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ARTICLE INFO ABSTRACT

Keywords: Radioresistance is the major factor of glioblastoma multiforme (GBM) treatment failure and
AUIQPhagY relapse. Hypoxia and autophagy are linked to radioresistance and poor prognosis in solid tumors,
B“h“"l but mechanisms remain unknown. Thus, we hypothesize that hypoxia may activate autophagy
Hypox¥a . . through two critical factors, HIF1A and Beclin-1, resulting in radioresistance of GBM in vitro and
Hypoxia-inducible factor 1 alpha (HIF1A) .. . . . .
Radiotherapy in vivo. In this study, we first demonstrated that HIF1A was overexpressed in GBM tissues and

predicted a poor prognosis via bioinformatics. Secondly, we determined that hypoxia induced
high expression of HIF1A and upregulated levels of Beclin-1 and autophagy, while HIF1A
knockdown by shRNA reduced the expression of Beclin-1. Then we revealed the crosstalk and
mechanisms of HIF1A-associated-Beclin-1 in three aspects: (a) transcriptional regulation, (b)
protein interaction, and (c) HIF1A/BNIP3/Beclin-1 signaling pathway. Furthermore, we
confirmed that silencing HIF1A enhanced the radiosensitivity of GBM in vitro and in vivo. Addi-
tionally, Beclin-1 suppression by 3-MA could reverse radioresistance induced by HIF1A under
hypoxia. In conclusion, we demonstrated that hypoxia triggered autophagy via HIF1A-associated
Beclin-1, resulting in radioresistance in GBM. HIF1A knockdown improved GBM radiosensitivity,
and silencing Beclin-1 could reverse HIF1A-induced radioresistance under hypoxic conditions.
These findings may help us comprehend the molecular underpinnings of hypoxia-induced auto-
phagy and provide a novel perspective and prospective treatment for GBM radiosensitization.

1. Introduction

Glioblastoma multiforme (GBM) is a highly aggressive cancer that originates in the brain [1]. Glioblastoma accounts for
approximately 15% of brain tumors [2], exhibiting rapid progression and dismal prognosis. The standard treatment consists of surgery
followed by adjuvant radiotherapy with or without temozolomide (depending on the MGMT methylation status) [3]. Even with
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complete resection, the median progression-free survival time is only 6.9 months, and the overall survival time (with or without
temozolomide) ranges from 14.6 to 16.6 months [4,5]. However, local recurrence following radiotherapy is the primary sign of tumor
progression, and radioresistance indicates a poor prognosis in GBM [6-9]. Therefore, elucidating molecular mechanisms of radio-
resistance is essential for improving the overall survival of GBM patients.

Recently, much effort has been devoted to the mechanisms underlying GBM radioresistance, including DNA double-strand break
repair, autophagy, hypoxia exposure, and more [10-16]. Among the numerous radioresistance-inducing factors, hypoxia-inducible
factor 1 alpha (HIF1A) has been extensively reported. HIF1A is the crucial transcriptional regulator responding to hypoxia [17,18]
and mediates radioresistance by orchestrating downstream gene activity [19,20]. Consequently, targeting HIF1A is a promising
strategy to increase radiosensitivity.

On the other hand, autophagy is a double-edged sword, and Beclin-1 plays various roles depending on the circumstances. Auto-
phagy is considered the adaptive response to stress, for systematic degradation and recycling of cellular components [21]. The un-
derlying role and mechanisms remain to be explored, and some literature suggests that autophagy and Beclin-1 are involved in
radioresistance [22-24]. Autophagy demonstrated dual roles in GBM radiotherapy studied, conferring radioresistance and promoting
cell survival while also causing cell death; however, the underlying mechanism is controversial [22-24]. Beclin-1 is a critical protein in
autophagosome formation, which binds to the class III PI-3 kinase Vps34 and expedites autophagic proceedings [23,25]. We previ-
ously observed that targeting Beclin-1 impaired the induction of IR-mediated autophagy and sensitized C6 glioma cells to radio-
therapy [26].

Notably, some researchers claim that HIF1A may induce radioresistance via autophagy [27-30]. In Wang’s study on nasopha-
ryngeal carcinoma, a correlation was discovered between the Beclin-1 and HIF1A expression. Moreover, it was reported that
HIF1A-associated Beclin-1 high expression might facilitate the survival of NPC cells from chemoradiotherapy, leading to a poor
prognosis [31]. On the contrary, for patients with high HIF1A expression but lower Beclin-1, it displayed a favorable advantage for
overall survival [31]. Therefore, we hypothesized that autophagy might be the link between hypoxia and radioresistance, with HIF1A
and Beclin-1 serving as crucial factors.

Our research aimed to determine the effects of hypoxia—induced autophagy on radiation and to elucidate underlying molecular
mechanisms by targeting HIF1A and Beclin-1 in human GBM cells.

2. Materials and Methods
2.1. Cell cultures

GBM cell lines U87, U251, and U373 were kindly provided by Dr. Ren Jinghua, who purchased them from the American Type
Culture Collection. U87 and U251 were bred in DMEM with 10% fetal bovine serum and 1% penicillin/streptomycin. And U373 was

bred in RPMI-1640 with 10% fetal bovine serum and 1% penicillin/streptomycin. The above cells were cultured at 37 °C with 5% CO
for normoxic conditions. The hypoxic incubator was applied to construct the hypoxic condition with Oy 1%, CO3 5%, and 37 °C.

2.2. RNA interference and construction of lentiviral stably transfected GBM cells
The short hairpin RNAs (shRNAs) lentivirus was constructed and identified by Shanghai GKN Genetics and transfected into U87 and

U251. At 48 h post-transfection, lentiviruses harvested were used to infect GBM cells after mixing with polybrene (10 mg/mL; Sigma).
Stable cells were screened with media containing 2 pg/ml puromycin and confirmed by qRT-PCR and Western blot.

2.3. Quantitative real-time PCR

Total RNA extraction was accomplished by TRIzol reagent (Invitrogen) and the reverse transcription with Prime RT reagent kit
(Vazyme). Quantitative PCR was performed utilizing SYBR Green real-time PCR kit (Vazyme). The relative mRNA levels were

Table 1

Primer sequences of the targeted gene
Primer Sequence (5’ to 3°)
HIF1A_Fw CACCACAGGACAGTACAGGAT
HIF1A Rv CGTGCTGAATAATACCACTCACA
Beclin-1_Fw ACCTCAGCCGAAGACTGAAG
Beclin-1_Rv AACAGCGTTTGTAGTTCTGACA
ATG5_Fw TTGACGTTGGTAACTGACAAAGT
ATG5_Rv TGTGATGTTCCAAGGAAGAGC
ATG7_Fw GATCCGGGGATTTCTTTCACG
ATG7_Rv CAGCAATGTAAGACCAGTCAAGT
ATG12 Fw TAGAGCGAACACGAACCATCC
ATG12 Rv CACTGCCAAAACACTCATAGAGA
p—Actin Fw TCACCCACACTGTGCCCA

p-Actin_Rv ATGTCACGCACGATTTCCC
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computed with the ACt method. PCR primer sequences are shown in Table 1.
2.4. Western blotting

Whole—cell lysates were performed in NETN buffer with 20 mM Tris-HCI (pH 8.0), 100 mM NaCl, 1 mM EDTA, and 0.5% Nonidet
P-40 separated by SDS-PAGE and transferred to PVDF membranes. The following primary antibodies were used: 3-Actin (Abcam,
USA), HIF1A (BD, USA/ Abcam, USA), Beclin-1 (Abcam, USA), LC-3 (Abcam, USA), y-H2AX (Abcam, USA), HIF1A (ChIP level,
Abcam, USA), BNIP3 (Abcam, USA), and Bcl-2 (Abcam, USA).

2.5. Cell growth and colony formation assay

Cells were plated in six-well plates in triplicate. With optimal density and viability, cells were exposed to irradiation 2Gy in a single
dose. After being incubated for 14 days, numbers of colonies consisting of above 50 cells were counted.

2.6. EdU assay

EdU (5-ethynyl-2'-deoxyuridine) is a nucleoside analog of thymidine incorporated into DNA during replication and used to test
cell proliferation. Cells in the exponential phase were seeded into 96-well plates overnight and treated with 3-MA (0, 4 h) or in
hypoxia condition (0, 16 h), subsequently exposed with 2 Gy X-ray irradiation. After 24 h of radiation, cells were incubated with EAU
solution (1/1000, RiboBio, Guangzhou, China) for 2 hours, and fixed with 4% paraformaldehyde for 30 min, then permeabilized with
0.5% Triton X-100 for 10 min, followed by stained with Hoechst and detected by fluorescent microscope. EdU-positive cells were
counted via ImageJ Software (V1.49, National Institutes of Health).

2.7. Transmission electron microscopy (TEM)

Cells were collected by centrifugation at 1000 rpm, 4 °C for 15 min. Then, samples were added with 2.5% glutaraldehyde solution
at 4 °C overnight. After dehydrating, embedding, solidifying, ultrathin slicing, and staining, samples were observed and imaged by
transmission electron microscope, on the Sharing Management Platform of Scientific Research (Basic Medical College of Wuhan
University).

2.8. Immunofluorescence staining

Cells were seeded on coverslips in 24-well plates and exposed to 2Gy/1F irradiation. Subsequently, cells were fixed with 4%
paraformaldehyde at different time points after radiation, then permeabilized with 0.2% Triton X-100 for 5 min, and blocked with 5%
BSA for 30 min, next immunostained with mouse monoclonal anti-y-H2AX (1:500) overnight at 4 °C. Then samples were incubated
with Cyanine3-conjugated goat anti-mouse IgG secondary antibody (1:200) for 1 h, finally stained with DAPI and examined by
fluorescence microscope.

2.9. Irradiation

Cells were seeded in the 6-cm dishes and exposed to 0, 2, 4, 6, and 8 Gy irradiation using the X-ray irradiator (6MV, Varian) with a
dose rate of 600 Mu/min. Next, the number of surviving colonies (over 50 cells) was calculated after 14 days. For animal experiments,
the successful intracerebral xenograft models were randomly divided into two groups (un-irradiated/irradiated). The whole brain
irradiation with 10 Gy in a single dose was administered to the irradiated group, with the same physical parameters for cells. Then,
tumors were measured every week by in vivo fluorescence imaging.

2.10. In vivo xenograft mouse model

The animal experiments were authorized by the Medical Ethics Committee of Tongji Medical College, Huazhong University of
Science and Technology, under national standard guidelines for animal welfare (Ethics Approval No. 2016-S034). Female nude mice
(5-6 weeks old, BALB/c Nude) were randomly grouped into three groups (KD, MOCK, and WT). Luciferin labeling GBM cells
(U87-LUC, U251-LUC, 5 x 10° cells/5 uL suspended in phosphate-buffered saline) were intracerebrally injected into the right caudate
nucleus of the brains, in the guidance of The Mouse Brain in Stereotaxic Coordinates Atlas [32]. With Bregma as the origin, the lateral
2 mm, anterior 1 mm, and vertical 3 mm point is appropriate for inoculation. Tumors were monitored by in vivo fluorescence imaging
per week. Tumor volume was calculated by the formula: V = (L x Wz)xn/6, where L = length (mm), and W = width (mm). Tumor
inhibition rate (TIR) was calculated as follows: TIR = [1—Vir(+)/Vir)] X100%, where Vig(4) = the average tumor volume of irradiated
groups, and Vg = the average tumor volume of un—irradiated groups. There were six nude mice in each group.

2.11. Statistical analyses

The data are presented as the mean + SD except where otherwise indicated, of at least three replicate independent experiments.
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Figure 1. HIF1A is overexpressed in GBM and predicts an adverse prognosis. (A) The mRNA expression level of HIF1A in different cell lines
based on normalized RNA sequencing data on the Human Protein Atlas (HPA) database. https://www.proteinatlas.org. NX: Normalized expression,
the expression level of gene-specific transcripts is given as normalized expression (NX) values, and transcripts with NX values >1 are considered as
detected. The dotted box and red arrows indicate the Glioblastoma cell lines. (B) Heat map of the HIF1A mRNA expression level in various tissues
based on the data in Cancer Cell Line Encyclopedia (CCLE). https://www.broadinstitute.org/ccle/home. GraphPad Prism plotted the heat map. The
red arrow indicates the normalized mean value of mRNA expression in glioma tissue datasets. (C) HIFIA mRNA expression was significantly
increased in brain glioblastoma tissue compared with normal brain tissue, as revealed by Oncomine data mining analysis (in the reporter 200,989 at
probe set in the TCGA brain dataset). https://www.oncomine.org. (D) Multivariate Cox regression analysis of HIF1A gene expression and
Kaplan-Meier survival curves for overall survival outcomes in the TCGA glioblastoma and Lee Nelson study datasets (The red and green lines
correspondingly indicate a gene expression level above and below the median). https://cancergenome.nih.gov. (E) Correlation Analysis between
HIF1A and Beclin-1 in the transcriptional level of clinical samples in TCGA GBM Tumor database, visualized by GEPIA website. https://gepia.
gancer-pku.cn; TPM: transcripts per million, a normalized unit to measure the transcript coding gene expression.

And the statistical analysis and graphs were performed with Graph Pad Prism 7.0 (GraphPad Software, CA). The student’s t-test or
variance test (ANOVA) was used for statistical analysis, and P < 0.05 was considered statistically significant.

3. Results
3.1. HIF1A is overexpressed in GBM patients and predicts the adverse prognosis

To investigate the clinical significance of HIF1A in GBM, we first analyzed the HIF1A mRNA level. In human cell lines, we
discovered that the levels of HIF1A mRNA were considerably higher in GBM than in other solid tumors (Figure 1 A). We found that
glioma tissue HIF1A mRNA levels were significantly greater than other tumor tissues (Figure 1 B). Accordingly, the Oncomine database
found that HIF1A mRNA expression was 2.53 times higher in brain glioblastoma than in healthy brain tissue (Figure 1 C). Furthermore,
according to the Kaplan-Meier survival curves for overall survival in The Cancer Genome Atlas (TCGA) glioblastoma database,
elevated HIF1A gene expression was revealed to mediate a poor prognosis in GBM (HR 1.34, P = 0.039) (Figure 1 D). These findings
demonstrated that HIF1A is overexpressed in GBM and predicts an adverse prognosis. Even though there is no significant result to
support that Beclin-1 negatively affects overall survival or disease—free survival (Figure S 1). However, we found a strong correlation
(R 0.45, P < 0.0001) between HIF1A and Beclin-1 in the transcriptional level of clinical samples in the TCGA database (Figure 1 E).

3.2. Hypoxia induces expression of HIF1A and upregulates levels of Beclin-1 and autophagy

According to the initial bioinformatics analysis, HIF1A and Beclin-1 have comparable effects in predicting the adverse prognosis of
GBM patients. Therefore, based on the background of our study and other reports, we turned to investigate the relationship between
hypoxia and autophagy, in terms of two crucial molecules, HIF1A and Beclin-1.

First, we verified the HIF1A high expression induced by hypoxia. According to the results of qRT-PCR and Western blot analysis, we
determined that hypoxia exposure elevated the expression of HIF1A at the transcriptional and translational levels (Figure S 2 A-B).
Furthermore, the HIF1A protein mainly accumulated in the cytoplasm in GBM cells (Figure S 2C).

Next, we determined the effects of hypoxia on cellular autophagy and Beclin-1. As depicted in Figure 2 A-C and Figure S 3A,
hypoxia increased the mRNA and protein expression levels of autophagy-associated genes, especially Beclin-1. The protein MAPLC3, a
well-documented autophagosome marker, associates with the lipid membranes of autophagosomes and initiates autophagic flux by
shifting from its cytoplasmic form (LC3-I) to autophagosomal state (LC3-II). The Western blot results showed that hypoxia caused the
conversion of LC3-I to LC3-II (Figure 2 D). Consistent with this finding, granular LC3-GFP puncta aggregated under oxygen depri-
vation (Figure 2 E), with the amount and intensity of puncta increasing in a time-dependent manner, indicating the increased level of
autophagy. Additionally, we adopted TEM to confirm the formation of autophagosomes further. Under oxygen deprivation, the results
showed the presence of autophagic vesicles with a double membrane (Figure 2 F). Collectively, these results showed that hypoxia
elevated HIF1A expression, upregulated Beclin-1 expression, and promoted autophagosome formation.

3.3. HIF1A silencing downregulated Beclin—1 expression with multi—crosstalks behind

To further identify whether hypoxia exposure induces autophagy via HIF1A, we knocked down HIF1A to test the changes of
Beclin-1 and cellular autophagy. First of all, we applied shRNAs to downregulate HIF1A expression in U87 and U251. As shown in
Figure S 4 A-D, HIF1A was successfully knocked down both at mRNA and protein levels. Thus, we investigated whether HIF1A
knockdown makes changes to cellular autophagy.

As shown in Figure 3, Beclin—1 was downregulated at both the mRNA and protein levels (Figure 3 A and B) in response to HIF1A
depletion (KD group) in GBM cells. Similarly, mRNA expression of autophagy-related genes also declined when HIF1A was knocked
down (Figure S 3B). Consistent with these observations, we found that the conversion of LC3-I to LC3-II was suppressed in HIF1A
deficiency cells (KD) compared with controls (MOCK and WT) (Figure 3 B); taken together, these findings suggested that HIF1A
knockdown attenuates Beclin-1 expression and cellular autophagy. To this end, we demonstrated that hypoxia triggered autophagy in
HIF1A/Beclin-1 pattern.

Furthermore, we performed relevant assays to elucidate the underlying mechanisms by which HIF1A cooperates with Beclin-1.
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Figure 2. Hypoxia upregulates levels of Beclin-1 and autophagy. (A) The relative expression of Beclin-1 mRNA in GBM cells (U87 and U251)
after exposure to hypoxia for 0, 4, 8, 16, 24, 48, and 72 h. Hypoxia for 16 or 24 h induced temporary upregulation of Beclin-1 mRNA expression in
cells. BECN1: Beclin-1. *P < 0.05 compared with control cells (hypoxia for Oh). (B) The protein expression of Beclin—-1 was increased after exposure
to hypoxia for both 16 and 24 h. Left panel: Western blot analysis of Beclin-1 protein. Right panel: Quantification of the relative protein expression
of Beclin-1. p—Actin was amplified for internal normalization. Con: control. *P < 0.05 compared with control cells. (C) Cells were incubated under
normoxia and hypoxia for 16 h, and Beclin-1 staining was then visualized using fluorescence microscopy to detect its protein expression and
localization. (D) Hypoxia induced the conversion of LC3-I to LC3-II. Left panel: Western blot analysis of LC3-I and LC3-II protein. Right panel:
Quantification of the protein LC3-II/I conversion. *P < 0.05 compared with control cells. (E) Granular LC3-GFP puncta aggregated as the hypoxia
time increased. Cells were transfected with GFP-LC3 and incubated under hypoxia for 0, 4, 8, 16, and 24 h. GFP-LC3 staining was visualized using
confocal laser scanning fluorescence microscopy. (F) Hypoxia induced the accumulation of autophagosomes. Cells were incubated under hypoxia for
§ and 16 h, and autophagosomes were visualized by transmission electron microscopy.

First, we employed coimmunoprecipitation to understand how HIF1A controls Beclin-1 at the posttranslational level. Endogenous
HIF1A was coprecipitated in cells ectopically expressing Beclin-1 and vice versa (Figure 3 C). Notably, the interaction between
endogenous HIF1A and Beclin-1 was observed under both normoxic and hypoxic conditions in U87 and U251. Secondly, to determine
whether HIF1A acts as a transcription factor to interact with Beclin-1 mRNA, we performed ChIP-qPCR analysis and revealed that
HIF1A protein regulated Beclin-1 promoter activity under hypoxic conditions in U87 (Figure 3 D). Thus, these results confirm that
HIF1A physically interacts with Beclin-1 in cells. Moreover, we investigated the potential signaling pathway through which HIF1A
regulates Beclin—1. As shown in Figure 3 E, under hypoxic conditions in U87 cells, HIF1A knockdown dramatically attenuated the
BNIP3 expression and downregulated Bcl-2 levels. While in HIF1A-depleted U251 cells, an appreciable decline was observed both in
BNIP3 and Bcl-2. Thus, we speculate that HIF1A can regulate Beclin-1 via the BNIP3/Bcl-2 signaling pathway.

Taken together, these data demonstrated that the hypoxia could induce autophagy via HIF1A-associated Beclin—1. The crosstalk
may occur along the HIF1A/BNIP3/Beclin-1 axis. Additionally, potential crosstalk between HIF1A and Beclin-1 could affect protein
stability and transcriptional binding. Nonetheless, the definite mechanisms involved in this pathway need further investigation.

3.4. HIF1A silencing enhances the radiosensitivity of GBM in vitro and in vivo

To verify that hypoxia induces radioresistance at the cellular level, we conducted the colony formation assay in U87 and U251 cells.
It was demonstrated that the survival rate increased with oxygen deprivation compared to oxygen exposure (Figure 4 A and Table 2),
indicating that hypoxia triggered radioresistance in GBM.

From above, we identified that the hypoxic condition triggered high expression of HIF1A, resulting in radioresistance. Given that
HIF1A is frequently overexpressed in GBM tissues and predicts poor prognosis, we speculated that HIF1A served as the core element to
promote radioresistance in GBM. To illustrate the effects of HIF1A on radiosensitivity, we applied HIF1A silencing system in vitro and in
vivo to test changes in GBM radiosensitivity. As shown in Figure 4 B and Table 3, under both normoxic and hypoxic conditions, the
colony formation viability curves indicated that HIF1A knockdown decreased cell proliferation relative to controls. EQU incorporation
is a good metric for detecting cell proliferation. To investigate the effects of hypoxia and irradiation on cell proliferation, EAU
incorporation assays were applied. As shown in Figure 4 C, under hypoxic conditions, HIF1A-knockdown cells had lower proportions
of EdU-positive cells than WT and MOCK after IR exposure. As predicted, the absence of HIF1A significantly suppressed DNA repli-
cation, thereby enhancing cellular sensitivity to radiation, suggesting that HIF1A plays an essential role in promoting radioresistance.
Since y-H2AX is a crucial marker of DNA damage, y-H2AX foci formation assays were performed to confirm our hypothesis further. As
shown in Figure 4 D, after irradiation, the number of y-H2AX foci was significantly increased in HIF1A-KD cells compared with
controls. In addition, the upward tendency was more pronounced under hypoxic than normoxic settings, indicating that HIF1A
silencing, especially under hypoxia, hindered double-strand break (DSB) repair. As expected, HIF1A knockdown significantly
enhanced cellular sensitivity to radiation. Moreover, the radiosensitizing impact of HIF1A knockdown under hypoxic conditions was
accentuated. These data strongly indicate that HIF1A promotes proliferation and radioresistance in vitro, especially under hypoxia.

To investigate whether HIF1A promotes radioresistance in vivo, we constructed the orthotopic glioblastoma xenograft model in
nude mice. After a single dose of 10 Gy brain irradiation, the brain tumor of mice injected with HIF1A-deficient cells (KD group) was
smaller than those injected with control shRNA-transfected cells (MOCK) or wild-type cells (WT) (Figure 4 E). The tumor growth
inhibition rate of the HIF1A-KD group was dramatically higher than that of MOCK and WT.

Together, these data imply that HIF1A acts as the core molecule to induce GBM radioresistance, and HIF1A silencing enhances the
radiosensitivity of GBM in vitro and in vivo.

3.5. Beclin-1 suppression by 3-MA reverses radioresistance induced by HIF1A under hypoxia

From above, HIF1A resulted in radioresistance of GBM under hypoxia conditions. And according to our previous study, Beclin—1
shared similar effects on radioresistance. Given that hypoxia exposure induces autophagy via HIF1A/Beclin-1 axis, whether down-
regulating Beclin-1 would reverse the radioresistance generated by HIF1A? Therefore, the following experiments were performed to
determine whether Beclin-1 affects the radiosensitivity of GBM cells. Firstly, we suppressed Beclin-1 protein expression in U87 and
U251 with 3-MA, a PI3K inhibitor proven to prevent cellular autophagy. As shown in Figure S 5, Beclin—1 was successfully blocked by
3-MA at the transcriptional protein level. Therefore, we investigated the radiosensitizing effects of Beclin—1 suppression on GBM cells.
From the data, we found that under hypoxic conditions, Beclin—-1 suppression by 3-MA decreased the survival rate of GBM cells
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Figure 3. HIF1A silencing downregulated Beclin-1 expression with multi-crosstalks behind. (A) Beclin-1 mRNA expression was down-
regulated when HIF1A was knocked down in U87 and U251. The relative expression of Beclin-1 mRNA was detected by qRT-PCR after exposure to
normoxia and hypoxia for 16 h in KD, MOCK, and WT groups. KD: knock down; WT: wildtype. *P < 0.05, **P < 0.01 compared with MOCK, under
normoxia or hypoxia; ns: no statistically significant difference (P > 0.05). (B) Beclin-1 protein expression was attenuated, and LC3-I to LC3-II
conversion was suppressed in the HIF1A-KD group after exposure to normoxia and hypoxia for 16 h. Left panel: Quantification of Beclin-1 protein
and LC3-II/I conversion. Right panel: Western blot analysis of Beclin-1, LC3-I, and LC3-II protein. *P < 0.05 compared with MOCK, under nor-
moxia or hypoxia. (C) Endogenous HIF1A was coprecipitated in cells ectopically expressing Beclin-1 and vice versa. Coimmunoprecipitation ex-
periments were performed in U87 and U251 cells after exposure to normoxia and hypoxia for 16 h. IP: immunoprecipitation; IB: immunoblotting.
(D) Three pairs of primers were designed for potential binding sites in the Beclin-1 promoter. ChIP experiments were performed in U87 and U251
under hypoxia for 16 h. Bands were amplified for primers No. 1 and No. 3, in contrast to the Input and the negative control (NC). Furthermore,
primer No. 3 successfully amplified specific bands in the experimental group compared to the Input of U87. However, all primers failed to amplify
specific bands in U251. PC: positive control; NC: negative control. (E) BNIP3/Bcl-2 pathway components were evaluated after exposure to normoxia
and hypoxia for 16 h. BNIP3 was downregulated when HIF1A was knocked down in U87 and U251, especially under hypoxic conditions. Bcl-2
expression was elevated in U87 HIF1A-KD group but decreased in U251 HIF1A-KD, compared with the corresponding MOCK groups. f—Actin was
Empliﬁed for internal normalization. *P < 0.05 compared with MOCK cells, under normoxia or hypoxia.

(Figure 5 A and Table 4), reduced the proportion of EdU-positive cells (Figure 5 B), and increased the number of y-H2AX foci (Figure 5
C) in response to IR relative to controls. As suggested, the downregulation of Beclin-1 significantly reduced the colony formation
capability, suppressed DNA replication, and increased DSBs while slowing DNA repair. Collectively, these findings indicated that
3-MA reduced the expression of Beclin-1 and enhanced cellular sensitivity to radiation, hence reversing the radioresistance induced by
HIF1A under hypoxia; and revealing its critical function in improving radioresistance. In addition, in the normoxia condition with low
HIF1A expression, the survival rate was further reduced, and the radiosensitivity can be maximized by blocking Beclin-1, which
demonstrated an optimal radiosensitivity when both HIF1A and Beclin-1 were downregulated.

4. Discussion

Glioblastoma multiforme is one of the most malignant CNS tumors [1,2], and postsurgical radiotherapy is the therapeutic strategy
recommended by NCCN Guidelines [3]. However, radioresistance is the major factor of treatment failure [6-9]. Hypoxia is a char-
acteristic of solid tumors, especially glioblastoma. HIF1A is a crucial transcription factor induced by hypoxia and implicated in tumor
radiosensitivity [19,20]. Adrian L showed increased expression of HIF1A after irradiation in the hypoxia cells, accompanied by distinct
radioresistance mediated by enhanced DSB repair [33,34]. Moreover, it has been reported that the radiation-induced DNA damage
was diminished under hypoxia, for the absence of reactive oxygen species (ROS) and free radicals (FRs) [13,35]. The potential
mechanisms of HIF1A-mediated radioresistance consist of angiogenesis, DSB repair, cell cycle blockade, apoptosis suppression, and
autophagy activation [36-45]. All these results verified that HIF1A induced radioresistance under hypoxia, confirming our findings.
The role of autophagy in radioresistance remains a long-standing concern. The autophagy inhibitor 3-MA has been observed to
downregulate cellular autophagy and increase radiosensitivity in MDA-231 breast cancer cells [46] and TE-1 esophageal cancer cells
[47]. Autophagy was also found to shield GBM cells from irradiation damage by inducing ATP accumulation, inhibiting Beclin-1 and
exacerbating DSB injury [48]. Consistent with our previous study, Beclin-1 depletion significantly downregulated autophagy, pro-
moted DNA-PK function, and improved radiosensitivity in C6 rat glioma cells [26]. Some researchers have claimed that HIF1A may
induce radioresistance via autophagy [27-30]. In Wang’s study on nasopharyngeal carcinoma, a positive relationship was found
between the Beclin-1 and HIF1A expression [31]. Moreover, it reported that HIF1A-associated Beclin-1 high expression might
facilitate NPC cells surviving from chemoradiotherapy, leading to a poor prognosis. On the contrary, for patients with high HIF1A
expression but lower Beclin-1, it displayed a favorable advantage for overall survival [31]. Therefore, we hypothesized that autophagy
might be the link between hypoxia and radioresistance, with HIF1A and Beclin-1 serving as crucial factors.

Given the context above, we hypothesized that hypoxia might induce autophagy through activation of Beclin-1 by HIF1A, which in
turn affects the radiosensitivity of GBM; downregulating HIF1A or suppressing Beclin—1 would be expected to improve radiosensi-
tivity. First, by bioinformatics data retrieval and analysis, we confirmed that HIF1A is overexpressed in GBM patients and predicts a
poor prognosis. Additionally, HIF1A strongly correlates with Beclin-1 in the transcriptional level of clinical tissue samples. After
successfully validating the hypoxic microenvironment, we found that hypoxia triggers the upregulation of Beclin-1 and promotes
autophagosome accumulation. To further uncover the role of HIF1A in Beclin-1 and cellular autophagy, we downregulated the
expression of HIF1A using shRNAs in GBM cells. The results showed that HIF1A knockdown impaired cellular autophagy, as
demonstrated by the decreased Beclin-1 expression and suppressed LC3 II/I conversion. Further investigation was performed to reveal
the mechanism and elucidate the crosstalk of the core factors, HIF1A and Beclin-1. The results showed that HIF1A could interact with
Beclin-1 in protein levels. Additionally, as a transcription factor, HIF1A interacts with the promoter of Beclin-1 under oxygen-
—depleted conditions. Moreover, the BNIP3/Bcl-2 pathway functions in signaling between two molecules, thus we conclude hypoxia
triggers autophagy via HIF1A-associated-Beclin—-1 by three means: a) transcriptional regulation, b) protein interaction, and c¢) HIF1A/
BNIP3/Beclin-1 signaling pathway. However, the underlying mechanisms are yet to be investigated further.

Till now, we shift our focus to radioresistance, which is considered the primary reason for GBM relapse and poor survival. As is
widely acknowledged, hypoxia induces radioresistance in many solid tumors. We sought to clarify how hypoxia induces radio-
resistance, the critical molecules involved, and by which means radiosensitivity could be enhanced. Through the study, we found that
the radiosensitivity of GBM was improved after HIF1A was knocked down, in vitro and in vivo. Since prior findings confirmed that
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Figure 4. HIF1A silencing enhances the radiosensitivity of GBM cells in vitro and in vivo. (A) Hypoxia induced radioresistance of GBM cells.
Colony formation after irradiation was significantly enhanced in hypoxia-exposed U87 and U251 cells. Colony formation assays were performed to
evaluate the radiosensitivity of U87 and U251 after exposure to normoxia and hypoxia for 16h. The survival fraction curves were fitted by the
multitarget one—click model equation SF=1-(1-e-D/D0) “N. *P < 0.05, **P < 0.01, ****P < 0.0001 compared with normoxia cells, under the
corresponding radiation doses. (B) Cellular proliferation was impaired, and radiosensitivity was enhanced in the HIF1A-KD group after exposure to
normoxia and hypoxia for 16 h. Colony formation assays were performed in U87 and U251 incubated under normoxia or hypoxia for 16 h. (C) The
proportion of EdU-positive cells was noticeably decreased in the HIFIA-KD group, especially under hypoxic conditions. Left panel: EAU incor-
poration was visualized using fluorescence microscopy after 24 h of X-ray irradiation (2Gy/1F). Right panel: quantification of EdU-positive cells.
IR: irradiation. **P < 0.01, ****P < 0.0001. (D) The number of y-H,AX foci was significantly increased in the KD group, especially under hypoxic
conditions. Left panel: y-H>AX foci were visualized using confocal laser scanning fluorescence microscopy after 0.5, 4, 8, and 24 h of X-ray irra-
diation (2Gy/1F). Right panel: quantification of y-H»AX foci. * P < 0.05, ***P < 0.001, ****P < 0.0001. (E) In vivo, orthotopic glioblastoma xe-
nografts were generated in nude mice, and brain tumors were measured weekly by in vivo fluorescence imaging. The tumor growth inhibition rates
were calculated and were dramatically higher in the KD group than in MOCK and WT. *P < 0.0001 compared with MOCK and WT.

Table 2
The survival fraction of U87 and U251 cells after X-ray irradiation under normoxia and hypoxia for 16 h.
SF* (Mean+SEM") 2Gy 4Gy 6Gy 8Gy
us7 Normoxia 0.60 £+ 0.06 0.31 = 0.02 0.18 = 0.03 0.06 = 0.00
Hypoxia 0.92 £+ 0.04 0.63 £+ 0.05 0.32 £ 0.02 0.16 + 0.01
U251 Normoxia 0.64 + 0.01 0.32 + 0.03 0.14 + 0.01 0.07 + 0.00
Hypoxia 0.83 + 0.05 0.45 + 0.06 0.21 +£0.01 0.07 = 0.02

2 survival fraction;
b standard error of the mean

Table 3
The survival fraction of U87 and U251 cells after X-ray irradiation whether HIF1A was knocked down under normoxia and hypoxia for 16 h.
SF® (Mean+SEM®) 2Gy 4Gy 6Gy 8Gy
u87 Normoxia, KD® 0.28 + 0.03 0.09 £ 0.02 0.03 £ 0.01 0.01 £+ 0.00
Hypoxia, KD 0.49 £ 0.04 0.30 £ 0.04 0.15 £ 0.02 0.09 £+ 0.01
Normoxia, MOCK 0.33 £ 0.02 0.12 £ 0.01 0.02 £+ 0.00 0.01 £+ 0.00
Hypoxia, MOCK 0.67 + 0.04 0.48 £+ 0.05 0.23 £ 0.01 0.09 + 0.01
U251 Normoxia, KD 0.52 £ 0.05 0.21 £ 0.01 0.07 £ 0.00 0.02 £+ 0.00
Hypoxia, KD 0.60 £ 0.00 0.27 £ 0.01 0.11 £ 0.01 0.04 £ 0.01
Normoxia, MOCK 0.57 £ 0.03 0.22 £+ 0.00 0.08 + 0.01 0.02 £+ 0.00
Hypoxia, MOCK 0.80 + 0.04 0.36 £+ 0.00 0.18 + 0.02 0.06 + 0.01

a: survival fraction; b: standard error of the mean; c: knockdown

autophagy causes radioresistance and can be induced by hypoxia, we looked into how Beclin-1 affected radiosensitivity. We applied
the standard autophagy inhibitor 3-MA and verified that it effectively inhibited cellular autophagy and reduced Beclin-1 expression,
reversing the radioresistance and achieving radiosensitization under hypoxic conditions. Taken together, we conclude that hypoxia
triggers autophagy through the HIF1A-associated Beclin-1, leading to radioresistance in GBM. HIF1A knockdown can improve
radiosensitivity. Furthermore, silencing Beclin-1 reverses radioresistance induced by HIF1A under hypoxic conditions.

In the real world, hypoxia is a long-standing but persistent problem in solid tumors. Although HIF1A is extensively focused on
attempts to improve hypoxia, some questions remain to be addressed. Since ischemia and necrosis are always accompanied by hypoxia,
it is difficult for chemotherapeutic agents or small molecules to reach the core of the tumor via vascular permeability, which poses a
long-standing challenge to hypoxia—-improving treatment. Therefore, exploring alternative methods to reverse hypoxia-induced
radioresistance is vital and merits special consideration. For this reason, we endeavored to find the intermediary molecule between
hypoxia and GBM radioresistance; and attempted to reverse the hypoxia—induced radioresistance by modulating this molecule. We
proposed this concept, HIF1A-associated Beclin-1, for the fact that we showed that Beclin-1 functions as a gateway molecule for
hypoxia—mediated radioresistance in GBM. Even under hypoxic conditions along with strong HIF1A expression, inhibiting Beclin-1
can enhance radiosensitivity and restore the undesirable state of radioresistance. Furthermore, the radiosensitivity can be improved to
the fullest extent when both HIF1A and Beclin-1 are downregulated, which is promising to improve patient prognosis and even
prolong GBM patient survival. Nevertheless, the mechanisms behind HIF1A-associated Beclin-1 leave much to be discovered. As a
transcription factor, HIF1A interacts with the promoter of Beclin-1 under oxygen-depleted conditions. Guillaume Robert reported
Bcl-2 and Bel-X(L) could bind and inhibit Beclin-1-induced autophagy [49]. And Nathalie’s team discovered that in hypoxia, Beclin-1
was displaced from Bcl-X(L) and Bcl-2 by the rapid expression of the atypical BH3-only proteins (BNIP3 and BNIP3L), resulting in
autophagy [50]. Consistent with the idea above, the two cell lines U87 and U251 displayed identical decreasing patterns of BNIP3 in
hypoxia. But they showed different trends in Bcl-2, demonstrating a distinction. Therefore, we infer that HIF-1A affects the
Beclin-1/BNIP3/Bcl-2 interaction to promote autophagy, while the definite mechanisms in this pathway need further investigation.

In conclusion, we provide an approach to breaking the persistent troubled situation of hypoxia, not only by HIF1A but also through
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Figure 5. Beclin-1 suppression by 3-MA reverses radioresistance induced by HIF1A under hypoxia. (A) The survival rate was reduced and
radiosensitivity was enhanced when Beclin-1 was suppressed by 3-MA, especially under hypoxic conditions. Colony formation assays were per-
formed in U87 and U251 under normoxia or hypoxia for 16 h. Con: control. (B) The proportion of EdU-stained cells was noticeably decreased when
Beclin-1 was suppressed by 3-MA, especially under hypoxic conditions. Upper panel: EAU incorporation was visualized using fluorescence mi-
croscopy after 24 h of X-ray irradiation (2Gy/1F). Lower panel: quantification of EdU-positive cells. **P < 0.01, ****P < 0.0001. (C) The number of
y-H2AX foci was significantly increased when Beclin-1 was suppressed by 3-MA, especially under hypoxic conditions. Upper panel: y-H,AX foci
were visualized using confocal laser scanning fluorescence microscopy after 0.5, 4, 8, and 24 h of X-ray irradiation (2Gy/1F). Lower panel:
guantiﬁcation of y-H,AX foci. * P < 0.05, ****P < 0.0001.

Table 4
The survival fraction of U87 and U251 cells after X-ray irradiation whether 3-MA" was applied under normoxia and hypoxia for 16 h.
SF” (Mean+SEM") 2Gy 4Gy 6Gy 8Gy
us7 Con* 0.82 £+ 0.04 0.36 £+ 0.02 0.21 + 0.04 0.06 + 0.01
Hypoxia 0.93 £+ 0.04 0.49 £+ 0.03 0.24 + 0.01 0.10 £+ 0.01
3-MA 0.70 £ 0.01 0.21 £+ 0.02 0.09 £ 0.01 0.02 £ 0.01
3-MA+Hypoxia 0.74 £+ 0.02 0.35 £ 0.02 0.11 £ 0.01 0.05 £+ 0.00
U251 Con 0.70 £+ 0.03 0.30 £ 0.06 0.14 + 0.01 0.04 £ 0.01
Hypoxia 0.81 £ 0.01 0.44 £ 0.09 0.18 + 0.01 0.07 £ 0.01
3-MA 0.52 £+ 0.03 0.16 £ 0.06 0.05 £+ 0.01 0.02 £+ 0.00
3-MA+ Hypoxia 0.65 + 0.01 0.28 + 0.04 0.08 + 0.01 0.03 £+ 0.02

@ 3-Methyladenine;

b survival fraction;

¢ standard error of the mean;
4 control;

HIF1A-associated Beclin-1, to reach the goal of radiotherapy sensitization, and we also clarified the crosstalk between HIF1A and
Beclin-1, which is the significance of this article. Given that HIF1A-associated Beclin-1 has significant explicit effects on radiosen-
sitivity, it is expected to be a potential biomarker for the radiotherapy response; nevertheless, further studies and clinical evidence are
needed.
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