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ARTICLE INFO ABSTRACT
Keywords: Insulin resistance (InR) is manifested in skeletal muscle by decreased insulin-stimulated glucose uptake due to
Insulin resistance impaired insulin signaling and multiple post-receptor intracellular defects. Chronic glucose-induced insulin
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Insulin signaling

Insulin receptor substrate-1
Phosphorylation

resistance leads to the activation of Ser/Thr kinases and elevated phosphorylation of insulin receptor substrate 1
(IRS1) on Ser residues. Phosphorylation of IRS1 triggers the dissociation of IRS1 and its downstream effector,
phosphatidylinositol 3-kinase. In the present study, we provide evidence for the insulin-sensitizing role of
smoothelin-like protein 1 (SMTNL1) that is a ligand-dependent co-regulator of steroid receptors, predominantly
the progesterone receptor. SMTNL1 was transiently overexpressed in insulin-resistant C2C12 myotubes. A pro-
teome profiler array revealed that mTOR and Ser/Thr kinases were SMTNL1-dependent signaling pathways. In
the presence of progesterone, overexpression was coupled to decreased Ser phosphorylation of IRS1 at Ser307,
Ser318, and Ser612 residues. SMTNL1 also induced the expression and activity of the p85 subunit of PI3K.
SMTNL1 regulated the expression of PKCe, which phosphorylates IRS1 at Ser318 residue. SMTNL1 also regulated
ERK1/2 and JNK, which phosphorylate IRS1 at Ser612 and Ser307, respectively. Real-time metabolic mea-
surements of oxygen consumption rate and extracellular acidification rate revealed that SMTNL1 improved
glycolysis and promoted the utilization of alternative carbon fuels. SMTNL1 also rescued the mitochondrial
respiration defect induced by chronic insulin exposure. Collectively, SMTNL1 plays a crucial role in maintaining
the physiological ratio of Tyr/Ser IRS1 phosphorylation and attenuates the insulin-signaling cascade that con-
tributes to impaired glucose disposal, which makes it a potential therapeutic target for improving InR.

1. Introduction

Insulin resistance syndrome affects about 24% of adults older than
20 years and is manifested as a variety of disorders, including glucose
tolerance impairment, type 2 diabetes, obesity, and reproductive dis-
orders (Meigs, 2003). Insulin resistance (InR) is characterized by
decreased cellular responsiveness to insulin signaling in
insulin-dependent tissues, such as skeletal muscle, liver, and adipose
tissue. When muscle, fat, and liver cells become resistant to the action of
insulin, pancreatic p-cells respond by pumping increased amounts of
insulin into the circulation to maintain homeostatic control of glucose

Highlights.

e SMTNL1 promotes insulin sensitivity in insulin-resistant skeletal
muscle

e SMTNL1 regulates the expression of novel PKCe that contributes to
the phosphorylation of IRS1 at Ser318 residue

e SMTNL1 regulates ERK1/2 activity therefore IRS1 Ser612

phosphorylation level (Boucher et al., 2014)
e SMTNL1 hampers JNK1 activity to regulate IRS1 Ser307 eve Looucher et al, o L . .
. Skeletal muscle (SKM) is the major site of ingested glucose disposal
phosphorylation

in normal glucose tolerant individuals (Abdul-Ghani and DeFronzo,

SMTNL1 t 1 take vi tivati f Akt activi d
* promotes ghucose uptake via activation o activity an 2009). While the liver takes up approximately one-third of post-prandial

by inducing GLUT4 expression

* Corresponding author. Department of Medical Chemistry, Faculty of Medicine University of Debrecen, H-4032, Debrecen, Egyetem tér 1, Hungary.
E-mail address: lontay@med.unideb.hu (B. Lontay).

https://doi.org/10.1016/j.mce.2022.111663

Received 29 September 2021; Received in revised form 27 April 2022; Accepted 27 April 2022

Available online 1 May 2022

0303-7207/Crown Copyright © 2022 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:lontay@med.unideb.hu
www.sciencedirect.com/science/journal/03037207
https://www.elsevier.com/locate/mce
https://doi.org/10.1016/j.mce.2022.111663
https://doi.org/10.1016/j.mce.2022.111663
https://doi.org/10.1016/j.mce.2022.111663
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mce.2022.111663&domain=pdf
http://creativecommons.org/licenses/by/4.0/

1. Tamas et al.

Molecular and Cellular Endocrinology 551 (2022) 111663

Abbreviations

2-DG
ANOVA
DMEM

2-deoxy-D-glucose

analysis of variance

Dulbecco’s modified Eagle’s medium
ECAR extracellular acidification rate
ERK1/2 extracellular signal-regulated kinase
FT-SMTNL1 N-terminal FLAG tag SMTNL1

GDM gestational diabetes mellitus
Glut4 glucose transporter 4

InR insulin resistance

IR insulin receptor

IRS1 insulin receptor substrate

JNK c-Jun N-terminal kinase
MPA medroxyprogesterone-17-acetate
OCR oxygen consumption rate

PI3K phosphatidylinositol 3-kinase

PKA protein kinase A

PKCe protein kinase epsilon

PKCC protein kinase C zeta

PKG protein kinase A

PR progesterone receptor

RIPA radioimmunoprecipitation assay buffer
SKM skeletal muscle

SMTNL1 smoothelin-like protein 1

glucose in the bloodstream, the remainder is taken up by peripheral
tissues, primarily by SKM via an insulin-dependent mechanism. The
binding of insulin to the insulin receptor (IR) initiates a signaling
cascade that results in the translocation of the insulin-sensitive glucose
transporter protein 4 (GLUT4) to the plasma membrane to facilitate the
transport of glucose into the cell. IR activation upon insulin binding
results in phosphorylation of the insulin receptor substrate 1 (IRS1)
protein, that in turn docks and activates phosphatidylinositol 3-kinase
(PI3K) that goes under conformational changes in its catalytic domain,
which in turn results in kinase activation. This is followed by the
PI3K-mediated phosphorylation of membrane bound PIP2 to generate
PIP3. PIP3 then binds to the PH domain of Akt, thereby anchoring it to
the plasma membrane to transduce the insulin signal to a ser-
ine/threonine (Ser/Thr) protein kinase, Akt/protein kinase B (Boucher
et al., 2014). Upon membrane recruitment of Akt, it is phosphorylated
and activated in its kinase domain at Thr308 and for substrate selectivity
and activity enhancement at Ser473 by phosphoinositide-dependent
protein kinase 1 and mTORC2, respectively (Beg et al., 2017). Akt
phosphorylates and inhibits AS160, removing its inhibition of Rab
proteins. Ultimately, Akt can promotes the translocation of
GLUT4-containing vesicles to the plasma membrane to mediate
insulin-stimulated glucose transport in SKM (Kupriyanova and Kandror,
1999) (Kohn et al., 1996).

InR is manifested in SKM by decreased insulin-stimulated glucose
uptake resulting from impaired insulin signaling and multiple intracel-
lular post-receptor defects, including impaired glucose transport and
conversion to glucose-6-phosphate, reduced glucose oxidation, and
attenuated glycogenesis. Insulin action is inhibited by enhanced Ser/Thr
phosphorylation of either the receptor or its downstream effectors; this
increased phosphorylation affects their mutual interactions and reduces
the relative contribution of each of the elements in this signaling
cascade, resulting in decreased IRS activity or its ability to recruit sub-
strate proteins and thus to propagate insulin signaling (Mlinar et al.,
2007). Cytokines, and hyperinsulinemia initiate phosphorylation by
enhancing Ser phosphorylation and reducing Tyr phosphorylation of
IRS1, which leads to decreased glucose uptake and insulin resistance
(Boucher et al., 2014).

One potential regulator of insulin resistance in SKM is the
smoothelin-like 1 protein (SMTNL1). SMTNLI1 is a target of protein ki-
nase A and G (PKA/PKG) and is expressed in smooth and skeletal
muscles (Borman et al., 2004) as well as steroid hormone-sensitive tis-
sues (Bodoor et al., 2011; Wooldridge et al., 2008). It has a dual func-
tion: on one hand, it regulates muscle contraction and the cytoskeletal
elements of various cells through the inhibition of the activity of myosin
phosphatase holoenzyme. Through this regulation, it enhances the
phosphorylation of the regulatory 20 kDa light chain of myosin (Bodoor
et al., 2011; Lontay et al., 2010). On the other hand, upon phosphory-
lation at Ser301 by PKG/PKA, SMTNL1 translocates to the nucleus
where it functions as a transcriptional regulator of steroid receptors,

predominantly the progesterone receptor (PR). (Bodoor et al., 2011;
Lontay et al., 2010). In a progesterone-dependent manner, SMTNL1 can
regulate the gene expression of dozens of metabolic enzymes, cyto-
skeletal elements, steroid receptors, and cytokines (Bodoor et al., 2011).
In addition, SMTNL1 promotes adaptive responses to pregnancy in mice
by reprogramming the metabolic and contractile character of SKM to
increase power/strength and the glycogen content required for man-
aging weight gain during fetal development (Lontay et al., 2015).
Pregnancy promotes muscle fiber-type changes from an oxidative to a
glycolytic isoform in SKM. This phenomenon is regulated through the
interaction between SMTNL1 and PR, which alters the expression of
contractile and metabolic proteins (Lontay et al., 2015).

The current study aimed to explore the detailed molecular impact of
SMTNL1 on InR development in SKM during pregnancy using Smtnll
knockout (KO) mice and insulin-resistant differentiated C2C12 myo-
tubes. We hypothesized that SMTNL1 modulates insulin signaling
pathways by regulating the expression of upstream modulators of Ser/
Thr kinases responsible for the phosphorylation of IRS-1 and resulting in
the dissociation of PI3K and the inactivation of the IRS-1/PI3K/Akt/
mTOR pathway.

2. Material and methods
2.1. Materials

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO,
USA) unless indicated otherwise. Microcystin-LR was produced and
purified as described previously (Mathe et al., 2009).

2.2. Antibodies

All antibodies are listed in Table S1.

2.3. Cell maintenance, differentiation, and insulin resistance model

The C2C12 mouse myoblast cell line (Sigma-Aldrich) was cultured in
low-glucose (5.5 mM) DMEM supplemented with 2 mM L-glutamine and
10% (v/v) FBS in a 5% COy-humidified atmosphere at 37 °C. Cells were
grown in collagen-coated petri dishes for differentiation (VWR West
Chester, PA, USA) and maintained in differentiation medium (5.5 mM
DMEM without phenol red, supplemented with 2 mM L-glutamine and
2% (v/v) horse serum) for 5 days (Fig. S1). Cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl pH 7.6, 150
mM NacCl, 0.25% (m/v) sodium deoxycholate, 1% (v/v) NP-40, 0.1%
(m/v) sodium dodecyl sulphate) containing protease and phosphatase
inhibitors (1 mM NaF, 1 mM Na4P»07, 1 mM p-glycerol-phosphate, 1
mM Na3VOy) and 1 pM of microcystin-LR.

For the InR treatment, high glucose (HG, 25 mM glucose) DMEM
without phenol red was supplemented with 2 mM L-glutamine, 2% horse
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serum, and 100 nM of insulin (chronic insulin). The low glucose (LG, 5.5
mM glucose) DMEM without phenol red was supplemented with 2 mM
L-glutamine, 2% (v/v) horse serum, and 50 pM of insulin and 10 nM of
medroxyprogesterone-17-acetate (MPA) was added as described in
Fig. S1. For Western-blotting, Proteome Profiler, and PI3K activity ex-
periments the media was changed to serum and hormone-free DMEM
medium for 5 h and cells were treated again for 30 min with 100 nM of
insulin (acute insulin) before harvesting. Samples were prepared for the
PI3K assay according to the supplementary protocol section for PI3K
activity measurement. Proteins were solubilized as described before
(Lontay et al., 2010). Protein concentrations were determined as
described before (Sipos et al., 2017) (Fig. S1.).

2.4. Transient transfections

The full-length mouse SMTNL1 construct (pcDNA-3.1 expression
vector) with N-terminal FLAG tag, referred to as FT-SMTNL1, and the
empty pcDNA-3.1 plasmid as a transfection control, referred to as empty
vector/control, were overexpressed in C2C12 cells on day 0 of the full-
length protocol using GeneJuice Transfection Reagent (Novagen,
Merck Millipore, Darmstadt, Germany).

2.5. Western blotting

Western blot analysis was conducted as described before (Sipos et al.,
2017). Briefly, proteins were separated on Bio-Rad 4-20% Criterion TGX
Precast Midi protein gels. Antibody binding was detected using
enhanced chemiluminescence (Advansta WesternBright ECL, San Jose,
CA, USA) and visualized using the Bio-Rad ChemiDoc Touch imaging
system. Densitometric analysis was performed with Bio-Rad ImageLab
6.0 software. Membrane stripping was also applied with heat and
detergent. Shortly, membranes were incubated in Stripping buffer [0.5
M Tris-HCl pH 6.8; 10% SDS, p-mercaptoethanol] at 50 °C for 30 min in
a Thermo-Shaker (Biosan) and were washed 6 times for 5 min with 1x
TBST and reblocked with 5% BSA/TBST at RT for 1 h and reprobed as
described above.

2.6. Proteome profiler analysis

Phosphorylation levels of various proteins were analyzed with a R&D
Systems Proteome Profiler Human Phospho-Kinase Array kit (Minne-
apolis, MN, USA). After the previously described treatments, cells were
harvested and 200 pg of protein was used for each experiment, ac-
cording to the manufacturer’s instructions. Dot intensities were
analyzed with ImageJ software (NIH, Bethesda, MD, USA) and
normalized to control dots on each membrane.

2.7. PI3K activity measurement

PI3K activity was measured with an ELISA kit (PI3-Kinase Activity
ELISA, Pico, Echelon Biosciences Inc., Salt Lake City, UT, USA) following
the manufacturer’s protocol. Absorbance was measured at 450 nm
(Multiskan GO, Thermo Scientific). Immunoprecipitation was conduct-
ed with the p85 subunit antibody (Merck Millipore) to validate the
input. Liberated phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
values were normalized to the PI3K expression levels.

2.8. Seahorse XF96 measurements

For the metabolic measurements we altered the original differenti-
ation/treatment protocol (Fig. S1.). After transfection, cells were plated,
and 24 h after transfection, were treated for 72 h as described in 2.3.
Cells were seeded in small petri dishes, to confirm the effectivity of
transfection. After the 72 h, myoblast cells were washed, and metabolic
measurements were made on Agilent Seahorse XF (ASX) 96 plates using
ASX assay-medium with 5.5 mM glucose. Etomoxir (50 pM), which is an
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inhibitor of fatty acid oxidation (FAO) was added. Oligomycin (2 pM)
was applied to inhibit ATP synthesis and distinguish between the O,
consumption devoted to ATP synthesis. FCCP (4 pM, carbonyl cyanide p-
trifluormethoxyphenylhydrazone) was used as a mobile ion carrier to
calculate the respiratory capacity of cells. Antimycin A (10 pM) was
applied as the inhibitor of complex III to shut down electron transport
chain function, revealing the non-mitochondrial respiration. Finally,
100 mM 2-deoxy-D-glucose (2-DG) was added; 2-DG is a glucose analog
that inhibits glycolysis through competitive binding to glucose hexoki-
nase to confirm ECAR due to glycolysis. Five measurement points were
taken at baseline and after each injection event. After the measurements,
cells were solubilized in 1N NaOH and protein content was determined
by BCA assay.

2.9. Glucose uptake assay

2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxy-
glucose) uptake measurements were carried out as described previously,
shortly. C2C12 cells were cultured, differentiated and treated as
described before (Section 2.3-4.). The myotubes were washed with PBS
buffer and incubated in glucose free DMEM supplemented with 2%
horse serum. 100 nM insulin was applied for 30 min and cells were
incubated with glucose-free medium containing 100 pM 2-NBDG
(SIGMA) for 120 min at 37 °C. Fluorescence was measured at an
extinction of 485 nm and emission of 535 nm using a Tecan Spark
Multimode microplate reader (Tecan Treading AG, Mannedorf, Ger-
many), and negative and blank controls as well as standard curve were
also sat up to quantify glucose uptake. Cells were washed three-times
and were solubilized in 0.1 M KHyPO4 pH 11.0 to determine protein
concentration. Fluorescent data in pmol were related to 1 mg of proteins
in each case and presented as fold induction.

2.10. Statistical analysis

Post hoc testing for two-way ANOVA was determined by Tukey’s test
and Sidak’s test. The mouse tissue sample data were analyzed with one-
way ANOVA and Dunnett’s post hoc test. Parametric tests were used
when normalized values were normally distributed. GraphPad software
was used for all analyses. The data are presented as mean + SEM; n is the
number of independently performed experiments or animals. P < 0.05
was considered statistically significant.

3. Results

3.1. SMTNLI influences insulin signaling, cell cycle, and apoptosis in
insulin resistant C2C12 cells

The mouse myoblast cell line, C2C12, is a widely-used model for the
in vitro examination of metabolic diseases, such as insulin resistance
(Wong et al., 2020). InR was induced with chronic insulin treatment and
10 nM MPA (synthetic progesterone) with or without the overexpression
of Flag-tag-SMTNL1 (FT-SMTNL1) in C2C12 myotubes (Fig. S1.). The
overexpression of FT-SMTNL1 and differentiation was verified by high
content screening analysis (Fig. S2). Protein arrays were used to monitor
the phosphorylation and activity status of Tyr and Ser/Thr kinases and
receptors, transcription factors, and other elements of insulin signaling
(Fig. 1). Data were compared to control samples under conditions of low
glucose (Figs. 1 and S3). Two-fold increases in phosphorylation levels of
transcription factors, including STAT5a and b, were observed in cells
overexpressing SMTNL1; however, the phosphorylation levels of STAT2
and 6, CREB, and c-Jun were unaffected (Fig. S3B). Regarding cell cycle
regulation, only p53 Ser46 phosphorylation was increased in the InR
cells overexpressing FT-SMTNLL1 (Fig. S3A). Pyk2 non-receptor tyrosine
kinase and PDGF receptor tyrosine kinase phosphorylation increased
after MPA treatment and in combination with SMTNL1 overexpression
in InR cells (Figs. S3C and S3F). Several important Ser/Thr kinases were
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Fig. 1. Proteome profiler analysis of transfected and treated C2C12 cell
lysates. A heatmap of various protein phosphorylation levels is shown. Color
coding for the heatmap: red indicates more phosphorylated, while green in-
dicates less phosphorylated protein levels. 200 pg of protein was used for the A
and B part of membrane. The spot intensities were analyzed using ImageJ
software and normalized to the control spots on each membrane.

elevated in response to induction of InR and were further increased by
SMTNL1 overexpression (Fig. S3D). Phosphorylation of Thrl72 in
APMKo2 and Ser473 in Aktl/2/3 were increased by SMTNL1 over-
expression in InR cells. In addition, phosphorylation of mTOR Ser2448
(Fig. S3E), c-Jun N-terminal kinase (JNK1/2/3) Thr183, and extracel-
lular signal-regulated kinase (ERK1/2) Thr202 was increased (Fig. S3D);
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however, phosphorylation of p38, Chk2, and MSK1/2 did not change
(Fig. S3D). These results indicate that SMTNL1 modulates critical signal
transduction elements involved in insulin signaling and its downstream
regulatory effects.

3.2. SMTNL1 overexpression decreases phosphorylation of ser residues of
IRS1 in differentiated C2C12 insulin-resistant cells

To verify the protein phosphorylation results from the Proteome
Profiler analysis and to elucidate the molecular mechanism underlying
the effect of SMTNL1, we analyzed site-specific phosphorylations of
IRS1 in InR C2C12 cells by Western blotting (Fig. 2). Moreover, to gain
an understanding of the transcriptional changes induced by FT-SMTNL1
overexpression, we also looked at the levels of IRS1 and other signaling
proteins (Figs. S5 and S6). Chronic insulin treatment significantly
decreased IRS1 expression (Fig. 2E). However, IRS1 Ser307 (Fig. 2A),
Ser318 (Fig. 2B), and Ser612 (Fig. 2C) phosphorylations were signifi-
cantly elevated in InR cells and treatment with MPA had no effects. Ser
phosphorylation levels were significantly lower in cells overexpressing
FT-SMTNLI1 in the presence of MPA in all cases (Fig. 2A-C). In contrast,
IRS1 Ser1101 phosphorylation decreased in InR with or without pro-
gesterone (Fig. 2D), and the overexpression of SMTNL1 significantly
decreased the Ser1101 phosphorylation of IRS1 in the presence of high
concentrations of insulin and progesterone (Fig. 2D). We confirmed
these findings in WT and KO Smtnll non-pregnant and pregnant mice
where the IRS1 phosphorylation at Ser612 (Fig. S4B.) and Ser1101
(Fig. S4A.) was significantly increased in SKM of pregnant Smtnll—/—
mice. Since SMTNLI acts to attenuate the phosphorylation of IRS1 on
Ser307, Ser318, and Ser612 in the presence of its natural ligand, it
suggest that SMTNL1 modulate the activity or gene expression of IRS-1-
Ser/Thr kinases or phosphatase, while IRS1 Ser1101 regulation is a
ligand-independent process.

3.3. SMTNL1 promotes the activity of PI3K in insulin resistant C2C12
cells

To elucidate the effect of SMTNL1 on PI3K activity in insulin treat-
ment, we determined the protein level of the p85 subunit of PI3K
(Fig. 3A). Chronic insulin exposure significantly decreased p85 levels;
however, FT-SMTNL1 overexpression increased p85 expression when
compared to the empty vector transfection control. The PI3K enzyme
activity, as determined by measuring the liberated PIP3 product
(Fig. 3B.), was not affected by either MPA exposure or FT-SMTNL1;
however, PI3K activity was significantly increased in InR cells. More-
over, chronic insulin treatment in the presence of MPA induced higher
PI3K activity compared to InR alone, and FT-SMTNL1 overexpression
increased PI3K activity under conditions of InR. Collectively, these re-
sults demonstrate that SMTNL1 promotes PI3K activity in C2C12 myo-
tubes by counteracting the decrease in PI3K protein levels triggered in
response to chronic insulin exposure and by decreasing Ser phosphor-
ylation of IRS1, which initiates the IRS1/PI3K complex.

3.4. Regulation of downstream effectors of insulin signaling by SMTNL1
in insulin resistance

The phosphorylation and activation of Akt/PKB in C2C12 myotubes
was upregulated in the insulin-resistant state (Fig. 4A and B) and
resulted in the propagation of downstream insulin signaling. Both
Thr308 and Ser473 phosphorylation of Aktl were stimulated by acute,
30 min insulin treatment, while MPA had no effect. Furthermore, the
activity of Aktl was increased in the InR model. FT-SMTNL1 over-
expression did not influence the expression of Aktl (Fig. S6B), but it
drastically influenced the phosphorylation of Aktl Ser473, but not
Thr308, in InR myotubes, suggesting an insulin-sensitizing effect. These
results are supported by interrogations of Smtnll KO mice where Aktl
expression was unaffected in any experimental group (Fig. S4C.) but the
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Fig. 2. Western-blot analysis of IRS1 expression
and phosphorylation in insulin-resistant C2C12
myotubes. After differentiation and induction of in-
sulin resistance, cells were harvested and prepared for
Western blot analysis of IRS1%397 (A), IRS15318 (B),
IRS15612 (C), and IRS15119! (D) phosphorylation and
(E) IRS expression. The phosphorylation levels were
normalized to non-phosphorylated protein which in
turn was normalized to f-tubulin as an internal
loading control. The effects of SMTNL1 vs. the empty
vector-transfected cells were compared (Two-way
ANOVA and Sidak’s post hoc test, Mean + SEM; n = 3;
*, p < 0.05). The effects of various treatments were
also compared (Two-way ANOVA and Tukey’s post
hoc test, Mean + SEM; n = 3; p < 0.05; Different
letters indicate significant differences between the
groups compared).

Fig. 3. SMTNL1 Promotes the activity of PI3K in
insulin resistant C2C12 cells (A) Western blot
analysis was conducted to determine the PI3K p85
subunit levels. Protein expression was normalized to
the loading control. (B) PI3K activity was measured
using a PI3K pico-ELISA kit. InR: insulin resistant;
MPA: medroxyprogesterone-17-acetate. The effects of
SMTNL1 vs. the empty vector-transfected cells were
compared (Two-way ANOVA and Sidak’s post hoc
test, Mean + SEM; n = 3; *, p < 0.05), and the effects
of various treatments were compared (Two-way
ANOVA and Tukey’s post hoc test, Mean + SEM; n =
3; p < 0.05; Different letters indicate significant dif-
ferences between the groups compared).
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Fig. 4. Effects of SMTNL1 overexpression and in-
sulin resistance on the insulin signaling pathway.
For Aktl phosphorylation (A-B) the same treatment
method was used, except two more samples were
introduced for each transfection. After the 72h of
differentiation in physiological conditions, 100 nM of
insulin were added to the cells for the final 30 min of
treatment to assess if insulin resistance was present in
the long-term treated cells. Samples were also
collected to analyze other parts of the insulin
signaling pathway, including (C) mTORS?**¢, (D)
GSK—3B59, and (E) Expression of GLUT4 was assessed
in the in vitro model. The phosphorylated proteins are

=3 Empty Vector
=3 FT-SMTNL1

- 100 nM insulin 30
-+ + InR
+ -+ MPA

75 kDa —
50 kDa —

75 kDa —

50 kDa — | Aktimes

| E e ew  m@e=w| At

normalized to the non-phosphorylated protein levels,

50kDa — [ e - wwwwo——-—]

50 kDa — [ 40 S50 o - - o 9 W 0 #| (-tubulin

which in turn was normalized to p-tubulin or p-actin

Empty vector FT-SMTNL1 Empty vector  FT-SMTNL1 as internal loading controls. The effects of SMTNL1
vs. the empty vector-transfected cells were compared.
C mTORS2*® phosphorylation D. - . lati 1 k d using 2
. GSK-3%° phosphorylation (F) Relative glucose uptake was measured using 2-
300 . NBDG and the fluorescence values normalized to the
8 5 rotein concentration. Normalized values were
© =1 p
2200 = compared to the empty vector-transfected cells
£ 3 Empty Vector 2 3 Empty Vector . . . . . .
8 = ET-SMTNLT g = e treated with physiological levels of insulin InR: in-
2 - .
S 100 Sy sulin resistant; MPA: medroxyprogesterone-17-
B = .
s kS acetate. (Two-way ANOVA and Sidak’s post hoc test
g & Mean + SEM; n = 3; *, p < 0.05), and the effects of
p
ot o4 ll\;lllsA + + : . * : :\ESA various treatments were also compared (Two-way
= = - . 50 kDa — | —— | ANOVA and Tukey’s post hoc test Mean + SEM; n = 3;
TORS2448 — _3B3S9 . . . . ey .

250 kDa_|———__—-—--—— mTOl 37 kDa — | INGEREEN. GOK:3P p < 0.05; Different letters indicate significant differ-
50 kDa—l ceoeooewew | p-actin 23 l;ga :|m.-“. | p-actin ences between the groups compared). Flg'. 4.A and B
StikDai==: a were analyzed on the membrane after stripping.

Empty vector ET-SMTNL1 Empty vector FT-SMTNL1
E.
GLUT4 expression 3 Empty Vector
=3 FT-SMTNL1
300 . o 150
® £
c s
S a
% 3
o =3 Empty Vector 3
%‘ =3 FT-SMTNL1 g
2 E)
Q
) =
&
% . . % % InR - - -+ + InR
i . i 5 ® & o~ - * 50 pM insulin
. - - MPA e N + MPA

75 kDa — -
50kDa—| == === e - |GLUT4
50 KD —— | e s s e e S S — | B-tubulin
37 kDa—

Empty vector FT-SMTNL1

Aktl phosphorylation was significantly decreased in pregnant Smtnl1
KO animals (Fig. S4D.).

To examine a wider range of Akt function in insulin signaling, the
phosphorylation of two downstream Akt substrates was examined.
Neither the expression level (Fig. S6A) nor the phosphorylation of mTOR
at Ser2448 (Fig. 4C) was altered in the presence of chronic insulin
administration or MPA exposure. However, when cells were co-treated
with insulin and MPA, overexpression of FT-SMTNL1 activated mTOR.
In addition, GSK-3p expression (Fig. S6C) and Ser9 phosphorylation
levels (Fig. 4D) and p708S6 kinase phosphorylation at Thr389 (Fig. S5A)
did not change, although p70S6 kinase protein expression showed InR-
dependent elevation (Fig. S5B).

Finally, GLUT4 expression significantly increased in response to FT-
SMTNL1 overexpression in InR cells compared to the transfection con-
trol (Fig. 4E). Moreover, glucose uptake was significantly elevated in
SMTNL1-overexpressed myotubes compared to each of the vehicle
control in insulin resistant samples, while it was decreased upon com-
bined treatment of high glucose/high insulin and progesterone
(Fig. 4F.). Collectively, these data demonstrate that FT-SMTNL1 over-
expression promotes insulin signaling in myotubes by regulating the

phosphorylation of several insulin-related downstream elements and
leads elevated glucose uptake.

3.5. SMTNLI regulates JNK and ERK1/2 and IRS1 phosphorylation
through expression of a novel PKC gene

Next, we examined the potential upstream regulators of insulin
signaling. Since both ERK1/2 and JNK were significantly altered in InR
cells by Proteome Profiler analysis (Fig. 2.), we measured the expression
and phosphorylation of these MAP kinases. JNK and ERK1/2 expressions
were not modulated by any experimental condition (Fig. 5A and C).
However, interestingly, the activating phosphorylation of JNK at Y185
and ERK1/2 at Thr202/Tyr204 increased significantly in response to
100 nM insulin treatment but was attenuated with FT-SMTNL1 over-
expression in InR and MPA-treated C2C12 cells (Fig. 5B and D). We
evaluated the target of SMTNL1 action on ERK1/2 and the upstream
regulators of ERK1/2 activity. Protein phosphatase 2A expression did
not change (Fig. 5E) but the levels of a novel protein kinase C, PKCe,
were reduced by 50%

In response to FT-SMTNL1 overexpression compared to control
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transfection in InR cells (Fig. 5F). Another potential regulator of IRS1 is
atypical protein kinase C zeta (PKC(), but no significant expression
differences were detected for this kinase (Fig. S6D). These data indicate
that SMTNL1 regulates ERK1/2 activity by reducing its upstream acti-
vator, PKCe.

3.6. SMTNL1 improves glycolysis and mitochondrial respiration in insulin
resistant myoblasts

Changes in energy-producing pathways were determined using real-
time, simultaneous measurements of oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR), as indicators of oxidative
phosphorylation and glycolysis. We compared the effects of FT-SMTNL1
overexpression to empty vector controls in C2C12 cells after InR and
MPA treatments. The conversion of glucose to lactate independent of
oxygen releases protons into the extracellular medium and causes
acidification that was measured as ECAR (Fig. 6A). Sequential injections

FT-SMTNL1

of oligomycin and 2-DG combined with antimycin A measured glycol-
ysis, glycolytic capacity, and allowed calculation of glycolytic reserve
and non-glycolytic acidification. Baseline ECAR increased significantly
in response to MPA treatment but drastically decreased in response to
chronic insulin treatment. This reduction was ameliorated by FT-
SMTNL1 overexpression in the presence of MPA (Fig. 6C). Similar ten-
dencies were observed for anaerobic glycolytic values;

FT-SMTNLI overexpression was associated with significant increase
in ECAR only after treatment with MPA in InR when compared to cells
transfected with the empty vector (Fig. 6E). Maximal glycolysis was
increased by MPA and decreased in response to chronic insulin treat-
ment but FT-SMTNL1 overexpression did not influence maximal
glycolysis (Fig. 6G) nor the glycolytic reserve (Fig. S7A.).

Mitochondrial respiration was measured as OCR through chrono-
logical injection of etomoxir, oligomycin, FCCP, and antimycin A
(Fig. 6B) to assess basal respiration, ATP production, proton leak,
maximal respiration, and non-mitochondrial respiration. MPA increased
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Fig. 6. Energetic parameters after transfection
with SMTNL1 or empty vector in the C2C12 cell
insulin resistance in vitro model. C2C12 cells were
seeded on Seahorse XF 96, and cellular parameters
were measured. Both glycolytic (ECAR — Extracellular
Acidification Rate) and oxidative (OCR - Oxygen
Consumption Rate) variables were measured. (A-B)
Injection strategy used during the seahorse measure-
ments. Before injecting the inhibitors, the baseline
ECAR (C) and OCR (D) levels of the cells were
measured. (E) Anaerobic glycolysis parameters inde-
pendent of mitochondrial activity were calculated by
subtracting the Antimycin A + 2-DG values from the
baseline values. Fatty acid oxidation (F) was calcu-
lated by subtracting the OCR values measured after
etomoxir injection from the baseline. (G) Maximal
glycolysis was calculated by subtracting Antimycin A
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OCR in both control and InR cells. Chronic insulin exposure decreased
basal OCR and MPA treatment prevented this reduction(Fig. 6D). The
utilization of alternative carbon fuels, such as fatty acids was assessed as
the difference between OCR values upon etomoxir and oligomycin
treatments. MPA increased, InR decreased, and FT-SMTNL1 over-
expression resulted in a slight elevation in fatty acid oxidation potential
(Fig. 6F). Aerobic glycolysis (Fig. 6H), OCR reserve (Fig. S7B) and
maximal respiration (Fig. S7C) were unaffected by the overexpression of
SMTNL1. Collectively, these data imply that SMTNL1 predominantly
acts on the glycolytic pathway where it significantly increased basal
ECAR when compared to control cells. Taken together, the results
confirm the insulin-sensitizing effects of SMTNL1 on the metabolism of
InR cells.

Fatty Acid Oxidation

+ 2-DG from values determined with oligomycin in-
jection. (H) Aerobic glycolysis was calculated by
subtracting the oligomycin injection values from the
etomoxir injection; the difference is the glycolysis
connected to mitochondrial activity. InR: insulin
resistant; MPA: medroxyprogesterone-17-acetate. The
effects of SMTNL1 vs. the empty vector-transfected
InR cells were compared (Two-way ANOVA and Sidak’s
- + MPA post hoc test, Mean + SEM; n = 3; *, p < 0.05), and
the effects of various treatments were compared
(Two-way ANOVA and Tukey’s post hoc test, Mean +
SEM; n = 3; p < 0.05; Different letters indicate that
significant differences between the groups). The
technical replicates were n = 23 per plate per treat-
ment by dividing the 96 well plates into four regions
(24-1) for the treatments and leaving one well for a
blank in each region. After the measurements, values
were normalized to protein content.
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4. Discussion

In the present study, we provide evidence for the metabolic role of
SMTNLI1 in differentiated C2C12 cells and a Smtnl1 KO mouse model. In
the presence of its natural ligand, progesterone, SMTNL1 overexpression
was coupled to decreased Ser phosphorylation of IRS1, which induces
the PI3K/Akt signaling pathway in C2C12 hyperinsulinemic/hypogly-
cemic insulin-resistant myotubes. Our data indicate that SMTNL1 exerts
its effects by regulating the expression of a novel PKC that contributes to
the phosphorylation of IRS1 directly at Ser318 residue and indirectly at
Ser612 through the regulation of ERK1/2.

Insulin signaling and the related signal transduction cascades
involved in insulin resistance in SKM pathology were previously inves-
tigated by comprehensive mass spectrometry-based proteomic analysis
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(Mullen and Ohlendieck, 2010). In addition, numerous studies have
revealed the phosphorylation-level changes of players in insulin
signaling showing the importance of this field. We prescreened the
possible signaling pathways altered by SMTNL1 with InR of C2C12
myotubes using a series of proteome profiler assays. To differentiate
between the cytoskeletal and transcriptional effects of SMTNL1, exper-
iments were completed with progesterone as the natural ligand of
SMTNL1. We narrowed down the SMTNL1-related pathways primarily
to mTOR and Ser/Thr kinase signaling (Fig. 1). These results are broadly
in line with an earlier report of Smtnl1 KO mice using proteomic and
microarray analyses (Lontay et al., 2015).

Our results indicate that IRS1 phosphorylation at Ser307, Ser318,
and Ser612 was upregulated in the InR model and SMTNL1 over-
expression decreased phosphorylation at these residues but only in the
presence of progesterone. Under InR conditions, the shift from Tyr to Ser
phosphorylation of IRS1 leads to the dissociation of IRS1 from PI3K,
which accounts for insulin signaling defects (Morino et al., 2006). IRS1
Ser307 and Ser318 phosphorylation disrupts the IR/IRS1 complex and
enables desensitization to insulin (Copps and White, 2012). Ser307 is the
major site on IRS1 for JNK phosphorylation (Mussig et al., 2005) our
results were in accordance with other in vivo diabetic animal and in vitro
studies (Manning and Davis, 2003) showing that JNK activity was
upregulated in InR cells. Over-expression of SMTNL1 did not change the
expression of JNK, but their activation were significantly suppressed in
response to SMTNL1 overexpression in InR model. We also character-
ized IRS1 Ser318 phosphorylation, which is the target of insulin-induced
PKCC{ (Moeschel et al., 2004); however, the activity and expression of
this PKC isoform were not SMTNL1-dependent. Deletion of any member
of the novel PKC family prevents InR by decreasing IRS1 phosphoryla-
tion on Ser308 and Ser318 (Boucher et al., 2014); we showed that
Ser318 phosphorylation was attenuated by SMTNL1 overexpression
with coincident downregulation of novel PKCe levels.

The phosphorylation of the Ser612 residue of IRS1, located proximal
to the regulatory Tyr residues, provides negative regulation of the in-
sulin signaling pathway involving predominantly ERK1/2 and the
mTOR pathways in its regulation. ERK1/2 activation plays a major role
in maintaining insulin-induced PI3K-dependent InR (Gual et al., 2003)
and specific inhibition of ERK1/2 by PD98059 restored insulin sensi-
tivity (Fujishiro et al., 2003). In our model, ERK1/2 was phosphorylated
after chronic insulin treatment and overexpression of SMTNL1 sup-
pressed ERK1/2 activity, especially in the presence of MPA. In addition,
IRS1 Ser612 phosphorylation was reduced, likely resultant of the
SMTNL1-dependent reduction of ERK1/2 activity. We suggest that
ERK1/2 exerts insulin-desensitizing effect in C2C12 myotubes not only
through the phosphorylation of Ser612 but also through the regulation
of GLUT4 since chronic activation of ERK1/2 leads to the down-
regulation of GLUT4 expression and decreased insulin-induced glucose
transport (Krook et al., 2000).

JNK and ERK1/2 protein expression did not change but their phos-
phorylation and, presumably, activity decreased in response to SMTNL1
overexpression with progesterone, suggesting that SMTNL1 regulates
upstream Ser/Thr kinases or phosphatases at the gene expression level.
None of the MAP kinase kinases were altered in the microarray analysis
of pregnant Smtnll KO mice compared to WT (Lontay et al., 2015).
Therefore, we investigated protein phosphatase 2A (PP2A), the negative
regulator of ERK1/2 (Yu et al., 2004) but its gene expression was un-
affected in this study (Fig. 5E). Another potential regulator is the novel
PKCe that phosphorylates and activates ERK1/2 in SKM. In our study,
PKCe expression was downregulated by SMTNLI in the InR C2C12 cells,
promoting insulin sensitivity through several mechanisms. In diabetic
rats, PKCe was prominently overexpressed in the SKM and hyper-
insulinemia leading to insulin resistance in SKM was associated with
chronic activation of PKCe but not other novel PKC isoforms (Ikeda
et al., 2001). It is in line with previous findings showing an alteration in
PKC isoforms in SMTNL1 KO animals by microarray analysis (Lontay
et al., 2015). We suggest that JNK activity is regulated by its upstream
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regulator, dual specific phosphatase 9 (Major et al., 2021) that was
identified as an SMTNL1-dependent gene in SKM in mice (Lontay et al.,
2015).

The mTORC1/S6K1 pathway provides a negative feedback loop to
attenuate PI3K/Akt signaling downstream of IRS1 via the phosphory-
lation of Ser1101 in SKM (Kido et al., 2020). Strikingly, our results
showed a significant decrease in IRS1 Ser1101 phosphorylation with
InR, which was further suppressed with overexpression of SMTNL1.
Consistent with this finding, phosphorylation of IRS1 Ser1101 was
elevated in pregnant Smtnll KO animals but not pregnant WT animals.
No other studies have monitored the effects of long-term hyper-
insulinemia on Ser1101 phosphorylation in differentiated C2C12 cells.
We presume that these results are due to the long-term InR state of
myotubes and the activation of inhibitory regulatory feedback signals
for the phosphorylation of the Ser1101 residue. IRS1 degradation also
contributes to the downregulation of insulin-induced signaling, as
revealed in our InR model in a SMTNLI1-independent manner and in the
literature (Pederson et al., 2001).

PI3K activity, measured by the concentration of liberated PIPj
(Fig. 3), was increased upon insulin stimulation of C2C12 myotubes but
this level was significantly lower in cells with InR. The expression of p85
expression decreased in InR cells, but SMTNL1 overexpression restored
p85 expression and PI3K activity in the presence of MPA. Alteration in
PI3K also affects the activity of its downstream effector, Akt. Interest-
ingly, the protein levels of Aktl did not change in response to any
treatments in differentiated C2C12 cells similarly to the findings in
human diabetic SKM samples (Czech and Corvera, 1999). Based on our
results, SMTNL1 differentially regulated Ser473 and Thr308 phosphor-
ylation of Akt (Fig. 4A and B). Insulin-induced Akt phosphorylation at
both Thr308 and Ser473 was significantly decreased in InR
non-transfected cells. However, SMTNL1 overexpression elevated
Thr308 phosphorylation in insulin-induced control cells but only
slightly induced Ser473 phosphorylation in InR cells compared to the
control. For insulin-induced activation, Akt requires the hierarchical
phosphorylation of both Thr308 and Ser473 phosphorylated by
phosphoinositide-dependent kinase-1 (PDK1) and mTORC2, respec-
tively (Copps and White, 2012). Chronic insulin exposure inhibits Akt
activation via inhibition of Akt Thr308 phosphorylation, even without
changes in Akt Ser473 phosphorylation (Kondapaka et al., 2004). These
results indicate that Akt Ser473 does not fully reflect upstream
IRS1/PI3K signaling.

Akt also phosphorylates and inactivates its downstream substrate,
GSK-3p, resulting in glycogen synthase activation and glycogen accu-
mulation (Kim et al., 2004). Surprisingly, the phosphorylation of GSK-3
was unaffected under every experimental condition. Similarly, Shao
et al. showed no change in GSK3p phosphorylation in the muscle after
insulin treatment in db/db mice even with a twofold increase in Akt
Ser473 phosphorylation (Shao et al., 2000) and the phosphorylation of
downstream Akt substrates Akt substrate of 160 kDa was also unaffected
(Karlsson et al., 2006). Based on our proteome profiler analysis, eNOS,
PRAS40, and WNK1, which are classic substrates of PI3K/Akt, were
phosphorylated by Akt activation. These combined results suggest that
SMTNLI1 selectively regulates impaired Akt activity related to insulin
resistance and may be responsible for the heterogeneous downstream
effects of Akt (Gonzalez et al., 2011; Li et al., 2010).

The PI3K/Akt pathway regulates downstream signaling in the mTOR
pathway to coordinate cell growth and modulate the nutrient response.
Akt phosphorylates mTOR at Thr2446/Ser2448 (Sekulic et al., 2000);
this residue can also be phosphorylated by p70S6 kinase (p70S6K)
(Chiang and Abraham, 2005). Our results are in line with these findings.
Changes in Akt1 Ser473 mirrored that of mTOR and increased in InR and
insulin-induced cells in response to SMTNL1. These data demonstrate
that the PI3K-Akt-mTOR pathway is regulated by SMTNL1, without
modulating the expression and activity of p70S6K. Another downstream
target of insulin/PI3K signaling is Glut4, which is translocated to the
plasma membrane, leading to increased glucose transport in vitro (Czech
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and Corvera, 1999; Shepherd et al., 1998). Overexpression of SMTNL1
in C2C12 myotubes was associated with enhanced GLUT4 expression in
InR (Fig. 4F). Enhanced GLUT4 expression in muscle tissue reduces
blood glucose. In agreement with these findings, skeletal muscle GLUT4
expression was significantly lower in Smtnll—/— mice (Lontay et al.,
2015).

Glycolytic function and mitochondrial respiration also demonstrated
the insulin-sensitizing effects of SMTNL1 on InR C2C12 cells. Base ECAR
and anaerobic glycolysis were decreased in InR cells. However, SMTNL1
overexpression in the presence of progesterone attenuated the decreased
ECAR and glycolysis without affecting either maximal glycolysis or
glycolytic reserve capacity. Progesterone increased glycolytic activity
and ATP production in skeletal muscle cells but the activities were still
below control levels in InR cells; only SMTNL1 overexpression in the
presence of progesterone could rescue glycolytic activity and ATP pro-
duction. In agreement with these results, smtnll KO mice were meta-
bolically less efficient and showed glucose intolerance; pregnancy
increased glucose tolerance to the level of WT animals (Lontay et al.,
2015), confirming the regulatory effects of SMTNL1 on gene expression
in the insulin signaling pathway. The rate of fatty acid uptake was higher
and the rate of fatty acid oxidation was lower in insulin-resistant muscle
cells compared to healthy cells (Turcotte and Fisher, 2008), which was
confirmed in our cell culture model. Interestingly, SMTNL1 induced
fatty acid oxidation in InR cells. This is in line with data in smtnll KO
pregnant animals, in which skeletal muscle glycolysis and fatty acid
oxidation were decreased (Lontay et al., 2015).

Our data might have implications in gestational diabetes mellitus
(GDM). GDM is characterized by severe insulin resistance and an
increased risk of developing subsequent type 2 diabetes. MPA is a co-
regulator in this study, but also serves as a model for GDM, where

insulin

1Ser307 |Ser318  )Ser612
ERK
JNK nPKC —

Ser1101
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glucose, insulin, and progesterone levels are elevated. In patients with
GDM, the maximal insulin-stimulated IRS1 Tyr phosphorylation was
significantly lower compared with non-pregnant control subjects and
glucose transport activity was reduced (Friedman et al., 1999).
Furthermore, redistribution of PI3K to the IR was impaired due to
increased insulin-stimulated IRS1 Ser-phosphorylation and PI3K activity
was reduced with hampered GLUT4 translocation in GDM patients (Shao
etal., 2002). Smtnl1 KO animals developed insulin resistance, which was
significantly worsened in pregnancy (Lontay et al., 2015). The promo-
tion of Ser phosphorylation on residues Ser307, Ser612 and Ser318 of
IRS1 with SMTNL1 overexpression was dependent on progesterone and
correlated with PI3K activity. These results indicate that SMTNL1
regulation of gene expression can prevent GDM.

5. Conclusions

These data collectively suggest that SMTNL1 induces insulin-
sensitization of C2C12 myotubes through several mechanisms. 1)
SMTNLI1 negatively regulates the expression of the upstream regulators
of insulin-dependent Ser/Thr kinases that are activated by prolonged
insulin and glucose exposure. By decreasing PKCe expression, SMTNL1
hampers the activity of ERK1/2 with subsequent decrease in IRS1
Ser612 phosphorylation and initiation of PI3K association to activate the
PI3K-Akt-mTOR pathway. 2) SMTNL1 also acts on heterologous IRS1
kinases to inhibit insulin action during the development of insulin
resistance by regulating IRS1 Ser307 phosphorylation that in turn would
affect IR/IRS1 interactions. 3) SMTNL1 promotes glucose uptake via
activation of Akt pathways and by inducing GLUT4 expression to
overcome insulin resistance (Fig. 7). Taken together, these findings
indicate that SMTNL1 serves as an important regulator of insulin

glucose

\_//

Fig. 7. Insulin sensitizing effects of SMTNL1 in InR C2C12 myotubes. SMTNL1 decreased PKCe gene expression, which hampered the activity of ERK1/2 leading
to a decrease in IRS1 Ser612 phosphorylation. Ser612 phosphorylation initiates the PI3K association, activates the PI3K-Akt-mTOR pathway, and downregulates JNK
activation, leading to a decreased IRS1 Ser307 phosphorylation. SMTNL1 promotes glucose uptake via activation of Akt and AMPK pathways and by inducing

GLUT4 expression.
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signaling in SKM. Thus, SMTNL1 is a potential therapeutic target for
improving insulin resistance.
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