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STE20- Type Protein Kinase MST4 
Controls NAFLD Progression by 
Regulating Lipid Droplet Dynamics and 
Metabolic Stress in Hepatocytes
Mara Caputo,1 Emmelie Cansby,1 Sima Kumari,1 Yeshwant Kurhe,1 Syam Nair,2 Marcus Ståhlman,3 Nagaraj M. Kulkarni,1 
Jan Borén,3 Hanns- Ulrich Marschall,3 Matthias Blüher,4 and Margit Mahlapuu1

Nonalcoholic fatty liver disease (NAFLD) has emerged as a leading cause of chronic liver disease worldwide, primarily 
because of the massive global increase in obesity. Despite intense research efforts in this field, the factors that govern 
the initiation and subsequent progression of NAFLD are poorly understood, which hampers the development of di-
agnostic tools and effective therapies in this area of high unmet medical need. Here we describe a regulator in mo-
lecular pathogenesis of NAFLD: STE20- type protein kinase MST4. We found that MST4 expression in human liver 
biopsies was positively correlated with the key features of NAFLD (i.e., hepatic steatosis, lobular inflammation, and 
hepatocellular ballooning). Furthermore, the silencing of MST4 attenuated lipid accumulation in human hepatocytes by 
stimulating β- oxidation and triacylglycerol secretion, while inhibiting fatty acid influx and lipid synthesis. Conversely, 
overexpression of MST4 in human hepatocytes exacerbated fat deposition by suppressing mitochondrial fatty acid oxi-
dation and triacylglycerol efflux, while enhancing lipogenesis. In parallel to these reciprocal alterations in lipid storage, 
we detected substantially decreased or aggravated oxidative/endoplasmic reticulum stress in human hepatocytes with 
reduced or increased MST4 levels, respectively. Interestingly, MST4 protein was predominantly associated with intracel-
lular lipid droplets in both human and rodent hepatocytes. Conclusion: Together, our results suggest that hepatic lipid 
droplet– decorating protein MST4 is a critical regulatory node governing susceptibility to NAFLD and warrant future 
investigations to address the therapeutic potential of MST4 antagonism as a strategy to prevent or mitigate the devel-
opment and aggravation of this disease. (Hepatology Communications 2021;5:1183-1200).

The human kinome encodes a large group 
of STE20 kinases, named after their yeast 
homologue Sterile20 involved in the mat-

ing pathway.(1) Based on phylogenetic relationships, 
mammalian STE20 kinases can be divided into 
germinal center kinase (GCK) and p21- activated 
kinase (PAK) families. The GCKs share a conserved 

N- terminal catalytic domain and possess a variable 
noncatalytic C- terminal region that mediates protein– 
protein interactions.(2) The PAKs all contain a 
C- terminal kinase domain and an N- terminal regula-
tory GTPase- binding domain.(2) STE20- type kinases 
are implicated in a broad range of cellular functions, 
such as regulation of proliferation, differentiation, 
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apoptosis, polarity, migration, and cytoskeleton rear-
rangements.(2- 4) Notably, several STE20 kinases have 
recently been shown to aggravate ectopic lipid storage 
within nonadipose tissue in the context of nutritional 
stress, exacerbating the development of systemic insu-
lin resistance in obesity.(5)

MST4 (also known as STK26 or MASK) is a 
member of the GCKIII subfamily of STE20 kinases 
and has been demonstrated to regulate diverse bio-
logical processes through phosphorylation of multiple 
substrates. To date, most of the studies have focused 
on the role of MST4 in cancer. MST4 is known to 
activate ERK and ezrin pathways to induce prolifera-
tion and epithelial– mesenchymal transition in several 
types of tumor cells.(6- 8) Recently, MST4 phosphor-
ylation of ATG4B was also shown to promote auto-
phagy, contributing to glioblastoma malignancy.(9) 
The interaction of MST4 with the multi- subunit 
STRIPAK complex has been associated with breast 
cancer metastasis.(10) In line with the suggested role 
of MST4 in tumorigenesis, the expression of MST4 
has been found to be up- regulated in several differ-
ent tumor types including gastric, breast, pancreatic, 
and prostate cancer, glioblastoma, and hepatocellu-
lar carcinoma (HCC), significantly correlating with 
poor patient prognosis.(6,8,9,11- 13) Recently, MST4 
function has been associated with inflammatory 

responses through phosphorylation of TRAF6(14) and 
gastric acid secretion by phosphorylating ACAP4 
and ezrin.(15) MST4 was previously also reported to 
act via activation of ezrin downstream of the LKB1/
STRAD/MO25 polarization complex in brush border 
formation.(16)

Our recent investigations have revealed that sev-
eral STE20- type kinases contribute to the molecu-
lar pathogenesis of nonalcoholic fatty liver disease 
(NAFLD) by critically controlling hepatic lipid 
deposition as well as oxidative and endoplasmic retic-
ulum (ER) stress in the liver.(17- 24) We now hypoth-
esize that MST4 is also involved in the regulation 
of liver lipotoxicity. Here, we provide evidence that 
MST4 expression in human liver biopsies is posi-
tively correlated with the key features of NAFLD 
(i.e., hepatic steatosis, lobular inflammation, and 
hepatocellular ballooning). By modifying the expres-
sion levels of MST4 in cultured human hepato-
cytes, we also demonstrate a cell- autonomous role of 
MST4 in the regulation of liver lipid partitioning, 
and oxidative and ER stress. Interestingly, we found 
that MST4 protein is predominantly associated with 
intracellular lipid droplets in both human and rodent 
hepatocytes.

NAFLD refers to a spectrum of histological abnor-
malities, ranging from nonalcoholic fatty liver (NAFL) 
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defined as fatty infiltration in >5% of hepatocytes 
(steatosis) to nonalcoholic steatohepatitis (NASH), 
which in addition to hepatic steatosis is characterized 
by local inflammation and hepatocyte ballooning.(25) 
Although NAFL is usually asymptomatic, patients 
with NASH have a high risk of liver- related mor-
bidity and mortality due to progression into cirrhosis, 
liver failure, and HCC.(26) Despite intensive research 
in this field, no pharmacological therapy is currently 
approved to treat NASH, which is projected to 
become the most common indication for liver trans-
plantation in the near future.(26) Hence, deciphering 
the molecular mediators that control the initiation 
and aggravation of NAFLD is of high importance 
to develop improved methods for disease prediction, 
prevention, and treatment in this area of significant 
unmet medical need.

Materials and Methods
Cell CultuRe, Rna 
inteRFeRenCe, anD tRansient 
oVeReXpRession

Immortalized human hepatocytes (IHHs; a gift 
from B. Staels, the Pasteur Institute of Lille, University 
of Lille Nord de France, Lille, France) were maintained 
in William’s E Medium (GlutaMAX supplemented; 
Gibco, Paisley, United Kingdom) supplemented with 
human insulin (20  U/L; Actarapid Penfill; Novo 
Nordisk, Bagsværd, Denmark) and dexamethasone 
(50  nmol/L; Sigma- Aldrich, St. Louis, MO). IHHs, 
originally obtained from healthy liver tissue removed 
surgically from a 59- year- old man and immortalized 
by stable transfection with SV40 large T antigen– 
expressing plasmid, have been shown to retain several 
differentiated features of primary human hepato-
cytes.(27,28) HepG2 cells (HCC, human; American 
Type Culture Collection, Manassas, VA) were main-
tained in Dulbecco’s modified Eagle’s medium 
(GlutaMAX supplemented; Gibco). Both culture 
media were supplemented with 10% (vol/vol) fetal 
bovine serum and 1% (vol/vol) penicillin/ streptomycin 
(Gibco). Cells were demonstrated to be free of 
mycoplasma infection by MycoAlert Mycoplasma 
Detection Kit (Lonza, Basel, Switzerland).

IHHs and HepG2 cells were transfected with MST4 
small interfering RNA (siRNA; HS01_00030410; 

Sigma- Aldrich) or scrambled siRNA (SIC001; 
Sigma- Aldrich) using Lipofectamine RNAiMax 
(Thermo Fisher Scientific, Waltham, MA). Cells 
were also transfected with human MYC- tagged MST4 
expression plasmid (EX- W0097- M43; GeneCopoeia; 
Labomics, Nivelles, Belgium) or an empty con-
trol plasmid (EX- NEG- M43; GeneCopoeia) using 
Lipofectamine 2000 (Thermo Fisher Scientific).

assessment oF lipotoXiCity 
in CultuReD Human 
HepatoCytes

In all experiments described subsequently, trans-
fected cells were exposed to 50  µmol/L oleic acid 
(OA; Sigma- Aldrich) for 48  hours, which is known 
to efficiently induce steatosis in vitro (see Figs. 3A 
and 4A for schematic presentation of the experimen-
tal design).

Cells were stained with Bodipy 493/503 (Invitrogen, 
Carlsbad, CA) for neutral lipids, MitoTracker Red 
(Thermo Fisher Scientific) for mitochondrial mem-
brane potential,(29) or dihydroethidium (DHE; Life 
Technologies, Grand Island, NY) for superoxide rad-
icals, as previously described.(22) In parallel, cells were 
processed for immunofluorescence with anti- MST4, 
anti- adipose differentiation- related protein (ADRP), 
anti- peroxisomal biogenesis factor 5 (PEX5), anti- 
peroxisomal membrane protein 70  kDa (PMP70), 
anti- MYC, anti- 8- oxoguanine (8- oxoG), anti- 4- 
hydroxynonenal (HNE), anti- E06, anti- KDEL, or 
anti- C/EBP- homologous protein (CHOP) antibodies 
(see Supporting Table S1 for antibody information). 
The labeled area was quantified in 6- 8 randomly 
selected microscopic fields (×20) per well using the 
ImageJ software (1.47v; National Institutes of Health, 
Bethesda, MD).

To measure β- oxidation, cells were incubated in 
the presence of (9,10- 3H[N])palmitic acid (Perkin- 
Elmer, Waltham, MA), and [3H]- labeled water was 
quantified as the product of free fatty acid (FFA) 
oxidation (see Supporting Information Materials 
for details).(20) Mitochondrial oxygen consumption 
rate (OCR) was measured by the Seahorse XFe96 
Analyzer and the SeaHorse XF Cell Mito Stress Test 
Kit (Agilent Technologies, Santa Clara, CA) accord-
ing to the manufacturer’s recommendations, using 
Seahorse XF base media containing 10 mmol/L glu-
cose, 2 mmol/L glutamine, and 1 mmol/L pyruvate 
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(Agilent Technologies). Triacylglycerol (TAG) 
secretion and incorporation of [14C]glucose (Perkin- 
Elmer) into TAGs were measured as previously 
described (see Supporting Information Materials 
for details).(21) Fatty acid uptake was quantified 
using the QBT (Quencher- Based Technology) 
Fatty Acid Uptake Assay Kit (Molecular Devices, 
San Jose, CA), glycogen levels were measured using 
the Glycogen Assay Kit (Sigma- Aldrich), and cell 
viability was assessed using the CellTiter- Blue Cell 
Viability Assay (Promega, Stockholm, Sweden) (see 
Supporting Information Materials for details). The 
TAG hydrolase activity was determined in total cell 
lysates using [3H]triolein (PerkinElmer) as the sub-
strate in an assay buffer containing 0.25 mmol/L tri-
olein, 0.8 mmol/L phosphatidylcholine, 20 mmol/L 
Tris, 150  mmol/L NaCl, and 1  mmol/L ethylene 
diamine tetraacetic acid, pH 8.0 (Sigma- Aldrich). 
To measure autophagic flux, cells were treated with 
50 nmol/L or 100 nmol/L bafilomycin A1 (Sigma- 
Aldrich) for 2 hours.

QuantitatiVe Real- time 
polymeRase CHain ReaCtion 
anD WesteRn Blot

The methods used for the isolation of RNA, the 
synthesis of complementary DNA, and the quantita-
tive real- time polymerase chain reaction (RT- PCR) 
assay have been described previously.(21) Western 
blot was carried out as previously described(30) (see 
Supporting Table S1 for antibody information).

analysis oF mst4 eXpRession 
in Human liVeR Biopsies

The levels of MST4 messenger RNA (mRNA) 
were quantified in liver biopsy material collected 
from Caucasian individuals (men, n  =  35; women, 
n = 27) who underwent laparoscopic abdominal sur-
gery for Roux- en- Y bypass (n = 12), sleeve gastrec-
tomy (n  =  9), or elective cholecystectomy (n  =  41). 
The participants fulfilled the following inclusion 
criteria: (1) men and women, age >18  years; (2) 
indication for elective laparoscopic or open abdomi-
nal surgery; (3) body mass index (BMI) between 18 
and 50 kg/m2; (4) feasible for abdominal MRI; and 

(5) signed written informed consent. The exclusion 
criteria for liver biopsy donors were (1) significant 
acute or chronic inflammatory disease or clinical 
signs of infection; (2) C- reactive protein >10  mg/
dL; (3) type 1 diabetes and/or antibodies against 
glutamic acid decarboxylase and islet cell antibodies; 
(4) systolic blood pressure >140  mm  Hg and dia-
stolic blood pressure >95  mm  Hg; (5) clinical evi-
dence of cardiovascular or peripheral artery disease; 
(6) thyroid dysfunction; (7) alcohol or drug abuse; 
and (8) pregnancy. Type 2 diabetes (T2D) was 
defined by a fasting plasma glucose >7.0  mmol/L 
and/or a 120- minute oral glucose tolerance test glu-
cose >11.1  mmol/L. For participant characteristics, 
see Cansby et al.(21)

Total body fat was measured by dual X- ray absorp-
tiometry, and liver fat was measured by single- proton 
magnetic resonance spectroscopy (1H- MRS) as previ-
ously described.(31) A small liver biopsy was obtained 
during the surgery (between 8 and 10  hours after 
an overnight fast), immediately snap- frozen in liq-
uid nitrogen, and stored at −80°C. NAFLD activ-
ity score (NAS) was assessed on liver sections by a 
certified pathologist.(32) Quantitative RT- PCR was 
carried out in liver biopsies as described previously 
using the probes for MST4 (Hs01550830_m1; Life 
Technologies) and 18S rRNA (Hs99999901_s1; Life 
Technologies), which span exon– exon boundaries to 
improve the specificity.

All participants gave their written informed consent 
before taking part in the study. All investigations were 
approved by the Ethics Committee of the University 
of Leipzig, Germany (159- 12- 21052012 and 017- 12- 
23012012) and were performed in accordance with 
the Declaration of Helsinki.

statistiCal analysis
Statistical significance between the groups was 

evaluated using the two- sample Student t test with 
a value of P < 0.05 considered statistically significant. 
Correlation between MST4 expression in human liver 
biopsies and hepatic lipid content, inflammation, and 
ballooning was investigated by Spearman’s rank cor-
relation analysis after the Kolmogorov– Smirnov test 
was performed to assess normality of data. All sta-
tistical analyses were conducted using SPSS statistics 
(v24; IBM Corporation, Armonk, NY).
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Results
HepatiC mst4 eXpRession is 
positiVely CoRRelateD WitH 
tHe seVeRity oF naFlD in 
Humans

The hallmark of NAFLD is the excessive accumu-
lation of fat in the liver.(25) Thus, we first analyzed the 
expression of MST4 mRNA in liver biopsies in rela-
tion to the hepatic fat levels measured by 1H- MRS in 
a cohort of 62 subjects (BMI: 22.7- 45.6 kg/m2; body 
fat: 19.5%- 57.9%; and liver fat: 1.1%- 50.0%). We 
found that hepatic MST4 expression was positively 
correlated with liver fat content (Fig. 1A). Notably, 
there was no correlation between liver MST4 mRNA 
and the BMI, body fat, or waist- to- hip ratio of the 
participants (Supporting Fig. S1).

We further examined the correlation between 
hepatic MST4 transcript levels and severity of 

NAFLD by applying the widely used semiquantita-
tive histological scoring NAS, which is used in today’s 
clinical diagnosis.(32) We found that MST4 mRNA 
expression was positively correlated with all three 
individual features of NAS (liver steatosis, lobular 
inflammation, and hepatocellular ballooning) as well 
as total NAS (Fig. 1B,C). Moreover, the subjects with 
NAS ≥ 5, which defines definite NASH (n = 24), dis-
played about 2- fold higher MST4 mRNA levels com-
pared to subjects with NAS ≤ 4, which defines simple 
steatosis or borderline NASH (n = 38) (Fig. 1D).

In the past few years, several epidemiological stud-
ies have reported a convincing association between 
NAFLD and an increased risk of developing T2D; 
once developed, T2D also has the potential to promote 
the progression to NASH.(33) Based on this complex 
and bidirectional relationship between NAFLD and 
T2D, we decided to perform additional correlation 
analyses in a subset of patients who had been diag-
nosed with T2D (n = 24). We found that the liver fat 

Fig. 1. Expression of MST4 mRNA in human liver is significantly and positively correlated with the severity of NAFLD. (A) Correlation 
between hepatic fat content measured by 1H- MRS and MST4 mRNA expression assessed in human liver biopsies by quantitative RT- 
PCR. (B,C) Correlation between MST4 mRNA expression in human liver biopsies and three individual histologic lesions of NAS 
(i.e., steatosis, lobular inflammation, and hepatocellular ballooning (B) as well as the total NAS (C). (D) MST4 mRNA expression in 
livers of individuals with low (NAS ≤ 4) versus high (NAS ≥ 5) NAS. Results are presented as mean ± SEM. Abbreviation: RQ, relative 
quantification.
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assessed by MRS as well as all three individual his-
tological components of NAS correlated significantly 
and positively with MST4 mRNA expression even in 
this cohort (Supporting Fig. S2).

mst4 pRotein is assoCiateD 
WitH intRaHepatoCellulaR 
lipiD DRoplets

We determined the subcellular localization of 
MST4 protein in mouse liver sections and in two 
human cell lines of hepatic origin (IHHs and 
HepG2) using immunofluorescence microscopy. We 
found that MST4 fully colocalized with ADRP (also 
known as adipophilin or perilipin- 2), the main hepatic 
lipid droplet coating protein(34) (Fig. 2A). Notably, 
ADRP has been shown to only exist in cells asso-
ciated with lipid droplets, as, in the absence of lipid 
droplet binding, ADRP is rapidly degraded through 
the ubiquitin- proteasome system.(35) The full overlap 
of the immunostainings for MST4 and ADRP there-
fore suggests that the localization of MST4 protein in 
hepatocytes is essentially restricted to lipid droplets.

We also quantified the relative abundance of MST4 
mRNA and protein across a broad panel of tissues. 
Similarly to previous reports describing a broad dis-
tribution of MST4 transcript in human body,(36) we 
detected MST4 mRNA in all tissues examined in 
human, mouse, and rat (Fig. 2B). Western blot anal-
ysis performed in mice also identified MST4 protein 
in all organs studied (Fig. 2C). The relative abundance 
of MST4 protein in mouse liver was lower compared 
with several other tissues such as brown adipose tis-
sue, heart, muscle, and kidney (Fig. 2C). Notably, 
immunostainings with anti- MST4 antibody demon-
strated homogenous protein expression in mouse 
liver, adipose tissue, heart, and skeletal muscle, with 
most of the hepatocytes, adipocytes, cardiomyocytes, 

and muscle fibers expressing MST4; the presence of 
MST4 was restricted to the tubulointerstitial region 
in kidney sections (Fig. 2A and Supporting Fig. S3).

The differences in relative quantities of mouse 
Mst4 mRNA (highest levels in spleen and pancreas) 
and protein (highest abundance in brown adipose 
tissue and heart) suggest the involvement of post- 
transcriptional mechanisms in regulating the Mst4 
gene function.

silenCing oF mst4 suppResses 
lipiD aCCumulation in Human 
HepatoCytes

To explore the impact of MST4 knockdown on 
intrahepatocellular lipid storage, we transfected IHHs 
with MST4- specific siRNA or with a nontargeting 
control (NTC) siRNA (Fig. 3A). In all experiments, 
we subsequently exposed the IHHs to OA, to mimic 
the metabolic environment in high- risk individuals 
(Fig. 3A). Cells transfected with MST4 siRNA dis-
played substantially lower target mRNA and protein 
expression assessed by quantitative RT- PCR and 
western blot, respectively (Fig. 3B,C). Consistently, we 
detected no immunostaining using MST4 antibodies 
in cells transfected with MST4 siRNA (Fig. 3D).

First, we stained IHHs with Bodipy 493/503, 
which detects  neutral lipids within lipid drop-
lets. We found that the Bodipy- positive area 
was 1.6  ±  0.1- fold lower in cells transfected with 
MST4 siRNA compared with NTC siRNA (Fig. 
3E). Next, we examined the mechanisms underly-
ing the reduced lipid storage observed in IHHs by 
MST4 silencing. We found that the staining with 
MitoTracker Red, a fluorescent dye that monitors 
the membrane potential of mitochondria and is an 
indirect indicator of the mitochondrial activity,(29) 
was 1.4  ±  0.1- fold higher in MST4- deficent cells 

Fig. 2. MST4, expressed in a broad range of tissues, associates with intracellular lipid droplets in hepatocytes. (A) Representative 
immunofluorescence images of liver sections from high fat– fed mice, and IHHs and HepG2 cells, double- stained with antibodies for 
MST4 (green) and ADRP (red); merged image shows colocalization in yellow with nuclei stained with DAPI (blue). The scale bars at the 
top and two bottom represent 20 µm and 10 µm, respectively. (B) Relative MST4 mRNA expression was assessed by quantitative RT- PCR 
in mouse, rat, and human tissues. The transcript level of MST4 in the liver of each species is set to 1. Mouse and rat data are presented as 
mean ± SEM from three to six animals. Human MTC Panel I (Takara, Kyoto, Japan) was analyzed for human expression data. (C) Mouse 
tissue lysates were analyzed by western blot using antibodies specific for MST4; MST4 protein levels were quantified by densitometry 
with the protein abundance in the liver set to 1; representative western blots are shown with glyceraldehyde 3- phosphate dehydrogenase 
used as a loading control. Results are presented as mean ± SEM from five mice. Abbreviations: BAT, brown adipose tissue; GAPDH, 
glyceraldehyde 3- phosphate dehydrogenase; WAT, white adipose tissue.
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(Fig. 3F). Consistently, the depletion of MST4 
resulted in 1.5  ±  0.2- fold increase in β- oxidation, 
assessed by quantification of [3H]- labeled water as 
the product of [9,10- 3H(N)]palmitic acid oxidation   
(Fig. 3G). To further study the mitochondrial func-
tion, we measured OCR in live cells by the SeaHorse 
technology using glucose as substrate. We did not 
detect any significant differences in basal or max-
imal respiration, whereas proton leak across mito-
chondrial membrane was lower, and mitochondrial 
coupling efficiency was higher, in MST4- deficient 
cells (Supporting Fig. S4). We also revealed slightly 
enhanced secretion of de novo synthesized TAG 
into the media in IHHs, where MST4 was knocked 
down (Fig. 3H). Reciprocally, we found that fatty 
acid influx and TAG synthesis were significantly 
lower in IHHs transfected with MST4 siRNA com-
pared with NTC siRNA (Fig. 3I,J).

Notably, in contrast to enhanced mitochondrial 
function, the peroxisomal activity was decreased in 
MST4- deficient cells, as evidenced by diminished 
immunostaining for peroxisome biogenesis marker 
PEX5 and peroxisomal membrane protein PMP70 
(Fig. 3F).

Glycogen content was similar in cells transfected 
with MST4 siRNA versus NTC siRNA (Fig. 3K), 
and cell viability was unaffected (Fig. 3L).

oVeReXpRession oF mst4 
aggRaVates lipiD stoRage in 
Human HepatoCytes

To examine whether an increase in MST4 abun-
dance would lead to an opposite effect on hepatocyte 
lipid metabolism compared with MST4 knockdown, 
we transfected IHHs with human MYC- tagged 
MST4 expression plasmid or an empty control plas-
mid (Fig. 4A). Similarly to the experimental setup 
used in IHHs transfected with MST4 siRNA, we 

also challenged cells with OA before assessments 
(Fig. 4A). Immunostainings with anti- MYC anti-
body demonstrated a high transfection efficacy of 
about 90% in IHHs transfected with MYC- MST4 
expression plasmid (Supporting Fig. S5A). IHHs 
transfected with MYC- MST4 displayed substan-
tially higher MST4 mRNA and protein abundance 
(152.7 ± 12.8 and 4.3 ± 0.3- fold increase in mRNA 
and protein levels, respectively, at 72  hours follow-
ing transfection when assays were performed (Fig. 
4B,C). Nonsense- mediated mRNA decay, triggered 
by the termination codon of the ORF situated 
upstream of the most 3’ splice site in the expres-
sion plasmid, is likely the reason for the discrepancy 
observed between the very high increase in MST4 
transcript levels versus the relatively modest raise in 
protein abundance.(37) Immunofluorescence micros-
copy also demonstrated that, similarly to the endog-
enous protein, MYC- tagged MST4 was targeted 
to the lipid droplets visualized by ADRP staining   
(Fig. 4D).

We found that, reciprocally to the effect of MST4 
knockdown, the accumulation of intracellular lipids 
was higher in MST4- overexpressing IHHs, as evi-
denced by 2.2  ±  0.3- fold increase in Bodipy- positive 
area (Fig. 4E). Mechanistically, we observed 1.6 ± 0.1- 
fold lower staining with MitoTracker Red in IHHs 
transfected with MST4 expression plasmid com-
pared with vector control (Fig. 4F), in parallel with 
significant reduction in β- oxidation rate (Fig. 4G). 
Furthermore, the secretion of TAG into the media 
was slightly suppressed in MST4- overexpressing cells 
(Fig. 4H). In contrary, de novo lipogenesis was aug-
mented in IHHs transfected with MST4 expression 
plasmid, without any change in fatty acid uptake rate 
(Fig. 4I,J). Notably, overexpression of MST4 in IHHs 
substantially enhanced immunostaining for PEX5 
and PMP70 (Fig. 4F), suggesting higher peroxisomal 
activity.

Fig. 3. Silencing of MST4 decreases lipid accumulation in IHHs. IHHs were transfected with MST4 siRNA or NTC siRNA and 
challenged with OA for 48 hours. (A) Schematic illustration of the study design. (B,C) MST4 mRNA (B) and protein (C) abundance. 
Protein levels were analyzed by densitometry; representative western blots are shown with GAPDH used as a loading control. (D) 
Representative immunofluorescence images of cells double- stained with antibodies for MST4 (green) and ADRP (red); nuclei stained 
with DAPI (blue). (E,F) Representative images of cells stained with Bodipy (green) or MitoTracker Red (red), or processed for 
immunofluorescence with anti- PEX5 (red) or anti- PMP70 (red) antibodies; nuclei stained with DAPI (blue). Quantification of the 
staining. (G) Oxidation of radiolabeled palmitate. (H) Secretion of [3H]TAG into the media. (I) Fatty acid uptake rate. ( J) TAG synthesis 
from [14C]- labeled glucose. (K) Glycogen levels. (L) Cell viability was assessed using resazurin. In (D) and (F), the scale bars represent 
10 µm and 25 µm, respectively; in (E), the scale bars at the left and right represent 25 µm and 10 µm, respectively. Data are presented as 
mean ± SEM from 4- 10 wells per group. Abbreviation: Transf, transfection. *P < 0.05, **P < 0.01, ***P < 0.001.
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Glycogen accumulation was not affected by MST4 
overexpression (Fig. 4K). Interestingly, cell viability 
was slightly lower in IHHs transfected with MYC- 
MST4 versus vector control (Fig. 4L).

mst4 ContRols oXiDatiVe anD 
eR stRess in HepatoCytes

Excessive lipid storage in hepatocytes is consid-
ered a primary event, which causes oxidative and ER 
stress, initiating the activation of inflammatory and 
apoptotic pathways and pro- fibrotic responses.(38) 
To this end, we found that lower intracellular lipid 
deposition in MST4- deficient IHHs was accom-
panied by reduced oxidative stress, as evidenced by 
repressed levels of superoxide radicals (O•−) quantified 
by DHE staining, abrogated oxidative DNA damage 
detected by immunostaining for 8- oxoG, and protec-
tion against deposition of lipid peroxidation products 
and oxidized phospholipids measured by immunos-
taining for 4- HNE and E06, respectively (Fig. 5A). 
Reciprocally, overexpression of MST4 resulted in 
substantially aggravated oxidative damage in IHHs, 
as evidenced by elevated levels of DHE, 8- oxoG, 
4- HNE, and E06 (Fig. 5B). In parallel with alter-
ations in oxidative stress markers, we detected reduced 
or enhanced immunostaining for KDEL (a signal 
motif for ER retrieval) and CHOP (a marker for ER 
stress- induced cell death) in IHHs where MST4 was 
depleted or overexpressed, respectively (Fig. 5A,B). 
Western blot analysis also revealed a lower abundance 
of ER stress markers ATF4 and XBP1s, but not BiP, 
in MST4- deficient hepatocytes (Supporting Fig. S6).

In line with our observations in IHHs, we found 
that, along with lower lipid storage, the oxidative 
and ER stress were significantly decreased in human 
hepatoma cell line HepG2 transfected with MST4 
siRNA compared with NTC siRNA (Fig. 6A,B). 

Reciprocally, lipid accumulation and oxidative and 
ER stress were markedly exacerbated in HepG2 cells 
transfected with MST4 expression plasmid versus an 
empty control plasmid (Fig. 6C,D). Notably, simi-
larly to IHHs, a high transfection efficacy of about 
90% was reached in HepG2 transfected with MYC- 
MST4 expression plasmid (Supporting Fig. S5B).

silenCing oF mst4 Has no 
impaCt on lipolytiC aCtiVity 
oR autopHagiC FluX in 
HepatoCytes

Based on the association of MST4 with intrahepa-
tocellular lipid droplets, we hypothesized that MST4 
regulates lipid mobilization from the droplets locally 
by increasing the rate of canonical lipolysis, where a 
series of lipases acting on the lipid droplet surface [i.e., 
adipose triglyceride lipase (ATGL), hormone-sensi-
tive lipase (HSL), and monoglyceride lipase (MGL)] 
sequentially reduce TAG into FFAs, which are then 
directed to mitochondria for β- oxidation or forwarded 
to the ER and Golgi for synthesis and secretion of 
very low- density lipoprotein (VLDL)- TAG.(39) 
However, the analysis of TAG hydrolase activity using 
triolein as the substrate (assay that measures the rate 
of canonical lipolysis(40)) did not detect any differ-
ences in IHHs transfected with MST4 siRNA com-
pared with NTC siRNA (Supporting Fig. S7).

Notably, we found that the abundance of lipid droplet– 
associated protein perilipin 5 (PLIN5) was higher in 
IHHs transfected with MST4 siRNA compared with 
NTC siRNA (Fig. 7A). This is of interest, because 
PLIN5 has recently emerged as a critical node that reg-
ulates hepatic lipid droplet dynamics by promoting auto-
phagy but also by enhancing mitochondrial biogenesis 
and preventing fatty acid– induced inflammation.(41) To 
evaluate the possible role of increased autophagy in the 

Fig. 4. Overexpression of MST4 aggravates lipid accumulation in IHHs. IHHs were transfected with MYC- tagged MST4 expression 
plasmid or an empty- control plasmid and challenged with OA for 48  hours. (A) Schematic illustration of the study design. (B,C) 
MST4 mRNA (B) and protein (C) abundance. Protein levels were analyzed by densitometry; representative western blots are shown 
with GAPDH used as a loading control. (D) Representative immunofluorescence images of cells double- stained with antibodies for 
MST4 (green) and ADRP (red); nuclei stained with DAPI (blue). (E,F) Representative images of cells stained with Bodipy (green) or 
MitoTracker Red (red), or processed for immunofluorescence with anti- PEX5 (red) or anti- PMP70 (red) antibodies; nuclei stained with 
DAPI (blue). Quantification of the staining. (G) Oxidation of radiolabeled palmitate. (H) Secretion of [3H]TAG into the media. (I) Fatty 
acid uptake rate. ( J) TAG synthesis from [14C]- labeled glucose. (K) Glycogen levels. (L) Cell viability was assessed using resazurin. In 
(D) and (F), the scale bars represent 10 µm and 25 µm, respectively; in (E), the scale bars at the left and right represent 25 µm and 10 µm, 
respectively. Data are presented as mean ± SEM from 4- 12 wells per group. Abbreviations: Ctrl, control; Transf, transfection. *P < 0.05, 
**P < 0.01, ***P < 0.001.
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Fig. 5. MST4 regulates oxidative and ER stress in IHHs. IHHs were transfected with MST4 siRNA or NTC siRNA (A), or with 
MYC- tagged MST4 expression plasmid or an empty control plasmid (B), and challenged with OA for 48 hours. Representative images of 
cells stained with DHE (red) or processed for immunofluorescence with anti- 8- oxoG (red), anti- 4- HNE (green), anti- E06 (green), anti- 
KDEL (green), or anti- CHOP (red) antibodies; nuclei stained with DAPI (blue). Quantification of the staining. The scale bars represent 
25 µm. Data are presented as mean ± SEM from eight wells per group. *P < 0.05, **P < 0.01, ***P < 0.001.
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enhanced lipid catabolism observed in MST4- deficient 
hepatocytes, we next measured the abundance of the key 
marker of autophagic flux LC3- II in IHHs transfected 
with MST4 siRNA versus NTC siRNA. However, we 
did not find any evidence that the silencing of MST4 in 
IHHs would alter hepatocyte autophagy, when assessed 
both under basal conditions or after treatment with lyso-
somal inhibitor bafilomycin A1 (Fig. 7B).

Consistent with these findings in IHHs, we 
detected significantly increased levels of PLIN5 

without any alterations in LC3- II abundance in 
HepG2 transfected with MST4 siRNA versus NTC 
siRNA (Supporting Fig. S8).

Discussion
NAFLD is the most common chronic liver dis-

ease with an estimated global prevalence of about 
25%.(25) Despite this high medical importance, the 

Fig. 6. Silencing of MST4 suppresses lipid storage as well as oxidative and ER stress in HepG2 cells, and reciprocal effect is seen with 
MST4 overexpression. HepG2 cells were transfected with MST4 siRNA or NTC siRNA (A,B) or with MYC- tagged MST4 expression 
plasmid or an empty control plasmid (C,D), and challenged with OA for 48  hours. (A,C) MST4 protein levels were analyzed by 
densitometry; representative western blots are shown with GAPDH used as a loading control. (B,D) Representative images of cells stained 
with Bodipy (green) or processed for immunofluorescence with anti- 4- HNE (green) or anti- KDEL (green) antibodies; nuclei stained 
with DAPI (blue). Quantification of the staining. In (B) and (D), the scale bars represent 25 µm. Data are presented as mean ± SEM from 
four to eight wells per group. **P < 0.01, ***P < 0.001.
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mechanisms governing hepatic lipid accumulation, 
and the reasons whereby a subgroup of patients with 
NAFLD with simple liver steatosis (i.e., NAFL) 
progress into hepatic inflammation and cellular dam-
age (i.e., NASH), remain incompletely understood.(25) 
This study provides several lines of evidence for a hith-
erto unknown role of hepatic lipid droplet– associated 
protein kinase MST4 in molecular pathogenesis of 
NAFLD.

Excessive intrahepatocellular lipid accumulation is 
considered the primary insult in NAFLD.(25) Here 
we found that MST4 transcript levels in human liver 
biopsies were positively correlated with hepatic steato-
sis measured both by MRS and histological scoring. 
Furthermore, we observed attenuated lipid deposi-
tion within lipid droplets in MST4- deficient human 
hepatocytes, and, reciprocally, aggravated lipid storage 
was detected in MST4- overexpressing hepatocytes. 
Conceptually, imbalance in liver lipid homeostasis 
caused either by an increased substrate availability 
for lipid droplet formation (elevated FFA uptake and 
de novo lipogenesis) or impaired lipid use (decreased 
β- oxidation and VLDL- TAG secretion) can lead to 
hepatic steatosis. Indeed, we found that MST4 cell 
autonomously regulates both hepatocellular lipid 
anabolism and catabolism: de novo lipogenesis was 

significantly suppressed, and β- oxidation and lipid 
export were markedly enhanced, in MST4- deficient 
hepatocytes, with an opposite effect seen in cells over-
expressing MST4 (Fig. 8).

Ectopic lipid storage within hepatocytes in 
NAFL triggers oxidative and ER stress in the liver, 
which in turn fuels local inflammation, fibrosis, and 
cell damage, ultimately leading to the disease pro-
gression toward NASH.(38) Remarkably, in parallel 
with reciprocal alterations in lipid accumulation, we 
found substantially attenuated or aggravated oxida-
tive/ER stress in human hepatocytes with reduced 
or increased MST4 levels, respectively. Furthermore, 
MST4 mRNA expression in human liver biopsies was 
positively correlated not only with hepatic steatosis 
but also with lobular inflammation and hepatocellular 
ballooning (i.e., the key histological lesions charac-
terizing NASH). Together, these results suggest that 
MST4, in addition to exacerbating liver lipid stor-
age, also triggers disease progression from NAFL to 
NASH.

As a central feature in patients with obesity and 
NAFLD, liver mitochondrial dysfunction driving 
hepatic ROS production has been suggested to play 
a pivotal role during the transition from simple ste-
atosis to NASH.(25) Ultrastructural mitochondrial 

Fig. 7. Knockdown of MST4 in IHHs increases PLIN5 levels but has no impact on autophagic flux. IHHs were transfected with MST4 
siRNA or NTC siRNA and challenged with OA for 48 hours. In (B), bafilomycin A1 (inhibitor of autophagosome- lysosome fusion) was 
added 2 hours before harvesting cells. Cell lysates were analyzed by western blot using antibodies specific for PLIN5, LC3, or MST4. 
Protein levels were analyzed by densitometry; representative western blots are shown with GAPDH used as a loading control. Results are 
presented as mean ± SEM from 6- 11 wells per group. Abbreviation: Baf., bafilomycin A1. *P < 0.05.
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abnormalities have been documented in patients and 
experimental models of NASH.(42) Furthermore, 
rodents and patients with NASH display decreased 
mitochondrial coupling efficiency and, consequently, 
increased proton leak in liver.(43) In light of this evi-
dence, it is likely that lower mitochondrial proton leak 
and more efficient oxidative flux detected in MST4- 
deficient hepatocytes in this study contributed to the 
protection against oxidative damage and inflamma-
tory insult. Remarkably, an improved mitochondrial 

function detected in MST4- deficent hepatocytes was 
paralleled by diminished peroxisomal biogenesis. This 
is in line with previous evidence showing that com-
promised mitochondrial activity in NAFLD triggers 
peroxisomal fatty acid oxidation, which further esca-
lates the oxidative stress and NASH progression.(44)

Interestingly, we found that MST4 has a very dis-
tinct subcellular localization pattern in both human 
and mouse hepatocytes, coating intracellular lipid drop-
lets. Hepatic lipid droplets were initially assumed to be 

Fig. 8. Schematic presentation of the function of MST4 in regulating intrahepatocellular lipid storage. Silencing of MST4 stimulates 
lipid droplet catabolism through enhanced β- oxidation and TAG secretion, and inhibits lipid droplet anabolism through suppressed FFA 
influx and TAG synthesis. Furthermore, knockdown of MST4 protects hepatocytes from oxidative and ER stress. The opposite effects on 
lipid storage and metabolic stress are seen when MST4 is overexpressed.
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inert sites of fat sequestration; however, during the past 
decade, new insights have emerged with respect to liver 
lipid droplet biology, and in particular, the complexity 
of their proteome composition.(39) Today, hepatic lipid 
droplets are recognized as highly dynamic organelles 
that orchestrate not only liver lipid metabolism but 
also cell signaling, protein quality control and storage, 
mitochondrial function, and membrane trafficking as 
examples; however, the molecular mechanisms of these 
complex functions still remain largely elusive. Notably, 
the most well- characterized genetic risk factors that 
confer susceptibility to the full spectrum of NAFLD 
are PNPLA3 and HSD17B13, which both encode 
hepatic lipid droplet proteins,(45,46) thus highlighting a 
critical role of lipid droplets in the molecular patho-
genesis of NAFLD. In contrast to our experiments 
using immunostainings with anti- MST4 antibody, sev-
eral recent studies characterizing the liver lipid drop-
let proteome by liquid chromatography– tandem mass 
spectrometry (LC/MS- MS) analysis have failed to 
identify MST4.(22,47- 49) Because MST4 lacks a classical 
membrane- spanning domain consisting of hydrophobic 
amino acids (search performed using the TM Finder 
tool), it is likely to be targeted to lipid droplets through 
protein– protein interactions. These types of interactions 
may be disrupted during the purification of the lipid 
droplet fraction before LC/MS- MS runs, providing 
one possible explanation for this apparent discrepancy.

In addition to MST4, the GCKIII subfamily of 
STE20- type kinases includes STK25 (also known as 
YSK1 or SOK1) and MST3 (also known as STK24), 
which  are almost 90% identical  in the amino acid 
sequence with MST4 in the kinase domain, but have 
less than 20% alignment in the noncatalytic C- terminal 
domain. Similarly to MST4, both STK25 and MST3 
proteins associate with intrahepatocellular lipid drop-
lets(18,20,21) and regulate liver lipotoxicity in the context 
of obesity. First, we found that obese mice overex-
pressing STK25 accumulate excessive fat in the liver, 
which is accompanied by exacerbated influx of mac-
rophages and nutritional fibrosis.(18,19,30) Reciprocally, 
diet- induced liver steatosis, inflammation, and fibrosis 
are efficiently prevented in mice with reduced STK25 
activity by genetic ablation or antisense oligonucle-
otide treatment.(17,19,23) Furthermore, STK25 mRNA 
and protein levels in human liver biopsies correlate 
with the severity of NAFLD,(19,20) and several com-
mon nonlinked SNPs in the human STK25 gene are 
associated with altered liver fat content.(23) Similarly, 

our recent studies have revealed that antagonizing the 
activity of MST3 in cultured human hepatocytes pro-
tects against intrahepatocellular lipid storage and asso-
ciated damage.(21) Interestingly, the silencing of MST4 
in IHHs in this study resulted in a significant com-
pensatory increase in the levels of MST3 and STK25 
proteins (Supporting Fig. S9). Importantly, our results 
clearly demonstrate that, although these three closely 
related kinases are all present on the surface of intra-
hepatocellular lipid droplets and they carry out simi-
lar functions, the enhanced abundance of MST3 and 
STK25 is not able to compensate for the impact of 
loss of MST4.

Today, no targeted pharmacological therapy is 
approved against NAFLD/NASH, and the treat-
ment options are restricted to lifestyle changes and 
liver transplantation.(26) This study highlights MST4 
as a regulator of hepatic lipid storage and associated 
liver damage, and provides evidence that antagonizing 
MST4 activity may provide a strategy to prevent or 
mitigate the development and aggravation of NAFLD.
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