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Obesity and type 2 diabetes (T2D) are growing health challenges with unmet treatment needs. Traf2- and NCK-
interacting protein kinase (TNIK) is a recently identified obesity- and T2D-associated gene with unknown func-
tions. We show that TNIK governs lipid and glucose homeostasis in Drosophila and mice. Loss of the Drosophila
ortholog of TNIK, misshapen, altered the metabolite profiles and impaired de novo lipogenesis in high sugar-fed
larvae. Thik knockout mice exhibited hyperlocomotor activity and were protected against diet-induced fat ex-
pansion, insulin resistance, and hepatic steatosis. The improved lipid profile of Tnik knockout mice was accom-
panied by enhanced skeletal muscle and adipose tissue insulin-stimulated glucose uptake and glucose and lipid
handling. Using the T2D Knowledge Portal and the UK Biobank, we observed associations of TNIK variants with
blood glucose, HbA1c, body mass index, body fat percentage, and feeding behavior. These results define an
untapped paradigm of TNIK-controlled glucose and lipid metabolism.

INTRODUCTION

Obesity is a major health challenge, reaching epidemic proportions
with estimated 1.12 billion individuals in 2030 worldwide (1). Sub-
stantiating its clinical and public health burden, obesity strongly
correlates with an increased risk of type 2 diabetes (T2D), cardio-
vascular diseases, cancer, and mortality (2, 3). Both obesity and T2D
are associated with metabolic dysregulation, fat expansion, periph-
eral insulin resistance, and hepatic steatosis. Understanding the mo-
lecular pathways governing glucose and lipid metabolism in
molecular detail is essential for identifying potential targets for ef-
fective treatment of obesity and T2D.
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In recent years, genome-wide association studies (GWAS) have
identified many variants associated with obesity and its risk factors
(4, 5). Combining GWAS to functional in vivo studies is a crucial
step toward understanding relationships between genotypes and
phenotypes. However, this approach has only been applied to a
few obesity-associated GWAS loci so far (4, 6). Our recent study
took such an approach and identified the fly ortholog of Traf2-
and NCK-interacting protein kinase (TNIK), misshapen (msn), as
a regulator of dietary sugar tolerance and metabolism in Drosophila
(7), yet the role of TNIK in the pathophysiology of obesity and T2D
is unknown.

TNIK has been implicated in various cellular signaling process-
es, including the activation of c-Jun N terminal kinase (JNK) (8)
and nuclear factor kB signaling in hematopoietic cells (8), and
Wnht signaling in colorectal cancer cells (9). TNIK is suggested to
be regulated by the adenosine 5'-monophosphate (AMP)—activated
protein kinase (AMPK) in skeletal muscle in response to exercise in
humans (10). AMPK and its downstream effectors have been long-
standing targets for the development of potential therapeutic strat-
egies that could improve insulin sensitivity (11). Together, JNK,
nuclear factor kB, Wnt, and AMPK signaling have been implicated
in the regulation of glucose and lipid metabolism (12-15). However,
the potential direct role(s) for TNIK and associated signaling path-
ways in the metabolic control and pathophysiology of obesity and
T2D has remained unexplored.

To address this, we integrated obesity models of Drosophila mel-
anogaster and mice, metabolomics studies, and a multitude of met-
abolic screening approaches to investigate the role of TNIK in
obesity and metabolic dysfunction. Our study demonstrates a crit-
ical role for TNIK/msn in the regulation of energy balance, glucose
and fatty acid metabolism, lipid deposition, and insulin sensitivity,
both in flies and mice. Together, we show that TNIK could be a po-
tential therapeutic target for enhancing glucose tolerance and
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insulin sensitivity in obesity and obesity-related comorbidities, in-
cluding T2D.

RESULTS

The TNIK Drosophila ortholog msn regulates sugar-induced
metabolism

The TNIK fly ortholog, MAP4K family kinase msn was recently
identified as a regulator of dietary sugar tolerance and metabolism
in Drosophila (7). To study the function of TNIK/msn in detail, we
followed larval development of RNA interference (RNAi)-mediated
whole-body knockdown (KD) msn flies and found that the develop-
ment of msn flies fed a high-sugar diet (HSD) was markedly delayed
(Fig. 1, A and B). The loss of msn on both high-protein diet (HPD)
and HSD resulted in almost complete pupal lethality as measured by
eclosion rate (Fig. 1B). On HSD, the msn RNAI larvae were severely
hyperglycemic, while the circulating glucose levels in hemolymph
of msn RNAi larvae on HPD were comparable to controls
(Fig. 1C). Together, these results show that loss of msn compromis-
es whole-body sugar homeostasis under high-sugar conditions.

Having established TNIK/msn as a critical regulator of sugar-
induced metabolism in vivo, we next sought to determine the un-
derlying molecular mechanisms by which short-term sugar feeding
affects the whole-body metabolism of msn RNAi larvae. To this end,
freshly hatched first instar larvae were first kept on HPD for 48
hours, after which they were transferred to either HPD or HSD
for 16 hours (Fig. 1D). The principal components plot derived
from targeted metabolomics of whole larvae revealed a notable dif-
ference in the whole-body metabolites between control and msn
RNAI larvae in response to HSD feeding (Fig. 1E and fig. S1A).

In control larvae, transient sugar feeding elevated the levels of
the glycolytic metabolites lactic acid and pyruvic acid; fatty acid me-
tabolite lauric acid; and purine metabolites inosine, xanthine, and
hypoxanthine, while pyrimidine metabolites uridine monophos-
phate (UMP), uridine diphosphate (UDP), and UDP-glucose, the
precursor of glycogen, decreased [Fig. 1F and data S1 (ctr]l HPD
versus HSD metabolites)]. In msn RNAi larvae, the metabolic re-
sponse to HSD was notably different and characterized by decreased
levels of several fatty acid metabolites, including oleate, palmitoleic
acid, linoleate, and gamma-linolenic acid [Fig. 1F and data S2 (msn
HPD versus HSD metabolites)]. In addition, low levels of tyrosine
metabolites hydroxyphenylpyruvate, hydroxyphenyl lactate, and
homogentisate, as well as essential amino acid lysine, which is a pre-
cursor of carnitine biosynthetic pathway together with trimethylly-
sine, were present in msn RNAIi larvae in response to sugar
feeding (Fig. 1F).

A four-way plot, comparing log, fold metabolic changes for each
group, revealed the metabolites that were affected by both the diet
and the genotype (Fig. 1, G and H, and fig. S1B). The top metabo-
lites that were increased by sugar in an msn-dependent manner in-
cluded (i) tyrosine metabolite homogentisate; (ii) the glycolytic and
tricarboxylic acid cycle metabolites lactate, pyruvate, citramalate,
and itaconate; (ii) purine metabolites xanthine and hypoxanthine;
(iii) fatty acid metabolite malonate; and (iv) y-aminobutyric acid
(Fig. 1H). The top metabolite that was decreased by sugar in an
msn-dependent manner was dihydroxyacetone phosphate
(DHAP; Fig. 1G and fig. S1B). In addition to being a glycolytic me-
tabolite, DHAP is the first step of the glycerol-3-phosphate synthe-
sis. Situated at the metabolic junction between glycolysis and lipid
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synthesis (16) and being an activator of the mechanistic target of
rapamycin complex 1 (mTORC1), TNIK could, via DHAP, be im-
plicated in the ability of mTORCI1 to sense glucose availability in the
cell. The following top metabolites, decreased by sugar in an msn-
dependent manner, were oxidized glutathione, phosphocholine, the
precursor of major membrane component phosphatidylcholine, py-
rimidine metabolites UDP and UMP, the glycogen precursor UDP-
glucose, methyl donor betaine (trimethylglycine), and the end-
product of pentose phosphate pathway ribose 5-phosphate
(Fig. 1G and fig. S1B).

Reduced levels of glycolytic and fatty acid metabolites in msn
RNAI larvae prompted us to measure the sugar-induced expression
of the de novo lipogenic genes fatty acid synthase (FAS) and acetyl—
coenzyme A—carboxylase (ACC) in response to sugar feeding. In
line with the metabolomics results, the sugar-induced expression
of both FAS and ACC was blunted in msn RNAi larvae (Fig. 11),
suggesting that msn is required for de novo lipogenesis in high-
sugar conditions. Together, loss of msn in Drosophila leads to wide-
spread changes in the metabolome, including down-regulation of
several anabolic pathways such as de novo lipogenesis and glycogen
synthesis, and one-carbon metabolism—dependent nucleotide, glu-
tathione, and phospholipid homeostasis.

Global loss of TNIK protects against diet-induced obesity

in mice

To corroborate our discoveries in Drosophila in a vertebrate model
organism, we next sought to mechanistically determine the role of
TNIK in metabolic disease using whole-body Tnik knockout (KO)
mice (17). Tnik KO mice revealed a leaner phenotype in comparison
to wild-type (WT) control littermates (fig. S2A). This was due to
lower total fat and lean mass in both sexes (fig. S2, B and C).

Measuring TNIK protein expression across a diverse array of
tissues in W'T mice revealed the highest protein content of TNIK
in the brain, skeletal muscle, heart, and spleen (Fig. 2A). Notably,
TNIK protein was not detectable in adipose tissue, including brown,
gonadal, and subcutaneous adipose tissue (Fig. 2A), contrasting
earlier reports that TNIK is ubiquitously expressed on a transcript
level (18).

High-throughput targeted plasma metabolomics analysis re-
vealed down-regulation in circulating lactate and pyruvate levels
and up-regulation of several fatty acids, including gamma-linolenic
acid [C18:3 (n-6)], docosahexaenoic acid [C22:6 (n-3)], oleate
[C18:1 (n-9)], and myristic acid (C14:0) [fig. S3 and data S3 (WT
versus Tnik KO plasma metabolomics)]. The lean phenotype in
conjunction with elevated fatty acid levels suggests that global loss
of TNIK leads to alterations in whole-body lipid flux and adipose
tissue deposition.

To investigate the potential role of TNIK in metabolic disease,
we fed WT and Tnik KO mice of both sexes a high-fat high-
sucrose (HFHS) diet (45% calories from fat; drinking water en-
riched with 10% sucrose ad libitum) and chow diet (chow diet;
regular water ad libitum) (Fig. 2B, CHOW). Despite having the
largest caloric intake of all four study groups (Fig. 2C; caloric
intake from food and sucrose shown separately in fig. S2D), the
body weight (BW) gain of HFHS-fed Tnik KO female mice was at-
tenuated (Fig. 2D). Magnetic resonance imaging scans revealed that
the Tnik KO female mice were protected from diet-induced fat ex-
pansion (Fig. 2E), whereas lean mass was comparable among all
groups (Fig. 2F). For male mice, we made similar observations on
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caloric intake, weight gain, and fat mass (Fig. 2, H to ] and L; caloric
intake from food and sucrose shown separately in fig. S2E), al-
though lean mass was 8% reduced in Tnik KO mice (Fig. 2K). Rep-
resentative photographs of the obesity-resistant phenotype for
female and male mice are shown in Fig. 2 (G and L). Tibia length
as a direct measure for body size shows that there is no difference in
size between WT and Tnik KO mice (fig. S2Q).
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The lean phenotype could, in part, be driven by increased ambu-
lant activity level because a 1.4-fold increase in oxygen consump-
tion (VO,) accompanied by a sevenfold increase in ambulant
activity in the dark period (Fig. 2, M to P) was evident in Tnik
KO male mice. Chow-fed Tnik KO mice exhibited a similar
energy balance to WT mice despite comparable energy intake and
higher energy expenditure (Fig. 2, Q to S). Plotted individual energy
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Fig. 2. Loss of TNIK protects against diet-induced obesity in mice. (A) TNIK protein content in mouse tissues (n = 4, aged 12 weeks). (B) Experiments at indicated weeks
of age before or during 10 weeks of CHOW/high-fat high-sucrose (HFHS) ad libitum diet. CHOW wildtype (WT) littermate female/male (f/m), n = 8/6; HFHS WT f/m, n = 8/7;
CHOW Thnik knockout (KO) f/m, n = 8/8; HFHS KO f/m, n = 9/7. (C) Average caloric intake and (D) body weight gain of female mice during 10 week of CHOW/HFHS.
Individual P values in order of comparisons: genotype effect within CHOW (blue), *P = 0.0273, *P = 0.0147, *P = 0.0117, (*)P = 0.0587, and (*)P = 0.0989; genotype
effect within HFHS (pink), **P = 0.0016, **P = 0.0015, ***P = 0.0009, (*)P = 0.0515, **P = 0.0091,*P = 0.0116, and *P = 0.0325; and diet effect within WT (pink), (#)P =
0.0734, #P = 0.0224, and (#)P = 0.0743. (E) Absolute fat and (F) lean mass of female mice at 4 week of CHOW/HFHS. (G) Representative image of HFHS-fed female mice. (H)
Average caloric intake and () body weight gain of male mice on 10 weeks of CHOW/HFHS. Individual P values in order of comparisons: genotype effect within CHOW
(blue), **P =0.0047, **P = 0.0020, **P =0.0011, *P = 0.0114, and *P = 0.0403 and genotype effect within HFHS (pink), **P =0.0031, *P = 0.0122, **P = 0.0002, *P = 0.0114, *P
=0.0102, *P = 0.0167, and (*)P = 0.0507. (J) Absolute fat and (K) lean mass of male mice at 4 weeks of CHOW/HFHS. (L) Representative image of HFHS-fed male mice. (M)
Oxygen consumption (VO,) and (0) ambulant activity of CHOW-fed male mice (WT/KO, n = 9/12) over 48 hours. (N) Average VO, and (P) ambulant activity during the light/
dark cycle. Mean values of (Q) energy balance, (R) energy intake, and (S) energy expenditure of CHOW-fed male mice (WT/KO, n = 8/6) over a 2-day period. (T) Bone
volume fraction of female and male mice. Data are shown as means + SEM including individual values where applicable. Statistical significance calculated by two-way
ANOVA with Sidak’s multiple comparisons test (C, E, F, H, J, K, and T), two-way ANOVA RM with Sidak’s multiple comparisons test (N and P), mixed-effect analysis with
Tukey's multiple comparisons test (D and 1), or by unpaired t test (Q to S). Geno, main genotype effect; diet, main diet effect; X, interaction between genotype and diet.
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expenditure against BW (fig. S2, F and G) demonstrates that the re-
gression lines for WT and Trnik KO mice do not significantly differ,
indicating that there is no mass-independent group effect. The re-
spiratory exchange ratio was comparable between genotypes (fig. S2,
H and I). However, Tnik KO mice demonstrated ~45 and ~70% el-
evated rates of carbohydrate and fatty acid oxidation during the
dark cycle, respectively, possibly to facilitate the heightened total
energy expenditure (fig. S2, ] to M).

To explore whether the Tnik KO mice displayed an exercise-
trained phenotype due to the increased ambulant nightly activity,
we measured running capacity, grip strength, and bone volume frac-
tion that are known to be increased in response to exercise training
in mice (19-21). Despite increased ambulant nightly activity of the
mice, running capacity was slightly reduced in the Tnik KO mice
(fig. S2N). Grip strength, performed horizontally but not vertically,
was reduced by diet in both genotypes (fig. S2, O and P). Bone
volume fraction [defined as bone volume per total tissue volume
(BV/TV)] was similar between WT and Tnik KO mice (Fig. 2T).
On the basis of the parameters, the increased ambulant nightly ac-
tivity hence did not confer a trained phenotype. Together, these data
show that Tnik KO mice display a remarkable obesity-resistant phe-
notype that confers protection against BW gain and fat expansion
independent of sex.

Loss of TNIK protects against diet-induced metabolic
dysfunction in mice

In obesity and T2D, the ability to clear glucose from the blood
stream decreases as insulin resistance gradually increases. Without
compensatory pancreatic insulin secretion to overcome insulin re-
sistance, decreased glucose clearance leads to increased glucose
levels in response to a glucose challenge. This situation was recapit-
ulated in the obese WT mice on a HFHS diet, evidenced by upshift-
ed glucose response curve (Fig. 3A) and elevated levels of circulating
insulin (Fig. 3B) during a glucose tolerance test. Although not
reaching statistical significance, the Tnik KO mice exhibited a
notable trend of protection against diet-induced glucose intolerance
and hyperinsulinemia (Fig. 3, A and B). Calculating the incremental
area under the curve (iIAUC) of blood glucose showed similarity
between groups (Fig. 3C). Notably, negative incremental AUC
values were recorded for one chow-fed WT mouse and four
HFHS-fed Tnik KO mice, as their blood glucose levels dropped
below fasting glucose levels during the glucose tolerance test, indic-
ative of an efficient glucose metabolism, likely facilitated by high
insulin secretion (Fig. 3B), and increased glucose uptake into pe-
ripheral tissues.

In alignment with reduced blood glucose and insulin levels,
insulin sensitivity was high in Tnik KO mice irrespective of diet,
measured during an insulin tolerance test (Fig. 3, D and E). The
insulin tolerance test had to be prematurely terminated in 8 of 25
Tnik KO mice (6 Tnik KO CHOW and 2 Tnik KO HFHS)
because of hypoglycemia (blood glucose, <1.7 mM), an event that
did not occur in any of the WT mice.

These insulin-sensitive Tnik KO mice exhibited a flatter glyce-
mic excursion curve during a pyruvate tolerance test, indicating a
more efficient conversion of pyruvate to glucose and/or better
glucose clearance. The pyruvate tolerance test had to be prematurely
terminated in two of seven Tnik KO HFHS mice because of hypo-
glycemia. Thus, Tnik KO mice were protected from developing
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pyruvate intolerance, indicative of hepatic insulin resistance
(Fig. 3, F and G).

We have combined sexes for the glucose, insulin, and pyruvate
tolerance tests. Sex-specific glycemic excursion curves and related
measures obtained for the glucose, insulin, and pyruvate tolerance
tests are shown in fig. S4 (A to O). Together, these findings show
that loss of TNIK increases insulin sensitivity and effectively pro-
tects against diet-induced insulin resistance and glucose intolerance
in mice.

Insulin-stimulated skeletal muscle glucose uptake is
increased by loss of TNIK

Skeletal muscle is a major tissue in whole-body glucose metabolism,
and skeletal muscle insulin resistance contributes to the develop-
ment of T2D (22). We therefore determined 2-deoxy-p-glucose
(2DG) clearance into three different muscles [gastrocnemius, tibia-
lis anterior (TA), and soleus] using isotopic tracer combined with in
vivo insulin stimulation (Fig. 4, A and B). As expected, in WT mice,
HFHS diet reduced insulin-stimulated 2DG clearance across gas-
trocnemius, TA, and soleus muscles (Fig. 4B). The loss of TNIK re-
sulted in a complete rescue of HFHS-induced insulin resistance as
insulin-stimulated 2DG clearance was increased across the analyzed
muscles (Fig. 4B). In line with TNIK being a negative regulator of
insulin sensitivity, HFHS diet increased TNIK expression in TA of
WT mice; however, this effect was not seen in gastrocnemius
(fig. S5]).

To gain mechanistic insights underlying the enhanced skeletal
muscle 2DG clearance in Tnik KO mice fed either CHOW or
HFHS diet, we next investigated proteins involved in glucose and
lipid handling and insulin signaling in gastrocnemius muscle (sche-
matically illustrated in Fig. 4C). Protein content of the glucose-han-
dling proteins hexokinase II (HKII) and glycogen synthase (GS)
were elevated, while glucose transporter type 4 (GLUT4) content
was unchanged by Tnik KO (Fig. 4D). Despite GS protein up-reg-
ulation by 24%, glycogen content tended to be down-regulated in
Tnik KO mice (Fig. 4, D and E).

Corroborating our metabolomics findings that loss of TNIK
induced a marked metabolic shift, the skeletal muscle protein
content of pyruvate dehydrogenase (PDH) Ela, the convergence
point for glycolysis and mitochondrial adenosine 5'-triphosphate
(ATP) synthesis, and the fatty acid transporter protein cluster of dif-
ferentiation (CD36) were up-regulated in Tnik KO mice (Fig. 4, D
and H).

Canonical insulin signaling was markedly elevated in skeletal
muscle of Tnik KO mice, evident by increased insulin-stimulated
phosphorylation of Akt S473, Akt T308, TBC1D4 T642, FoxO1
$256, and GSK3p S9 (Fig. 4, F and H). The augmentation in the
ratio of phosphorylated protein to total protein is sustained for
TBC1D4 but not for Akt2 (fig. S5I).

We next asked whether the insulin-sensitizing effect of Tnik KO
was due to direct TNIK effects on muscle. To that end, we measured
insulin signaling in small interfering RNA (siRNA)-mediated Tnik
knockdown (KD) (63%; fig. S5A) C2C12 myotubes.

Tnik KD did not alter insulin-stimulated phosphorylation of Akt
at T308 and S473 and TBC1D4 at T642 (fig. S5, B, C, and E) or total
levels of Akt and TBC1D4 (fig. S5, D and F). In addition, total levels
of CD36 were comparable between groups (fig. S5, E and F).

The known TNIK target JNK (8) did not seem to be implicated
in TNIK's effect on insulin signaling, as insulin-stimulated p-JNK
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Fig. 3. Loss of TNIK protects against diet-induced metabolic dysfunction in mice. (A) Glucose tolerance of female and male mice at 8 weeks of CHOW/high-fat high
sucrose (HFHS). CHOW wildtype (WT) f/m, n = 4/4; HFHS WT f/m, n = 3/3; CHOW Tnik knockout (KO) f/m, n = 6/8; HFHS KO f/m, n = 7/4. Individual P values in order of
comparisons: genotype effect within HFHS diet, *P = 0.0225; diet effect within WT genotype, #P = 0.0444. (B) Insulin response before (0 min) and following (20 min) the
oral glucose challenge. (C) iIAUC of glycemic excursion in response to bolus of glucose [2 g kg™' body weight (BW)]. (D) Insulin tolerance of female and male mice at 9
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effect within HFHS diet, *P = 0.0398, *P = 0.0117, **P = 0.0068, and **P = 0.0056 and diet effect within KO genotype, #P = 0.0304 (E) Incremental area over the curve (iAOC)
of glycemic excursion in response to a bolus of insulin at 0.3 IU kg™' BW. (F) Pyruvate tolerance of female and male mice at 7 weeks of CHOW/HFHS. CHOW WT f/m, n = 2/2;
HFHS WT f/m, n = 2/3; CHOW KO f/m, n = 2/4; HFHS KO f/m, n = 3/4. Individual P values in order of comparisons: genotype effect within HFHS diet, (*)P = 0.0811, *P =
0.0117, ***P = 0.0009, **P = 0.0098, and *P = 0.0131 and diet effect within KO genotype, (#)P = 0.0965, #P = 0.0284, and (#)P = 0.0547. Data are shown as means + SEM,
including individual values where applicable. Statistical significances were calculated using two-way ANOVA RM in conjunction with Tukey’s multiple comparisons test (A)
or Sidak’s multiple comparisons test (C, E, and G) or by mixed-effect analysis in conjunction with Tukey's multiple comparisons test (B, D, and F). Time, main effect of time.

T183/Y185 was unaffected by diet and genotype. Nevertheless, the
elevated protein content and activation of both Akt2 and TBC1D4
in Tnik KO muscle (Fig. 4, F and H) likely provide a signal for en-
hanced glucose uptake. Together, these findings reveal a previously
uncharacterized role for TNIK in skeletal muscle insulin signaling
via Akt and TBC1D4 in vivo, which is not recapitulated C2C12 my-
otubes in vitro, thus likely driven by organismal effects of Tnik KO.

The energy demands of the cells are met by oxidative phosphor-
ylation (OxPhos), a vital process that is carried out by the respira-
tory chain complexes and ATP synthase in the mitochondria.
Following our observations that Tnik KO mice exhibited increased
energy expenditure and ambulant activity during the dark period,
we measured OxPhos protein abundance in gastrocnemius. We ob-
served elevated levels of OxPhos subunits SDHB (complex II),
UQCRC2 (complex III), and ATP5A (complex V) (Fig. 4, G and
H), indicative of increased oxidative capacity of TNIK-deficient
skeletal muscle.

These results reveal intriguing previously undiscovered roles for
TNIK on whole-body metabolic regulation via a marked up-regula-
tion of key glucose- and lipid-handling proteins, enhancement of
intramyocellular insulin signaling, and likely mitochondrial func-
tion in skeletal muscle. These observations are unlikely to be

Pham et al., Sci. Adv. 9, eadf7119 (2023) 9 August 2023

driven by direct effects of skeletal muscle TNIK and points
towards the effect on insulin sensitivity being due to systemic
effects of Tnik KO in nonmuscle tissues.

WAT insulin action is enhanced, and lipid uptake is
suppressed in Tnik KO mice

Obesity leads to glucose intolerance and insulin resistance in
various organs, including white adipose tissue (WAT). Despite
only accounting for 5% of glucose uptake following a meal, WAT
is important for whole-body glycemic control by secreting hor-
mones and factors that modulate skeletal muscle and liver metabo-
lism (22-24). Given the observed lean phenotype of the Tnik KO
mice, we speculated whether the WAT displayed altered insulin
action in Tnik KO mice. We investigated gonadal WAT (gWAT)
and determined insulin sensitivity and insulin signaling following
insulin injection in conjunction with isotopic tracer. Insulin-stim-
ulated 2DG clearance was increased in gWAT of HFHS-fed Tnik KO
mice (Fig. 5A). Tnik KO mice were completely protected from
gWAT insulin resistance in response to HFHS feeding. Consistent
with elevated insulin sensitivity, insulin-stimulated phosphoryla-
tion of Akt at S473 and T308 and FoxO1 at S256 was up-regulated
in gWAT of Tnik KO miceT (Fig. 5, B and C). Phosphorylation of
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Fig. 4. TNIK deficiency elevates insulin-stimulated glucose uptake into skeletal muscles by increasing canonical Akt signaling, glucose, and lipid handling. (A)
Glycemic response of female and male chow- or high-fat high-sucrose (HFHS)-fed wildtype (WT) or Thik knockout (KO) mice at 10 weeks of the diet intervention in
response to retro-orbital injection of insulin at 0.3 IU kg™' body weight (BW). Individual significant P values are provided as the same order of comparisons (left to
right): effect of genotype within HFHS diet, ***P = 0.0005, **P = 0.0012, *P = 0.0169, *P = 0.0121, and *P = 0.0289. (B) The effect of Tnik KO and chow or HFHS diet
on insulin-stimulated 2DG clearance in gastrocnemius, TA, and soleus. (C) Schematic illustration of pathways analyzed via immunoblotting in gastrocnemius. (D) Immu-
noblot analyses in gastrocnemius of female and male chow- or HFHS-fed WT or Thik KO mice during insulin stimulation: glucose-handling proteins (GLUT4, HKIl, GS, and
PDH E1a) and lipid-handling proteins (CD36). (E) Gastrocnemius muscle glycogen content in female and male Tnik KO or WT mice. Immunoblot analyses in gastrocnemius
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shown as means + SEM, including individual values where applicable. Statistical significances were calculated using mixed-effect analysis in conjunction with Tukey's
multiple comparisons test (A) or the two-way ANOVA in conjunction with Tukey's multiple comparisons test (B) or Sidak's multiple comparisons test (C and E to G). A.U.,
arbitrary units.
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Fig. 5. TNIK deficiency elevates insulin-stimulated glucose uptake in WAT via enhanced insulin signaling and prevents diet-induced hepatic steatosis. The effect
of Tnik knockout (KO) and chow or high-fat high-sucrose (HFHS) diet on insulin-stimulated (A) 2DG clearance in gWAT; (B) content of proteins involved in Akt signaling
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multiple comparisons test (A, B, D, E, G, H, |, and K) or Tukey's multiple comparisons test (F). Data are shown as means + SEM, including individual values where applicable.
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GSK3p at S9 was, however, reduced in Tnik KO gWAT (Fig. 5, B and
C). Similar to skeletal muscle, total GLUT4 content was not
changed in Tnik KO gWAT, but PDH Ela was up-regulated
(Fig. 5, B and C).

The WAT is one of the largest endocrine organs in the body
owing to its ability to release bioactive molecules known as adipo-
kines to evoke a systemic response to energetic status, feeding be-
haviors, and inflammation (25, 26). We found lower gWAT leptin
and tumor necrosis factor—a (TNFa) mRNA expression in Tnik KO
mice, particularly on HFHS, likely due to the lower fat mass
(Fig. 5D). gWAT adiponectin mRNA levels were similar between
groups (Fig. 5D). The plasma levels of the metabokine fibroblast
growth factor 21 (FGF-21), known to regulate BW through en-
hanced insulin sensitivity and energy expenditure (27-30), were
not changed between WT and Tnik KO mice (Fig. 5E). These
results indicate that TNIK depletion potentially reduces the
release of the proinflammatory cytokines leptin and TNFa derived
from obese adipose tissue.

It is well established that obesity and metabolic dysregulation can
result from an imbalance between fat uptake, synthesis, and catab-
olism in WAT (31). Thus, we determined the expression of genes
encoding for key regulators of lipid uptake and lipogenesis. The
content of proteins regulating lipid uptake (CD36) and lipogenesis
(SCD1, but not FAS) were significantly down-regulated in Tnik KO
mice (Fig. 5F). These findings suggest that TNIK depletion affects
lipid metabolism through down-regulation of lipid uptake and po-
tentially lipogenic programs in gWAT, which is in line with the
reduced fat mass in Tnik KO mice.

Loss of TNIK prevents hepatic steatosis in response to
HFHS diet

Obesity leads to lipid accumulation in numerous nonadipose
tissues, including the liver, which further contributes to peripheral
insulin resistance (32). Thus, we investigated the effects of global
TNIK depletion on diet-induced hepatic triglyceride (TG)
accumulation.

In WT mice, HFHS diet led to a 2.2-fold increase in liver TG.
Tnik KO mice were highly protected from liver TG accumulation
on HFHS diet (Fig. 5G). This was accompanied by decreased
protein and/or mRNA levels of CD36, FAS, Srebpl, and Scdl
(Fig. 5, H to K), while the expression of lipogenesis (Acc) and
lipid oxidation genes (Pdk4 and Acadl) were reduced or unchanged
in Tnik KO mice (Fig. 5K). Thus, the protection from hepatic stea-
tosis by TNIK depletion could be mechanistically conferred, at least
in part, through reduced lipid uptake and particularly lipogenesis.
We also observed that cytosolic Pepck was elevated in liver of the
Tnik KO mice (Fig. 5K), indicative of elevated capacity for gluco-
neogenesis. These results show that loss of TNIK modulates
hepatic gluconeogenic and lipogenic programs that could confer
the hepatoprotective effects against HFHS diet.

TNIK variants correlate with obesity- and T2D-related traits

Our intriguing data from two animal models prompted us to test
whether the results could provide translational value for human pa-
tients with obesity and T2D. For that, we used the T2D Knowledge
Portal (T2DKP; https://t2d.hugeamp.org) database, containing 292
datasets and 326 traits, to explore GWAS datasets for the association
of TNIK with T2D and related traits. As shown in Fig. 6A, strong
significant associations (P < 0.001) between variants of TNIK with
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random and fasting glucose, HbAlc, body mass index, T2D, and
TGs have been detected.

We also conducted a human case-control study within the UK
Biobank, containing genetic and phenotypic data of >500,000 indi-
viduals aged 40 to 69 years, to assess the effects of predicted loss of
function (pLOF) in TNIK. As shown in Fig 6B, we found significant
associations between pLOF carrier status and recent poor appetite
or overeating (pLOF: P = 3.47 x 107, B = 2.36 x 1072), body fat
percentage (pLOF: P = 1.72 x 107, B = 1.67 x 107%), and blood
glucose (pLOF: P = 0.000331, B = 0.899428). In conclusion, our
human case-control study together with the larger GWAS data
points towards a hitherto unrecognized role for TNIK in T2D
and obesity.

DISCUSSION

Across flies, mice, and humans, we identify TNIK as a crucial reg-
ulator of glucose and lipid metabolism, inferred via four major find-
ings. First, genetic ablation of Tnik/msn in mice/flies rewired
cellular metabolism and led to down-regulation of HFHS/HSD-
induced lipogenic programs. Second, Tnik KO mice showed in-
crease in ambulant activity and remarkable protection against
diet-induced obesity, peripheral insulin resistance, and hepatic
lipid accumulation. Third, mechanistic insights revealed enhanced
insulin signaling and elevated capacity for glucose and lipid han-
dling in several tissues, including skeletal muscle, WAT, and the
liver. Notably, these effects were not cell autonomous in skeletal
muscle. Last, human variants and loss of function variants of
TNIK strongly associated with body mass index, fasting glucose,
T2D, body fat, and feeding behavior, providing translational value
of the diet-induced fly and mouse models of TNIK deficiency.

The major role for TNIK in metabolic control was evident as
Drosophila lacking TNIK/msn were intolerant to dietary sugars
and exhibited wide-spread changes in sugar-induced metabolism
revealed by whole-body metabolomics of HSD-fed larvae.
Notably, fatty acid levels, as well as the lipogenic genes, Fas and
Acc, were markedly down-regulated during sugar feeding in msn
RNAi animals, suggesting that TNIK controls the metabolic flux
of dietary sugars into lipids. That was corroborated by the observa-
tion that the metabolite DHAP, situated at the metabolic junction
between glycolysis and lipid synthesis (16), was one of the top me-
tabolites decreased by sugar in an msn-dependent manner. DHAP
also activates the nutrient and energy sensor mTORC1 (16, 33).
Thus, TNIK could, via DHAP, be implicated in the ability of
mTORCI1 to sense glucose availability and to further play a critical
role in postprandial de novo lipogenesis (16). The protein sensor
and regulator of DHAP have been hitherto unknown, but our
data suggest that it might be TNIK/msn, which is an enticing ques-
tion to be tackled in future studies.

Flies lacking msn showed almost complete lethality regardless of
the diet. This contrasted with the phenotype of Tnik KO mice that
showed a metabolically healthy phenotype. A likely explanation is
that msn is the only ortholog for the germinal center kinase IV sub-
family of Ste20 kinases in flies, whereas mice and humans express
three: TNIK, misshapen-like kinase 1 (MINKI), and MAP4K4.
Further studies on mammalian MINKI and MAP4K4 are required
to unravel their role and possible redundancy in TNIK-regulated
metabolic processes.
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Untargeted plasma metabolomics revealed an increase in specif-
ic plasma fatty acids, including myristic acid (a saturated fatty acid),
oleate (a monounsaturated fatty acid), and gamma-linolenic acid
and docosahexaenoic acid (both polyunsaturated fatty acids) in
Tnik KO mice, indicative of increased lipolysis or diminished
lipid uptake into adipose tissue. These observations suggest that
TNIK is a conserved key regulator of lipid homeostasis by inhibiting
lipid uptake and de novo lipogenesis, altogether preventing the
storage of lipids as fat.

A second major discovery was that Tnik KO mice showed re-
markable protection against diet-induced obesity, peripheral
insulin resistance, and hepatic TG accumulation. The obesity-resis-
tant phenotype was evident in both female and male mice. Sexual
dimorphism in response to metabolic challenges has been frequent-
ly reported in mouse models with diet-induced obesity (34-36).
Our findings underscore that TNIK's effects on body weight and
composition, glucose homeostasis, and insulin responsiveness
occur independently of sex. A desirable goal of obesity treatment
is enhancing insulin sensitivity, as insulin resistance is the first
defect detectable in individuals at high risk for T2D (37). Because
increased physical activity or exercise training of mice partially pro-
tects against fat accumulation and improves insulin sensitivity (20),
the increase in energy expenditure of the Tnik KO mice largely con-
tributes to the obesity-resistant phenotype. However, the phenotype
of the Tnik KO mice can be dissociated from an exercise training
phenotype that is usually accompanied by increased exercise capac-
ity (19), grip strength (38), and bone volume fraction (21), which
was similar to WT mice. A potential role for TNIK in incentive mo-
tivation is an interesting avenue to explore further, given that sed-
entary behavior contributes to the development of obesity and T2D.

Notably, the Tnik KO mice exhibited an exceptionally efficient
glucose metabolism that facilitated the rapid clearance of glucose
from circulation, evident during the insulin and pyruvate tolerance
test. In addition, the potential inhibition of hormonal counterregu-
lation in response to an insulin challenge was an unexpected obser-
vation yet raised a potential role for TNIK in not only modulating
insulin but also hormonal counterregulation.

Weight loss is one of the strongest predictors of improved insulin
sensitivity, which is corroborated by our mechanistic insights into
the obesity-resistant and insulin-sensitive phenotype of Tnik KO
mice. The mechanisms that could account for the obesity-resistant
and insulin-sensitive phenotype of Tnik KO mice were associated
with substantial alterations in insulin signaling, glucose, and lipid
metabolism in the gWAT, liver, and skeletal muscle. Chow-fed
Tnik KO mice had increased glucose and lipid oxidation rates, sug-
gesting that diet-derived fat was preferentially oxidized to support
their increased energy expenditure. While we did not measure tissue
fatty acid uptake directly, the expression of the lipid transporter
CD36 was up-regulated in skeletal muscle. This may point
towards an increased lipid uptake and utilization in muscle to
provide substrates for the increased ambulant activity in Tnik KO
mice. In parallel, genes implicated in lipid uptake and, potentially,
de novo lipogenesis in Tnik KO gWAT were decreased, consistent
with a switch towards fat utilization versus storage in Tnik KO mice.

The lack of weight gain in Tnik KO mice, despite an observed
positive energy balance, was an unexpected finding. This phenom-
enon could potentially be attributed to various factors, such as nu-
trient absorption capacities, potential methodological inaccuracies,
or stress induced by housing mice in metabolic chambers.
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Moreover, TNIK deficiency resulted in a protection against
HFHS-induced hepatic steatosis and inflammation, as evidenced
by marked reduction of lipid accumulation concomitant with
reduced lipid uptake via CD36, and lipogenesis via FAS, SREBP1,
and SCD1 in HFHS Tnik KO mice. Although the phenotype of
the Tnik KO mice could be dissociated from an exercise-trained
phenotype, many of the molecular adaptations are concordant
with exercise-trained human skeletal muscle, including elevated
protein content of insulin signaling and glucose-handling proteins
Akt2, TBC1D4, HKII, and GS (39). Tnik KO mice also likely have an
intrinsically high oxidative capacity. This was indicated by the in-
creased energy expenditure and ambulant activity during the dark
period accompanied by elevated muscle OXPHOS protein abun-
dance. The reduced fat deposition combined with the higher oxida-
tive capacity in TNIK-deficient skeletal muscle may account for the
obesity-resistant phenotype and elevated insulin sensitivity and
glucose clearance.

However, our findings in siRNA TNIK KD C2C12 myotubes
suggest that the systemic effects observed with Tnik KO are unlikely
to be driven by direct effects of skeletal muscle TNIK. Thus, the
effects of TNIK on insulin sensitivity are due to low adiposity
and/or other systemic effects of Tnik KO in nonmuscle tissue.
Because of TNIK's prominent expression in the brain, it is plausible
that TNIK exerts its primary effects on brain function, followed by
secondary effects in the peripheral tissues. The direct effect of TNIK
in the brain on food intake regulation, energy expenditure, and
body weight are unknown, yet our findings suggest that function
of TNIK could play a critical role in the regulation of whole-body
energy homeostasis. Our findings open exciting avenues for future
research to improve our understanding of the molecular mecha-
nisms underlying the regulation of energy homeostasis.

Our final finding was that human variants of TNIK are strongly
associated with body mass index, fasting glucose, and T2D, while
pLOF variants of TNIK are strongly linked to feeding behavior,
body fat percentage, and blood glucose. Collectively, these findings
establish a strong translational ground for TNIK as a conserved reg-
ulator of glucose and lipid metabolism in obesity, also in humans.

Our study has limitations that should be acknowledged when in-
terpreting the results. First, once the metabolic tests commenced,
the mice did not gain any more weight, and there were differences
between fasting glucose and insulin-stimulated glucose excursion
curves, which may have been due to frequency of experiments,
related stress, and the use of anesthesia (pentobarbital) and analge-
sics (lidocaine) during the terminal experiment. Pentobarbital and
lidocaine have been shown to increase insulin secretion and impair
glucose tolerance (40) and may have contributed to the discrepan-
cies in blood glucose in awake and anesthetized mice. Although in
accordance with our animal license, these limitations highlight the
need for further research to fully understand the impact of experi-
mental conditions on the results.

Another limitation of our study is that we did not measure TNIK
activity. In the literature, a few TNIK downstream targets have been
suggested, including JNK T183/Y185 (6), which we did not find to
be regulated in TNIK-deficient skeletal muscle. That discrepancy
could be explained by possible redundant actions of mitogen-acti-
vated protein kinase kinase 4 (MKK4) and MKK?7 that have also
been shown to catalyze the phosphorylation of JNK at T183/Y185
(30, 31). Another limitation is that our study identifies TNIK within
the context of obesity and prediabetes and not T2D directly. While
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the GWAS point towards it, mechanistic studies must include dia-
betic animal models to conclude that TNIK could be a crucial player
in both obesity and T2D.

The advent of human GWAS studies has led to the identification
of thousands of loci contributing to metabolic diseases such as
obesity and T2D. However, many variants identified have shown
to either not be the causal variant or only modestly affecting
disease phenotype (4). Here, we build upon a GWAS-derived
gene discovery (7) and combine it with a post-GWAS systematic in-
vestigation of TNIK's mechanistic role in obesity and diet-induced
metabolic dysregulation.

Together, our study identifies TNIK as a conserved and hitherto
unrecognized critical player in glucose and lipid metabolism
(Fig. 6C). The concept that TNIK/msn is sensitive to glucose, and
likely at the junction of lipid metabolism, opens perspectives for in-
vestigations on metabolic regulation of TNIK in obesity and T2D
and eventually therapeutic targeting of TNIK signaling.

MATERIALS AND METHODS

Drosophila studies

Fly food, stocks, and husbandry

RNAI lines (60,100 kk control and 101,517 kk msn) were obtained
from the Vienna Drosophila Resource Center. All stocks were main-
tained at +25°C on medium containing 1% (w/v) agar, 1.3% (w/v)
dry baker's yeast, 8% (w/v) molasses, 4% (w/v) corn flour, 0.6% (v/
v) propionic acid, and 1.2% (v/v) Nipagin. The experiments took
place at +25°C, 65% humidity under a 12-hour light/12-hour dark
cycle. For defined nutrient studies, larvae were grown on defined
food containing 0.5% (w/v) agar, 2.4% (v/v) Nipagin, 0.7% (v/v)
propionic acid, and 10% (w/v) dry baker’s yeast (HPD). For HSD,
20% (w/v) sucrose was added. First-instar larvae were collected from
apple juice plates [33.33% (v/v) apple juice, 1.75% (w/v) agar, 2.5%
(w/v) sucrose, and 2% (v/v) Nipagin]. Larvae were grown on defined
diets at controlled density (30 larvae per vial).

Metabolic assays

Hemolymph glucose was measured from third-instar prewandering
larvae using a GAGO-20 kit (Sigma-Aldrich) as described previous-
ly (41).

RNA extraction and quantitative polymerase chain reaction
Five second-instar larvae per sample were homogenized and RNA
was extracted using a NucleoSpin RNA kit (Macherey-Nagel) ac-
cording to the manufacturer’s protocol. Reverse transcription was
performed with an equal amount of RNA (RevertAid H Minus
First Strand cDNA Synthesis Kit, Thermo Scientific). Quantitative
reverse transcription polymerase chain reaction (QRT-PCR) exper-
iment was conducted using Maxima SYBR Green qPCR Master Mix
(2x) (Fermentas) in the LightCycler 480 Real-Time PCR System
(Roche) in three technical replicates. The primers used for gPCR
are listed in table SI.

Mouse studies

Animals

Homozygous Tnik KO mice were generated as previously described
(17) and backcrossed to C57BL/6 background in our own animal
facilities. B6 JM8.N3 ES cells (42) were transfected with the target-
ing construct PRPGS00070_B_GO02 (source: Knockout Mouse
Project). Transgenic mice were crossed to FLP-deleter mice and
subsequently to CRE-deleter mice to generate Tnik KO mice by
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deleting exon 6. All mice were maintained under a 12-hour light/
12-hour dark photocycle at 22° + 2°C with nesting material. The
female mice were group-housed. Male mice were single-housed to
reduce aggression and potential further injuries when they were
fighting despite our awareness of the potential for depressive behav-
ior induced by single housing.

Until approximately 20 weeks of age, mice received a rodent
chow diet (Altromin no. 1324, Chr. Pedersen, Denmark) and
water ad libitum. For dietary interventions, 13- to 15-week-old lit-
termate mice were randomized into test groups and given ad libitum
access to either a rodent chow diet (Altromin no. 1324, Chr. Peder-
sen, Denmark) and water or an HFHS diet [45% kcal from fat, 35%
kcal from carbohydrates, and 20% kcal from protein (Research
Diets, no. D12451)] and 10% sucrose water for 10 weeks. Body
weights were measured at weeks 2, 4, 8, 9, and 10 of the diet inter-
vention study. All experiments were performed using animals at 14
to 30 weeks of age (schematically illustrated in Fig. 2B).

Food and sucrose water consumption

Except for the male mice that were single-housed because of fight-
ing, individual records of feeding were not possible because of
animal welfare concerns. Instead, food (and sucrose water con-
sumption, when applicable) was estimated by measuring the total
amount consumed by each group of mice, separated by genotype,
and dividing it by the number of mice within the group. It was
assumed that food intake was evenly distributed among mice.
Genotyping

Mouse genotyping was performed as previously described (43)
using qPCR on DNA from ear punches with the following
primers: WT, 5'-CCA TTA ACT CTC TCG CCT CTT CAT TCC-
3" and 5'-AAT CAC TTT GTG CTG GTG CAG GT-3' and KO, 5'-
CGC CGT ATA GCA TAC ATT ATA CGA AGT T-3' and 5'-CAT
CAT GTC AGC AGT GAT ACA AAC CA-3'.

Body composition

Total fat and lean body mass were measured at indicated time points
(Fig. 2B) by nuclear magnetic resonance using an EchoMRI (USA).
Indirect calorimetry

After a 3-day acclimation period in metabolic cages, male mice un-
derwent indirect calorimetry to measure their oxygen consumption
(VO,) and CO, production (VCO,). In addition, their ambulant ac-
tivity (number of beam breaks) and chow food intake were recorded
for 3 days using a CaloSys apparatus (TSE Systems, Bad Homburg,
Germany). Energy expenditure was estimated by multiplying
oxygen consumption with O, (20 kJ/liter). Energy balance was de-
termined by subtracting the energy expenditure from the energy
intake. Fatty acid oxidation rates were calculated as VO, x 19 kJ/
liter O, x {[1 — (VCO,/V0,)]/0.3} and carbohydrate oxidation
rates a VO, x 21 KkJ/liter O, x {[(VCO,/VO,) — 0.7]/0.3}. Relative
fatty acid oxidation rates in percent of total oxidation were calculat-
ed as [1 — (VCO,/V0O,)]/0.3 x 100 and relative carbohydrate oxida-
tion rates in percent of total oxidation as [(VCO,/VO,) — 0.7]/0.3
x 100.

Exercise capacity tests

Tnik KO and WT mice were acclimatized to the treadmill on three
consecutive days at a speed of 0.16 m/s and incline of 10° for 5 min
the first day and 10 min the following days. On the experimental
day, the mice started running at 0.16 m/s for 5 min at an incline
of 10° followed by a gradual increase in speed every minute with
0.02 m/s until exhaustion. The test was stopped when the mouse
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has reached its maximal running capacity by failing to keep up with
the treadmill despite motivational efforts by the researcher.
Forelimb/hindlimb grip strength test

To determine forelimb/hindlimb (four paws) grip strength mea-
surements, mice grasped the bar mounted on the force gauge.
The system is either horizontally or vertically oriented. The
mouse’s tail is slowly pulled back (horizontally oriented force
gauge) or down (vertically oriented force gauge). Tension is record-
ed by the gauge at the time the mouse releases its forepaws from the
bar. Three consecutive measurements are performed interspersed
by 1 min resting intervals.

Micro—-computed tomographic scanning

Mice were euthanized at 31 to 35 weeks of age, and tibia were col-
lected, fixed in 10% formalin solution for 48 hours at 4°C, followed
by storage in phosphate-buffered saline at 4°C until analysis. A
high-resolution micro—computed tomographic (uCT) system
(vivaCT 40, SCANCO Medical, Bruttisellen, Switzerland) was
used to scan the proximal tibia of mice, resulting in a three-dimen-
sional (3D) reconstruction of cubic voxel sizes of 10.5 um by 10.5
pm by 10.5 um. For each 3D image, a dataset consists of 150 uCT
slide images, and 70 (700 um) slide images were used for analysis of
the trabecular tissue to determine bone volume fraction defined as
BV/TV.

Metabolic tests

We subjected a subset of mice to several metabolic tests to assess
pyruvate, glucose, or insulin tolerance, which commenced at 7, 8,
and 9 weeks of the diet intervention study, respectively. For pyru-
vate and glucose tolerance tests, mice were fasted for 5 hours, and
for insulin tolerance tests, mice were fasted for 3 hours from 7:00
a.m. Blood was drawn from the tail during the experiment.
Resting blood samples were taken 30 min before the intraperitoneal
injection of sodium pyruvate (P2256, Sigma-Aldrich, St. Louis, MO,
USA) or d-mono-glucose (2 g kg™ BW) or insulin 0.3 TU kg™' BW
(Actrapid, Novo Nordisk, Bagsveerd, Denmark). Tail blood glucose
concentrations were measured with a glucometer (Bayer Contour,
Bayer, Miinchenbuchsee, Switzerland) at 0, 20, 40, 60, and 90 min
for the glucose and insulin tolerance test and additionally at 120 and
180 min for the pyruvate tolerance test.

Notably, the insulin tolerance test had to be stopped before the
60-min time point for two chow-fed and two HFHS-fed Tnik KO
mice and before the 90-min time point for an additional four
chow-fed and three HFHS-fed Tnik KO mice because of hypoglyce-
mia (blood glucose, <1.7 mM). Thus, blood glucose was not mea-
sured for these mice at all the time points. During the pyruvate
tolerance test, the test had to be stopped after the 90-min time
point and the 120-min time point for one HFHS-fed Tnik KO
mouse each because of hypoglycemia.

To measure glucose-stimulated plasma insulin concentration at
time points 0 and 20 min, tail vein blood samples were collected in a
capillary tube (50 pl), centrifuged at 14,200¢ for 5 min at 4°C, and
plasma was collected and stored at —80°C. Insulin concentration
was determined in duplicate using the Mouse Ultrasensitive
Insulin ELISA Kit (#80-INSTRU-E10, ALPCO Diagnostics) to the
manufacturer's instructions.

For the metabolic tests, pooled glycemic excursions for both
sexes are shown in Fig. 3 to better detect genotype-specific differ-
ences. Sex-specific glycemic excursion curves and related measures
are shown in fig. S4. The iAUC or incremental area over the curve
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from the basal blood glucose concentration was determined using
the trapezoid rule.

Insulin-stimulated 2DG uptake

The protocol for measuring insulin-stimulated 2DG uptake has also
been described in detail elsewhere (44). The mice were fasted for 3
hours before being anesthetized for 15 min with 1:10 lidocaine:pen-
tobarbital (6 mg of pentobarbital sodium 100 g~' BW) by intraper-
itoneal injection. Insulin-stimulated 2DG uptake into peripheral
tissues was measured by retro-orbital injection of 2DG (PerkinElm-
er) diluted in saline, containing 2DG (66.7 uCi/ml, 6 ul g ' BW) and
insulin at a concentration of 0.3 U/kg BW (Actrapid, Novo Nordisk,
Bagsveerd, Denmark). The blood glucose concentration was mea-
sured via the tail vein at 0, 3, 6, 9, and 12 min (Bayer Contour,
Bayer, Miinchenbuchsee, Switzerland). At 12 min, the mice were
euthanized via cervical dislocation, and the tissues were excised,
weighed (skeletal muscle and gWAT), and snap-frozen in liquid ni-
trogen. The samples were stored at —80°C for further processing/
analyses. Plasma was collected via punctuation of the heart, where
blood was drawn, centrifuged, and stored at —80°C. A single deter-
mination of insulin concentration was conducted using the Ultra-
Sensitive Mouse Insulin ELISA Kit (#80-INSTRU-E10, ALPCO Di-
agnostics) in accordance with the manufacturer’s instructions.
Plasma FGF-21 concentrations were measured using the Mouse/
Rat FGF-21 Quantikine ELISA Kit (R&D Systems) according to
the manufacturer’s instructions.

Tissue-specific 2DG—6-phosphate accumulation was measured
as described previously (45, 46). To determine 2DG clearance
from the plasma into the skeletal muscles (gastrocnemius, TA,
and soleus) or gWAT, tissue-specific 2DG—6-P was divided by the
AUC of the plasma-specific 2DG activity at 0 and 12 min. To esti-
mate tissue-specific glucose uptake (glucose uptake index), clear-
ance was multiplied by the average blood glucose levels at 0, 3, 6,
9, and 12 min. Tissue-specific 2DG clearance was related to the
weight of the analyzed tissue and time.

Cell culture maintenance

The C2C12 WT cell line was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum and 1% antibiotic-antimycotic solution. The cells were main-
tained at 37°C in a humidified incubator with 5% CO,.
siRNA-mediated transfection

For seeding and siRNA-mediated transfection, C2C12 WT cells
were seeded at a density of 20,000 cells per well in a 12-well plate
in the evening. In the following morning, siRNA transfection was
performed using either Control siRNA-A (siScr; 70 nM; sc-37007,
Santa Cruz Biotechnology) or TNIK siRNA (siTNIK; 70 nM; sc-
154540, Santa Cruz Biotechnology) using jetPRIME siRNA trans-
fection reagent. The transfection was repeated 48 hours later.
Once the cells reached 90 to 100% confluence, the medium was re-
placed with differentiation medium containing DMEM supple-
mented with 2% horse serum and 1% antibiotic-antimycotic
solution. The differentiation medium was replaced every 2 days,
and the cells were maintained in the differentiation medium for a
total of 7 days.

Insulin-stimulated intracellular signaling in C2C12 myotubes
On day 7 of differentiation, the cells were starved for 3 hours using
serum-free DMEM supplemented with 1% antibiotic-antimycotic
solution, followed by 100 nM insulin stimulation for 15 min. The
cells were then harvested and lysed in ice-cold homogenization
buffer [10% glycerol, 1% NP-40, 20 mM sodium pyrophosphate,
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150 mM NaCl, 50 mM Hepes (pH 7.5), 20 mM B-glycerophosphate,
10 mM NaF, 2 mM phenylmethylsulfonyl fluoride, 1 mM EDTA
(pH 8.0), 1 mM EGTA (pH 8.0), 2 mM Na;VOy,, leupeptin (10 pg
ml™"), aprotinin (10 ug ml™"), and 3 mM benzamidine]. The lysates
were centrifuged at 9000g for 10 min at 4°C, and the supernatants
were collected for further analysis. Four independent experiments
were conducted.

Quantitative reverse transcription polymerase chain reaction
RNA was extracted from mouse liver using the phenol chloroform
method. Briefly, tissues were homogenized using TissueLyser
(QIAGEN) in 1 ml of TRIzol (Sigma-Aldrich). Chloroform was
added. The samples were mixed and centrifuged, and the aqueous
phase was transferred to a fresh tube. RN'A was precipitated at —20C
for 20 min after the addition of isopropanol and 15 ug of glycogen
(AM9510, Life Technologies) per 1 ml of TRIzol initially used. The
samples were then centrifuged to pellet the RNA. The pellet was
washed with ethanol two times to avoid salt and phenol contamina-
tion. The RNA was lastly resuspended in nuclease-free water. For
gWAT, RNA was extracted using phenol-chloroform followed by
column-based RNA purification method (RNeasy Midi kit,
QIAGEN). Briefly, the aqueous phase obtained after chloroform ad-
dition was mixed with 1:1 70% ethanol and loaded on silica-mem-
brane columns. The extraction was then done following the
manufacturer’s instructions. RNA concentration and purity were
assessed by absorbance at 260 and 280 nm using NanoDrop One
(Thermo Fisher Scientific, Waltham, MA). RNA (500 ng) was
reverse-transcribed to cDNA using the High-Capacity cDNA RT
Kit (Thermo Fisher Scientific). Briefly, a mix of random primers,
deoxynucleotide triphosphate, RT buffer, and MultiScribe Reverse
Transcriptase enzyme was added to the RNA samples. Reverse tran-
scription was performed for 10 min at 25°C and then 120 min at
37°C to allow cDNA polymerization. Then, samples were heated
for 5 min at 85°C to stop the reaction. Gene expression was deter-
mined by real-time qPCR using a LightCycler 480 (Roche) and Pre-
cision Plus qPCR Master Mix (Primer Design Ltd). Results were
then analyzed using the AAC, method using an average of at least
two housekeeping genes as control. The primers used for qPCR are
listed in table SI.

Muscle glycogen measurement

Muscle glycogen content was measured as glycosyl units after acid
hydrolysis, and muscle glycogen was determined from neutralized
perchloric acid extracts and measured spectrophotometrically at
340 nm (Hitachi 912 Automatic Analyzer, Bohringer,
Germany) (47).

Liver TG accretion

Liver TG content was measured in 15 to 20 mg of tissue as described
(48). Liver tissue was homogenized in ice-cold extraction buffer
(0.15 M natriumacetate in 25% Triton X-100) for 1 min, heated at
97°C for 3 min, and then centrifuged at 9000g for 10 min. Superna-
tants were collected, and TG content was photometrically measured
using the Pentra C400 analyzer (Horiba, Japan).

Lysate preparation and immunoblotting

Skeletal muscle, adipose tissue, and liver samples were pulverized in
liquid nitrogen and homogenized for 1 min at 30 Hz using a Tissue-
Lyser II bead mill (QIAGEN, USA) in ice-cold homogenization
buffer [10% glycerol, 1% NP-40, 20 mM sodium pyrophosphate,
150 mM NaCl, 50 mM Hepes (pH 7.5), 20 mM [-glycerophosphate,
10 mM NaF, 2 mM phenylmethylsulfonyl fluoride, 1 mM EDTA
(pH 8.0), 1 mM EGTA (pH 8.0), 2 mM Na3VOy, leupeptin (10 pg
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ml™), aprotinin (10 pg ml™!), and 3 mM benzamidine]. Following
end-over-end rotation for 30 min at 4°C, the samples were centri-
fuged at 14,200g for 20 min at 4°C. The supernatants (lysate) were
collected afterward. The centrifugation was repeated twice for
adipose tissue samples. All samples were stored at —80°C.

Lysate protein concentration was determined colorimetrically
using the bicinchoninic acid method and bovine serum albumin
(BSA) as a protein standard (Pierce BCA Protein Assay Kit,
Thermo Fisher Scientific, Rockford, IL, USA). Total protein and
protein phosphorylation were determined by standard immuno-
blotting techniques loading equal amounts of protein solubilized
in sample buffer [340 mM tris (pH 6.8), 225 mM dithiothreitol,
11% (w/v) SDS, 20% (v/v) glycerol, and 0.05% (w/v) bromophenol
blue]. Polyvinylidene difluoride membranes (Immobilon Transfer
Membrane, Merck KGaA, Darmstadt, Germany) were blocked in
2% milk or 3% BSA diluted in tris-buffered saline~Tween 20 (block-
ing buffer) for 15 min at room temperature. Membranes were incu-
bated with primary antibodies in blocking buffer, presented in table
S2, overnight at 4°C, followed by incubation with horseradish per-
oxidase—conjugated secondary antibody diluted in blocking buffer
for 60 min at room temperature. The specificity of the anti-TNIK
antibody was tested in WT and KO skeletal muscle, gWAT, and
liver (fig. S5, ] and L).

Bands were visualized using the Bio-Rad ChemiDoc MP
Imaging System and enhanced chemiluminescence (ECL+, Amer-
sham Biosciences). Coomassie Brilliant Blue staining was used as a
control to assess total protein loading and transfer efficiency (49) by
quantifying the whole lane, and for each sample set, a representative
membrane from the immunoblotting is shown. Coomassie Brilliant
Blue staining was used for normalization only in gWAT samples.
The same Coomassie Brilliant Blue staining is presented for pro-
teins analyzed when derived from the same sample set. Band densi-
tometry was carried out using ImageLab (version 4.0). For each set
of samples, a standard curve was loaded to ensure quantification
within the linear range for each protein probed.

Metabolomics

Targeted metabolomics liquid chromatography—mass
spectrometry profiling analysis

Metabolites were extracted from 10x third-instar Drosophila larvae
using 2 ml of Precellys homogenization tube (Bertin Technologies)
with 2.8-mm ceramic (zirconium oxide) beads with 400 pl of cold
extraction solvent (acetonitrile:methanol:M, 40:40:20). Subse-
quently, samples were homogenized using tissue homogenizer
(Bertin Technologies) for three cycles (30 s at 5500 rpm with 60-s
pause at 4°C) followed by centrifugation at 14,000 rpm at 4°C for 5
min. For mouse plasma, metabolites were extracted from 15 ul of
serum with 400 pl of cold extraction solvent and directly taken
into centrifugation at 14,000 rpm at 4°C for 5 min. Supernatants
were loaded into an Ostro 96-well plate (25 mg; Waters) and
passed through using robotic vacuum. Filtrates were transferred
into polypropylene tubes and placed into nitrogen gas evaporator
to dry the solvent completely. Dried samples were suspended with
40 pl of extraction solvent and vortex for 2 min and transferred into
high-performance liquid chromatography glass auto sampler vials.
Two microliters of samples was injected with Thermo Vanquish
UHPLC coupled with Q-Exactive Orbitrap quadrupole mass spec-
trometer equipped with a heated electrospray ionization (H-ESI)
source probe (Thermo Fisher Scientific). A SeQuant ZIC-pHILIC
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(2.1 mm X 100 mm, 5-um particle) column (Merck) used for chro-
matographic separation. Gradient elution was carried out with a
flow rate of 0.100 ml/min with using 20 mM ammonium hydrogen
carbonate, adjusted to pH 9.4 with ammonium solution (25%) as
mobile phase A and acetonitrile as mobile phase B. The gradient
elution was initiated from 20% mobile phase A and 80% mobile
phase B and maintained until 2 min; after that, 20% mobile phase
A gradually increased up to 80% until 17 min, and then, 80% to 20%
mobile phase A decreased in 17.1 min and maintained up to 24 min.
The column oven and autosampler temperatures were set to 40° +
3°Cand 5° £ 3°C, respectively. Mass spectrometry equipped with an
H-ESI source used polarity switching and the following setting: res-
olution of 35,000; spray voltages, 4250 V for positive mode and 3250
V for negative mode; sheath gas, 25 arbitrary units (A.U.); auxiliary
gas, 15 A.U.; sweep gas flow, 0; capillary temperature, 275°C; and S-
lens RF level, 50.0. The instrument was operated with the Xcalibur
4.1.31.9 software (Thermo Fisher Scientific). The peak integration
was done with the TraceFinder 4.1 software (Thermo Fisher Scien-
tific) for 462 metabolites. Retention times were standardized with
MSMLS-1EA (Merck). The data quality was monitored throughout
the run using pooled serum quality control sample interspersed
throughout the run as every 10th sample. The metabolite data
were checked for peak quality, relative standard deviation
(%RSD), and carryover.

Metabolomics data analysis

Data (peak intensities) were analyzed in MetaboAnalyst 5.0. No
samples were excluded from the data analysis. Metabolites with
low response, poor chromatography (PCH), or multiple missing
values were excluded from the data analysis. In MetaboAnalyst, fea-
tures with >20% missing values were further removed. The remain-
ing missing values were estimated using k-nearest neighbors
(feature-wise). Interquartile range was further used for data filter-
ing. For Drosophila larval data, the samples were normalized to
weight, and data were log-transformed and auto-scaled. For
mouse serum data, the same amount of serum (10 pl) was used
for each sample, and only log transformation and auto scaling
(mean-centered and divided by SD of each variable) were applied.
Source data are provided as a source data file.

T2D Knowledge Portal

The T2DKP (containing 292 datasets and 326 traits) database
(www.type2diabetesgenetics.org) was used to explore GWAS data-
sets for the association of TNIK with T2D and other glucometa-
bolic traits.

Analysis of pLOF variants in UK Biobank

A human case-control study was conducted within the UK Biobank
to assess the effects of predicted pLOF in TNIK. The UK Biobank
enrolled 502,480 individuals aged 40 to 69 years. Analyses were con-
ducted in February 2023. The UK Biobank includes genetic and
clinical information, including health records, representative of
the general population. All participants in the UK Biobank gave
written informed consent. The study protocol and data collection
have been previously described (50).

We examined the burden of rare pLOF variants in TNIK in
whole-exome sequencing (WES) data from the UK Biobank,
using Genebass. We accessed the WES dataset, of which ~450,000
participants were of European ancestry.

Pham et al., Sci. Adv. 9, eadf7119 (2023) 9 August 2023

Detailed information on exome sequencing methodology, align-
ment, variant calling, and annotation in the dataset has been previ-
ously described (51). Quality control was conducted at a variant
level on the basis of genotype read depth combined with an
allele-balance filter. Additional filtering was conducted for dis-
agreements between reported and genetically determined sex,
low-sequence coverage, and high rates of heterozygosity. After
quality control, ~39,500 individuals of European ancestry with
exome sequence data were left for analysis.

pLOF variants were defined as variants affecting a splice site or
variants resulting in a frameshift or gain of a premature stop codon.
The association test was conducted using the optimal unified ap-
proach (SKAT-O), as previously described (52).

Associations between carrier status pLOF in TNIK and recent
poor appetite or overeating, body fat percentage, and blood
glucose measurements were evaluated using generalized linear
models. Associations between LOF carrier status and end point
were tested using logistic regression. All models were adjusted for
age at enrollment, sex, assessment center, and principal compo-
nents. Non-normally distributed traits were log-transformed
before association. P values were corrected for multiple compari-
sons using a Bonferroni P value threshold of P < 0.05/3 (P = 0.016).

Ethical committee approval

All mouse experiments complied with the European Convention for
the protection of vertebrate animals used for experimental and
other scientific purposes (no. 123, Strasbourg, France, 1985; EU Di-
rective 2010/63/EU for animal experiments) and were approved by
the Danish Animal Experimental Inspectorate (license number:
2016-15-0201-01043).

Graphical illustrations
Graphical illustrations were created either in Adobe Illustrator or in
BioRender (biorender.com), as indicated.

Statistical methods

Statistical analyses were performed using GraphPad Prism 9
(version 9.3.1). Results are presented as means + SD or SEM, as in-
dicated in the figure legends, with individual values shown, when
feasible. Statistical tests varied according to the dataset being ana-
lyzed, and the specific tests used are indicated in the figure legends.
Statistical differences were analyzed by one-way analysis of variance
(ANOVA), two-way ANOVA, two-way ANOVA repeated measures
(RM), or mixed effects model using diet and genotype as fixed
effects. Dunnett's multiple comparisons test, Tukey's post hoc
test, or Siddk’s multiple comparisons test was used to evaluate sig-
nificant main effects of genotype, diet, or interactions in ANOVAs.
P values <0.1 were considered a tendency, and P values <0.05 were
considered significant.

Supplementary Materials
This PDF file includes:

Figs. S1to S5

Tables S1 and S2

Legends for data S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S4
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