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Abstract: Adipocyte dysfunction is the driver of obesity and correlates with insulin resistance and the
onset of type 2 diabetes. Protein kinase N1 (PKN1) is a serine/threonine kinase that has been shown
to contribute to Glut4 translocation to the membrane and glucose transport. Here, we evaluated the
role of PKN1 in glucose metabolism under insulin-resistant conditions in primary visceral adipose
tissue (VAT) from 31 patients with obesity and in murine 3T3-L1 adipocytes. In addition, in vitro
studies in human VAT samples and mouse adipocytes were conducted to investigate the role of
PKN1 in the adipogenic maturation process and glucose homeostasis control. We show that insulin-
resistant adipocytes present a decrease in PKN1 activation levels compared to nondiabetic control
counterparts. We further show that PKN1 controls the adipogenesis process and glucose metabolism.
PKN1-silenced adipocytes present a decrease in both differentiation process and glucose uptake,
with a concomitant decrease in the expression levels of adipogenic markers, such as PPARγ, FABP4,
adiponectin and CEBPα. Altogether, these results point to PKN1 as a regulator of key signaling
pathways involved in adipocyte differentiation and as an emerging player of adipocyte insulin
responsiveness. These findings may provide new therapeutic approaches for the management of
insulin resistance in type 2 diabetes.

Keywords: PKN1; visceral adipose tissue; insulin resistance; type 2 diabetes; adipocyte; glucose metabolism

1. Introduction

Obesity is an increasing public health issue and a well-established risk factor for
the development of insulin resistance and type 2 diabetes mellitus (T2DM) [1,2]. The
mechanisms linking obesity and insulin resistance have been extensively studied, However,
the signaling pathways that promote a dysfunctional adipocyte to develop insulin resistance
are not fully elucidated. A dysfunctional adipocyte can play a key role in the development
of diabetes, as defects in insulin action in adipocytes may lead to systemic insulin resistance
with impaired insulin action in muscle and liver [3].
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Insulin is a key regulator of metabolic homeostasis, and it exerts its activity by acceler-
ating the rate of glucose disposal in muscle and adipose tissue. After binding its receptor,
insulin activates a sequential cascade that ends up inducing GLUT4 translocation to the cell
membrane. The phosphorylated insulin receptor (IR) induces the phosphorylation of in-
sulin receptor substrates (IRSs) on multiple tyrosine residues, which induces the activation
of phosphoinositide 3-Kinase (PI3K) and Ras-MAPK pathways. The activation of PI3K will
lead to the activation of phosphoinositide-dependent kinase 1 (PDK1) that activates the
serine/threonine kinase Akt/PKB. Other kinases such as atypical phosphokinases (PKC),
exemplified by PKCζ, can be also activated by PI3K [4] and PDK1 [5].

The protein kinase C-related kinase (PRK) family of serine/threonine kinases is com-
posed of three isoforms: PRK1(PKN1/PKNα), PRK2 (PKN2/PKNγ) and PRK3 (PKN3/
PKNβ) [6,7], which are downstream effectors of the Rho family small G proteins. PRK
kinases are activated by PDK1 (3-phosphoinositide-dependent kinase), by phosphorylating
a threonine residue in their activation loop [8,9]. Rho family GTPases behave as molecular
switches for signaling pathways and are best known as orchestrators of actin cytoskeletal
rearrangements, with diverse roles in cell migration [10], the cell cycle [11] and the control
of vesicular trafficking [12]. Moreover, the ability of PRKs to bind to PDK1 has been shown
to be under the control of Rho GTPases [9]. Of note, PKN1 kinase controls different biologi-
cal processes, such as cell adhesion, cytoskeletal dynamics and tumor cell migration and
invasion [10]. PKN1 was also shown to control insulin-stimulated glucose transport [12],
as the stable expression of wild type PKN1 in rat adipocytes increases GLUT4 translocation
to the plasma membrane and glucose transport [12]. Moreover, PDK1 has been reported to
mediate insulin signal to the cytoskeleton [13].

In this paper, we aimed to address the role of PKN1 kinase in obesity-associated
insulin resistance, in insulin signaling and in adipocyte biology. Results obtained from
visceral adipose tissue (VAT) in humans and from in vitro murine adipocytes show that
PKN1 activation levels are lower in insulin-resistant conditions compared to the control.
We provide evidence that PKN1 is needed for full adipocyte differentiation and for its
function, as PKN1-deficient adipocytes are hypertrophic and present an impaired insulin
activation with a reduced capacity in glucose transport. We propose that low activa-
tion levels of PKN1 are associated with dysfunctional adipocyte and insulin-resistant
adipocyte phenotype.

2. Materials and Methods
2.1. Ethical Statement

This study was carried out in accordance with the Helsinki Declaration and after
obtaining the approval of the Arnau de Vilanova Hospital Research Ethic Committee
(CEIC-2167). Samples were obtained from the Biobank with the support of the Xarxa de
Bancs de Tumors de Catalunya, sponsored by “Pla Director d’Oncología de Catalunya
(XBTC), IRBLleida Biobank (B.0000682)” and “Plataforma Biobancos PT17/0015/0027”.
Informed written consent was obtained from patients.

2.2. Patient Samples Processing

Human VAT biopsies were obtained from 31 consecutive patients with severe obesity
at the time of abdominal bariatric surgery, after an overnight fast. The diagnosis of diabetes
was carried out as stated by the American Diabetes Association guidelines [14]. Immedi-
ately after excision, the fat tissues were snap frozen in liquid nitrogen and then stored at
−80 ◦C until further processing. Sample lysates were obtained by lysing adipose tissues in
NP-40 lysis buffer, supplemented with 1:50 Halt Phosphatase Inhibitor cocktail (Thermo
Fisher Scientific, Waltham, MA, USA) and 1:50 Halt Protease inhibitor cocktail EDTA-free
(Thermo Fisher Scientific), prior to a 20 min lysis on a wheel at 4 ◦C and then centrifuged
for 10 min at 4 ◦C at 13,000 rpm to remove all debris. The supernatant was transferred to
a new tube and was used to measure protein concentration using the Pierce BCA protein
assay. The remaining aliquots were stored at −80 ◦C until further processing.
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2.3. Reagents and Antibodies

Biochemical reagents, such as Cytochalasin B (C-6762), 2-deoxyglucose (D-8375),
Dexamethasone (D2915), isobutymethylxanthine (I5879), Insulin (I0516), Rosiglitazone
(R2408), BCS (Bovine Calf serum, 12133C), BSA (Bovine Serum Albumin, A9647) and Oil
Red O (O0625), were all purchased from Sigma-Aldrich (St. Louis, MO, USA). 2-[3H]
deoxyglucose was purchased from Perkin Elmer (NET328250UC). All lentiviral plasmids
harboring shRNA sequences (mission shRNA) were obtained from Sigma. Antibodies
against β-actin (Sigma-Aldrich, St Louis, MO, USA; a5441), α-tubulin (clone B-5-1-2) and
total PKN1 were purchased from Sigma-Aldrich. Phospho-IRS-1 (Tyr895), Phospho-PRK1
(Thr774)/PRK2 (Thr816), Phospho-Akt (Ser473) and Phospho-p70 S6 kinase (Thr 389) were
purchased from cell signaling. Peroxidase conjugated goat anti-mouse (115-035-003) and
goat anti-rabbit (111-035-003) antibodies were obtained from Jackson Immunoresearch
(West Grove, PA, USA).

2.4. Cell Culture, Adipocyte Differentiation and Cell Area Measurements

Mouse 3T3L1 fibroblasts were obtained from Sigma and cultured in DMEM containing
10% BCS and antibiotics (penicillin and streptomycin). They were seeded on 6-well plates
and differentiated into adipocytes, as described previously [15]. Briefly, two days after
reaching confluence (termed D0), cells were stimulated for 48 h with DMEM supplemented
with 10% fetal bovine serum (FBS), 1 µM Dexamethasone, 0.5 mM isobutymethylxan-
thine (IBMX) and 10 µg/mL insulin and 2 µM Rosiglitazone (DI2). Two days later, the
medium was replaced by DMEM supplemented with 10% fetal bovine serum (FBS) and
10 µg/mL insulin for 48 h. Subsequently, cells were re-fed with DMEM + 10% FBS every
two days. Insulin resistance model was induced as described by Hoehn et al. [16]. Briefly,
3T3-L1 adipocytes were incubated with 10nM of insulin, which was added to the culture at
12:00 AM., 16:00 P.M. and 20:00 P.M of the first day and at 08:00 A.M. on the following
day. On the following day, cells were washed twice with PBS and then serum starved for
two supplemental hours prior to insulin stimulation. For adipocyte cell area measure-
ments, cells were pictured at 20×, and the area was measured using ImageJ software
(version 2.1.0/1.53c).

2.5. Western Blot Analysis

PKN1 activation levels were assessed via Western blot technique using an anti-
Phospho-PRK1 (Thr774)/PRK2 (Thr816) antibody. Cells were washed with cold PBS
and either lysed with NP-40 buffer supplemented with Proteases and Phosphatases in-
hibitors or with SDS lysis buffer (2% SDS, 125 mM Tris–HCL pH6.8), and lysates were
subjected to Western blotting, as described in a previous work [17]. Equal amounts of
proteins were resolved in 10–15% SDS-PAGE gels and transferred to PVDF membranes
(Millipore, Bedford, MA, USA). Membranes were blocked in TBST (20 mM Tris-HCl pH7.4,
150 mM NaCl, 0.1% Tween-20), plus 5% non-fat milk for 1h or with 3% of BSA (bovine
serum albumin) to avoid non-specific binding, and were then incubated with the primary
antibodies overnight at 4 ◦C. Membranes were then incubated with peroxidase-coupled
anti-mouse or anti-rabbit secondary antibodies for 1h followed by chemiluminescent detec-
tion with ECL Advance (Amersham-Pharmacia, Buckinghamshire, UK). For Western blot
quantification, the intensity of the lower and upper band was measured using Image Lab
software and the ratio was quantified and normalized against the ratio of a sample used as
a reference sample.

2.6. Oil Red O Staining

Fully differentiated adipocytes (day 14) were stained with Oil Red O to show triglyc-
eride content and visualized by microscopy as described previously [18]. Briefly, fresh Oil
Red O stock solution (0.5%) was prepared in isopropanol and filtered. Cells were fixed with
PFA 4% for ten minutes and then washed twice with PBS. Meanwhile, a diluted working
solution of Oil red O solution was prepared by mixing three parts of Oil Red O stock
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solution to two parts of H2O, allowed to sit for ten minutes, and later filtered. A total of
1.5 mL of the diluted Oil Red O solution was added to cells (p6 well) for 2 h. Cells were
then rinsed 3 times with H2O and dried and photographed.

2.7. 2-[3H] Deoxyglucose Uptake Assay in 3T3-L1-Differntiated Adipocytes

3T3-L1-differentiated adipocytes were incubated with serum-free medium for
two hours. Following serum starvation, cells were washed twice with PBS, and then
were either left untreated, or were stimulated for 30 min at 37 ◦C with insulin at a con-
centration of 100 nM. Then, cells were washed twice with warm PBS, and glucose uptake
was carried out by adding [H3] 2-deoxyglucose at a concentration of 1 µCi/mL and
100 µM of unlabeled 2-deoxyglucose for 5 min at 37 ◦C, as previously described [19].
Uptake was terminated through two washes with ice cold PBS, after which cells were
lysed with 0.2% SDS buffer. Measurements were made in duplicates. Glucose uptake was
detected by scintillation counting. Nonspecific glucose uptake value was determined by
adding 20 µM of Cytochalasin B and subtracted from the obtained measurements. Final
uptake results were normalized for protein content.

2.8. Lentivirus Packaging and Infection and Generation of Stably Transduced 3T3L1 Cells

Lentiviral-based vectors for RNA interference gene silencing were pLKO.1-puro
(Sigma-Aldrich), containing either shRNAs or scrambled sequences. PKN1 shRNA lentivi-
ral vectors were purchased from Sigma (Mission shRNA) and were as follows:
TRCN0000001485 for shRNA1, TRCN0000001482 for shRNA2, TRCN0000001484 for shRNA3
and TRCN0000012708 for shRNA4. Lentiviruses were produced by co-transfecting HEK
293T packaging cells as described previously [20]. STable 3T3-L1 knockdown-resistant cells
were selected with Puromycin (2.5 µg·mL−1) and then differentiated to adipocytes.

2.9. RNA Isolation and Gene Expression Analysis by RT-PCR

Total RNA was extracted, retrotranscribed and subjected to a quantitative polymerase
chain reaction (QPCR), as described elsewhere (ABI Prism 7000HT, Applied Biosystems,
Foster City, CA, USA) [21]. Briefly, Trizol was used for total RNA extraction from dif-
ferentiated adipocytes, and when indicated, genomic DNA was removed using DNase I,
RNAse-free (Thermo Scientific, Rockford, IL, USA). A total of 1 µg of RNA was used for the
retro transcription, and cDNA was generated using the High-Capacity cDNA Archive Kit
(Applied Biosystems, Foster City, CA, USA). cDNA samples were subjected to quantitative
polymerase chain reaction (QPCR) (ABI Prism 7000HT, Applied Biosystems). The probes
used for the quantification of the genes of interest were the following: Mm00440940-m1 for
PPARγ2, Mm00456425-m1 for Adiponectin, Mm00445880-m1 for FABP4 and Mm01265914-
s1 for CEBPα. The transcript levels of the amplified genes were normalized in each sample
to the β-2 microglobulin (Mm00437762-m1 probe) levels. Samples were assayed in tripli-
cates and the relative expression of mRNA was calculated using the 2−∆∆CT method.

2.10. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8.0.1 (GraphPad software
Inc, La Jolla, CA, USA). Normality was checked using the Kolmogorov–Smirnov (for
n > 50) or Shapiro–Wilk test (for n < 50), followed by the t-test (parametric) or Mann–
Whitney U-test (non-parametric test). Results are presented as mean ± S.E, and p-values
less than 0.05 were considered significant. The specific statistic test applied in each case is
indicated in the figure legend. p-values are indicated by asterisks * p < 0.05, ** p < 0.01 and
*** p < 0.001.
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3. Results
3.1. PKN1 Activation Levels in VAT of Patients with Obesity Inversely Correlate with
T2DM Presence

Main clinical data and pPKN1 activation level in VAT from the 31 patients with severe
obesity included in the study are displayed in Table 1, according to the presence of T2DM.
Except for fasting plasma glucose (FPG) and HbA1c, both groups had similar age, BMI,
triglycerides, and cholesterol levels. The ratio of pPKN1 (Thr 774)/β-actin levels was
60.74% lower in the analyzed VAT from subjects with T2DM compared to the VAT from
their non-diabetic counterparts (1.08 ± 0.19 vs. 0.42 ± 0.12; p = 0.0175) (Table 1, Figure 1A,B).
Moreover, pPKN1 (Thr 774)/β-actin levels inversely correlated with HbA1c (r = −0.533,
p = 0.02) and FPG (r = −0.454, p = 0.01) (Figure 1C).

Table 1. Clinical and metabolic characteristics of patients with obesity according to the presence of
type 2 diabetes.

All Type 2 Diabetes Non-Type 2 Diabetes p

n 31 12 19

Age (years) 44.6 ± 11.1 50.2 ± 9.9 40.6 ± 10.4 0.015

BMI (kg/m2) 43.6 ± 5.7 42.4 ± 5.1 44.5 ± 6.0 0.323

FPG (mmol/L) 110.6 ± 28.8 137.6 ± 23.9 91.1 ± 10.2 <0.001

Hb1Ac (%) 6.0 ± 1.0 7.0 ± 0.8 5.3 ± 0.3 <0.001

Tryglicerides (mg/dL) 133.2 ± 54.0 151.3 ± 67.92 123.8 ± 43.9 0.175

LDL-cholesterol (mg/dL) 167.2 ± 30.0 108.5 ± 30.7 106.4 ± 30.4 0.860

HDL-cholesterol (mg/dL) 46.6 ± 11.3 42.0 ± 8.9 49.7 ± 11.9 0.067

Total cholesterol (mg/dL) 178.1 ± 33.3 177.9 ± 32.1 178.3 ± 35.1 0.973

pPKN1/β-actin ratio 0.82 ± 0.14 0.42 ± 0.12 1.08 ± 0.19 0.017

Age and clinical parameters are expressed as the mean ± standard deviation. pPKN1/β-actin ratio is expressed
as the mean ± standard error of the mean. BMI: body mass index. FPG: fasting plasma glucose. LDL: low density
lipoproteins; HDL: high density lipoprotein; pPKN1: phosphorated protein kinase N1.

3.2. PKN1 Is Phosphorylated by Insulin Signaling in 3T3-L1 Adipocytes, and This
Phosphorylation Is Hindered under Insulin-Resistance Conditions

The decreased activation levels of PKN1 in VAT of patients with T2DM led us to
investigate whether insulin may regulate PKN1 activation levels. To test our hypothesis,
we conducted a pilot experiment that enabled us to determine the best time point of insulin
action on adipocytes, and to assess the activation of downstream targets. Hence, fully
differentiated 3T3-L1 adipocytes were treated with 100 nM of Insulin, for up to 24 h, and
PKN1 activation levels were assessed with an anti phosho-PKN1 (Thr774) antibody. As
shown in Figure 2A, insulin stimulated PKN1 activation. Hence, when treated with 100nM
of insulin, 3T3-L1 adipocytes increased PKN1 phosphorylation levels. The insulin induced
activation pathway can also be observed with the adaptor protein IRS1, which undergoes
phosphorylation on Tyr 895 residue. Furthermore, PKB/Akt activation levels, measured
by the phosphorylation of Ser 473, were also increased by insulin treatment. Altogether,
these results suggest that the three proteins present a synchronized activation in response
to insulin. Moreover, PKN1 and IRS1 present an exquisitely orchestrated activation, as
their activation peak is maximal at 10 to 30 min post-insulin treatment and decreases at
3 to 24 h’ post-insulin stimulation. This result suggests that the insulin signaling pathway
might involve both proteins, as the early steps of the insulin-triggered activation pathway.
In contrast, although PKB activation, i.e., Akt phosphorylation at Ser473, showed maximal
phosphorylation in the 10 min following insulin treatment, and its activation was sustained
for 24 h (Figure 2A), most likely underscoring the numerous metabolic effects triggered by
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this Kinase activation. Altogether, these results suggest that PKN1 is activated by insulin
and may be involved in regulating insulin-dependent glucose uptake.
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immunoblotted with Phospho-PKN1 (Thr774) and pAkt (Ser473). (B). Statistical analysis of p-
PKN1(Thr774)/β-actin ratio levels in VAT of patients with severe obesity with and without type 2 
diabetes was performed using Mann–Whitney U-test and a shows significant difference in phos-
phorylation intensity between both groups (* p = 0.0112). (C). Left panel: Spearman’s correlation test 
between the p-PKN1(Thr774)/β-actin ratio and Hb1Ac shows an inverse correlation between these 
two variables in the VAT of all analyzed subjects (r = −0.533, p = 0.02). (C). Right panel: Spearman’s 

Figure 1. PKN1 and Akt phosphorylation levels in visceral adipose tissue (VAT) samples. (A). VAT
samples obtained after bariatric surgery from 19 patients without diabetes and 12 patients with
type 2 diabetes were analyzed via Western blot for PKN1 and Akt activation levels. Membranes
were immunoblotted with Phospho-PKN1 (Thr774) and pAkt (Ser473). (B). Statistical analysis
of p-PKN1(Thr774)/β-actin ratio levels in VAT of patients with severe obesity with and without
type 2 diabetes was performed using Mann–Whitney U-test and a shows significant difference in
phosphorylation intensity between both groups (* p = 0.0112). (C). Left panel: Spearman’s correlation
test between the p-PKN1(Thr774)/β-actin ratio and Hb1Ac shows an inverse correlation between
these two variables in the VAT of all analyzed subjects (r = −0.533, p = 0.02). (C). Right panel:
Spearman’s correlation test between p-PKN1(Thr774)/β-actin ratio and FBG shows an inverse
correlation between these two variables (r = −0.454, p = 0.01) in the VAT of all analyzed subjects.
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insulin-resistant (induced by chronic insulin, 10 nM for 24 h) 3T3-L1 adipocytes were washed, serum 
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experimental duplication are shown in Supplementary Figure S1A. 

Figure 2. Insulin-stimulated PKN1 phosphorylation is impaired under insulin-resistance conditions
in 3T3-L1 adipocytes. (A). Fully differentiated 3T3-L1 adipocytes were stimulated for up to 24 h with
either 10 or 100nM of insulin. Representative Western blots show a dose-dependent increase in pIRS1
(Tyr895), pPKN1 (Thr774) and p Akt (Ser 473). Tubulin was used as a loading control. pPKN1/tubulin
ratios in this pilot experiment are plotted as a function of time. (B). Control and insulin-resistant
(induced by chronic insulin, 10 nM for 24 h) 3T3-L1 adipocytes were washed, serum starved for
2 h, stimulated with 100 nM of insulin for 30 min and then assessed for [3H]2-deoxyglucose uptake.
Results are displayed as mean ± SEM of three independent experiments. Control cells present
significantly higher glucose uptake rate compared to insulin-resistant (CI) counterparts (Mann–
Whitney U-test, * p = 0.0286). (C). Cell lysates corresponding to control and insulin-resistant 3T3-L1
adipocytes from the for [3H]2-deoxyglucose uptake experiment (C) were immunoblotted using pIRS1
(Tyr895), pPKN1 (Thr774), pAkt (Ser 473) and pP70S6K (Thr389) antibodies. β-actin was used as a
loading control. The densitometric analysis of pPKN1/total PKN1 ratios in 3T3-L1 adipocytes were
subject to the above-cited conditions. Western blots of cell lysates corresponding to experimental
duplication are shown in Supplementary Figure S1A.
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To analyze the role of PKN1 activation in response to insulin, we established an
experimental model of hyperinsulinemia, mimicking insulin resistance in vitro. As shown
in Figure 2B, 3T3-L1 adipocytes incubated under chronic insulin condition and stimulated
with insulin presented a significantly lower glucose uptake when compared to their control
counterparts (p = 0.0286). Lysates from the same wells used for glucose uptake were
then processed for Western blotting. As shown in Figure 2C, while insulin induced an
increase in PKN1 activation levels (Thr774) in control adipocytes, it induced no change
in pPKN1 levels in resistant adipocytes. Moreover, normal adipocytes stimulated with
insulin exhibited an increase in IRS1 phosphorylation levels (Tyr 895), PKB/Akt (Ser-473)
and mTORC1 substrate p70S6K (ribosomal protein S6 kinase beta-1) activation, while this
activation was partially inhibited in insulin resistant adipocytes. Furthermore, while PKN1
total levels remained constant in all analyzed conditions, a positive correlation was found
between pPKN1 (Thr774)/β-actin levels and glucose uptake in the analyzed conditions
(r = 0.9947, p = 0.0053). Together, these results support the hypothesis that PKN1 activation
levels correlate with insulin responsiveness in mouse adipocyte.

3.3. PKN1 Is Activated during Adipocyte Differentiation and Is Required for Full
Adipocyte Differentiation

Insulin resistance that occurs in type 2 diabetes is often linked to adipocyte dys-
function [22]. Over the two past decades, extensive research works have been focused
on deciphering the adipocyte differentiation transcriptional cascade [23], and various
transcription factors, such as C/EBPα and PPARγ, have been shown to be crucial for
both adipogenesis and insulin sensitivity acquisition [24,25]. We thus wondered whether
PKN1 activation may be involved in the adipocyte differentiation process. To address
this question, we differentiated 3T3-L1 cells to adipocytes and analyzed lysates at dif-
ferent differentiation days: day 0 or pre-adipocytes (NDI, no differentiation induction)
and adipocytes at 2, 4 and 6 post-differentiation days. As shown in Figure 3A, while
pre-adipocytes showed low levels of total and pPKN1 (Thr 774), these levels increased
after two days of differentiation induction (DI2) and were maintained during days 4 and
6 (DI4 and DI6, respectively). This increase in pPKN1 activation levels was accompanied
with an increase in AKT and p70S6 kinases phosphorylation levels at Ser 473 and Thr389,
respectively. As PKN1 is activated during adipocyte differentiation, we wondered whether
its presence was needed for adipocyte full differentiation. To tackle this issue, we developed
four different shRNA lentiviral vectors targeting PKN1 mRNA. 3T3-L1 cell lines were trans-
duced with these lentiviral vectors followed by puromycin selection to ensure the stable
expression of PKN1 shRNA. As shown by Western blotting in Figure 3B, pre-adipocytes
harboring PKN1 shRNA presented a significant decrease in PKN1 protein levels compared
to control shRNA. After two weeks of differentiation, PKN1-silenced adipocytes presented
a reduced differentiation capacity compared to control shRNA-infected 3T3-L1, as assessed
by Oil Red O staining (Figure 3C). Moreover, adipocytes lacking PKN1 presented a statisti-
cally significant increased size when compared to their control counterparts with areas of
625.86 ± 13.57 and 591.6 ± 16.41 µm2 for control shRNA-infected adipocytes and
868.65 ± 18.84 and 903.9 ± 22.43 µm2 for PKN1-shRNA 3 and 4, respectively (p < 0.0001)
(Figure 3D,E). Altogether, these results suggest that PKN1 is activated during adipogene-
sis, and its deficiency decreases the number of adipocytes that become hypertrophic and
present lipid storage defects compared to their control counterparts (Figure 3D,E). The
impaired lipid storage and the size increase observed in PKN1-depleted adipocytes is most
probably a direct outcome of defective adipocyte differentiation.
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pared to the control shRNA counterpart. β-actin was used as a loading control. (C) Oil Red O stain-
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Figure 3. Time-dependent activation of PKN1 during 3T3-L1 adipocyte differentiation: (A) PKN1-
silenced 3T3-L1 pre-adipocytes were differentiated, and cell lysates of days 2, 4 and 6 of differentiation
(D2, D4 and D6) were analyzed via Western blot for total PKN1, pPKN1 (Thr774), pAkt (Ser 473)
and pP70S6K (Thr389). Tubulin was used as loading control. (B) 3T3-L1 pre-adipocytes were
transduced with lentiviral vectors harboring four different shRNA. Cell lysates analyzed by Western
blot show the significant downregulation of PKN1 levels in PKN1-shRNA-transduced cells compared
to the control shRNA counterpart. β-actin was used as a loading control. (C) Oil Red O staining
for differentiated 3T3-L1 adipocytes infected with control shRNA and PKN1 shRNA lentiviruses.
(D) Microscopic phase-contrast images of 3T3-L1 adipocytes infected with two different control
shRNA lentivirus (scr1 and scr2) (upper panel) and two different PKN1shRNA lentivirus (#3 and #4
shRNA) (lower panel). Scale bars = 100 µm. (E) Quantification of the adipocyte area for each condition
of the data in D. Results are represented as mean ± S.E.M from three independent experiments using
the Mann–Whitney test, p < 0.0001, **** p < 0.0001.
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3.4. PKN1 Is Required for Full Adipocyte Differentiation

To assess whether the observed phenotype in PKN1-depleted adipocytes is related
to the dysregulation of adipogenic process, we analyzed the expression levels of selected
transcription factors implicated in adipogenesis. First, we assessed the expression levels
of PPARγ, the master regulator of adipocyte differentiation. PPARγ activation is an early
event in the early stages of adipogenesis, and its presence is necessary and sufficient
for adipogenesis [22]. As shown in Figure 4A, PKN1-depleted adipocytes presented
on day 2 of differentiation reduced the levels of PPARγ, ranging between 65% (shRNA
#3) to 81% (shRNA #4) compared to the control counterparts. This result indicates that
PKN1 is required for adipogenesis initiation. Furthermore, the expression analysis of
differentiated adipocyte markers shows that the expression of mature adipocyte genes,
such as FABP4, Adiponectin and CEBPα, are significantly downregulated in PKN1-silenced
mature adipocytes compared to the control shRNA-transduced counterparts (Figure 4B–D),
indicating that PKN1 is essential for the acquisition of a mature adipocyte phenotype.
Altogether, our results point to PKN1 as a key regulator of adipocyte differentiation, as
it controls the expression levels of various transcription factors involved in early and
late adipogenesis.

3.5. PKN1 Knockdown Impairs Insulin Signaling and Glucose Uptake in 3T3-L1 Adipocytes

Transcription factors PPARγ and CEBPα have been reported not only to cooperate
to activate the full adipogenic program but also to control insulin sensitivity [25]. Based
on our results related to morphological and gene expression profile of PKN1-depeleted
adipocytes, we next wanted to assess the role of PKN1 in insulin-induced glucose uptake.
We thus knocked down PKN1 expression in 3T3-L1 pre-adipocytes using lentiviruses
harboring PKN1 shRNA (#4) and then differentiated them to adipocytes. As shown in
Figure 4E, PKN1 knockdown significantly reduced insulin-stimulated 2DG (2-Deoxy-
d-glucose) uptake in fully differentiated adipocytes (scr adipocytes, 3.051 ± 0.526, vs.
PKN1-depleted adipocytes, 1.552 ± 0.115; p = 0.019). PKN1-depleted adipocytes pre-
sented significantly reduced Akt and p70S6kinase phosphorylation levels (Figure 4F). To
avoid misleading results due to the non-specific off-targets effects of shRNA, we tested
glucose intake with two other different shRNA sequences against PKN1. As shown in
Figure 4G, glucose uptake is significantly reduced in both knockdown cells with a de-
crease rate of 2DG uptake of 65.49% and 62.73% for shRNA#1 and shRNA#3 transduced
adipocytes, respectively (scr adipocytes, 3.549 ± 0.748, vs. PKN1-depleted adipocytes,
1.224 ± 0.209 (#shRNA1) and 1.322 ± 0.235 (#shRNA3), p = 0.029 and p = 0.024, respectively).
Altogether, these results point to PKN1 as a specific regulator of the insulin-mediated glu-
cose uptake pathway. Moreover, the defect in glucose uptake observed in Figure 4G was
accompanied by a decrease in insulin regulated AKt phosphorylation (Ser 473) (Figure 4H).
Overall, our results indicate that PKN1 is a crucial player that controls adipocyte sensitivity
to insulin.
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Figure 4. PKN1 reduction in differentiating 3T3-L1 adipocytes leads to a decrease in transcript
levels of adipogenic markers and inhibits insulin-stimulated glucose uptake and insulin signaling
in 3T3-L1 adipocytes. (A) 3T3-L1 pre-adipocytes transduced with lentiviral vector harboring either
control (scr1, scr2) or PKN1 shRNA (#3 or #4 shRNA) were differentiated, and the expression levels
of early adipogenic marker PPARγ was assessed on day 2 of differentiation using quantitative
reverse transcriptase PCR (qRT-PCR). (B) FABP4 (fatty acid binding protein 4) levels were measured
by qRT-PCR in fully differentiated adipocytes (at day 7 of differentiation). (C) Adiponectin and
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(D) CEBPα mRNA relative levels were assessed in fully differentiated adipocytes (day 7) for the
indicated conditions. In all experiments, transcript levels were expressed relative to β-2 microglob-
ulin housekeeping gene and values were normalized using control shRNA-transduced adipocytes
differentiated for the same period. Results are represented as mean ± S.E.M of three independent ex-
periments using Mann–Whitney U-test, * p < 0.05; ** p < 0.01; *** p < 0.001. (E) 3T3-L1 pre-adipocytes
were transduced with lentiviral vectors harboring either scr2 or shRNA4 to PKN1 oligos. Once
differentiated, adipocytes were with or without insulin for 30 min and subjected to 2-DG uptake
assay. Results are represented as the mean ± S.E. of three independent experiments using Student’s
t-test, * p < 0.05: ** p < 0.01. (F) Cell lysates of cells used for 2DG uptake were quantified and subjected
to SDS-PAGE. Western blotting was performed using antibodies against total PKN1, pPKN1 (Thr774),
pAkt (Ser 473) and pP70S6K (Thr 389). Tubulin was used as a loading control. The blot shown is
representative of three independent experiments. (G) 3T3-L1 pre-adipocytes were transduced with
lentiviral vectors harboring either scramble or different PKN1 shRNA oligos (shRNA#1, shRNA#3).
Differentiated adipocytes were subjected to 2DG uptake. Results are represented as the mean ± S.E.
of two independent experiments using Student’s t-test, * p < 0.05: ** p < 0.01. (H) Western blot of cell
lysates from C was performed using antibodies against total pPKN1 (Thr774) and pAkt (Ser 473).
Tubulin was used as a loading control.

4. Discussion

Different protein kinases have been shown to exert regulatory effects controlling
various aspects of adipocyte biology [26]. In this paper, we have assessed the role of PKN1
kinase in insulin signaling and in adipocyte biology not only in the experimental model
with in vitro murine adipocytes but also in the human VAT. Our results suggest that PKN1
activation decreases in insulin-resistant conditions, impairing the capacity of adipocyte
in glucose transport. In addition, we have also provided evidence that PKN1-deficiency
impairs early and late adipocyte differentiation, favoring cell hypertrophy and stopping
the acquisition of mature adipocyte phenotype.

Visceral adipose tissue is a decisive player in the establishment of T2DM. Functional
adipocytes promote insulin sensitivity [27] by controlling the secretion of adipokines and
the sequestration of lipids, such as triglycerides stores. Insulin sensitivity is also controlled
by adipocyte differentiation, a complex process that involves the activation of various
transcription factors, such as PPARγ and CEBPα, which control the expression of genes
involved in lipid metabolism and the acquisition of insulin sensitivity, respectively [25,28].
As a result, a dysfunctional adipocyte ends up by presenting an altered glucose metabolism
due to a defective insulin pathway, a condition known as insulin resistance [27].

Insulin induces glucose transport by activating a cascade of reactions that start with the
binding of insulin to its receptor (IR), followed by the activation of the PI-3 kinase pathway
mainly through Akt/PKB cascade and ends in the increasing of the translocation of Glut-
4 from intracellular vesicles to the plasma membrane [29]. Akt activity is regulated by
phosphorylation at Thr308 in the activation loop and is mediated by PDK1 serine/threonine
Kinase (3-phosphoinositide-dependent protein kinase 1) and on Ser473 by the mTORC2
complex (consisting of mTOR, RICTOR, SIN1 and mLST8), respectively. The full activity
of Akt depends on both phosphorylation events. Recent reports [30] suggest that under
insulin signaling, a complex termed KARATE, formed by GDP-bound RHOA and mTORC2,
is responsible for phosphorylating Akt on the Ser 473 residue. Moreover, these authors
and others [31] have pointed to posttranslational modifications, such as phosphorylation,
and the formation of specific protein complexes, such as the supplemental regulatory
mechanism of RHOA activation. Once activated, Akt phosphorylates AS160 (Akt substrate,
160 KDa) and the phosphorylation that suppresses its Rab GTPase-activating protein
activity is mandatory for permitting insulin-stimulated GLUT4 translocation to the plasma
membrane of adipocytes [32].

The involvement of PKN1 in insulin signaling was first reported by Standaert et al.,
who showed that increased levels of PKN1 promote glucose transport by increasing Glut-4
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glucose transporters translocation to the cell membrane [12]. This translocation is most
probably enhanced by the interaction of PKN1 with phospholipase D1 [33], known to
regulate Glut-4 transporter containing vesicles translocation to plasma membrane [19].
PKN1 activation is dependent on its interaction with Rho family GTPases that bind to its
HR1 domain (homology Region 1) disrupting the auto inhibitory intramolecular interaction
of PKN1, relieving the pseudo substrate autoinhibition, leading to its activation [34], while
PDK1 activates PKN1 by phosphorylating its threonine residue (Thr 774) [9]. Moreover,
the interaction between PKN1 and PDK1 kinases has been shown to be Rho-dependent [9],
suggesting that Rho binding to PKN1 allows its access to PDK1. Moreover, Dong et al.
have shown that PKN1 participates in actin cytoskeletal reorganization, and that its ac-
tivation via PDK1 is vital for transducing the signal from the insulin receptor (IR) to the
actin cytoskeleton [13], while Yang et al. showed that mTORC2 activates the PKN1 turn
motif [35].

Despite all the above-cited available data about the insulin activated pathway, the
exact intracellular pathway linking PKN1, insulin signaling, and Glut-4 translocation is still
unknown. Moreover, neither the activation state of PKN1 under diabetic conditions nor its
role in adipocyte differentiation have been addressed so far. In the present study, we inves-
tigated the potential role of PKN1 in adipocytes. Our results show that insulin-resistant
adipocytes present a reduced insulin-stimulated PKN1 activity. These results were also
confirmed in the VAT from patients with obesity and diabetes that present lower PKN1
phosphorylation levels compared to non-diabetic counterparts. Moreover, PKN1 activation
levels are modulated by insulin in a dose-dependent manner, implying a potential role
of PKN1 in the insulin-mediated signaling pathway. The results presented in this study
demonstrate that PKN1 regulates glucose uptake by controlling AKt/PKB activity. As PDK1
plays a central role in insulin signal transduction pathway by phosphorylating PKB/AKT1,
and one possible explanation would be that PDK1-activated PKN1 would lead to PKB/Akt
activation, thus propagating the signal to downstream targets. Moreover, PKN1 needs to
interact with Rho GTPase for its full activation [33], and as PKN1 is implicated in Akt Ser
473 phosphorylation, one likely explanation would be that PKN1 acts as a downstream tar-
get of the mTORC2/RHOA complex, controlling Akt (Ser 473) phosphorylation. Moreover,
our data reveal that PKN1 is activated during the adipocyte differentiation process and
that its presence is mandatory for a full differentiation. In fact, adipocytes lacking PKN1
are incompletely differentiated, as shown by a decrease in the expression of adipogenic
genes, such as PPARγ, FABP4, Adiponectin and CEBPα. Interestingly, these incompletely
differentiated adipocytes are hypertrophic and present an impaired insulin activation path-
way, with a decrease in pAkt/PKB and p70S6 kinases activation and a reduced glucose
uptake compared to their counterparts.

5. Conclusions

In summary, we demonstrated a significant role of PKN1 in controlling both adipocyte
differentiation and its responsiveness to insulin. PKN1 deficiency leads to a hypertrophic
adipocyte with reduced expression levels of key adipogenic factors. Moreover, PKN1-
deficient adipocytes present a hampered response to insulin with a decrease in glucose
transport coupled to a decrease in the Akt/PKB activation pathway. Taken together, our
results suggest that PKN-1 should be considered as a potential new therapeutic target in
the treatment of insulin resistance and diabetes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nu15102414/s1, Figure S1A: Lysates used for glucose uptake experiments
were blotted against the corresponding antibodies. Figure S1B: Lysates from scr1 and PKN1 shRNA
transduced cells, were blotted against PKN1, pPKN1 and beta-actin.

https://www.mdpi.com/article/10.3390/nu15102414/s1
https://www.mdpi.com/article/10.3390/nu15102414/s1


Nutrients 2023, 15, 2414 14 of 15

Author Contributions: Conceptualization, F.H.-G., A.Y. and A.L.; methodology, A.Y., F.H.-G. and
J.A.B.-F.; software, F.H.-G. and J.C.E.S.; validation, A.Y., C.F. and A.G.-S.; formal analysis, A.Y. and
F.H.-G.; investigation, F.H.-G. and A.Y.; resources, A.L. and M.B. and N.Y.; data curation, M.d.l.F. and
M.S. and M.Z.-M.; writing—original draft preparation, A.Y. and F.H.-G.; writing—review and editing,
A.L. and F.H; visualization, C.M.; supervision, A.L.; project administration, A.L.; funding acquisition,
A.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Plan Estratégico de Investigación e Innovación en Salud from
the Generalitat de Catalunya, grant number PERIS SLT002/16/000276 and the Instituto de Salud
Carlos III (PI18/00964), Fondos FEDER “Una manera de hacer Europa”. C.M. has received funding
from Ministerio de industria, Economía y competitividad (Ref.SAF2017-82567-R).

Institutional Review Board Statement: This study was carried out, in accordance with the Dec-
laration of Helsinki and was approved by the research ethic committee of the Hospital Arnau de
Vilanova (CEIC-2167).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data supporting these findings are included in the original
manuscript. Further inquiries related to the results can be addressed to the corresponding author.

Acknowledgments: This work was supported by the Xarxa de Bancs de Tumors de Catalunya
sponsored by Pla Director d’Oncología de Catalunya (XBTC), IRBLleida Biobank (B.0000682) and
PLATAFORMA BIOBANCOS PT17/0015/0027.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kahn, S.E.; Hull, R.L.; Utzschneider, K.M. Mechanisms linking obesity to insulin resistance and type 2 diabetes. Nature 2006,

444, 840–846. [CrossRef]
2. Van Gaal, L.F.; Mertens, I.L.; De Block, C.E. Mechanisms linking obesity with cardiovascular disease. Nature 2006, 444, 875–880.

[CrossRef]
3. Abel, E.D.; Peroni, O.; Kim, J.K.; Kim, Y.B.; Boss, O.; Hadro, E.; Minnemann, T.; Shulman, G.I.; Kahn, B.B. Adipose-selective

targeting of the GLUT4 gene impairs insulin action in muscle and liver. Nature 2001, 409, 729–733. [CrossRef]
4. Standaert, M.L.; Galloway, L.; Karnam, P.; Bandyopadhyay, G.; Moscat, J.; Farese, R.V. Protein kinase C-zeta as a downstream

effector of phosphatidylinositol 3-kinase during insulin stimulation in rat adipocytes. Potential role in glucose transport. J. Biol.
Chem. 1997, 272, 30075–30082. [CrossRef]

5. Le Good, J.A.; Ziegler, W.H.; Parekh, D.B.; Alessi, D.R.; Cohen, P.; Parker, P.J. Protein kinase C isotypes controlled by phospho-
inositide 3-kinase through the protein kinase PDK1. Science 1998, 281, 2042–2045. [CrossRef]

6. Mellor, H.; Parker, P.J. The extended protein kinase C superfamily. Biochem. J. 1998, 332 (Pt 2), 281–292. [CrossRef]
7. Dekker, L.V.; Palmer, R.H.; Parker, P.J. The protein kinase C and protein kinase C related gene families. Curr. Opin. Struct. Biol.

1995, 5, 396–402. [CrossRef]
8. Nolen, B.; Taylor, S.; Ghosh, G. Regulation of protein kinases; controlling activity through activation segment conformation. Mol.

Cell 2004, 15, 661–675. [CrossRef]
9. Flynn, P.; Mellor, H.; Casamassima, A.; Parker, P.J. Rho GTPase control of protein kinase C-related protein kinase activation by

3-phosphoinositide-dependent protein kinase. J. Biol. Chem. 2000, 275, 11064–11070. [CrossRef]
10. Lachmann, S.; Jevons, A.; De Rycker, M.; Casamassima, A.; Radtke, S.; Collazos, A.; Parker, P.J. Regulatory domain selectivity in

the cell-type specific PKN-dependence of cell migration. PLoS ONE 2011, 6, e21732. [CrossRef]
11. David, M.; Petit, D.; Bertoglio, J. Cell cycle regulation of Rho signaling pathways. Cell Cycle 2012, 11, 3003–3310. [CrossRef]
12. Standaert, M.; Bandyopadhyay, G.; Galloway, L.; Ono, Y.; Mukai, H.; Farese, R. Comparative effects of GTPgammaS and insulin

on the activation of Rho, phosphatidylinositol 3-kinase, and protein kinase N in rat adipocytes. Relationship to glucose transport.
J. Biol. Chem. 1998, 273, 7470–7477. [CrossRef]

13. Dong, L.Q.; Landa, L.R.; Wick, M.J.; Zhu, L.; Mukai, H.; Ono, Y.; Liu, F. Phosphorylation of protein kinase N by phosphoinositide-
dependent protein kinase-1 mediates insulin signals to the actin cytoskeleton. Proc. Natl. Acad. Sci. USA 2000, 97, 5089–5094.
[CrossRef]

14. American Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes-2021. Diabetes
Care 2021, 44 (Suppl. S1), S15–S33. [CrossRef]

15. Shibata, M.; Hakuno, F.; Yamanaka, D.; Okajima, H.; Fukushima, T.; Hasegawa, T.; Ogata, T.; Toyoshima, Y.; Chida, K.; Kimura,
K.; et al. Paraquat-induced oxidative stress represses phosphatidylinositol 3-kinase activities leading to impaired glucose uptake
in 3T3-L1 adipocytes. J. Biol. Chem. 2010, 285, 20915–20925. [CrossRef]

16. Hoehn, K.L.; Hohnen-Behrens, C.; Cederberg, A.; Wu, L.E.; Turner, N.; Yuasa, T.; Yousuke, E.; David, E.J. IRS1-independent
defects define major nodes of insulin resistance. Cell Metab. 2008, 7, 421–433. [CrossRef]

https://doi.org/10.1038/nature05482
https://doi.org/10.1038/nature05487
https://doi.org/10.1038/35055575
https://doi.org/10.1074/jbc.272.48.30075
https://doi.org/10.1126/science.281.5385.2042
https://doi.org/10.1042/bj3320281
https://doi.org/10.1016/0959-440X(95)80103-0
https://doi.org/10.1016/j.molcel.2004.08.024
https://doi.org/10.1074/jbc.275.15.11064
https://doi.org/10.1371/journal.pone.0021732
https://doi.org/10.4161/cc.21088
https://doi.org/10.1074/jbc.273.13.7470
https://doi.org/10.1073/pnas.090491897
https://doi.org/10.2337/dc21-S002
https://doi.org/10.1074/jbc.M110.126482
https://doi.org/10.1016/j.cmet.2008.04.005


Nutrients 2023, 15, 2414 15 of 15

17. Lopez-Mejia, I.C.; Pijuan, J.; Navaridas, R.; Santacana, M.; Gatius, S.; Velasco, A.; Castellà, G.; Panosa, A.; Cabiscol, E.; Pinyol,
M.; et al. Oxidative stress-induced FAK activation contributes to uterine serous carcinoma aggressiveness. Mol. Oncol. 2022,
17, 98–118. [CrossRef]

18. Zebisch, K.; Voigt, V.; Wabitsch, M.; Brandsch, M. Protocol for effective differentiation of 3T3-L1 cells to adipocytes. Anal. Biochem.
2012, 425, 88–90. [CrossRef]

19. Huang, P.; Altshuller, Y.M.; Hou, J.C.; Pessin, J.E.; Frohman, M.A. Insulin-stimulated plasma membrane fusion of Glut4 glucose
transporter-containing vesicles is regulated by phospholipase D1. Mol. Biol. Cell 2005, 16, 2614–2623. [CrossRef]

20. Yeramian, A.; Santacana, M.; Sorolla, A.; Llobet, D.; Encinas, M.; Velasco, A.; Bahi, N.; Eritja, N.; Domingo, M.; Oliva, E.; et al.
Nuclear factor-κB2/p100 promotes endometrial carcinoma cell survival under hypoxia in a HIF-1α independent manner. Lab.
Investig. 2011, 91, 859–871. [CrossRef]

21. Yeramian, A.; Vea, A.; Benítez, S.; Ribera, J.; Domingo, M.; Santacana, M.; Martinez, M.; Maiques, O.; Valls, J.; Dolcet, X.; et al.
2-phenylethynesulphonamide (PFT-µ) enhances the anticancer effect of the novel hsp90 inhibitor NVP-AUY922 in melanoma, by
reducing GSH levels. Pigment. Cell Melanoma Res. 2016, 29, 352–371. [CrossRef]

22. Mlinar, B.; Marc, J. New insights into adipose tissue dysfunction in insulin resistance. Clin. Chem. Lab. Med. 2011, 49, 1925–1935.
[CrossRef]

23. Rosen, E.D.; MacDougald, O.A. Adipocyte differentiation from the inside out. Nat. Rev. Mol. Cell Biol. 2006, 7, 885–896. [CrossRef]
24. Majithia, A.R.; Flannick, J.; Shahinian, P.; Guo, M.; Bray, M.A.; Fontanillas, P.; Gabriel, S.B.; Rosen, E.D.; Altshuler, D.; Consortium,

G.D.; et al. Rare variants in PPARG with decreased activity in adipocyte differentiation are associated with increased risk of type
2 diabetes. Proc. Natl. Acad. Sci. USA 2014, 111, 13127–13132. [CrossRef]

25. Wu, Z.; Rosen, E.D.; Brun, R.; Hauser, S.; Adelmant, G.; Troy, A.E.; McKeon, C.; Darlington, G.J.; Spiegelman, B.M. Cross-
regulation of C/EBP alpha and PPAR gamma controls the transcriptional pathway of adipogenesis and insulin sensitivity. Mol.
Cell 1999, 3, 151–158. [CrossRef]

26. Löffler, M.C.; Mayer, A.E.; Trujillo Viera, J.; Loza Valdes, A.; El-Merahbi, R.; Ade, C.P.; Till, K.; Werner, S.; Anja, S.; Manuela, E.
Protein kinase D1 deletion in adipocytes enhances energy dissipation and protects against adiposity. EMBO J. 2018, 37, e99182.
[CrossRef]

27. Chan, D.C.; Watts, G.F.; Sussekov, A.V.; Barrett, P.H.; Yang, Z.; Hua, J.; Song, S. Adipose tissue compartments and insulin
resistance in overweight-obese Caucasian men. Diabetes Res. Clin. Pract. 2004, 63, 77–85. [CrossRef]

28. Guilherme, A.; Virbasius, J.V.; Puri, V.; Czech, M.P. Adipocyte dysfunctions linking obesity to insulin resistance and type 2
diabetes. Nat. Rev. Mol. Cell Biol. 2008, 9, 367–377. [CrossRef]

29. Jiang, Z.Y.; Zhou, Q.L.; Coleman, K.A.; Chouinard, M.; Boese, Q.; Czech, M.P. Insulin signaling through Akt/protein kinase B
analyzed by small interfering RNA-mediated gene silencing. Proc. Natl. Acad. Sci. USA 2003, 100, 7569–7574. [CrossRef]

30. Senoo, H.; Murata, D.; Wai, M.; Arai, K.; Iwata, W.; Sesaki, H.; Iijima, M. KARATE: PKA-induced KRAS4B-RHOA-mTORC2
supercomplex phosphorylates AKT in insulin signaling and glucose homeostasis. Mol. Cell 2021, 81, 4622–4634.e8. [CrossRef]

31. Hodge, R.G.; Ridley, A.J. Regulating Rho GTPases and their regulators. Nat. Rev. Mol. Cell Biol. 2016, 17, 496–510. [CrossRef]
32. Sano, H.; Kane, S.; Sano, E.; Mîinea, C.P.; Asara, J.M.; Lane, W.S.; Garner, C.W.; Lienhard, G.E. Insulin-stimulated phosphorylation

of a Rab GTPase-activating protein regulates GLUT4 translocation. J. Biol. Chem. 2003, 278, 14599–14602. [CrossRef]
33. Oishi, K.; Takahashi, M.; Mukai, H.; Banno, Y.; Nakashima, S.; Kanaho, Y.; Nozawa, Y.; Ono, Y. PKN regulates phospholipase D1

through direct interaction. J. Biol. Chem. 2001, 276, 18096–18101. [CrossRef]
34. Kitagawa, M.; Shibata, H.; Toshimori, M.; Mukai, H.; Ono, Y. The role of the unique motifs in the amino-terminal region of PKN

on its enzymatic activity. Biochem. Biophys. Res. Commun. 1996, 220, 963–968. [CrossRef]
35. Yang, C.S.; Melhuish, T.A.; Spencer, A.; Ni, L.; Hao, Y.; Jividen, K.; Harris, T.E.; Snow, C.; Frierson, H.F.; Wotton, D.; et al.

The protein kinase C super-family member PKN is regulated by mTOR and influences differentiation during prostate cancer
progression. Prostate 2017, 77, 1452–1467. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/1878-0261.13346
https://doi.org/10.1016/j.ab.2012.03.005
https://doi.org/10.1091/mbc.e04-12-1124
https://doi.org/10.1038/labinvest.2011.58
https://doi.org/10.1111/pcmr.12472
https://doi.org/10.1515/CCLM.2011.697
https://doi.org/10.1038/nrm2066
https://doi.org/10.1073/pnas.1410428111
https://doi.org/10.1016/S1097-2765(00)80306-8
https://doi.org/10.15252/embj.201899182
https://doi.org/10.1016/j.diabres.2003.09.005
https://doi.org/10.1038/nrm2391
https://doi.org/10.1073/pnas.1332633100
https://doi.org/10.1016/j.molcel.2021.09.001
https://doi.org/10.1038/nrm.2016.67
https://doi.org/10.1074/jbc.C300063200
https://doi.org/10.1074/jbc.M010646200
https://doi.org/10.1006/bbrc.1996.0515
https://doi.org/10.1002/pros.23400

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Patient Samples Processing 
	Reagents and Antibodies 
	Cell Culture, Adipocyte Differentiation and Cell Area Measurements 
	Western Blot Analysis 
	Oil Red O Staining 
	2-[3H] Deoxyglucose Uptake Assay in 3T3-L1-Differntiated Adipocytes 
	Lentivirus Packaging and Infection and Generation of Stably Transduced 3T3L1 Cells 
	RNA Isolation and Gene Expression Analysis by RT-PCR 
	Statistical Analysis 

	Results 
	PKN1 Activation Levels in VAT of Patients with Obesity Inversely Correlate withT2DM Presence 
	PKN1 Is Phosphorylated by Insulin Signaling in 3T3-L1 Adipocytes, and This Phosphorylation Is Hindered under Insulin-Resistance Conditions 
	PKN1 Is Activated during Adipocyte Differentiation and Is Required for Full Adipocyte Differentiation 
	PKN1 Is Required for Full Adipocyte Differentiation 
	PKN1 Knockdown Impairs Insulin Signaling and Glucose Uptake in 3T3-L1 Adipocytes 

	Discussion 
	Conclusions 
	References

