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Purpose: To determine whether protein kinase C-iota (PKC-iota) is associated with glucose
metabolism in non-small-cell lung cancer (NSCLC) and whether its regulatory effect on metabolic
and biological changes observed in NSCLC can be mediated by glucose transporter 1 (GLUT1).
Patients and methods: Forty-five NSCLC patients underwent combined '*F-fludeoxyglu-
cose (‘*F-FDG) positron emission tomography and computed tomography (PET/CT) before
surgery, and another eighty-one NSCLC patients were followed-up for 1-91 months after
tumor resection. The rate of glucose metabolism in NSCLC was quantified by measuring the
maximum standardized uptake value (SUVmax) by '*F-FDG PET/CT. PKC-iota and GLUT1
in NSCLC were detected by immunostaining. In vitro, PKC-iota was knocked down,
whereas GLUT1 was silenced with or without PKC-iota overexpression to identify the role
of PKC-iota in glycolysis. Spearman’s rank correlation coefficient was used in the correlation
analysis. Kaplan-Meier analysis was used to assess survival duration.

Results: There was a positive relationship between PKC-iota expression and SUVmax in
NSCLC (1=0.649, P<0.001). PKC-iota expression also showed a positive relationship with
GLUT1 in NSCLC tissues (r=0.686, P<0.001). Patients whose NSCLC tissues highly co-
expressed PKC-iota and GLUT1 had worse prognosis compared with patients without high
co-expression of PKC-iota and GLUT1. In vitro, PKC-iota silencing significantly decreased
the expression of GLUT1 and inhibited glucose uptake and glycolysis; c-Myc silencing
restrained PKC-iota-mediated GLUT]1 elevation; GLUT1 knockdown remarkably suppressed
PKC-iota-mediated glycolysis and cell growth.

Conclusion: In NSCLC, the rate of glucose metabolism was positively correlated with
PKC-iota expression. PKC-iota increased glucose accumulation and glycolysis by upregulat-
ing c-Myc/GLUT!1 signaling and is thus involved in tumor progression.

Keywords: protein kinase C-iota, glucose transporter 1, 'SF-fludeoxyglucose, glycolysis,

non-small-cell lung cancer

Introduction

Lung cancer is the most common and fatal malignancy worldwide; non-small-cell
lung cancer (NSCLC) accounts for ~83% of lung cancers.'** Similar to many other
tumors, NSCLC involves in not only uncontrolled cell proliferation but also energy
metabolic reprogramming.®* The most prominent metabolic characteristic of these
tumors is the Warburg effect, which manifests as avid glucose consumption and
lactic acid production, even in the presence of oxygen (aerobic glycolysis).” In
recent years, due to an in-depth understanding of tumor energy metabolism, gly-
colysis has been recognized as an attractive target for tumor therapy.® Thus, in
NSCLC, the search for new molecular markers involved in glycolysis is crucial for
exploring innovative therapeutic anti-tumor strategies.
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Protein kinases C (PKCs) are widely implicated in cell
proliferation control, with positive or negative effects on
tumor growth.” ® PKC-iota is the first PKC reported as an
oncogenic enzyme in NSCLC,'? and contributes to tumor
progression via immune suppression, cell cycle deregula-
tion, and pericellular degradation of the extracellular
matrix.'"™"?  Although other PKCs were reported to
directly phosphorylate glucose transporter 1 (GLUTI1),
which is the key rate-limiting carrier in charge of glucose
transportation, thereby promoting its activation and the
transport of glucose across plasma membranes,' the reg-
ulatory effect of PKC-iota on GLUTI is not yet well
established. Whether PKC-iota is involved in glucose
metabolism in tumors remains unknown.

At the molecular level, excessive GLUT1 activation
directly upregulates glucose accumulation in cancer cells
to ensure energy supply, triggering uncontrolled cancer cell
growth.'>'® GLUT1 is overexpressed in multiple types of
cancer, including NSCLC.'”*' The trans-glucose function
of GLUT! depends on its membrane localization.*** In
addition to intrinsic activation and post-translational
stabilization,***> GLUT! can also be transcriptionally upre-
gulated by c-Myc, hypoxia-inducible factor-1 alpha
(HIF-1a), or oculis homeobox 1 (SIX1).'>?%?7 Recently,
c-Myc expression was proven to be controlled by PKC-
jota in cancer cells,”® which led us to hypothesize that PKC-
iota may also regulate GLUT1 expression, thus inducing
glucose uptake and subsequent glycolysis in NSCLC.

In vivo, combined '®F-fludeoxyglucose ('*F-FDG)
positron emission tomography and computed tomography
(PET/CT) can indirectly evaluate the glucose metabolic
rate of cancer cells by measuring standardized uptake
value (SUV),” and this approach is widely used in
tumor diagnosis. In this study, we combined '*F-FDG
PET/CT examinations with immunohistochemical (IHC)
assays to determine whether PKC-iota is associated with
glucose metabolism in NSCLC. We also sought to eluci-
date the mechanisms of PKC-iota involved in glucose
metabolism and to confirm the key role of GLUTI in
PKC-iota—mediated progression.

Materials and methods

Study population

The institutional ethics committee of the Shanghai Chest
Hospital and Renji Hospital, which are affiliated with
Shanghai Jiao Tong University, approved this study, and
informed consent obtained from all

written was

participants included in the study, according to the
Declaration of Helsinki. This study was performed without
industrial sponsorship or support.

For this retrospective study, we identified forty-five
patients with NSCLC who had undergone '*F-FDG PET/
CT 24 weeks before tumor resection between June and
July 2017 at Shanghai Chest Hospital, including 30 men
(mean age, 59.0 years; age, 39-75 years) and 15 women
(mean age, 57.9 years; age, 48—68 years). The inclusion
criteria were as follows: NSCLC confirmed via pathologic
examination of surgical specimens; and availability of age,
gender and tissue specimens for IHC staining. Patients
with primary lesions smaller than 1.0 c¢m, local necrosis,
and ground-glass nodules were excluded from the study.

We also identified another eighty-one patients with
NSCLC, including 58 men (mean age, 64.0 years; age,
35-86 years) and 23 women (mean age, 63.9 years; age,
51-83 years), who had undergone tumor resection at
Shanghai Chest Hospital and Renji Hospital between
2008 and 2013 and who were followed-up until
September 2016 (from 1 to 91 months after surgery, with
a median time of 47 months). The inclusion criteria were
as follows: NSCLC confirmed via pathologic examination
of surgical specimens; and availability of age, gender,
smoking history, tumor length (the largest diameter),
nodal metastasis, TNM stage, and histologic subtype.
Staging was performed postoperatively and assessed
according to the International Union Against Cancer
(UICC) lung cancer TNM staging standard of 2017. No
smoking meant never smoking or smoking fewer than 100
cigarettes in a lifetime.

PET/CT examination

""F_.FDG PET/CT was performed after fasting for 8 h and
60 min after intravenous administration of '*F-FDG (5-10
mCi, depending on patient weight). The blood glucose
levels, measured just before tracer administration, were
<8.0 mmol/L in all patients. Imaging was performed with
a combined PET/CT device (Biograph mCT; Siemens,
Erlangen, Germany). CT scans were acquired using the
following parameters: 16x1.2 mm collimation (140 kV,
80 mAs), 5 mm slice, 0.5 s rotation time, and 0.8 pitch.
Immediately after CT, PET was performed with an acqui-
sition time of 3 min per bed position and six to eight bed
positions per patient, depending on patient height. CT data
were used for attenuation correction. Axial, sagittal, and
coronal images were examined using Syngo software and
then transferred in DICOM format to a Syngo workstation
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(Siemens). A region of interest (ROI) was placed over the
primary tumor by two experienced nuclear medicine phy-
sicians to measure each SUVmax, and discrepancies
between their assessments were resolved by consensus
through discussion. The nuclear medicine physicians
were blinded to the IHC analysis. SUVmax was calculated
with  the
SUVmax = maximum pixel activity/(injected dose/body

most commonly applied formula:

weight).

Immunohistochemistry

The experiment using human tissues was approved by the
Human Assurance Committee of Shanghai Chest Hospital
and Renji Hospital. Formalin-fixed paraffin sections
(thickness: 5 um) were used for IHC staining with anti-
PKC-iota rabbit polyclonal antibody (Proteintech Group,
IL, USA) or anti-GLUT1 mouse monoclonal antibody
(Abcam, CBG, UK), followed by incubation with HRP-
conjugated goat anti-rabbit IgG (Cell Signaling, MA,
USA) or HRP-conjugated goat anti-mouse IgG (Cell
Signaling), respectively. A 3,3’-diaminobenzidine (DAB)
chromogen substrate solution was used to visualize the
results.

PKC-iota and GLUT1 expression in NSCLC tissues
was scored blindly and independently by two experienced
pathologists, and discrepancies between their assessments
were resolved by consensus through discussion. Staining
frequency (0=0%, 1=1-9%, 2=10-49%, 3=50-100%) and
intensity (0= negative, 1= weak, 2= moderate and
3= strong staining) scores were multiplied to calculate
the overall staining score (OSS). An OSS of 0-3 was
considered low expression, whereas a score of 4-9 was
considered high expression.

Cell culture, reagents, plasmids, and siRNA
A549, PC9, H1299, H1975, and H1650 cells were pur-
chased from the Cell Bank of the Type Culture Collection
of the Chinese Academy of Sciences and were cultured at
37 °C under 5% CO, in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, NY, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS) (HyClone,
UT, USA), 100 mg/mL penicillin (Gibco), and 100 mg/mL
streptomycin sulfate (Gibco). Lipofectamine 2000 reagent
(Invitrogen, CA, USA) was used for transient transfection
following the manufacturer’s instructions.

Polymerase chain reaction (PCR)-amplified and DNA
sequencing-verified human protein kinase C-iota (PRKCI)
was cloned into PCDNA3.1-MCS2. The primers used in

the PRKCI clone are as follows: forward primer: 5'-
CCAAGCTGGCTAGCGGAATTCGCCACCATGCCGA-
CCCAGAGGGACAG-3"; reverse primer: 5'-CAAGCTT
GCTCGAGTCGGATCCTCACTTGTCGTCATCGTCCT-
TGTAGTCG-3'.

The siRNA sequences used are as follows: Si PKC-iota:
sense, 5'-GCAAUGAGGUUCGAGACAUTT-3', anti-sense,
5'-AUGUCUCGAACCUCAUUGCTT-3; Si  GLUTI:
sense, 5'-UGAUGUCCAGAAGAAUAUU-3', anti-sense,
5'-ACUACAGGUCUUCUUAUAA-3"; Si c-Myc: sense:
5'-TGCTCCATGAGGAGACACC-3'; anti-sense: 5-CTTT
TCCACAGAAACAACATCG-3".

Glucose metabolism assay

"E_.FDG uptake was used to determine cellular glucose
uptake capacity. Cells were seeded into 12-well culture
plates and then cultured in 1 mL of Roswell Park
Memorial Institute 1640 (RPMI-1640) (Gibco) contain-
ing 4 pCi "F-FDG for 1 h at 37 °C. The gamma
counter was used to assay '“F-FDG radioactivity in
whole-cell lysates. Lactate production was assayed
with a lactate assay kit (Lactate Assay Kit;
Microdialysis, STO, SWE) according to the manufac-
turer’s protocol. All experiments were independent of
each other and performed in triplicate, and the readouts
were normalized to the corresponding protein quantities
by using a protein assay kit (BCA Protein Assay Kit;
Beyotime, Shanghai, China).

Immunoblotting analyses

Cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer before sodium dodecyl sulfate polyacryla-
mide gel electrophoresis, then transferred to polyvinyli-
dene fluoride membranes (GE Healthcare, Bucks, UK) and
probed with the indicated primary and horseradish perox-
idase (HRP)-conjugated secondary antibodies (Santa Cruz,
CA, USA). The HRP
(Millipore, MA, USA) was used to visualize antibody
binding. Anti-PKC-iota rabbit polyclonal antibody
(Proteintech Group), anti-GLUT1 rabbit polyclonal anti-
body (Abcam), anti-c-Myc rabbit monoclonal antibody

chemiluminescent substrate

(Abcam), and anti-B-Tubulin mouse polyclonal antibody
(Proteintech Group) were used.

Gene expression analysis

Total RNA was isolated from cells by using an E.Z.N. A
total RNA Kit I (Omega Bio-tek, GA, USA). cDNA was
synthesized using a Primer Script RT reagent Kit (Takara,
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Otsu, Japan). Real-time PCR was performed according to
the protocol of the SYBR Premix Ex Taq kit (Takara) and
using a StepOnePlus Real-Time PCR System (Applied
Biosystems, USA). The fluorescence data of the detected
genes were normalized to cyclophilin B (CB, forward
primer: 5'- AGATGTAGGCCGGGTGATCT-3', reverse
primer: 5'- CCGCCCTGGATCATGAAGTC-3") expres-

sion by using the 2 44¢T

method. The following primers
were also used to detect relative genes: PRKCI gene
expression: forward primer: 5'-GGCTGCATTCTTGCT
TTCAGA-3’, reverse primer: 5-CCAAAAATATGA
AGCCCAGTAATCA-3'; solute carrier family 2 member
1 (SLC241) gene expression: forward primer: 5'-
ATTGGCTCCGGTATCGTCAAC-3'; reverse primer: 5'-
GCTCAGATAGGACATCCAGGGTA-3"; MYC: forward
primer: 5'-ACACCCTTCTCCCTTCG-3'; reverse primer:
5'-CCGCTCCACATACAGTCC-3"; HIF-la: forward pri-
mer: 5'-CATGTGACCATGAGGAAATG-3'; reverse primer:
5-GTTGGTTACTGTTGGTATCATA-3'; SIX1: forward pri-
mer: 5~ ACAAGAACGAGAGCGTACTCA-3'; reverse pri-
mer: 5'-GCTCTCGTTCTTGTGCAGGT-3'.

Immunofluorescent staining

Cells were moved to glass coverslips for 24 h before
staining. The cells were then fixed in 4% polyoxymethy-
lene (PFA, pH 7.4) for 30 min at 37 °C, permeabilized
with 0.5% Tween-20 for 10 min, and then blocked with-
goat serum for 30 min at 37 °C. Cells were then incu-
(GLUT1
monoclonal antibody [Abcam] and Na,K-ATPase al

bated with primary antibodies mouse
rabbit monoclonal antibody [Cell Signaling]) overnight
at 4 °C. Secondary antibodies labeled with Alexa Fluor
488 (green) or Alexa Fluor 594 (red) (Invitrogen, CA,
USA) were added and incubated for 1 h at 37 °C.
Nuclei were stained using 4,6-diamidino-2-phenylindole
(DAPI, Invitrogen). Immunofluorescence (IF) was visua-
lized under a confocal laser-scanning microscope

(CLSM 510) (Carl Zeiss, Jena, Germany).

Cell growth assay

For the cell proliferation assay, cells were plated on 24-
well plates (5000 cells/well x wells) and counted at
different time points after transfection. For the cell
motility assay, cells were seeded into 12-well plates
for confluence before a linear wound was made; the
wounded monolayers were photographed at 0 and 24 h
after wounding. For the cell invasion assay, suspended
cells (1x10°/well) were transferred to the upper chamber

with a Matrigel-coated membrane in a 24-well plate
with 8-pm pore size chamber inserts (Corning, NY,
USA). After 24 h, the invading cells that moved to the
bottom surface of the chamber were fixed with 4%
formalin and stained with 0.1% crystal violet before
imaging and counted in 5 random fields.

Data analysis

Data were analyzed using GraphPad Prism 6 (GraphPad
Software, San Diego, CA) or SPSS 19.0 (SPSS, IL, USA).
Quantitative data were expressed as the mean + standard
deviation (SD) values of at least three independent experi-
ments. Statistical differences between two groups were
assessed by the paired or unpaired two-tailed #-test. The
chi-squared test was used for rate comparisons. Spearman
rank correlation was used in correlation analysis. Kaplan-
Meier analysis was used in the survival duration assay.
Differences identified with * (denoting a P-value <0.05) or
** (denoting a P-value <0.005) were all considered statis-
tically significant.

Results
Association of PKC-iota with SUVmax

and GLUT| expression in primary
NSCLC tissues

To understand the correlation between PKC-iota and
glucose metabolism in NSCLC, we assessed the rela-
tionship of PKC-iota protein expression and SUVmax,
the most commonly used parameter of '*F-FDG PET/CT
to determine the tumor glucose metabolic rate,”’ in 45
NSCLC tissues from patients who underwent '*F-FDG
PET/CT 2-4 weeks before surgery. Lesions smaller than
1.0 cm and ground-glass nodules were excluded because
of the partial volume effect of PET; tissues with local
pathologically diagnosed necrosis were also excluded to
maintain the relative homogeneity of tumors. PKC-iota
was mainly detected in the cytoplasm of cancer cells,
whereas its expression was relatively weak in the mem-
brane and nucleus (Figure 1A and B). Interestingly, an
apparent positive relationship was noted between PKC-
iota staining scores and SUVmax values (r=0.649,
P<0.001) (Figure 1A and B).

We also detected GLUTT1 protein expression in NSCLC
tissues. GLUT1 was mainly expressed in the membrane,
with weak and diffuse staining in the cytoplasm and nucleus
(Figure 1A and B). A positive relationship between GLUT1
and PKC-iota protein levels was also observed in our study
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Figure | PKC-iota is associated with GLUT | and SUVmax in primary NSCLC. (A, B) Images of 'SE_PET/CT scanning, H/E staining, PKC-iota staining, and GLUT | staining of
primary NSCLC tissues of a patient (A) with relatively low '®F-FDG uptake (SUVmax =3.59) and low PKC-iota and GLUT| co-expression (scale bar: 25 um) and another
patient (B) with relatively high '8F.FDG uptake (SUVmax =16.47) and high PKC-iota and GLUT | co-expression (scale bar: 25 pm). (C) NSCLC tissues with high PKC-iota
expression (10.07£1.09) accumulated much more '8F-FDG than tissues with low PKC-iota expression (5.28£1.28). (D) NSCLC tissues with high PKC-iota expression (5.03
+0.41) expressed much more GLUTI than tissues with low PKC-iota expression (3.75%0.40). (E) ROC curve analysis of SUVmax for predicting high PKC-iota expression.
With a SUVmax cutoff value of 8.38, the sensitivity and specificity for high PKC-iota expression prediction were 62.07% and 87.50%, respectively (P=0.005; area under the

ROC curve: 0.757; 95% confidence interval: 59.11% to 89.21%).

(r=0.587, P<0.001). Moreover, when NSCLC tissues were
divided into high (OSS >3) and low (OSS <3) PKC-iota
expression groups, tissues with high PKC-iota expression
accumulated much more '®F-FDG and expressed much
more GLUTI1 than those with low PKC-iota expression

(Figure 1C and D). Receiver operating characteristic
(ROC) analysis also revealed that an SUVmax value of
8.38 was optimal for predicting high PKC-iota expression
in primary NSCLC tissues (P=0.005; sensitivity: 62.07%;
specificity: 87.50%) (Figure 1E).
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PKC-iota knockdown inhibits glycolysis
and GLUT| expression

To investigate the role of PKC-iota in glycolysis in lung
cancer, we used siRNA to knock down endogenous
PKC-iota and assessed '®F-FDG uptake and lactic acid
production in two lung cancer lines with different basal
PKC-iota and GLUT1 levels (Figure S1). Notably, PKC-
iota knockdown clearly decreased cellular '*F-FDG uptake
and glycolysis (Figure 2A and B). At the protein level,
PKC-iota silencing decreased GLUT1 expression in
NSCLC cells (Figure 2C). We also observed changes in
the mRNA levels of SLC241, the gene encoding GLUTI,
and confirmed that the decrease in GLUTI expression
induced by PKC-iota silencing occurred at the transcrip-
tional level (Figure 2D). We then assessed the membrane
localization of GLUT1, which is essential for its activa-
tion, via IF staining; a Na/K-ATPase al antibody was used
to label the cell membrane. The results showed that PKC-
iota silencing apparently decreased both GLUTI1 protein
expression and membrane localization (Figure 2E). These
data prove that PKC-iota promotes GLUT1 expression at
the transcription level and increases GLUT1 activation in
NSCLC cells.

PKC-iota upregulates GLUT| expression

via modulating c-Myc expression

To investigate the mechanism of PKC-iota regulation of
GLUT! gene (SLC2A41) transcription, we also detected the
gene expression of MYC, HIF-1a and SIXI, the three key
transcriptional factors regulating GLUTI in A549 cells,
wherein endogenous PKC-iota was knocked down. The
data showed that PKC-iota (PRKCI) silencing markedly
decreased the mRNA levels of MYC and SLC2A41, whereas
HIF-la and SIX] changed only slightly (Figure 3A).
Moreover, we found that exogenous PKC-iota could
increase the protein levels of GLUT1 and c-Myc in
H1650 cells, a lung cancer line with relatively low basal
GLUT! expression, which was impaired by c-Myc silen-
cing (Figure 3B). These data prove that PKC-iota promotes
GLUT]1 expression via modulating c-Myc expression.

GLUTI knockdown blocks PKC-iota—

mediated glycolysis and cell growth

To determine whether GLUTI-related glycolysis is
involved in PKC-iota-induced tumor growth, we used
siRNA to knock down endogenous GLUT1 in NSCLC
cells with or without exogenous PKC-iota expression to

observe changes in glucose metabolism and growth in lung
cancer cells. We found that exogenous PKC-iota increased
GLUT! protein expression, '*F-FDG uptake, and glycoly-
sis in NSCLC, which was markedly inhibited by GLUT1
knockdown (Figure 4A—C). Furthermore, the cell growth
assay showed that GLUT]1 silencing could also restrain the
cell proliferation, migration, and invasion induced by exo-
genous PKC-iota overexpression (Figure 5A—C). Based on
these in vitro results, GLUT1-related glycolysis can be
considered essential for PKC-iota-mediated malignant
growth of lung cancer cells.

Relationship between PKC-iota and
GLUTI expression and
clinicopathological characteristics of

NSCLC
To further elucidate the indispensability of GLUTI in
PKC-iota—related progression of NSCLC, we analyzed
PKC-iota and GLUT1 expression in NSCLC tissues from
81 patients for whom detailed clinicopathological para-
meter data were available. These patients were followed
postoperatively for 1-91 months by IHC staining. As
reported,®®*! the protein levels of PKC-iota and GLUT]
were positively correlated with a large tumor size, nodal
metastasis, and late TNM stage of NSCLC, whereas no
significant differences in PKC-iota and GLUT1 expression
were found in terms of age, sex, or smoking history
(Table 1). We also observed relatively lower PKC-iota
and GLUT!1 expression levels in adenocarcinoma (ADC)
cells than in squamous carcinoma (SQCC) cells (Table 1).
In addition, the Kaplan-Meier survival curve showed
that, when compared with patients without PKC-iota and
GLUT1
NSCLC
GLUTI had worse prognosis (Figure 6). The median sur-

high coexpression, patients whose primary
tissues highly co-expressed PKC-iota and
vival time of patients whose tumors had different PKC-
iota and GLUT1 levels were 33 (PKC-iota and GLUT1
high coexpression), 66 (high PKC-iota and low GLUT1
expression), 66.5 (low PKC-iota and low GLUT1 expres-
sion), and 78 (low PKC-iota and high GLUT1 expression)
months, respectively. Thus, our results suggest the pivotal
role of GLUT1 in PKC-iota-mediated tumor progression.

Discussion

Lung cancer is the most common form of malignancy
worldwide. Although the application of many targeted
drugs tends to improve patient outcomes,*>>* lung cancer
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Figure 2 PKC-iota knockdown reduces '®F-FDG uptake and GLUT| expression. (A) A549 and H1650 cells were transfected with Si NC or Si PKC-iota for 72 h, after
which time '8F-FDG uptake of the indicated cells was detected (CPM: counts per minute). (B) A549 and H1650 cells were transfected with Si NC or Si PKC-iota for 72 h,
after which time lactic acid production of the indicated cells was detected. (C) A549 and H1650 cells were transfected with Si NC or Si PKC-iota for 72 h. Then, the cell
lysates were immunoblotted with antibodies against PKC-iota and GLUT . B-Actin served as the loading control. (D) A549 and H1650 cells were transfected with Si NC or
Si PKC-iota for 36 h. The mRNA levels of SLC2A| were analyzed by real-time PCR. (E) A549 cells were transfected with Si NC or Si PKC-iota for 72 h before IF staining.
Staining for DAPI (blue), GLUTI (green), Na/K-ATPase al (red) and the overlays of three channels (the membrane localization of GLUTI are shown in yellow) are shown in

the first, second, third, and fourth lines, respectively (scale bar, 25 pm).
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Figure 3 PKC-iota regulates GLUT| via modulating c-Myc expression. (A) A549 cells were transfected with Si NC or Si PKC-iota for 36 h. The mRNA levels of the

indicated genes were analyzed by real-time PCR. **means a P-value <0.005. (B) H1650

cells were co-transfected with Flag-PKC-iota (or empty vector) and Si c-Myc (or Si

NC) for 72 h. Then, the cell lysates were immunoblotted with the indicated antibodies. B-Tubulin served as the loading control.

is still the leading cause of cancer-related death. Recent
evidence suggests that increased glucose accumulation is
associated with NSCLC progression.®'*>~7 Persistent glu-
cose uptake and subsequent aerobic glycolysis are essen-
tial to meet the energy and macromolecular biosynthesis
demands of cancer cells.” Understanding the mechanisms
of glycolysis in NSCLC helps to develop effective meta-
bolic-targeting and monitoring strategies. In this study, we
identified the oncogenic enzyme PKC-iota as a new mole-
cular marker involved in glucose metabolism in NSCLC.
More importantly, we confirmed that PKC-iota promoted
glycolysis via upregulating c-Myc/GLUT1 signaling,
which might be essential for tumor progression.

Human PKCs comprise three types: classic (cPKC:
alpha, beta, and gamma), novel (nPKC: delta, epsilon,
eta, and theta), and atypical (aPKC: zeta and iota).”
PKC-iota is an atypical PKC involved in the malignant
growth of multiple types of cancer.**** PKC-iota over-
expression in NSCLC was first observed in 2005 and was
related to the short survival time of NSCLC patients.'”
The modulatory effect of PKC-iota on the glycolysis-
related transcription factor c-Myc led us to probe its pos-
sible role in tumor glucose metabolism.?® As expected, we
observed a positive relationship between PKC-iota protein
levels and glucose metabolic rates in NSCLC via IHC and
8F.FDG PET/CT. In addition, in vitro data showed that
PKC-iota silencing restrained '*F-FDG uptake and glyco-
lysis, whereas exogenous PKC-iota upregulated both
"8E_-FDG uptake and glycolysis in lung cancer cells, thus
proving the involvement of PKC-iota in tumor glycolysis

and suggesting the need for glycolysis-targeting therapies
for NSCLC patients with PKC-iota overexpression.

As an enzyme, PKC-iota is involved in tumor growth
via post-translational modification of other proteins.*! For
example, PKC-iota can phosphorylate Sex determining
region Y box 2 to drive tumorigenesis in NSCLC;*®
PKC-iota-induced phosphorylation of YAPI can increase
its nuclear localization and transcriptional activity to pro-
mote ovarian cancer progression.*” PKC-iota can also
directly phosphorylate FoxOl, a transcription factor reg-
ulating the MYC gene, thus controlling the expression of c-
Myc,*® a key transcription factor that stimulates tumor
glycolysis by directly transactivating GLUT1 and other
glycolysis-related genes.*’ In the present study, we proved
that PKC-iota also regulated the expression of GLUT1 via
modulating c-Myc signaling: PKC-iota silencing
decreased both GLUT1 gene and protein expression levels
and reduced the levels of active membrane-locating
GLUT]1, whereas exogenous PKC-iota elevated the protein
expression of GLUT1; PKC-iota silencing also decreased
MYC expression, whereas HIF-la and SIXI, two other
transcription factors regulating GLUT1, remained virtually
unchanged; exogenous PKC-iota elevated the protein
levels of GLUT1, which was inhibited by c-Myc silencing.
Moreover, GLUTI silencing suppressed PKC-iota-
mediated "*F-FDG accumulation and subsequent glycoly-
sis in NSCLC cells. Taken together, we confirmed that
PKC-iota regulated glycolysis via c-Myc/GLUT]1 signal-
ing; the regulatory effect of PKC-iota on GLUT1 occurred
at the transcriptional level; the most likely reason for the
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Figure 4 GLUT| knockdown restrains PKC-iota-mediated '®F-FDG uptake and glycolysis. (A) H1650 cells were co-transfected with Flag-PKC-iota (or empty vector) and Si
GLUTI (or Si NC) for 72 h. Cell lysates were immunoblotted with antibodies against GLUT| and Flag, whereas B-tubulin was used as the loading control. (B, C) HI650 cells
were co-transfected with Flag-PKC-iota (or empty vector) and Si GLUTI (or Si NC) for 72 h, and then intracellular '8F-FDG uptake (B) and lactification (C) were detected.

decrease in active, membrane-located GLUT1 induced by
PKC-iota knockdown, which was also observed in our
research, is the overall decrease in GLUT1 induced by c-
Myc downregulation, which might differ from direct phos-
phorylation and activation of GLUT1 by other PKCs at the
post-translational level.'*

PKC-iota and GLUT1 overexpression in NSCLC
%31 which
was also observed in our research; the protein levels
of PKC-iota and GLUTI1 were positively related to
large tumor size, nodal metastasis, and late TNM stages.

were all essential for tumor progression,

We also observed a positive relationship between PKC-
iota and GLUT1 protein expression in NSCLC tissues,
which could be reasonably explained by GLUTI1 upre-
gulation induced by PKC-iota. More importantly, cell

growth assays showed that GLUT]1 silencing suppressed
PKC-iota-mediated cell proliferation, migration, and
invasion, whereas IHC showed that NSCLC patients
whose primary lesions showed high GLUT1 and PKC-
iota co-expression had significantly worse survival than
patients without PKC-iota and GLUT1 high co-expres-
sion. Taken together, these findings reasonably indicate
the pivotal role of GLUT1-mediated glucose uptake and
glycolysis in the PKC-iota-related progression of
NSCLC.

In addition to being a well-characterized oncogenic
enzyme, PKC-iota is also a promising target for tumor
therapy, and clinical trials of PKC-iota inhibitors for
NSCLC treatment are underway.**** The positive correla-
tion between PKC-iota and '|F-FDG uptake in NSCLC
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Figure 5 GLUTI knockdown restrains PKC-iota-mediated growth of NSCLC cells. (A) After co-transfection with Flag-PKC-iota (or empty vector) and Si GLUTI (or Si
NC), the numbers of H1650 cells were counted at 24, 48, and 72 h. (B, C) H1650 cells were co-transfected with Flag-PKC-iota (or empty vector) and Si GLUTI (or Si NC)
for 36 h, after which time the cells were harvested to determine the migration and invasion capabilities by the wound-healing assay (left of (B) images of the indicated cells,
scale bar: 25 pm; right of (B) statistical analysis of the migratory ability of the indicated cells) and transwell migration assay (left of (C) images of the indicated cells, scale bar:
25 pm; right of (C) statistical analysis of the invasive ability of the indicated cells), respectively.

indicates that '"*F-FDG PET/CT might be used to noninva-
sively quantify PKC-iota levels in NSCLC to guide
ongoing clinical trials of anti-PKC-iota therapy. For cases

in which tissue samples are unavailable for PKC-iota
pathological testing,*®*” '®F-FDG PET/CT might predict
PKC-iota levels in NSCLC, thus providing clues for anti-
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Table | Correlation of PKC-iota and GLUTI expression in 81 primary NSCLC tumor tissues with different clinicopathological
parameters

Variable Number | PKC-iota expression GLUTI expression

Low expression | High expression | P-value | Low expression | High expression | P-value

Age (years)

<60 24 9 15 0.402 12 12 0.084
>60 57 16 4] 17 40

Gender
Female 23 9 14 0310 9 14 0.694
Male 58 16 42 20 38

Smoke
Yes 57 16 4] 0.402 23 34 0.188
No 24 9 15 6 18

Pathological type
SQCC 31 5 26 0.024%* 6 25 0.015%
ADC 50 20 30 23 27

Lesion length (cm)
<3 22 12 10 0.005* 14 8 0.001%**
>3 59 13 46 15 44

Nodal metastasis

No 53 21 32 0.019* 24 29 0.014%*
Yes 28 4 24 5 23

TNM stage
Stage | 38 18 20 0.003** 19 19 0.012*
Stage II-IV 43 7 36 10 33

Notes: *P<0.05, **P<0.005.
Abbreviations: PKC-iota, protein kinase C-iota; GLUTI, glucose transporter |; NSCLC, nonsmall cell lung cancer; SQCC, squamous carcinoma; ADC, adenocarcinoma.
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Figure 6 High PKC-iota and GLUTI co-expression is related to poor NSCLC prognosis. Kaplan—Meier analysis of overall survival as a function of PKC-iota and GLUTI
levels in NSCLC tumor tissues.

PKC-iota treatment planning; patients whose tumor tissues  lesions show relatively weak '*F-FDG uptake. In addition,
strongly accumulate '*F-FDG are more likely to benefit '®F-FDG PET/CT can also be applied for monitoring the
from anti-PKC-iota therapy than patients whose tumor response to anti-PKC-iota drugs because a decrease in
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"F_.FDG uptake decrease might indicate a positive anti-
PKC-iota effect.

SQCC and ADC are the two main subtypes of
NSCLC;*® in NSCLC, SQCC always exhibits higher
GLUTI-mediated glucose uptake and glycolysis levels
than ADC.*”° In addition to GLUTI, a relatively high
expression of PKC-iota in SQCC versus ADC was also
observed in our study. The differences in '*F-FDG uptake
between SQCC and ADC might be explained by differ-
ences in PKC-iota-related GLUT1 activation in these two
forms of NSCLC, which merits further research.

Conclusion

In conclusion, our data defined PKC-iota as a novel gly-
colysis-regulating enzyme in NSCLC, which is essential
for tumor progression. PKC-iota promoted glucose uptake
and glycolysis via upregulating c-Myc/GLUT1 signaling.
PKC-iota inhibition might be a feasible and effective tar-
geted strategy for the metabolic treatment of NSCLC. '®F-
FDG PET/CT might help predict PKC-iota status in
NSCLC tissues, thus providing important clues for indivi-
dualized anti-tumor therapy. In addition, the involvement
of PKC-iota in tumor glucose metabolic reprogramming is
expected to help identify new imaging agents not only for
tumor diagnosis but also for therapeutic monitoring.
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