Received: 9 March 2021

Revised: 30 March 2021

Accepted: 30 March 2021

DOI: 10.1111/cas.14911

ORIGINAL ARTICLE

Cancer Science Ri4ina%

AKT3 is a key regulator of head and neck squamous cell

carcinoma

Hideyuki Takahashi®

| Susumu Rokudai? | Reika Kawabata-lwakawa® |

Koichi Sakakura! | Tetsunari Oyama* | Masahiko Nishiyama® | Kazuaki Chikamatsu®

'Department of Otolaryngology-Head and
Neck Surgery, Gunma University Graduate
School of Medicine, Maebashi, Japan

2Department of Molecular Pharmacology
and Oncology, Gunma University Graduate
School of Medicine, Maebashi, Japan

3Division of Integrate Oncology Research,
Gunma University Initiative for Advanced
Research, Maebashi, Japan

4Department of Diagnostic Pathology,
Gunma University Graduate School of
Medicine, Maebashi, Japan

Correspondence

Kazuaki Chikamatsu, Department of
Otolaryngology-Head and Neck Surgery,
Gunma University Graduate School of
Medicine, 3-39-22, Showa-machi, Maebashi,
Gunma, 371-8511, Japan.

Email: tikamatu@gunma-u.ac.jp

Funding information

The Ministry of Education, Culture, Sports,
Science and Technology, Japan, Grant/
Award Number: Grant-in-Aid for Young
Scientists 20K18243 and Scientific Research
(B) 20H03834

1 | INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the sixth
most common cancer worldwide, with a 5-y survival rate of 66%,;

Abstract

The phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) pathway plays a vital role in cell proliferation, apoptosis, metabolism, and
angiogenesis in various human cancers, including head and neck squamous cell car-
cinoma (HNSCCQC). In the present study, we aimed to clarify the role of AKT, which is
a major downstream effector of the PI3K-AKT-mTOR pathway, in HNSCC. We first
investigated the mRNA expression of AKT isoforms using RNA-sequencing data from
The Cancer Genome Atlas database. We observed a specific elevation of AKT3 ex-
pression in HNSCC tissues when compared with that in normal tissues. Furthermore,
AKT3 expression correlated with genes related to the immunosuppressive microen-
vironment more than the other AKT isoforms and PIKSCA. Accordingly, we focused
on AKT3 and performed a knockdown approach using an HNSCC cell line. AKT3
knockdown cells exhibited impaired proliferation, a shift in the cell cycle from G2/M
to G1/GO phase, an increase in apoptotic cells, and downregulation of gene expres-
sion related to immunosuppression, as well as the knockdown of its upstream regula-
tor PIK3CA. We also performed immunohistochemistry for both AKT3 and PIK3CA
using surgical specimens from 72 patients with HNSCC. AKT3 expression in tumor
cells correlated with immune cell infiltration and unfavorable prognosis when com-
pared with PIKSCA. These findings suggested that AKT3 expression is a potential bi-
omarker for predicting the immunoreactivity and prognosis of HNSCC. Furthermore,
the isoform-specific inhibition of AKT3 could be developed as a novel cancer therapy
that efficiently suppresses the PI3BK-AKT-mTOR pathway.
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microenvironment

approximately 890 000 new cases and 450 000 deaths reportedly
occur annually.i’2 Exposure to tobacco-derived carcinogens and ex-
cessive alcohol consumption are known key risk factors for HNSCC.®
Furthermore, oropharyngeal cancers associated with prior infection
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with oncogenic strains of human papillomavirus (HPV) are report-
edly increasing in the USA and Western Europe.*

In HPV-positive HNSCCs, viral proteins, including E6 and E7, fa-
cilitate oncogenic transformation by ubiquitylation and proteasomal
degradation of p53 or by interacting with several cell cycle regulatory
proteins such as E2F.° By contrast, in HPV-negative HNSCCs, fre-
quent alterations in TP53 and CDKN2A were reported by analyzing
The Cancer Genome Atlas (TCGA).® Notably, PIK3CA, which encodes
the catalytic subunit of phosphoinositide 3-kinase (PI3K), has been
recognized as a common HNSCC oncogene, which is frequently mu-
tated in both HPV-positive and HPV-negative HNSCCs.%” PIK3CA is
a key component of the PIBK-AKT-mammalian target of rapamycin
(mTOR) pathway, which plays a vital role in cell proliferation, apopto-
sis, metabolism, and angiogenesis in various human cancers, including
HNSCC.8 In addition to PIK3CA mutations, several mechanisms, in-
cluding epidermal growth factor receptor activation, PIK3CA ampli-
fication, PI3K overexpression, and phosphatase and tensin homolog
(PTEN) mutations, have been reported to activate the PI3K-AKT-
mTOR pathway. In the PI3BK-AKT-mTOR pathway, AKT, also known as
protein kinase B (PKB), is the major downstream effector.”** AKT is
comprised of 3 mammalian isoforms: AKT1, AKT2, and AKT3. AKT1
is usually expressed at higher levels than other isoforms, indicating
its importance, especially in cell survival. AKT2 plays a vital role in
the insulin signal transduction pathway. AKT3 is primarily expressed
in the brain and testis, however the specific role of AKT3 remains
elusive.’? Meanwhile, AKT overactivation has been reported in var-
ious malignancies, including HNSCC,'314 and the activation of AKT
has been reported to negatively correlate with prognosis in patients
with esophageal squamous cell carcinoma and non-small-cell lung
cancer.*>! However, the specific role of each AKT isoform needs
to be comprehensively elucidated in malignant tumors, especially in
HNSCC.

In the present study, we sought to clarify the role of AKT activa-
tion in HNSCC. We first investigated the mRNA expression of each
AKT isoform using RNA-sequencing data obtained from TCGA data-
base. Based on this analysis, we focused on AKT3 and performed a
knockdown approach using HNSCC cells. Moreover, we investigated
the significance of AKT3 in surgical specimens derived from HNSCC

patients.

2 | MATERIALS AND METHODS
2.1 | The Cancer Genome Atlas data analysis

RNA-sequencing data (lllumina HiSeq RNA-seq V2, RSEM normal-
ized) and clinical information were obtained from TCGA Research
Network (TCGA provisional version updated in 2016, http://cance
rgenome.nih.gov/). In total, 564 cases consisting of 97 HPV-positive
HNSCC, 423 HPV-negative HNSCC, and 44 normal samples were
available. The log10-transformed value of mMRNA expression levels

was calculated.

2.2 | Cell culture

The squamous cell carcinoma of the head and neck (SCCHN) cell
line HSC-3 was purchased from the Japanese Collection of Research
Bioresources (JCRB) Cell Bank. The cells were maintained in DMEM
supplemented with 10% fetal calf serum (FCS), 100 U/mL penicillin,
and 100 pg/mL streptomycin.

2.3 | Transfection

shRNAs for luciferase (LUC), AKT3, and PIK3CA were transfected
into HSC-3 cells. The shRNA oligonucleotides were annealed at 90°C
for 15 min, 70°C for 30 min, and 25°C for 30 min, and then cloned into
the pLKO.1 purolentiviral shRNA expression vector between the Agel
and EcoRl sites. The oligonucleotide target sequences used for shR-
NAs were as follows: AKT3#4, 5-GTAGTCCAACTTCACAAAT-3';
AKT3#5, 5'-GATGTGGATTTACCTTATC-3'; PIK3CA#1, 5'-CCAGAT
GTATTGCTTGGTA-3'; and PIK3CA#4, 5-GCACAATCCATGAACA
GC-3'.

2.4 | Reverse transcription-polymerase chain
reaction (RT-PCR)

Total RNA was extracted from transduced HSC-3 cells using an
RNeasy Mini Kit (QIAGEN). Quantitative RT-PCR was performed in
triplicate using a Power SYBR Green RNA-to-CT 1-Step Kit and an
Applied Biosystems StepOne instrument (Thermo Fisher Scientific).
A melting curve was recorded at the end of every run to assess the
product specificity. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. The relative expression

level was evaluated using the 2744t

method, in which Ct represents
the threshold cycle. The PCR primers used are listed in Supporting

Information Table S1.

2.5 | Cell proliferation assay

Transfected HSC-3 cells were harvested and plated in 96-well plates
(1 x 10° cells/well). After incubation, 20 uL of CellTiter 96® AQueous
One Solution Reagent (Promega) was added to each well, followed
by incubation for 2 h. The absorbance at 490 nm was measured using
an iMark™ Microplate Absorbance Reader (Bio-Rad) to measure cell
proliferation, which was evaluated at 24, 48, and 72 h.

2.6 | Cell cycle analysis

Transduced HSC-3 cells were harvested at approximately 70% con-
fluency. For cell fixation, 70% ice-cold ethanol was added dropwise

while vortexing and incubated at 4°C for 30 min. After washing
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the cells with PBS, the samples were treated with RNase A (1 pg/
mL, Promega), followed by nuclear staining with propidium iodide
(PI; 50 pg/mL, BioLegend). Cell cycle phases were analyzed by flow

cytometry.

2.7 | Apoptosis assay

Transduced HSC-3 cells were harvested at approximately 70%
confluency. After washing with PBS, cells were stained with A
CaspACE™ fluorescein isothiocyanate (FITC)-VAD-FMK In Situ
Marker (Promega) according to the manufacturer's instructions.
The proportion of apoptotic cells was measured by flow cytometry.
7-Amino-actinomycin D (7-AAD; BD Bioscience) was added 10 min
before analysis. FITC-VAD-FMK-positive and 7-AAD-negative cells

were defined as apoptotic cells.

2.8 | T cell proliferation assay

Peripheral blood mononuclear cells (PBMCs) obtained from healthy
donors were labeled with 1 pmol/L carboxyfluorescein succinimidyl
ester (CFSE; Thermo Fisher Scientific) according to the manufac-
turer's protocol. CFSE-labeled PBMCs (1 x 10°) were plated into 96-
well plates with transduced HSC-3 cells (2 x 10% in RPMI medium
supplemented with 10% FCS, 100 units/mL penicillin, and 100 pg/
mL streptomycin. Following the addition of anti-CD3/anti-CD28
stimulus (Treg Suppression Inspector human; Miltenyi Biotec), the
cells were incubated for 96 h. After incubation, floating cells were
harvested and stained with allophycocyanin (APC)-CD3 antibody
(BD Bioscience) at 4°C for 1 h. Then, 7-AAD (BD Bioscience) was
added 10 min before the analysis. The proliferation of CD3-positive
7-AAD-negative cells was measured by dilution of CFSE staining

using flow cytometry.

2.9 | Flow cytometry

Flow cytometry was used to assess cell cycle, apoptosis, and T cell
proliferation. Multicolor flow cytometry was performed using a BD
FACSVerse Flow Cytometer (BD Bioscience). Acquired data were
analyzed using FlowJo software (TreeStar).

2.10 | Patient specimens for immunohistochemistry

In total, 72 HNSCC surgical specimens resected from primary
tongue cancers were examined using immunohistochemistry (IHC).
Patients who underwent surgery at Gunma University Hospital
between November 2000 and January 2012 were included in the
study; patients who received preoperative chemotherapy, radio-
therapy, or immunotherapy were excluded. Clinical and pathological

information, including age, sex, tumor-node-metastasis (TNM) stage,
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lymphatic/vascular invasion, overall survival (OS), and disease-free
survival (DFS), were obtained from electronic medical records.
TNM classification was based on the 7th edition of the International
System for Staging adopted by the American Joint Committee on
Cancer and the Union for International Cancer Control. The present
study was approved by the Institutional Review Board of Gunma
University (No. 12-12) and was performed in accordance with the
Declaration of Helsinki of 1996. Written informed consent was ob-

tained from all the patients.

2.11 | Immunohistochemistry

Formalin-fixed (10% formaldehyde) paraffin tissue sections (5-um
thick) were used for IHC. After deparaffinization and hydration, anti-
gen retrieval was performed using Proteinase K (Dako) at room tem-
perature for 5 min for CDé68 or by autoclaving at 121°C for 20 min
in citrate buffer (pH 6.0) for the other antigens. Endogenous per-
oxidase and non-specific binding sites were blocked with 3% H,O,
and 1% BSA/5% normal horse serum, respectively. Primary antibody
staining was performed at 4°C overnight with antibodies listed in
Table S2, followed by secondary staining with Labeled Polymer-HRP
anti-mouse/rabbit (Dako) at room temperature for 45 min. Detection
was performed using 3.3'-diaminobenzidine (DAB Dako), followed
by counterstaining with Mayer's hematoxylin (FUJIFILM Wako Pure
Chemical Corporation). After dehydration, the slides were mounted
with a non-aqueous mounting medium DPX (Merck). Stained sec-
tions were evaluated using an Axioscope (Carl Zeiss Microscopy
GmbH) light microscope combined with AxioVision LE image ac-
quisition software by 2 independent observers in a blinded man-
ner. Immunostaining of AKT3 and PIK3CA was scored based on the
intensity and heterogeneity. The staining intensity was scored as O
(negative), 1 (weak), 2 (moderate), and 3 (strong). The proportion of
stained tumor cells was scored as follows: 0 (<5%), 1 (5%-25%), 2
(26%-50%), and 3 (>50%). Immunostaining was scored by multiply-
ing the intensity and proportion scores (final score: 0-9). Low ex-
pression was defined as <2, whereas high expression was defined
as 22. To enumerate CD68" and CD163"* macrophages, more than 4
representative area fields adjacent to cancer cells were examined at
a magnification of x200. More than 5 areas of a representative field
were assessed for CD1a* DC and CD56" NK cells at x200 magnifica-
tion. Infiltration of CD3" T cells in more than 5 x400 fields (HPF) was
considered as grade 1 (<10 positive cells/HPF), grade 2 (10-30/HPF),
grade 3 (31-100/HPF), and grade 4 (>101/HPF), followed by calcula-

tion of the average of multiple counted areas.

2.12 | Statistical analysis

Data were analyzed using GraphPad Prism version 8 (GraphPad
Software) and R (The R Foundation for Statistical Computing,
Vienna, Austria). Student t test (for 2 groups), one-way ANOVA

with Tukey post-hoc test for multiple pairwise testing (for more
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than 2 groups), chi-square test for independence, and Fisher exact with genes related to the immunosuppressive microenvironment

test were used to examine differences in continuous and categori- when compared with other genes. For instance, AKT3 expression
cal variables. Pearson correlation coefficient was used to evaluate was positively correlated with tumor-associated macrophage (TAM)-
the correlation between the 2 continuous variables. Two-sided P- related genes, including FCGR1A, CDé68, CD163, MRC1, CCL2, CXCL12,
values < .05 were considered statistically significant. Survival curves and CSF1. Regulatory T cell (Treg)-related genes, including CD4,
were calculated using the Kaplan-Meier method and compared using FOXP3, and IL10, were positively correlated with AKT3 expression.
the log-rank test. Multivariate regression analyses were performed Furthermore, AKT3 expression positively correlated with cytotoxic T
using the Cox proportional hazards model. Variables were included cell markers, NK cell marker, and T cell exhaustion markers, includ-
in subsequent multivariate analyses when P-values were < .10 in uni- ing CD3E, CD8A, NCAM1, PDCD1, and HAVCR2, and negatively cor-
variate analyses. related with T cell activation markers IFNG, and GZMB. Meanwhile,

AKT1 and AKT3, especially AKT3 expression, positively correlated
with marker genes for cancer-associated fibroblasts (CAFs), including
3 | RESULTS FAP, COL11A1, PDGFRB, and POSTN. Based on these results, we fo-
cused on AKT3 and investigated its role in the following experiments.
3.1 | mRNA expression of AKT isoforms/PIK3CA
and immune-related genes in HNSCC
3.2 | AKT3 knockdown downregulated the
To compare the mRNA expression of each AKT isoform in the normal activity of HSC-3 cells as well as PIK3CA
epithelium of the head and neck region and HNSCC, we evaluated
RNA-sequencing data obtained from TCGA database. The expres- We performed a knockdown approach to investigate the role of AKT3
sion of AKT1 and AKT3, especially AKT3, was higher in HNSCC than in HNSCC. Two independent shRNAs against AKT3 (shAKT3#4 and

that in normal tissues, as well as PIK3CA expression. In contrast, shAKT#5) were transfected into HSC-3 cells. Two independent shRNAs
AKT2 expression was lower in HNSCC tissues than in normal tis- against PIK3CA (shPIK3CA3#1 and shPIK3CA#4) were also transfected
sues (Figure 1A,B). We next analyzed the correlation between the into HSC-3 cells for comparison with AKT3 knockdown cells. sShRNA

expression of AKT1/AKT2/AKT3/PIK3CA and stromal cell markers in against luciferase (shLUC) was used as a control. As expected, quantita-
520 HNSCC samples (Figure 1C, Table S3). Among AKT1/AKT2/AKT3/ tive RT-PCR revealed that AKT3 or PIK3CA knockdown cells expressed
PIK3CA, AKT3 expression exhibited a strong positive correlation less AKT3 or PIK3CA, respectively, than controls (Figure 2A). Moreover,

A
A (B) AKT1 AKT2 AKT3 PIK3CA
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FIGURE 1 mRNA expression of AKT3 correlates with the immunosuppressive tumor microenvironment in HNSCC. A-C, mRNA
expression data and clinical information were obtained from TCGA. A, Heat map of AKT1/AKT2/AKT3/PIK3CA expression in 520 HNSCC
and 44 normal tissues. Samples were clustered using hierarchical clustering based on z-scores. B, Log10-transformed expression of genes
displayed in A. C, Correlation matrix displaying R-values for assessing the correlation between expression of AKT1/AKT2/AKT3/PIK3CA and
that of stromal cell markers across 520 HNSCC tissues. Each circle size represents the absolute value of the R-value. CAF, cancer-associated
fibroblast; CTL, cytotoxic T lymphocyte; HNSCC, head and neck squamous cell carcinoma; TAM, tumor-associated macrophage; TCGA, The
Cancer Genome Atlas; Treg, regulatory T cell
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AKT3/PIK3CA knockdown cells exhibited lower expression of several knockdown cells. The proliferation of AKT3/PIK3CA knockdown cells
immune-related genes, including IL1B, IL6, CXCL8, TGFB1, CD274, and was marginally suppressed. In contrast, cell cycle analysis revealed that
PDCD1LG2 (Figure 2B). Furthermore, we analyzed the proliferation of a higher number of AKT3/PIK3CA knockdown cells were present in the
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FIGURE 2 AKT3is crucial to maintain the activities of HNSCC cells. A, Relative AKT3/PIK3CA expression in transduced HSC-3 cells as measured
by RT-PCR. B, Relative mRNA expression of immune-related genes in transduced HSC-3 cells as measured by RT-PCR. C, Proliferation of transduced
HSC-3 cells. A fold increase compared with that at O h is shown. D, Cell cycle analysis of transduced HSC-3 cells. Histograms represent the cell

cycle phases. E, Proportion of apoptotic cells in transduced HSC-3 cells. F, Proliferation of T cells co-cultured with transduced HSC-3 cells. *P < .05;
**P <.01; ***P < .001; ****P < .0001. HNSCC, head and neck squamous cell carcinoma; RT-PCR, reverse transcription-polymerase chain reaction
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G1/GO phase than control cells, whereas lower numbers of knockdown
cells were in the G2/M phase compared with control cells (Figure 2D).
Moreover, AKT3/PIK3CA knockdown cells were more apoptotic
than control cells (Figure 2E). To further characterize AKT3/PIK3CA
knockdown cells, we examined their suppressive activity on T cell
proliferation. T cells co-cultured with AKT3/PIK3CA knockdown cells
demonstrated greater proliferation than those co-cultured with control
cells, indicating the downregulation of the suppressive activity of AKT3/
PIK3CA knockdown cells on T cell immunity (Figure 2F).

3.3 | AKT3 expression in tumor cells correlates with
stromal cell infiltration and shorter overall survival

We investigated the clinical significance of AKT3/PIK3CA expression
in 72 HNSCC surgical specimens. The staining score of AKT3/PIK3CA
was classified as low or high (mentioned in Materials and Methods).
AKT3/PIK3CA staining exhibited no correlation with clinical param-
eters, including age, sex, differentiation, lymphatic invasion, vascular

AKT3 in tumors

PIK3CA in tumors

invasion, lymph node involvement, T factor, and TNM stage (Table 1).
Meanwhile, AKT3 staining positively correlated with stromal cell in-
filtration, including TAMs (CD68), NK cells (CD56), T cells (CD3), and
CAFs (aSMA) (Figure 3C). Moreover, high expression of AKT3 corre-
lated with shorter OS (Figure 3B). PIK3CA staining was positively cor-
related with stromal cell infiltration, including M2-like TAMs (CD163)
and CAFs (aSMA) (Figure 3F). No correlation between PIK3CA stain-
ing and survival was observed (Figure 3E). We also performed multi-
variate regression analyses with both clinical parameters and AKT3/
PIK3CA staining using Cox proportional hazards model (Table 2). Both
age and AKT3 staining were independent prognostic factors for OS,

whereas no independent prognostic factor for DFS was determined.

4 | DISCUSSION

A detailed analysis of 279 HNSCC tumors in TCGA database has
previously elucidated several gene alterations specific to HNSCC.®
The list of frequently mutated genes is comprised of several tumor

TABLE 1 Relationship between
AKT3/PIK3CA expression and clinical

Variable Negative Positive P-value  Negative
Age (y)

<71 25 16 .64 10

271 17 14 10
Gender

Male 27 18 .81 13

Female 15 12 7
Differentiation

Well/moderate 35 27 .81 16

Poorly 7 3 4
Lymphatic

invasion

Negative 25 14 0.28 13

Positive 17 16 7
Vascular invasion

Negative 31 18 .22 14

Positive 11 12 6
Lymph node

involvement

Negative 28 20 1.00 13

Positive 14 10 7
T factor

T1-2 38 25 48 18

T3-4 4 5 2
TNM stage

I-11 29 18 43 14

I-1v 13 12 6

Positive  P-value parameters in 72 HNSCC patients

31 .60

21

32 1.00

20

46 .93
6

26 )

26

35 .83

17

35 .85

17

45 1.00
7

88 .60

19

Abbreviations: HNSCC, head and neck squamous cell carcinoma; TNM, tumor-node-metastasis.
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FIGURE 3 AKTS3 expression in tumor cells correlates with immune cell infiltration and poor prognosis in HNSCC. Immunohistochemistry
(IHC) staining of 72 surgical HNSCC specimens was performed. A, IHC staining positive for AKT3 in tumor cells; left, x100 magnification,
scale bar 200 pm; right, X200 magnification, scale bar 100 pum. B, Kaplan-Meier survival curves based on AKT3 staining scores in tumor
cells. C, Relationship between IHC staining of stromal cells and AKT3 score in tumor cells. The «aSMA grades represent the infiltration of the
CAFs. D, IHC staining positive for PIK3CA in tumor cells; x100 magnification, scale bar 400 pm; right, X200 magnification, scale bar 200 pm.
E, Kaplan-Meier survival curves based on PIK3CA staining scores in tumor cells. F, Relationship between IHC staining of stromal cells and
PIK3CA score in tumor cells. xSSMA, a-smooth muscle actin; CAFs, cancer-associated fibroblasts; HNSCC, head and neck squamous cell

carcinoma

suppressor genes, including TP53, CDKN2A, FAT1, NOTCH1, KMT2D,
NSD1, and TGFBR2, however PIK3CA was the only oncogene that
was mutated (~14%) in HNSCC. In the present study, we focused
on AKT, the major downstream effector of the PISK-AKT-mTOR
pathway. We observed a specific elevation of AKT3 expression in
HNSCC samples obtained from TCGA database. Furthermore, AKT3
expression was highly associated with genes related to the immu-
nosuppressive microenvironment when compared with the other
isoforms. The knockdown approach revealed that AKT3 promotes
the proliferative and immunosuppressive functions of HNSCC cells.

Moreover, AKT3 expression in HNSCC samples correlated with

immune cell infiltration and unfavorable survival when compared
with PIK3CA. These findings suggested that AKT3 expression is a
potential biomarker for predicting the immunoreactivity and prog-
nosis of HNSCC. Furthermore, AKT3 is a potential candidate for mo-
lecular targeted therapy of HNSCC.

In the present study, we focused on the role of AKT3 among
the known AKT isoforms. Although the specific role of each AKT
isoform in malignant tumors remains to be comprehensively eluci-
dated, there have been a few studies in the field of breast cancer.
AKT3, but not AKT1 and AKTZ2, is reported as a critical regulator of

the growth of triple-negative breast cancers.!” In contrast, several
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Overall survival

Disease-free survival

TABLE 2 Multivariate survival analyses
on OS and DFS in 72 HNSCC patients

Variables HR (95% ClI) P-value  HR(95% Cl) P-value
Age (y)
<71 1 .020
271 3.285(1.203-8.965)
Differentiation
Well/moderate 1 .052 1 .072
Poorly 3.117 (0.989-9.820) 2.781(0.914-8.084)
Lymphatic invasion
Negative 1 .205 1 734
Positive 2.575(0.597-11.113) 1.265 (0.326-4.907)
Vascular invasion
Negative 1 .587 1 .909
Positive 1.341 (0.465-3.868) 0.938(0.310-2.839)
N factor
NO 1 .682 1 .071
N1-3 1.310 (0.359-4.786) 3.682(0.893-15.190)
TNM stage
I-11 1 969 1 .855
I-1v 1.030 (0.229-4.630) 0.879 (0.220-3.508)
AKT3 in tumor
Low 1 .009
High 3.912(1.399-10.935)
PIK3CA in tumor
Low 1 .076
High 2.883(0.895-9.287)

Bold indicates significant values.

Abbreviations: Cl, confidence interval; DFS, disease-free survival; HNSCC, head and neck
squamous cell carcinoma; HR, hazard ratio; OS, overall survival; TNM, tumor-node-metastasis.

studies have reported the opposing functions of AKT1 and AKT2 in
cell migration and invasion.*®2! Furthermore, AKT3 reportedly pro-
motes the proliferation of human prostate cancer cells through the
upregulation of both total AKT and B-Raf, and the downregulation of
tuberous sclerosis complex (TSC) 1 and TSC2.22 The overexpression
of AKT3 in prostate cancer cells promoted the shift of the cell cycle
from the G1 to the S phase and stimulated tumor growth in vivo. In
line with these studies observed in breast and prostate cancers, we
hypothesized that the elevated mRNA expression of AKT3 in TCGA
HNSCC cohort might be related to the upregulated proliferation and
growth activity of HNSCC. Accordingly, we knocked down AKT3/
PIK3CA in HSC-3 cells and revealed their impaired proliferation, cell
cycle shift from the G2/M to G1/GO phase, and increased apoptotic
cells in not only PIK3CA knockdown cells, but also AKT3 knockdown
cells. These results are consistent with previous reports on breast
and prostate cancers, highlighting the implications of AKT3-targeted
therapy. Several phase | and phase Il clinical trials targeting AKT
are currently ongoing for numerous types of cancers; however, no

AKT3 isoform-specific inhibitors are clinically available.'®> Our TCGA

analyses indicated the increased expression of AKT1 and AKT3, es-
pecially AKT3, but not AKT2, in HNSCC. This finding suggests that
AKT3-specific therapy may suppress AKT function more efficiently
than the other isoforms. Clinical trials have mainly been performed
with pan-AKT inhibitors.’® These pan-AKT inhibitors can suppress
all AKT isoforms, however, as mentioned above, opposing functions
of AKT1 and AKT2 have been reported in breast cancers, indicating
the unexpected effects of AKT1/AKT2 suppression, including the
promotion of cell migration or invasion. Moreover, Stottrup C and
colleagues reported that AKT3 is a key regulator of resistance to the
AKT inhibitor, MK2206.%° They established an MK2206-resistant
breast cancer cell line that markedly upregulated AKT3 expression.
Knockdown of AKT3 in these cells restored sensitivity to MK2206.
These findings suggest that isoform-specific inhibition of AKT3 is
more efficient than pan-AKT inhibition or PIK3CA inhibition. Further
characterization of AKT3-specific roles and anti-tumor effects of
AKT3 inhibition is warranted.

In the present study, we also focused on the relationship be-

tween AKT3 and the immune microenvironment. TCGA analysis
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revealed that AKT3 expression was positively correlated with cyto-
toxic T cell and NK cell markers, including CD3E, CD8, and NCAM1.
The AKT3 staining score in 72 HNSCC samples positively correlated
with the infiltration of CD3* T cells and CD56" NK cells. The infiltra-
tion of both T cells and NK cells into the tumor stroma has been rec-
ognized as a favorable prognostic factor in HNSCC?*25 however the
AKT3 staining score was an unfavorable prognostic factor for OS in
72 HNSCC samples. Accordingly, AKT3 in tumor cells may facilitate
the dysfunction of tumor-infiltrated cytotoxic cells or recruit an im-
munosuppressive population of T cells. The increased proliferation
of T cells co-cultured with AKT3 knockdown HNSCC cells, compared
with control cells, highlights the suppressive effects of tumor AKT3
on T cell immunity. The decreased gene expression of PD-1 ligands,
CD274 and PDCD1LG2, which are negative regulators of activated
T cells,?® also indicates that AKT3 may suppress T cell functions by
inducing these immune checkpoint molecules. Furthermore, the
downregulation of proinflammatory and immunosuppressive cyto-
kine genes, including IL1B, IL6, CXCL8, and TGFB1, in AKT3 knock-
down cells clarifies the relationship between tumor AKT3 and T cell
dyfunction.?”%C Infiltration of other stromal cell types, such as TAMs
and CAFs, may provide an alternate rationale, facilitating the dys-
function of effector cells. In TCGA analysis, AKT3 expression was
positively correlated with both TAM-related and CAF-related genes.
Moreover, the AKT3 staining score was positively correlated with
the infiltration of both TAMs and CAFs in HNSCC samples. TAM has
been recognized as a key stromal cell type that facilitates tumor pro-
gression through various mechanisms, including immunosuppres-
sion, angiogenesis, and tumor invasion.>'% CAF is also a known key
stromal player that promotes tumor progression by contributing to
epithelial-to-mesenchymal transition, immunosuppression, and an-
giogenesis.34'36 We previously demonstrated that CAFs suppress T
cell immunity and induce M2-like TAMs.%”%8 |n the tumor microenvi-
ronment of AKT3-upregulated HNSCCs, an abundance of TAMs and
CAFs may suppress the infiltration of cytotoxic T cells, resulting in
dysfunction and exhaustion of T cells. The positive correlation be-
tween AKT3 expression and T cell exhaustion markers in TCGA da-
tabase supports this prediction. Furthermore, a positive correlation
between AKT3 expression and the expression of Treg-related genes
was observed in TCGA database. Tregs are an immunosuppressive
subset of CD4" T cells that suppresses anticancer immunity.®’ In the
72 HNSCC samples investigated in the present study, the highly in-
filtrated CD3" T cells might consist of numerous Tregs. In line with
these results, AKT3 may be a key regulator of the immunosuppres-
sive functions of HNSCCs, resulting in shorter survival of patients
with HNSCC. AKT3 expression may be a novel biomarker, reflecting
both the complex immunosuppressive microenvironment and poor
prognosis.

In conclusion, we demonstrated that AKT3 is a key regulator
that modulates the proliferative and immunosuppressive functions
of HNSCC. AKT3 is a potential candidate for a novel biomarker of
the immunosuppressive microenvironment and shorter survival. The

isoform-specific inhibition of AKT3 could be developed as a novel

Cancer Science NuIia e

cancer therapy that efficiently suppresses the PI3K-AKT-mTOR
pathway.
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