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Background: Glioblastoma multiforme (GBM) is the most common primary brain tumor, and is associated
with a poor prognosis. Hypoxia is prevalent in the microenvironment of GBM, and promotes tumorigenesis
and resistance to anticancer therapy. However, its mechanism remains incompletely understood.

Methods: We used immunohistochemistry, quantitative real-time PCR, and Western blots to assess c-Myc
and Rab7a expression levels in 12 GBM specimens from a single institution. A luciferase reporter assay was
conducted to confirmed whether Rab7a is transcriptionally regulated by c-Myc. To clarify the precise role
of c-Myc/Rab7a on GBM cell proliferation, we did #z vitro and in vive analyses with lentivirus vectors. Cell
viability was assessed using a cell counting kit-8 assay in the context of hypoxia. Autophagy was measured
using transmission electron microscopy and Western blot, and apoptosis was measured using flow cytometry
and Western blot.

Results: Gene and protein expression of c-Myc and Rab7a were significantly upregulated in GBM
specimens. Moreover, c-Myc regulated Rab7a by specifically interacting with the Rab7a promoter.
Furthermore, hypoxia activated the c-Myc/Rab7a pathway, which protects GBM cells from damage caused
by hypoxia. Importantly, c-Myc/Rab7a inhibited apoptosis and induced autophagy in vitro and in vive.
Conclusions: Collectively, our results suggest that the c-Myc/Rab7a pathway protects GBM cells from
hypoxic injury via regulation of apoptosis and autophagy, contributing to the growth of GBM.
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Introduction (2-4). Multiple studies have shown that the hypoxic

Glioblastoma multiforme (GBM) is the most common
primary brain tumor, characterized by hypoxic necrotic
regions and hypervascular areas (1). Survival after a
diagnosis of GBM is usually less than 20 months, although
the addition of tumor treating fields to temozolomide
has demonstrated moderate improvements in survival
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microenvironment promotes tumorigenesis, metastasis, and
resistance to anticancer therapy, including chemotherapy
and radiotherapy (5). A previous study showed that hypoxia
reduces the response to temozolomide by inhibiting
apoptosis in GBM (6).

The c-Myc oncoprotein is a DNA binding transcription
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factor that regulates the expression of many genes
involved in cell growth and proliferation. Transcriptional
activation by c-Myc requires hetero-dimerization with
MYC-associated factor X (MAX), and binding to E-box
sequences (7). Deregulated activity of c-Myc found in
cancer cells induces transcription of genes involved in
hypoxic adaptation, such as angiogenesis and metabolic
reprogramming (8). However, the role of c-Myc in hypoxic
microenvironment remains unknown (8). Hypoxia is
prevalent in the microenvironment of GBM (9), and thus
GBM represents a convenient paradigm to research the
transcriptional response of c-Myc to hypoxia.

The Ras-related in brain (RAB) protein family comprises
small guanosine triphosphatases (GTPases), which are known
to be important for vesicular membrane trafficking (10).
Rab7a is a small GTPase of the RAB family, and is primarily
localized to the late endosomes with a key role in endosomal
membrane traffic. In addition to these functions, Rab7a
has many other cellular roles pertaining to autophagy (11),
apoptosis (12), and cell migration (13). Computational
analyses of the Rab7a promoter identified the presence of
eight E-boxes, which are recognized by c-Myc (14). Rab7a
expression is strongly increased and regulated by c-Myc
and SOX10 in melanomas (14). Rab7a can function as both
oncogenic protein and oncosuppressor protein, depending
on the cellular context. In our previous work, we observed
increased Rab7a expression in GBM under hypoxia
condition. However, the correlation between them remains
unclear.

We hypothesized that the c-Myc/Rab7a signaling
pathway protected GBM cells from hypoxia-induced cell
death. Here, we studied the effect of this pathway on the
viability of GBM cells under hypoxia. We showed that the
hypoxic environment triggered the c-Myc/Rab7a signal
pathway, initiated protective autophagy, and inhibited
cell apoptosis, thus helping GBM adapt to a hypoxic

environment.

Methods
Tumor specimens

GBM specimens were obtained from 12 GBM patients
who underwent surgery at the Second Affiliated Hospital of
Zhejiang University Medical College in China from 2018
to 2019. Tissue were immediately frozen in liquid nitrogen
and stored at -80 °C. Normal brain tissues (NBTs) were
obtained from normal tissue adjacent to tumor tissues,
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and underwent histological confirmation to verify that the
tissues were free of any pathological lesions. Among them,
seven gliomas showed obvious central necrosis on magnetic
resonance imaging (MRI), and five gliomas showed little
or no necrosis. The study was approved by the Human
Research Ethics Committee of the Second Affiliated
Hospital of Zhejiang University Medical College, and the

participants gave informed consent.

Cell lines and reagents

Human GBM cell lines (U87 and U251), G422 mouse
GBM cell line, and human embryonic kidney (HEK) 293 T
cell line were all obtained from BeNa Culture Collection
(Beijing, China). Cell lines were cultured in Dulbecco’s
Modified Eagle’s Medium (Invitrogen, USA) with 10%
fetal bovine serum (Invitrogen, USA), 1% streptomycin and
penicillin at 37 °C in 5% CO,.

Hypoxia cell culture

GBM cells were seeded on six-well plates at a density of
2x10’ cells/well and allowed to adhere overnight under
normoxia. Then, cells were incubated in the BINDER
hypoxic incubator (Germany) in 1% or 5% O,, with 5%
CO, in a humidified atmosphere at 37 °C. Confirmation of
hypoxic conditions was conducted using Western blotting
to detect expression of HIF-1a.

Immunobistochemistry

Paraffin-embedded sections of excised GBM specimens
were immunostained for c-Myc or Rab7a protein. The
sliced samples were first stained with hematoxylin and
eosin for histological examination. Tissue sections were
incubated with mouse anti-human c-Myc primary antibody
(1:50; Cell Signaling Technology) or anti-human Rab7a
primary antibody (1:50; Cell Signaling Technology) at
4 °C overnight, followed by secondary goat anti-mouse IgG
(Dako, CA, USA) for 30 min. Negative controls (NCs)
were performed throughout the entire procedure. All of the
staining results were reviewed in double blinded fashion by
two investigators.

Cell counting kit-8 (CCKS8)

Cell proliferation of GBM cell lines was evaluated using
the CCKS8 assay (MedChemExpress, China), according
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to the manufacturer’s instructions. After treatment, GBM
cells were seeded into 96-well plates (2x10° cells per well)
containing media. Then, the GBM cells were cultured
under hypoxic conditions for 48 h, and incubated with
CCKS8 reagent at a final concentration of 10 pL/mL for
4 h at 37 °C. Lastly, the absorbance was recorded at 450 nm
using a microplate reader (Molecular Devices, Sunnyvale,
CA, USA). Each experiment was repeated three times.

Plasmid and transfection

The c-Myc, Rab7a, and NC shRNA were constructed
according to effective ¢c-Myc siRNA (5'-CGGUG
CAGCCGUAUUUCUAdTAT-3"), Rab7a siRNA
(5'-GGAGCTGACTTTCTGACCA-3"), GFP siRNA
(5'-CAAGCUGACCCUGAAGUUCTT-3"), and NC
sequences (5'-GTTCTCCGAACGTGTCACGT-3"). NC-
shRNA, GFP shRNA, c-Myc shRNA, Rab7a shRNA and
Rab7a-cDNA lentiviral vector were obtained commercially
from ZHBY Biotech Corporation (Jiangxi, China). All
lentiviral vectors contained the puromycin resistance gene.
The lentiviral vector and package vector were co-transfected
into 293T cells, and viral supernatant was collected for
infection. According to the manufacturer’s instructions, cells
were infected using Lipofectamine 2000 (Invitrogen, USA).
After 24 h, confirmation of infection was carried out using
quantitative real-time PCR.

Western blot analysis

Total protein was extracted from cultured cells and
tissues. The cells were lysed in RIPA buffer with a
protease inhibitor. The 10-15% SDS-PAGE gels were
used to separate the lysates, and were then transferred
onto polyvinylidene fluoride (PVDF) membranes
(Millipore). The membranes were blocked in 5%
nonfat milk with Tween for 1 h and incubated with
indicated primary antibodies overnight at 4 °C. Then the
membranes were incubated with fluorescence-conjugated
secondary antibodies (1:5,000, Invitrogen, USA). ECL
chemiluminescence system (Merck Millipore, Germany)
was used for signal detection. To perform Western blot
analysis, the following antibodies were used: rabbit anti-
LC3B (ab48394, Abcam, 1:1,000); rabbit anti-PARP
(ab32138, Abcam, 1:1,000); rabbit anti-c-Myc (ab32072,
Abcam, 1:1,000); rabbit anti-Rab7 (ab137029, Abcam,
1:1,000); rabbit anti-p62 (sc-48402, Santa Cruz, 1:1,000);
rabbit anti-HIF-1a (sc-13515, Santa Cruz, 1:1,000); mouse
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anti-B-actin (sc-58673, Santa Cruz, 1:2,000).

Real-time RT-PCR analysis

Total RNA was isolated from samples using TRIzol
standard protocol (Invitrogen, CA, USA), according to
manufacturer’s instruction. First-strand ¢cDNA synthesis
was performed using RevertAid RT Reverse Transcription
Kit (Thermo Fisher, USA). The expression levels of
c-Myc and Rab7a were analyzed using Fast SYBR Green
PCR Master Mix (Applied Biosystems, USA). f2-MG
was used as the internal control for both ¢-Myc and
Rab7a. The qRT-PCR was performed on thermocycler
ABI Prism 7500 fast (Applied Biosystems, CA, USA).
All of the data were normalized to the internal control.
Forward and reverse primers for each gene are listed
below c-Myc: 5'-CCCTCAGTGGTCTTTCCCTAC-3',
S'-CTTGTCGTTTTCCTCCGTGT-3"; Rab7a:
S'-ACCAGTACAAAGCCACAATAGG-3",
5'"-GGGGCAGTCACATCAAACAC-3"; p2-
MG: 5'-CTATCCAGCGTACTCCAAAGAT-3',
5'-ACACGGCAGGCATACTCATC-3".

Luciferase assay

The luciferase-encoding Rab7a-promoter and control
sequences were purchased from Hanbio Biotechnology
(Shanghai, China). 293T cells were seeded into a 96-well
plate overnight, transfected with luciferase together using
lipofectamine 2000. At 48 h after transfection, the culture
medium was changed. Luciferase activities were measured
through a commercial kit (SpectraMax M5) using the Dual-
Luciferase Reporter Assay System (Promega, USA). As
an internal control, Renilla luciferase reporters were also
included. Each experiment was repeated three times with
duplicate samples.

Transmission electron microscopy (TEM)

After treatment, GBM cells were fixed with 2.5% ice-
cold glutaraldehyde in phosphate buffered saline (PBS),
and preserved at 4 °C for further processing. Next, cells
were post-fixed with 1% osmium tetroxide, followed by
an increasing gradient dehydration step using ethanol and
acetone (30%, 50%, 70%, 80%, 90%, 100%). The cells
were then embedded in araldite, and ultrathin sections were
obtained (50-60 nm) with a microtome, placed on uncoated
copper grids, and stained with 3% lead citrate-uranyl
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acetate. The structure and morphology of sections were
examined by a TEM [JEM-1230 (80 kV), JEOL].

Cell apoptosis assay by flow cytometry

The annexin V-fluorescein isothiocyanate (FITC) assay
was used to measure apoptosis ratio according to the
manufacturer’s instruction (Invitrogen, USA). Briefly, cells
(2x10° per well) with stable transduction were incubated
in six-well plates to 70-80% confluence. After cultured
under hypoxic condition for 48 h, the cells were collected
by trypsin, washed with ice-cold phosphate-buffered saline
(PBS) twice, and resuspended in annexin V-labeling solution
with FITC-conjugated anti-annexin V. After 15 min
incubation at room temperature, the cells were centrifuged
and resuspended with propidium iodide (PI). Apoptotic cells
were quantified by flow cytometry (BD FACS, USA). Data
were expressed as the percentage of apoptotic cells at early
stage (PI negative and annexin V positive) and late stage (PI
positive and annexin V positive).

Tumorigenesis assay in nude mice

G422 GBM cell suspension (5x10°) with stable transduction
was injected subcutaneously into the left flank of 5-week-
old female BALB/c nude mice (n=6/group; 5 groups;
Hunan SLAC Laboratory Animal Company). The tumor
volume was monitored once every three days using the
following formula: volume = (length x width’)/2. The
resected xenografted tumors were weighed using an
electronic balance. Total protein and RNA were extracted
from resected tumor on the eighteenth day. The qRT-
PCR analysis was performed to detect c-Myc and Rab7a
expression. Western blot analysis was performed to detect
the expressions of hallmark of apoptosis and autophagy.
The Experimental Animal Ethics Committee of the Second
Affiliated Hospital of Zhejiang University Medical College
approved all animal procedures.

Statistical analysis

The data from triplicate experiments were presented as the
mean = SD. Statistical analysis between groups was performed
using two-tailed Student’s #-test. For multiple groups, significant
differences were determined using one-way ANOVA (GraphPad
Prism 5.0). P<0.05 was considered statistically significant
(indicated by single asterisk in the Figures), P<0.01 was strongly
significant (indicated by double asterisks).
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Results
High expression of c-Myc and Rab7a in GBM specimens

To investigate the function of c-Myc and Rab7a in GBMs,
we first detected the expression levels of c-Myc and Rab7a
in GBM specimens (n=12) via immunohistochemical
analysis. We found that c-Myc and Rab7a expression levels
were significantly upregulated in GBM tissues compared
to the NBI5. It is noteworthy that the GBM with necrotic/
hypoxic area (n=7) had higher c-Myc and Rab7a expression
levels compared to GBMs without necrotic area (n=5;
Figure 14). The increased protein expression of both c-Myc
and Rab7a was also verified via Western blot (Figure 1B,C).
Moreover, qRT-PCR results showed that the mRNA
expression level of both c-Myc and Rab7a were higher in
GBM specimens, when compared with NBTs. Remarkably,
the mRNA expression levels of both c-Myc and Rab7a
were higher in GBM that had obvious necrotic area than
GBM without necrotic area (Figure 1D). Together, these
data demonstrated that both c-Myc and Rab7a were highly
expressed in GBM specimens, especially in tumors with
necrosis.

c-Myc directly regulated Rab7a expression in GBM

To assess the relationship between the oncogenic
transcription factors, c-Myc and Rab7a, luciferase reporters
containing human Rab7a promoter or NC were transfected
into 293T cells together using an overexpressing c-Myc
vector. As shown in Figure 24, overexpression of c-Myc
upregulated the activity of Rab7a promoter reporters,
suggesting that Rab7a was transcriptionally regulated
by c-Myc. The U887MG and U251MG cells were stable
transfected with lentiviruses encoding c-Myc shRNA or
co-infected with c-Myc shRNA and Rab7a overexpression
vector. RT-PCR showed that Rab7a mRNA expression
was downregulated after transfection of c-Myc shRNA,
and rescued by co-infection with overexpressed Rab7a,
confirming the regulatory function of c-Myc and its
transcriptional effect (Figure 2B). Together, these data
suggested that c-Myc regulated Rab7a by specifically
interacting with the Rab7a promoter.

Hypoxia initiated c-Myc/Rab7a pathway

Since both c-Myc and Rab7a were highly expressed in
GBM with necrotic/hypoxic area, we hypothesized that
hypoxia activates the c-Myc/Rab7a pathway. U251MG cells
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Figure 1 High expression of c-Myc and Rab7a in GBM specimens. (A) Photomicrographs show Immunohistochemical staining of c-Myc

and Rab7a protein of GBM samples with or without necrosis, and NBTs. Original of magnification x200. Scale bars represent 100 pm; (B)

Western blot analysis of c-Myc and Rab7a expression in GBM samples with or without necrosis, and their relative NBI35. B-actin is shown

as the loading control; (C) graphical representation of the Western blot analysis; (D) c-Myc and Rab7a mRNA expression in GBM samples

with or without necrosis, and their relative NBTs. Data are presented as mean = SEM for three separate experiments performed in duplicate.

*, P<0.05. GBM, glioblastoma multiforme; NBTs, normal brain tissues; SEM, standard error of the mean.

were exposed to normoxia, severe hypoxia (1% O,), or
moderate hypoxia (5% O,) for 48 h. As expected, hypoxia
increased the protein expression of both ¢c-Myc and Rab7a
(Figure 2C,D). We also performed an RT-PCR analysis
to measure the mRNA expression of c-Myc and Rab7a
in hypoxia-treated U251MG cells. The mRNA levels of
these genes were significantly increased in hypoxia-treated
cells compared to the normoxia-treated cells (Figure 2E).
Notably, protein and mRNA expression levels of both
c-Myc and Rab7a were higher in severe hypoxia compared
to moderate hypoxia. In addition, U251 MG cells were
treated with different durations of moderate hypoxia
ranging from 0 to 72 h. We observed that moderate
hypoxia increased the expression of c-Myc and Rab7a in a
time-dependent manner (Figure 2FG). Similar results were
found in US87MG cells. Together, these data show that
hypoxia initiates c-Myc/Rab7a signaling pathway in GBM
cells.

© Annals of Translational Medicine. All rights reserved.

c-Myc/Raba pathway promoted GBM cells growth under
bypoxia

To investigate the role of c-Myc/Rab7a under hypoxia,
U251MG cells were cultured under hypoxic conditions
with 5% or 1% concentrations, respectively. After 48 h, the
CCKS8 assay was performed and cell viability was estimated.
As shown in Figure 34, hypoxia inhibited cell viability in
a concentration-dependent manner. TEM analysis was
performed to observe the cell morphology changes of U251.
We found that apoptosis-like changes appeared in cell
morphology under hypoxia, such as nuclear chromosome
agglutination and marginalization, as well as apoptotic
bodies. Meanwhile, an increase of autophagic vacuoles was
observed under hypoxia, suggesting that autophagy may be
activated (Figure 3B). We generated lentiviruses expressing
c-Myc shRNA, Rab7a shRNA, GFP shRNA, and Rab7a
overexpressing vector, and confirmed their transduction

effect by PCR in U251MG cells (Figure 3C). After being
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Figure 2 Hypoxia activates c-Myc/Rab7a pathway in GBM. (A) Dural luciferase assay on 293 T cells cotransfected with firefly luciferase
constructs containing the Rab7a promoter or NC and c-Myc-pcDNA3.1 vector. Renilla luciferase served as the transfection control; (B)
real-time RT-PCR analysis to determine mRINA expression of Rab7a in U87 and U251 cells infected with NC, c-Myc shRNA or virus
expressing Rab7a. Data are shown at 72 h post-transfection; (C) immunoblot analysis of HIF1-0, c-Myc, and Rab7a in U251 cells treated
with 1% or 5% hypoxia. B-actin is shown as the loading control; (D) graphical representation of the Western blot analysis; (E) real-time RT-
PCR analysis to determine mRNA expression of c-Myc and Rab7a in U251 cells treated with 1% or 5% hypoxia. Control group was treated
with 20% O, for 48 h; (F) immunoblot analysis of HIF1-0, c-Myc and Rab7a in U251 cells treated with 0 h, 24, 48, or 72 h of moderate
hypoxia. B-actin is shown as the loading control; (G) real-time RT-PCR analysis to determine mRNA expression of c-Myc and Rab7a in
U251 cells treated with 0, 24, 48, or 72 h of moderate hypoxia. Data are presented as mean + SEM for three separate experiments performed
in duplicate. *, P<0.05; **, P<0.01. GBM, glioblastoma multiforme; NC, negative control.

cultured under hypoxic conditions for 48 h, knockdown of shRNA and overexpressed Rab7a was rescued compared
either c-Myc or Rab7a decreased cell viability significantly to the c-Myc shRNA group, suggesting that c-Myc/Rab7a
compared to the NC or GFP shRNA group. However, may promote GBM cell growth under hypoxic conditions
cell viability of U251 cells co-transduced with c-Myc (Figure 3D). We also observed the cell morphology of

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2020;8(6):283 | http://dx.doi.org/10.21037/atm.2020.02.173
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Figure 3 Hypoxia promoted GBM cell growth iz vitro depending on the c-Myc/Rab7a pathway. (A) CCKS assay to determine the cell
viability of U251 cells treated with 1% or 5% hypoxia for 48 h; (B) TEM photomicrographs showing the morphology of U251 cells treated
with 1% or 5% hypoxia for 48 h. Red arrows represent autophagic vacuole. Scale bars represent 2 pm; (C) real-time RT-PCR analysis
to determine mRINA expression of c-Myc and Rab7a in U251 cells infected with GFP shRNA, c-Myc shRNA, Rab7a shRNA, or Rab7a
overexpression vector; (D) CCK8 assay to determine the cell viability of U251 cells infected with GFP shRNA, c-Myc shRNA, and Rab7a
shRINA or co-infected with c-Myc shRINA and Rab7a overexpression vector; (E) TEM photomicrographs showing the morphology of U251
cells infected with GFP shRINA, c-Myc shRNA, Rab7a shRINA or co-infected with c-Myc shRINA and Rab7a overexpression vector under 5%
hypoxia for 48 h. Data are presented as mean + SEM for three separate experiments performed in duplicate. *, compared to negative control,
P<0.05; *, compared to GFP shRNA, P<0.05. GBM, glioblastoma multiforme; TEM, transmission electron microscopy.

each group using TEM, and found that the autophagic Rab7a could promote GBM cell growth. First, we detected

vacuoles increased significantly in the co-transduction apoptosis of U251MG cells transduced with vectors as
group compared to the c-Myc shRNA group (Figure 3E). described above during moderate hypoxia. Flow cytometry
Together, these data suggest that the c-Myc/Rab7a analysis showed that the rate of apoptosis increased after

pathway promotes the growth of GBM cells under hypoxic knockdown of c-Myc or Rab7a, but that it also significantly
conditions, which may involve apoptosis and autophagy. decreased in cells that had been co-transduced with c-Myc
shRNA and overexpressed Rab7a compared to c-Myc
shRNA. Then, Western blot analyses with LC3 and p62
antibodies were conducted to detect autophagy. Low levels
of autophagy were found in c-Myc shRNA and Rab7a
Next, we sought to dissect the mechanism by which c-Myc/ shRNA (Figure 4A4,B). However, the level of autophagy

c-Myc/Rab7a pathway induced autopbagy, but inbibited
apoptosis in vitro and in vivo
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Figure 4 The c-Myc/Rab7a pathway induced autophagy, but inhibited apoptosis i vitro and in vive. (A) Flow cytometry was performed
to analyze apoptosis of U251 cell infected with GFP shRNA, c-Myc shRNA, Rab7a shRNA or co-infected with c-Myc shRNA and Rab7a
overexpression vector under 5% hypoxia for 48 h; (B) statistical analysis of apoptosis rate, which was detected in (A); (C) immunoblot
analysis of p62, LC3, and B-actin in U251 cells treated as described in (A). B-actin is shown as the loading control; (D) photograph showing
excised tumors from representative mice in each group implanted with infected G422 cells (n=6 mice per treatment group) on day 18 after
tumor implantation; (E) graph showing tumor volume curves of mice with xenografts; (F) graph illustrating the excised tumor weight on
day 18 after tumor implantation; (G) real-time RT-PCR analysis to determine mRINA expression of c-Myc and Rab7a in xenograft tumor
specimens. Data are presented as mean = SEM for three separate experiments performed in duplicate; (H) immunoblot analysis of c-PARP,
p62, LC3, and B-actin in xenograft tumor specimens. B-actin is shown as the loading control; (I) graphical representation of the Western blot
analysis. *, P<0.05; **, P<0.01; (J) a schematic model summarizing key aspects of function of c-Myc/Rab7a described in this study. In (B,F), *,
compared to negative control, P<0.05; ¥, compared to GFP shRNA, P<0.05; %, comparison between sh-MYC and sh-MYC + Rab7a group,
P<0.05. SEM, standard error of the mean.
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increased in the co-transduction group compared to the
c-Myc shRNA group (Figure 4C). These data support the
notion that the c-Myc/Rab7a pathway inhibits apoptosis,
but induces autophagy in GBM cells.

To investigate the role of c-Myc/Rab7a in tumor
growth in vivo, the G422 cells transduced with the above
lentiviruses were subcutaneously implanted in the flank of
nude mice (Figure 4D). The tumor volume and weight were
substantially lower in the c-Myc shRNA and Rab7a shRNA
groups than that in GFP shRNA group and NC group.
However, compared with the c-Myc knockdown group,
the tumor volume and weight in Rab7a replenished group
were significantly higher, and reached a similar level with
the control group (Figure 4E,F). The qRT-PCR analysis
was also performed to detect c-Myc and Rab7a expression
in tumor xenografts (Figure 4G). Western blot analysis was
performed to detect the expressions of hallmark of apoptosis
and autophagy. The changes of autophagic proteins,
p62 and LC3, were similar to the Western blot analyses
in vitro. The level of apoptotic protein, c-PARP, increased
in c-Myc shRNA group or Rab7a shRNA group. However,
compared with the c-Myc knockdown group, the c-PARP
level decreased significantly in the co-transduction group
(Figure 4H,1). The results showed that knockdown of c-Myc
or Rab7a inhibited autophagy and increased apoptosis.
Taken together, our results validate the protective role
of the c-Myc/Rab7a pathway in GBM in vitro and in vivo
under hypoxia.

Discussion

Hypoxia is a recognised characteristic of the specialised
microenvironment that is beneficial for tumorigenesis, and
is responsible for resistance to anticancer treatment (15).
Here, we confirmed that c-Myc and Rab7a are upregulated
in clinical GBM specimens, particularly in GBMs with
necrotic area. We further presented evidence that the
c-Myc/Rab7a signaling pathway is activated in GBM cells
under hypoxic conditions. Specifically, we have shown
that c-Myc/Rab7a promotes proliferation of GBM cells
by inducing protective autophagy and inhibiting apoptosis
both iz vitro and in vive. Thus, our findings support the
protective role of c-Myc/Rab7a in GBM under hypoxia.
C-Myc plays an important role in regulating tumor
cell growth, proliferation, apoptosis, and metabolism (16).
Hypoxia is a common characteristic of tumor
microenvironment (17). Inhibition of c-Myc was proven
to increase HIF-1a degradation and induce cell death
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(apoptosis) by increasing mitochondrial reactive oxygen
species (ROS) production and ROS-mediated iron
transition in colorectal cancer under hypoxia (18). Similarly,
under conditions of growth factor withdrawal, c-Myc
dysregulation can also promote apoptosis (19). Hypoxia can
also induce tumor angiogenesis and growth by promoting
c-Myc expression in lung cancer and colorectal carcinoma
(20,21). Meanwhile, hypoxia-induced ectopic expression of
MYC-nick (a cytoplasmic, transcriptionally inactive cleavage
product of c-Myc) promotes anchorage-independent
growth and cell survival by promoting autophagy in colon
cancer (22). These findings all appear to demonstrate the
protective role of c-Myc under hypoxic conditions in tumor
cells, which are consistent with our conclusions.

Rab7a is one of the most studied RAB proteins in
tumor growth, which is involved with both apoptosis
and autophagy in various conditions (13). The Rab7a
was downregulated in the hypoxic ovarian cancer cells,
and inhibition of the Rab7a upstream activator, STATS3,
significantly increased apoptosis, decreased colony
formation, and cell proliferation (23). Furthermore, it was
found that the hypoxia-induced miR-138-5p inhibited
autophagy and tumor growth via inhibition of the
SIRT1/FoxO1/Rab7 axis in vive (24). Meanwhile, LRP6
upregulated Rab7, and further activated autophagy in the
trophoblast cells (25).

The data on the tumor inhibition and/or development
via autophagy seem contradictory in the past (26,27).
During the early stages of tumorigenesis, autophagy appears
to limit cell proliferation and DNA damage, therefore
tumor growth. When the hypoxia emerges after tumor
growth, which can restrict the blood supply, autophagy may
promote the survival of tumor cells (28,29). Additionally,
excessive autophagy induces cell damage, leading to
mechanisms of cell death, such as apoptosis. Apoptosis may
begin with autophagy, but autophagy frequently leads to
apoptosis (30). When considering our results and those
of previous studies, this appears to explain the tumor-
promoting effect of c-Myc-induced Rab7a activation via
autophagy promotion and apoptosis inhibition in hypoxic
conditions. Furthermore, through administration of c-Myc,
Rab7a knockdown, and Rab7a overexpression on glioma
cells, it was found that autophagy level and cell proliferation
ability remained positively correlated, suggesting that
autophagy likely contributes to the protective role in this
process.

The present study has several limitations. Our method of
establishing the animal model is subcutaneous implantation,
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rather than intracranial iz siru implantation. Therefore, it
is difficult to simulate the actual GBM microenvironment.
Moreover, we have only discovered that c-Myc/Rab7a can
initiate autophagy and inhibit apoptosis under hypoxic
conditions. However, the specific mechanism by which
Rab7a regulates autophagy and apoptosis during this process
remains unclear. Besides, the mechanism by which the
c-Myc/Rab7a pathway is activated under hypoxic conditions
also requires further inquiry. In addition, considering the
close complex crosstalk between HIF-1a and c-Myg, it is
also worthy of further study to determine whether HIF-1a
participates in this process.

Conclusions

In conclusion, our data indicated that the c-Myc/Rab7a
pathway protects GBM cells from hypoxic damage by
inducing autophagy and inhibiting apoptosis. Hence,
our results provide an improved understanding of the
microenvironment and tumorigenesis.
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