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Abstract
Aims/hypothesis Type 2 diabetes is closely associated with
pathological lipid accumulation in the liver, which is sug-
gested to actively contribute to the development of insulin
resistance. We recently identified serine/threonine protein ki-
nase 25 (STK25) as a regulator of liver steatosis, whole-body
glucose tolerance and insulin sensitivity in a mouse model
system. The aim of this study was to assess the role of
STK25 in the control of lipid metabolism in human liver.
Methods Intracellular fat deposition, lipid metabolism and in-
sulin sensitivity were studied in immortalised human hepato-
cytes (IHHs) and HepG2 hepatocellular carcinoma cells in
which STK25 was overexpressed or knocked down by small
interfering RNA. The association between STK25mRNA ex-
pression in human liver biopsies and hepatic fat content was
analysed.
Results Overexpression of STK25 in IHH and HepG2 cells
enhanced lipid deposition by suppressing β-oxidation and tri-
acylglycerol (TAG) secretion, while increasing lipid synthesis.
Conversely, knockdown of STK25 attenuated lipid accumu-
lation by stimulating β-oxidation and TAG secretion, while

inhibiting lipid synthesis. Furthermore, TAG hydrolase activ-
ity was repressed in hepatocytes overexpressing STK25 and
reciprocally increased in cells with STK25 knockdown. Insu-
lin sensitivity was reduced in STK25-overexpressing cells and
enhanced in STK25-deficient hepatocytes. We also found a
statistically significant positive correlation between STK25
mRNA expression in human liver biopsies and hepatic fat
content.
Conclusions/interpretation Our data suggest that STK25 reg-
ulates lipid partitioning in human liver cells by controlling
TAG synthesis as well as lipolytic activity and thereby NEFA
release from lipid droplets for β-oxidation and TAG secretion.
Our findings highlight STK25 as a potential drug target for the
prevention and treatment of type 2 diabetes.
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Abbreviations
AICAR 5-Amino-4-imidazole-carboxamideriboside
ATGL Adipose triacylglycerol lipase
IHH Immortalised human hepatocyte
LD Lipid droplet
NTC Non-targeting control
OA Oleic acid
siRNA Small interfering RNA
STK25 Serine/threonine protein kinase 25
TAG Triacylglycerol

Introduction

Type 2 diabetes is closely associated with ectopic lipid depo-
sition within the liver, which actively contributes to the
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development of hepatic and systemic insulin resistance [1, 2].
A comprehensive understanding of themolecular mechanisms
controlling intrahepatic lipid accumulation is therefore criti-
cally needed to support the development of new treatments for
type 2 diabetes.

In the search for novel targets that contribute to the patho-
genesis of type 2 diabetes, we identified serine/threonine pro-
tein kinase 25 (STK25 [also referred to as YSK1 or SOK1]), a
member of the sterile 20 (STE20) kinase superfamily [3], as a
critical regulator of ectopic lipid deposition, systemic glucose
and insulin homeostasis [4–7]. We found that partial knock-
down of STK25 in the rat myoblast cell line L6 by small
interfering (si)RNA improves insulin-stimulated glucose up-
take [4]. Furthermore, genetic disruption of STK25 in knock-
out mice provides protection from the detrimental metabolic
consequences of high-fat-diet exposure on liver and skeletal
muscle lipid accumulation, accompanied by better preserved
systemic glucose tolerance, reduced hepatic glucose produc-
tion and increased whole-body insulin sensitivity [7]. These
findings are reciprocal to the metabolic phenotype of high-fat-
fed transgenic mice overexpressing STK25, which develop
marked liver steatosis combined with hyperinsulinaemia, im-
paired systemic glucose tolerance and insulin resistance com-
pared with wild-type littermates [5, 6].

The function of STK25 in the regulation of lipid accumu-
lation in human liver has not been studied. Furthermore, the
global depletion and overexpression of STK25 in knockout
and transgenic mice, respectively, do not allow investigators
to address whether the impact of STK25 on hepatic lipid ho-
meostasis is direct or secondary to the action of STK25 in
tissues other than liver. The present study provides several
lines of evidence to support the key cell-specific role of
STK25 in the control of lipid deposition and insulin sensitivity
in human liver cells.

Methods

Cell culture Immortalised human hepatocytes (IHHs) (a gift
from B. Staels, the Pasteur Institute of Lille, University of
Lille Nord de France, Lille, France [8]) were maintained in
Complete William’s E medium (Gibco, Paisley, UK) supple-
mented with bovine insulin (20 U/l; Sigma-Aldrich, St Louis,
MO, USA) and dexamethasone (50 nmol/l; Sigma-Aldrich).
HepG2 cells (hepatocellular carcinoma, human, American
Type Culture Collection, Manassas, VA, USA) were main-
tained in DMEM (Lonza, Basel, Switzerland). Both culture
media were supplemented with 10% (vol./vol.) FBS,
L-glutamine (2 mmol/l) and 1% (vol./vol.) penicillin/
streptomycin (Gibco). Cells were demonstrated to be free of
mycoplasma infection by use of the MycoAlert Mycoplasma
Detection kit (Lonza).

Transient overexpression Cells were transfected with
pFLAG-STK25 (GeneCopoeia, Rockville, MD, USA) or an
empty control plasmid using Lipofectamine 2000 (Invitrogen,
San Diego, CA, USA).

RNA interference Cells were transfected with anti-STK25
siRNA (a mixture of seven sets of siRNA against human
STK25; s20570; Ambion, Austin, TX, USA) or scrambled
siRNA (AM4635; Ambion) using Lipofectamine RNAiMax
(Invitrogen).

Western blot and immunofluorescence Western blot was
performed as previously described [5] using anti-STK25 pri-
mary antibody, working dilution 1:1,000 (anti-YSK1;
sc-6865; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and horseradish-peroxidase-conjugated anti-goat IgG second-
ary antibody, working dilution 1:1,000 (sc-2020; Santa Cruz
Biotechnology). For immunofluorescence, cells were probed
with anti-STK25 antibody, working dilution 1:200, followed
by incubation with cyanine-3-labelled anti-goat IgG, working
dilution 1:500 (20333; Biotium, Hayward, CA, USA). The
validation of anti-STK25 antibody has been provided by using
Stk25-knockout mice [6].

Lipid content and mitochondrial function Cells were
stained with Nile Red or Oil Red O for lipids, andMitoTracker
Red for mitochondria (see the electronic supplementary ma-
terial [ESM] Methods). Lipids were extracted using the Folch
method [9] and quantified using ultraperformance liquid
chromatography/mass spectrometry and direct-infusion mass
spectrometry [10]. Citrate synthase activity was measured in
the isolated mitochondrial fraction by monitoring the rate of
reduction of 5,5′-dithio-bis(2-nitrobenzoic acid) at 412 nm.

Assessment of lipid metabolism and insulin sensitivity To
measure β-oxidation, the cells were incubated in the presence
of [9,10-3H(N)]-palmitic acid, and [3H]-labelled water was
measured as the product of NEFA oxidation (see the ESM
Methods). Triacylglycerol (TAG) secretion, oleic acid (OA)
and palmitic acid uptake, and incorporation of [14C]OA and
[14C]glucose into TAG, were measured as described in the
ESM Methods. Glucose uptake and production in response
to insulin (100 nmol/l; Actrapid Penfill; Novo Nordisk,
Bagsværd, Denmark) and glucose production in response to
5-amino-4-imidazole-carboxamideriboside (AICAR; 1 and
2 mmol/l; Toronto Research Chemicals, North York, ON,
Canada) were assessed as previously described [6].

TAG hydrolase activity The activity of TAG hydrolase was
determined in total cell lysates using [3H]triolein
(PerkinElmer, Waltham, MA, USA) as the substrate [11].
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Assessments in Stk25-knockout mice For a description of the
in vivo and ex vivo assays performed in Stk25−/− mice (a gift
from B. Howell, Department of Neuroscience and Physiology,
State University of New York Upstate Medical University,
Syracuse, NY, USA), see the ESMMethods. All animal experi-
ments were performed after approval from the Ethics Commit-
tee for Animal Studies at the Administrative Court of Appeals
in Gothenburg, Sweden, and followed appropriate guidelines.

Quantitative real-time PCR in liver biopsies of human
participants The expression of STK25 mRNA was mea-
sured in liver tissue samples obtained from 62 white indi-
viduals (men, n=35; women, n=27) who underwent open
abdominal surgery for Roux-en-Y bypass, sleeve gastrec-
tomy, explorative laparotomy or elective cholecystectomy.
Liver biopsy donors fulfilled the following inclusion
criteria: (1) men and women, age >18 years; (2) indication
for elective laparoscopic or open abdominal surgery;
(3) BMI between 18 and 50 kg/m2; (4) abdominal MRI
feasible; and (5) signed written informed consent. The ex-
clusion criteria were: (1) significant acute or chronic in-
flammatory disease or clinical signs of infection; (2) C-
reactive protein (CrP) >952.4 nmol/l; (3) type 1 diabetes
and/or antibodies against GAD and islet cell antibodies
(ICA); (4) systolic blood pressure >140 mmHg and dia-
stolic blood pressure >95 mmHg; (5) clinical evidence of
either cardiovascular or peripheral artery disease; (6) thy-
roid dysfunction; (7) alcohol or drug abuse; and (8) preg-
nancy. 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 (363-10-13122010 and 017-12-
230112) and carried out in accordance with the Declara-
tion of Helsinki. For details on the measurement of total
body and liver fat, see Kannt et al and Hussain et al [12,
13]. For participant characteristics and details on quantita-
tive real-time (qRT)-PCR, see ESM Table 1 and the ESM
Methods, respectively.

Statistical analysis Statistical significance between the
groups was calculated with an unpaired two-tailed Stu-
dent’s t test or by two-way ANOVA, followed by
Tukey’s post hoc test, with a value of p<0.05 considered
statistically significant. Correlation between STK25 ex-
pression in human liver and hepatic fat content was
assessed by Spearman’s rank correlation analysis after
the Kolmogorov–Smirnov test was performed to assess
normality of data. All statistical analyses were performed
using SPSS statistics (v22) (IBM Corporation, Armonk,
NY, USA).

The nonclinical experiments were not blinded. No outlier
data or samples have been excluded from analysis and no
results were omitted from the reporting.

Results

Overexpression of STK25 induces lipid accumulation in
IHHs and HepG2 cells as a consequence of reduced β-
oxidation and TAG secretion combined with increased lip-
id synthesisOur previous studies show that high-fat-fed Stk25
transgenic mice display a dramatic increase in liver steatosis
compared with wild-type littermates because of reduced β-
oxidation and VLDL-TAG secretion [6]. Here, we examined
lipid metabolism in liver cells of human origin overexpressing
STK25. The IHHs and HepG2 were transiently transfected
with human STK25 expression plasmid or the empty control
plasmid. Cells transfected with STK25 expression plasmid had
substantially higher STK25 mRNA and protein abundance
(99.2±7.2-fold and 11.3±0.5-fold increase in mRNA and
6.7±0.6-fold and 10.8±0.6-fold increase in protein in IHHs
and HepG2 cells, respectively; ESM Fig. 1a, Fig. 1a). Immu-
nofluorescence analysis identified STK25 staining inside or
on the lipid droplets (LDs) visualised with the lipophilic dye
Nile Red in IHHs and HepG2 cells transfected with the vector
control (Fig. 1b); this cellular localisation of STK25 was not
altered when hepatocytes were incubated with insulin and/or
OA (ESM Fig. 2). Similarly to the endogenous protein,
overexpressed STK25 was targeted to the LDs (Fig. 1b).

To analyse lipid deposition, cells were stained with Oil Red
O, which detects neutral lipids. STK25 overexpression in-
creased lipid accumulation approximately two- to threefold
compared with the vector control in both cell lines based on
colorimetric quantification of Oil Red O staining (Fig. 1c, d).
Morphometric analysis further confirmed a marked increase
in the total number of LDs and a shift in the overall LD size
distribution toward larger LDs in STK25-overexpressing cells
(Fig. 1e, f).

In parallel to the assessment of lipid accumulation under
basal culture conditions, we exposed the cells to OA, known
to efficiently induce steatosis in vitro [14–17]. As expected,
OA supplementation increased Oil Red O staining in all cells;
however, lipid deposition remained substantially higher in
STK25-overexpressing cells compared with vector control
(Fig. 1c, d). Of note, Oil Red O staining in cells overexpress-
ing STK25 under basal conditions was similar to that ob-
served in cells transfected with vector control when chal-
lenged by OA (Fig. 1c, d).

Lipidomics analysis, performed only in IHHs, confirmed
enhanced accumulation of cholesteryl esters, TAG,
lysophosphatidylcholines, sphingomyelins and ceramides in
cells overexpressing STK25 both under basal conditions and
after OA challenge, while increases in phosphatidylcholines
and phosphatidylethanolamines were observed only under
basal conditions (Fig. 1g, ESM Table 2).

Furthermore, we investigated the mechanisms underlying
the increased lipid accumulation by STK25. In both IHHs and
HepG2 cells, STK25 overexpression resulted in a significant

Diabetologia (2016) 59:341–353 343



10 10
0

20
0

0

1

10

100

1,000

10 10
0

20
0 10 10
0

20
0 10 10
0

20
0

c
Mock STK25 Mock STK25

HepG2IHH

B
as

al
O

A
 2

4 
h

O
A

 4
8 

h

e

N
um

be
r 

of
 L

D
s/

m
m

2

N
um

be
r 

of
 L

D
s/

m
m

2

LD size 
(µm2)

STK25Mocka

H
ep

G
2 STK25

Actin

IH
H

STK25

Actin

HepG2IHH

f

0

500

1,000

1,500

2,000

IHH HepG2

**
*

A
bs

or
ba

nc
e 

(5
00

 n
m

)
A

bs
or

ba
nc

e 
(5

00
 n

m
)

0

0.3

0.6

0.9 HepG2

**
**

**

Basal OA
24 h

OA 
48 h

0

0.3

0.6

0.9

1.2 IHH
**

* *
†

††

‡‡

† †

‡

b

IH
H

H
ep

G
2

Mock STK25

STK25 Nile Red Merge STK25 Nile Red Merge

STK25 Nile Red Merge STK25 Nile Red Merge

A
m

ou
nt

/m
g 

pr
ot

ei
n

(%
 o

f 
m

oc
k 

ba
sa

l)
 

0

100

200

300

400

500

Basal OA 24 h Basal OA 24 h Basal OA 24 h Basal OA 24 h Basal OA 24 h Basal OA 24 h Basal OA 24 h

Cholesteryl
ester

TAG Phosphatidyl-
choline

Phosphatidyl-
ethanolamine 

Lysophosphatidyl-
choline

Sphingomyelin Ceramide 

** **

**

**
** ** **

**

**
**

**

**
‡‡

‡

††††

‡‡

††††††

‡

††††

‡‡

g

‡

d

Fig. 1 Overexpression of STK25 induces lipid accumulation in human
hepatocytes. IHHs and HepG2 cells were transfected with STK25 expres-
sion plasmid or vector control (mock). (a) Representative western blot
with anti-STK25 antibodies; actin was used as a loading control (endog-
enous STK25 48 kDa, FLAG-tagged STK25 51 kDa). (b) Representative
immunofluorescence images of cells double-stained with antibodies for
STK25 (red) and Nile Red (green); nuclei stained with DAPI (blue). Scale
bars, 10 μm. (c) Oil Red O staining under basal conditions and after OA
supplementation. Representative cell images stained with Oil Red O and
counterstained with haematoxylin. Scale bars, 100 μm. (d) Spectropho-
tometric measurement of eluted Oil Red O. (e, f) LD number (e) and size

distribution (f) measured under basal conditions. (g) Lipidomics analysis
performed in IHHs. For (d) and (g), results are means ± SEM from 6–8
wells. The data shown in (a) and (b) are representative of at least two
independent transfection experiments with similar results. The data
shown in (c, d), (e, f) and (g) originate from three independent transfec-
tion experiments. *p<0.05 and **p<0.01 comparing cells transfectedwith
STK25 expression plasmid vs vector control. †p<0.05 and ††p<0.01, and
‡p<0.05 and ‡‡p<0.01 comparing basal conditions vs OA supplementa-
tion in cells transfected with vector control and STK25 expression plas-
mid, respectively. White bars, cells transfected with vector control
(mock); black bars, cells transfected with STK25 expression plasmid
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reduction in β-oxidation compared with vector control
(Fig. 2a). Consistently, staining with MitoTracker Red, a fluo-
rescent dye that specifically accumulates within respiring mi-
tochondria, was lower in both cell lines overexpressing
STK25 (ESM Fig. 3a, Fig. 2b). Of note, the activity of the
mitochondrial matrix enzyme citrate synthase was significant-
ly reduced by STK25 overexpression (ESM Fig. 3c). The
secretion of TAG into the media was significantly suppressed
in STK25-overexpressing cells (Fig. 2c). Interestingly, despite
the repressed fatty acid uptake in cells overexpressing STK25
(Fig. 2d, ESM Fig. 4a), the incorporation of media-derived
[14C]-labelled OA and [14C]-labelled glucose into intracellular
TAG was significantly increased (Fig. 2e, f). Of note, we
found that TAG hydrolase activity was lower in IHHs and
HepG2 cells transfected with STK25 expression plasmid
(Fig. 2g).

Knockdown of STK25 reduces lipid deposition in IHHs
and HepG2 cells via increased β-oxidation and TAG se-
cretion combined with repressed lipid synthesis Our recent
studies demonstrate that mice with genetic disruption of
STK25 are protected from diet-induced liver steatosis [7]. To
investigate the impact of STK25 knockdown on lipid metab-
olism in human hepatocytes, we transfected IHHs and HepG2
cells with STK25-specific siRNA or with a non-targeting con-
trol (NTC) siRNA. In both cell lines transfected with anti-
STK25 siRNA, the STK25 mRNA expression was repressed
by approximately 80% (ESM Fig. 1b), whereas the protein
level of STK25 was below the detection limit of western blot
(Fig. 3a, b).

Knockdown of STK25 did not significantly alter lipid ac-
cumulation under basal culture conditions (Fig. 3c, d).

However, when the cells were exposed to OA, the Oil Red
O signal remained approximately 1.5- to threefold lower in
both cell lines transfected with anti-STK25 siRNA compared
with NTC siRNA (Fig. 3c, d). In fact, no significant increase
in Oil Red O staining was observed in response to OA sup-
plementation in STK25-deficient cells compared with basal
conditions (Fig. 3c, d). Morphometric analysis further re-
vealed that STK25 knockdown decreased the total number
of LDs and caused a shift in the LD size distribution towards
smaller droplets in cells exposed to OA (Fig. 3e, f). The ob-
servation that STK25 depletion only repressed lipid accumu-
lation in hepatocytes after challenge with OA suggests com-
pensation for the loss-of-gene function in cells transfected
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synthesis. IHHs and HepG2 cells were transfected with STK25
expression plasmid or vector control (mock); the assessments were
performed under basal cell culture conditions. (a) Oxidation of
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with anti-STK25 siRNA in basal but not in challenged
conditions.

Lipidomics analysis, performed only in IHHs, confirmed
that OA supplementation enhanced the levels of cholesteryl
esters, TAG, lysophosphatidylcholines, sphingomyelins, and
ceramides in cells transfected with NTC siRNA, but no in-
crease was seen in cells transfected with anti-STK25 siRNA
(Fig. 3g; ESM Table 3).

Silencing of STK25 mediated by siRNA resulted in a
marked increase inβ-oxidation in both IHHs and HepG2 cells
(Fig. 4a). Consistently, the mitochondrial area was significant-
ly augmented in STK25-deficient cells (ESM Fig. 3b,
Fig. 4b). Of note, the activity of citrate synthase in the isolated
mitochondrial fraction was not altered by STK25 depletion
(ESM Fig. 3d). The concentration of de novo synthesised
TAG secreted into the media was markedly higher in cells
transfected with anti-STK25 siRNA (Fig. 4c). No significant
change in fatty acid influx was observed in STK25-deficient
cells; a tendency for increased fatty acid uptake was, never-
theless, seen in IHHs (p<0.1; Fig. 4d, ESM Fig. 4b). The
incorporation of media-derived [14C]-labelled OA and [14C]-
labelled glucose into intracellular TAG was significantly
reduced in hepatocytes in which STK25 was depleted
(Fig. 4e, f). Interestingly, TAG hydrolase activity was signif-
icantly higher in both cells lines transfected with anti-STK25
siRNA (Fig. 4g).

Overexpression of STK25 induces insulin and AICAR re-
sistance whereas STK25 knockdown improves insulin and
AICAR sensitivity in IHHs and HepG2 Consistent with
markedly increased lipid accumulation, insulin failed to regu-
late the glucose production and uptake in IHHs and HepG2
overexpressing STK25, whereas cells transfected with the
vector control displayed the expected statistically significant
suppression of glucose production and increase of glucose
uptake by insulin treatment (Fig. 5a, b). Reciprocally, marked

enhancement in response to insulin in terms of repression of
glucose production and increase of glucose uptake was ob-
served in cells transfected with anti-STK25 siRNA compared
with NTC siRNA (Fig. 5d, e).

Cross-talk between AMP-activated protein kinase
(AMPK) and STK25 signalling pathways has been suggested
based on interaction of STK25 with the upstream activator
complex of AMPK [18, 19]. To investigate this interaction,
we treated cells with the AMPK agonist AICAR [20]. Inter-
estingly, the suppression of glucose production by AICAR
was blunted in STK25-overexpressing hepatocytes and aug-
mented in STK25-deficient hepatocytes compared with the
respective control-transfected cells (Fig. 5c, f).
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Depletion of STK25 stimulates hepatic VLDL-TAG secre-
tion and β-oxidation in a mouse model To extend the find-
ings of STK25 knockdown in IHHs and HepG2 cells to
in vivo settings, we assessed liver lipid metabolism in high-
fat-fed Stk25−/− mice and wild-type littermates. To measure
hepatic VLDL-TAG secretion in vivo, the mice were injected
with Triton WR-1339; under these conditions, circulating
TAG is mainly derived from hepatic VLDL secretion [21].
We observed markedly higher levels of TAG and VLDL in
the plasma of Stk25−/−mice (Fig. 6a, b). To assess hepatic lipid
uptake, the mice were injected with an intravenous bolus dose
of Intralipid, thus bypassing intestinal absorption [22]. No
difference in liver clearance of lipids was observed between
the genotypes in this assay (Fig. 6c). Primary hepatocytes
isolated from Stk25−/− mice had a higher oxidative capacity
than wild-type hepatocytes, while fatty acid influx was similar
(Fig. 6d, e). These observations are reciprocal to our earlier

findings in high-fat-fed transgenic mice overexpressing
STK25, which display lower hepatic VLDL-TAG secretion
in vivo without any alteration in liver clearance of lipids; he-
patocytes of Stk25 transgenic mice had a lower oxidative ca-
pacity compared with wild-type hepatocytes, while fatty acid
influx was not changed [6].

Expression of STK25mRNA is significantly and positively
correlated with fat content in human liverWe examined the
expression of STK25 mRNA in relation to the hepatic fat
content in liver biopsy material collected from 62 individuals
with a wide range of BMI (22.7–45.6 kg/m2), body fat (19.5–
57.9%) and liver fat content (1.1–50.0%). Hepatic STK25
mRNA correlated significantly and positively with liver fat
(Fig. 7a). Furthermore, we showed that STK25 expression
was 2.3±0.4-fold higher in the liver of individuals with high
intrahepatic TAG (>6%) compared with liver from those with
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low intrahepatic TAG (<6%) (Fig. 7b). There was no correla-
tion between hepatic STK25 mRNA and the BMI, body fat
content or WHR of the participants (ESM Fig. 5), indicating
that the increase in liver STK25 expression was not a conse-
quence of obesity.

Discussion

In this study we provide several lines of evidence to support a
key role for the protein kinase STK25 in regulating liver lipid
partitioning. First, we found that overexpression of STK25 in
the human hepatocyte cell lines IHH and HepG2 promoted
lipid deposition by suppressing β-oxidation and TAG secre-
tion and enhancing TAG synthesis. This is in agreement with
our previous observation of increased lipid storage via re-
duced β-oxidation and repressed VLDL-TAG export in the
liver of high-fat-fed Stk25 transgenic mice [6]. Conversely,
we found that siRNA knockdown of STK25 in IHHs and
HepG2 cells attenuated lipid accumulation by stimulating β-
oxidation and TAG secretion and inhibiting TAG synthesis.
Consistent with these results, we observed augmented hepatic
β-oxidation and VLDL-TAG export in Stk25-knockout mice
fed a high-fat diet, extending the results from our earlier stud-
ies showing that Stk25−/− mice are protected against diet-
induced liver steatosis [7]. Moreover, we found a statistically
significant positive association between STK25 mRNA ex-
pression and fat content in human liver. Notably, we have only
been able to measure mRNA and not protein abundance of
STK25 in human liver biopsies, and it is currently not known
whether any physiological situations exist in which the

STK25 protein level is increased to an extent similar to that
of the overexpressed protein in human hepatocytes transfected
with the STK25 expression plasmid in this study or in the
transgenic mice used in our previous experiments [5, 6],
which is a limitation of the models used.

It is generally accepted that mitochondrial β-oxidation
plays an important role in liver steatosis and hepatic insulin
resistance, although the nature of this role is still under debate.
Increased hepatic mitochondrial oxidation has been observed
in patients and rodents with fatty liver [23, 24], which likely
reflects a metabolic adaptation to elevated lipid burden to limit
further fat accumulation. Indeed, the development of fatty
liver and hepatic insulin resistance in response to high-fat
feeding in rats can be prevented by increasing mitochondrial
β-oxidation [25–28]. Furthermore, a primary defect in
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mitochondrialβ-oxidation capacity inmice has been shown to
result in liver steatosis and hepatic insulin resistance [29]. Of
note, in this study we observed enhanced β-oxidation in hu-
man hepatocytes transfected with anti-STK25 siRNA com-
pared with scrambled siRNA even under basal culture condi-
tions when intrahepatocellular lipid storage was similar (ESM
Fig. 6), suggesting that the stimulation of β-oxidation by
STK25 depletion is likely a primary event, rather than a com-
pensatory mechanism related to higher lipid content.

The liver exports TAG to extrahepatic tissues through
VLDL secretion, and the formation of mature VLDL particles
is highly dependent on the availability of cytosolic TAG [30,
31]. This might appear to be contradictory to our observation
that STK25 overexpression reduced TAG secretion in human
hepatocytes despite a dramatic increase in lipid accumulation,
and the reciprocal effect was seen with STK25 knockdown.
However, hepatic VLDL-TAG secretion is a highly regulated
process and increased cytosolic TAG accumulation alone does
not necessarily result in enhanced VLDL export. For example,
accelerating hepatic TAG storage by liver-specific overex-
pression of the key TAG synthetic enzymes diacylglycerol
O-acyltransferase (DGAT)1 or DGAT2 is not sufficient to
affect VLDL secretion in vivo [32, 33]. Similarly, VLDL ex-
port is either unchanged [34] or even decreased [35] in leptin-
deficient ob/ob mice, despite drastically increased hepatic
TAG deposition. Moreover, recent studies show that TM6SF2,
a gene with hitherto unknown function, has opposing effects
on the hepatic lipid secretion and liver fat content. Knock-
down of Tm6sf2 in mice decreased hepatic VLDL secretion
by 50% and increased liver TAG content threefold [36].

Consistently, functional studies in human hepatoma Huh7
and HepG2 cells showed that TM6SF2 siRNA inhibition
was associated with reduced secretion of lipids and increased
cellular TAG storage [37]. These results are in line with data
from population studies demonstrating associations between
the region on chromosome 19 (19p13) flanking TM6SF2 and
plasma TAG concentration and hepatic steatosis [38–45].

We found that STK25 coats LDs in human hepatocytes, in
agreement with our earlier observation in mouse liver [6].
Hepatic LDs, once thought to be only inert energy storage
depots, are increasingly recognised as organelles that play a
key role in the regulation of liver lipid metabolism [46].
Intrahepatocellular LDs are the major source of TAG substrate
for the biogenesis of VLDL via a process involving lipolysis
[47, 48]. Alternatively, the NEFA released from liver LDs by
lipase activity can be used for mitochondrial β-oxidation [49].
Because of its subcellular localisation, we hypothesised that
STK25 regulates hepatic lipid catabolism by controlling re-
lease of NEFA from LDs. Indeed, we found that TAG hydro-
lase activity was significantly repressed in human hepatocytes
overexpressing STK25 and increased in hepatocytes where
STK25 was knocked down, compared with their respective
control-transfected cells. These observations are consistent
with our previous findings showing that STK25 overexpres-
sion in transgenic mice reduces the association of adipose
triacylglycerol lipase (ATGL)/patatin-like phospholipase do-
main containing 2 (PNPLA2) with hepatic LDs [6]. A major
hepatic lipase, ATGL normally remains constitutively associ-
ated with LDs and catalyses the initial step in TAG hydrolysis
[11]. Reduced hepatic activity of ATGL has been reported in
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VLDL-TAG secretion, and promotes LD anabolism through enhanced
TAG synthesis. Knockdown of STK25, conversely, increases β-oxida-
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patients with liver steatosis and in obese mice [50, 51]. He-
patic depletion of ATGL in mice leads to severe liver steatosis
and reduced β-oxidation, while hepatic overexpression of
ATGL reduces hepatic steatosis, increases β-oxidation and
improves insulin signal transduction [11, 50, 52]. Further-
more, liver-specific ablation of comparative gene
identification-58 (CGI-58), a coactivator of ATGL, leads to
marked liver steatosis through reduction in TAG hydrolase
activity [53]. We therefore propose that STK25 regulates liver
lipid catabolism by controlling lipolytic activity and thereby
NEFA release from the LDs for VLDL-TAG secretion and
β-oxidation (Fig. 8), possibly mediated by displacement of
ATGL.

We observed an increase in the incorporation of media-
derived fatty acids and glucose into intracellular TAG in hu-
man hepatocytes overexpressing STK25. Reciprocally,
knockdown of STK25 suppressed TAG synthesis in human
hepatocytes. According to the prominent model, LDs are
formed within the lipid bilayer of the endoplasmic reticulum
(ER) and are subsequently budded; LDs then grow because of
the action of various TAG and phospholipid synthetic en-
zymes present on the LD surface [46, 54]. Based on the sub-
cellular localisation of STK25, we speculate that STK25 reg-
ulates TAG synthesis by directly controlling the activity of
LD-associated enzymes that synthesise TAG. However, it is
also possible that the effect on TAG synthesis observed in our
experimental setup in fact reflects an altered rate of hydrolysis
of the newly synthesised lipids.

Major contributions of the liver to systemic glucose ho-
meostasis involve the regulation of glucose uptake and pro-
duction by insulin. Ectopic lipid storage in the liver is known
to contribute to the pathogenesis of insulin resistance and type
2 diabetes [1, 2]. We previously showed impaired systemic
glucose and insulin homeostasis in Stk25 transgenic mice fed
a high-fat diet [5] and the reciprocal phenotype in Stk25−/−

mice [7]. Consistent with these earlier findings, we observed
that the effect of insulin on glucose uptake and production was
lost in STK25-overexpressing human hepatocytes and signif-
icantly enhanced in STK25-deficient hepatocytes challenged
by OA, which is consistent with the changes in lipid deposi-
tion pattern in these cells. Of note, we observed no enhance-
ment in response to insulin in terms of repression of glucose
production or increase of glucose uptake in hepatocytes
transfected with anti-STK25 siRNA compared with
scrambled siRNA under basal culture conditions when
intrahepatocellular lipid storage was similar (ESM Fig. 7),
supporting STK25 regulation of insulin sensitivity through
changes in lipid content. Interestingly, we also found that sup-
pression of glucose production by the pharmacological
AMPK agonist AICAR was blunted in human hepatocytes
overexpressing STK25 and enhanced in cells where STK25
was depleted, which suggests possible crosstalk between
AMPK and STK25 signalling pathways.

Taken together, our studies using the transient overexpres-
sion and acute knockdown of STK25 in human hepatocytes
in vitro, evaluation of Stk25-transgenic and -knockout mice
in vivo, and finally expression analysis in human liver biop-
sies all provide consistent evidence for a cell-specific role of
STK25 in the regulation of metabolic balance of hepatic lipid
use vs lipid storage. Our findings provide a basis for further
studies to increase our insight into the mechanisms of lipid-
mediated liver injury while highlighting STK25 as a potential
drug target for the prevention and treatment of type 2 diabetes
and related metabolic complications.
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