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ABSTRACT: Glioblastoma (GBM) is a devastating primary brain cancer with a poor prognosis. GBM
is associated with an abnormal mechanistic target of rapamycin (mTOR) signaling pathway, consisting
of two distinct kinase complexes: mTORC1 and mTORC2. The complexes play critical roles in cell
proliferation, survival, migration, metabolism, and DNA damage response. This study investigated the
aberrant mTORC2 signaling pathway in GBM cells by performing quantitative phosphoproteomic
analysis of U87MG cells under different drug treatment conditions. Interestingly, a functional analysis
of phosphoproteome revealed that mTORC2 inhibition might be involved in double-strand break
(DSB) repair. We further characterized the relationship between mTORC2 and BRISC and BRCA1-A
complex member 1 (BABAM1). We demonstrated that pBABAM1 at Ser29 is regulated by mTORC2
to initiate DNA damage response, contributing to DNA repair and cancer cell survival. Accordingly, the
inactivation of mTORC2 significantly ablated pBABAM1 (Ser29), reduced DNA repair activities in the
nucleus, and promoted apoptosis of the cancer cells. Furthermore, we also recognized that histone
H2AX phosphorylation at Ser139 (γH2AX) could be controlled by mTORC2 to repair the DNA.
These results provided a better understanding of the mTORC2 function in oncogenic DNA damage response and might lead to
specific mTORC2 treatments for brain cancer patients in the future.
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■ INTRODUCTION
Glioblastoma multiforme (GBM) is a primary brain tumor
originating from astrocytes. GBM is classified into high-grade
IV gliomas. They are malignant tumors and an aggressive form
of brain tumors with a high proliferation rate. GBM patients
usually have a short life expectancy after diagnosis. More than
two-thirds of adults diagnosed with glioblastoma die within 2
years because they grow rapidly and spread to other parts of
the brain.1 Due to the invasive nature of the tumor, it has a
high recurrence rate and a poor prognosis. To date, there is no
specific cure for GBM.

The mechanistic target of rapamycin (mTOR) kinase is the
major mediator of phosphatidylinositol 3-kinase (PI3K)
signaling pathway.2 The mTOR pathway is one of the most
frequently altered signaling cascades in humans. It integrates
both intracellular and extracellular signals and serves as a
central regulator of cell metabolism, growth, proliferation, and
survival. The main component of the pathway, mTOR protein
kinase, forms the core of two distinct multiprotein complexes,
mTOR complex 1 (mTORC1), and mTOR complex 2
(mTORC2).3,4

The regulation and roles of mTORC1, its many upstream
regulators, cellular functions, and the availability of rapamycin
as an inhibitor are well known, and this complex has been

thoroughly investigated. On the other hand, mTORC2 has
been proposed to play an essential role in carcinogenesis,
tumor growth promotion, and chemotherapy resistance in
glioblastoma cells.4 Multiple studies have indicated that
mTORC2 is a potential target for molecular therapeutics in
GBM. The mTOR inhibitor PP242 effectively targets both
mTORC1 and mTORC2 activation and reduces cell
proliferation, migration, invasiveness, and stemness properties
in GBM.5 Also, mTORC2 drives GBM growth by promoting
histone acetylation and nuclear translocation.6 More recently,
mTORC2 has been shown to play a new role in DNA damage
response (DDR) and repair. Inhibitors of DNA damage
response (DDR) have a high potential for radiosensitization of
various cancers, including glioblastoma (GBM).7

Several studies have identified the phosphopeptidome and
localized the phosphorylation sites associated with cancer cells
using mass spectrometry-based phosphoproteomics. Also,
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quantitative phosphoproteome profiling allows researchers to
study abnormally activated signaling pathways, discover
therapeutic targets in cancer, and identify the regulators of
essential signaling pathways and cellular processes.8,9 Although
various phosphoproteomics studies have been performed so
far, there are no complete insights into the phosphorylation-
related mTORC2 signaling with biological functions in GBM.
Global phosphoproteomics study fills a gap in our under-
standing of this mTOR complex and may be relevant to
mTORC2 activities in other diseases.

In this study, we performed quantitative phosphoproteomic
analyses of glioblastoma cells under different conditions related
to mTORC2 activation status using a high-resolution nanoflow
LC−MS/MS system combined with a labeling technique and
phosphopeptide enrichment. We also determined several
affected biological processes in response to mTORC2
inhibition. Consequently, we were able to identify the proteins
with altered phosphorylation patterns involved in DNA
damage response (DDR) through mTORC2-mediated mech-
anisms in GBM and pursued the investigation focusing on
BABAM1 (also known as MERIT40) and H2AX phosphor-
ylation. The ultimate goal of this study is to reveal potential
downstream targets of mTORC2 responsible for promoting
DNA damage control and repair that may confer more
aggressive properties to GBM.

■ MATERIALS AND METHODS

Cell Culture
U87MG (HTB-14), a glioblastoma multiforme (GBM) cell
line, was obtained from ATCC. U87MG cells were maintained
in DMEM low glucose, supplemented with 10% fetal bovine
serum (FBS), and 1% antibiotic−antimycotic. For activation
and treatment experiments, cells were starved in DMEM
without 10% FBS for 24 h. For activation condition, cells were
starved in serum-free DMEM for 24 h, followed by replacing
the media with regular media (DMEM low glucose containing
10% FBS) for 1, 6, or 24 h. For the mTORC1/2 inhibition
condition, cells were starved for 24 h and then cultured in
DMEM low glucose, supplemented with 10% FBS and 2 μM
AZD8055 for 1, 6, or 24 h. For the mTORC1-inhibiting
condition, cells were starved for 24 h, then grown in DMEM,
and supplemented with 10% FBS and 0.1 μM rapamycin for 1,
6, or 24 h.
Quantitative Phosphoproteome Sample Preparation
The U87MG cells were lysed with 8 M urea, 100 mM TEAB,
1× protease inhibitor, and 1× phosphatase inhibitor. Lysates
were centrifuged at 13,000g for 5 min at 4 °C. Protein
concentrations were determined by the bicinchoninic acid
(BCA) protein assay kit (Pierce). Protein samples were
adjusted to 1 mg in 8 M urea lysis buffer per condition. The
proteins were reduced with 10 mM dithiothreitol, alkylated
with 40 mM iodoacetamide, and digested with sequencing-
grade modified trypsin (Promega) overnight. Tryptic peptides
were subsequently cleaned up with reversed-phase C18 SPE
columns. Peptide concentrations were determined by
Quantitative Fluorometric Peptide Assay (Pierce). Finally,
peptides were dried using Speed-Vac for long-term storage at
−20 °C. Digested samples were reconstituted with 100 μL of
100 mM TEAB. For isotope labeling, peptides were reacted
with 15 μL of 4% (vol/vol) in each formaldehyde isotope
labeling (light CH2O 37%, medium CD2O 20%, and heavy
13CD2O 20%). Labeled samples were incubated at 25 °C in a

fume hood with shaking for 1 h. Labeled peptides were
quenched with 1% (vol/vol) ammonia solution on ice. Samples
were pooled and dried using Speed-Vac.

For phosphoproteomics, labeled peptide samples were
enriched using the High-Select TiO2 Phosphopeptide Enrich-
ment Kit. Afterward, they were fractionated into 20 fractions
per sample using the High pH Reversed-Phase Peptide
Fractionation Kit (Pierce). Fractionated samples were
resuspended in appropriate volume with 0.1% formic acid
(FA) before LC−MS/MS analysis.
Quantitative Total Proteome Sample Preparation

The U87MG cells were lysed with 8 M urea, 100 mM TEAB,
1× protease inhibitor, and 1× phosphatase inhibitor. Lysates
were centrifuged at 13,000g for 5 min at 4 °C. The BCA assay
was performed to determine protein concentrations. Protein
sample from each condition was adjusted to 100 μg in 8 M
urea lysis buffer. Then, the proteins were reduced, alkylated,
and digested similarly to the protocol for phosphoproteomics.
Tryptic peptides were further cleaned up with reversed-phase
C18 SPE columns. Peptide concentrations were determined.
Dimethyl labeling was performed as stated in the phospho-
proteomics section.

Next, labeled peptide samples were fractionated into 20
fractions per sample using peptide fractionation by a High pH
Reversed-Phase Peptide Fractionation Kit (Pierce). Fraction-
ated samples were resuspended with 0.1% formic acid (FA).
LC−MS/MS Analysis
The peptide fractions for phosphoproteomics or total
proteomics were analyzed using the quadrupole Orbitrap Q-
Exactive Plus mass spectrometer (Thermo Scientific) with
reversed-phase EASY nano-LC 1000 using a 25 cm EASY-
Spray C18 column, 75 μm internal diameter. The analytical
column was equilibrated with Mobile Phase A (0.1% formic
acid in LCMS grade water) and Mobile Phase B (0.1% formic
acid in acetonitrile). The column was maintained at a constant
flow of 300 nL/min. Peptides were injected at 300 ng and
eluted by a 90 min gradient (0−5% B in 0 min, 5−20% B in 60
min, 20−40% B in 20 min, 40−98% B in 2 min, and 98−100%
B in 8 min). The electrospray voltage 2.0 kV was applied, and
the ion transfer tube was set at 275 °C. Orbitrap precursor
spectra were recorded from 350−1400 m/z for 90 min at the
resolution of 70,000 with AGC target at 3 × 106 ions and
maximum IT 250 ms. Top 10 most abundant precursors with
2+ to 4+ charge states were selected and fragmented by
normalized collision energy N(CE) 27 to generate MS/MS
data. Data-dependent MS/MS spectra were recorded at the
resolution of 17,500, AGC target of 5 × 104 ions, and max ion
injection time of 100 ms. Signals with unknown charge states
were excluded from fragmentation. The dynamic exclusion
option was enabled at 30 s.
LC−MS/MS Data Analysis
All raw MS data were processed using MaxQuant version
1.6.2.10. Data were used to search against a human protein
database using Andromeda database peptide search engine. For
phosphoproteomic analysis, modifications were interpreted as
oxidation (M), acetyl (K), carbamidomethyl (C), phospho
(STY), and dimethyl labels. For total proteomic analysis,
modifications were interpreted as oxidation (M), acetyl (K),
carbamidomethyl (C), and dimethyl labels. Searches with
trypsin/P specific enzyme. Mass tolerances for precursor and
fragment ions were set to 10 ppm and 0.02 Da. The false
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discovery rates (FDR) or q-values of the identified peptides
were set at less than 1%. All differential analyses were
performed using Perseus platform version 1.5.5.3.
Immunofluorescence Analysis
U87MG cells were cultured in an eight-well chamber slide
(Lab-Tek). Cells were starved for 24 h and then activated or
treated with AZD8055 for another 24 h before the staining.
They were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 10 min. Subsequently, the cells were
permeabilized using 0.2% Triton X-100 buffer and blocked
with PBS containing 5% bovine serum albumin and 0.1%
Tween-20. The antibodies, including anti-BABAM1, anti-
γH2AX, and anti-RAP80 (Cell Signaling), were incubated
with the cells at 4 °C overnight. Secondary antibodies were
then incubated for 1 h. Zenon Rabbit IgG labeling kit
(Invitrogen) was used to conjugate the fluorescent dyes to
primary antibodies when necessary. Nuclei were stained with
4′,6′-diamidino-2-phenylindole (DAPI). Slides were mounted
with a ProLong anti-fade mountant (Invitrogen). Images were
captured by an LSM800 with an Airyscan confocal microscope
(Zeiss).
Co-immunoprecipitation and Immunoblotting
Candidate proteins from phosphoproteomics data were
validated using co-immunoprecipitation (co-IP) and western
blotting analysis. For co-IP steps, Crosslink Magnetic IP/Co-
IP Kit (Pierce) was used.Cells were lysed using an IP lysis
buffer supplemented with protease inhibitor cocktail and
phosphatase inhibitor cocktail. The cell lysates were centri-
fuged and then incubated overnight at 4 °C with the primary
antibody against BABAM1 or RAP80 (Cell Signaling),
followed by an incubation with Protein G magnetic beads
for 1 h. The immunoprecipitated samples were washed twice
with the IP lysis buffer. IP-eluted proteins were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotted with primary antibodies [anti-RICTOR
(Abcam), anti-BABAM1, anti-γH2AX, anti-RAP80 (Cell
Signaling)]. For immunoblotting, cells were washed with
PBS, lysed on ice in the buffer containing 1% Triton X-100 and
supplemented with the protease inhibitor cocktail and
phosphatase inhibitor cocktail. Proteins were separated by
SDS-PAGE and detected by immunoblotting with a primary
antibody against pAKT (Ser473), AKT, pS6 (Ser235/236), S6,
pH2AX (Ser139), H2AX, and GAPDH (Cell Signaling).
Western blotting experiments were performed in three
biological replicates.
Cell Viability Assay
Cells were seeded into a 96-well plate at the density of 5 × 103

per well with 100 μL complete medium and cultured under
different conditions: activated, AZD8055-treated, rapamycin-
treated, or overexpressing BABAM1 (WT or S29A) for 24 h in
a humidified, 5% CO2 atmosphere. Cell viability was
determined by MTS assays (MTS assay kit; #ab197010;
Abcam) detecting the absorbance at 490 nm using a 96-well
plate reader. The assays were performed in three biological
replicates.
Apoptosis Assay

U87MG cells were cultured in six-well plates until reaching
about 50% confluence. Cells were serum-starved for 24 h, and
then, the medium was replaced by 10% FBS DMEM medium
with or without AZD8055 to induce apoptosis. After 24 h, cells
were harvested, washed with PBS, and resuspended. In

addition, to compare the number of apoptotic cells under
multiple conditions, including cells under normal, rapamycin-
treated, AZD8055-treated, RICTOR knockdown, and cells
overexpressing BABAM1 (wild-type or S29A mutant), cells
were prepared 24−48 h prior to the apoptosis assay. After
harvesting the cells, about 1 × 105 cells were resuspended in a
mixture of 200 μL of assay buffer, 2 μL of Apopxin Green
Indicator, 1 μL of 7-AAD, and 1 μL of CytoCalcein 450
(Apoptosis/Necrosis Detection Kit; #ab176749; Abcam) as
stated in the manual instruction. After 30−60 min incubation
at room temperature, protected from light, cell apoptotic status
was measured by flow cytometry and analyzed by IDEAS
software. All experiments were performed in three biological
replicates.
RICTOR Knockdown by siRNA and CRISPR-Cas9-Mediated
RICTOR Knockdown Stable Cell Line Generation

U87MG cells were cultured in DMEM low glucose
supplemented with 10% (v/v) FBS and 1% antibiotic-
antimycotic at 37 °C under 5% CO2 condition. For RICTOR
knockdown by siRNA experiment, human RICTOR Accell
siRNA (Dharmacon) was incubated with the cells for 72 h
(siRNA) following the recommended Accell Delivery protocol.

For the generation of a stable RICTOR knockdown GBM
cell line, four pairs of CRISPR-Cas9 single-guide RNA
(sgRNA) against human RICTOR gene were constructed in
pSpCas9n(BB)-2A-Puro (PX462) V2.0 plasmid (Table S1).
An empty vector without the sgRNA sequence was used to
create negative control cells. The plasmids were transfected
into U87MG cells using Lipofectamine 3000 (Thermo Fisher).
The transfected cells were then selected by puromycin (5 μg/
mL) for 72 h. The selected population was recovered and
maintained in regular media (DMEM with 10% FBS).
RICTOR gene expression was determined to confirm the
gene knockdown compared to wild-type cells before other
experiments were performed using the RICTOR knockdown
U87MG cell line.
RICTOR Overexpression

To investigate and confirm that mTORC2 could induce
BABAM1 phosphorylation on S29 residue, the transient
overexpression of the RICTOR gene was performed in
U87MG cells.

Myc-Rictor plasmid was purchased from Addgene (Addgene
11367). The plasmid was transformed intoEscherichia coliStbl3
strain in LB broth with ampicillin at 37 °C (100 μg/mL).
Purification of plasmid DNA was performed using QIAprep
Spin Miniprep Kit (QIAGEN). The plasmid DNA was
transfected into U87MG cells using Lipofectamine 3000
(Thermo Fisher) and incubated for 48 h before cells were
harvested, and immunoblotting experiments were performed.
Site-Directed Mutagenesis of BABAM1 (S29A Mutation)

GFP-BABAM1(S29A)-P2A-Blast was cloned using Gibson
assembly. Briefly, the vector was prepared by digesting the
EF1a-LwCas13a-msfGFP-P2A-Blast plasmid (Addgene 91924)
using AgeI-HF and BamHI-HF. The EGFP fragment was
PCR-amplified by using Q5 High-Fidelity DNA polymerase
and GFP-APEX2-NIK3x plasmid (Addgene 129274) as the
template. N and C terminal fragments of BABAM1 (S29A)
were PCR-amplified using cDNA from U87MG cells as the
template. All the fragments and vectors were assembled by
NEBuilder HiFi DNA Assembly and transformed intoE.
coliStbl3 strain. The sequence was confirmed by next-
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generation sequencing-based BT sequencing (U2Bio Thai-
land). The primers are shown in the Supporting Information
(Table S2). To investigate the effect of BABAM1 phosphor-
ylation (Ser29) on cancer cell apoptosis induction, the
transient overexpression of BABAM1, both wild-type and
mutant plasmid, was performed in U87MG cells. The plasmid
DNA was transfected into U87MG cells using Lipofectamine
3000 (Thermo Fisher) and incubated for 48 h before related
experiments were performed.

■ RESULTS

Quantitative Phosphoproteome Profiling by mTORC1 and
mTORC1/2 Inhibitor

We applied the quantitative phosphoproteomics approaches to
characterize the mTOR signaling pathway using dimethyl
labeling and phosphopeptide enrichment (TiO2), followed by
fractionation. All mass spectrometry (MS) experiments were
performed in five replicates. GBM cells were cultured under
three conditions: activation (ACT), mTORC1-inhibiting by
rapamycin treatment (RAP), and mTORC1/2-inhibiting by
AZD8055 treatment (AZD) at different time points (1 and 24
h). Furthermore, we analyzed 20 phosphopeptide-enriched
fractions to achieve high phosphoproteome coverage (Figure
1A and Table S3). We identified over 5,000 total proteins and
acquired 15,984 phosphosites in AZD 1 h, 18,076
phosphosites in AZD 24 h, 19,860 phosphosites in RAP 1 h,
and 17,431 phosphosites in RAP 24 h (Figure 1B). We
displayed the number of individual phosphopeptides contain-
ing phosphorylated serine, threonine, and tyrosine residues

identified in the U87MG cells treated with AZD8055 or
rapamycin for 1 and 24 h in Figures 1C,D and S1, respectively.
From the results, we could determine that our drug treatment
conditions did not affect the overall global phosphorylation
pattern. Also, the number of phosphoproteins identified from
the cells treated with AZD8055 and rapamycin for 1 and 24 h
is shown (Figure 1E,F).
Functional Analysis of Phosphoproteome Reveals
Phosphoprotein Clustering Influenced by mTOR Signaling
Inhibition

We examined the phosphorylation profiles, identified the
phosphoproteins downregulated by over two-fold in
AZD8055-treated compared to activated GBM cells (AZD/
ACT) and rapamycin-treated compared to activated cells
(RAP/ACT) at 1 and 24 h and further analyzed using gene
ontology (GO) annotations from DAVID bioinformatics
analysis. Top five enriched annotations in each GO term
category: molecular function, cellular component, and bio-
logical process of downregulated phosphoprotein over two-fold
with significant p-values (p < 0.05) were illustrated. We
showed that the downregulated phosphoproteins in AZD/
ACT (1 h) were highly associated with nucleosomal DNA
binding, chromosome condensation, and chromatin silencing
(Figure 2A). In AZD/ACT (24 h) condition, it was also
associated with chromosome condensation, eukaryotic initia-
tion factor 4E binding and regulation of DNA repair (Figure
2B). In contrast, the downregulated phosphoproteins in RAP/
ACT (1 h) corresponded to cell−cell adhesion, glycolytic
process, and translational elongation (Figure 2C). The RAP/
ACT (24 h) group represented stress fiber, DNA recombina-

Figure 1. Summary of the phosphoproteomic and proteomic analysis. (A) Workflow for proteome and phosphoproteome analysis. (B) The
number of proteins, phosphoproteins, and phosphosites, respectively. (C,D) Venn diagram showing numbers of different phosphopeptides
containing S, T, or Y phosphosites in the phosphoproteomic data set from a U87MG cell line with AZD8055 inhibition at two time points, 1 and
24 h, respectively. (E,F) Venn diagram of the overlap of phosphoproteins in the phosphoproteomic data set from the U87MG cell line with 2 μM
AZD8055 and 0.1 μM rapamycin treatment at 1 and 24 h, respectively. *RAP/ACT = ratio of rapamycin-treated group to serum-activated group,
AZD/ACT = ratio of AZD8055-treated group to serum-activated-group.
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tion, and chromatin silencing (Figure 2D). The Cytoscape
platform provided and indicated previously known protein−
protein interactions. To demonstrate the functions of mTOR
signaling in GBM cells, we explored the phosphoproteome
data set and focused on the phosphoproteins in the AZD/ACT
group, whose signal decreased more than two-fold after 1 h of
drug treatment. We detected 70 phosphoproteins involved

with the mTOR signaling pathway. The functionally related

proteins were classified into eight clusters: cell−cell adhesion,

cytoskeleton, autophagy, RNA binding, chromatin organiza-

tion, DNA repair, transcription factor, and translation (Figure

2E).

Figure 2. Functional analysis of phosphoproteome affected by AZD8055 and rapamycin treatments. (A,B) All significantly downregulated
phosphoproteins in the AZD/ACT group (1 and 24 h). (C,D) All significantly downregulated phosphoproteins in the RAP/ACT group (1 and 24
h), respectively; a ratio of 1 means no change, >1 means upregulated, and <1 means downregulated. GO annotation was done by DAVID
bioinformatics resources (https://david.ncifcrf.gov/). Greyscale bar indicates the log2 fold change. (E) Classification of functionally related
phosphoproteins and phosphoprotein interactions involved in the mTOR pathway.
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Defining the Potential Targets in the mTORC2 Signaling
Pathway

For the bioinformatics analysis, we need to determine whether
proteins with altered phosphorylation patterns are associated
with mTORC2 functions in glioblastoma cells. According to
the functional analysis results, the cellular activities significantly
affected by AZD8055 but not downregulated by rapamycin
treatment were possibly mTORC2-specific processes. Hence,
we filtered for the same phosphosites in AZD/ACT and RAP/
ACT groups, where phosphorylation events changed signifi-
cantly (p < 0.05). We selected the average log2 ratio values of
phosphopeptides in the AZD/ACT group that were less than
−1, indicating that the AZD8055 lowered their amounts by
more than two-fold. Then, we further determined which
identical phosphosites had the average log2 ratio of AZD/ACT
lower than the log2 ratio of RAP/ACT over 1, referring to
upregulation compared to the AZD8055-treated after
rapamycin treatment (Tables S4 and S5). For the 1 h
treatment group, we discovered 18 phosphosites that were
downregulated in AZD/ACT (green dot) while being
upregulated in RAP/ACT (red dot), including AAK1
(Thr620), AHNAK (Ser5749), BABAM1 (Ser29), DIDO1
(Ser805), EIF3J (Ser11), EIF4EBP1 (Thr37), ELMSAN1

(Thr704), HIRIP3 (Ser196), KLC2 (Ser505), LARP1
(Ser766), LARP1 (Ser774), LARP1 (Ser850), LARP7
(Ser299), LARP7 (Ser300), MAX (Ser11), MAX (Ser2),
PRRC2A (Ser761), and SRRM2 (Thr1003) (Figure 3A,B).
mTORC2 could potentially regulate the phosphorylation of
these residues.

The log2 ratio of selected phosphopeptide abundance of
RAP/ACT and AZD/ACT, 1 and 24 h treated samples,
showed different cluster profiles. The phosphopeptides found
to have the highest changed phosphorylation levels in
AZD8055-treated cells compared to rapamycin inhibition
were depicted. These phosphorylated proteins at specific
residues were significantly decreased after the AZD8055
treatment (Figure 3C,D). Excitingly, we found that phosphor-
ylation of BABAM1 on serine 29 was reduced by over four-fold
compared to the RAP/ACT group (Table S4 and Figure S2)
and almost disappeared after 6 h of AZD8055 treatment. We
supposed that BABAM1 (Ser29) might be an important
phosphorylation site, and this protein could be a potential
mTORC2 downstream effector. Similarly, the phosphorylation
of PRRC2A on Ser761, SRRM2 on Thr1003, and ELMSAN1
on Thr704 are poorly known to have biological significance
related to the mTORC2 pathway. In addition, we discovered a
novel site of KLC2 on Ser505 that has not yet been

Figure 3. Investigation of mTORC2-mediated phosphorylation events and functional analysis of mTORC2 downstream targets. (A) Volcano plot
showing the distributions of phosphosite ratio and p-value of the AZD/ACT group (1 h inhibition). (B) Volcano plot showing the distributions of
phosphosite ratio and p-value of the RAP/ACT group (1 h inhibition). Identical phosphopeptides with opposite fold changes are shown in colors.
Proteins in green dots were downregulated in AZD/ACT (1 h), and red dots were upregulated or significantly less downregulated in RAP/ACT (1
h). (C,D) Heatmaps showing the log2 ratio of representative phosphosites with significant data (p-value < 0.05). The common phosphopeptides
were upregulated in the RAP/ACT group and downregulated in the AZD/ACT group at 1 and 24 h, respectively; a ratio of 1 means no change, >1
means upregulated, and <1 means downregulated. (E,F) Functional annotations of the phosphoproteins with over two-fold difference in the AZD/
ACT group compared to RAP/ACT group at 1 and 24 h, respectively. (G) Candidate phosphoproteins involved in the mTORC2 signaling
pathway.

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.2c00240
J. Proteome Res. 2022, 21, 2893−2904

2898

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.2c00240/suppl_file/pr2c00240_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.2c00240/suppl_file/pr2c00240_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.2c00240/suppl_file/pr2c00240_si_001.xlsx
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00240?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00240?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00240?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.2c00240?fig=fig3&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.2c00240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


investigated. Among all potential targets identified from the
phosphoproteomic data set, it is important to take into account
that all the changes in phosphorylation levels acquired from
the analyses must exceed the effects of treatments on the total
amount of unmodified proteins. Otherwise, the decrease of
phosphorylated peptides observed might only be artifacts from
fewer total peptides of each specific protein. To overcome this
concern, we have performed the whole cell lysate proteomics
using U87MG cells under identical conditions to confirm that
the drug treatments did not significantly decrease the total
protein levels of any final candidates reported in our study
(Figure 3G) when treated with AZD8055 (Figure S3 and
Tables S6 and S7). Although a few proteins exhibited
significant decreases after 24 h drug treatment, the differences
were smaller than the fold changes of their corresponding
phosphopeptides compared between ACT and AZD groups.
Alternatively, other techniques such as western blotting could
be performed as a follow-up experiment to help validate the
phosphorylation levels of target proteins after treatments.

In the functional analysis, we analyzed the phosphoproteins
that were over two-fold downregulated in AZD/ACT and
upregulated in RAP/ACT groups at 1 and 24 h to investigate
the strongly affected mTORC2 functions. The most enriched
process from the 1 h mTORC2 inhibition group was the
nuclear localization signal (Figure 3E), while the cytoskeleton
was the most affected GO term when inhibiting mTORC2 for
24 h (Figure 3F). Changes observed in phosphorylation levels
of identified phosphoproteins upon AZD8055 treatment could

be characterized as players in the mTORC2 signaling. As a
result, we discovered several potential novel targets in the
mTORC2 signaling pathway in GBM (Figure 3G). In addition
to the direct effectors of mTORC2 that were highly
downregulated after AZD8055 treatment, our study also
provided an informative data set regarding mTORC2 functions
related to negative and positive feedback mechanisms, crosstalk
cascades, or the cellular responses to pathway inhibition when
considering upregulated phosphoproteins (Tables S8 and S9).
Further investigations would help elucidate more mechanistic
regulations associated with this signaling pathway.
BABAM1 is a Potential mTORC2 Downstream Effector

AZD8055 is a small molecule ATP-competitive inhibitor of
mTORC1/2 that directly affects AKT activation by decreasing
the phosphorylation at Ser473.10 We investigated the effects of
the AZD8055 treatment on BABAM1 phosphorylation at
Ser29, in parallel with the phosphorylation of histone H2AX
(Ser139) or γH2AX. Both proteins have been known as
markers of DNA damage and genomic instability.11,12 The
western blotting analysis results showed that mTORC2
inhibition significantly reduced pBABAM1 (Ser29) (Figure
4A−D). In contrast, inhibition of mTORC1 alone with
rapamycin showed a lower degree of reduction in pBABAM1
(Ser29) and γH2AX levels. Significant differences between
pBABAM1 (Ser29) in AZD8055- and rapamycin-treated
samples could be detected in the 6 and 24 h groups.
Additionally, RICTOR knockdown was able to inhibit
phosphorylation of BABAM1 at Ser29 and γH2AX (Figure

Figure 4. Effects of mTOR inhibitors on BABAM1 activity via mTORC1/mTORC2 signaling. (A−D) U87MG cells were activated with 10% FBS,
treated with 2 μM AZD8055 or 0.1 μM rapamycin for 1, 6, 24, and 48 h. (E) U87MG cells were transfected with scrambled siRNA as a negative
control group or RICTOR siRNA for 72 h; n = 3 biological replicates. Statistical significance was calculated using unpaired two-tailed Student’s t-
test. All data are mean ± SD: *p < 0.05, **p < 0.01, ns = not significant.
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4E). This part suggested that mTORC2 might play a critical
role in regulating DNA damage and repair, similarly to what we
defined when performing GO analysis. We also performed
transient overexpression of RICTOR and determined that
pBABAM1 (Ser29) was significantly increased (Figure S4).
mTORC2 Reveals the Cellular Response to DNA Damage

We performed MTS assays to determine the effects of
mTORC1/2 activity on cell survival after AZD8055 and
rapamycin exposure. Bar graphs showed the percentage of cell
viability when U87MG cells were activated with 10% FBS,
treated with 2 μM AZD8055 and 0.1 μM rapamycin after 24 h.
Cell proliferation was significantly increased when activated
with 10% FBS for 24 h. Both drug treatments substantially
prevented cell proliferation. However, AZD8055 delivered
more stronger effects on cell viability than rapamycin. The
effect of AZD8055 on U87MG proliferation was significant
when compared to rapamycin-treated cells (Figure 5A),
leading to the hypothesis that mTORC2 inhibition by
AZD8055 might induce apoptosis in GBM. We detected
apoptosis using the Apoptosis/Necrosis Detection Kit
(Abcam) and counted the number of cancer cells under
different states by flow cytometry (Figure 5B). Single U87MG

cells were observed with a different morphology of cells: living
(violet-stained), early apoptotic (green-stained), and late
apoptotic (green- and red-stained) cells (Figure 5C).

Interestingly, we detected that U87MG cells showed a larger
proportion of early apoptosis and late phase of apoptosis when
treated with 2 μM AZD8055 than the control group. The
characteristic dot plots indicating the flow cytometric valuation
of apoptosis compared to the control are shown in Figure S5.
This evidence supported that mTORC2 inhibition impaired
DNA repair mechanisms and promoted apoptosis.

Next, we examined the localization of BABAM1. Colocaliza-
tion of BABAM1, BRCA1-A complex subunit RAP80, and
γH2AX, the marker for DNA damage, in serum-activated and
AZD8055-treated U87MG cells was observed by immuno-
fluorescence staining. BABAM1 colocalized with γH2AX and
RAP80 in the nucleus and cytosol in mTORC2-activating
conditions in both 1 and 24 h groups (shown in orange). At
the same time, AZD8055-treated cells demonstrated colocal-
ization of BABAM1 and γH2AX, particularly around the
perinuclear region and cytosol but not in the nucleus. After 24
h of drug treatment, the aggregation of BABAM1 and γH2AX
outside the nucleus was clearly observed (Figure 5D). The
results suggested that the colocalization of BABAM1 and

Figure 5. mTORC2 affects the cellular response to DNA damage in glioblastoma. (A) Percent cell viability of U87MG cells under different
culturing conditions. (B) The bar graph shows the proportion of cells between living cells and apoptosis states. (C) Single-cell morphology
between living cells and cells under apoptotic states analyzed by an imaging flow cytometer, including living cell (violet-stained), early apoptosis
(green-stained), and late apoptosis (green- and red-stained) (D) Immunofluorescence staining: U87MG cells were treated with 2 μM AZD8055 for
1 and 24 h and subjected to immunofluorescence staining with anti-BABAM1 (red), anti-RAP80 (green), and anti-γH2AX (yellow) antibodies.
Cell nuclei were stained with DAPI (blue). Scale bar, 20 μm. Magnified images of the nuclear area (dashed boxes) are shown. (E)
Immunofluorescence staining: U87MG cells were treated with 2 μM AZD8055 for 24 h and stained with anti-pBABAM1(Ser29) (red), anti-
BRCA1 (green), and anti-γH2AX (yellow) antibodies. Cell nuclei were stained with DAPI (blue). Scale bar, 10 μm. (F) Cell viability of U87MG-
overexpressing BABAM1 (wild-type or S29A) compared to the control group. (G) Percentages of late apoptotic cells in U87MG under different
treatment conditions. Statistical significance was calculated using unpaired two-sided Student’s t-test. All data are mean ± SD: *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, ns = not significant.
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γH2AX in the perinuclear region might be associated with
mTORC2 inhibition and responsible for the reduction of DNA
repair machinery assembly in the nucleus. We further validated
the association between phosphorylated BABAM1 (Ser29) and
its key interacting partner, BRCA1, under mTORC2-inhibiting
conditions by immunofluorescence staining. The colocalization
of BRCA1 and pBABAM1 in the nucleus was observed in an
activation condition. In contrast, when pBABAM1 (Ser29) was
inhibited by AZD8055 treatment, the nuclear localization of
BABAM1 protein and the formation of the BRCA1-A complex
were strongly affected, while U87MG cells under rapamycin
treatment showed similar results as the activated cells (Figures
5E and S6). To determine whether BABAM1 phosphorylation
at Ser29 residue promotes DNA repair in GBM cells and the
loss of pBABAM1 (Ser29) would lead to cell apoptosis, we
transiently overexpressed the BABAM1 S29A mutant in
U87MG cells in comparison to wild-type BABAM1 and the
control cells (Figure S7). We found that the proliferation of
GBM cells was significantly affected in the mutant group when
observed at 48 h after plasmid transfection. However, the
overexpression of wild-type BABAM1 did not induce cell
proliferation in the GBM cells (Figure 5F). Next, we
performed apoptosis assays and analyzed for percentages of
late apoptotic cells in the samples from various conditions. As
expected, GBM cells from mTORC2-inactivating conditions
(AZD8055 and RICTOR knockdown) showed high late
apoptosis rates as well as BABAM1 (S29A)-expressing cells,

while cells treated with rapamycin or overexpressing wild-type
BABAM1 did not significantly promote apoptosis in GBM
(Figures 5G and S8).
mTORC2-Mediated BABAM1 Phosphorylation at Ser29
Promotes DNA Repair

Finally, we performed affinity purification mass spectrometry
(AP-MS) to confirm that BABAM1 is regulated by mTORC2
signaling. The western blotting analysis and mass spectrometry
analysis of immunoprecipitated BABAM1 in the activated and
AZD8055-treated U87MG cells. We found multiple compo-
nents involved with DNA damage response (DDR) (Table
S10), such as tankyrase-1 binding protein (TNKS1BP1) and
γH2AX, co-purified with BABAM1. Moreover, we retrieved
RICTOR, a major component of mTORC2, indicating that
mTORC2 might be physically interacting with BABAM1.
However, we could not detect RAP80 in the western blot or
MS data. The absence of RAP80 might be because some
interacting proteins retrieved were less than a detectable level
(Figure 6A,B). Then, we confirmed that the protein−protein
interactions among BABAM1, γH2AX, and RAP80 under
mTORC2-activating and -inactivating conditions were differ-
ent by pulling down RAP80. We also included the 6 h
AZD8055 treatment condition for this experiment because the
global phosphoproteome data set showed that the phosphor-
ylation of BABAM1 at Ser29 was reduced by more than two-
fold after 1 h (Table S4) and was more reduced after 6 h with

Figure 6. BABAM1 is a downstream target of mTORC2 signaling pathway in glioblastoma. (A) BABAM1 was immunoprecipitated from U87MG
cells under two conditions: activated or treated with 2 μM AZD8055 for 1 h. RICTOR was discovered in the BABAM1 IP sample, confirming the
relationship between mTORC2 and BABAM1. (B) The table represents key proteins associated with BABAM1 identified from the co-IP samples
from (A). (C,D) RAP80 was immunoprecipitated from U87MG cells treated with 2 μM AZD8055 for 1 and 6 h. (E) Immunofluorescence
staining: U87MG cells were activated with serum, treated with 2 μM AZD8055, and knockdown RICTOR for 6 h. Stained with anti-BABAM1
(red), anti-RAP80 (green), and anti-γH2AX (yellow) antibodies. Cell nuclei were stained with DAPI (blue). Scale bar, 20 μm. (F) A schematic
model of mTORC2-mediated BABAM1 regulation and DNA damage response. The graphic was created by BioRender.com.
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AZD8055 treatment that it disappeared which correlated with
the previous western blot results. We discovered that BABAM1
and γH2AX were less interacting with RAP80 after AZD8055
treatment (Figure 6B,C). In addition, we performed the
immunofluorescence staining experiment comparing activated
U87MG cells to 6 h AZD8055-treated and stable RICTOR
knockdown cells. Decreased mTORC2 activity by knocking
down RICTOR and AZD8055 treatment affected BABAM1
and γH2AX localization to appear mainly outside the nucleus,
whereas, in cells containing active mTORC2, BABAM1
colocalized with γH2AX both in the nucleus and cytosol
(Figure 6D).

Overall results have concluded that BABAM1 and γH2AX
interact with the mTORC2 complex. The inhibition of the
complex significantly decreased the phosphorylation of
BABAM (Ser29) and the level of γH2AX, disabling DNA
repair mechanisms (Figure 6F). This study confirmed that
BABAM1 is a regulator in mTORC2 signaling that plays a vital
role in repairing DNA damages in GBM.

■ DISCUSSION
The aberrant mTOR signaling plays an essential role in
tumorigenesis and abnormal development. Overactivation of
mTOR signaling can lead to several key features such as cell
growth, metastasis, invasion, and DNA damage response of
different types of cancer cells.13,14

While mTORC1 has been thoroughly elucidated, studying
the functions of mTORC2 has been a challenging task because
very few mTORC2-specific inhibitors have been developed.15

In recent years, mTORC2 has been shown to play a crucial
role in several biological processes of cancer cells, including cell
survival, proliferation, cytoskeletal reorganization, metabolic
reprogramming, and cellular stress response.16−18 Hyper-
activated mTORC2 is one of the characteristics of GBM.19

Therefore, the resistance to rapamycin has been a critical
concern and likely contributes to the low efficacy of drug
treatment in glioblastoma patients.2

Recently, phosphorylation events have been widely recog-
nized as a central player in the tumor growth of human
glioblastoma.20 In a phosphoproteomics study, the authors
reported no changes in stemness marker gene expression after
therapy responsive and recurrence or resistance in the GBM
model.21 Moreover, the phosphoproteomic analysis could help
identify targets for drug treatment in GBM patients.22 Apart
from the phosphorylation events in GBM, it is crucial to
understand the molecular mechanisms underlying the aberrant
signaling to develop potential therapeutic targets.23

Here, we performed the phosphoproteomic analysis of
U87MG glioblastoma cells treated with the mTORC1/
mTORC2 inhibitor, AZD8055, compared with the mTORC1
inhibitor, rapamycin, to define novel mTORC2 targets and
functions. Several phosphoproteins involved in mTORC2
signaling were identified. One exciting and significant change
was the phosphorylation of BABAM1 at Ser29, which plays an
important role in DNA damage response and repair.

BABAM1 is a component of the BRCA1-A complex that
directs DNA repair. The BRCA1-A complex, including breast
cancer 1 (BRCA1), BRISC and BRCA1-A complex member 2
(BRE), Lys-63-specific deubiquitinase BRCC36, BRCA1-A
complex subunit Abraxas 1 (ABRAXAS1), RAP80, and
BABAM1, forms at sites of DNA double-strand breaks
(DSBs) and contributes to DNA damage repair. BABAM1
functions by stabilizing the BRCA1-A complex.11 The

ubiquitin-binding motifs (UIMs) of RAP80 also help
BABAM1 recruit BRCA1-A to the DSBs loci.24 Then,
BRCA1 colocalizes with γH2AX to engage the DNA damage
response proteins to repair double-strand breaks.11 Our study
provided evidence that when mTORC2 is inhibited, the
colocalization between BRCA1-A complex components,
including γH2AX, to promote DNA repair was blocked.
Additionally, tankyrase has been reported to associate directly
with BABAM1 and form a complex with BABAM1-BRE-
BRCC36. Inhibition of tankyrase-BABAM1 or tankyrase-PARP
results in abnormal function in DNA repair.25 In our LC−MS/
MS analysis, RAP80, BRCA1, and tankyrase-1 binding protein
(TNKS1BP1) were identified.

Previously, Brown et al. reported that purified recombinant
AKT1, AKT2, or AKT3 could phosphorylate BABAM1
directly at Ser29. IGF-1 stimulation promoted phosphorylation
of BABAM1 and BKM120, MK2206, and Torin1, but not
rapamycin could decrease the pBABAM1 (Ser29) level.26

Remarkably, this correlated with our quantitative phosphopro-
teomics data. The average log2 fold change of 1 h AZD8055 to
activation ratio (AZD/ACT) suggested that pBABAM1
(Ser29) was significantly decreased. The value was over four-
fold lower than the rapamycin to activation ratio (RAP/ACT).
In addition, the inhibition of mTORC2 depleted AKT
phosphorylation at Ser473, while the pBABAM1 level
corresponded to pAKT. Consequently, mTORC2 could be
the kinase regulating BABAM1 phosphorylation at Ser29
through AKT activation in GBM.

Furthermore, the dual PI3K/mTOR inhibitor NVP-BEZ235
could inhibit the central DDR kinases, DNA-PKcs.27 AKT
directly induces DSB repair by increasing the accumulation of
DNA-PK to promote NHEJ28,29, while mTORC2 regulates F-
actin and contributes to the cellular response to minor DNA
damage.30 Moreover, DNA repair pathways often overlap.
Thus, affecting one of the pathways should have more impact
in a cancer cell with a defective DDR than in a healthy cell.31

In GBM patients, low BRCA1 protein expression showed a
significant correlation with the survival of patients after
treatments, indicating that a low level of DNA repair might
cause cancer cell vulnerability.32 Also, BRCA1 has been
identified to modulate temozolomide resistance in TP53 wild-
type glioblastoma.33 However, the significance of BABAM1
phosphorylation or its functions in brain cancers have still been
unrevealed. Our findings suggest that it could potentially play
important roles in GBM cell survival.

■ CONCLUSIONS
This study provides evidence to support that phosphorylation
of BABAM1 at Ser29 is downstream of mTORC2. Without
active mTORC2, BABAM1 and H2AX could not initiate DNA
damage response and DNA repair in the nuclei, resulting in cell
apoptosis. In the future, a specific mTORC2 inhibitor may
enable successful therapy for brain cancer patients by disabling
DNA repair mechanisms in the cancer cells.
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