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Disabling MNK protein kinases promotes
oxidative metabolism and protects against diet-
induced obhesity
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ABSTRACT

Objectives: Diet-driven obesity is increasingly widespread. Its consequences pose major challenges to human health and health care systems.
There are MAP kinase-interacting kinases (MNKs) in mice, MNK1 and MNK2. Studies have demonstrated that mice lacking either MNK1 or MNK2
were partially protected against high-fat diet (HFD)-induced weight gain and insulin resistance. The aims of this study were to evaluate the
phenotype of mice lacking both MNKs when given an HFD, to assess whether pharmacological inhibition of MNK function also protects against
diet-induced obesity (DIO) and its consequences and to probe the mechanisms underlying such protection.

Methods: Male wild-type (WT) C57BI6 mice or mice lacking both MNK1 and MNK2 (double knockout, DKO) were fed an HFD or control diet (CD)
for up to 16 weeks.

In a separate study, WT mice were also given an HFD for 6 weeks, after which half were treated with the recently-developed MNK inhibitor ETC-
206 daily for 10 more weeks while continuing an HFD. Metabolites and other parameters were measured, and the expression of selected mRNAs
and proteins was assessed.

Results: MNK-DKO mice were almost completely protected from HFD-induced obesity. Higher energy expenditure (EE) in MNK-DKO mice was
observed, which probably reflects the changes in a number of genes or proteins linked to lipolysis, mitochondrial function/biogenesis, oxidative
metabolism, and/or ATP consumption. The MNK inhibitor ETC-206 also prevented HFD-induced weight gain, confirming that the activity of the
MNKs facilitates weight gain due to excessive caloric consumption.

Conclusions: Disabling MNKs in mice, either genetically or pharmacologically, strongly prevents weight gain on a calorie-rich diet. This finding

likely results from increased energy utilisation, involving greater ATP consumption, mitochondrial oxidative metabolism, and other processes.
© 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION as putative signalling molecules involved in the development of obesity
and liver fat accumulation.
Mice (and humans) have 2 genes encoding MNKs, Mknk1 and Mknk2,

that encode the proteins MNK1 and MNK2, which differ in their

Weight gain, obesity, and their consequences are increasingly preva-
lent in many societies, both in high- and middle-income countries [1].

Obesity is associated with non-alcoholic fatty liver disease (NAFLD),
type-2 diabetes, and other related comorbidities [2]. The chronic
diseases associated with obesity present a substantial challenge for
human health, health care systems, society, and the economy. Un-
derstanding the physiological and molecular mechanisms involved in
weight gain and its adverse consequences is necessary to provide
insights into tackling the ‘epidemic’ of type 2 diabetes and associated
NAFLD. We studied the roles of the MAP kinase-interacting kinases
(MNKs), which are phosphorylated and activated by MAP kinases [3,4],

regulation and other properties (reviewed [5]). MNK1 activity is tightly
controlled by ERK and p38 MAP kinase signalling [6,7], and MNK2
displays high basal activity [8]. The only validated in vivo MNK sub-
strate is eukaryotic translation initiation factor (elF4E), which it phos-
phorylates on Ser209 [9,10]; MNKs are the only kinases that
phosphorylate elF4E in vivo [9]. elF4E plays a crucial role in protein
synthesis and its control and is strongly implicated in cancers [11].
Indeed, most reports have concerned the role of elF4E and its phos-
phorylation in cancer, although MNKs or phosphorylation of elF4E is
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Abbreviations MNK MAP kinase-interacting kinase
mTORC1 mechanistic target of rapamycin complex 1

4E-BP elF4E-binding protein NAFLD non-alcoholic fatty liver disease
AGPAT9  1-acylglycerol-3-phosphate O-acyltransferase 9 NEFA non-esterified fatty acid
AT adipose tissue NRF2 nuclear factor erythroid 2-related factor 2
ATGL adipose triglyceride lipase ORO oil red 0
BMAL1 brain and muscle ARNT (Aryl hydrocarbon receptor PER period circadian protein

nuclear translocator)-like protein 1 PGC1a peroxisome proliferator-activated receptor gamma
cD control diet coactivator 1-alpha
CIDEA cell death-inducing DFFA (DNA fragmentation factor PPARY peroxisome proliferator-activated receptor gamma

subunit alpha)-like effector A RQ respiratory quotient
DEC1 basic helix-loop-helix family member 40 SERCA sarco/endoplasmic reticulum Ca®>*-ATPase
DIO diet-induced obesity SFRP5 secreted frizzled-related protein 5
DKO double knockout SLC29A1 solute carrier family 29 member 1
EE energy expenditure TG triglyceride
elF eukaryotic initiation factor ucpP uncoupling protein
HFD high-fat diet WNT wingless/Int-1
HLX H2.0 like homeobox WT wild-type
HOXA5 homeobox a5 YY1 yin yang 1 transcription factor
HSL hormone-sensitive lipase

implicated in other physiological processes, for example, neurological
disorders [12—14]. Our most recent study was the first to uncover
MNKs’ role in diet-induced obesity (DIO) [15].

The high-fat-fed male rodent is a widely used, accepted pre-clinical
model of DIO and associated metabolic disorders such as liver fat
accumulation [16]. We previously showed that male mice lacking
either MNK1 or MNK2 are partially protected against the adverse ef-
fects of consuming a high-fat diet (HFD), such as weight gain and
insulin resistance [15]. Notably, the phenotypes of HFD-fed MNK1-KO
or MNK2-KO mice differed in several respects.

That study’s results raised several important questions concerning the
MNKs’ roles in metabolic disease. For example, does knocking out
both MNK isoforms (MNK double knockout; MNK-DKO) confer a
stronger phenotype than a knockout of either isoform? Second, does
pharmacological inhibition of MNKs also prevent DIO? In particular, can
MNK inhibition protect against obesity and liver fat accumulation
developed as a consequence of consuming the HFD? Third, through
what molecular mechanisms does disabling MNK signalling protect
against DIO? We attempted to answer these questions in this study.

Our data showed that knockout of both MNK isoforms prevents DIO and
liver fat accumulation; increases energy expenditure (EE); and in-
creases the expression in adipose tissue (AT) of key genes involved in
lipolysis, mitochondrial function, and ATP-consuming futile cycling.
Furthermore, inhibition of MNK activity with a specific pharmacological
inhibitor in HFD-fed wild-type (WT) mice also prevents DIO (weight
gain) and fatty liver and leads to changes in gene expression similar to
those observed in MNK-DKO animals. These novel findings help
explain the protection against DIO conferred by disabling MNKs.

2. MATERIALS AND METHODS

2.1. Animal studies

All animal procedures were conducted in the Bioresources Unit at the
South Australian Health and Medical Research Institute (SAHMRI) in
accordance with local regulations and with the approval of the SAHMRI
Animal Ethics Committee (SAM-181, -324 and -416.19).

Male C57BI6 mice were maintained under a 12 h light/dark cycle (lights
on at 07:00 h) at 19 °C—23 °C with free access to food and water. Male
mice have been widely used in studies such as these [16] to avoid

complications caused by the oestrus cycle in female animals. In addition,
this allowed a direct comparison with our earlier studies, which also used
only males [15]. As we used mice in which there was a homozygous
knockout of 2 genes on different chromosomes, it was unfeasible to use
littermates (because the numbers of WT or Mknk1—/— Mknk2—/—
animals produced in this manner would be prohibitively low). We rec-
ognised that this was not the best method, but in this case, it was un-
avoidable; we further elaborate on this topic in the discussion section.
At 4 weeks of age, mice were randomly allocated to groups and
subsequently fed either an HFD or control diet (Table S1) for a further 8
or 16 weeks. The energy content of the diets was 13 kJ/g for the
control and 19.3 kJ/g for the HFD. Notably, the HFD also had significant
sucrose content, which provided 1.7 kJ/g energy in the HFD. Never-
theless, because it contains a markedly higher fat content, for
simplicity, we termed it an HFD. Diets were y-irradiated (25 kGy) at
Steritech (Victoria, Australia) before delivery. Animals were monitored
daily and weighed weekly.

Two study formats were adopted (detailed in the results). The first
format assessed WT and MNK-DKO mice. At the end of the feeding
period, mice were fasted overnight before blood and tissue collection
at post-mortem. Whole blood was collected from mice under isoflurane
anaesthesia, via cardiac puncture into K3 EDTA vacutainers. Blood was
then centrifuged at 5000 rpm for 10 min at 4 °C for plasma collection.
At post-mortem, tissues and organs were carefully dissected,
weighed, immediately snap-frozen, and stored at —80 °C.

The second format used only WT mice, which were allocated randomly
to either the HFD or CD. Six weeks after commencing the diet, the MNK
inhibitor ETC-206 was administered daily to half of the mice in each
diet group at 100 mg/kg (see the results for pilot data to establish this
dose). The inhibitor was provided by the Experimental Therapeutics
Centre (now Experimental Drug Development Centre), Biomedical
Sciences Institutes, Singapore. Control mice were gavaged with a
volume-matched amount of vehicle (0.5% (w/v) sodium carboxy-
methylcellulose and 0.5% Tween 80) by using fresh needles for each
treatment or diet group to avoid possible transfer of material between
animals. Mice were housed according to treatment (and diet). After 16
weeks on the diet, mice were fasted for 1 h, given ETC-206, and then
fasted for a further 4—6 h before being anaesthetised using isoflurane.
Blood and tissues were collected as described above.
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2.2. Plasma and faecal lipids

Plasma lipids and cholesterol were measured by a Beckman Coulter
AU480 chemistry analyser at the CSIRO research laboratories.

After 8 weeks on a diet, mice were housed individually and faeces was
collected over 2 consecutive 24-h periods. Faecal samples were
freeze-dried and then analysed for fat content by gas
chromatography—mass spectrometry at the CSIRO research labora-
tories [17].

2.3. Indirect calorimetry and physical activity measurement
Indirect calorimetry and physical activity monitoring were performed by
using the Promethion metabolic cage system (Sable Systems, NV,
USA). Mice were housed individually with ad /ibitum access to food and
water. Monitoring was performed over 48 h following a 24-h accli-
matisation period.

2.4. Gene expression analysis

Total RNA was isolated from AT samples by using the TRIzol Plus RNA
Purification Kit (Life Technologies). RNA was reverse-transcribed into
¢DNA by using the QuantiNova Reverse Transcription kit (Qiagen).
Real-time quantitative polymerase chain reactions were performed
using Tagman Fast Advanced Master Mix and Tagman Gene Expres-
sion Assays or PowerUp SYBR Green Master Mix (Life Technologies).
Data were normalised to the endogenous control gene, B2m (B2-
microglobulin), which was established using NormFinder (which yiel-
ded a value of 0.195). Changes in mRNA expression were determined
by the AAC; method.

2.5. Gel electrophoresis and immunoblotting

Tissues (100 mg) were homogenised in approximately 450 pL of RIPA
lysis buffer (50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 1% Triton X-100,
0.1% sodium deoxycholate, 0.1% sodium dodecy! sulphate, 50 mM -
glycerophosphate, 1 mM ethylenediaminetetra-acetic acid [EDTA],
0.5 mM NaV0s3, 0.1% 2-mercaptoethanol and protease inhibitors
[Roche]) by using a TissueRuptor (Qiagen). After lysis, insoluble ma-
terial was removed by centrifugation at 13,200 x g for 10 min at 4 °C.
Protein concentrations were measured by the Bradford assay (Bio-
Rad). Denaturing gel electrophoresis and immunoblotting were per-
formed as described previously [18]. Blots were visualized using an LI-
COR Odyssey® Quantitative Imaging System, which was also
employed for quantification of signals. Details of the primary antibodies
used are provided in Table S2. Fluorescently-labelled secondary an-
tibodies were from Thermo Fisher Scientific.

2.6. Liver Qil Red O staining

Liver samples were embedded in Tissue-Tek® optimum cutting
temperature compound and cryosections were cut at 12 um. Qil Red O
(ORO) staining was performed as previously described [19].

2.7. Lipid uptake assays in vivo

Lipid absorption in vivo was determined using the 13C-labelled mixed
triglyceride ('*C-MTG) breath test [20,21]. Briefly, mice were fasted for
5 h in cages with a raised wire mesh to prevent coprophagia and
housed in it for the duration of the experiment. 13C-MTG was dissolved
in olive oil and administered at 15 mg/kg body weight by oral gavage.
Breath samples were collected by placing the mouse in a gas-tight
glass container for 120 s. Ten ml of breath were then syringed out
of the chamber and injected into an evacuated 10 ml Exetainer tube
(Labco). Mice were immediately returned to their cage between
sample collections. Breath samples were collected at baseline and
every 5 min until 60 min after 18C-MTG administration, followed by
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every 15 min until 240 min. The 3G content of breath samples was
determined by isotope ratio mass spectrometry.

2.8. Statistical analyses

Statistical tests were performed by using GraphPad Prism (ver. 6). Data
were analysed by ANOVA, and data are presented based on this test; in
some cases, we also conducted comparisons using Student’s t test,
pairwise according to genotype and diet, and we commented on this in
specific instances. Data throughout this manuscript are presented as
mean £+ SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****
p < 0.0001.

3. RESULTS

3.1. MNK-DKO mice were strongly protected from diet-induced
weight gain and liver fat accumulation

After 16 weeks on the HFD, WT mice showed substantial weight gain;
by contrast, DKO mice showed no significant increase in weight
compared to CD-fed DKO mice (Figure 1A—D; 1A,B show the weights
and weight gains measured weekly for all groups). MNK-DKO mice
also showed smaller or no increases in the weight of all fat depots
analysed (Figure S1A—D). Some fat depots (gonadal, subcutaneous)
also tended to be smaller in MNK-DKO mice than in WT mice on the CD
(significant differences were observed by using Student’s t test but not
ANOVA). Furthermore, MNK-DKO mice did not show the increases in
plasma ftriglycerides (TGs) or non-esterified fatty acids (NEFAs)
observed in HFD-WT mice (Figure 1E,F). The increases in plasma
cholesterol, LDL-C, and HDL-C observed in HFD-WT were substantially
blunted in the HFD-DKO animals (Figure S1E—G). Staining for lipids in
the liver using ORO revealed lower levels of hepatic fat in DKO mice
after 8 weeks on either diet, and no significant increase on HFD in the
DKOs (Figure 1G,H). These data demonstrate the better metabolic
profile of DKO-HFD animals relative to WT-HFD controls.

The lack of weight gain of MNK-DKO mice might simply reflect the
impaired uptake of lipids (the main source of energy in the HFD) from
the gut. Lipid absorption in vivo was therefore assessed by using the
13C-MTG breath test [20,21]. No differences were observed between
WT and MNK-DKO mice on either the CD or HFD (data not shown). We
collected faeces and measured fat content; as expected, fat content
was higher in faeces from mice fed the HFD, but similar increases
were observed in samples from WT and MNK-DKO mice on the HFD
(Figure STH), indicating the MNK-DKO animals do not excrete more fat.
Thus, the absence of weight gain in DKO-HFD mice cannot be
accounted for by defective lipid uptake.

3.2. MNK-DKO mice showed higher EE

Next, we assessed whether metabolic changes might have accounted
for the striking protection against DIO observed in MNK-DKO mice, by
housing the mice in ‘metabolic cages’. Compared to WT-HFD mice,
DKO-HFD mice showed significantly elevated EE; (Figure 11); EE also
trended higher in MNK-DKO animals on the CD (significant by t test for
WT vs DKO on the CD), suggesting that a higher metabolic rate is an
intrinsic feature of MNK-DKO mice, rather than only being induced
under conditions of excess caloric intake. The rates of carbon dioxide
emission (VCO,) and oxygen consumption (VOo) were also higher in
MNK-DKO mice (Figure S2A,B). Food intake and movement (activity)
did not differ significantly between any of the groups (data not shown).
The data for respiratory quotient (RQ; i.e. the ratio of CO, produced to
0, consumed; Figure S2C) showed a reduction in this value for MNK-
DKO mice on the HFD compared to the same mice on the CD, indi-
cating that the former had higher levels of lipid utilisation. The higher
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Figure 1: MNK-DKO mice were protected against HFD-induced obesity and other metabolic consequences. (A,B) Weekly body weight and net weight gains (compared to
weight at start of the diet feeding period). (C) Body weights at 18 weeks of age. (D) Net weight gains at week 18 compared to the initial weight at week 4. (E,F) Plasma lipid levels.
(G) Percentage area of ORO positive stain in liver at 12 weeks of age. (H) Representative images of ORO-stained sections of liver (scale bar, 1 mm). (I) Energy expenditure measured
in metabolic cages. (n = 8) Data are represented as mean + SEM. Solid bars: CD. Empty bars: HFD. See also Figures S1 and S2.
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EE of MNK-DKO mice probably contributes to their protection from DIO
and to the smaller size of some fat depots on the CD.

3.3. HFD-fed MNK-DKO mice showed increased expression of
genes of lipid metabolism in adipose tissue

To gain insights into the mechanisms underlying the resistance of
MNK-DKO mice to DIO, we analysed the expression of genes in
adipose tissue (AT). In gonadal fat, levels of mRNAs for several en-
zymes of lipid metabolism were increased in MNK-DKO compared to
WT mice. mRNAs for the lipolytic enzymes including adipose tri-
glyceride lipase (ATGL; Pnpla2) and hormone-sensitive lipase (HSL;
Lipe) were higher or trended higher in DKO-HFD than in WT-HFD mice
(Figure 2A,B), as was the level of Agpat9 (encoding the rate-limiting
enzyme of TG storage, AGPAT9, 1-acylglycerol-3-phosphate O-
acyltransferase 9 [22]; Figure 2C). Dgat1 (also involved in lipid
storage; Figure 2D) also trended higher. Levels of all these mRNAs
decreased or trended lower on the HFD in WT mice but were
maintained at CD levels in DKO animals. Immunoblot analysis
showed that the levels of ATGL and AGPAT9 proteins also trended
higher in DKO-HFD mice than in WT-HFD controls (Figure 2E;
quantified in Figure 2F,G). The Western blot data also confirmed that
MNKs were the only kinases acting on elF4E in AT (i.e. P-elF4E was
completely absent in AT from MNK-DKO mice, in line with the liter-
ature [9]). However, we observed no consistent change in P-elF4E
levels in AT in the HFD versus CD-fed animals (Figure 2E). Pnpla2 and
Lipe mRNAs were also higher in subcutaneous AT from MNK-DKO
mice than from WT animals (Figure S3A,B), in this case, on both
diets. Thus, MNK-DKO mice may have greater capacity for TG
breakdown in AT than WT animals.

We also analysed the expression of genes in the liver, but observed no
consistent changes, indicating that the primary metabolic effect of
knocking out the MNKs probably operates in AT.

3.4. Expression of genes involved in oxidative metabolism was
elevated in AT of MNK-DKO mice

The observation that MNK-DKO mice showed higher EE than WT mice
prompted us to test the expression of genes involved in mitochondrial
oxidative metabolism in AT. We observed significantly higher levels of
the mRNAs for several proteins involved in mitochondrial oxidative
phosphorylation (Atp6, Nd1, Nd5, and Cox7; all encoded by mito-
chondrial DNA) in MNK-DKO mice than in WT mice on the HFD, both in
gonadal (Figure 3A—D) and subcutaneous (Nd5, CoxT; Figure S4A—D)
AT. Levels also trended higher (significant by t test for WT vs DKO on
the CD) in gonadal AT of MNK-DKO mice than in WT mice on the CD
and were significantly higher in subcutaneous AT from DKO than in WT
mice on the CD (Figure S4A—D). The mRNA for PGC1a. (Ppargcia), a
transcription factor that regulates mitochondrial biogenesis [23,24],
was also elevated in MNK-DKO mice on the HFD (Figure 3E;
Figure S4E). Nrf2 and Ppary, encoding coactivators of PGC1al, were
also higher in gonadal or subcutaneous AT of DKO-HFD mice versus
WT-HFD controls (Figure 3F,G; Figure S4F,G); notably, in subcutaneous
AT, they were also higher in DKO mice fed the CD. Yy7 (encoding yin
yang 1 transcription factor), another positive regulator of mitochondria-
related gene expression [25], was elevated in MNK-DKO mice on both
diets, significantly so on the HFD (Figure 3H; Figure S4H). Immunoblot
analyses revealed a trend towards higher levels of PGC1a protein in
gonadal AT from DKO animals on either diet (Figure 3I, data quantified
in 3J).

Thus, MNK-DKO mice showed an overall increase in the expression of
mRNAs encoding mitochondrial mRNAs and transcriptional regulators
of mitochondrial biogenesis in gonadal and subcutaneous AT; in the
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latter, these mRNAs were elevated in MNK-DKO mice on either diet,
again indicating that their regulation by MNKSs is an intrinsic feature of
MNK-DKO animals, not merely a response to caloric overload.

3.5. MNK-DKO mice showed increased expression of markers and
regulators of AT browning and thermogenesis

Mitochondria play a key role in the energy-consuming process of
thermogenesis, a phenomenon associated with white AT browning,
which is the emergence of beige adipocytes within white AT [26,27].
Beige adipocytes and brown adipocytes are from different lineages;
however, both cell types share several phenotypic similarities. Uncou-
pled mitochondrial respiration (due, e.g., to higher levels of uncoupling
protein 1, encoded by Ucp7) contributes to energy wasting (e.g. as a key
element of thermogenic mechanisms [28,29]). Despite our efforts, we
did not detect consistent changes in the levels of UCP1 or its mRNA in
gonadal AT (data not shown). In subcutaneous AT, however, its levels
(Figure S5A), and those of the mRNA for the related protein UCP2
(Figure S5B) were elevated in MNK-DKO mice on the HFD, although the
difference was not significant. We also assessed other markers of
browning, such as the widely used marker Cidea (encoding cell death-
inducing DFFA-like effector A) [30]; its expression trended higher in
gonadal or subcutaneous AT from DKO animals on either diet (Figure 4A;
Figure S5C). Slc29at (Solute carrier family 29 member 1) and Hoxa5
(Homeobox a5) were recently identified in cell type-specific profiling
studies as being enriched in brown AT [31]; both were elevated in
gonadal or subcutaneous AT of MNK-DKO mice on either diet, and more
strongly in the latter (Figure 4B,C; Figure S5D,E), again indicating sig-
nificant browning of AT in MNK-DKO mice. Hix (H2.0-like homeobox)
promotes the browning of white AT [32]. In gonadal AT, its expression
trended higher in gonadal AT of MNK-DKO mice on the CD and was
significantly elevated in subcutaneous AT of MNK-DKO mice on either
diet (Figure 4D; Figure S5F). These data indicate that the ‘browning
programme’ is activated in AT of MNK-DKO mice, probably leading to
increased oxidative metabolism and ATP production.

Processes other than UCP1-mediated mitochondrial uncoupling can
operate to consume ATP and enhance EE; one such mechanism in-
volves the sarco/endoplasmic reticulum Ca*-ATPase (SERCA) family
of calcium pumps (SERCA1 and SERCA2, encoded by Atp2a7 and
Atp2a2), which are normally expressed in muscle, where they play an
important role in thermogenesis [33]; notably, they are also expressed
in beige AT [34,35]. Atp2a1 expression was not significantly altered in
subcutaneous AT from MNK-DKO mice (and was undetectable in
gonadal AT; data not shown). By contrast, the levels of Afp2a2 were
higher in gonadal and subcutaneous AT from MNK-DKO mice, more
markedly on the HFD, than in the WT controls (Figure 4E; Figure S5G).
Pollard et al. [35] demonstrated that upregulation of SERCA1 in white
AT protected against DIO, and Ikeda et al. [34] reported that SERCA2
mediated UCP1-independent thermogenesis in beige adipose by acting
as a ‘sink’ for metabolic energy.

3.6. Sfrp5 was strongly downregulated in AT from MNK-DKO mice

Which signalling pathways might be involved in the increased levels of
proteins of mitochondrial oxidative metabolism and PGC1o and its
coactivators? In adipocytes, stimulation of the WNT (Wingless/Int-1)
pathway promotes the expression of several genes involved in mito-
chondrial biogenesis and function [36]; one well-established inhibitor
of WNT signalling is secreted frizzled-related protein (SFRP5). Notably,
Sfrp5 mRNA was far lower in both gonadal and subcutaneous AT of
MNK-DKO mice than in HFD-WT animals (Figure 4F; Figure S5H). The
lower levels of expression of Sfrp5 probably help explain or at least
contribute to the observed increased expression of genes involved in
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mitochondrial metabolism in AT of DKO-HFD mice. Because inhibiting
SFRP5 in obese mice improved glucose tolerance [37], these changes
also probably contribute to the better metabolic ‘health’ of mice where
MNK function has been disabled [15].

3.7. Possible role of changes in expression of factors linked to
circadian rhythms

Notably, phosphorylation of elF4E positively regulates the trans-
lation of mRNAs that encode certain proteins involved in circadian
rhythms, notably, the Per7 and Per2 mRNAs (encoding period
circadian protein homolog 1/2) [14], and these are thus linked to
the control of energy metabolism (reviewed [38]). The PER proteins
negatively regulate their own transcription by repressing the tran-
scription factor Bmal1, brain and muscle ARNT (Aryl hydrocarbon
receptor nuclear translocator)-like protein 1, which is normally a
driver of the transcription of Per genes [39]. Because phosphory-
lation of elF4E promotes the translation of Per? and Per2 [14],
PER1/2 protein levels and their inhibitory role should be reduced in
MNK-DKO mice; thus, the transcription of the Per?, Per2, and
Bmall mRNAs is expected to be higher in MNK-DKO mice.
Consistent with this, we observed elevated Per1, Per2, and Bmal1
mRNA expression in gonadal AT of MNK-DKO mice (Figure S6A—C).
The transcription factor Dec? (encoding basic helix-loop-helix family
member e40) is a downstream target for Bmall [38], and

accordingly, its mRNA levels were also higher in MNK-DKO mice
(Figure S6D). This result, however, is inconsistent with some re-
ports indicating that Dec? deficiency protects against DIO [40,41].
Thus, the altered Dec? expression in MNK-DKO mice probably does
not explain the protection of MNK-DKO mice against DIO.

3.8. Establishing the appropriate dose of MNK inhibitor for in vivo
studies

Because of the robust protection against DIO observed in MNK-KO
mice (in this study and [15]), we assessed whether pharmacological
inhibition of the MNKs could confer similar benefits; to do so, we used
a specific, potent MNK inhibitor; ETC-206 [42].

To determine the dose of ETC-206 required to achieve significant MNK
inhibition in relevant tissues, 4-week-old C57BI6 male mice were
placed on an HFD for 4 weeks. Next, half the mice were given ETC-206
daily at 75 or 100 mg/kg by oral gavage, or vehicle as control while on
the HFD for 2 more weeks. Mice were culled 4—6 h after the final
dose, and AT was harvested for analysis. Plasma samples from blood
collected by cardiac puncture at sacrifice were analysed for ETC-206; a
dose of 100 mg/kg yielded somewhat higher plasma drug levels than
75 mg/kg (Figure S7A) did.

To assess the efficacy of ETC-206 in inhibiting MNK activity in vivo, AT
samples were analysed by immunoblot for phosphorylated and total
elF4E. Because elF4E is only phosphorylated by the MNKs (at Ser209)
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Figure 5: Inhibition of MNKs reduced weight gain on an HFD. (A,B) Weekly body weights and net weight gains of ETC-206-treated mice. Mice were given the inhibitor or
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[9] (Figure 2E), its phosphorylation [10] provides a specific read-out of
MNK activity. Although 75 mg/kg inhibited elF4E phosphorylation, a
slightly greater inhibition was observed at 100 mg/kg (Figure S7B);
thus, we used the latter concentration in subsequent work; the study
design is depicted in Figure S7C. We observed no adverse effects in
drug-treated mice, including over a longer period of treatment (16
weeks).

3.9. MNK inhibition substantially reduced weight gain on the HFD
As expected, vehicle-treated HFD-fed mice showed greater weight
gain than corresponding CD-fed animals (Figure 5A—D). By contrast,
HFD animals that received ETC-206 showed no greater weight gain
than CD-fed controls, indicating that ETC-206 prevented further weight
gain and was observed to ‘reverse’ the initial weight gain of HFD-fed
animals during weeks 4—10 (i.e., the significant gain occurred before
they started to receive the drug).

Regrettably, in this study, we did not measure metabolic parameters
because housing mice in the ‘metabolic cages’ was incompatible with
continued daily gavage (because the animals would have had to be
removed from the cages to be gavaged with the drug, invalidating the
respirometry data).

After 16 weeks on the HFD, WT mice showed a very marked increase
in hepatic fat accumulation (assessed by ORO staining; Figure 5E,F),
this effect was completely abolished in ETC-treated animals. HFD-fed
mice also showed markedly increased plasma TGs (Figure 5G); these
increases were not observed in those treated with ETC-206
(HFD + ETC), similar to the data for MNK-DKO mice (Figure 1E).
Therefore, pharmacological inhibition of MNKs with ETC-206 protects
HFD-fed mice from several key features of DIO including accumulation
of fat in the liver.

3.10. MNK inhibition affected the expression of genes involved in
lipid metabolism or oxidative metabolism in AT

Levels of Pnpla2, Lipe, Agpat9, and Dgat1 mRNAs were significantly
higher in AT of HFD + ETC mice than in HFD controls (Figure 6A—D),
which is broadly similar to our observations for MNK-DKO mice.
Agpat9 and Dgat1 were also higher in ETC-treated mice on the CD.
Levels of ATGL and AGPAT9 proteins tended to follow similar patterns
to those of the corresponding mRNAs (Figure 6E; quantified in
Figure 6F,G) and thus also mirrored the situation in MNK-DKO mice
(Figure 2E—G).

Similar to the situation for MNK-DKO mice, levels of the Afp6, Nd1,
Nd5, and Cox1 mRNAs were also elevated in gonadal AT of HFD + ETC
mice compared to HFD controls, and in the cases of Nd7 and Cox1, and
in drug-treated mice on the CD (Figure 7A—D). mRNAs for factors that
promote mitochondrial biogenesis, Pgcia, Nrf2, and Ppary, also
trended higher in ETC-treated HFD mice than in vehicle controls
(Figure 7E—G). In line with data for MNK-DKO mice, ETC-206 treat-
ment caused a marked decrease in the expression of Sfrp5 on the HFD
(Figure 7H). PGC1a. protein levels tended to be slightly elevated in
samples from drug-treated animals (Figure 71,J).

The data show that MNK inhibition and MNK knockout have similar
effects on the response of mice consuming an HFD, implying that their
kinase activity mediates these effects and that the phenotype does not
depend on changes during development (when MNK activity was intact
in the drug study).

4. DISCUSSION

We have previously shown [15] that mice in which either the Mknk1 or
the Mknk2 gene was deleted show partial protection against adverse

effects of an HFD. In this study, we extended that initial work in key
respects. Our data in this study showed for the first time that either
genetic or pharmacological inhibition of both MNKs protected mice
against DIO and liver fat accumulation. Our new findings provide key
insights into the mechanisms that probably underlie protection, sub-
stantially add to an understanding of the physiological roles of the
MNKs, and indicate a novel potential therapeutic option for treating
weight gain and associated NAFLD.

First, we tested the effects of knocking out both Mknk genes on the
response to consuming an HFD and showed that MNK-DKO mice were
almost entirely protected against DIO and liver fat accumulation. MNK-
DKO mice also had significantly decreased plasma triglycerides and
cholesterol when fed either an HFD or chow diet, strongly suggesting
that MNK-DKO mice had an improved metabolic profile. However, for
practical reasons (breeding from MNK1*/~ MNK2*/~ parents gener-
ates far too few homozygous progeny for studies of this type), we did
not use the ideal approach [43], namely, using WT and KO littermates,
in these studies, and observed similar protection from DIO in MNK-KO
mice in 5 cohorts of mice, in 2 different vivariums (in the United
Kingdom and Australia, including following additional back-crossing
between studies in the second location). Essentially, identical protec-
tion was also afforded by an MNK inhibitor. Thus, disabling the MNKs
consistently prevents DIO.

Second, we showed that treating HFD-fed WT mice with a specific
MNK inhibitor, ETC-206 [44], also prevented weight gain and liver
fat accumulation, even after these mice commenced the HFD. These
data demonstrate that the effect of disabling MNK function is due to
the loss of its activity, not simply of the proteins performing another
type of function (which has been observed for certain other MAP
kinase-activated protein kinases, e.g., [45]), and importantly, that it
does not reflect a change that occurs earlier during development.

Third, metabolic analysis of the mice revealed significantly higher EE in
HFD-fed MNK-DKO mice than in WT mice; this difference may, at least
in part, account for the smaller fat depots in the DKO animals. We then
probed potential mechanisms that could account for higher EE and to
explain why MNK-DKO animals are resistant to DIO.

Significantly, the expression of relevant genes and proteins
involved in the mobilisation of energy stores was altered in the AT
of DKO mice. The elevated levels of enzymes of lipid storage and
breakdown in DKO-HFD mice may indicate a more rapid turnover
of TG stores in these animals. In particular, faster lipolysis would
increase the supply of free fatty acids and thus of substrates for
oxidation in mitochondria. Reports have demonstrated that fatty
acids may also increase energy metabolism through the activation
of PPARs, which sustain mitochondrial function in the heart [46]
and skeletal muscle [47].

The acetyl units generated by lipid breakdown are oxidised through the
TCA cycle, and this is linked to the mitochondrial electron transport
chain and production of ATP. Our data showed elevated expression of
mRNAs for several mitochondria-encoded proteins involved in oxida-
tive metabolism in HFD-fed DKO mice versus WT controls (Afp6, Nd1,
Nd5, Cox7), suggesting higher levels of mitochondrial activity. The
translation of mRNAs for several mitochondrial proteins is controlled by
elF4E [48] via its control by the elF4E-binding proteins (4E-BPs), which
inhibit elF4E activity. Notably, knockout of the elF4E-binding proteins
(which normally inhibits elF4E’s function in translation) resulted in mice
being more sensitive to DIO [49]. Thus, different regulatory inputs into
elF4E (phosphorylation, 4E-BPs) exert distinct effects on sensitivity to
caloric excess. Thus, further research should examine whether
disabling the MNKs counters the increased sensitivity of 4E-BP
knockout mice to DIO.
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Nrf2 mRNA levels were elevated in AT from HFD-fed MNK-DKO
mice. This transcription factor was reported to protect against the
adverse effects of excess caloric load (e.g. [50]), but this is
controversial [51]. Nrf2 promotes mitochondrial oxidative meta-
bolism and mechanisms that manage any resulting reactive oxygen
species [52,53].

Signalling through mTORC1 (mechanistic target of rapamycin complex
1, a protein kinase) plays an important role in lipid metabolism [54] and
has been reported to be modulated by MNKs [55,56]. However, we
observed no differences in the phosphorylation of 4E-BP1, a specific
substrate for mTORC1 between AT of WT and MNK-DKO mice, on
either diet, making it unlikely that differences in mTORC1 signalling
explain the resistance of MNK-DKO mice to DIO.

Browning of AT involves increased expression of genes for factors
which drive mitochondrial function/oxidative metabolism, including
PGC1a,, PPARY, and Yyl [23,57]. Expression of all 3 genes was
elevated in AT of DKO-HFD mice. In gonadal and subcutaneous AT,
expression of several beige/brown fat markers [31,58] including
Slc29a1 and Hoxa5 [59], was increased in DKO mice, even on the CD,
consistent with the other changes in gene expression that we
observed.

Furthermore, we observed a marked decrease in the expression of
Sfrp5 in subcutaneous and gonadal AT of DKO or ETC-206-treated
mice on the HFD. This is a potentially important contributor to the
protection against DIO afforded by knocking out MNKs, because
knockout of Sfrp5 has also protected mice against DIO [36,60]
(although conflicting data have been published [61]). The high levels of
Sfrp5 that usually occur in obese mice repress oxidative metabolism,
perhaps by inhibiting WNT3a signalling [36]. Thus, the markedly
decreased levels of Sfrp5 observed in MNK-DKO mice probably
contributed to the increased expression of genes involved in oxidative
metabolism, such as mitochondrial proteins [36]. Indeed, elevated
expression of a number of mitochondrial genes was observed in MNK-
DKO mice on the HFD, as was the increase in EE. The levels of several
of these mRNAs were higher in DKO mice even on the CD, suggesting
this is an intrinsic feature of disabling the MNKs, rather than a function
of the MNKs triggered by ‘overnutrition’. Indeed, the observation that
levels of P-elF4E are not elevated in HFD conditions indicate that the
HFD does not enhance MNK activity. This finding is consistent with the
fact that MNK2, which has high basal activity, is the major MNK iso-
form in AT [15].

The higher EE and oxidative metabolism in MNK-DKO or drug-treated
mice leads to the next question: What is this energy being used for?
Our data revealed higher levels of the SERCA2 Ca*-ion transporter,
which, in common with SERCA1, forms part of an ‘energy-wasting
mechanism’, a futile cycle that consumes ATP [62]. SERCAT is upre-
gulated in another mouse model, which is protected against DIO [35].
Thus, the higher expression of the ‘ATP sink’, together with the pre-
vious observations pointing to elevated mitochondrial biogenesis and
function, probably contributes to the higher EE and decreased weight
gain of DKO mice fed the HFD. Thus, to summarise our findings, the
higher EE of MNK-DKO mice probably reflects increased ATP demand
(by SERCA2) and associated higher mitochondrial oxidative phos-
phorylation, to fulfil this demand, with the substrates being provided,
for example, by higher rates of lipolysis. This results in ‘burning’ of the
excess calories provided by the HFD and thus protection against DIO
and accumulation of fat in the liver; the effects in the liver are probably
secondary to the changes in AT.

A major remaining question relates to how the loss of MNK function
leads to these changes, in particular on an HFD. The key regulatory
translation initiation factor elF4E remains the only validated in vivo
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substrate for the MNKs [5,63]; nonetheless, the finding that levels of a
range of transcripts are altered suggests that the loss of elF4E
phosphorylation affects the transcription or stability of these mRNAs;
however, there is no known link between phosphorylation of elF4E and
any relevant transcription factor. Some additional proteins can be
phosphorylated by the MNKs, at least in vitro [5], but these do not
appear to be linked to the gene expression changes we observed. If
elF4E is the relevant substrate, the effects of knocking out or inhibiting
MNKs on metabolism are probably due to the altered translation of
certain mRNAs. Only one unbiased screen (in mouse embryonic fi-
broblasts) has thus far provided information on which mRNAs’ trans-
lation is affected by elFAE phosphorylation [64]. This did not reveal any
candidates that seemed relevant to explaining the phenotype observed
in this study. One approach to assessing whether elF4E is the relevant
MNK substrate with respect to protection from DIO would be to
examine the response to a HFD of the mouse line that those authors
used. In that line, the phosphorylation site in elF4E, Ser209, was
altered to a non-phosphorylatable alanine residue [64]. However, some
data suggest that alanine at this position is an inaccurate mimic of
non-phosphorylated serine [65]. To gain further insights into the
physiological roles of the MNKs, it will be invaluable to screen for
additional substrates, once a suitable method is developed. Similarly, it
would be important to identify the tissue(s) in which MNK function
mediates the responses to caloric overload, a goal that requires the
development of conditional knockout mouse lines for Mknk1 and
Mknk2, which are not available.

Further research could also determine whether knockout or inhibition
of the MNKs also prevents or reduces weight gain in genetic models of
obesity such as ob/ob mice [66].

Last, this study demonstrated that inhibition of the MNKs can prevent,
and to some extent, reverse effects of caloric ‘overload’ in mice. MNKs
are druggable targets [42,67] and, as non-essential enzymes [9],
inhibiting their function will probably be low risk. Moreover, the MNK
inhibitor was well tolerated by the mice; drug-treated mice showed no
adverse effects. MNK inhibitors used in our study and others, have
entered clinical trials (eFT-508; Tomivosertib; https://clinicaltrials.gov/
). Thus, based on our novel data, MNK inhibitors may be valuable in the
worldwide struggle against the development of metabolic disorders
such as obesity and NAFLD that result from the weight gain associated
with excessive caloric intake and other changes in lifestyle.
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