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/Abstract \

Background: p53 and DIRAS3 are tumor suppressors that are frequently silenced in tumors. In this study, we sought
to determine whether the concurrent re-expression of p53 and DIRAS3 could effectively induce head and neck
squamous cell carcinoma (HNSCC) cell death.

Methods: CAL-27 and SCC-25 cells were treated with Ad-DIRAS3 and rAd-p53 to induce re-expression of DIRAS3
and p53 respectively. The effects of DIRAS3 and p53 re-expression on the growth and apoptosis of HNSCC cells were
examined by TUNEL assay, flow cytometric analysis and MTT. The effects of DIRAS3 and p53 re-expression on Akt
phosphorylation, oncogene expression, and the interaction of 4E-BP1 with eIF4E were determined by real-time PCR,
Western blotting and immunoprecipitation analysis. The ability of DIRAS3 and p53 re-expression to induce autophagy
was evaluated by transmission electron microscopy, LC3 fluorescence microscopy and Western blotting. The effects of
DIRAS3 and p53 re-expression on HNSCC growth were evaluated by using an orthotopic xenograft mouse model.
Results: TUNEL assay and flow cytometric analysis showed that the concurrent re-expression of DIRAS3 and
p53 significantly induced apoptosis (P<0.001). MTT and flow cytometric analysis revealed that DIRAS3 and p53
reexpression significantly inhibited proliferation and induced cell cycle arrest (P<0.001). Mechanistically, the
concurrent re-expression of DIRAS3 and p53 down-regulated signal transducer and activation of transcription 3 (STAT3)
and upregulated p21"*"/“** and Bax (P<0.001). DIRAS3 and p53 re-expression also inhibited Akt phosphorylation,
increased the interaction of elF4E with 4E-BP1, and reduced the expression of c-Myc, cyclin D1, vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), epidermal growth factor receptor (EGFR) and Bcl-2 (P<0.001).
Moreover, the concurrent re-expression of DIRAS3 and p53 increased the percentage of cells with GFP-LC3 puncta
compared with that in cells treated with control adenovirus (50.00%+4.55% vs. 4.67%+1.25%, P<0.001). LC3
fluorescence microscopy and Western blotting further showed that DIRAS3 and p53 re-expression significantly
promoted autophagic activity but also inhibited autophagic flux, resulting in overall impaired autophagy. Finally, the
concurrent re-expression of DIRAS3 and p53 significantly decreased the tumor volume compared with the control
group in a HNSCC xenograft mouse model [(3.12+0.75)mm?® vs. (189.02+17.54) mm?, P<0.001].

Conclusions: The concurrent re-expression of DIRAS3 and p53 is a more effective approach to HNSCC treatment than
current treatment strategies.

Qey words DIRAS3, p53, Apoptosis, Autophagy, Head and neck squamous cell carcinoma /
Background chronic mechanical trauma, are involved in the pathogenesis

Head and neck squamous cell carcinoma (HNSCC) is the
sixth most frequently diagnosed tumor, with an estimated
annual worldwide incidence of 550,000 new cases[1]. Multiple
factors, including hereditary predisposition, human papilloma

virus (HPV) infection, alcohol consumption, tobacco use, and
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of HNSCC. These risk factors result in DNA damage, gene
mutations, and consequently the malignant transformation
of normal cells[2]. Gene therapy has been used to target
genetic abnormalities, typically via the augmentation of
silenced tumor suppressor genes or the blockage of activated
oncogenes. Although many roadblocks have been encountered
for the clinical success of gene therapy over the past several
years, there remains excitement for the potential of many gene
therapy approaches to improve personalized cancer therapy.

The mutation of the p53 tumor suppressor gene, which
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plays crucial functions in genomic stability, cell cycle
regulation, stress-induced reaction and DNA repair, arises in
60%-80% of patients with HNSCC[3, 4]. pS3-based cancer
therapies, including wild-type pS3 gene transfer, pS3 vaccines,
MDM2 antagonist, and mutant p53 re-activation, are used
clinically or are currently undergoing trials[S]. Gendicine, the
world’s first gene therapy product approved by the Chinese
State Food and Drug Administration (SFDA) for the treatment
of advanced HNSCC in 2003, showed significant therapeutic
benefits and improved survival rates in a number of trials[6].
Gendicine is a recombinant human serotype 5 adenovirus
encoding human wild-type pS3 gene (rAdpS3). It is typically
used as an adjuvant therapy to chemotherapy, radiotherapy and
surgery[7]. Improvement of the construction of recombinant
adenovirus, or combined treatment with new agents that have
synergistic antitumor effects, will undoubtedly enhance the
therapeutic efficacy of pS3-modulated gene therapy.

DIRAS family GTPase 3 (DIRAS3; also known as ARHI)
encodes a 26 kD GTP-binding protein with 60% homology to
Ras and Rap. Unlike the Ras and Rap oncogenes, DIRA S3 re-
expression enhances apoptosis and autophagic cell death in
ovarian and breast cancer cells, indicating that it could function
as a tumor suppressor[8, 9]. The expression of DIRAS3 is
frequently downregulated or abrogated in multiple cancers.
Zhang et al.[10] evaluated DIRAS3 expression in paired
adjacent normal and cancerous tongue tissue samples from
20 patients with tongue squamous cell carcinoma and found
that DIRAS3 expression was significantly downregulated in
cancerous tongue tissues. The re-expression of DIRAS3 led
to retarded cell growth, angiogenesis, migration and invasion
in breast, ovarian and liver cancer[11-13]. However, whether
DIRA S3 re-expression can suppress tumor growth in HNSCC
has not yet been studied.

Previously, we discussed the clinical application of p53
gene therapy using Gendicine for solid malignant tumors.
We summarized the key points of drug administration,
including the routes of administration, dosage calculation and
treatment cycles, based on our clinical experience, as well as
findings of some trials[14]. In the current study, we examined
the effects of DIRAS3 and p53 re-expression by adenovirus
infection in HNSCC cells. Concurrent re-expression of
DIRAS3 and p53 induced apoptosis and cell cycle arrest and
impaired autophagy. These phenotypes are likely the results
of decreased Akt phosphorylation, increased interaction of
4E-BP1 with eIF4E, inhibition of oncogene expression, and
autophagic vacuole accumulation. We tested the efficacy
of combined re-expression of DIRAS3 and p53 in vivo and

demonstrated significant suppression of human HNSCC

xenograft tumor growth.

Methods

Antibodies and reagents

Gendicine was purchased from Shenzhen SiBiono (Shenzhen,
China). Primary antibodies against DIRAS3, p53, Bax,
signal transducer and activation of transcription 3 (STAT3),
c-Myc, cyclin D1, vascular endothelial growth factor (VEGE),
fibroblast growth factor (FGF), epidermal growth factor
receptor (EGFR), Bcl-2, and GAPDH were purchased from
Abcam (Cambridge, MA, USA). Primary antibodies against
p21WARVCPL Ak, p-Ser473-Akt, p-Thr308-Akt, 4E-BP1,
p-Thr37/46-4E-BP1, p-Ser65-4EBP1, p-Thr70-4E-BP1, and
LC3 were obtained from Cell Signaling Technology (Beverly,
MA, USA). All secondary antibodies were purchased from
Zhongshan Jingiao Biotech (Beijing, China). Baf Al was
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

CAL-27 and SCC-25 human head and neck squamous cell
carcinoma cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). All cell
lines were cultured in DMEM supplemented with 10% FBS
and 100 U/ml penicillin/streptomycin. Cells were grown to
confluence at 37°C in an atmosphere of 95% humidified air
and 5% CO,.

Human tissues

To determine the expression of DIRAS3 in noncancerous
tissue, we collected human tongue tissues from surgical
resections. Informed patient consent was obtained beforehand.
Tongue tissues (No. of samples =3) were obtained from West
China Hospital of Stomatology. Tongue tissues were collected
from patients who underwent primary surgical resection of
tumors. All human materials were used in accordance with
the policies of the institutional review board at West China
Hospital of Stomatology.

Adenovirus cloning and infection

DIRAS3 was amplified by PCR using high-fidelity Taq
polymerase (TaKaRa, Dalian, China) and specific primers
(forward: 5-CAGGAATTCATGGGTAACGCCAGCTTT
GGC-3/, reverse: S'-ACGGGATCCTCACATGATTATGC
ACTTGTC-3"). The PCR products were digested with EcoR
I and BamH I and ligated into compatible restriction sites of
the adenoviral vector pacAdS-CMV-IRES-GFP (Cell Biolabs,
San Diego, CA, USA). The adenoviruses were generated by
co-transfection of the shuttle vector pacAdS-CMV-IRES-
GFP/DIRAS3 and backbone vector pacAd5-9.2-100 into
293A cells using Lipofectamine 2000 reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA). The adenovirus titer was
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increased up to 2x10"' PEU/ml by cesium chloride gradient
ultracentrifugation. The recombinant adenovirus expressing
human wild-type p53 was applied by using the first licensed
gene therapeutic drug rAd-pS3 (Gendicine). For adenovirus
infection, CAL-27 and SCC-25 cells were seeded in 6-well
plates at a density of 1x10° cells/ml and infected with Ad-
DIRAS3 and/or rAdpS3 for 24 h. The medium was replaced
with normal culture medium, and cells were cultured for 48 h
to allow gene expression. Adenovirus infection efficiencies
were more than 80%. The Ad-GFP expressing green fluorescent
protein was used as control adenovirus.

Flow cytometric analysis

For cell cycle analysis, cells (1x10°) were harvested, washed
with cold PBS, and pelleted by centrifugation at 1000 r/min
for Smin. Cells were resuspended in 70% ice-cold ethanol
overnight at 4 °C. Thereafter, cells were incubated with 50 pg/ml
propidium iodide (PI), 100 pg/ml RNAase and 0.1% Triton
X-100 for 1h in the dark. Samples were examined using a
FACSCalibur instrument (BD Biosciences, San Jose, CA,
USA).

For apoptosis analysis, cells were stained with Annexin V-PE
and 7-AAD (PharMingen, San Jose, CA, USA) according to the
manufacturer’s instructions. Apoptosis after DIRAS3 and p53
re-expression was evaluated using a FACSCalibur instrument.
Cells that were Annexin V /7-AAD™ were considered intact,
Annexin V'/7-AAD" cells were considered early apoptotic,
and Annexin V'/7-AAD" cells were considered necrotic.

MTT assay

Cells were incubated with 0.5 mg/ml 3-(4, S-dimethylthiazol-
2-yl)-2, S-diphenyltetrazolium bromide (MTT) for 4h at 37°C.
The violet-colored formazan crystals produced by the living
cells were dissolved with 100 pl of DMSO. The absorbance
of each well was measured at a 570 nm wavelength using a
microplate reader (Thermo Fisher Scientific, Rockford, IL,
USA).

Western blotting

Cells and tissues were lysed in RIPA buffer with complete
EDTA-free protease inhibitor cocktail (Roche, Mannheim,
Germany). Equivalent amounts of protein were subjected
to SDS-PAGE and transferred to PVDF membranes. The
membranes were probed with specific antibodies. Proteins
were visualized with an enhanced chemiluminescence reagent
(Millipore, Bedford, MA, USA). Because the anti-LC3
antibodies react preferentially with LC3-II and less so with
LC3-I, LC3-II expression levels were normalized to GAPDH
rather than LC3-1[15].

TUNEL assay

Cells cultured on glass coverslips were fixed with 4%
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paraformaldehyde and then permeabilized with 0.1% Triton
X-100 in 0.1% sodium citrate for 2 min on ice. TUNEL
reaction mixture (Roche) was added to the coverslips, and
the cells were incubated for 1 h at 37°C. For nuclear staining,
cells were incubated with 1 pg/ml DAPI for 15 min at 37°C.
Cells were observed under a fluorescence microscope, and the
number of TUNEL-positive cells was counted in 10 randomly
selected fields.

Real-time PCR

Cells and tumor tissues were homogenized in Trizol. One
microgram of total RNA was extracted and prepared for cDNA
synthesis using the PrimeScript RT reagent kit with gDNA
Eraser (TaKaRa). Real-time PCR was carried out using gene-
specific primers, cDNAs, SYBR Premix Ex Taq II, and a 7300
Real-Time PCR system (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s instructions. Relative

AAC
*after

mRNA levels were calculated using the formula 2~
normalizing to GAPDH. The primers for each gene are as
tollows: pS3, S-GCITTGAGGTGCGTGIITGTG-3' and 5-
ACTTCAGGTGGCTGGAGTGAG-3'; DIRAS3, S"TGAGTA
CCTGCCGACCATITGA-3' and 5"ACATCGGTCTIGGCTG
AAATC-3; p21"*/“" 5. GACTTTGTCACCGAGACACC
AC-3"and 5-CTGAGCGAGGCACAAGGGTA-3’; Bax, 5-G
TCGCCCTTTTCTACTTTGCC-3'and S"TTGAGGAGTCT
CACCCAACCA-3’; STAT3, S"TAACATTCTGGGCACAAA
CAC-3' and 5"TGATACACCTCGGTCTCAAAG-3’; c-Myc,
5-AATGAAAAGGCCCCCAAGGTAGTTATCC-3  and 5~
GTCGTTTCCGCAACAAGTCCTCTTC-3’; cyclin D1,
5-CTGGCCATGAACTACCTGGA-3" and 5-GTCACACTT
GATCACTCTGG-3; VEGE, 5“TGCAGATTATGCGGATCA
AACC-3'and S"TGCATTCACATTTGTTGTGCTGTAG-3
FGF, 5“-GAGAAGAGCGACCCTCACA-3' and 5"TAGCTIT
CTGCCCAGGTCC-3; EGFR, 5-GCGTCTCITGCCGGAA
TGT-3' and 5-CTTGGCTCACCCTCCAGAAG-3’; Bcl-2,
5'-CGACTITCGCCGAGATGTCCAGCCAG-3" and 5-ACTT
GTGGCCCAGATAGGCACCCAG-3; GAPDH, 5-AACGG
GAAGCIIGTCATCAATGGAAA-3 and 5-GCATCAGCAG
AGGGGGCAGAG-3.

Immunoprecipitation

Cells were lysed and incubated with 4E-BP1 antibody
overnight at 4°C. Protein G Sepharose 4 Fast Flow (Sigma-

Aldrich) was added, and the solutions were gently mixed. 4E-
BP1 was immunoprecipitated from 12,000xg supernatants.
Samples were subjected to Western blotting using eIF4E
antibody to assess the association of 4E-BP1 with eIF4E. The
results were normalized to the amount of 4E-BP1.
Transmission electron microscopy

Cells were harvested, pelleted, and fixed with a solution
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containing 2.5% glutaraldehyde/2% paraformaldehyde in
0.1 mol/L cacodylate buffer. The samples were postfixed in
2% OsO, for 1 h, dehydrated in a graded series of ethanol, and
embedded in Polybed 812. Ultrathin sections (60 nm) were
stained with uranyl acetate and lead citrate and photographed
under a transmission electron microscope (JEOL, Tokyo,
Japan).

LC3 fluorescence microscopy

Cells were transfected with GFP-LC3 plasmid using
Lipofectamine 2000 reagent (Invitrogen Life Technologies).
Cells were fixed with 4% paraformaldehyde, washed with PBS,
and examined using a fluorescence microscope. The formation
of GFP-LC3 puncta was observed, and the number of
autophagic cells was calculated in 10 randomly selected fields.
Murine orthotopic xenografts

Six-week-old BALB/c nu/nu mice were obtained from the
Experimental Animal Center of Sichuan University. CAL-27
cells (1x10°) were intramuscularly injected into the mouth
floor as previously reported[16]. Tumor volume was measured
every 6 days after injection. When palpable tumors had
grown to a diameter of 0.5 cm, the mice were divided into
four groups (n=S, each). For adenovirus infection, the mice
were intratumorally injected every 3 days with 200 pl of PBS
containing Ad-DIRAS3, rAd-p53, Ad-DIRAS3 plus rAd-p53,
or control adenovirus. The virus doses for Ad-DIRAS3 and
rAdp33 infection were 1x10° PFU/mouse and 1x10'°VP/kg,
respectively. The mice in each group received 4 cycles of
adenovirus injection. Animals were sacrificed when the tumor
diameter reached approximately 1.0 cm. Major organs (heart,
lung, liver, kidney and spleen) were collected, fixed in 4%
formalin, and embedded in paraffin. All samples were sectioned
into 6 um slices and subsequently stained with hematoxylin
and eosin (H&E). All procedures were carried out according to
the animal protocol approved by the Institutional Animal Care
and Use Committee of Sichuan University.

Statistical analysis

Statistical analyses were carried using SPSS 13.0 software
(SPSS Inc., Chicago, IL, USA). Statistical analyses were
performed using Student’s ¢-test or one-way ANOVA and
Tukey’s multiple comparison test. Differences were considered

significant with P-values <0.0S.

Results

Concurrent re-expression of DIRAS3 and p53 decreases
proliferation and induces apoptosis and cell cycle arrest in
vitro

Western blotting analysis showed that DIRAS3 was only
marginally detected in CAL-27 cells but strongly expressed

in normal tongue tissues (Fig. 1a). To address the effects of
DIRAS3 and pS53 in HNSCC, CAL-27 and SCC-25 cells were
treated with Ad-GFP, Ad-DIRAS3, or rAd-p53 alone or with
a combination of Ad-DIRAS3 and rAd-p53. Cells treated with
Ad-GFP or Ad-DIRAS3 with GFP-tagged reporter constructs
exhibited green fluorescence (Additional file 1: Fig. S1).
Observation using a bright-field microscope showed that the
concurrent re-expression of DIRAS3 and p53 in CAL-27
cells reduced cell density (Fig. 1b). TUNEL assay showed
that the re-expression of either DIRAS3 or pS53 alone induced
significant apoptosis in CAL-27 and SCC-25 cells. However,
the maximal incidence of TUNEL" cells was observed after
the concurrent re-expression of DIRAS3 and pS3 (Fig. 1c).
Flow cytometric analysis was utilized for quantitative analysis
of the number of apoptotic cells. Significant increases in early
apoptotic cells (Annexin V'/7-AAD") were detected in Ad-
DIRAS3 (12.35%), rAd-p53 (17.40%) and the combination
group (25.87%) compared with the control group (1.33%)
(Fig. 1d). MTT assay showed that the induction of DIRAS3
or pS3 individually decreased proliferation in CAL-27 and
SCC-25 cells and that the combination treatment resulted in
the maximal loss of proliferation capacity (Fig. 1e). Moreover,
DIRAS3 in combination with pS3 could induce G,/G, cell
cycle arrest, as shown by the accumulation of cells in G,/G,
phase with a concomitant decrease in S phase (Fig. 1f).
DIRAS3 and p$53 re-expression modulates downstream
genes involved in apoptosis, proliferation and cell cycle
arrest

Western blotting analysis showed that Ad-DIRAS3
significantly upregulated p53. Conversely, only a slight increase
in DIRAS3 expression was observed in response to rAd-p53
infection (Fig. 2a). Real-time PCR demonstrated that Ad-
DIRASS3 significantly increased the p5S3 mRNA level; however,
rAd-pS3 failed to significantly increase DIRAS3 mRNA. The
combination treatment resulted in the largest increases in
DIRAS3 and p53 mRNA levels compared with that of any
single agent treatment (Fig. 2b).

The expression of three genes downstream of DIRAS3
and pS53 were examined. We observed that the concurrent
re-expression of DIRAS3 and p53 significantly induced
the expression of p21™*™/<!
treatment of cells with DIRAS3 or pS3 individually (Fig. 2c).
However, the expression of STAT3 did not further decrease

and Bax compared to the

in the combination treatment group compared with that in
the DIRAS3 or p53 alone group (Fig. 2c). Real-time PCR
also showed that compared with the treatment of cells with
any single agent, the combination treatment induced more

WAF1/CIP1

significant changes in the expression of p21 and Bax,
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Fig. 1 Effects of DIRAS3 and p53 re-expression on the growth and apoptosis of HNSCC cells.

a. The expression of DIRAS3 protein in CAL-27 HNSC C cells and noncancerous tongue tissues was determined by western blotting.
b. CAL-27 cells were treated with Ad-DIRAS3, rAd-p53, and their combination for 24 h. Ad-GFP was used as a negative control. The
morphologic changes were observed using a bright-field microscope. c. Apoptosis after adenoviruses infection was measured by
TUNEL assay. The representative images of CAL-27 and SCC-25 cells are shown in the left panels. Green color shown in the images
represents positive TUNEL staining, and blue color is from the nuclear dye DAPI Scale bar, 100 wm. Apoptotic cells in 10 randomly
selected fields were counted, and they are shown in the right panels. d. The rate of apoptosis was determined by flow cytometric
analysis. Cells with Annexin V*/7-AAD" staining were considered to be at an early stage of apoptosis. e. The effects of adenoviruses
on the proliferation of CAL-27 and SCC-25 cells were assessed using MTT after 24 h of infection. f. The cell cycle distribution in
CAL-27 cells was detected by PI staining and flow cytometric analysis. Representative results from three independent experiments
are shown in the upper panels, and the percentage of cells in each phase of the cell cycle is depicted in the lower panels. ‘P<0.05;
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while it did not exhibit any synergistic effects on the reduction
in STAT3 (Fig. 2d).

DIRAS3 and p53 re-expression increases the interaction of
4E-BP1 with eIF4E via the regulation of Akt

Western blotting analysis showed that the re-expression of
DIRAS3 suppressed the phosphorylation of Akt at Ser473
but not at Thr308, while p53 inhibited Akt phosphorylation
at both Thr308 and Ser473. The concurrent re-expression
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of DIRAS3 and p53 nearly abolished the activity of Akt, as
evidenced by the significantly decreased Akt phosphorylation
at both residues (Fig. 3a).

4E-BP1 is a key downstream target of the PI3K/Akt
pathway. As shown in Fig. 3b, DIRAS3 or pS3 induced hypo-
phosphorylation of 4E-BP1. The phosphorylation of 4E-BP1
at Ser6S, Thr70 and Thr37/46 was significantly inhibited by
DIRAS3 or pS3 re-expression. DIRA S3 in combination with
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Fig. 2 DIRAS3 and p53 re-expression modulates downstream genes involved in apoptosis, proliferation and cell cycle arrest.
a. CAL-27 cells were treated with Ad-DIRAS3, rAd-p53, and their combination. Ad-GFP was used as a negative control. After 24h
of infection, whole cell lysates were collected, and the expression of DIRAS3 and p53 was detected by western blotting. b. Relative
mMRNA expression levels of DIRAS3 and p53 were determined by real-time PCR and calculated by normalizing to GAPDH. The fold
changes are relative to the control group, to which a value of 1.0 was assigned. c. The expression of the three genes p21WAF1/CIP1,
Bax and STAT3 was examined by Western blotting after adenovirus infection. d. Relative mRNA levels of p21WAF1/CIP1, Bax and
\STAT3 were detected by real-time PCR. 'P<0.05; “'P<0.001 /

pS3 further reduced the phosphorylation at Ser6S and Thr70,  the combination treatment group (Fig. 3c).

while there was no further change in the phosphorylation of =~ DIRAS3 and pS$3 re-expression inhibits the expression of
Thr37/46. Moreover, increased interaction of 4E-BP1 with  multiple oncogenes

eIF4E was observed in the DIRAS3 or pS3 group, but the =~ Western blotting analysis showed that cell cycle regulators
maximal amount of eIF4E bound to 4E-BP1 was observed in ~ ¢-Myc and cyclin D1 were downregulated after DIRAS3
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Fig. 3 Effects of DIRAS3 and p53 re-expression on the interaction of 4E-BP1 with eIF4E.
a, b. Cancer cells were treated with Ad-DIRAS3, rAd-p53, and their combination for 24 h. Ad-GFP was used as a negative control.
Whole cell lysates were collected and subjected to western blotting. The expression of Akt, p-Thr308-Akt, and p-Ser473-Akt in CAL-27
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cells were also analyzed (b). c. Cell extracts were immunoprecipitated with an anti-4E-BP1 antibody. The interaction of 4E-BP1 with
elF4E in CAL-27 cells was evaluated by measuring the amount of eIF4E in the immunoprecipitates by Western blotting. 4E-BP1 was
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/

or pS53 re-expression. The expression of angiogenic factors
VEGF, EGFR, as well as pro-survival protein Bcl-2, was also
inhibited by either single agent. FGF was downregulated after

DIRAS3 re-expression. Moreover, the combination treatment
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FGF and Bcl-2. By contrast, the expression of VEGF and

EGFR could not be further decreased in the combination

treatment group compared with that in the pS3 group (Fig. 4a).
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The real-time PCR results showed similar expression patterns

of these oncogenes. The concurrent reexpression of DIRAS3

and pS3 significantly reduced the expression of c-Myc, cyclin
D1, VEGF, FGF, EGFR and Bcl-2 (Fig. 4b).
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Fig. 4 DIRAS3 and p53 re-expression inhibits the expression of multiple oncogenes in HNSCC cells.
a. CAL-27 cells were treated with Ad-DIRAS3, rAd-p53, and their combination for 24 h. Ad-GFP was used as a negative control. The
expression of c-Myc, cyclin D1, VEGF, FGF, EGFR and Bcl-2 proteins was determined by western blotting. b. Relative mRNA levels of
c-Myc, cyclin D1, VEGF, FGF, EGFR and Bcl-2 were examined by real-time PCR. ‘P<0.05; “P<0.01; “"P<0.001

/

DIRAS3 and pS53 re-expression increases the accumulation
of autophagosomal LC3 and induces impaired autophagy

A significantly increased accumulation of autophagic vacuoles
(AVs) was observed in cells re-expressed with DIRAS3, pS3,
and the combination as compared with that in the control
adenovirus-treated cells, which suggested that DIRAS3 and
pS3 could induce autophagy in CAL-27 cells (Fig. Sa). The
formation of punctate dots with GFP-LC3 fusion protein is a
well-characterized feature to visualize autophagosomes[17].
We found that the percentage of cells with GFP-LC3 puncta

was increased after DIRAS3 or pS3 re-expression. The
combination treatment induced the maximum percentage of
cells with punctate LC3 dots (Fig. Sb).

Next, cells transfected with adenoviruses were either starved
in Earle’s balanced salt solution (EBSS) or treated with Baf
Al. We observed that these cells were fully competent after
starvation or treatment with Baf A1 (3h and 6h starvation or
Baf Al treatment). In the presence of Baf A1, DIRAS3 and p53
re-expression continued to induce GFP-LC3 puncta, indicating

that the combination treatment could increase autophagic
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activity in CAL-27 cells (Fig. Sc). We also evaluated the
autophagic flux and found that the autophagic flux in the
combination treatment group (25.3% in the 3h group and 21.0%
in the 6h group) was reduced compared with that in cells treated
with control adenovirus (32.0% in the 3h group and 38.7% in
the 6h group, Fig. Sc). Western blotting analysis showed that the

simultaneous reexpression of DIRAS3 and pS53 increased LC3-I1
expression in Baf Al-treated cells (Fig. Sd). The autophagic flux
in the combination treatment group (0.66 in 6h group) was
lower than that in cells treated with control adenovirus (0.95 in
6h group, Fig. 5d). LC3-11 levels accumulated copiously after the

combination treatment in starved cells (Fig. Sd).
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(See figure on previous page.)

Fig. 5 DIRAS3 and p53 re-expression stimulates autophagy in HNSCC cells.

a. CAL-27 cells were treated with Ad-DIRAS3, rAd-p53, and their combination for 24 h. Ad-GFP was used as a negative control.
Autophagy was determined by examining the cellular AVs using transmission electron microscopy. Representative images of cells
that developed AVs are shown. White arrows indicate AVs. Scale bar, 5pm. b. The formation of GFP-LC3 puncta was observed using
fluorescence microscope. The percentage of cells with GFP-LC3 puncta in each group was as follow: Control group: 4.67%+1.25%,
DIRAS3 group: 40.33%+5.73%, p53 group: 34.00%+2.94%, DIRAS3 plus p53 group: 50.00%+4.55%. Representative images and the
quantification of GFP-LC3 puncta are shown. Scale bar, 20 wm. c. CAL-27 cells were treated with Ad-GFP, Ad-DIRAS3, rAd-p53, and
Ad-DIRAS3 plus rAd-p53. After 24 h of infection, cells were further starved in EBSS or treated with 100 nM Baf Al for 3h or 6h. The
formation of GFP-LC3 puncta was observed using fluorescence microscope. Representative images and the quantification of GFP-
LC3 puncta are shown. The autophagic flux was deduced from the ratio between the percentage of cells with GFP-LC3 puncta in the
presence of Baf Al and the percentage in the presence of PBS[18]. Scale bar, 20 um. d. CAL-27 cells were treated as in (c). The levels
of LC3-1 and LC3-II were detected by western blotting. The expression of LC3-II was calculated after normalizing to GAPDH. The
autophagic flux was deduced from the LC3-II expression levels in the presence of Baf A1 compared to the levels in the presence of

PBS[18]. 'P<0.05; “P<0.01; “P<0.001

/

DIRAS3 and pS3 re-expression inhibits tumor growth in
HNSCC xenograft models

The antitumoral effects of DIRAS3 and pS3 were validated in
a murine orthotopic xenograft model. Ad-DIRAS3 injection
significantly suppressed tumor growth compared with that
in mice treated with control adenovirus. A weaker inhibition
of tumor growth was observed after rAd-pS3 injection. The
combination treatment resulted in the largest inhibition
rate of tumor growth. At the endpoints of the experiment,
the combination treatment induced significant inhibition of
xenograft tumor growth compared with control adenovirus
or rAd-pS53. The tumor volume in the combination treatment
group was slightly smaller than that in the Ad-DIRAS3 alone
group, but the difference did not reach statistical significance
(Fig. 6a, b). Next, we analyzed the expression of p21"**"/“"")
Bax and Bcl-2 from isolated tumors by real-time PCR. Our
results showed that the combination treatment significantly

WAF1/CIP1

upregulated p21 and Bax and downregulated Bcl-2 in
vivo (Fig. 6¢), which was in accordance with our in vitro results.
Moreover, H&E staining of different organs (heart, lung,
liver, kidney and spleen) showed that there were no obvious
histopathological lesions in mice treated with Ad-DIRAS3,
rAd-p53 or Ad-DIRAS3 plus rAd-p53 compared with those

treated with control adenovirus (Fig. 6d).

Discussion

In this study, we demonstrated that DIRAS3 expression was
suppressed in CAL-27 HNSCC cells. Since DIRAS3 and p53
are both tumor suppressor genes that are frequently mutated
or inactivated in malignancies, including HNSCC[10, 19], we
first re-expressed DIRAS3 and pS53 in CAL-27 and SCC-25
cells using an adenoviral vector expressing DIRAS3 and

Gendicine, a recombinant adenovirus pS3 agent, respectively.

Our data indicated that compared to the treatment of cells with
either control adenovirus or a single adenovirus, the combined
gene therapy of DIRAS3 and p53 resulted in decreases in
proliferation, the induction of G,/ G, cell cycle arrest, increases
in apoptosis, and impaired autophagy. In agreement with the
observations in vitro, the concurrent re-expression of DIRAS3
and pS3 induced a marked reduction in CAL-27 xenograft
tumor growth in vivo. These results suggest that the concurrent
targeting of DIRAS3 and p53 represents a more effective
approach for the treatment of HNSCC than the targeting of a
single gene.

HNSCC develops as a result of multiple genetic alterations;
hence, targeting a single gene produces only a modest clinical
benefit. Moreover, recent studies suggest that pS3 activity
is regulated not only by its mRNA expression but also by
its nuclear localization, posttranslational modifications, and
short half-life[20]. For example, MDM2 could bind and
ligate ubiquitin to pS$3, targeting it for rapid degradation
by the 26S proteasome[21]. Therefore, a rational approach
for the effective inhibition of tumor growth would be to
combine Gendicine with multiple agents targeting different
tumor suppressor genes. In this study, we found that p53 was
dramatically upregulated by Ad-DIRAS3 infection and that
the concurrent reexpression of DIRAS3 and p53 induced
an even higher level of p53 expression. These results are in
agreement with those of previous reports that showed that
the re-expression of DIRAS3 increased pS3 protein in human
pancreatic carcinoma cells[22]. Akt is reported to enhance
MDM2-mediated ubiquitination and degradation of p53[23],
and Akt activity was significantly inhibited after DIRAS3
re-expression in our study. These results suggest that DIRAS3
upregulates pS3 at least in part via Akt inactivation.

p21™* VCIPl Bax and STAT3 are important genes involved
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Fig. 6 Effects of DIRAS3 and p53 re-expression on tumor growth in vivo.

CAL-27 xenograft-bearing nude mice were intratumorally injected every 3 days with Ad-GFP, Ad-DIRAS3, rAd-p53, or Ad-DIRAS3 plus
rAd-p53 (No. of mice for each group =5). Nude mice were treated with 4 cycles of adenovirus injection in 12 days. Tumor diameters
were measured every 6 days, and the volume was calculated using the following formula: n/6 x larger diameterx(smaller diameter)2.
At 36 days after the end of adenovirus injection, mice were sacrificed, and tumors were excised. Each tumor in four groups was
shown, and the tumor volume was calculated as shown in (a). The tumor volume at the endpoints of the experiment in each group
was as follow: Control group: 189.02+17.54mm?, DIRAS3 group: 8.45+1.73mm’, p53 group: 29.99+8.38 mm’, DIRAS3 plus p53 group:
3.1240.75mm’. The tumor volume at different time points was plotted in (b). Relative mRNA levels of p21"*"/“"!, Bax and Bcl-2 in
tumor tissue homogenates were examined by real-time PCR (c). Heart, lung, liver, kidney and spleen sections were stained with
hematoxylin and eosin (H&E) for histopathological analysis (d). ‘P<0.05; “P<0.01; “"P<0.001 /

in proliferation and oncogenesis. p21 is an inhibitor of by pS3, allowing for further mitochondrial membrane

WAF1/CIP1

cyclin-dependent kinase and is correlated with the prognosis  permeabilization and apoptosis[26, 27]. Overexpression of Bax

in head and neck cancer[24, 25]. Bax is directly activated  enhanced the anticancer activity of multiple chemotherapeutic
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agents in head and neck cancer[28]. STAT3 activation not only
promotes cell growth and survival but also induces resistance
to conventional therapies that rely on apoptotic machinery
to eliminate cancer cells[29]. In our study, the combination
treatment showed synergistic effects on the modulation of
pZIWAFl/ ! and Bax. Therefore, the combination treatment of
DIRAS3 and pS3 was far more effective for inhibiting HNSCC
tumor growth than either single agent.

The primary functions of Akt include the promotion of
cell survival, proliferation, metabolism, and angiogenesis in
response to various stimuli[30]. Recently, Akt was reported
to play an important role in the regulation of 4E-BP1
phosphorylation, thereby controlling the mRNA translation
of IFN- and insulin-stimulated genes[31, 32]. We showed that
the concurrent re-expression of DIRAS3 and p$3 significantly
inhibited the phosphorylation of Akt and 4E-BP1. eIF4E
recognizes the 5'-cap structure of mRNAs, delivering these
mRNAs to the eIF4F complex for translation initiation.
However, 4EBP1 could bind eIF4E, thereby preventing
eIF4F complex assembly and translation initiation[33, 34].
The repression of eIF4E function preferentially and
disproportionately reduces the expression of numerous
growth and survival factors critical for malignancy[35]. The
genetic silencing of eIF4E, or pharmacologic inhibition using
ribavirin, reduces the growth, invasion and metastasis of breast
cancer[36]. eIF4E silencing also increases Bax/Bcl-2 ratio and
sensitizes breast cancer to cisplatin, adriamycin, paclitaxel and
docetaxel[37]. In our study, the concurrent re-expression of
DIRAS3 and pS$3 significantly promoted the binding of 4E-
BP1 to eIF4E. Moreover, the expression of eIF4E-regulated
oncogenes (e.g., c-Myc, cyclin D1, VEGF, FGF, EGFR, Bcl-2)
was inhibited after DIRAS3 and p53 re-expression. From this
data, we conclude that the suppression of eIF4E function is
partly responsible for the antitumor effects of DIRAS3 and
pS3.

Autophagy is a catabolic process that delivers cytoplasmic
components such as long-lived proteins and senescent
organelles to lysosomes for degradation. Autophagy is
regarded as a survival mechanism under adverse conditions to
provide energy or maintain cell integrity. However, excessive
autophagy leads to autophagic (type II) cell death[38].
DIRAS3 is essential for the induction of autophagy[39].
Its overexpression in epithelial ovarian cancer cells induces
apoptosis and autophagic cell death via inhibition of PI3K/Akt
and Bcl-2[8]. pS3 binds to the promoter region of multiple
genes that code for proautophagic regulators, including
AMPK 3, and {3, subunits, DAPK-1, DRAM, pro-apoptotic
Bcl-2 proteins (e.g. Bad, Bax, BNIP3, and Puma), Sestrin-2,

and TSC2[40, 41]. In the current study, we showed that
the concurrent re-expression of DIRAS3 and pS53 induced
autophagy, as evidenced by the increased formation of AVs
and GFP-LC3 puncta, and enhanced LC3-II conversion in
HNSCC cells.

The increased formation of AVs and GFP-LC3 puncta
may be explained by increased autophagosome formation
due to the induction of autophagic activity or the inhibition
of autophagosome clearance due to the decreased flux
of autophagosomes to autolysosomes[42]. We analyzed
whether the concurrent re-expression of DIRAS3 and p53
could regulate different stages of autophagy. We found
that the combination treatment significantly inhibited the
phosphorylation of Akt, suggesting that it stimulates early
signaling to enhance the initiation of autophagy. Indeed,
the re-expression of DIRAS3 and pS3 was effective to
induce the formation of GFP-LC3 puncta in the case of
stalled autophagic flux by Baf Al. In addition to enhance the
formation of autophagosomes, our study also suggests an
inhibitory effect of DIRAS3 and pS53 re-expression on the late
stage of autophagy. This conclusion is derived from 2 lines of
evidence. First, the concurrent re-expression of DIRAS3 and
p53 inhibited autophagic flux in HNSCC cells. Second, the
combination treatment had a larger effect on the starvation-
induced production of GFP-LC3 puncta and the conversion of
LC3-I to LC3-II Through the regulation of both the early and
late stages of autophagy, the combination treatment impaired
autophagy. Autophagy can facilitate survival by promoting
adaptation to adverse environments or can induce cell death
due to excessive removal of mitochondria. The reexpression
of DIRAS3 was reported to induce autophagic cell death in
ovarian and breast cancer cells[9, 43]. Crighton et al. showed
that pS3 induces autophagy in a DRAM-dependent manner,
and DRAM is essential for pS3-mediated apoptosis[44].
However, another study showed that p53 re-activation by
CP-31398 and RITA induces protective autophagy[45]. It is
unclear whether the impaired autophagy induced by DIRAS3
and pS3 reexpression in our study plays a pro-survival or
proapoptotic role. Therefore, the effects of impaired autophagy
by DIRAS3 and pS3 re-expression on cancer cell death need

further investigation.

Conclusions

Overall, our study demonstrates that the concurrent
reexpression of DIRAS3 and pS3 induces multiple antitumor
effects and suggests a more effective approach for the treatment

of HNSCC than the currently used treatment strategies.
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