti-NRF2 (#CST12721), anti-HDAC1 (#34589),
anti-b-tubulin (#CST2146), anti-b-actin (#CST3700), or GAPDH
(#CST5174) and then incubated with secondary antibodies conjugated
with horseradish peroxidase (goat anti-rabbit; 1:5000; Jackson
ImmunoResearch, West Grove, Pa). Immunopositive bands were
visualized using SuperSignal West Pico Stable Peroxide Solution or
Dura Extended Duration Substrate (Thermo Scientific). Bands were
quantified with ImageJ software and normalized to loading controls.

2.10. Immunofluorescence
Paraffin embedded liver sections were deparaffinized, subjected to
antigen retrieval, and blocked with 5% Normal Serum Blocking Solu-
tion (Biolegend #927501), 1% BSA, and 0.4% Triton-X100 as previ-
ously described [7]. Subsequently, sections were incubated overnight
with rabbit anti-p62 (Cell Signaling Technology, #CST5114S) at 1:200
in blocking buffer (PBS containing 5% normal goat serum (Thermo
Fisher, #31872), 1% BSA, and 0.4% Triton X-100). Subsequently,
sections were washed three times for 5 min with PBS, stained with
goat anti-rabbit AlexaFluor 488 1:200 (Thermo Fisher, #A11008) in
blocking buffer, washed three times for 5 min with PBS, and mounted
with VECTASHIELD Vibrance antifade mounting medium containing
DAPI (Vector Laboratories, #H-1800). Sections were imaged using a
BZ-X810 Keyence fluorescence microscope. ImageJ was used to
measure the percentage of p62 positive staining.

2.11. Cell imaging
After the indicated treatments, hepatocytes were briefly washed with
ice-cold PBS followed by fixation with 4% PFA in PBS for 15 min and
permeabilization with 0.1% Triton X-100 for 3 min, at room temper-
ature. Hepatocytes were then incubated with blocking buffer (5% FCS
and 1% BSA in PBS) for 30 min at room temperature before incubating
overnight in a humidified chamber with anti-p62 (1:50, #CST5114) in
blocking buffer at 4 �C. Cover slips were washed 3 times with ice-cold
PBS before incubation with goat anti-rabbit Alexa Fluor 488 (1:100,
#A11008) for 1 h at room temperature. Cells were then washed 3
times with ice-cold PBS and mounted with VECTASHIELD vibrance
antifade mounting medium with DAPI (Vector Laboratories, #H-1800)
onto glass slides.
Cells were imaged with an inverted Zeiss LSM880 confocal micro-
scope with a 63� PlanApo oil immersion lens (numerical aperture 1.4).
Fluorescence was excited using a 405 nm laser diode to excite DAPI
and a 488 nm argon-ion laser to excite Alexa Fluor 488 for detection of
endogenous p62. The confocal pinhole was set to 1 Airy unit for an
emission wavelength of 520 nm. Emission of DAPI was detected in the
wavelengths 410e470 nm and 490e550 nm for Alexa Fluor 488 to
capture 16-bit images. Each image was thresholded to 10000e65535
to account for background fluorescence and particles were analyzed
using the particle analysis tool in ImangeJ detecting a minimum size of
0.2 mm (minimum size of autophagasomes). For each group, 10 cells
were quantified from 3 independent experiments and graphed as
number of particles per cell and size of particles.

2.12. Hepatocyte isolation and culture
Mice were subjected to two-step collagenase perfusion for isolation of
primary hepatocytes [28]. Briefly, mice euthanized with isoflurane
were catheterized in the inferior vena cava and perfused through the
liver and portal vein with HBSS containing 0.1% heparin (EMD Milli-
pore, #375095), followed by perfusate 1 (8.3 g/L NaCl, 0.5 g/L KCl,
0.24 g/L Hepes, and 0.95 g/L EGTA pH 7.4), and perfusate 2 (10 g/L
BSA (Thermo Fisher, #BP9704100), 3.9 g/L NaCl, 0.5 g/L KCl, 24 g/L
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original article
Hepes, and 0.7 g/L CaCl2) with collagenase D (Sigma, #C6885).
Digested tissue was filtered, centrifuged, washed with William’s E
media (Thermo Fisher, #12551032), and hepatocytes obtained by
Percoll (Sigma #P1644) gradient centrifugation. After washing with
William’s E, cells were plated and cultured overnight in William’s E
media containing 1% penicillin/streptomycin, 2 mM L-glutamine,
15 mM Hepes, 1.16 mg/mL insulin (Santa Cruz, #sc-360248), 0.5 mM
dexamethasone, and 10% fetal bovine serum (FBS). Viability of isolated
hepatocytes was around 90%.

2.13. Fatty acid treatment of hepatocytes
Primary hepatocytes were plated at 4 � 105 cells per well onto
collagen coated 6-well plates. For fatty acid treatments, 100 mM
palmitate (PA) (Sigma, #P5585-10G) dissolved in ethanol was first
heated to 70 �C and added dropwise to 5% fatty acid free BSA
(Thermo Fisher, #BP9704100) dissolved in DMEM media without FBS
at 55 �C to make a 5 mM PA/5% BSA stock solution. Ethanol/5% BSA
solutions were used for vehicle control treatments. Cells were treated
with the 500 mM PA and 0.7% BSA in DMEM containing penicillin/
streptomycin, L-glutamine, and sodium pyruvate for 20 h. For sex
hormone treatments, phenol-free DMEM was used with 500 mM PA/
0.5% BSA and either 10 nM 5a-dihydrotestosterone (DHT) (Sigma,
#D-073-1ML) or 100 nM b-estradiol (Sigma, #E8875-250 MG) for
20 h. Methanol or ethanol solutions were used as controls for the
addition of the sex hormones in these vehicles. For immunoblotting,
hepatocytes were washed in ice-cold PBS and proteins extracted
with a modified RIPA buffer (50 mM Tris, 1 mM EDTA, 150 mM NaCl,
0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate). Equal
amounts of protein were separated by SDS-PAGE and immunoblotted
as described above.

2.14. Quantitative real-time PCR
Quantitative real-time PCR was conducted as described previously [26].
Primer sequences used for human SphK2 were forward 50-
CCAGTGTTGGAGAGCTGAAGGT-30 and reverse 50-GTCCATTCATCTGC
TGGTCCTC-3’. The internal control sequences for 18S ribosomal RNA
were forward 50-GTAACCCGTTGAACCCCATT-30 and reverse 50-CCATC
CAATCGGTAGTAGCG-3’. SphK2 mRNA expression was quantified
relative to 18S ribosomal RNA using the 2�DDCt method (Applied
Biosystems).

2.15. Statistical analysis
Statistical significance was determined using unpaired two-tailed
Student’s t-test with Welch’s correction for comparison of two
groups, or by ANOVA followed by post hoc tests for multiple com-
parisons using GraphPad Prism 7.0. For all experiments, the normality
of the data from each group was first checked using the ShapiroeWilk
statistical test. For non-normally distributed data, the ManneWhitney
U test was used. The following designations for significance levels are
*p < 0.05, **p < 0.01, and ***p < 0.001.

3. RESULTS

3.1. Deletion of SphK2 protects both males and females from
western diet-induced metabolic dysfunction
To investigate the involvement of SphK2 in MASH-driven HCC, wild type
and SphK2�/�male and female mice were fed chow diet (CD) or a high
fat, cholesterol and carbohydrate diet with access to high glucose and
fructose sugar water which was previously shown to recapitulate a
typical western diet (WD) and reliably mimic key pathophysiological,
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metabolic, transcriptomic, histologic changes, and clinical outcomes of
MASH-associated HCC found in human patients [7]. Male and female
WT mice on WD gained weight, had increased accumulation of
epididymal visceral white adipose tissue (eWAT), and developed
enlarged livers compared to mice fed CD (Figure 1AeC). WD also
induced clinically relevant markers of liver damage determined by
increased serum alanine and aspartate aminotransferase (ALT, AST)
(Figure 1D,E) and led to glucose intolerance (Figure 1F), which is highly
associated with increased risk for MASH [29]. SphK2 deletion had no
effect on CD fed mice. However, SphK2 deletion in both male and fe-
male mice significantly reduced WD-induced weight gain, eWAT fat
mass, ALT/AST, and improved glucose intolerance (Figure 1AeF),
suggesting that SphK2 deletion protects both sexes from diet-induced
metabolic dysfunction.
Weight gain and metabolic dysfunction in WD fed WT mice were
previously shown to be accompanied by gradual progression of
increased liver steatosis, hepatocellular ballooning, inflammation,
and bridging fibrosis [7], clinically relevant histological indications of
human MASH [5,29]. Marked increases in steatosis, determined by
neutral lipid Oil Red O staining of lipid accumulation, were similar in
both sexes of WT and Sphk2�/� mice fed WD (Figure 2A,B). Per-
icellular and bridging liver fibrosis, was significantly elevated
especially in males compared to females (Figure 2A,C). Although
SphK2 deletion reduced liver damage (Figure 1D), nevertheless, it
did not reduce the extent of WD-induced fibrosis in either males or
females (Figure 2A,C). Even though the mechanism for the transition
from MASH to HCC is not completely understood, it has been re-
ported that chronic liver damage during the development of MASH is
associated with a compensatory increase in hepatocyte proliferation
[3,7,30] a critical process in hepatocarcinogenesis [31]. Significant
increases of Ki67 positive hepatocytes were observed in livers from
WD fed WT mice compared to those from CD fed mice, especially in
males compared to females (Figure 2D). Consistent with a previous
study with male mice [18], in Sphk2�/� livers, the numbers of
hepatocytes positive for the proliferation marker Ki67 were
decreased compared to WT, albeit not statistically significant
(Figure 2D). Such an effect was not observed in livers from Sphk2�/

� female mice (Figure 2D).

3.2. SphK2 deletion reverses the sexual dimorphism of liver cancer
Chronic WD feeding leads to a gradual progression from MASH to
spontaneous HCC [3,7]. We previously reported that 75% of WD fed WT
male mice for 54 weeks developed liver tumors, half of which were
HCC as shown by positive staining for the HCC marker a-fetal protein
(AFP) [7]. In agreement, tumors were almost absent in CD fed WT
males with only a single mouse displaying a tumor (1/16 mice),
whereas 78% of chronic WD fed mice developed tumors (22/28 mice),
and among those, 80% had tumors larger than 1 mm and 55% had
tumors larger than 5 mm, resulting in a significant increase in tumor
burden (Figure 3AeD). Tumor incidence was significantly reduced in
SphK2�/� male mice fed WD compared to WT, with 55% developing
tumors (12/22 mice), along with a marked reduction in tumor size and
tumor burden with only 19% having tumors larger than 5 mm
(Figure 3A,B). Similar to the reduced liver cancer incidence found in
human females [2,32], no tumors were detected in livers of WT fe-
males on either CD (0/14 mice) or WD (0/18 mice) (Figure 3A,B).
Remarkably, SphK2 deletion in females fed WD increased liver cancer
development with 40% developing tumors (6/15 mice) and 27% of
those having a tumor greater than 1 mm (Figure 3AeD). In accordance
with the tumor load observed in these mice (Figure 3AeD), the hepatic
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Deletion of SphK2 protects both sexes from Western diet-induced metabolic dysfunction. WT and SphK2�/� male and female mice were fed chow diet (CD) or
high fat and cholesterol diet with high fructose/glucose drinking water (Western diet, WD) for 16, 32, or 54 weeks. (A) Body weights (16 wk n ¼ 6e10 mice/group, 32 wk n ¼ 10e
24 mice/group, 54 wk n ¼ 8e21 mice/group). (B) Epididymal while adipose tissue mass (eWAT) (16 wk ¼ 5e10 mice/group, 54 wk n ¼ 3e12 mice/group). (C) Liver weights
(16 wk n ¼ 5e10 mice/group, 54 wk n ¼ 6e21 mice/group). (D,E) ALT and AST assays (n ¼ 6e20 mice/group). (F) Glucose tolerance tests (n ¼ 4e13 mice/group). Data are
mean � SEM. *p < 0.05, **p < 0.01 compared to respective WT fed CD. #p < 0.05, ##p < 0.01 compared to respective WT fed WD. (AeC) Two-way analysis or (DeF) one-way
analysis of variance test followed by Tukey’s multiple comparison test.
nodules had increased AFP expression with loss of hepatic architecture
confirming the presence of HCC solely in livers from obese females
lacking SphK2 (Figure 3E). Together, these results suggest that SphK2
ablation reverses the sexually dimorphic susceptibility of diet-induced
liver cancer in mice.
MOLECULAR METABOLISM 86 (2024) 101971 Published by Elsevier GmbH. This is an open access article
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3.3. SphK2 deficiency reduces p62 accumulation only in obese
male mice
Obesity is associated with autophagy inhibition [33], leading to accu-
mulation of the signaling adaptor and ubiquitin binding autophagy
receptor p62 (encoded by the SQSTM1 gene) [34] that is required for
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Figure 2: Lack of effect of SphK2 deletion on lipid accumulation or fibrosis in WD fed mice. (A) Representative images of liver sections from WT and SphK2�/� male and
female mice fed CD or WD for 54 weeks stained with H&E, Oil red O, Sirius red/fast green, or anti-Ki67 antibody. Scale bars: 100 mm. (B,C) Oil red O and Sirius red staining for
each mouse was quantified as average percent staining per total tissue surface area. CD, n ¼ 3 mice/group; WD, n ¼ 5e6 mice/group). (D) Quantification of average number of
Ki67 positive cells per field in each mouse (CD, n ¼ 3 mice/group; WD, n ¼ 6 mice/group). Data are mean � SEM. **p < 0.01, ***p < 0.001 compared to respective WT fed CD.
##p < 0.05, ##p < 0.01, ###p < 0.001 compared to WT fed WD. One-way analysis of variance test followed by Tukey’s or Dunn’s multiple comparison test.
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premalignant progression of hepatocytes to HCC, and is elevated in
human MASH and HCC liver samples [6,35]. Therefore, we sought to
compare p62 levels in obese male and female mice and to evaluate the
effects of SphK2 deletion. CD feeding of WT male mice, which do not
6 MOLECULAR METABOLISM 86 (2024) 101971 Published by Elsevier GmbH. This is
develop HCC, did not induce p62 accumulation (Figure 4A). However,
as in non-tumor liver biopsies from human patients with resectable
HCC [6], chronic WD feeding induced strong p62 expression in non-
tumor liver tissues of male mice (5e36-fold) (Figure 4A) and in the
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: SphK2 deletion protects males from WD-induced HCC, but promotes it in females. (A) Representative liver images of WT and SphK2�/� male and female mice fed
CD or WD for 54 weeks. Arrows indicate liver tumors. (B) Liver tumor incidence. (C) Largest tumor size. (D) Total tumor burden. n ¼ mice/group as indicated in B. Data are
mean � SEM and represent 3 independent experiments. **p < 0.01 compared to WT fed CD, one-way analysis of variance test followed by Dunn’s multiple comparison test.
#p < 0.05 compared to respective WT fed WD, Welch’s t-test. (E) Representative immunohistochemical staining for tumor marker AFP in female tumor and non-tumor tissue. Scale
bars: 200 and 100 mm (image insets). Dotted line indicates tumor boundary.
tumors (Figure 4E). There was a small but not significant increased
trend in WD fed female mice (Figure 4A). SphK2 deletion significantly
repressed WD-mediated p62 induction in males determined by hepatic
western blotting and confirmed by immunofluorescence staining of
p62 (67 % reduction) (Figure 4A,B). In contrast, deletion of SphK2 did
not affect hepatic p62 levels in females (Figure 4A,B).
Accumulation of p62 increases nuclear localization of the transcription
factor, nuclear factor erythroid 2 (NRF2) that subsequently enhances
expression of the antioxidant protein, NAD(P)H dehydrogenase quinone
1 (NQO1), important for tumor metabolism and malignant progression
[6,36]. Consistent with these studies, WD feeding increased NQO1 only
in males and SphK2 deletion suppressed this increase (Figure 4A).
Both p62 phosphorylation at S403 related to diet and lipotoxicity-
induced autophagic defect [37] and phosphorylation at S351 (S349
in humans) required for increased NRF2 activity [35] were also
MOLECULAR METABOLISM 86 (2024) 101971 Published by Elsevier GmbH. This is an open access article
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elevated in WT livers and repressed by the absence of SphK2
(Figure 4C). Moreover, there was a trend for reduced nuclear locali-
zation of NRF2 in SphK2 deleted male mice fed WD compared to WT
(Figure 4D). Consistent with previous studies [6,38], western blotting
confirmed that most tumors in male WT mice fed WD displayed high
p62 expression, which was also seen in non-tumor areas, and were
drastically reduced by SphK2 deletion (Figure 4E).
Other key mediators induced by p62 accumulation include the onco-
gene c-Myc, a known driver of HCC development [39], and Cyclin D1
that initiates HCC development by promoting cell-cycle progression
[40]. While liver tumors had markedly increased c-Myc levels (4-fold)
compared to non-tumor tissue, c-Myc was significantly suppressed in
tumors from SphK2�/� livers (Figure 4F). Likewise, Cyclin D1 was up-
regulated 8-fold in WT tumors and repressed with SphK2 deletion
(Figure 4F).
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Figure 4: Chronic WD induced elevated p62 in male mice is repressed by SphK2 deletion and high p62 expression correlates with poor survival only in male HCC
patients. (A) Immunoblot and quantitation of p62 (top band) and Nqo1 protein levels of non-tumor liver tissues from WT and SphK2�/� male and female mice fed CD or WD for 54
weeks. Data are mean � SEM. *p < 0.05 compared to respective WT fed WD. (B) Representative immunofluorescent images and quantification of p62 in liver sections. Scale bar:
100 mm. Data are mean � SEM. ***p < 0.001 compared to respective WT fed CD. ###p < 0.001 compared to respective WT fed WD. nd, no difference. (C,D) Immunoblot and
quantification of p62 phosphorylation at S403 and S351 and nuclear levels of NRF2. Data are mean � SEM. *p < 0.05 compared to respective WT fed WD. (AeD) CD, n ¼ 3 mice/
group; WD, n ¼ 3e6 mice/group. Dots indicate individual mice. One-way analysis of variance test followed by Bonferroni’s multiple comparison test. (E) Immunoblot of p62 levels
in non-tumor (NT) and tumor tissue (T) from male mice fed WD for 54 weeks. (F) Immunoblot and quantification of c-Myc and Cyclin D1 protein levels in non-tumor (NT) and tumor
tissue (T) from male mice fed WD for 54 weeks. **p < 0.01 compared to NT. #p < 0.05, ##p < 0.01 compared to WT with tumor. NT and tumor, n ¼ 3 mice/group. One-way
analysis of variance test followed by Tukey’s multiple comparison test. (G) Relative z-score normalized mRNA expression of 62 differentially expressed autophagy-related genes
and NQO1 in human liver tumors relative to normal tissue from females (n ¼ 120) and males (n ¼ 246). **p < 0.01 compared to female samples. Two-way analysis of variance
test with Bonferroni’s multiple comparison test. (H,I) Sex-specific survival analysis for in patients with HCC. KaplaneMeier disease-free survival curves of male and female patients
with HCC stratified by p62/SQSTM1 or NQO1 mRNA levels (z-score) from the TCGA PanCancer Atlas. Log rank test p-values.
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3.4. Increased p62 correlates with poorer survival in male but not
female HCC patients
Deregulation of autophagy has been proposed to play a key pathogenic
role in HCC [33,41]. The sex dimorphisms in p62 expression we
observed in diet-induced HCC in mice prompted us to examine
whether there is sex-specific expression of p62 and other autophagy-
8 MOLECULAR METABOLISM 86 (2024) 101971 Published by Elsevier GmbH. This is
related genes in human patients with HCC. A set of autophagy-related
genes that are significantly differentially expressed in human HCC
compared to non-tumor tissues [42] were analyzed by gender. Inter-
estingly, only p62 encoded by the SQSTM1 gene was significantly
higher in male tumors compared to females, whereas no or minimal
changes were found for all the other 61 autophagy-related genes
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Figure 4G). Likewise, significantly increased expression of NQO1 was
noted in male but not female HCC patients (Figure 4G).
We next investigated whether p62 and NQO1 expression was asso-
ciated with survival outcome among male and female patients with
HCC. In accord with previous gender-inclusive studies [6,43], disease-
free survival was significantly decreased in male patients with high
expression of p62/SQSTM1 or NQO1 (Figure 4H,I). Nevertheless, the
expression of these two genes was not associated with the survival of
female patients with HCC (Figure 4H,I). Together, these findings sug-
gest that activation of the p62/NQO1 pathway in mice and humans with
HCC is much higher in males than in females and may contribute to
reduced survival, particularly in males.

3.5. Modulation of lipotoxicity-mediated p62 accumulation by sex
hormones in hepatocytes is repressed by SphK2 deletion
To further assess the involvement of SphK2 in p62 accumulation in
response to lipotoxicity, we treated primary hepatocytes with palmitate
(PA), which is the most common saturated fatty acid found in humans
on a high fat diet [44]. Moreover, PA induced formation of p62 inclusion
bodies in hepatocytes due to attenuation of autophagic flux [37]. He-
patocytes were treated with 500 mM PA, a level within the patho-
physiological range [44], that was previously reported to induce p62
accumulation in hepatocytes [37,45,46]. In line with these reports, PA
markedly increased p62 aggregate size and number in WT hepatocytes
(Figure 5A,B), supporting the notion that PA impairs the final step of
autophagy at the stage of autophagosome-lysosome fusion [37,45].
Similar to our observations in vivo (Figure 4A,B), in response to PA,
hepatocytes with SphK2 deletion had markedly blunted p62 aggre-
gates (Figure 5A,B), known to be present in human and rodent HCC
[6,47e49].
The sexual dimorphism of HCC incidence and tumor growth has been
suggested to involve differential actions of sex hormones, whereby
female protection from HCC involves estrogen signaling and male
susceptibility to HCC is linked to androgen signaling [2,4,50,51].
Therefore, we examined the effects of sex hormones on lipotoxicity-
induced p62 aggregation. Interestingly, in WT hepatocytes the
endogenous androgen 5a-dihydrotestosterone (DHT) significantly
increased p62 aggregate size and number, effects that were sup-
pressed by SphK2 deletion (70% in size, 96% in number) (Figure 5C).
In contrast, activation of estrogen signaling with b-estradiol (E2)
significantly reduced PA-induced p62 aggregate size (53%) and
number (91%) and SphK2 deletion did not further decrease the effects
of estrogen (Figure 5D).

3.6. High SphK2 expression in male human liver cancer patients is
associated with poor differentiation status and increased risk of
cancer recurrence
To examine the relevance of SphK2 expression in human HCC patients,
we assessed its expression in tumor and non-tumor samples from the
TCGA database and from an independent cohort of patients prior to
surgical resection. In both cohorts, SphK2 mRNA was elevated in liver
tumors from both male and female patients compared with adjacent
normal tissue (Figure 6A,B). We then determined the differentiation
status of the tumors, which is known to correlate with their aggres-
siveness [52]. Tumors were stratified as either more aggressive with
poorly differentiated status, moderately differentiated, or well differ-
entiated status. High SphK2 expression was only present in the more
aggressive poorly differentiated tumors in males but not in females
(Figure 6C). To analyze the correlation between high SphK2 and cancer
outcome, we divided these patients based upon SphK2 expression and
assessed the risk of cancer recurrence after resection of the tumor.
MOLECULAR METABOLISM 86 (2024) 101971 Published by Elsevier GmbH. This is an open access article
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Intriguingly, high SphK2 expression in tumors prior to surgery was
significantly associated with both intra- and extra-hepatic recurrence
of cancer in male patients (Figure 6D). In contrast, there was no sig-
nificant difference in cancer recurrence in female patients based on
levels of SphK2 (Figure 6E). These findings suggest that SphK2
expression may serve as an additional biomarker for assessing the risk
of HCC recurrence in males and to distinguish patients who require
vigilant monitoring after curative HCC ablation.

4. DISCUSSION

Gender disparity in HCC is well established, yet studies identifying the
mechanisms that account for this difference and also lead to gender-
specific therapeutic treatments are still lacking. We uncovered a
previously unrecognized sex-specific role of SphK2 whereby it pro-
motes HCC in males and is protective for females in mice and humans.
Although SphK2 deletion strikingly reversed the sex differences in WD-
induced tumor incidence, and tumor burden, we found reduced body
weight and adipose tissue mass and improved glucose tolerance in
both male and female SphK2 deficient mice fed WD. It was also
recently reported that hepatocyte-specific SphK2 deletion increased
insulin resistance and glucose intolerance [16]. However, changes in
glucose and insulin resistance in mice have no apparent roles in HCC
development [30]. Moreover, although MASH is generally associated
with obesity and related HCC comorbidities, lean individuals with
MASH, but with normal glucose tolerance, can still develop liver cancer
[53], and mice fed different types of high fat and sugar diets produced
varying levels of tumor burden without correlation to glucose tolerance
[54].
Despite sex-specific effects of SphK2 on chronic diet-induced HCC
development, SphK2 deletion did not affect the extent of WD-induced
steatosis and fibrosis in either males or females. Consistent with this
unexpected observation, it was previously reported that deletion of the
T cell protein tyrosine phosphatase (TCPTP) in hepatocytes also
markedly accelerated HCC in mice treated with a chemical carcinogen
that promoted HCC without affecting MASH or fibrosis [55]. Although
the prevalent view that HCC must be predicated by the development of
MASH with advanced fibrosis or cirrhosis [56], evidence has accu-
mulated for the dissociation of MASH and fibrosis with HCC in obesity.
Approximately 50% of MASH patients develop HCC before the onset of
cirrhosis [53]. In fact, in individuals with metabolic syndrome, HCC may
even manifest in the presence of simple steatosis, devoid of any
MASH-related inflammation or fibrosis [57]. Nevertheless, only a few
pathways that contribute to the development of HCC in the absence of
MASH or evident fibrosis or cirrhosis have been fully investigated [55].
Defining the molecular mechanisms that govern the regulation of HCC
initiation and progression by SphK2 in a gender-specific manner is
critical for gaining a better understanding of processes involved in diet-
induced progression of MASH to HCC and its sexual dimorphism.
Intriguingly, deletion of SphK2 reduced accumulation of hepatic p62 in
male but not female mice fed a WD. This is especially important since
p62 elevation precedes HCC development in mice and humans, con-
tributes to its development by enhancing survival of stressed HCC-
initiating cells that allows them to acquire multiple oncogenic muta-
tions, and p62 correlates with worse patient survival [6,58]. Our data
suggests that SphK2 could be a regulator of p62 in males, which af-
fects their susceptibility to liver cancer.
p62 is a multifunctional signaling hub that activates mTORC1-
dependent induction of c-Myc [59] and NRF2, a transcription factor
regulating expression of antioxidant enzymes such as NQO1 [6]. Levels
of both Nqo1 and c-Myc as well as the proto-oncogene Cyclin D1 were
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 5: Lipotoxicity-induced p62 accumulation in hepatocytes is regulated by sex hormones and can be prevented by SphK2 deletion. (A,B) Representative confocal
images and quantification of p62 aggregate size and number in WT and SphK2�/� primary hepatocytes treated with vehicle or 500 mM palmitate (PA). (C,D) Representative
confocal images and quantification of p62 aggregate size and number in WT and SphK2�/� primary hepatocytes treated with vehicles or 500 mM PA in the absence or presence of
dihydrotestosterone (DHT) or estradiol (E2). Scale bars: 10 mm. (BeD) Data are mean � SEM from 3 independent experiments. *p < 0.01 compared to WT treated with vehicle.
#p < 0.05 compared to respective WT hepatocytes treated with PA. One-way analysis of variance test followed by Tukey’s multiple comparison test.
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increased in tumors of WT male mice fed a WD and repressed by
SphK2 deletion only in males. Thus, SphK2-mediated activation of the
p62-NRF2-NQO1 pathway in HCC is predominately male-biased.
Indeed, analysis of human HCC samples showed higher expression
of p62/SQSTM1 and NQO1 in male tumors than in females. Moreover,
high p62/SQSTM1 and NQO1 expression was associated with reduced
10 MOLECULAR METABOLISM 86 (2024) 101971 Published by Elsevier GmbH. This is
survival of male patients, but there was no association for females.
Importantly, we observed higher SPHK2 expression in male tumors
than those of females that was associated with a more aggressive HCC
differentiation status. Furthermore, elevated SPHK2 was associated
with increased recurrence of intrahepatic and extrahepatic tumors
after surgical resection, effects not observed in females, further
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: SphK2 expression in human sexual dimorphism of HCC. (A) SphK2 mRNA expression in liver tumors from male (n ¼ 245) and female (n ¼ 117) patients compared
to normal tissue (n ¼ 50) from TCGA. (B) Relative SphK2 mRNA levels determined by qPCR in non-tumor (NT) and tumor (T) samples from human male (n ¼ 121) and female
(n ¼ 27) independent cohorts of patients. ****p < 0.0001 for T compared to NT. (C) SphK2 mRNA expression in male and female patients separated by HCC differentiation status
defined as poorly, moderately, or well differentiated. p ¼ 0.01 compared to poorly differentiated tumors. One-way analysis of variance test followed by Tukey’s multiple comparison
test. (D) SphK2 is a risk factor for cancer recurrence in males. KaplaneMeier intra- and extra-hepatic recurrence curves were evaluated for male (n ¼ 74) and female (n ¼ 20)
patients divided according to mRNA levels of SphK2. Survival analysis p values are indicated in the graphs.
suggestive of a role for SphK2 in promoting HCC in males. Our findings
emphasize the need to analyze male and female survival data sepa-
rately and indicate high SPHK2, p62 and NQO1 expression are linked to
poor survival only in males. However, our study has some limitations.
Since males are more likely to develop HCC, we were unable to collect
a larger cohort of female patients, and the lower sample size may skew
statistical significance. Nevertheless, in contrast to our findings in
males, SphK2-mediated resistance of females to MASH-driven HCC is
not dependent on p62. As HCC is influenced by the immune system
especially in females [50,60,61], SphK2 may regulate the tumor im-
mune microenvironment containing distinct immune cell populations
associated with the progression or inhibition of HCC. Alternatively, as
the liver is the main site where E2 is metabolized, SphK2 might affect
expression of enzymes that metabolize it to suppress HCC [62]. Further
studies are needed to determine the mechanism by which SphK2
suppresses MASH-driven HCC in females.
Autophagy impairment during obesity contributes to lipotoxicity and the
pathogenesis of MASH-promoted HCC [34]. Modeling this effect by
exposure of hepatocytes to the saturated fatty acid palmitate induced
p62, its aggregation, and subsequent inhibition of autophagosome-
lysosome fusion, in agreement with other reports [45,63,64].
Consistent with the notion that sex hormone signaling contributes to
autophagy-mediated diseases [65] and to sexual dimorphism of HCC
[2,4,50,51], we found that testosterone promotes p62 aggregation
whereas estrogen reduces it. Notably deletion of SphK2 prevented p62
accumulation and aggregation. As SphK2 deletion reduces levels of
S1P and increases levels of ceramide [66], which have been shown to
induce autophagy through multiple mechanisms [67], it is tempting to
speculate that changes in bioactive sphingolipid metabolites due to
deletion of SphK2 could enhance autophagic fluxes and the autophagic
clearance of p62 and thus contribute to reduced cancer initiation in
males.
Although recent advances in animal models have characterized mo-
lecular and histopathological responses that mimic progression of
MOLECULAR METABOLISM 86 (2024) 101971 Published by Elsevier GmbH. This is an open access article
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MASH to HCC in humans, these studies have largely focused on males.
Here, we reveal SphK2 as a potential new mediator of the sexual
dimorphism of MASH-driven HCC. Our study has important clinical
relevance for discovery of new drugs targeting SphK2, such as
ABC294640/Opaganib (also called Yeliva) now in clinical trials for liver
cancer (NCT01488513, NCT03377179, NCT04207255), as our find-
ings suggest that it could have beneficial effects for males but dele-
terious effects for female patients, underscoring the importance of
understanding sex differences in HCC.
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